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Abstract

An increasing body of research on autophagy provides overwhelming evidence for its connection
to various biological functions and human diseases. Beclin 1 is the first described mammalian
autophagy protein and appears to act as a nexus point between autophagy, endosomal, and perhaps
also cell death pathways. Beclin 1 performs these roles as part of a core complex that contains
vacuolar sorting protein 34 (VPS34), a class I11 phosphatidylinositol-3 kinase. The precise
mechanism of Beclin 1-mediated regulation of these cellular functions is unclear, but substantial
progress has recently been made in identifying new players and their functions in Beclin 1-VSP34
complexes. Here, we review emerging studies, which are beginning to unveil physiological
functions for Beclin 1-VVPS34 in the central control of autophagic activity and other cellular
trafficking events through the formation of distinct Beclin 1-VPS34 protein complexes.

Introduction

Autophagy is a catabolic pathway used to breakdown and recycle long-lived proteins and
injured organelles (Box 1). At least thirty-three Au 7ophaGy-related (ATG) genes have been
found thus far in yeast 1 2, and homologs of many of these genes have been described in
higher eukaryotes. The total group of ATG genes can be broken down into functional
categories that follow the autophagic processes of induction, vesicle nucleation, vesicle
expansion and completion, and recycling, as well as the cargo packaging that is specific to
selective autophagic degradation of modified proteins or damaged organelles 3. One of the
most-studied mammalian autophagy proteins that falls into the category of vesicle
nucleation is Beclin 1, a 60 kDa coiled-coil protein that contains a Bcl-2-homology-3 (BH3)
domain, a central coiled-coil domain (CCD), and an evolutionarily conserved domain
(ECD). The function of Beclin 1 in autophagy was first suspected due to its 24.4% amino-
acid sequence identity to the yeast autophagy protein Atg6. Beclin 1 was found to restore
autophagic activity in Atg6-disrupted yeast, becoming one of the first identified mammalian
genes to positively regulate autophagy 4 Interestingly, Beclin 1 was originally discovered
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not as an autophagy protein but rather as an interaction partner for the anti-apoptotic protein
Bcl-25. Subsequent studies demonstrated Beclin 1 to be a haploinsufficient tumor suppressor
gene that is either monoallelically deleted or shows reduced expression in several different
cancers 5 7. Several studies have also found Beclin 1 to be involved in other biological
functions and human diseases including heart disease, pathogen infection, development, and
neurodegeneration 8, However, the precise mechanism of Beclin 1 in these different
physiological processes has yet to be elucidated. Clues to these mechanisms of Beclin 1 may
be found through its interactions with other proteins. Since the initial finding that Beclin 1
binds Bcl-2 through its BH3 domain, several other partners have also been identified that
interact through the CCD and ECD domains of Beclin 1. These interacting partners provide
potential insight into Beclin 1’s different physiological roles, including autophagy and those
outside of autophagy.

Because the autophagic pathway is conserved among eukaryotes, many of the protein-
protein interactions and protein complexes found in yeast are also identified in mammals.
One primary example is the critical core complex formed from the yeast counterpart to
Beclin 1, Atg6, and the class 11 phosphatidylinositol 3-kinase (P1(3) kinase) Vps34 (Box 2)
that plays a role in vesicle nucleation in autophagy and hydrolase sorting through the
vacuolar protein sorting (Vps) pathway °. Similar to this yeast Atg6-Vps34 complex, a
mammalian Beclin 1-VPS34 core autophagy complex also exists. Additionally, several
different autophagy complexes consisting of Beclin 1-VPS34 and a selection of Beclin 1’s
binding partners have recently been identified in mammalian cells 10-15, Recent studies
suggest a central role for Beclin 1 complexes in controlling human VPS34-mediated vesicle
trafficking pathways including autophagy. This review focuses on the newly identified
Beclin 1 complexes and the regulation of the autophagic process by these distinct complexes
and discusses the emerging questions that await future investigation in order to fully
understand the molecular mechanism of autophagy control.

Multiple Autophagy Complexes with Distinct Functions

A central question for understanding the regulation of autophagy is whether Beclin 1-VPS34
shares a similar function as the yeast homolog in autophagy and whether it gains additional
functions through evolution. While the yeast Atg-6-Vps34 complexes and functions have
been well documented, the Beclin 1-VPS34 interactions with different proteins and the
resulting changes in autophagic function are just beginning to be elucidated.

