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a b s t r a c t
The simple phosphoinositide phosphatidylinositol 3-phosphate (PI(3)P) has been known to have
important functions in endocytic and phagocytic trafﬁc, and to be required for the autophagic pathway. In all of these settings, PI(3)P appears to create platforms that serve to recruit speciﬁc effectors
for membrane trafﬁcking events. In autophagy, PI(3)P may form the platform for autophagosome
biogenesis.
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1. Formation and consumption of PI(3)P
Phosphoinositides (PI’s) are formed by the phosphorylation of
phosphatidylinositol (PI) on its inositol ring. With the exception
of the 20 and 60 positions all free OH groups of the inositol ring
can be phosphorylated. The unique functional role of each type
of PI within the cell can be attributed to the arrangement of phosphate groups around the inositol ring. Phosphoinositide 3-kinases
(PI3 kinases) are the enzymes responsible for phosphorylating
the 30 OH-position of the inositol ring of PI, and three classes of
these enzymes exist in cells [1,2] Class I PI3 kinases most commonly phosphorylate PI(4,5)P2 at its 30 OH group to produce
PI(3,4,5)P2 (often referred to as PIP3). Class III PI3 kinases are the
orthologues of the yeast vesicular protein-sorting protein Vps34,
and these enzymes can only utilise PI as a substrate (Fig. 1). Class
II PI3 Kinase can use PI, PI(4)P and PI(4,5)P2 as substrates, with a
strong preference for PI. It is likely that the type III enzyme is
responsible for the majority of PI(3)P synthesis within cells,
whereas the type II enzymes appear to be involved in specialised
signal-dependent settings [3]. PI(3)P can be further phosphorylated by a 40 -kinase at its 40 -position to generate PI(3,4)P2
(Fig. 1). Additionally, PI(3)P can be phosphorylated by a PI(3)P 5kinase known as PIKfyve in mammals (Fab1p in yeast) to form
PI(3,5)P2 [4]. 30 Phosphatases that can act on PI(3)P include PTEN
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(phosphatase and tensin homologue) [5], myotubularin proteins
such as Jumpy [6,7], and the yeast phosphatase, Sac1p [8].
2. Recognition of PI(3)P by speciﬁc protein domains
The generation of PI’s by PI3 kinases has been found to be
responsible for a diverse array of cellular signalling events, often
mediated by distinct proteins that can bind to PI’s. Lipid binding
can affect the localization, conformation and/or activity of PI-binding proteins, and two types of PI(3)P-binding domains have been
reported. One is the FYVE domain (whose name reﬂects the ﬁrst
four proteins found to contain it: Fab1p,YOTB, Vac1p and Early
Endosome Antigen 1) [9,10]. At present 37 FYVE domain containing proteins have been identiﬁed in humans. These domains are
known to bind to PI(3)P with high afﬁnity (Kd = 50 nM) and they
usually consist of approximately 65 amino acids with eight conserved cysteine residues. A hydrophobic loop in the FYVE domain
initially interacts with the membrane in a non-speciﬁc manner.
This leads to the subsequent exposure of a characteristic basic motif [(R/K) (R/K)HHCR] in the FYVE domain, which surrounds the
third conserved cysteine residue, and this can bind to the inositol
head group of PI(3)P [2,11]. PI(3)P can also bind to the 120 amino
acid Phox homology (PX) domains. PX domains have been found in
NADPH oxidase subunits, a PI3 kinase, sorting nexins, a SNARE, as
well as some phospholipases and protein kinases. PI(3)P binding to
PX domains is thought to occur via a pair of highly conserved basic
motifs consisting of [RR(Y/F)] [11].
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Fig. 1. Pathways for PI(3)P synthesis and conversion into PI, PI(3,4)P2 and PI(3,5)P2. PI(3)P can be synthesised from PI by class II and class III PI3-kinases (circled in blue). 3Phosphatases (circled in blue) can convert PI(3)P back into PI. PI(3)P can also be converted into PI(3,4)P2 and PI(3,5)P2 by 4-kinases and 5-kinases, respectively.

3. Localization and role of PI(3)P within endocytic and
phagocytic compartments
PI(3)P is maintained at a cellular concentration of approximately 200 lM, and is thought to be produced mainly by Vps34.
Genetic and biochemical data have shown that PI(3)P regulates
endocytic trafﬁcking, and, in support of this, studies using a double
FYVE domain as a probe have found that PI(3)P is enriched on early
endosomes, in the internal vesicles of multivesicular endosomes
and in yeast vacuoles [12]. Moreover, proteins that bind to PI(3)P
are known to play a role in membrane trafﬁcking events, directing
trafﬁc from endosomes and Golgi bodies to lysosomes (Fig. 2).
Many of these proteins have FYVE domains such as EEA1, which
regulates the fusion of endocytic membranes, and is recruited to
early endosomes by Rab5-GTP and PI(3)P [13]. EEA1 recruitment
to endosomal membranes acts to regulate proper membrane
fusion by SNARE’s (Soluble N-ethylmaleimide-sensitive factor
Attachment protein Receptor’s) [11]. Speciﬁcally, EEA1 has been
shown to interact with at least two SNARE proteins, syntaxin6
and syntaxin13 [14]. Another FYVE domain containing protein,
Rabenosyn-5, an orthologue of yeast Vac1p, is also required for
early endosome fusion, and can bind to both PI(3)P and Rab5GTP. When bound to PI(3)P Rabenosyn-5 can modulate SNARE
complex formation with Rab5 and Sec1 (Vps45) proteins [15]. An
adaptor protein SARA (Smad Anchor for Receptor Activation), also
contains a FYVE domain which localizes it to endosomes. In endosomes SARA then acts to recruit the transcription factors Smad2
and Smad3 to the transforming growth factor b receptor [11]. Additionally, PX domain containing proteins have also been found to
bind to PI(3)P and play a role in early endosomal trafﬁcking events.
For example, sorting nexins play a role in trafﬁcking activated

growth factor receptors, and sorting nexin 3 is targeted to endosomal PI(3)P pools via its PX domain [16]. The motility of endosomes along microtubules and actin ﬁlaments has also been
shown to be dependent on both Rab5 and Vps34 (class III PI3
Kinase), and a kinesin motor, KIF16B, which can bind to PI(3)P
via a PX domain has been identiﬁed [14].
FYVE domain containing proteins have also been found to play a
role in directing target proteins to lysosomes via the formation of
multivesicular endosomes (Fig. 2). For example, Fab1p, the yeast
orthologue of PIKfyve, is a PI(3)P 5-kinase that also contains FYVE
domains, and has been suggested to target cell surface receptors
for degradation in lysosomes. Hrs (mammalian orthologue of yeast
Vps27), contains multiple FYVE domains, and is also known to play
a role in endosomal maturation and multivesicular endosome formation [17]. It is thought that Hrs regulates SNARE complex formation, as well as recognising ubiquitylated cargo and selecting it for
degradation. Hrs is required for the formation of the ESCRT (endosomal sorting complex required for transport) complexes on endosomal membranes [14]. ESCRT complexes in turn are required for
the sorting and recognition of ubiquitylated cargo protein into
the internal vesicles of multivesicular endosomes. PX domain containing proteins have also been found to play a role in trafﬁcking
target proteins for degradation. For example, the yeast SNARE
Vam7 is targeted to the vacuolar membrane via PI(3)P binding to
its PX domain [18], here it is known to play a role in trafﬁcking
proteins to the vacuole [19].
Retrograde trafﬁcking from endosomes to Golgi is important for
the recycling of sorting receptors, such as yeast Vps10, and mammalian mannose-6 phosphate receptor. Two accessory proteins
required for Vps34 activity in yeast, Vps30 and Vps38 (see below),
have been shown to be essential for endosome to Golgi trafﬁcking

1304

C. Burman, N.T. Ktistakis / FEBS Letters 584 (2010) 1302–1312

Fig. 2. PI(3)P has been found to play a role in endocytosis, phagocytosis as well as autophagy. FYVE and PX domain containing effector proteins such as EEA1, Rabenosyn-5,
sorting nexins, Hrs, and SNARE’s are thought to mediate the role played by PI(3)P in endocytosis. The p40phox NADPH oxidase subunit contains a PX domain which can bind
membrane PI(3)P, once at the plasma membrane this subunit can then play a role in phagocytosis. PI(3)P is also required for autophagy, possible PI(3)P effectors for
autophagy include the WIPI proteins, DFCP1, Alfy and the PI(3)P phosphatase Jumpy.

