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An Overview of the Molecular Mechanism  
of Autophagy

Zhifen Yang and Daniel J. Klionsky

Abstract  Autophagy is a highly conserved cellular degradation process in which 
portions of cytosol and organelles are sequestered into a double-membrane vesicle, 
an autophagosome, and delivered into a degradative organelle, the vacuole/lysosome, 
for breakdown and eventual recycling of the resulting macromolecules. This process 
relieves the cell from various stress conditions. Autophagy plays a critical role during 
cellular development and differentiation, functions in tumor suppression, and may 
be linked to life span extension. Autophagy also has diverse roles in innate and 
adaptive immunity, such as resistance to pathogen invasion. Substantial progress 
has been made in the identification of many autophagy-related (ATG) genes that 
are essential to drive this cellular process, including both selective and nonselective 
types of autophagy. Identification of the ATG genes in yeast, and the finding of 
orthologs in other organisms, reveals the conservation of the autophagic machinery 
in all eukaryotes. Here, we summarize our current knowledge about the machinery 
and molecular mechanism of autophagy.
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1  Introduction

Autophagy, “self-eating” at the subcellular level, has gained tremendous attention 
in the past few years, and our knowledge concerning the mechanism of autophagy 
has expanded dramatically (Yorimitsu and Klionsky 2005b). There are three major 
types of autophagy in eukaryotic cells—macroautophagy, microautophagy, and 
chaperone-mediated autophagy (CMA)—and they are mechanistically different 
from each other (Klionsky 2005; Massey et al. 2004). Both macro- and microautophagy 
involve dynamic membrane rearrangement to engulf portions of the cytoplasm, and 
they have the capacity for the sequestration of large structures, such as entire 
organelles. Microautophagy involves the direct engulfment of cytoplasm at the 
lysosome surface by invagination, protrusion, and septation of the lysosome membrane. 
In contrast, during macroautophagy, portions of cytoplasm are sequestered into a de 
novo-formed double-membrane vesicle termed an autophagosome. Subsequently, 
the completed autophagosome fuses with the lysosome/vacuole and the inner single-
membrane vesicle is released into the lumen. In either case, the membrane of the 
resulting autophagic body is lysed to allow the contents to be broken down, and the 
resulting macromolecules are transported back into the cytosol through membrane 
permeases for reuse. In contrast, CMA does not involve a similar type of membrane 
rearrangement; instead, it translocates unfolded, soluble proteins directly across the 
limiting membrane of the lysosome.

In this chapter, we will focus on macroautophagy, hereafter referred to as 
autophagy. Autophagy is an evolutionarily conserved process that occurs ubiqui-
tously in all eukaryotic cells (Reggiori and Klionsky 2002) and has many physio-
logical roles. Autophagy is active at a basal level for the turnover of long-lived 
proteins and also for the removal of superfluous or damaged organelles. This latter 
function might provide a connection to autophagy’s proposed role in life span extension 
(Levine and Klionsky 2004). On the other hand, autophagy is induced as a cellular 
response to various stress conditions, such as nutrient limitation, heat, and oxidative 
stress. Autophagy also plays a role in cellular development and differentiation 
(Levine and Klionsky 2004). Moreover, autophagy is implicated in a wide range of 
diseases (Huang and Klionsky 2007; Mizushima et al. 2008; Shintani and Klionsky 
2004a), including cancer and neurodegenerative disorders such as Alzheimer’, 
Parkinson’ and Huntington’ diseases. In addition, autophagy has diverse roles in 
innate and adaptive immunity (Levine and Deretic 2007). For example, autophagy 
can eliminate invasive pathogens, including viruses, parasites and bacteria; 
autophagy also promotes MHC class II presentation of microbial (and self) antigens. 
Finally, in the absence of apoptosis, autophagy may participate in a type of programmed 
cell death (type II) that is distinct from apoptosis, although the physiological relevance 
of the former is not clear (Levine and Yuan 2005).

The morphology of autophagy was first identified in mammalian cells in the 
1950s, and extensive morphological and pharmacological studies defined the basic steps 
of this process. Subsequent work in various fungi starting in the 1990s allowed the 
identification of individual molecular components that participate in autophagy. 
To date, there are 31 autophagy-related (ATG) genes (Huang and Klionsky 2007; 
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Fig. 1  Schematic overview of autophagy and the Cvt pathway in yeast. Both pathways involve the 
engulfment of cargos within distinct double-membrane vesicles, which are thought to originate from 
the phagophore assembly site (PAS). The Cvt pathway is biosynthetic and is used for the delivery 
of two resident vacuolar hydrolases, aminopeptidase I (Ape1), and a-mannosidase (Ams1), and it 
occurs under vegetative conditions. The Cvt vesicle is approximately 140–160 nm in diameter and 
appears to closely enwrap the specific cargo, the Cvt complex (consisting of prApe1 and the Atg19 
receptor), and exclude bulk cytoplasm. In contrast, autophagy is degradative and is induced by 
inactivation of Tor kinase upon nutrient starvation. The autophagosome, which is 300–900 nm in 
diameter, sequesters cytoplasm, including organelles, and can also specifically sequester the Cvt 
complex. Once completed, the double-membrane vesicles dock and fuse with the vacuole, and 
release the inner single-membrane vesicles (autophagic or Cvt body) into the lumen. Subsequently, 
these vesicles are broken down, allowing the maturation of prApe1 and the degradation of cyto-
plasm, with recycling of the resulting macromolecules through vacuolar permeases. This figure is 
modified from Fig. 1 of Yorimitsu and Klionsky (2005b)

Klionsky et al. 2003). The ATG genes were discovered from genetic screens for 
mutants that affected protein turnover (nonspecific autophagy), peroxisome degra-
dation (pexophagy) and delivery of a resident vacuolar hydrolase (the cytoplasm to 
vacuole targeting (Cvt) pathway). Although the Cvt, pexophagy, and autophagy 
pathways are morphologically and mechanistically similar and share most of the 
Atg components, they differ in several aspects (Fig. 1). Autophagy and pexophagy 
are degradative, whereas the Cvt pathway is biosynthetic. Autophagy is generally 
considered nonselective, whereas pexophagy and the Cvt pathway are highly selective. 
The Cvt pathway is used to deliver two resident vacuolar hydrolases, aminopeptidase 
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I (Ape1) and a-mannosidase (Ams1) (Hutchins and Klionsky 2001; Scott et al. 
1997). A double-membrane vesicle that sequesters these two proteins is termed a 
Cvt vesicle; this is relatively consistent in size but significantly smaller than the 
autophagosome, being 140–160 nm in diameter compared to 300–900 nm for the 
autophagosome (Baba et al. 1997). Similarly, the vesicle formed during pexophagy, 
the pexophagosome, is also larger than the Cvt vesicle in order to accommodate its 
specific cargos, peroxisomes (Hutchins et al. 1999). In contrast to the autophago-
some, both the Cvt vesicle and pexophagosome appear to closely enwrap the cargo 
and exclude bulk cytoplasm.

These dynamic pathways can be broken down into a series of steps (Fig. 2), 
including induction, cargo recognition and packaging, vesicle nucleation, vesicle 
expansion and completion, Atg protein cycling, vesicle fusion with the vacuole/
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Fig. 2  Schematic representation of autophagy and autophagy-related pathways. These dynamic 
pathways can be broken down into a series of steps including induction, cargo recognition and 
packaging, vesicle nucleation, vesicle expansion and completion, Atg protein cycling, vesicle 
fusion with the vacuole/lysosome, vesicle breakdown and recycling of the resulting macromole-
cules. The Atg proteins can be classified into several different groups according to their functions 
at the different steps of the pathway. The Atg1 complex may act at multiple steps of the pathway, 
including induction and Atg protein cycling. During the vesicle formation process, several Atg 
proteins are involved in cycling between the peripheral sites and the PAS. PAS, phagophore assem-
bly site; thought to be the organizing site for phagophore formation. This figure is modified from 
Fig. 2 of Huang and Klionsky (2007)
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lysosome, vesicle breakdown, and recycling of the resulting macromolecules 
(Huang and Klionsky 2007). Thus, the Atg proteins can be classified into several 
different groups according to their functions at the different steps of the pathway. 
Many orthologs of the ATG gene products have also been identified and studied in 
higher eukaryotes, such as worms, insects, plants and mammals, and they have 
essentially similar roles as those in yeast (Xie and Klionsky 2007; Yorimitsu and 
Klionsky 2005b). Continued investigation of functions of the ATG gene products in 
yeast will greatly expand our understanding of autophagy. In this chapter, we will 
mainly discuss the molecular machinery of autophagy, with an emphasis on yeast.