Two Atg6-Vps34 Complexes in Yeast

In yeast, Atg6 exists in two separate types of complexes that regulate either autophagy or the
Vps pathway that sorts vacuolar proteins such as carboxypeptidase Y (CPY) at the trans-
Golgi network and delivers them to the vacuole 1617 (Figure 1). Both complex types
involve Vps34 and the serine-threonine kinase Vps15, as common factors. Vps15 acts to
anchor the complex to the membrane whereas Vps34 is recruited and then activated by
Vps15. The autophagy-related complex (complex I) contains Atgl14, which associates with
the peripheral membrane and specifically localizes to vaculoar membranes and the pre-
autophagosomal structure (PAS) 18: 19, |ts overexpression suppresses the autophagic
deficiency in yeast expressing mutant Atg6 29, However, the Atgé mutant also exhibits a
deficit in the Vps pathway that Atg14 overexpression does not alleviate, demonstrating the
specificity of complex I for autophagy. Vps38, which is the completing subunit for complex
I, is the essential binding partner for Atg6 for proper functionality of the Vps pathway.
Distinct from complex I, complex I1 localizes to the vacuolar membrane and endosomes;
and Vps38 is necessary for this subcellular localization. It was shown that complex Il is
more abundant than complex I, suggesting that Atg6-Vps34-Vps15 is primarily involved in
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Vps pathways under normal conditions and that yeast autophagy is strictly regulated at a
basal level 16,

Beclin 1-VPS34 Core Complexes and Physiological Binding Partners in

Mammals

Atg14L

For some time Beclin 1 has been known to form a protein complex consisting of VPS34 and
p150/VVPS15 and has been predicted to regulate autophagy in a similar manner to yeast °.
While the binding of Beclin 1 to VPS34/VPS15 suggests a conserved function of Beclin 1 in
autophagy, the association of Beclin 1 with an additional set of proteins implicates Beclin 1
in diverse cellular functions, which have yet to be defined. These observations raise a
question as to what proteins constitute the core complex of Beclin 1 and what functions are
associated with the Beclin 1 complex under various conditions.

Affinity purification of a transgenic GFP-tagged Beclin 1 (functionally replacing
endogenous Beclin 1) and its associated proteins from various mouse tissues has revealed
VPS34/PI(3)K, p150/VPS15, and UVRAG (UV irradiation resistance-associated gene)
binding to Beclin 1 in a nearly stoichiometric fashion and Atg14L and Rubicon (RUN
domain, a cysteine-rich domain containing, Beclin 1-interacting protein) binding to Beclin 1
in a probably substoichiometric manner 1. Interestingly, other previously identified Beclin
1-binding proteins, including Bcl-2, Ambra 1 and Bifl, were not detected under the same
experimental conditions, suggesting that they do not form a stable complex with Beclin 111,
These results were confirmed independently by two other reports, which showed immuno-
isolated Beclin 1 complexes from cultured cells 12 21,

Atgl4L, a putative mammalian homolog for yeast Atg14 was reported based on a sequence
homology search 10, UVRAG, a previously found Beclin 1-binding protein!®, was also
predicted to be close to a homolog of yeast Vps3810:22. The novel protein Rubicon,
however, does not have a yeast homolog. These studies suggest a central core complex
consisting of VPS34/PI(3)K, p150/VPS15, and Beclin 1, which are highly conserved from
yeast to mammals. UVRAG, Atgl4L, or Rubicon appear to form stable complexes with the
core complex; but the UVRAG-containing complex is likely more stable or abundant than
those with Atg14L or Rubicon under normal conditions. Furthermore, these studies also
suggest that the binding of Beclin 1 to other previously identified proteins may be relatively
unstable, transient, or condition specific (Figure 1A). However, these ‘peripheral’ binding
proteins may play important roles in regulating core complex activity by responding to
various physiological or pathophysiological conditions. Recent characterizations of
UVRAG, Atgl4L and Rubicon functions have started to reveal possible physiological
functions of Beclin 1-VPS34 complexes. Moreover, they have provided important clues for
how the ‘peripheral’ binding proteins are connected structurally and functionally to Beclin
1-VPS34 complex.