of Vps10, which suggests a requirement of Vps34 in this trafﬁcking
step. Studies in yeast have also identiﬁed a multi-protein ‘retromer’ complex as an important player in the endosome to Golgi trafﬁcking of Vps10. Interestingly, two proteins in this complex, Vps5
and Vps17, both have PX domains and can speciﬁcally bind to
PI(3)P [14]. The retromer complex is evolutionarily conserved,
and has been shown to be involved in the retrograde trafﬁcking
of mannose-6 phosphate receptors. The mammalian retromer
complex contains Snx1 and Snx2, which can bind to both PI(3)P
and PI(3,5)P2 [14].
In addition to its role in endocytosis, PI(3)P is also known to regulate phagocytosis (Fig. 2). Both Rab5 and Vps34 have been shown
to be involved in phagosome maturation, and there is evidence
that EEA1 and Hrs are the effectors that mediate this process
[14]. Phagocytes utilise the NADPH oxidase system to destroy
microorganisms by generating reactive oxygen species. Some of
these oxidase subunits are cytosolic until an activation event
causes them to translocate to the plasma membrane where catalytic subunits reside. Speciﬁcally, the p40phox subunit contains a
PX domain which can bind membrane PI(3)P [20] whereas the
PX domain of p47phox has been found to interact preferentially
with PI(3,4)P2, but also with PI3P, PI(3,5)P2 and PIP3 [21].
4. PI(3)P involvement in autophagy
Autophagy is a fundamental intracellular trafﬁcking pathway
conserved from yeast to man. Macroautophagy involves the degradation of large portions of the cytoplasm, including organelles,
whereas other types of autophagy with a more restricted target
set have been described and are currently explored [22]. During
macroautophagy (herein referred to as autophagy) portions of
the cytoplasm are sequestered into specialised double membrane

vesicles called autophagosomes and delivered to lysosomes for
degradation (Figs. 2 and 3). During nutrient withdrawal cells can
initiate autophagy to allow the breakdown of proteins into amino
acids, which can subsequently be used for new protein synthesis or
ATP generation [22–25]. In addition, autophagy is also required for
the removal of damaged or unneeded organelles, including mitochondria (mitophagy) and peroxisomes (pexophagy) [26,27]. During initiation of autophagy a damaged organelle or portion of the
cytosol is surrounded by a ﬂat membrane sheet known as the isolation membrane or phagophore [28] (Fig. 3). The isolation membrane elongates and seals to itself to form an autophagosome. It
is thought that the autophagosome engages with normal endocytic
trafﬁc in order to mature into a late autophagosome before fusing
with lysosomes to form an autolysosome [29]. To date, 31 genes
that are involved in autophagy have been identiﬁed by genetic
screens in yeast [22,30], and these have been termed autophagyrelated genes (Atg) genes. The core Atg genes can be subdivided
into four subgroups: Atg1/unc-51-like kinase (ULK) and their regulators; Vps34 complex I; the Atg9 cycling complex; and conjugation pathways involving the ubiquitin-like proteins Atg12 and
Atg8/LC3 [30–33].
One requirement common for all organisms during autophagy
is the need for synthesis of PI(3)P, and this is based on very
clear-cut genetic and biochemical data. Elimination of the gene
coding for Vps34 in yeast inhibits autophagy, and replacement of
the wild type allele with a mutant in the lipid kinase domain also
blocks the pathway [31,32,34]. Similarly, starvation-induced
autophagy was severely inhibited in Drosophila Vps34 loss of function and kinase-dead mutants [35]. Although a mouse knockout in
the gene coding for Vps34 has not been reported, several independent groups have used siRNA against mammalian Vps34 to show
that the protein is required for autophagy [36–39]. In terms of bio-
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Fig. 3. Pathways of autophagy in mammalian cells. Upper panel: During autophagy portions of the cytosol are sequestered in autophagosomes, which are delivered to
lysosomes. The autophagic pathway has four stages: initiation, expansion, completion and maturation. During initiation a portion of the cytosol is surrounded by a ﬂat
membrane sheet known as the isolation membrane. During the expansion phase the isolation membrane elongates and seals to itself to form an autophagosome. During the
maturation step the autophagosome fuses with lysosomes, to form autolysosomes. The sequestered content, including proteins is broken down to amino acids which are then
recycled back to the cytosol. Lower panel: Atg14 is thought to recruit Vps34 to the site of autophagosome synthesis. In starved cells PI(3)P localizes to punctate structures
known as omegasomes, which are likely to originate from the ER. Omegasomes co-localize with early autophagic markers including LC3 and Atg5, and autophagosomes are
thought to form within omegasomes. Eventually autophagosomes exit from omegasomes.

chemical approaches, deﬁnitive work is somewhat hampered by
the paucity of an inhibitor of Vps34 that would not inhibit other
classes of PI 3-kinases (see also [14]. Nevertheless, it has been
shown that treatment with wortmannin or 3-methyladenine, both
of which inhibit Vps34 activity, blocks autophagy in a variety of
cell types [14,38,40–43].
Given the importance of PI(3)P for the induction of autophagy,
where is it localized? Some studies have used a double FYVE domain probe to show that autophagosomes stain with this lipid
[12,35,36]. In other studies, PI(3)P was shown to be transported
to the vacuole via autophagosomes [31,32,44]. Since autophagosomes engage with the endosomal membrane system during their
maturation, and because PI(3)P is known to regulate several maturation events, it is expected that PI(3)P on autophagosomes may
facilitate this progression.
Work in our laboratory found that PI(3)P generation is also a
key early event in autophagosome biogenesis (Fig. 3). A novel protein termed double FYVE domain-containing protein 1 (DFCP1),
which was shown to bind to PI(3)P was utilised. It was found that
upon starvation of stably expressing HEK-293 cells, GFP-DFCP1
translocates to a punctate compartment that partially co-localizes
with the autophagic markers LC3 and Atg5 [36,45]. The translocation of DFCP1 was inhibited by the PI3-kinase inhibitors wortmannin and 3-methyladenine, and also by siRNA against Vps34 and
Beclin1 (Vps30), a protein known to bind to and regulate Vps34.
Unexpectedly for a PI(3)P binding protein, DFCP1 localizes to the
ER and Golgi in nutrient rich conditions, and one interpretation

of these data is that DFCP1 translocates from the ER or the Golgi
to this autophagy-induced punctate compartment. Several other
PI(3)P-binding probes tethered to the ER conﬁrmed that the membranes of this punctate compartment are in dynamic equilibrium
with the ER. Because these membranes were frequently seen to
form an O-like shape in association with the ER we termed them
‘omegasomes’. From live imaging studies it was also apparent that
autophagosomes form within omegasomes (Fig. 3). Therefore,
omegasomes may provide a site for the biogenesis of autophagosomes. The DFCP1 positive omegasome appeared to be a donutshaped ring which enclosed the LC3 positive autophagosome. The
autophagosome eventually exited the omegasome, via either a
smooth movement or the omegasome seemed to zip along the
autophagosome. Internal reﬂection ﬂuorescence microscopy (TIRFM), confocal live imaging and immuno-EM were used to show
that DFCP1 labelled omegasomes were in close contiguity with
the ER. Finally, the localization of RFP-Vps34 was tracked in GFPDFCP1 expressing HEK-293 cells. Vps34 was found to be localized
to the cytosol and in vesicles thought to correspond to late endosomes/lysosomes, and it did not translocate upon starvation
(Fig. 3). The Vps34 vesicles were always in close proximity to the
ER, and were frequently seen to move along ER strands. Importantly, during starvation omegasomes formed in close association
to the Vps34-containing vesicles, hence the Vps34 in these vesicles
is likely to synthesise the PI(3)P found in omegasomes.
Subsequent to this work, other investigators were able to show
how autophagosomes are connected to the ER using EM tomogra-
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phy [46,47]. Although the localization of PI(3)P was not reported in
these studies, it is reasonable to conclude at this point that a modiﬁed region of the ER provides a platform for the formation of
autophagosomes.
5. Several Vps34 complexes exist in a cell
It is clear that PI(3)P, and hence its synthesising enzyme Vps34,
play very important roles in autophagy initiation and progression.
In addition, as described earlier, Vps34 and PI(3)P are also involved
in several aspects of endocytic/phagocytic trafﬁc. Given the spatial
and mechanistic differences between these pathways, it is perhaps
not surprising that Vps34 has been found to be present on several
distinct complexes (Fig. 4) (for a recent review see also [33]). We
will discuss these complexes separately for yeast and for higher
eukaryotes. For the former, the situation is pretty clear at this
point. For the latter, a plethora of putative components of these
complexes are being identiﬁed and the easiest way to present
the data is to focus on the different proteins individually.
5.1. Vps34 complexes in yeast
Autophagy has been extensively studied in yeast, and both
Vps34 and its regulatory protein Vps15 have been shown to be
essential for this process [34]. Vps34 and Vps15 were originally
identiﬁed in yeast [48,49], and both have homologues in higher

organisms, including mammals. Vps15 is a putative serine/threonine kinase that is known to be required for Vps34 activity, and
therefore is indispensable for the role played by Vps34 in both
endocytic trafﬁcking and autophagy. Unexpectedly, it was found
that Vps15 does not phosphorylate Vps34 [50], but Vps34 activity
is abolished in Dvps15 yeast or yeast expressing kinase dead Vps15
[51].
Studies in yeast have identiﬁed two Vps34 containing complexes [34]. Complex I is composed of Vps34 and Vps15, as well
as two accessory proteins, Vps30 and Atg14, this complex has
proved to be essential for autophagy. Vps34, Vps15, and Vps30
are also present in Complex II, but Atg14 is replaced by Vps38, this
complex is thought to be essential for the endosomal Vps pathway.
These two complexes are characterized by the mutually exclusive
expression of Atg14 or Vps38. Consistent with their presence in
both complexes, deletion of Vps30, Vps15 or Vps34 resulted in
both an inhibition of the sorting of the lysosomal hydrolase CPY
(carboxypeptidase Y), as well an inhibition of autophagy [34].
Atg14 was shown to be essential for autophagy in yeast, as autophagy was found to be severely disrupted in Datg14 yeast. Vps38 is
essential for vacuolar protein sorting and retrograde transport, as
shown by defective CPY sorting [34] and mislocalization of Vps10
[52] in Vps38-deﬁcient yeast. In addition, co-immunoprecipitation
of Vps30 with Vps15–Vps34 was decreased in a Dvps38 strain,
indicating that Vps38 could mediate the interaction between
Vps30 and Vps15–Vps34 [34].