2  Molecular Mechanism of Autophagy

2.1  Induction and Regulation of Autophagy

Insufficient autophagy can be deleterious (Komatsu et al. 2007a; Kuma et al. 2004), 
but excessive levels may also be harmful. Accordingly, autophagy is a tightly 
regulated process in all eukaryotes. The induction and regulation of autophagy have 
been studied extensively in yeast, mammalian cells and Drosophila. Several signaling 
pathways, as summarized in the following, are involved in the control of autophagy.

TORC1. The protein target of rapamycin, Tor, plays a major regulatory role in 
autophagy induction (Carrera 2004). Tor forms two functionally distinct protein 
complexes, Tor complex 1 and 2 (TORC1 and TORC2) (Loewith et al. 2002), and 
TORC1 has the primary role in regulating autophagy. Under nutrient-rich condi-
tions, TORC1 is active and inhibits autophagy, whereas TORC1 is inhibited upon nutrient 
deprivation, allowing an increase in autophagic activity (Noda and Ohsumi 1998).

In yeast, TORC1 acts on autophagy in two ways (Klionsky 2005). First, TORC1 
regulates the Atg1–Atg13–Atg17 kinase complex (Fig. 3a). The formation of this 
ternary complex correlates with an increase in autophagic activity. Atg1, a serine/
threonine kinase, is one of the key Atg proteins required for both autophagy and the 
Cvt pathway (Matsuura et al. 1997). Based on yeast two-hybrid data and affinity 
isolation, Atg1 is found to be in a complex with Atg13 and Atg17 (Kamada et al. 
2000; Kabeya et al. 2005). The observation that Atg17 interacts with Atg13 in the 
absence of Atg1 but not vice versa suggests that Atg13 mediates the interaction 
between Atg1 and Atg17. TORC1 regulates (directly or indirectly) the Atg13 phos-
phorylation state. Under nutrient-rich conditions, Atg13 is highly phosphorylated, 
and has a lower affinity for Atg1 and Atg17. Upon the inactivation of TORC1 by 
rapamycin or nutrient deprivation, Atg13 is rapidly and partially dephosphorylated, 
leading to a higher affinity for Atg1 and Atg17. The identities of the phosphatase(s) 
that control Atg13 phosphorylation are currently unknown. The interaction of Atg1 
with hypophosphorylated Atg13 and Atg17 allows the activation of Atg1 kinase 
activity. Loss of interaction between Atg1 and Atg13 or between Atg13 and Atg17 
leads to a decrease in Atg1 kinase activity and decreased autophagy. The kinase 
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Fig. 3a–c  Regulation of autophagy induction in yeast and mammalian cells. a Regulatory 
complex for autophagy induction in yeast. In yeast, autophagy is mainly a starvation response, and 
Tor kinase complex 1 (TORC1) regulates the induction of autophagy upon sensing the nutrient 
conditions. Atg1 kinase, which is essential for both autophagy and the Cvt pathway, forms a 
putative complex with several Atg proteins that are primarily required for autophagy (in green) or 
the Cvt pathway (in purple). Under nutrient-rich conditions, TORC1 is active and Atg13 is highly 
phosphorylated, and this hyperphosphorylated Atg13 has a lower affinity for Atg1 and Atg17. 
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activity of Atg1 is essential for both autophagy and the Cvt pathway, although a 
higher level of kinase activity appears to be needed for the Cvt pathway (Kamada 
et al. 2000; Kabeya et al. 2005; Cheong et al. 2008; Abeliovich et al. 2003). It is 
possible that the kinase activity of Atg1 is critical to the magnitude of autophagy 
but not its initiation (Nair and Klionsky 2005). The downstream substrate of Atg1 
kinase is unclear, and it is still a matter of debate as to whether Atg1 primarily acts 
on autophagy through its kinase activity or through a structural role during 
autophagic complex formation. However, one role of the Atg1–Atg13–Atg17 ter-
nary complex is thought to be that of regulating the switch between autophagy and 
the Cvt pathway in response to environmental changes.

Homologs of Atg1 are involved in autophagy in various multicellular organisms 
such as Dictyostelium discoideum (Otto et al. 2004), Drosophila melanogaster 
(Scott et al. 2004), C. elegans (Melendez et al. 2003), Arabidopsis thaliana (Hanaoka 
et al. 2002), and mammals (Yan et al. 1998, 1999). In Drosophila, Atg1 activity is 

Fig. 3  (continued) Upon inactivation of TORC1 by nutrient starvation, Atg13 is rapidly and 
partially dephosphorylated, leading to a higher affinity for Atg1 and Atg17. The formation of the 
Atg1–Atg13–Atg17 ternary complex allows the activation of Atg1 kinase activity, which may 
regulate the switch between autophagy and the Cvt pathway in response to environmental 
changes. The function of additional components of the putative complex depicted here, including 
Atg20, Atg24, Atg29, Atg31 and Vac8, are not known. Atg11 may function in part as a scaffold 
protein. This figure is modified from Fig. 2 of Yorimitsu and Klionsky (2005b) b Multiple nutri-
ent-sensing kinase signaling pathways converge on autophagy in yeast. TORC1 plays a major role 
in the regulation of autophagy. Ras is active under nutrient-rich conditions and allows the activa-
tion of PKA, which inhibits autophagy. The PKA and Sch9 signaling pathways cooperatively 
regulate the induction of autophagy in parallel with Tor, although Sch9 is also a direct substrate 
of TORC1. The eIF2a kinase signaling pathway positively regulates autophagy, and Gcn2 might 
be another target of TORC1. Snf1 and Pho85 are additional positive and negative regulatory com-
ponents, respectively, of autophagy in yeast. c Regulation of autophagy in mammalian cells. mTor 
activation depends on several inputs, including nutrients (amino acids), energy (ATP) and growth 
factor (insulin/IGF). In response to insulin receptor stimulation, a class I phosphoinositide 3-kinase 
(PtdIns3K) is activated and generates PtdIns(3,4)P

2
 and PtdIns(3,4,5)P

3
 at the plasma membrane, 

and the latter two activate 3-phosphoinositide-dependent protein kinase 1 (PDK1) and protein 
kinase B (PKB)/Akt. PKB phosphorylates and inhibits the GTPase-activating protein complex 
TSC1–TSC2, leading to the stabilization of Rheb-GTP, which stimulates mTor, causing inhibition 
of autophagy. PTEN, a 3’-phosphoinositide phosphatase, antagonizes PKB and has a stimulatory 
effect on autophagy. Both mTor and PDK1 stimulate p70S6 kinase (p70S6K). In one model, 
under nutrient-rich conditions, activation of S6K directly stimulates autophagy, or it is stimulated 
indirectly through inhibition of PtdIns3K, allowing a basal level of autophagy for homeostatic 
purposes. Under starvation conditions, inhibition of mTor prevents further activation of S6K, 
which limits and prevents excessive autophagy. Both ATP and amino acid deprivation result in 
mTor inactivation independent of the insulin signaling pathway. Amino acids activate mTor via 
inhibition of the TSC1–TSC2 complex or are sensed by mTor directly. Energy stress causes activa-
tion of the LKB1–AMPK pathway, which inhibits mTor by activating TSC1–TSC2. AMPK phosphor-
ylates and stabilizes p27, a cyclin-kinase inhibitor, leading to activation of autophagy. An antiapoptotic 
protein, Bcl-2, associates with Beclin 1, the mammalian homolog of Atg6, and inhibits a class III 
PtdIns3K complex, whereas the latter serves a stimulatory role in autophagy. Also shown is the 
notion that Atg1 overexpression negatively feeds back on Tor activity in Drosophila



8	 Z. Yang and D.J. Klionsky

BookID 160045_ChapID 01_Proof# 1 - 6/5/2009 BookID 160045_ChapID 01_Proof# 1 - 6/5/2009

modulated by TORC1 as in yeast, because the induction of autophagy that results 
from the overexpression of Atg1 is suppressed when the TORC1 signaling pathway 
is impaired (Scott et al. 2007). Normally, a feedback mechanism may occur in 
which Atg1 downregulates Tor activity, resulting in a further activation of Atg1 and 
a further increase in autophagy (Fig. 3c). Because these studies are based on over-
expressed Atg1, however, the physiological significance is not clear at present. In 
mammals, the uncoordinated 51-like kinases 1 and 2 (Ulk1 and Ulk2) appear to be 
the functionally equivalent mammalian homologs of yeast Atg1. Knockdown of 
ULK1 inhibits the induction of autophagy by rapamycin treatment, indicating that 
Ulk1 functions downstream of mTOR in autophagy regulation (Chan et al. 2007). 
In contrast to the result in Drosophila, overexpression of ULK1 or ULK2 sup-
presses autophagy. Furthermore, moderate expression of kinase-dead ULK mutants 
also efficiently suppresses autophagy, indicating that kinase activity of the Ulk 
proteins is critical during this process (Hara et al. 2008). FIP200 is a recently identi-
fied Ulk-interacting protein that is required for autophagy (Hara et al. 2008). Ulk 
and FIP200 function together and form a complex that is essential during an early 
step in autophagosome formation; FIP200 is thus thought to be a counterpart of 
yeast Atg17. Further identification and analysis of a functional homolog of 
mammalian Atg13 might help to clarify the functional relationship between the yeast 
and mammalian Atg1 complex.