Atgl4L, which is the likely mammalian homolog of yeast Atg14, contains two coiled-coil
domains that are required for binding the CCD regions of Beclin 1 and VPS34. In general,
Atgl4L exists primarily in a Beclin 1-Atgl4L-VPS34-VPS15 complex that is essential for
the biosynthesis of autophagosomes (Figure 1B). This complex, likely equivalent to the
yeast complex I, is therefore highly conserved through evolution. It is unclear where Atg14L
normally localizes at physiological level, but it may translocate to the isolation membrane
(IM)/phagophore during autophagy induction 19-12. The colocalization of Atgl4L with
several IM markers suggests that the Atgl4L complex is critical in the early stages of
autophagosome biosynthesis (Box 1). Furthermore, the presence of intracellular Atg14L is
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mainly dependent on Beclin 1 protein. For example, loss of Beclin 1 was found to greatly
reduce Atg14L protein levels® 11, Atg14L was also shown to enhance VPS34 lipid kinase
activity, which is critical for autophagosome formation. However, this effect of Atg14L on
VPS34 kinase activity was dependent on the simultaneous overexpression of Beclin 111, The
Beclin 1-Atgl14L stable complex may allow the two proteins to synergistically promote and
positively regulate autophagy through VPS34-VVPS15, whereas Atgl4L expression alone is
insufficient.

Similarly to Beclin 1, UVRAG is also a tumor suppressor and is monoallelically deleted in
human colon cancer cells and tissues 1°. Containing a central coiled-coil domain, UVRAG
forms an a-helical heterodimer with the CCD of Beclin 1 via its own CCD 15, A portion of
UVRAG is present in a Beclin 1-UVRAG-VPS34-VVPS15 complex that normally excludes
Atgl4L (Figure 1B). This mutual exclusion of Atg14L and UVRAG for binding Beclin 1 is
likely due to the overlap of their docking sites on Beclin 1 (e.g. CCD) 12, Our study and
others suggest that more UVRAG than Atg14L is found in complex with Beclin 1 in
different tissues and cell lines 1112, These results suggest that the Beclin 1-UVRAG
containing complex is likely a more dominant species as compared to the Beclin 1-Atg14L
complex under normal conditions. With respect to its function in autophagy, UVRAG was
reported to act together with Beclin 1 to induce autophagosome biosynthesis (Figure 1B).
The expression of UVRAG was also correlated with an increase in VPS34 enzymatic
activity, suggesting a role for the Beclin 1-UVRAG-VPS34-VPS15 complex in autophagy
regulation 15, However, a study by Itakura et al. questioned this particular autophagic role
for UVRAG, reporting that suppressing UVRAG expression in cells did not affect
autophagic flux or autophagosome formation 10,

Apart from the controversial role in the initial stages of autophagy, UVRAG has also been
described to act in a separate complex that is independent of Beclin 1 to promote
autophagosome maturation (Figure 1B) and endocytic trafficking. UVRAG was shown to
associate with the class C Vps (C-Vps) complex, which is known in yeast to be required for
vesicle tethering events that precede vesicle fusion with lysosomes. After recruiting C-Vps
to the autophagosome, UVRAG reportedly stimulates Rab 7 GTPase activity, which is
required for complete autophagosome maturation. This interaction of UVRAG with C-Vps
was also shown to affect the endocytic pathway by promoting endosome-endosome
fusion23. Further evidence for the involvement of UVRAG in endocytic trafficking is its
localization to early/late endosomes. Specifically, UVRAG was found to colocalize with late
endosomal marker Rab9 as well as partially with Rab5 and Rab71%: 23, Due to a partial
homology to yeast Vps38, it has been suggested that UVRAG could be the mammalian
homolog of Vps3810, whose function is limited to the Vps pathway16. While it is clear that
UVRAG plays a role in the endocytic pathway, the extent to which UVRAG (particularly in
the complex with Beclin 1-VPS34) functions in autophagy regulation seems to be uncertain
given the conflicting reports of cell culture data. Although different experimental conditions
may contribute to the drastic difference in the observation, further investigation of possibly
distinct UVRAG protein complexes should assist to resolve this conflict.