Fig. 4. TOR inactivation is a central event in autophagy. Amino acids, growth factors, and ATP and oxygen levels can regulate TOR activation. Class I PI3-kinases can signal
from growth factor receptors to stimulate TOR activity. The Rag proteins are thought to signal from amino acids to TOR activation in a pathway involving the TOR activator
Rheb. Vps34 can signal to activate TOR in amino-acid rich conditions, which leads to inhibition of autophagy (blue scheme), or it can signal to activate autophagy following
TOR inactivation in amino acid poor conditions (red scheme). It is likely that spatially distinct Vps34-containing complexes mediate these effects. TOR acts to inhibit
autophagy by associating with the ULK1–Atg13–FIP200 complex and phosphorylating ULK1 and Atg13 to block their activity and translocation to sites of autophagosome
formation. Boxed area: Vps34 is present on two distinct complexes, one which mediates autophagy and one which mediates endocytosis. These are characterised by the
mutually exclusive expression Atg14 or UVRAG.

C. Burman, N.T. Ktistakis / FEBS Letters 584 (2010) 1302–1312

5.2. Vps34 complexes in higher organisms
5.2.1. Vps15
Homologues of yeast Vps15, Vps30 (Beclin1 in mammals),
Vps34, Vps38 (UVRAG in mammals) and Atg14 exist in higher
organisms, including mammals. Mammalian Vps34 has been
shown to be essential for autophagy (see above). Moreover, optimal Vps34 activity also requires Vps15 in mammalian cells [53].
Studies using Drosophila have also shown that autophagy is severely reduced in Dvps15 ﬂies [54]. It is known that membrane targeting of Vps34 requires Vps15, and that the two proteins form a
membrane-associated complex. Co-immunoprecipitation experiments in mammalian cells also revealed that Vps15 enhances the
ability of the accessory proteins Beclin1 and UVRAG to interact
with Vps34 (Fig. 4), and these proteins could only enhance the
activity of Vps34 in the presence of Vps15 [53]. This is despite
the fact that Beclin1 is known to directly bind to Vps34 [55]. The
same study also found that expression of Beclin1/UVRAG also enhanced Vps34–Vps15 binding. Vps15 can also bind to both Rab5
and Rab7, and it is though that this binding helps localize Vps34
to both early and late endosomes [56].
5.2.2. Beclin1
Beclin1 is the mammalian homologue of yeast Vps30, and was
ﬁrst identiﬁed as a Bcl2 interacting protein [57]. Co-immunoprecipitation of Vps34 and Beclin1 has been observed in mammalian
cells [55] and it is estimated that 50 percent of mammalian
Vps34 is in a complex with Beclin1 (Fig. 4). Unlike yeast, in mammalian cells the processing of cathepsin D in the lysosome is normal in cells that express little Beclin1 [55] and in Beclin1
knockdown cells [58]. However, Beclin1 was found to be essential
for autophagy in mammalian cells [58,59]. These studies suggest
that in mammals Beclin1 is essential for the engagement of
Vps34 in autophagy, but dispensable for the role played by
Vps34 in endocytic trafﬁcking and lysosomal sorting. Several proteins have been shown to interact with Beclin1 in mammalian
cells, including Bcl2, UVRAG, Atg14, Rubicon, Bif1, Ambra1 and
Rab5 (Fig. 4).
Mammalian Beclin1 has been found to also exist in two complexes that along with Vps34 and Vps15 contain either Atg14 or
UVRAG (the mammalian orthologue of yeast Vps38) [37] (Fig. 4).
As in yeast, the complex containing mammalian Atg14 is essential
for autophagy, whereas the complex containing UVRAG is essential
for endocytosis. UVRAG and Atg14 have been found to compete for
binding to the N-terminal C2 domain of human Vps34. Human
Vps34 has been found to be present almost entirely on UVRAG positive punctate in non-starvation conditions, and upon starvation
30% of the Vps34-GFP dots co-localized with Atg14 [37].
5.2.3. Bcl2
Bcl2 and BclXL can bind to Beclin1 to act as inhibitors of autophagy (Fig. 4). It is thought that the Bcl2/BclXL-Beclin1-Vps34 complex has decreased Vps34 activity compared to complexes
lacking Bcl2/BclXL [60–62]. Upon nutrient starvation the amount
of Beclin1 that co-immunoprecipitates with Bcl2/BclXL decreases,
which leads to autophagy. It is known that the BH3 (Bcl2 homology) domain of Beclin1 binds to Bcl2/BclXL. Another BH3 domain
containing protein Bad is activated upon nutrient starvation. Bad
can compete with Beclin1 for binding to Bcl2/BclXL, and increased
co-immunoprecipitation of Bad with Bcl2/BclXL occurs upon
nutrient starvation. In fact, over expression of Bad can induce
autophagy in non-starved conditions [60,61]. Nutrient starvation
also leads to the activation of c-Jun N-terminal Kinase 1 (JNK1),
and it has been shown that JNK1 can phosphorylate Bcl2 at serine
and threonine residues. Phosphorylation of Bcl2 by JNK1 is essential for autophagy, as when phosphorylated by JNK1 Bcl2 can no
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longer co-immunoprecipitate with Beclin1 [63]. It has been demonstrated that autophagy is inhibited when JNK1 is inhibited or
with a Bcl2 mutant that is resistant to phosphorylation by JNK1.
Conversely, constitutively active JNK1 can stimulate Bcl2 phosphorylation and autophagy in non-starved cells.
5.2.4. UVRAG
UVRAG (UV radiation resistance-associated gene) has been identiﬁed as a Beclin1 binding protein that can increase Beclin1-Vps34
interaction as well as Vps34 activity [64]. UVRAG is thought to be a
mammalian orthologue of yeast Vps38 [37,65]. Early studies suggested that UVRAG participated in the formation of autophagosomes
in a Beclin1-dependent manner [64]. However, further studies
showed that treatment of cells with siRNA against UVRAG had no effect on autophagy [37]. Speciﬁcally, UVRAG was found to be localized on early and late endosomes, and co-expression of GFP-Vps34
with HA-UVRAG localized Vps34 to UVRAG positive structures (possibly endosomes), but UVRAG did not localize with any markers of
autophagy [37]. Interestingly, in several studies UVRAG co-immunoprecipitated with Vps34 and Beclin1, indicating that these proteins
exist in a complex that is similar to yeast complex II [37,66,67].
Hence, evidence suggests that Beclin1 is present in an endocytosis
complex with UVRAG although another report has shown that Beclin1 is not essential for mammalian endocytosis [58]. It is thought
that autophagosome maturation occurs by fusion of the autophagosome with different endosomal populations [29]. Therefore, since
UVRAG is thought to play a role in endocytosis, it is possible that it
could also regulate maturation of autophagosomes.
5.4.5. Atg14
As in yeast, mammalian Atg14 is present in a complex with
Vps34, Vps15 and Beclin1, and this is essential for autophagy
[37] (Fig. 4). Atg14 is thought to be involved early on in autophagogenesis, and localizes to the isolation membrane. Indeed, human
Atg14 showed a high degree of co-localization on the isolation
membrane with both Atg5 and Atg16L1 [37]. The same study
found that Atg14 was present on starvation-induced punctate,
these only partially co-localized with LC3, and Atg14 was not observed on the larger LC3 dots. Therefore, Atg14 may not be present
on complete autophagosomes. It is known that Vps34 functions
upstream of the Atg12–Atg5–Atg16L1 complex, the localization
of Atg14 on punctate is not affected by the Vps34 inhibitor wortmannin, hence Atg14 localizes to autophagic membranes earlier
than the Atg12–Atg5–Atg16L1 complex [37]. Interestingly, a mutant version of Atg14 that was unable to bind to Vps34 and Beclin1,
could still accumulate to Atg16L1 and LC3 positive structures following starvation, indicating that Atg14 can localize to the isolation membrane, or possibly a pre-isolation membrane structure,
independently of Vps34 or Beclin1. Moreover, Atg14 was found
to be essential for autophagy, since autophagic ﬂux was decreased
in cells transfected with siRNA against Atg14 [37]. Additional studies also found that Atg14 was required for autophagy in mammalian cells [66,67]. Tracking of the subcellular localization of GFPLC3 and electron microscopy of cells treated with Atg14 siRNA, revealed that GFP-LC3 remained in the nucleus and that autophagosomes were absent [37]. Thus Atgt14 is thought to be required for
autophagosome formation rather than autophagosome maturation. Further experiments found that a block in autophagy caused
by Atg14 depletion could be rescued by expression of wild-type
Atg14 but not by the Atg14 mutant unable to bind Vps34 and Beclin1 [37]. Hence the role played by Atg14 in autophagy requires it
to be in a complex with both Vps34 and Beclin1. Furthermore,
Atg14 has been shown to increase Vps34 kinase activity, and this
was dependent on both Beclin1 and Vps15 [67]. Therefore, Atg14
may act to recruit Vps34 to the isolation membrane, where it can
stimulate its activity.
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5.2.6. Rubicon
Recently, two studies identiﬁed Beclin1 binding proteins
[66,67]. These included Vps15, Vps34, UVRAG, Atg14 (called
Atg14L for Atg14-like in these studies) and a newly identiﬁed protein called Rubicon (RUN domain and cysteine-rich domain containing, Beclin1-interacting protein). Three types of Beclin–
Vps34–Vps15 complex were found to exist: an Atg14 containing
complex, an UVRAG complex and a Rubicon–UVRAG complex
[66]. Knockdown of Rubicon expression was found to promote
autophagic activity. Conversely, over expression of Rubicon inhibited autophagy [66,67] it also caused an abnormal morphology of
late endosome/lysosome, and inhibited the transport of internalised EGFR to the lysosome [66]. It is thought Rubicon negatively
regulates the maturation steps of the endocytic pathway and
autophagy [66,67]. Over expression of Rubicon was also found to
inhibit Vps34 kinase activity, but this did not require Beclin1. Rubicon was found to be expressed partially on early endosomes and
multivesicular endosomes, but primarily on late endosomes/lysosomes [66,67]. This would suggest that the Rubicon–UVRAG–Beclin1–Vps34–Vps15 complex suppresses endocytosis and
autophagosome maturation, whereas the UVRAG complex that
does not contain Rubicon is required for endocytosis. Although
Rubicon was found not to bind to PI(3)P, Rubicon-associated structures were enriched with PI(3)P. These structures were unaffected
by wortmannin, suggesting that the maintenance of these structures was not dependent on PI(3)P [67].