Second, TORC1 acts through its downstream effectors to control autophagy. 
Several, but not all, TORC1 readouts, including autophagy, are regulated through 
protein phosphatase type 2A (PP2A) and/or 2A-related protein phosphatase (Sit4) 
(De Virgilio and Loewith 2006). PP2A and Sit4 are in distinct complexes containing 
Tap42. Under nutrient-rich conditions, Tap42 is phosphorylated and tightly associates 
with PP2A and Sit4. Starvation or rapamycin treatment causes dephosphorylation 
and dissociation of Tap42 or a change in conformation, resulting in the activation of 
Sit4. TORC1 may directly phosphorylate Tap42, or it may indirectly regulate Tap42 
via Tip41. Upon the inactivation of TORC1, Tip41 is dephosphorylated and has a 
high affinity for Tap42, resulting in the inhibition of the latter. One report suggests 
that Tap42 does not transmit the signal from TORC1 to regulate autophagy (Kamada 
et al. 2000). However, more recent data indicate a role for Tap42 in the negative 
regulation of this process (Yorimitsu et al. 2009).

The conserved Tor protein in mammalian cells (mTor) also senses nutrient status 
and modulates autophagy, but the mechanism of regulation is more complex than 
in fungi, which are not responsive to hormones. As shown in Fig. 3c, the regulatory 
cascade upstream of mTor includes an insulin receptor, insulin-receptor substrates 
1 and 2, class I phosphoinositide 3-kinase (PtdIns3K), 3-phosphoinositide-dependent 
protein kinase 1 (PDK1), and protein kinase B (PKB)/Akt (Meijer and Codogno 
2006). mTor activity is controlled by the heterodimer TSC1–TSC2, which acts as a 
GTPase-activating protein (GAP) for the GTPase Rheb. The GDP-bound form of 
Rheb inhibits mTor, whereas the GTP-bound form stimulates the enzyme. PKB 
phosphorylates and inhibits the TSC1–TSC2 complex, leading to the activation of 
mTor signaling. PTEN, a 3’-phosphoinositide phosphatase, antagonizes PKB, and 
has a stimulatory effect on autophagy (Arico et al. 2001). The best characterized 
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signaling pathway, located downstream of mTor, includes components such as 
ribosomal subunit S6 kinase (p70S6K). In one model, S6K exerts a negative feed-
back on mTor signaling by phosphorylating IRS1 to downregulate insulin signaling, 
leading to a decline in PtdIns(3,4,5)P

3
, an inhibitor of autophagy; this feedback regu-

lation may ensure a basal level of autophagy even under nutrient-rich conditions 
(Klionsky et al. 2005).

Ras/cAMP-dependent protein kinase A (PKA). In addition to TORC1, the Ras/
PKA signaling pathway also regulates autophagy from yeast to mammals 
(Budovskaya et al. 2004; Furuta et al. 2004; Mavrakis et al. 2006; Schmelzle et al. 
2004; Yorimitsu et al. 2007). Under nutrient-rich conditions in yeast, two redundant 
small GTPases (Ras1 and Ras2) are activated, and stimulate adenylyl cyclase to 
produce cAMP. cAMP binds to the PKA regulatory subunit (Bcy1) and allows its 
dissociation from the three PKA catalytic subunits (Tpk1, Tpk2, and Tpk3), resulting 
in the activation of PKA (Thevelein and de Winde 1999). Constitutive activation of 
PKA through a dominant hyperactive allele of RAS2, RAS2G19V, or deletion of 
BCY1 prevents the induction of autophagy by nutrient starvation or rapamycin, 
whereas inactivation of PKA by a dominant negative allele of RAS2, RAS2G22A, 
induces autophagy under rich conditions without rapamycin (Budovskaya et al. 
2004; Schmelzle et al. 2004). Thus, in addition to TORC1, Ras/PKA is another 
negative regulator of autophagy (Fig. 3b). Among the Atg proteins, Atg1, Atg13, 
Atg18 and Atg21 contain PKA phosphorylation sites. However, it is still unclear 
whether the phosphorylation of these Atg proteins by PKA has any functional link 
to autophagy (Budovskaya et al. 2005).

Sch9 is a homolog of mammalian PKB or p70S6 kinase (Urban et al. 2007). 
A recent report shows that PKA and Sch9 signaling pathways cooperatively regulate 
the induction of autophagy (Yorimitsu et al. 2007). Simultaneous inactivation of 
PKA and Sch9 triggers the induction of autophagy under rich conditions independ-
ent of effects on TORC1, whereas further inactivation of TORC1 causes an additive 
effect. These observations suggest a model wherein PKA, Sch9, and TORC1, at 
least in part, regulate autophagy in parallel (Fig. 3b). This model is supported by 
the finding that TORC1 and Ras/PKA function as two parallel pathways that inde-
pendently act in regulating cell growth (Zurita-Martinez and Cardenas 2005). 
However, Sch9 is a direct substrate of TORC1 (Urban et al. 2007); furthermore, it 
is also suggested that TORC1 transmits signals through the Ras/PKA pathway to 
its downstream targets (Schmelzle et al. 2004). Therefore, the connection between 
PKA, Sch9, and TORC1 with regard to their effects in autophagy regulation is still 
not clear.

eIF2a kinase signaling and GCN4 general control. In response to amino acid 
starvation, budding yeast initiates a general amino acid control to induce the tran-
scription of numerous genes. Central to this response is Gcn4, a master transcriptional 
activator of gene expression (Hinnebusch 2005). Gcn4 synthesis is mainly regulated 
at the translational level. Derepression of GCN4 mRNA translation requires a 
protein kinase, Gcn2, whose only known substrate is the a subunit of translation 
initiation factor 2 (eIF2). The eIF2a kinase signaling pathway is also involved in 
the regulation of autophagy from yeast to mammals (Fig. 3b) (Talloczy et al. 2002). 
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Upon the loss of Gcn2 or Gcn4, or in the presence of the eIF2a nonphosphorylat-
able mutant SUI2-S51A, autophagic activity is impaired. Intriguingly, TORC1 is 
implicated in the eIF2a kinase signaling pathway because rapamycin activates 
Gcn2, at least in part, through dephosphorylation of Ser577 (Kubota et al. 2003). 
Thus, Gcn2 might be another target of TORC1.

Other signaling pathways controlling autophagy. Snf1, the closest yeast 
homolog of the mammalian AMP-activated protein kinase, and Pho85, a cyclin-
dependent kinase (CDK), antagonistically control autophagy in yeast (Fig. 3b) 
(Wang et al. 2001b). Snf1, which is activated upon glucose depletion to allow tran-
scription of glucose-repressed genes, is required for starvation-induced autophagy. 
Pho85, which has multiple functions through associations with its ten different 
cyclins (Pcls), is a negative regulator of autophagy, although the functions of the 
various Pcl proteins and the pathways that they regulate are currently unknown 
(Carroll and O’Shea 2002).

In mammalian cells, AMPK is also required for autophagy (Meley et al. 2006). 
During energy stress, AMP accumulation causes activation of the LKB1-AMPK 
pathway, which inhibits mTor by activating TSC1/TSC2 (Hoyer-Hansen and 
Jaattela 2007). Furthermore, AMPK phosphorylates p27, a cyclin-kinase inhibitor, 
thereby stabilizing p27, whereas ectopic expression of wild-type or a stabilized p27 
mutant induces autophagy (Liang et al. 2007).