Rubicon contains a conserved RUN domain near the amino terminus, a cysteine-rich domain
near the carboxy terminus, and a central CCD region. The central region containing the
CCD is critical for the binding of Rubicon with both Beclin 1 and VPS34. Two reports
demonstrated that at least a portion of Rubicon population is present in a Beclin 1 complex
exclusive of Atgl4L. However, Rubicon is found in the same complex with UVRAG when
associated with Beclin 1 1112, The available evidence suggests that Rubicon and UVRAG
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are involved together with the core complex, forming a “Beclin 1-VPS34-VPS15-UVRAG-
Rubicon” complex (Figure 1B). As aforementioned, UVRAG can interact with the core
complex independently of Rubicon. However, Rubicon seems only to bind the core complex
when UVRAG is also bound, suggesting the possibility that Rubicon interacts with Beclin 1
through UVRAG 11 12 Although no Rubicon homolog is found in yeast, it is conserved
among nematodes, slime mold, and mammals. This suggests that perhaps Rubicon could
provide an extra layer of autophagic regulation that is unique to higher eukaryotes.

In opposition to the role of Atgl14L, Rubicon was found to negatively regulate

autophagy 11 12, Available evidence revealed that Rubicon acts on a later stage of the
autophagic process. For example, overexpression of Rubicon resulted in an abundance of
immature autophagosomes suggesting that Rubicon may hinder autophagosome

maturation 11 12, Furthermore, Rubicon was found to decrease VPS34 kinase activity, and
this inhibitory effect seems to be aborted with an excess of Beclin 1 11, This result raises the
possibility that the negative regulation of autophagy by Rubicon does not require Beclin 1.
Additionally, Beclin 1 does not appear to be involved in the formation of aberrant
endosomal structures resulted from Rubicon overexpression, which apparently inhibits
autophagosome maturation 11,

Therefore, based on the aforementioned results, Rubicon-mediated downregulation of
autophagy is likely Beclin 1-independent, occurring when Rubicon is not involved with the
Beclin 1-VPS34 complex (Figure 1B), while binding of Rubicon with Beclin 1 may
suppress the downregulation of autophagy. Then how does Rubicon inhibit autophagosome
maturation? Since Rubicon contains a RUN domain, a conserved motif that is known to
interact with and regulate small GTPases 111224 one possibility is that Rubicon interacts
with specific Rabs that were previously shown to regulate the autophagic process 2527, A
likely candidate would be Rab 7, which has been shown to participate in the maturation of
late autophagic vacuoles2’ upon stimulation by UVRAG that has recruited C-Vps 23.
However, this prediction awaits verification. Furthermore, the function of Rubicon in the
larger Beclin 1-VPS34-VPS15-UVRAG-Rubicon also remains to be shown. Consistent with
a conserved function of Beclin 1 in promoting autophagic activity, association of Beclin 1
with Rubicon included in such a complex perhaps neutralize the inhibitory effect of Rubicon
in autophagy.

Moreover, like UVRAG, Rubicon may also participate in the endocytic pathway. Rubicon
was found to colocalize with the early endosomal marker EEAL, multivesicular body
(MVB) marker lysobisphosphatidic acid (LBPA), and late endosomal markers Rab9 and
LAMP1 1112 |n addition, Rubicon-associated endosomes are enriched in PI(3)-P,
suggesting that endocytic functions of Rubicon may be associated with VPS34-mediated
activityll, However, it is not yet clear if this “extra” role of Rubicon in the endosomal
pathway involves Beclin 1.

Antiapoptotic Bcl-2 family in Regulation of Beclin 1 complex and
Autophagy activity

Previous studies have shown that a few antiapoptotic members of the Bcl-2 family (Box 3),
such as Bcl-2, Bel-XI, and viral Bcl-2 homologs vBcl-2 (Kaposi’s sarcoma associated
herpes virus) and yHV68M11, interact with Beclin 1 5 28-30, A series of investigations have
shown that antiapoptotic Bcl-2 proteins inhibit autophagic function of Beclin 1 through
binding to its BH3 domain 28 31, thereby suggesting that Bcl-2 family members also
function as inhibitors for autophagic pathways.