cells lead to a decrease in the proportion of cells with over 20
LC3 positive autophagosomes [42]. Conversely, over expression of
wild-type or constitutively active Rab5 had the opposite effect.
Inhibition of Vps34 by 3-methyladenine led to the appearance of
Atg5 positive structures which co-localized with myc-FYVE and
Beclin1, but not with LC3, indicating that they were early autophagic structures. Inhibition of Rab5 resulted in the appearance of similar Atg5 positive structures. Furthermore, Rab5 co-localized with
the Atg5 positive structures that were induced by treatment with
3-methyladenine. Hence, Rab5 may play a role early on in autophagy, possibly via activation of Vps34. Speciﬁcally, it was found that
both dominant negative Rab5 and 3-methyladenine resulted in decreased Atg5–Atg12 conjugation, a process known to be important
for autophagosome formation. Interestingly, it has also been
shown that in Caenorhabditis elegans Rab5 is necessary for the formation of peripheral ER tubules [75]. Hence, one could speculate
that Rab5 could recruit Vps34 to omegasomes, which are in close
contiguity to the ER (see above).

5.2.7. Bif-1
Bif-1 (Bax-interacting factor 1) is a member of the endophilin
protein family. Bif-1 can interact with Beclin1 indirectly via UVRAG
(Fig. 4), to regulate the activity of Vps34 and induction of autophagy in mammalian cells [68]. This interaction with UVRAG could
explain the participation of UVRAG in autophagy observed by some
investigators [64]. However, convincing evidence also shows that
UVRAG does not play a role in autophagy [37]. Knockdown of
Bif-1 in HeLa cells resulted in a signiﬁcant reduction of Vps34
activity [69]. Loss of Bif-1 has also been shown to suppress the
starvation-induced activation of Bax [70]. Therefore, Bif-1 could induce autophagy by promoting Bax binding to Bcl2, thereby releasing Beclin1 from negative regulation by Bcl2. Starvation-induced
Bif-1 foci co-localize with both Atg5 and LC3 [69]. During starvation Atg9 translocates from the Golgi to peripheral sites including
endosomes, and Atg9 positive vesicles play a role in the synthesis
and expansion of autophagosomal membranes [71]. Following
nutrient starvation Bif-1 positive vesicles fuse with Atg9 positive
compartments [68]. Like all endophilins, Bif-1 contains an N-terminal N-BAR (Bin-Amphiphysin-Rvs) domain, and these can bind to
lipid bilayers to induce membrane curvature [72]. This feature of
Bif-1 could prove to be important for membrane expansion and
curvature of autophagosomes.

6.1. Yeast

5.2.8. Ambra1
Ambra1 (activating molecule in Beclin1-regulated autophagy) is
another protein that interacts with Beclin1, and Ambra1–Beclin1
complexes can also co-immunoprecipitate with Vps34 (Fig. 4).
Both in cultured cells and embryos knockdown of Ambra1 expression can inhibit autophagy. Moreover, in cultured cells it was also
found that knockdown of Ambra1 decreases Beclin1-Vps34 association [73].
5.2.9. Rab5
Finally, Rab5 has also been shown to be present in a complex
with both Vps34 and Beclin1 [42]. Speciﬁcally, Rab5 was shown
immunoprecipitate with Beclin1, but only in the presence of
Vps34. Earlier studies have shown that Rab5 can interact with
Vps15 [74]. Over expression of dominant negative Rab5 in COS-7

6. Effectors of PI(3)P during autophagy
Most PI(3)P binding proteins (effectors) are localized to endosomes, and have been found to play a role in endocytic trafﬁcking
(see above). However, a few PI(3)P binding proteins that are
thought to play a role in autophagy have also been identiﬁed.