2.2  The Cvt Pathway and Other Selective Types of Autophagy

Although autophagy is generally considered to be a nonselective pathway for the 
degradation of bulk cytoplasmic components, recent findings indicate that there are 
many types of selective autophagy in both yeast and higher eukaryotes. In yeast, 
even bulk autophagy can be selective; cytosolic acetaldehyde dehydrogenase, Ald6, 
is preferentially sequestered into autophagosomes relative to other cytosolic proteins 
(Onodera and Ohsumi 2004). Several organelles are selectively degraded through 
autophagy. For example, the selective degradation of mitochondria is termed mitophagy 
(Kim et al. 2007). This type of selective process is thought to play a crucial role in 
mitochondrial homeostasis; however, the mechanism underlying mitophagy remains 
unclear. The use of electron microscopy to observe mitochondrial degradation indicates 
that mitophagy occurs both selectively and nonselectively. A recent report dem-
onstrates that mature ribosomes are rapidly degraded by autophagy in yeast through 
a process termed ribophagy. This degradation involves a type of selective autophagy 
in that it specifically requires catalytic activity of the Ubp3/Bre5 ubiquitin protease 
(Kraft et al. 2008).

In fungi such as Saccharomyces cerevisiae, Pichia pastoris, Hansenula polymorpha, 
and Yarrowia lipolytica, peroxisomes are selectively engulfed and degraded through 
two morphologically distinct autophagic degradation processes, micro- and mac-
ropexophagy (Gunkel et al. 1999; Hutchins and Klionsky 2001; Sakai et al. 2006; 
Tuttle et al. 1993; Veenhuis et al. 1983). When fungi grow on specific carbon 



An Overview of the Molecular Mechanism of Autophagy	 11

BookID 160045_ChapID 01_Proof# 1 - 6/5/2009

sources, such as oleic acid or methanol, peroxisome proliferation is induced to 
adapt to the new physiological conditions that require peroxisome metabolism. 
When peroxisome proliferation becomes unnecessary and peroxisomes become 
superfluous (as occurs after shifting to a preferred carbon source such as glucose), 
peroxisomes are rapidly and specifically degraded. The two main modes of pexophagy, 
micro- and macropexophagy share most of the molecular components with nonspe-
cific autophagy. However, the presence of Pex14 at the peroxisomal membrane is 
necessary for the specific recognition of the organelle by the macropexophagy 
machinery (Bellu et al. 2001). A specificity factor, Atg11, which is required for the 
Cvt pathway, is also essential for the selective transport of peroxisomes to the vacuole 
(Kim et al. 2001). A recently identified pexophagy-specific protein, PpAtg30, 
functions as a peroxisome receptor through interactions with PpPex3, PpPex14, 
PpAtg11, and PpAtg17 to deliver peroxisomes to the site for pexophagosome for-
mation (Farre et al. 2008). Furthermore, a fully functional actin cytoskeleton is 
required for selective autophagy, including the Cvt pathway and pexophagy, but not 
for nonselective autophagy (Reggiori et al. 2005a).

The Cvt pathway is a unique type of specific autophagy. The mechanism of the 
selective recognition and packaging of prApe1 has been relatively well clarified 
(Fig. 4). The Ape1 protein is synthesized in the cytoplasm as a precursor form 
(prApe1) (Klionsky et al. 1992). After synthesis, prApe1 assembles into a dodecamer 
(Kim et al. 1997), which is further packaged into a larger oligomeric structure 
called the Ape1 complex (Shintani et al. 2002). The prApe1 propeptide contains 
vacuolar targeting information (Martinez et al. 1997; Oda et al. 1996). In addition, 
the propeptide also mediates the interaction between prApe1 and its receptor 
protein, Atg19, to form the Cvt complex in the cytosol (Scott et al. 2001). Another 
Cvt cargo, Ams1, also binds Atg19 via a site that is distinct from the prApe1 binding 
site and is concentrated at the Cvt complex (Shintani et al. 2002). The Cvt complex 
is subsequently enwrapped by a double membrane that forms a Cvt vesicle. The Cvt 
complex can be also sequestered within autophagosomes, depending on the nutrient 
conditions (Baba et al. 1997), but this still occurs through a selective process that 
involves Atg19.

Atg11 subsequently associates with Atg19, acting like an adapter or tethering 
protein to bring the Cvt complex to the phagophore assembly site (PAS), a potential 
site for the formation of the Cvt vesicle and autophagosome. Several lines of evidence 
support the idea that Atg11 assembles with the Cvt complex before targeting to the 
PAS (Yorimitsu and Klionsky 2005a). However, how Atg11 guides the Cvt complex 
to the PAS is still unclear. A C-terminal coiled-coil domain of Atg11 is critical for 
interaction with the C terminus of Atg19, whereas the N-terminal and/or central 
coiled-coil domains contain information necessary for the Cvt complex to be targeted 
to the PAS (Yorimitsu and Klionsky 2005a). Besides Atg19, Atg11 has several other 
interacting partners, including Atg1, Atg9, Atg17, Atg20, and itself (Chang and 
Huang 2007; He et al. 2006; Yorimitsu and Klionsky 2005a). Atg9, the only character-
ized transmembrane protein that is required for sequestering vesicle formation, interacts 
with Atg11 independent of Atg1 or Atg19, suggesting that there are distinct and multiple 
populations of Atg11 within the cell. Atg11 homo-oligomerization may allow various 
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Fig. 4  Temporal order of action of cargo recognition, packaging and sequestration in the Cvt 
pathway. A selective type of autophagy, the Cvt pathway, specifically transports the vacuolar 
hydrolases precursor Ape1 and Ams1 into the vacuole. Precursor Ape1 is synthesized in the 
cytosol, assembled into a dodecamer, and then further packaged into a larger oligomeric structure, 
called the Ape1 complex. Atg19 binds to the propeptide of prApe1 to form the Cvt complex in the 
cytosol; Ams1 is also incorporated into this complex via binding to Atg19. Atg11 subsequently 
associates with Atg19, acting as an adapter to bring the Cvt complex to the phagophore assembly 
site or PAS, a potential site for Cvt vesicle formation. The PAS may organize the formation of the 
sequestering vesicle, or it may literally become the sequestering vesicle as shown. Atg11 assembles 
with the Cvt complex before targeting to the PAS, and it forms a homodimer or homo-oligomer 
at the PAS, although it is not clear whether this self-interaction occurs before or after the arrival 
at this site. Several Atg components, including Atg8, are recruited to the PAS independent of 
Atg11. Atg8 is conjugated into Atg8—PE for subsequent vesicle formation. Atg8—PE interacts 
with Atg19, and allows the correct incorporation of the Cvt complex into the forming vesicle. 
Atg19 is delivered into the vacuole together with the cargo proteins and degraded there. The scaffold 
protein Atg11, however, dissociates from the Cvt complex before vesicle completion, although the 
exact timing and mechanism of its release remain to be resolved. This figure is modified from Fig. 3 
of Yorimitsu and Klionsky (2005b)
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Atg11 populations, along with its various interacting partners, to be delivered to the 
PAS (Yorimitsu and Klionsky 2005a). A point mutation (H192L) in Atg9 disrupts the 
interaction with Atg11, preventing movement of Atg9 to the PAS and blocking the Cvt 
pathway, but not bulk autophagy (He et al. 2006), in agreement with the finding that 
Atg11 is not required for nonspecific autophagy (Kim et al. 2001).

After the arrival of the Atg11–Atg19-cargo complex at the PAS, Atg19 interacts 
with Atg8—PE to allow the transfer of the Atg19-cargo complex to the forming Cvt 
vesicle (or autophagosome); interaction between these two proteins may ensure the 
incorporation of the Cvt complex into the Cvt vesicle (Shintani et al. 2002). Unlike 
most receptors that recycle between donor and acceptor membranes, Atg19 is deliv-
ered into the vacuole together with the cargo proteins and degraded there. The 
scaffold protein Atg11, however, does not appear to remain associated with the Cvt 
complex; rather, it is thought to be released from Atg19 after delivery to the PAS 
and to dissociate from the complex before vesicle formation (Kim et al. 2001). 
It remains unknown whether there is a role for Atg11 during the process of Cvt 
vesicle completion, and the exact timing and mechanism of its release remain to be 
resolved. However, disassembly of the homo-oligomerized Atg11 requires the 
Atg1–Atg13–Atg17 kinase complex (Yorimitsu and Klionsky 2005a).