Trends Cell Biol. Author manuscript; available in PMC 2013 September 23.
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A subsequent study suggests that endogenous Bcl-2 likely regulates Beclin 1-mediated
autophagy, and this inhibition of autophagy by Bcl-2 may occur specifically at the ER rather
than mitochondria 32. A model was proposed that the Beclin 1-B¢l-2 complex exists
constitutively and functions as a rheostat, which maintains homeostasis of basal levels of
autophagy 28. This model, however, does not appear to explain the aforementioned results
from several groups showing the lack of endogenous Bcl-2 homologues in the Beclin 1-
VPS34 stable complexes 19-12_ |t could be that a transient Bcl-2-Beclin 1 interaction
occurring /n vivo escapes the capture by the described purification procedures; future studies
with advanced tools will be needed to address this possibility.

Interestingly, Liang et al reported that viral yHV68 Bcl-2 (vBcl-2), Beclin 1, UVRAG and
VPS34 are present in the same protein complex obtained by affinity purification 15,
Subsequent biochemical analysis showed that vBcl-2 displays markedly higher affinity than
Bcl-2 or Bel-XL to Beclin 1 (Kp of 40nM vs. 1.7uM). This tighter binding of vBcl-2 to
Beclin 1 is correlated with stronger inhibition of autophagy as compared to cellular Bcl-2
homologues 33. The evidence reveals a pathogenic mechanism whereby the virus targets
Beclin 1-VPS34 complex to shut down autophagy. However, it is unclear how a relatively
weak binding of cellular Bcl-2 homologs to the Beclin 1 BH3 domain would contribute to
efficient inhibition of autophagy at constitutive levels /n vivo.

Although the above studies provide strong evidence that the binding of Bcl-2 homologues,
in particular vBcl-2, to the Beclin 1 BH3 domain blocks autophagy, the mechanism
underlying this inhibition remains to be defined. It was shown that binding of Bcl-2 causes
less Beclin 1-VPS34 interaction and reduced autophagic activity 28. However, it is unclear
whether the Bcl 2-Beclin 1 binding interferes with the interaction of other physiological
components in the VPS34 complex including Atgl4L, UVRAG, Rubicon and VPS15. In
one study, Liang et al did not find that vBcl-2 and UVRAG were in direct competition for
binding of Beclin 1; however, Atg1l4L was not found in the isolated complex containing
vBcl-2, UVRAG, Beclin 1 and VPS34 15, Interestingly, a more recent analysis demonstrated
that vBcl-2 and Bcl-xL were indeed able to reduce the affinity of UVRAG for Beclin 1 34.
This study also suggested that Beclin 1 can be found in a homodimeric form that is capable
of interacting with Bcl-2 proteins; but binding of UVRAG disrupts this homodimerization,
freeing Beclin 1 to bind other core complex members 3* (Figure 2). The potential role for
Beclin 1 self-interacting in regulating the binding of other essential components in the
Beclin 1-VPS34 complex was also proposed in a separate study, in which Beclin 1 was
shown to form a large homo-oligomer. This study proposed that the oligomerized Beclin 1,
which can be disrupted by vBcl-2 (M11), provides a platform for the assembly of other
Beclin 1-binding partners and the coordination of their functions in autophagy 3°.

Finally, protein phosphorylation was also shown to regulate Bcl-2-Beclin 1-mediated
autophagic activity. The phosphorylation of the BH3 domain of Beclin 1 by death-associated
protein kinase (DAPK) may cause disruption of the association between Beclin 1 and Bcl-
XL, thereby enhancing autophagic activity 36. In addition, a previous study demonstrated
that INK1 activation through cell starvation phosphorylates Bcl-2 at three different sites in
its BH3 and BH4 domains, resulting in the dissociation of Bcl-2 from Beclin 1 37. Future
studies defining the upstream kinase and phosphatase activities for the above-mentioned
phosphorylation/dephosphorylation events will be imperative for further understanding of
the precise cellular signaling and control of autophagy.