In yeast Atg18, Atg21 and Ygr223c make up a family of PI binding proteins. All three proteins were found to localize to endosomes, and PI(3)P produced by complex II was essential for this
localization [76]. Atg18 was also found on the pre-autophagosomal
structure (PAS), and this localization was dependent on Atg14.
Atg18 was also found to be required for efﬁcient progression of
both autophagy and the Cvt pathway, and both of these required
PI(3)P binding to Atg18. Moreover, PI(3)P binding to Atg18 is
essential for the association of an Atg18–Atg2 conjugate at the
PAS [31]. It was found that Atg21 was required for the yeast Cvt
pathway, but not for autophagy [77]. Ygr223c was found to play
a role in a speciﬁc kind of autophagy whereby portions of the nucleus are sequestered and degraded (micronucleophagy) [76].
Several additional proteins in yeast, involved in selective
autophagy pathways, were shown to bind to PI(3)P. Cvt13 and
Cvt20, both of which contain PX domains that bind to PI(3)P [78]
are essential for the Cvt pathway, but not for autophagy. Yeast
PpAtg24 is thought to be a member of the sorting nexin family,
and has also been found to bind to PI(3)P via a PX domain [79].
Deletion of PpAtg24 was found to disrupt both macro and micropexophagy, and it is thought that PpAtg24 is involved in pexophagosome vacuole fusion.
6.2. Higher organisms
WIPI-1 is the mammalian orthologue of yeast Atg18 [80,81]. It
is a member of the WIPI family of four proteins, all of which contain WD40 repeats. WIPI-1 (also known as WIPI49) was found to
bind to 3-phosphorylated PI’s [80] and upon starvation human
WIPI-1 was found to partially co-localize with LC3 on autophagosomes [81]. Recently, WIPI-1 was also found to be present on isolation membranes [7].
In humans Alfy, a PI(3)P binding protein that contains a FYVE
domain has been identiﬁed, with putative orthologues in ﬂies
and worms [82]. Induction of autophagy by starvation caused Alfy
to translocate from the nucleus to punctate cytoplasmic structures.
Speciﬁcally, Alfy was found to co-localize with both Atg5 and LC3
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on autophagic membranes. However, treatment with wortmannin
and 3-methyladenine had no effect on the number of Alfy punctate,
suggesting that Alfy is recruited to autophagic membranes following starvation independent of PI(3)P production. It was also found
that inhibiting proteasomal degradation caused an increase in the
number of Alfy punctate, and that Alfy co-localized with ubiquitin.
Moreover, electron microscopy could detect similar structures inside autophagosomes. This led the authors to hypothesise that Alfy
might recognise protein aggregates targeted for degradation and
act as a scaffold for components of the autophagic machinery.
DFCP1 is another effector of PI(3)P during autophagy [36] as
discussed above. It is a protein highly conserved in mammals, in
other organisms such as chicken, xenopus, zebraﬁsh, honeybee
mosquito and several species of Drosophila, but not in Drosophila
melanogaster or in yeast. Based on the absence from yeast and D
melanogaster, we would suggest that its – as yet unknown – function must be not essential.
7. PI(3)P signal termination
Most pathways regulated by phosphoinositides depend not
only on the generation but also on the consumption of the lipid signal. Conditions where the signal persists beyond a physiologically
appropriate duration frequently result in diseases. Very recent data
suggest a similar situation for the PI(3)P signal that regulates the
induction of autophagy. A PI(3)P phosphatase called Jumpy has recently been identiﬁed in humans [7]. Jumpy is thought to inhibit
autophagy, since knockdown of Jumpy expression caused an increase in basal levels of autophagy in several different cell types.
Furthermore, Jumpy knock down stimulated both autophagosome
formation and maturation. Jumpy was found to co-localize with
Atg16, Atg12 and LC3 on isolation membranes, but also with LC3
on autophagosomes. Interestingly, knock down of Jumpy was
found to increase the number of starvation-induced WIPI-1 punctate. Therefore, Jumpy can act to prevent PI(3)P-dependent WIPI-1
recruitment to autophagic membranes. A catalytically inactive
Jumpy mutant that has lost the ability to negatively regulate
autophagy is found in a congenital disease known as cetronuclear
myopathy. Given the possible requirements for PI(3)P during autophagosome maturation it is likely that additional PI(3)P phosphatases will be shown to be involved in autophagy at stages later
than induction.
8. Signalling during autophagy induction: Vps34 and TOR at
centre stage
Autophagy appears to be regulated tightly at the induction
stage whereas subsequent steps leading to autophagosome maturation and fusion with the lysosomal membrane system are mechanistically complicated but less likely to require signalling inputs.
The master regulator in autophagy is the serine/threonine protein kinase TOR (target of rapamycin) (Fig. 4). TOR exists in at least
two complexes, TORC1 and TORC2, but only TORC1 is regulated by
nutrients such as glucose and amino acids [83].
Activation of TORC1 has been found to positively regulate cell
growth via ribosome biogenesis, increasing protein synthesis and
inhibition of autophagy whereas inactivation of TOR is a strong inducer of autophagy in all organisms [23,84]. Earlier studies suggested a dichotomy between yeast and higher eukaryotes in the
sensitivity of autophagy to TOR inactivation: rapamycin – a TOR
inhibitor – was a strong inducer of autophagy in yeast but a relatively poor one in mammalian cells. More recently, the use of novel
ATP-competitive TOR inhibitors such as a compound called Torin1,
has shown an equally robust stimulation of autophagy in mammalian cells [85,86]. Therefore, it is very likely that TOR inactivation is
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a central critical event in autophagy, although the targets of TOR
(see below) or the explanation of the different effects of Torin1
vs rapamycin on autophagy are still debated [86].
Three types of signals regulate TOR activation (Fig. 4): extracellular bioactive molecules such as amino acids and growth factors,
energy availability especially ATP, and oxygen levels. Interference
with any of these has been shown to affect TOR and consequently
autophagy, and much attention is currently being focused on the
molecular aspects of this regulation. We will focus our discussion
on the regulation of TOR by amino acids downstream of the initial
signal, since this pathway and its cross-talk with Vps34 are major
inducers of autophagy. For recent reviews and a more extended
discussion on how amino acids regulate TOR (including on the
important question on whether the sensor(s) is intracellular or
extracellular) see also [87,88]
It has been known for many years that amino acid availability in
the extracellular medium regulates the phosphorylation state of
p70 S6 kinase and elF-4E BP1, two downstream targets of TOR
[89,90]. De-phosphorylation of these two targets by amino acid
withdrawal is very fast, and it correlates very tightly with the
induction of autophagy. However, the mechanism by which TOR
senses amino acid levels had remained obscure until very recently
when two independent groups identiﬁed the Rag (Ras-related GTPases) proteins as important intracellular mediators of amino acid
sensing by TOR [91,92]. In subsequent work it was reported that
amino acid sensing/TOR activation in yeast may also depend on
the Rag homologues, although with subtle differences [93]. In the
model proposed, GTP/GDP loading on the Rag hetero-tetramer is
affected by amino acids, and this in turn affects the localization
of TOR to perinuclear membranes containing one of its activators,
the small GTPase activating protein Rheb. Thus, amino acids ultimately provide a signal for bringing TOR in proximity to its activator. Interestingly, the perinuclear membranes on which TOR meets
its activator are related to late endosomes (they contain Rab7), and
this brings into the picture Vps34.
Two lines of investigations connect Vps34 with TOR. On the one
hand, the late endosomal compartment that appears to be important for amino acid sensing by TOR is regulated by Vps34 and its
lipid product PI(3)P [14,94,95]. The Vps34 protein itself has also
been shown to be present in this compartment (or interact with
components of the compartment) by several groups [36,44,96].
On the other hand, signalling to TOR following amino acid stimulation is stimulated by Vps34 and inhibited by conditions that inactivate the protein or sequester its lipid product [97–99]. An
attractive hypothesis may be that Vps34 and PI(3)P are involved
in the co-localization of TOR with Rheb and in this way stimulate
TOR signalling in response to amino acids. It should be noted however that this scheme is not seen in all organisms: genetic inactivation of Vps34 in Drosophila affects endocytosis but not TOR
signalling [35].
If Vps34 is a positive regulator of TOR following amino acid
stimulation how can it also be a positive regulator of autophagy
following amino acid withdrawal and TOR inactivation? The answer to this important question is not known with any certainty.
It is possible that the different Vps34 complexes (as discussed
above) respond differently to amino acid levels; the endocytic
complex may be positively regulated whereas the autophagic complex may be negatively regulated. If this is the case, speciﬁc components of the two complexes that would respond differently to
amino acids are likely to be identiﬁed. Another possibility is that
activation/inactivation of Vps34 are spatially controlled. For example ‘‘autophagic” Vps34 may be active only near the ER whereas
‘‘endocytic” Vps34 may be active on endosomes. Finally, it is conceivable that the differential speciﬁcity is not a property of the
Vps34 complex itself but of an upstream regulator. In this context
we wish to highlight the possible role of calcium in amino acid-
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dependent TOR activation or autophagy. Seglen and colleagues
were the ﬁrst to report that autophagy depends on cytosolic calcium levels [100] and more recent work has extended these observations (discussed in [101–103]). Although the consensus on the
role of calcium is still not apparent, two papers from independent
groups have suggested that, at least for a subset of experimental
models, elevation of cytosolic calcium by various agents induces
autophagy [104] whereas chelation of intracellular calcium is
inhibitory [105]. Our unpublished work also suggests that chelation of intracellular calcium inhibits the translocation of DFCP1
to omegasomes during starvation, i.e., calcium is an early requirement for the autophagic response (Chandra and Ktistakis, in preparation). Somewhat complementary to these studies, a recent
study has also suggested that amino acids induce a rise in intracellular calcium which may be responsible for the subsequent activation of Vps34 ([106], but see also [53] for a suggestion that this
may not be a direct effect). Interestingly, the calcium that is elevated following amino acid addition appears to come from the
extracellular medium whereas the calcium that is required for
autophagy after amino acid withdrawal comes from internal
stores. Given that cells have the capacity to generate and interpret
a huge variety of calcium signals [107], it is perhaps worth investigating further whether the shape and location of calcium signals
may explain the dual effects of Vps34 in normal growth and
autophagy.
In addition to the important open questions concerning the
cross-talk between TOR and Vps34, equally important and open
questions exist about signalling downstream of TOR leading to
the formation of PI(3)P and the induction of autophagy. In yeast,
TOR signals to a complex containing Atg1 (a conserved serine/threonine kinase that regulates autophagy), Atg13 (a scaffold protein)
and Atg17 (another protein required for the stability of the complex) [108,109]. Under normal growth conditions, active TOR phosphorylates Atg13, de-stabilizing the Atg1–Atg13–Atg17 complex
with the concomitant inactivation of the kinase activity of Atg1.
This state is inhibitory for autophagy. Upon TOR inactivation, a
complex of these three proteins is formed which results in translocation to pre-autophagosomal structures, activation of Atg1 and
induction of autophagy. Mammalian cells maintain the basic structure of this system but with important differences. ULK1 (a mammalian homologue of Atg1) is one member in a family that
contains several other related proteins with functions in autophagy
but also in other pathways [110]. The equivalent proteins to Atg13
and Atg17 were recently identiﬁed by several groups [111–114]
and they were shown to exist in complex with ULK1. Importantly,
formation of this complex is not sensitive to amino acid levels, unlike in yeast. However interaction of TOR with the complex leading
to phosphorylation of ULK1 and Atg13 and subsequent inhibition
of translocation to autophagosomal structures appear to be dependent on nutrients. Therefore, in higher eukaryotes, the signal for
the induction of autophagy is not the formation of the Atg1–
Atg13–Atg17 complex, but the interaction of the complex with
TOR. The mechanism for this – is it a spatial or a post-translational
signal or a combination of the two – is of obvious importance but
currently unknown. Other unanswered questions relate to the
phosphorylation targets of ULK1, the mechanisms that localize
the complex to autophagosomal structures and ultimately the
pathway leading from interaction of the complex with TOR to
Vps34 activation.
9. Concluding remarks
The induction of autophagy must be a very tightly-controlled
decision since it involves sacriﬁcing cellular material for energy
generation. Even in cases where autophagy involves elimination

of unneeded cellular components, it must be induced as a deﬁnitive step. The discovery that PI(3)P is an important requirement
for autophagy, and the recent description of how it may be used
in the induction step provide us with the basis for future investigations. It will be important to describe and characterize in molecular
terms all of the steps leading from omegasome formation/expansion to autophagosome disengagement from the ER, inward budding and sealing off. Given the fast and spectacular nature of
these movements during live imaging, it is possible to expect a signiﬁcant requirement of energy, and a very complicated set of
membrane alterations. Another important set of questions on
autophagy induction concerns the nature of the early signals (upstream of PI(3)P), and the cross talk between TOR and Vps34. Here,
it is very likely that the yeast and the mammalian systems will diverge somewhat in the sophistication of the circuitry used, and this
will necessitate novel approaches that will not rely on yeast genetics. Such approaches include reverse genetic screens using genome-wide interfering RNAs and it is safe to say that several such
screens are currently in the pipeline.
Acknowledgement
Work in our laboratory is supported by the Biotechnology and
Biological Sciences Research Council (BBSRC).
References
[1] Rameh, L.E. and Cantley, L.C. (1999) The role of phosphoinositide 3-kinase
lipid products in cell function. J. Biol. Chem. 274, 8347–8350.
[2] Vanhaesebroeck, B. and Waterﬁeld, M.D. (1999) Signaling by distinct classes
of phosphoinositide 3-kinases. Exp. Cell Res. 253, 239–254.
[3] Falasca, M. and Maffucci, T. (2007) Role of class II phosphoinositide 3-kinase
in cell signalling. Biochem. Soc. Trans. 35, 211–214.
[4] Ikonomov, O.C., Sbrissa, D., Mlak, K., Kanzaki, M., Pessin, J. and Shisheva, A.
(2002) Functional dissection of lipid and protein kinase signals of PIKfyve
reveals the role of PtdIns 3, 5-P2 production for endomembrane integrity. J.
Biol. Chem. 277, 9206–9211.
[5] Maehama, T. and Dixon, J.E. (1999) PTEN: a tumour suppressor that functions
as a phospholipid phosphatase. Trends Cell. Biol. 9, 125–128.
[6] Clague, M.J. and Lorenzo, O. (2005) The myotubularin family of lipid
phosphatases. Trafﬁc 6, 1063–1069.
[7] Vergne, I., Roberts, E., Elmaoued, R.A., Tosch, V., Delgado, M.A., ProikasCezanne, T., Laporte, J. and Deretic, V. (2009) Control of autophagy initiation
by phosphoinositide 3-phosphatase jumpy. EMBO J. 28, 2244–2258.
[8] Konrad, G., Schlecker, T., Faulhammer, F. and Mayinger, P. (2002) Retention of
the yeast Sac1p phosphatase in the endoplasmic reticulum causes distinct
changes in cellular phosphoinositide levels and stimulates microsomal ATP
transport. J. Biol. Chem. 277, 10547–10554.
[9] Burd, C.G. and Emr, S.D. (1998) Phosphatidylinositol(3)-phosphate signaling
mediated by speciﬁc binding to RING FYVE domains. Mol. Cell 2, 157–162.
[10] Patki, V., Lawe, D.C., Corvera, S., Virbasius, J.V. and Chawla, A. (1998) A
functional PtdIns(3)P-binding motif. Nature 394, 433–434.
[11] Overduin, M., Cheever, M.L. and Kutateladze, T.G. (2001) Signaling with
phosphoinositides: better than binary. Mol. Interv. 1, 150–159.
[12] Gillooly, D.J., Morrow, I.C., Lindsay, M., Gould, R., Bryant, N.J., Gaullier, J.M.,
Parton, R.G. and Stenmark, H. (2000) Localization of phosphatidylinositol 3phosphate in yeast and mammalian cells. EMBO J. 19, 4577–4588.
[13] Simonsen, A., Lippe, R., Christoforidis, S., Gaullier, J.M., Brech, A., Callaghan, J.,
Toh, B.H., Murphy, C., Zerial, M. and Stenmark, H. (1998) EEA1 links PI(3)K
function to Rab5 regulation of endosome fusion. Nature 394, 494–498.
[14] Lindmo, K. and Stenmark, H. (2006) Regulation of membrane trafﬁc by
phosphoinositide 3-kinases. J. Cell Sci. 119, 605–614.
[15] Nielsen, E., Christoforidis, S., Uttenweiler-Joseph, S., Miaczynska, M., Dewitte,
F., Wilm, M., Hoﬂack, B. and Zerial, M. (2000) Rabenosyn-5, a novel Rab5
effector, is complexed with hVPS45 and recruited to endosomes through a
FYVE ﬁnger domain. J. Cell Biol. 151, 601–612.
[16] Xu, Y., Hortsman, H., Seet, L., Wong, S.H. and Hong, W. (2001) SNX3 regulates
endosomal function through its PX-domain-mediated interaction with
PtdIns(3)P. Nat. Cell Biol. 3, 658–666.
[17] Mao, Y., Nickitenko, A., Duan, X., Lloyd, T.E., Wu, M.N., Bellen, H. and Quiocho,
F.A. (2000) Crystal structure of the VHS and FYVE tandem domains of Hrs, a
protein involved in membrane trafﬁcking and signal transduction. Cell 100,
447–456.
[18] Cheever, M.L., Sato, T.K., de Beer, T., Kutateladze, T.G., Emr, S.D. and Overduin,
M. (2001) Phox domain interaction with PtdIns(3)P targets the Vam7 tSNARE to vacuole membranes. Nat. Cell Biol. 3, 613–618.