Increasing evidence indicates that selective autophagy also occurs in mammals. 
For example, the p62/SQSTM1/sequestosome protein preferentially recognizes 
polyubiquitinated protein aggregates and connects these with the autophagic 
machinery through interaction with the Atg8 mammalian homolog, LC3 (Bjørkøy 
et al. 2005; Komatsu et al. 2007b). Thus, p62 could function as a receptor protein 
similar to Atg19 to link polyubiquitinated proteins to autophagosomes. Another 
recent example of selective autophagy is seen with the clearance of mitochondria 
and ribosomes during reticulocyte maturation (Kundu et al. 2008). In this case, 
Ulk1 plays a critical role in selective autophagy, but is not essential for the induction 
of starvation-induced bulk autophagy. Selectivity is also seen with the degradation 
of peroxisomes in mammalian cells (Iwata et al. 2006). Finally, some pathogens are 
selectively targeted by autophagy, such as Mycobacterium tuberculosis and 
Streptococcus pyogenes (Gutierrez et al. 2004; Nakagawa et al. 2004). It is important 
to note, however, that other microbes (including bacteria and viruses) regulate 
autophagy for their own survival (Nakagawa et al. 2004; Ogawa et al. 2005; Orvedahl 
and Levine 2008). Shigella, an invasive bacteria, is able to escape autophagy by 
secreting IcsB on the bacterial surface. The IcsB protein interacts with VirG, which 
prevents the latter from binding Atg5 and triggering specific autophagic sequestra-
tion (Ogawa et al. 2005).

2.3  Phosphatidylinositol 3-Kinase Complex

The class III phosphatidylinositol 3-kinase (PtdIns3K) is known to participate in 
various membrane trafficking events. Vps34 is the only PtdIns3K in yeast, and it 
forms at least two distinct complexes, complex I and II (Fig. 5). Each complex 
contains three common components, Vps34, Vps15, and Vps30/Atg6 (Kihara et al. 
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2001). The function of Vps34 is dependent on a serine/threonine kinase, Vps15, 
which is required for Vps34 membrane association and activity (Stack et al. 1995). 
The role of Vps30/Atg6 within these PtdIns3K complexes is not well understood. 
These three common proteins are involved in autophagy, the Cvt pathway and the 
sorting of carboxypeptidase Y (CPY), which is normally transported from the late 
Golgi to the vacuole through the CPY pathway. In addition, each complex contains 
another specific component, Atg14 (complex I) or Vps38 (complex II), which is 
thought to act as a connector between Vps30 and Vps15–Vps34. The region con-
taining the coiled-coil domains I and II within the N-terminal half of Atg14 is 
responsible for the interaction between Vps34 and Vps30/Atg6. Loss of Atg14 
disrupts complex I and causes a defect only in autophagy and the Cvt pathway, 
whereas Vps38 deletion disrupts complex II and blocks only the CPY pathway. The 
association of Atg14 or Vps38 confers functional specificity on the two PtdIns3K 
complexes by targeting Vps34 to distinct compartments, thus regulating different 
protein trafficking events. Vps15–Vps34 complexed with Vps30 and Atg14 local-
izes to the PAS, and functions in autophagy and the Cvt pathway; Vps15–Vps34 
complexed with Vps30 and Vps38 localizes to endosomes, and functions in the 
CPY pathway (Obara et al. 2006).

PtdIns3K is a lipid kinase and the kinase activity of Vps34 is essential for 
autophagy and the Cvt pathway. One possible role of PtdIns3K is to produce 
PtdIns(3)P at the PAS to recruit PtdIns(3)P-binding proteins, which in turn recruit 
additional downstream effectors to the PAS. PtdIns(3)P is bound by proteins that 
have specific binding sites, such as the PX (phox homology) domain and the FYVE 

Vps30
(Atg6)

Vps30
(Atg6)

Atg14

Vps34

Vps15

PtdIns3K
complex I

Autophagy
and Cvt pathway

Vps38

Vps34

Vps15

PtdIns3K
complex II

Vps pathway

Fig. 5  Two phosphatidylinositol 3-kinase (PtdIns3K) complexes in yeast. Each complex contains 
three common components, Vps15, Vps34, and Vps30/Atg6. Vps34 is the PtdIns3K enzyme, and 
Vps15 is thought to be a regulatory component; the function of Vps30/Atg6 is not known. In addi-
tion, each complex contains another specific component, Atg14 (complex I) or Vps38 (complex II), 
which is thought to act as a connector between Vps30 and Vps15–Vps34. Complex I functions in 
autophagy and the Cvt pathway, whereas complex II acts in the Vps pathway, including the CPY 
and MVB pathways. This figure is modified from Fig. 5a of Yorimitsu and Klionsky (2005b)
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(for conserved in Fab1, YOTB, Vac1, and EEA1) zinc finger domain (Ellson et al. 
2002; Stenmark et al. 2002). Two PX domain-containing proteins, Atg20 and 
Atg24, bind to PtdIns(3)P (Nice et al. 2002). These proteins are essential only for 
the Cvt pathway, not bulk autophagy. Their functional PX domains are necessary 
for membrane localization to the PAS and the endosome, which in turn depend on 
PtdIns3K complexes I and II, respectively. The role of endosomal localization is 
unknown since the CPY pathway is normal in the absence of Atg20 or Atg24; 
however, the endosomal localization is not necessary for Cvt transport. Atg20 and 
Atg24 interact with each other, and Atg24 and possibly Atg20 interact with Atg17 
(Nice et al. 2002). In addition, Atg20 interacts with Atg11 (Yorimitsu and Klionsky 
2005a). Thus, the Atg20–Atg24 complex might be part of the Atg1 kinase complex. 
Atg18 and Atg21 are also PtdIns(3)P-binding proteins, although neither of them 
contain known phosphoinositide-binding domains. Both proteins are recruited 
to the PAS in a manner dependent on PtdIns3K complex I (Guan et al. 2001; 
Stromhaug et al. 2004). Atg18 is needed for the correct movement of Atg9, but the 
function of Atg21 is not known.

In contrast to yeast, there are two types of PtdIns3K in mammalian cells: class I 
and class III PtdIns3K. Mammalian class III PtdIns3K, hVps34—similar to yeast 
Vps34—generates PtdIns(3)P, and plays a stimulatory role in autophagy (Fig. 3c). It 
forms a complex with its regulator, p150, the homolog of Vps15, and its accessory 
protein Beclin 1, the homolog of Vps30/Atg6 (Liang et al. 1999; Panaretou et al. 
1997). Class I PtdIns3K uses PtdIns(4,5)P

2
 as substrate to yield PtdIns(3,4,5)P

3
. It 

functions at the plasma membrane and acts through an insulin signaling cascade to 
activate mTOR and PKB; hence it has an inhibitory effect on autophagy (Jacinto and 
Hall 2003). A major pathway by which amino acids control mTor is not mediated 
through class I PtdIns3K but instead through activation of the class III PtdIns3K, 
hVps34 (Nobukuni et al. 2005). Thus, hVps34 might also have an inhibitory effect 
on autophagy in mammalian cells. The specific function of PtdIns(3)P in mamma-
lian cells has not yet been clarified, but it could function similar to that in yeast. 
Moreover, the effectors of PtdIns(3)P are also not clear. Atg20 and Atg24 do not 
have mammalian homologs. Atg18 has a human homolog and binds to PtdIns(3)P, 
but its role in autophagy has not yet been elucidated (Jeffries et al. 2004).