Additional Beclin 1 binding proteins

Other proteins, including Ambra 1, Bif-1, nPIST, inositol 1,4,5-trisphosphate receptor
(IP(3)R), and VMP1, have also been described previously as Beclin 1-binding
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proteins 13.14.38-40_ Ag they were not found in the stable Beclin 1-VPS34 complexes as
shown by affinity purification 10-12. 21 their association with this complex is probably
“loose” or transient in nature. In some cases, the binding is indirect as shown for Endophilin
B1 (Bif-1), which interacts with Beclin 1 through UVRAG 13, It was shown that Bif-1 levels
critically affect the synthesis of autophagosomes likely through regulating the membrane
curvature3 41, Little is known about how others interact with the Beclin 1-VPS34-VPS15
core complex or relate to Atg1l4L, UVRAG or Rubicon, although current studies suggest
that some may play roles in regulating Beclin 1-mediated autophagy or even autophagy-
independent pathways in a cell/tissue or development stage-specific manner. Finally,
endosomal protein Rab5 was also shown to bind Beclin 1, and this binding seems to require
VPS34 25, This result is consistent with an earlier study that Rab 5 interacts with VPS34-
VPS15 and activates its kinase activity 37. Furthermore, Rab 5 was shown to partially
colocalize with UVRAG, but it is unknown whether Rab5 can also directly bind Rubicon
through the RUN domain. Therefore, investigation of the molecular mechanisms whereby
these additional binding proteins are involved with the Beclin 1-VPS34-VVPS15 core
complex will provide further information regarding how the Beclin 1-VPS34 complex is
directed to different cellular trafficking pathways, including autophagy and endocytosis.

Concluding Remarks

Current studies demonstrate pleiotropic functions for Beclin 1-VPS34 complexes in
autophagy control and the complexity of the autophagy process. The evidence reveals a core
Beclin 1-VPS34-VPS15 complex that can be tightly associated with UVRAG, Atgl4L or
Rubicon under normal conditions. It remains possible that many other previously known
Beclin 1-binding proteins are periphery to these proteins or function to regulate VPS34
kinase activity through these proteins. Therefore, a centralized function of Beclin 1 and its
binding partners is the control of cellular VPS34 lipid kinase activity that is essential for
autophagy and other membrane trafficking processes. By forming distinct protein
complexes, Beclin 1 orchestrates the concerted action of VPS34/P1(3) kinase activity and
specifically targets it at different steps of the autophagic process, such as autophagosome
biogenesis and maturation.

While the precise role of each Beclin 1-VVPS34 complex in regulating autophagy needs to be
further examined (Box 4), the binding of Beclin 1 to VPS34, UVRAG or Rubicon, whose
roles were shown in endosomal pathways, seems to link Beclin 1 to functions beyond the
regulation of autophagy. This is likely, as yeast Atg6 has additional roles in the Vps
pathway 16. Moreover, emerging evidence suggests the involvement of previously known
endocytic proteins in mammalian autophagy. Salient examples are the small GTPase Rab5
(early endosome) and Rab7 (late endosome), which are also known to regulate

autophagy 2227, Given the connection of Beclin 1 to both Rab5 and Rab7 (possibly through
Rubicon — QJW unpublished observation), it could be that Beclin 1 affects Rab GTPase
activity and thereby the endocytic pathway. Despite these potential links, however,
unequivocal evidence of a Beclin 1 endocytic function has yet to be formally demonstrated.
A previous report refuted the idea that Beclin 1 cooperates with VPS34 in endosomal
trafficking since cells in the study with Beclin 1 knocked down maintained full function of
endocytic trafficking and protein trafficking from the TGN to the lysosomes*2. Furthermore,
Beclin 1 has not been found at endosomes, and the UVRAG-associated endosomal
trafficking does not involve Beclin 1 23. Additionally, block of autophagosome maturation
by Rubicon does not seem to depend on Beclin 1 11. Therefore, future investigation is
needed to clarify if Beclin 1 does, indeed, collaborate with VPS34, UVRAG, or Rubicon to
regulate the endosomal pathway.
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Current knowledge also suggests that Bcl-2 family proteins play an important role in
regulating autophagy through Beclin 1, therefore broadening our understanding of Bcl-2
cellular functions 28: 3335 However, the mechanism whereby Bcl-2 homologs, in particular
endogenous Bcl-2, interferes with binding of Beclin 1 to Atg14L, UVRAG, or Rubicon has
not yet been examined. In considering the Bcl-2-Beclin 1 complex being explored as a drug
target, it is of particular interest to understand the exact mechanism of autophagy inhibition
mediated by the Bcl-2 and Beclin 1 interaction.