C. Burman, N.T. Ktistakis / FEBS Letters 584 (2010) 1302–1312
[19] Sato, T.K., Darsow, T. and Emr, S.D. (1998) Vam7p, a SNAP-25-like molecule,
and Vam3p, a syntaxin homolog, function together in yeast vacuolar protein
trafﬁcking. Mol. Cell Biol. 18, 5308–5319.
[20] Ellson, C.D., Gobert-Gosse, S., Anderson, K.E., Davidson, K., ErdjumentBromage, H., Tempst, P., Thuring, J.W., Cooper, M.A., Lim, Z.Y., Holmes, A.B.,
Gaffney, P.R., Coadwell, J., Chilvers, E.R., Hawkins, P.T. and Stephens, L.R.
(2001) PtdIns(3)P regulates the neutrophil oxidase complex by binding to the
PX domain of p40(phox). Nat. Cell Biol. 3, 679–682.
[21] Kanai, F., Liu, H., Field, S.J., Akbary, H., Matsuo, T., Brown, G.E., Cantley, L.C.
and Yaffe, M.B. (2001) The PX domains of p47phox and p40phox bind to lipid
products of PI(3)K. Nat. Cell Biol. 3, 675–678.
[22] Yorimitsu, T. and Klionsky, D.J. (2005) Autophagy: molecular machinery for
self-eating. Cell Death Differ. 12 (Suppl 2), 1542–1552.
[23] He, C. and Klionsky, D.J. (2009) Regulation mechanisms and signaling
pathways of autophagy. Annu. Rev. Genet. 43, 67–93.
[24] Klionsky, D.J. (2005) The molecular machinery of autophagy: unanswered
questions. J. Cell Sci. 118, 7–18.
[25] Lum, J.J., DeBerardinis, R.J. and Thompson, C.B. (2005) Autophagy in
metazoans: cell survival in the land of plenty. Nat. Rev. Mol. Cell Biol. 6,
439–448.
[26] Sakai, Y., Koller, A., Rangell, L.K., Keller, G.A. and Subramani, S. (1998)
Peroxisome degradation by microautophagy in Pichia pastoris: identiﬁcation
of speciﬁc steps and morphological intermediates. J. Cell Biol. 141, 625–636.
[27] Tolkovsky, A.M. (2009) Mitophagy. Biochim. Biophys. Acta 1793, 1508–1515.
[28] Juhasz, G. and Neufeld, T.P. (2006) Autophagy: a forty-year search for a
missing membrane source. PLoS Biol. 4, e36.
[29] Dunn Jr., W.A. (1990) Studies on the mechanisms of autophagy: maturation
of the autophagic vacuole. J. Cell Biol. 110, 1935–1945.
[30] Klionsky, D.J., Cregg, J.M., Dunn Jr., W.A., Emr, S.D., Sakai, Y., Sandoval, I.V.,
Sibirny, A., Subramani, S., Thumm, M., Veenhuis, M. and Ohsumi, Y. (2003) A
uniﬁed nomenclature for yeast autophagy-related genes. Dev. Cell 5, 539–
545.
[31] Obara, K., Noda, T., Niimi, K. and Ohsumi, Y. (2008) Transport of
phosphatidylinositol 3-phosphate into the vacuole via autophagic
membranes in Saccharomyces cerevisiae. Genes Cells 13, 537–547.
[32] Obara, K. and Ohsumi, Y. (2008) Dynamics and function of PtdIns(3)P in
autophagy. Autophagy 4, 952–954.
[33] Simonsen, A. and Tooze, S.A. (2009) Coordination of membrane events during
autophagy by multiple class III PI3-kinase complexes. J. Cell Biol. 186, 773–
782.
[34] Kihara, A., Noda, T., Ishihara, N. and Ohsumi, Y. (2001) Two distinct Vps34
phosphatidylinositol 3-kinase complexes function in autophagy and
carboxypeptidase Y sorting in Saccharomyces cerevisiae. J. Cell Biol. 152,
519–530.
[35] Juhasz, G., Hill, J.H., Yan, Y., Sass, M., Baehrecke, E.H., Backer, J.M. and Neufeld,
T.P. (2008) The class III PI(3)K Vps34 promotes autophagy and endocytosis
but not TOR signaling in Drosophila. J. Cell Biol. 181, 655–666.
[36] Axe, E.L., Walker, S.A., Manifava, M., Chandra, P., Roderick, H.L., Habermann,
A., Grifﬁths, G. and Ktistakis, N.T. (2008) Autophagosome formation from
membrane compartments enriched in phosphatidylinositol 3-phosphate and
dynamically connected to the endoplasmic reticulum. J. Cell Biol. 182, 685–
701.
[37] Itakura, E., Kishi, C., Inoue, K. and Mizushima, N. (2008) Beclin 1 forms two
distinct phosphatidylinositol 3-kinase complexes with mammalian Atg14
and UVRAG. Mol. Biol. Cell 19, 5360–5372.
[38] Petiot, A., Ogier-Denis, E., Blommaart, E.F., Meijer, A.J. and Codogno, P. (2000)
Distinct classes of phosphatidylinositol 30 -kinases are involved in signaling
pathways that control macroautophagy in HT-29 cells. J. Biol. Chem. 275,
992–998.
[39] Wong, J., Zhang, J., Si, X., Gao, G., Mao, I., McManus, B.M. and Luo, H. (2008)
Autophagosome supports coxsackievirus B3 replication in host cells. J. Virol.
82, 9143–9153.
[40] Blommaart, E.F., Krause, U., Schellens, J.P., Vreeling-Sindelarova, H. and
Meijer, A.J. (1997) The phosphatidylinositol 3-kinase inhibitors wortmannin
and LY294002 inhibit autophagy in isolated rat hepatocytes. Eur. J. Biochem.
243, 240–246.
[41] Eskelinen, E.L., Prescott, A.R., Cooper, J., Brachmann, S.M., Wang, L., Tang, X.,
Backer, J.M. and Lucocq, J.M. (2002) Inhibition of autophagy in mitotic animal
cells. Trafﬁc 3, 878–893.
[42] Ravikumar, B., Imarisio, S., Sarkar, S., O’Kane, C.J. and Rubinsztein, D.C. (2008)
Rab5 modulates aggregation and toxicity of mutant huntingtin through
macroautophagy in cell and ﬂy models of Huntington disease. J. Cell Sci. 121,
1649–1660.
[43] Takatsuka, C., Inoue, Y., Matsuoka, K. and Moriyasu, Y. (2004) 3Methyladenine inhibits autophagy in tobacco culture cells under sucrose
starvation conditions. Plant Cell Physiol. 45, 265–274.
[44] Obara, K., Sekito, T. and Ohsumi, Y. (2006) Assortment of
phosphatidylinositol 3-kinase complexes – Atg14p directs association of
complex I to the pre-autophagosomal structure in Saccharomyces cerevisiae.
Mol. Biol. Cell 17, 1527–1539.
[45] Walker, S., Chandra, P., Manifava, M., Axe, E. and Ktistakis, N.T. (2008) Making
autophagosomes: localized synthesis of phosphatidylinositol 3-phosphate
holds the clue. Autophagy 4, 1093–1096.
[46] Yla-Anttila, P., Vihinen, H., Jokitalo, E. and Eskelinen, E.L. (2009) 3D
tomography reveals connections between the phagophore and endoplasmic
reticulum. Autophagy 5.