2.4  Two Ubiquitin-Like Protein Conjugation Systems

There are two protein conjugation systems that function in selective and nonselec-
tive autophagy, and they include the ubiquitin-like proteins Atg12 and Atg8 (Fig. 6) 
(Ohsumi 2001). Both conjugation systems are evolutionarily conserved from yeast 
to humans. Although Atg12 and Atg8 do not have apparent sequence homology 
with ubiquitin, each of them contains a ubiquitin fold at the C terminus, based on 
the crystal structures of Atg12 and Atg8 homologs from plants and mammals, 
respectively (Paz et al. 2000; Suzuki et al. 2005).
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Fig. 6  Two ubiquitin-like protein conjugation systems. The conjugation of Atg12 to Atg5 starts 
with activation by Atg7, which is homologous to the E1 ubiquitin-activating enzyme. Atg7 hydro-
lyzes ATP, resulting in the activation of Atg12 via the formation of a thioester bond between the 
C-terminal glycine of Atg12 and the active site cysteine of Atg7; subsequently, the activated 
Atg12 is transferred to the active site cysteine of Atg10, an E2-like enzyme, which catalyzes the 
conjugation of Atg12 to Atg5 through the formation of an isopeptide bond between the activated 
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Atg12 is covalently attached to Atg5 through an isopeptide bond between a 
C-terminal glycine of Atg12 and an internal lysine residue of Atg5. The conjuga-
tion reaction is catalyzed by two additional proteins, Atg7 and Atg10 (Mizushima 
et al. 1998a). Atg7 is homologous to the E1 ubiquitin-activating enzyme, Uba1, in 
the ATP-binding region and the active cysteine residue, but not in terms of its over-
all structure (Tanida et al. 1999). Atg10 functions as an E2 ubiquitin-conjugating 
enzyme, although Atg10 shows no homology to the E2 enzymes that participate in 
the ubiquitin system (Shintani et al. 1999). As occurs during ubiquitination, Atg7 
hydrolyzes ATP, resulting in the activation of Atg12 via the formation of a high-
energy thioester bond between the C-terminal glycine of Atg12 and the active 
cysteine 507 of Atg7; subsequently, the activated Atg12 is directly transferred to 
the active cysteine 133 of Atg10 to form an Atg12—Atg10 thioester; finally, Atg12 
is transferred to the target protein Atg5 to form the final conjugate. Atg5 is further 
bound noncovalently to another coiled-coil protein, Atg16, to form an Atg12—
Atg5—Atg16 multimeric structure through homo-oligomerization of Atg16. This 
multimer has a molecular mass of approximately 350 kDa in yeast, and is predicted 
to represent a tetramer of the Atg12—Atg5—Atg16 complex. This is functionally 
essential for autophagy (Kuma et al. 2002). The Atg16 complex has recently been 
shown to specify the site of LC3 lipidation for membrane biogenesis in mammalian 
autophagy (Fujita et al. 2008).

A second ubiquitin-like protein, Atg8, is conjugated to a membrane lipid, phos-
phatidylethanolamine (PE) (Ichimura et al. 2000). The C-terminal arginine 117 
residue of newly synthesized Atg8 is initially proteolytically cleaved by a cysteine 
protease, Atg4, exposing a glycine (Kirisako et al. 2000). The glycine is then bound 
to the active cysteine 507 of Atg7, the same E1-like enzyme used in the Atg12—
Atg5 conjugation system. The activated Atg8 is then transferred to another E2-like 
enzyme (Atg3) at the active cysteine 234 residue via a thioester bond. The region 
around cysteine 234 of Atg3 shows partial homology to the corresponding region 
surrounding cysteine 133 of Atg10. Eventually, Atg8 is conjugated to PE through 
an amide bond between the C-terminal glycine and the amino group of PE. 
Atg8—PE is tightly associated with membranes, being an integral membrane pro-
tein. An in vitro reconstitution of the Atg8—PE conjugation process, using purified 
Atg7, Atg3, and Atg8DR (Atg8 lacking the last arginine residue), demonstrates that 

Fig. 6  (continued) glycine of Atg12 and an internal lysine residue of Atg5. Atg12—Atg5 is 
finally assembled with Atg16. Atg16 forms a tetramer to allow the formation of an Atg12—
Atg5—Atg16 multimeric structure. The conjugation of Atg8—PE starts with the cleavage of the 
C-terminal arginine of Atg8 by the protease Atg4. The exposed glycine of Atg8 is then bound to 
the active site cysteine of the same E1-like enzyme, Atg7. The activated Atg8 is then transferred 
to another E2-like enzyme, Atg3. Eventually, Atg3 catalyzes the conjugation of Atg8 to form 
Atg8—PE. The Atg12—Atg5 conjugate might function as an E3, ubiquitin ligase-like enzyme,  
to promote Atg8—PE conjugation. Both the Atg12—Atg5—Atg16 complex and Atg8—PE local-
ize to the PAS to facilitate vesicle formation. The Atg8—PE that resides on the outer face of the 
sequestering vesicle is released from the membrane by a second Atg4-dependent cleavage. 
This figure is modified from Fig. 4 of Yorimitsu and Klionsky (2005b)
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Atg7 and Atg3 are minimal catalysts (Ichimura et al. 2004). Unlike the Atg12—

Atg5 conjugate, Atg8—PE conjugation is a reversible process in which Atg4 liber-
ates Atg8 from its target lipid. The liberated Atg8 is recycled and used in another 
conjugation reaction to allow efficient progression of autophagy and the Cvt path-
way (Kirisako et al. 2000).

Both the Atg12 and the Atg8 conjugation systems are evolutionarily conserved. 
The mammalian homologs for each component of the yeast Atg12—Atg5 conjuga-
tion systems (Atg5, Atg7, Atg10, and Atg12) have been characterized, and they 
function in a similar manner to their counterparts in yeast (Mizushima et al. 1998b; 
Mizushima et al. 2002; Tanida et al. 1999). There is also a mammalian Atg16-like 
protein, Atg16L, which forms an approximately 800 kDa protein complex with the 
Atg12—Atg5 conjugate, again mediated by the homo-oligomerization of Atg16L 
(Mizushima et al. 2003). There are at least four mammalian Atg8 homologs, MAP1LC3, 
GATE16, GABARAP and Atg8L. All proteins possess a conserved glycine residue 
near their C terminus and are conjugated to PE in the same manner as occurs in 
yeast via the catalysts Atg4, Atg7, and Atg3 (Hemelaar et al. 2003; Kabeya et al. 
2000, 2004; Tanida et al. 2002, 2003, 2006). Among them, LC3 is most abundant 
in autophagosomal membranes and is well established as a marker to monitor the 
autophagosome and autophagic activity.

During autophagosome formation, both the Atg12—Atg5—Atg16 complex and 
the Atg8—PE conjugate localize at the PAS (Kim et al. 2002; Suzuki et al. 2001). 
Electron microscopy analysis clearly shows that these two conjugates decorate the 
expanding phagophore (Kabeya et al. 2000; Kirisako et al. 1999; Mizushima et al. 
2001, 2003). The Atg12—Atg5—Atg16 complex is mainly localized on the outer 
side of the phagophore and released into the cytosol before or after autophagosome 
completion. These observations suggest that the Atg12—Atg5—Atg16 complex 
might serve as a coat component to drive the expansion and/or curvature of the 
membrane leaflet during autophagosome formation. Recent data, however, indicate 
that the Atg12—Atg5 conjugate might function as an E3, ubiquitin ligase, for 
Atg8—PE conjugation (Fig. 6), although it is not essential for the latter process to 
occur (Hanada et al. 2007). In contrast, Atg8—PE displays an apparently sym-
metrical distribution on both sides of the phagophore. The Atg8—PE that resides on 
the surface that becomes the outer face of the sequestering vesicle is released from 
the membrane by a second Atg4-dependent cleavage, whereas the inner population 
remains inside the vesicle and is delivered into the vacuole/lysosome, where it is 
degraded (Huang et al. 2000; Kabeya et al. 2000; Kirisako et al. 1999). Accordingly, 
Atg8—PE is another scaffold candidate to drive membrane expansion and vesicle 
completion. Upon autophagy induction, Atg8 protein levels increase, and this is 
needed to accommodate the larger-sized autophagosome relative to the Cvt vesicle. 
A quantitative correlation between the amount of Atg8 and the size of the sequestering 
vesicle has recently been determined (Xie et al. 2008). Atg8 is also suggested to act 
during the expansion of the autophagosomal membrane by mediating membrane 
tethering and hemifusion (Nakatogawa et al. 2007), although the physiological 
significance of this activity is not yet known.
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2.5  Atg9 and Its Cycling Systems

One of the intriguing questions concerning autophagy is the source of the lipid that 
is used for autophagosome formation and the mechanism used for lipid movement 
to the site of autophagosome assembly. Atg9 is an integral membrane protein and is 
thought to be a “membrane carrier” during the assembly process (He et al. 2006; 
Noda et al. 2000). Unlike most other Atg proteins, which primarily display single 
punctate localization at the PAS, Atg9 localizes to multiple punctate structures, 
including the PAS (Reggiori et al. 2005b; Reggiori et al. 2004a). The cycling of Atg9 
between the PAS and the non-PAS punctate structures is essential for autophago-
some formation. Potentially, membrane could be delivered to the PAS through this 
shuttling process. In yeast, several Atg9 non-PAS puncta are found to localize adja-
cent to or at the surface of mitochondria (Reggiori et al. 2005b). It is still unclear, 
however, whether Atg9 is an integral component of the mitochondrial outer mem-
brane or the membrane component of an organelle or other structure associated with 
mitochondria. Moreover, a population of the Atg9 peripheral pool does not colocal-
ize with either the PAS or mitochondria, but rather is dispersed throughout the 
cytosol. This portion of Atg9 is thought to be associated with membranes in the 
process of trafficking between the PAS and the membrane donor sites.