Finally, the recent discovery of new Beclin 1-interacting partners and how they associate in
various ways to form different complexes has the potential to be a significant gateway to
elucidating the specific autophagic mechanisms that are triggered in various physiological
and pathophysiological conditions. While studies involving cancer, heart disease, infectious
disease, autophagic cell death, or neurodegeneration have focused on Beclin 1 expression in
the past, the possibility now to examine different positive and negative regulators of a Beclin
1 complex could add another level of detail and clarity. The three newest additions to the
mammalian core complex, UVRAG, Atgl4L and Rubicon, especially have the potential to
yield insight due to their distinct natures in promoting or inhibiting autophagy.
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Box 1
Autophagy

Autophagy is a “self-eating” catabolic process used to breakdown and recycle long-lived
proteins and organelles in order to maintain a homeostatic environment within the cell. In
yeast, the to-be-degraded cytoplasmic contents are delivered to the vacuole while, in
mammals, the highly conserved autophagic process transports such molecules to the
lysosome. There are three classes of autophagy (microautophagy, macroautophagy, and
chaperone-mediated autophagy) that are defined by varying cellular mechanisms and
functions 43. As the most prevalent form, macroautophagy is commonly referred to as
autophagy and is so referenced in this review.

Autophagy follows a sequential course in the cell that begins with the formation of an
isolation membrane, or phagophore, around a portion of cytosol and its inhabitants. The
isolation membrane then elongates and seals on itself, trapping cytosolic components and
resulting in the biosynthesis of a double-membrane vacuoles known as an
autophagosome. The final step is the fusion of the autophagosome with the lysosome,
allowing for the degradation of the entrapped components. Most autophagic activity in
the cell is generally considered to be a nonspecific breakdown of the cytoplasm,
occurring at basal and upregulated levels in response to environmental cues or stress
conditions such as nutrient depletion. However, autophagy can also be selective,
targeting modified proteins (e.g. ubiquitinated) as well as excess and damaged organelles
(peroxisomes and mitochondria) 44-47. The cytoplasm-to-vacuole (Cvt) pathway in yeast
is an example of selective autophagy that is required for the transport of specific
hydrolases to the vacuole 48: 49, Although unique in its biosynthetic use, the Cvt pathway
shares many key autophagy proteins with the nonspecific autophagy routes, suggesting
the multiple roles played by these autophagy proteins.
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Box 2
PI(3)-kinases

Yeast Vps34 and its human counterpart VPS34 belong to a family of kinases known as
the phosphatidylinositol 3-kinases (P1(3)-kinases) that phosphorylate inositol lipids at the
3’ position of the inositol ring to produce the 3-phosphoinositides PI(3)P, PI(3,4) P2 and
PI1(3,4,5) P3. The PI(3)-kinases are divided into three distinct classes in mammalian cells
with class | and class Il enzymes that produce PI(3,4) P2 and PI1(3,4,5) P3 as the most
abundant. The PI(3)P producing VPS34 is the only enzyme in mammals designated as
the class 111 type®0. An increase in the amount of the PI(3)P class 111 product in
mammalian cells is known stimulate autophagy whereas increases in the class | products
have been shown to result in reduced autophagic activity®!. Yeast lack the class | and
class 11 PI(3) kinases and have only a single class Il gene, vps34, that also generates the
autophagy stimulating PI(3)P product®°.

Trends Cell Biol. Author manuscript; available in PMC 2013 September 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Funderburk. et al.

Page 13

Box 3
Bcl-2 Family

Bcl-2 is an antiapoptotic protein that suppresses the release of cytochrome ¢ from
mitochondria, preventing caspase activation in the cell death pathway °2. It is actually
part of a growing family of proteins that are subdivided into three groups (Table 1). The
first group consists of proteins such as Bcl-xL that have three to four Bcl-2 homolgy
(BH) domains, which are important in regulating interactions with other Bcl-2 family
members. The second group contains pro-apoptotic proteins whose function can be
inhibited by Bcl-2, and the third group includes proteins that have only one short BH3
domain 53, Beclin 1 has an N-terminal BH3 domain and is considered to fall into this
third category of the Bcl-2 family > %5, The BH3 domain of Beclin1 is critical for
binding Bcl-2 as well as the Bcl-2 family member Bcl-xL 5.
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Box 4

Future questions

Numerous key binding partners for Beclin 1 are involved in endocytic
pathways; however, the direct evidence for the participation of Beclin 1 in
endocytosis remains to be demonstrated. Does Beclin 1 conduct the autophagy-
specific action only, albeit binding to proteins whose functions are connected to
endocytosis, or coordinate both autophagic and endocytic pathways depending
on the cues of cellular context?