1311

[47] Hayashi-Nishino, M., Fujita, N., Noda, T., Yamaguchi, A., Yoshimori, T. and
Yamamoto, A. (2009) A subdomain of the endoplasmic reticulum forms a
cradle for autophagosome formation. Nat. Cell Biol. 11, 1433–1437.
[48] Herman, P.K. and Emr, S.D. (1990) Characterization of VPS34, a gene required
for vacuolar protein sorting and vacuole segregation in Saccharomyces
cerevisiae. Mol. Cell Biol. 10, 6742–6754.
[49] Herman, P.K., Stack, J.H. and Emr, S.D. (1991) A genetic and structural
analysis of the yeast Vps15 protein kinase: evidence for a direct role of
Vps15p in vacuolar protein delivery. EMBO J. 10, 4049–4060.
[50] Stack, J.H. and Emr, S.D. (1994) Vps34p required for yeast vacuolar protein
sorting is a multiple speciﬁcity kinase that exhibits both protein kinase and
phosphatidylinositol-speciﬁc PI 3-kinase activities. J. Biol. Chem. 269, 31552–
31562.
[51] Stack, J.H., Herman, P.K., Schu, P.V. and Emr, S.D. (1993) A membraneassociated complex containing the Vps15 protein kinase and the Vps34 PI
3-kinase is essential for protein sorting to the yeast lysosome-like vacuole.
EMBO J. 12, 2195–2204.
[52] Burda, P., Padilla, S.M., Sarkar, S. and Emr, S.D. (2002) Retromer function in
endosome-to-Golgi retrograde transport is regulated by the yeast Vps34
PtdIns 3-kinase. J. Cell Sci. 115, 3889–3900.
[53] Yan, Y., Flinn, R.J., Wu, H., Schnur, R.S. and Backer, J.M. (2009) HVps15, but not
Ca2+/CaM, is required for the activity and regulation of hVps34 in
mammalian cells. Biochem. J. 417, 747–755.
[54] Lindmo, K., Brech, A., Finley, K.D., Gaumer, S., Contamine, D., Rusten, T.E. and
Stenmark, H. (2008) The PI 3-kinase regulator Vps15 is required for
autophagic clearance of protein aggregates. Autophagy 4, 500–506.
[55] Furuya, N., Yu, J., Byﬁeld, M., Pattingre, S. and Levine, B. (2005) The
evolutionarily conserved domain of Beclin 1 is required for Vps34 binding,
autophagy and tumor suppressor function. Autophagy 1, 46–52.
[56] Yan, Y. and Backer, J.M. (2007) Regulation of class III (Vps34) PI3Ks. Biochem.
Soc. Trans. 35, 239–241.
[57] Liang, X.H., Kleeman, L.K., Jiang, H.H., Gordon, G., Goldman, J.E., Berry, G.,
Herman, B. and Levine, B. (1998) Protection against fatal Sindbis virus
encephalitis by Beclin, a novel Bcl-2-interacting protein. J. Virol. 72, 8586–
8596.
[58] Zeng, X., Overmeyer, J.H. and Maltese, W.A. (2006) Functional speciﬁcity of
the mammalian Beclin-Vps34 PI 3-kinase complex in macroautophagy
versus endocytosis and lysosomal enzyme trafﬁcking. J. Cell Sci. 119, 259–
270.
[59] Liang, X.H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H. and
Levine, B. (1999) Induction of autophagy and inhibition of tumorigenesis by
Beclin 1. Nature 402, 672–676.
[60] Levine, B., Sinha, S. and Kroemer, G. (2008) Bcl-2 family members: dual
regulators of apoptosis and autophagy. Autophagy 4, 600–606.
[61] Maiuri, M.C., Criollo, A., Tasdemir, E., Vicencio, J.M., Tajeddine, N., Hickman,
J.A., Geneste, O. and Kroemer, G. (2007) BH3-only proteins and BH3 mimetics
induce autophagy by competitively disrupting the interaction between
Beclin 1 and Bcl-2/Bcl-X(L). Autophagy 3, 374–376.
[62] Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X.H., Mizushima, N., Packer, M.,
Schneider, M.D. and Levine, B. (2005) Bcl-2 antiapoptotic proteins inhibit
Beclin 1-dependent autophagy. Cell 122, 927–939.
[63] Wei, Y., Pattingre, S., Sinha, S., Bassik, M. and Levine, B. (2008) JNK1-mediated
phosphorylation of Bcl-2 regulates starvation-induced autophagy. Mol. Cell
30, 678–688.
[64] Liang, C., Feng, P., Ku, B., Dotan, I., Canaani, D., Oh, B.H. and Jung, J.U. (2006)
Autophagic and tumour suppressor activity of a novel Beclin1-binding
protein UVRAG. Nat. Cell Biol. 8, 688–699.
[65] Itakura, E. and Mizushima, N. (2009) Atg14 and UVRAG: mutually exclusive
subunits of mammalian Beclin 1-PI3K complexes. Autophagy 5, 534–
536.
[66] Matsunaga, K., Saitoh, T., Tabata, K., Omori, H., Satoh, T., Kurotori, N.,
Maejima, I., Shirahama-Noda, K., Ichimura, T., Isobe, T., Akira, S., Noda, T. and
Yoshimori, T. (2009) Two Beclin 1-binding proteins, Atg14L and Rubicon,
reciprocally regulate autophagy at different stages. Nat. Cell Biol. 11, 385–
396.
[67] Zhong, Y., Wang, Q.J., Li, X., Yan, Y., Backer, J.M., Chait, B.T., Heintz, N. and Yue,
Z. (2009) Distinct regulation of autophagic activity by Atg14L and Rubicon
associated with Beclin 1-phosphatidylinositol-3-kinase complex. Nat. Cell
Biol. 11, 468–476.
[68] Takahashi, Y., Meyerkord, C.L. and Wang, H.G. (2008) BARgaining membranes
for autophagosome formation: Regulation of autophagy and tumorigenesis
by Bif-1/Endophilin B1. Autophagy 4, 121–124.
[69] Takahashi, Y., Coppola, D., Matsushita, N., Cualing, H.D., Sun, M., Sato, Y.,
Liang, C., Jung, J.U., Cheng, J.Q., Mule, J.J., Pledger, W.J. and Wang, H.G. (2007)
Bif-1 interacts with Beclin 1 through UVRAG and regulates autophagy and
tumorigenesis. Nat. Cell Biol. 9, 1142–1151.
[70] Takahashi, Y., Karbowski, M., Yamaguchi, H., Kazi, A., Wu, J., Sebti, S.M., Youle,
R.J. and Wang, H.G. (2005) Loss of Bif-1 suppresses Bax/Bak conformational
change and mitochondrial apoptosis. Mol. Cell Biol. 25, 9369–9382.
[71] Noda, T., Kim, J., Huang, W.P., Baba, M., Tokunaga, C., Ohsumi, Y. and Klionsky,
D.J. (2000) Apg9p/Cvt7p is an integral membrane protein required for
transport vesicle formation in the Cvt and autophagy pathways. J. Cell Biol.
148, 465–480.
[72] Farsad, K., Ringstad, N., Takei, K., Floyd, S.R., Rose, K. and De Camilli, P. (2001)
Generation of high curvature membranes mediated by direct endophilin
bilayer interactions. J. Cell Biol. 155, 193–200.