The anterograde movement of Atg9 to the PAS involves several Atg proteins 
(Fig. 7). In the absence of Atg11, the transport of Atg9 to the PAS is blocked (He 
et al. 2006; Shintani and Klionsky 2004b). The efficient anterograde movement of 
Atg9 to the PAS also involves Atg23 and Atg27, which form a cycling unit with 
Atg9 (Legakis et al. 2007; Yen et al. 2007). Atg23 is a peripheral membrane protein, 
whereas Atg27 is a type I transmembrane protein. Both of these proteins are 
required for the Cvt pathway and efficient autophagy. Similar to Atg9, they localize 
to the PAS and several other punctate structures. Current evidence suggests that 
Atg9, Atg23 and Atg27 are in a heterotrimeric complex, and travel together to the 
PAS. Based on fluorescence microscopy, the anterograde transport of these three 
proteins is largely interdependent. In the absence of Atg23 or Atg27, Atg9 is at 
multiple punctate sites other than the PAS, whereas Atg23 is dispersed throughout 
the cytosol without either Atg9 or Atg27.

The actin cytoskeleton also participates in Atg9 anterograde movement (He et al. 
2006). Disruption of the actin cytoskeleton prevents correct targeting of Atg9 to the 
PAS. Moreover, an actin-related protein, Arp2, interacts with Atg9 and directly regu-
lates the dynamics of Atg9 PAS targeting (Monastyrska et al. 2008). Arp2 is one 
subunit of the Arp2/3 complex, the nucleation factor of branched actin filaments. 
Thus, one model is that Atg11 acts as an adaptor between the cargo (Atg9 and actin), 
while the Arp2/3 complex provides the force to push the cargo (Atg9 and its associ-
ated membrane) away from the membrane donor and toward the forming autophago-
some (He et al. 2006; Monastyrska et al. 2008; Monastyrska et al. 2006).

The retrieval of Atg9 from the PAS back to the peripheral, non-PAS sites depends 
on the Atg1–Atg13 kinase complex, Atg2, Atg18, and the PtdIns3K complex I (Fig. 7); 
the absence of any of these proteins results in the accumulation of Atg9 at the PAS 
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Fig. 7  Cycling of Atg9. In yeast, Atg9 cycles between the PAS and non-PAS punctate structures 
(peripheral sites), some of which are found to localize adjacent to or at the surface of mitochondria. 
The efficient anterograde movement of Atg9 to the PAS requires Atg11, Atg23, Atg27, and the 
actin cytoskeletion. Atg9, Atg23, and Atg27 are in a heterotrimeric complex, and their movement 
to the PAS is interdependent. Atg11 acts as a potential adaptor between Atg9 and actin, and 
between Atg9 and the Arp2/3 complex, while the latter may provide the force to push the cargo 
(Atg9 and its associated membrane) away from the peripheral sites and toward the PAS. The ret-
rograde transport of Atg9 from the PAS back to the peripheral sites depends on the Atg1–Atg13 
kinase complex, Atg2, Atg18, and the PtdIns3K complex I. The Atg1–Atg13 complex promotes 
the association of Atg2 and the PtdIns(3)P binding protein Atg18 with Atg9, and the formation of 
this ternary complex initiates Atg9 retrieval for another round of membrane delivery

(Reggiori et al. 2004a). Similarly, the retrieval of Atg23 and Atg27 requires the 
Atg1–Atg13 complex; however, only Atg23 retrieval needs a high level of Atg1 
kinase activity (Legakis et al. 2007; Yen et al. 2007). Atg2 and Atg18 are two inter-
acting peripheral membrane proteins (Suzuki et al. 2007). They can both interact 
with Atg9, and the interaction of Atg18 with Atg9 requires Atg2 and Atg1 (Reggiori 
et al. 2004a; Wang et al. 2001a). The PAS localization of Atg2 and Atg18 depends 
on each other, Atg1, Atg13, Atg9, and the PtdIns3K complex I. Atg18 can bind two 
phosphoinositides, PtdIns(3)P, and PtdIns(3,5)P

2
, but only the former is essential for 

autophagy (Stromhaug et al. 2004). One model is that once the Atg1–Atg13 complex 
and Atg9 are recruited to the PAS separately, Atg1–Atg13 promotes Atg9 interaction 
with Atg2 and Atg18, and the formation of this ternary complex allows Atg9 to be 
released for another round of membrane delivery (Reggiori et al. 2004a).

Recent studies on mammalian Atg9 (mAtg9) have revealed that mAtg9 resides in 
a juxtanuclear region corresponding to the trans-Golgi network (TGN) and late 



An Overview of the Molecular Mechanism of Autophagy	 21

BookID 160045_ChapID 01_Proof# 1 - 6/5/2009

endosomes (Young et al. 2006). Starvation triggers the distribution of mAtg9 from the 
TGN to a dispersed peripheral endosomal pool, and knockdown of Ulk1, the mam-
malian ortholog of Atg1, restricts mAtg9 to the TGN. These observations lead to the 
idea that mAtg9 traffics between the TGN and late endosomes, and that, potentially, 
membranes are delivered from the TGN to the forming autophagosomes.

2.6  De Novo Vesicle Formation

Unlike most other intracellular trafficking processes, autophagy undergoes de novo 
formation of double-membrane vesicles. This is a de novo process in that the 
sequestering vesicles do not bud from a pre-existing organelle. Instead, these vesicles 
are thought to form through the expansion of a membrane core of unknown origin, 
termed the phagophore (Mizushima et al. 2001; Noda et al. 2002; Seglen et al. 
1990). Figure 8 shows a hypothetical model for de novo vesicle formation. The 
proposed site for vesicle formation is the phagophore assembly site (Kim et al. 
2002; Suzuki et al. 2001). In yeast, the PAS is a perivacuolar site and is defined in 
part as the site where almost all of the Atg proteins reside, at least transiently 
(Suzuki et al. 2001). The PAS can be also defined as a hybrid of the phagophore 
and its associated Atg proteins (Xie and Klionsky 2007). In mammalian cells, colo-
calization of the Atg proteins has also been observed, although a comprehensive 
study has been lacking (Yamada et al. 2005; Young et al. 2006). In these observa-
tions, cells lack a single specialized site for autophagosome formation that is simi-
lar to the yeast PAS, and instead display multiple sites of Atg protein colocalization, 
possibly corresponding to multiple PAS.

Understanding the nature of the PAS is a key to studying this novel type of 
membrane-forming process. However, the PAS is poorly characterized. Although 
the role of the PAS is not fully understood, one model suggests that the PAS serves 
to facilitate the nucleation and/or expansion of the phagophore, the precursor of the 
autophagosome, through recruitment of Atg proteins (Mizushima et al. 2001; 
Suzuki et al. 2007). In addition, membrane has to be delivered to the phagophore; 
although the origin of this membrane is also not clear, it appears to include the early 
secretory pathway and, in yeast, the mitochondria (Reggiori et al. 2004b, 2005b).

A recent systematic analysis demonstrated that the Atg proteins depend on each 
other for PAS recruitment (Cheong et al. 2008; Kawamata et al. 2008; Suzuki et al. 
2007). In particular, Atg11 and Atg17 act as scaffold proteins for PAS assembly, 
meaning that they may be the initial factors responsible for subsequent recruitment 
of the remaining Atg proteins. Atg11 is essential for PAS organization under veg-
etative conditions, whereas Atg17 (and associated proteins) plays a critical role 
during starvation. In cells lacking both Atg11 and Atg17, there is a complete 
absence of PAS localization of other Atg proteins. Starvation-induced PAS assembly, 
however, requires more than Atg17. In addition to the Atg1–Atg13–Atg17 ternary 
complex, Atg17 also interacts with two autophagy-specific proteins, Atg29 and 
Atg31 (Kawamata et al. 2008). Cells lacking Atg11 and any of the components in 
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Fig. 8  Schematic depiction of double-membrane vesicle formation. The PAS serves to facilitate the 
nucleation and/or expansion of the phagophore, the precursor of the autophagosome, through recruit-
ment of Atg proteins. Atg9 and the PtdIns3K complex I are recruited relatively early to the PAS, and 
act in membrane nucleation. Atg9 cycles between peripheral sites and the PAS; potentially, Atg9 
cycling delivers lipids to the expanding membrane. The Atg12—Atg5—Atg16 complex and the 
Atg8—PE conjugate, components of the vesicle-forming machinery, are subsequently recruited to the 
PAS, and mediate the expansion of the sequestering vesicle. The Atg12—Atg5—Atg16 complex may 
in part behave like a coat or may function as an E3 ubiquitin ligase-like enzyme, whereas Atg8—PE 
acts in the elongation of the vesicle as a structural component. Before or immediately after the 
autophagosome is completed, most of the Atg components, including the putative coat proteins, dis-
sociate from the vesicle; the portion of Atg8—PE on the outer surface of the vesicle is normally 
cleaved off by the Atg4 protease. Finally, the sequestering vesicle can fuse with the vacuole