1312

C. Burman, N.T. Ktistakis / FEBS Letters 584 (2010) 1302–1312

[73] Fimia, G.M., Stoykova, A., Romagnoli, A., Giunta, L., Di Bartolomeo, S.,
Nardacci, R., Corazzari, M., Fuoco, C., Ucar, A., Schwartz, P., Gruss, P.,
Piacentini, M., Chowdhury, K. and Cecconi, F. (2007) Ambra1 regulates
autophagy and development of the nervous system. Nature 447, 1121–1125.
[74] Christoforidis, S., Miaczynska, M., Ashman, K., Wilm, M., Zhao, L., Yip, S.C.,
Waterﬁeld, M.D., Backer, J.M. and Zerial, M. (1999) Phosphatidylinositol-3OH kinases are Rab5 effectors. Nat. Cell Biol. 1, 249–252.
[75] Audhya, A., Desai, A. and Oegema, K. (2007) A role for Rab5 in structuring the
endoplasmic reticulum. J. Cell Biol. 178, 43–56.
[76] Krick, R., Henke, S., Tolstrup, J. and Thumm, M. (2008) Dissecting the
localization and function of Atg18, Atg21 and Ygr223c. Autophagy 4, 896–
910.
[77] Stromhaug, P.E., Reggiori, F., Guan, J., Wang, C.W. and Klionsky, D.J. (2004)
Atg21 is a phosphoinositide binding protein required for efﬁcient lipidation
and localization of Atg8 during uptake of aminopeptidase I by selective
autophagy. Mol. Biol. Cell 15, 3553–3566.
[78] Nice, D.C., Sato, T.K., Stromhaug, P.E., Emr, S.D. and Klionsky, D.J. (2002)
Cooperative binding of the cytoplasm to vacuole targeting pathway proteins,
Cvt13 and Cvt20, to phosphatidylinositol 3-phosphate at the preautophagosomal structure is required for selective autophagy. J. Biol. Chem.
277, 30198–30207.
[79] Ano, Y., Hattori, T., Oku, M., Mukaiyama, H., Baba, M., Ohsumi, Y., Kato, N. and
Sakai, Y. (2005) A sorting nexin PpAtg24 regulates vacuolar membrane
dynamics during pexophagy via binding to phosphatidylinositol-3phosphate. Mol. Biol. Cell 16, 446–457.
[80] Jeffries, T.R., Dove, S.K., Michell, R.H. and Parker, P.J. (2004) PtdIns-speciﬁc
MPR pathway association of a novel WD40 repeat protein, WIPI49. Mol. Biol.
Cell 15, 2652–2663.
[81] Proikas-Cezanne, T., Waddell, S., Gaugel, A., Frickey, T., Lupas, A. and
Nordheim, A. (2004) WIPI-1alpha (WIPI49), a member of the novel 7bladed WIPI protein family, is aberrantly expressed in human cancer and is
linked to starvation-induced autophagy. Oncogene 23, 9314–9325.
[82] Simonsen, A., Birkeland, H.C., Gillooly, D.J., Mizushima, N., Kuma, A.,
Yoshimori, T., Slagsvold, T., Brech, A. and Stenmark, H. (2004) Alfy, a novel
FYVE-domain-containing protein associated with protein granules and
autophagic membranes. J. Cell Sci. 117, 4239–4251.
[83] Dann, S.G., Selvaraj, A. and Thomas, G. (2007) mTOR complex1–S6K1
signaling: at the crossroads of obesity, diabetes and cancer. Trends Mol.
Med. 13, 252–259.
[84] Wullschleger, S., Loewith, R. and Hall, M.N. (2006) TOR signaling in growth
and metabolism. Cell 124, 471–484.
[85] Thoreen, C.C., Kang, S.A., Chang, J.W., Liu, Q., Zhang, J., Gao, Y., Reichling, L.J.,
Sim, T., Sabatini, D.M. and Gray, N.S. (2009) An ATP-competitive mammalian
target of rapamycin inhibitor reveals rapamycin-resistant functions of
mTORC1. J. Biol. Chem. 284, 8023–8032.
[86] Thoreen, C.C. and Sabatini, D.M. (2009) Rapamycin inhibits mTORC1, but not
completely. Autophagy 5, 725–726.
[87] Kim, E. (2009) Mechanisms of amino acid sensing in mTOR signaling
pathway. Nutr. Res. Pract. 3, 64–71.
[88] Meijer, A.J. (2008) Amino acid regulation of autophagosome formation.
Methods Mol. Biol. 445, 89–109.
[89] Blommaart, E.F., Luiken, J.J., Blommaart, P.J., van Woerkom, G.M. and Meijer,
A.J. (1995) Phosphorylation of ribosomal protein S6 is inhibitory for
autophagy in isolated rat hepatocytes. J. Biol. Chem. 270, 2320–2326.
[90] Hara, K., Yonezawa, K., Weng, Q.P., Kozlowski, M.T., Belham, C. and Avruch, J.
(1998) Amino acid sufﬁciency and mTOR regulate p70 S6 kinase and eIF-4E
BP1 through a common effector mechanism. J. Biol. Chem. 273, 14484–14494.
[91] Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T.P. and Guan, K.L. (2008)
Regulation of TORC1 by Rag GTPases in nutrient response. Nat. Cell Biol.
10, 935–945.
[92] Sancak, Y., Peterson, T.R., Shaul, Y.D., Lindquist, R.A., Thoreen, C.C., Bar-Peled,
L. and Sabatini, D.M. (2008) The Rag GTPases bind raptor and mediate amino
acid signaling to mTORC1. Science 320, 1496–1501.
[93] Binda, M., Peli-Gulli, M.P., Bonﬁls, G., Panchaud, N., Urban, J., Sturgill, T.W.,
Loewith, R. and De Virgilio, C. (2009) The Vam6 GEF controls TORC1 by
activating the EGO complex. Mol. Cell 35, 563–573.

[94] Futter, C.E., Collinson, L.M., Backer, J.M. and Hopkins, C.R. (2001) Human
VPS34 is required for internal vesicle formation within multivesicular
endosomes. J. Cell Biol. 155, 1251–1264.
[95] Johnson, E.E., Overmeyer, J.H., Gunning, W.T. and Maltese, W.A. (2006) Gene
silencing reveals a speciﬁc function of hVps34 phosphatidylinositol 3-kinase
in late versus early endosomes. J. Cell Sci. 119, 1219–1232.
[96] Stein, M.P., Feng, Y., Cooper, K.L., Welford, A.M. and Wandinger-Ness, A.
(2003) Human VPS34 and p150 are Rab7 interacting partners. Trafﬁc 4, 754–
771.
[97] Backer, J.M. (2008) The regulation and function of Class III PI3Ks: novel roles
for Vps34. Biochem. J. 410, 1–17.
[98] Byﬁeld, M.P., Murray, J.T. and Backer, J.M. (2005) HVps34 is a nutrientregulated lipid kinase required for activation of p70 S6 kinase. J. Biol. Chem.
280, 33076–33082.
[99] Nobukuni, T., Joaquin, M., Roccio, M., Dann, S.G., Kim, S.Y., Gulati, P., Byﬁeld,
M.P., Backer, J.M., Natt, F., Bos, J.L., Zwartkruis, F.J. and Thomas, G. (2005)
Amino acids mediate mTOR/raptor signaling through activation of class 3
phosphatidylinositol 3OH-kinase. Proc. Natl. Acad. Sci. USA 102, 14238–
14243.
[100] Gordon, P.B., Holen, I., Fosse, M., Rotnes, J.S. and Seglen, P.O. (1993)
Dependence of hepatocytic autophagy on intracellularly sequestered
calcium. J. Biol. Chem. 268, 26107–26112.
[101] Criollo, A., Vicencio, J.M., Tasdemir, E., Maiuri, M.C., Lavandero, S. and
Kroemer, G. (2007) The inositol trisphosphate receptor in the control of
autophagy. Autophagy 3, 350–353.
[102] Swerdlow, S. and Distelhorst, C.W. (2007) Bcl-2-regulated calcium signals as
common mediators of both apoptosis and autophagy. Dev. Cell 12, 178–179.
[103] Williams, A., Sarkar, S., Cuddon, P., Ttoﬁ, E.K., Saiki, S., Siddiqi, F.H., Jahreiss, L.,
Fleming, A., Pask, D., Goldsmith, P., O’Kane, C.J., Floto, R.A. and Rubinsztein,
D.C. (2008) Novel targets for Huntington’s disease in an mTOR-independent
autophagy pathway. Nat. Chem. Biol. 4, 295–305.
[104] Hoyer-Hansen, M., Bastholm, L., Szyniarowski, P., Campanella, M., Szabadkai,
G., Farkas, T., Bianchi, K., Fehrenbacher, N., Elling, F., Rizzuto, R., Mathiasen,
I.S. and Jaattela, M. (2007) Control of macroautophagy by calcium,
calmodulin-dependent kinase kinase-beta, and Bcl-2. Mol. Cell 25, 193–205.
[105] Brady, N.R., Hamacher-Brady, A., Yuan, H. and Gottlieb, R.A. (2007) The
autophagic response to nutrient deprivation in the hl-1 cardiac myocyte is
modulated by Bcl-2 and sarco/endoplasmic reticulum calcium stores. FEBS J.
274, 3184–3197.
[106] Gulati, P., Gaspers, L.D., Dann, S.G., Joaquin, M., Nobukuni, T., Natt, F., Kozma,
S.C., Thomas, A.P. and Thomas, G. (2008) Amino acids activate mTOR complex
1 via Ca2+/CaM signaling to hVps34. Cell. Metab. 7, 456–465.
[107] Berridge, M.J., Bootman, M.D. and Roderick, H.L. (2003) Calcium signalling:
dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell Biol. 4, 517–529.
[108] Kabeya, Y., Kamada, Y., Baba, M., Takikawa, H., Sasaki, M. and Ohsumi, Y.
(2005) Atg17 functions in cooperation with Atg1 and Atg13 in yeast
autophagy. Mol. Biol. Cell 16, 2544–2553.
[109] Kamada, Y., Funakoshi, T., Shintani, T., Nagano, K., Ohsumi, M. and Ohsumi, Y.
(2000) Tor-mediated induction of autophagy via an Apg1 protein kinase
complex. J. Cell Biol. 150, 1507–1513.
[110] Chan, E.Y. and Tooze, S.A. (2009) Evolution of Atg1 function and regulation.
Autophagy 5, 758–765.
[111] Chang, Y.Y. and Neufeld, T.P. (2009) An Atg1/Atg13 complex with multiple
roles in TOR-mediated autophagy regulation. Mol. Biol. Cell 20, 2004–
2014.
[112] Ganley, I.G., Lam du, H., Wang, J., Ding, X., Chen, S. and Jiang, X. (2009)
ULK1.ATG13.FIP200 complex mediates mTOR signaling and is essential for
autophagy. J. Biol. Chem. 284, 12297–12305.
[113] Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y., Iemura,
S., Natsume, T., Takehana, K., Yamada, N., Guan, J.L., Oshiro, N. and
Mizushima, N. (2009) Nutrient-dependent mTORC1 association with the
ULK1–Atg13–FIP200 complex required for autophagy. Mol. Biol. Cell 20,
1981–1991.
[114] Jung, C.H., Jun, C.B., Ro, S.H., Kim, Y.M., Otto, N.M., Cao, J., Kundu, M. and Kim,
D.H. (2009) ULK-Atg13-FIP200 complexes mediate mTOR signaling to the
autophagy machinery. Mol. Biol. Cell 20, 1992–2003.