the Atg17 complex display essentially the same phenotype as the atg11D atg17D 
double mutant, suggesting that these two complexes function as a PAS-organization 
center to induce the ordered recruitment of Atg proteins (Cheong et al. 2008; 
Kawamata et al. 2008). Although Atg1 kinase activity is not essential for PAS 
recruitment of other Atg proteins, it might play a role in disassembly of the PAS or 
the dissociation of Atg proteins from the PAS. A dynamic process of Atg protein 
cycling is thought to be critical to proper autophagosome expansion (Cheong et al. 
2008). This concept fits with the idea that Atg1 kinase activity is related to the size 
of the sequestering vesicle (Noda et al. 2002).

Among the remaining Atg proteins, Atg9 is recruited relatively early to the PAS, 
and this also requires the function of the PtdIns3K complex I. Atg9 and the PtdIns3K 
complex I may play some role in membrane nucleation and facilitating the subse-
quent recruitment of certain Atg components, including the Atg12—Atg5—Atg16 
complex and the Atg8—PE conjugate. In their absence, these two conjugates can be 
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formed, but they become completely diffuse in the cytosol without any punctate 
localization. The PAS localization of Atg8—PE depends on the Atg12—Atg5–
Atg16 complex (Suzuki et al. 2001).

As mentioned above, before or immediately after the autophagosome is com-
pleted, most of the Atg components dissociate from the vesicle. The sequestering 
vesicle must be completed before fusion with the vacuole. The Atg12—Atg5–
Atg16 complex may in part behave like a coat to prevent premature fusion; the 
portion of Atg8—PE on the outer surface of the vesicle might also play such a role. 
Atg8—PE is normally cleaved off by the Atg4 protease prior to vesicle fusion. 
Furthermore, there may be certain unknown factors that can sense the completion 
of the double-membrane vesicle and trigger the disassembly of the vesicle-forming 
machinery. Atg1 is one possible candidate because it functions at later stages in the 
vesicle-forming process, such as Atg9 retrieval and Atg11 release from the PAS, 
and its kinase activity has been also suggested to play a role in the disassembly of 
the PAS or the dissociation of Atg proteins from the PAS (Cheong et al. 2008; 
Reggiori et al. 2004a; Yorimitsu and Klionsky 2005a).

2.7  Vesicle Docking and Fusion with the Vacuole

Once the double-membrane vesicle is formed, it is targeted to the vacuole for the 
fusion process. Molecular genetic studies have indicated that the machinery involved 
in homotypic vacuole fusion is also essential for the fusion of autophagosomes and 
Cvt vesicles with the vacuole (Fig. 9). This machinery includes the SNARE proteins 
Vam3, Vam7, Vti1 and Ykt6, the NSF Sec18, the a-SNAP Sec17, the Rab GTPase 
Ypt7 and the class C Vps/HOPS complex; the two recently characterized proteins 
Mon1 and Ccz1 are also part of the fusion machinery (Klionsky 2005; Wang and 
Klionsky 2003). Mon1 and Ccz1 form a complex and are critical for the Ypt7-
dependent tethering/docking stage leading to the subsequent formation of the 
SNARE complex (Wang et al. 2003). The class C Vps/HOPS complex functions in 
concert with Ypt7 during the tethering/docking stage (Wang and Klionsky 2003). 
After fusion, the autophagosome inner single-membrane vesicle is released inside 
the vacuole lumen, which is termed the autophagic body.

In mammalian cells, maturation of autophagosomes includes several fusion 
events with vesicles originating from early and late endosomes, as well as lysosomes. 
Fusion with endosomes to become amphisomes allows convergence of the endocytic 
and autophagic pathways; subsequent fusion of autophagosomes or amphisomes 
with lysosomes generates autolysosomes (Berg et al. 1998; Tooze et al. 1990). 
In some cases where it is not possible to distinguish the precise nature of the com-
partment, the term “autophagic vacuoles” is used to cover all three autophagic 
structures: autophagosomes, amphisomes, and autolysosomes. Mammalian Vtilb is 
involved in the fusion of autophagsomes with multivesicular endosomes (Atlashkin 
et al. 2003), and the Rab GTPase Rab7 plays a role in the fusion with lysosomes 
(Jager et al. 2004).
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2.8 � Vesicle Breakdown and Recycling of the Resulting 
Macromolecules

Upon release into the vacuole, the single-membrane subvacuolar vesicle, the 
autophagic or Cvt body, is broken down inside the vacuolar lumen. This process 
depends on proper vacuole function (including vacuolar acidification) and the 
activity of vacuolar resident hydrolases (including Pep4 and Prb1). In addition to 
these factors, Atg15, a putative lipase, is also implicated at this step and seems 
likely to function directly in the intravacuolar lysis of the autophagic/Cvt body 
(Epple et al. 2001; Teter et al. 2001). Atg15 contains a lipase active-site motif, and 
mutations in the corresponding active site eliminate its function. Atg15 is targeted 
to the vacuolar lumen via the multivesicular body (MVB) pathway (Epple et al. 
2003). Atg15 seems to function as a general lipase because it is also involved in the 
disintegration of intravacuolar MVB vesicles.

The main purpose of autophagy is to degrade cytoplasm and recycle the resulting 
macromolecules for the synthesis of essential components to overcome various 
stress conditions. Accordingly, the resulting macromolecules must be released back 
to the cytosol for reuse; however, little is known about this process. Atg22, a puta-
tive amino acid effluxer on the vacuolar membrane, has been found to play such 
role in mediating the efflux of leucine and other amino acids resulting from 
autophagic degradation (Yang et al. 2006). In addition, Avt3 and Avt4 seem to be 
part of the same family of permeases (Russnak et al. 2001). Upon elimination of all 
three partially redundant vacuolar effluxers, cells rapidly lose viability under star-
vation conditions, whereas supplementation with leucine partially restores viability. 
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Fig. 9  Vesicle docking and fusion with the vacuole. The SNARE proteins Vam3, Vam7, Vti1, and 
Ykt6 function in various membrane fusion events, including the process of autophagosome fusion 
with the vacuole. Also shown are the Mon1–Ccz1 complex and the class C Vps/HOPS complex, 
which function in concert at the Ypt7-dependent tethering/docking stage. This figure is modified 
from Fig. 7 of Klionsky (2005)
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Although a mammalian homolog of Atg22 has not been identified, homologs of 
Avt3 and Avt4 have been characterized as SLC36A1/LYAAT-1 (lysosomal amino 
acid transporter 1) (Sagne et al. 2001), and SLC36A4/LYAAT-2, respectively. How 
autophagy contributes to the recycling of other macromolecules, such as carbohy-
drate or lipids, remains unknown.

3  Conclusion

As a conserved cellular degradative pathway in eukaryotes, autophagy protects cells dur-
ing various types of stress. Defects in autophagy have been linked to human diseases, 
indicating its crucial physiological significance. Autophagy involves dynamic membrane 
rearrangement for sequestration of cytoplasm and its delivery into the vacuole/lysosome. 
Significant breakthroughs in understanding the molecular mechanism of autophagy have 
been achieved from studies in yeast and other model systems. Currently, analyses of 
autophagy, pexophagy and the Cvt pathway in fungi have identified 31 ATG genes, cor-
responding to the unique molecular machinery that drives these pathways. However, the 
fundamental biochemical questions that concern the functions of Atg proteins still need 
to be resolved, especially those related to sequestering vesicle formation, such as the 
ordered vesicle assembly process and the origin of the lipid membrane. In addition, as 
more examples of selective types of autophagy emerge, continued studies on the specific 
nature of autophagy are becoming increasingly important. Yeast remains a powerful sys-
tem to address these questions. Further studies of autophagy-related pathways will facili-
tate our understanding of the molecular mechanism and regulation of these pathways, and 
may allow the practical use of autophagy for therapeutic purposes.
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