What is the exact function and mechanism of each newly identified Beclin 1
complex? Where are they localized under normal conditions and activated
autophagy? For example, how does the Atg14L -Beclin 1 interaction exactly
direct the VPS34-VPS15 lipid kinase to the biosynthesis of autophagosomes?
What is the precise role of UVRAG-Beclin 1 or UVRAG-Rubicon-Beclin 1 in
the autophagic process, e.g. pro-autophagy vs. anti-autophagy, biosynthesis vs.
maturation? Does each of these complexes have roles outside of autophagy?

What is the sequence information for the binding between Beclin 1 and each
partner? What is the dynamics of the composition and decomposition of each
complex in response to autophagy signaling? Furthermore, what is the
architecture and composition of each Beclin 1 protein complex at detailed
structural levels?

What are the consequences of the binding of Beclin 1 and Bcl-2 family
members on the interaction between Beclin 1 and Atgl4L, UVRAG, or
Rubicon? What are the molecular signaling and mechanism that induces the
switch of Beclin 1 binding to different partners and control autophagy levels?

What are the functional associations of small GTPase protein (Rab5 and Rab7)
with UVRAG or Rubicon-Beclin 1 complex in autophagy and endocytic
pathway? Do Beclin 1, UVRAG and Rubicon affect GTPase activity of Rab5 or
Rab7? Does the RUN domain of Rubicon provide a sequence motif for a direct
binding of Rab5 or Rab7 and control Rab5 or 7-mediated autophagy activity?
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Figure 1. Multiple Beclin 1-VPS34 complexes and their distinct functions

(A) An illustration of the multilayered Beclin 1 protein complexes: a core complex Beclin 1-
VVPS34-VVPS15; stable binding partners Atgl4L, UVRAG, and Rubicon; unstable or
transient binding partners including Bcl-2 homologs, Bif-1, Ambra 1, VMP1, nPIST, Rabb5,
ICP 34.5, and inositol 1,4,5-triphosphate receptor (IP3R). Among the unstable binding
partners, Bif-1 interacts with UVRAG, and IP3R interacts with Bcl-2.

(B) In yeast two Atg6-Vps34 complexes, | and 11, regulate autophagy and vacuolar protein
sorting, respectively. In mammals, multiple Beclin 1 complexes act in different stages of
autophagy and perhaps also endocytic trafficking. Atgl4L associates with the core Beclin 1-
VPS34-VPS15 complex to function in the biosynthesis of autophagosomes, and UVRAG
potentially associates with the same core complex to also influence autophagosome
formation. However, UVRAG has an additional role in autophagosome maturation in a
complex with C-Vps and the Rab7 GTPase that is independent of Beclin 1. Rubicon inhibits
autophagosome maturation in a possibly Beclin 1-independent manner. Rubicon could
sequester Rab proteins such as Rab 7 through its RUN domain to inhibit this stage of
autophagy. The binding of Rubicon to the Beclin 1 core complex though UVRAG may aid
in neutralizing such a negative function.
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Figure 2. Dynamic regulation of Beclin 1-VPS34 complex formation and
family membersand Beclin 1 dimerization

autophagy by Bcl-2

Beclin 1-VPS34-VPS15 forms pro-autophagic complexes with Atg14L or UVRAG. Binding
of Bcl-2 and Beclin 1 is known to inhibit autophagy by possibly disrupting VPS34 binding;
but Bcl-2 binding may also displace other stable interacting partners such as Atg14L (or
UVRAG), resulting in autophagy inhibition. Additionally, the anti-autophagic binding of
Bcl-2 promotes Beclin 1 homodimerization, which prevents heterodimerization with Atgl4L

or UVRAG.
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Table 1

Three Groups of Bcl-2 Family Members

Bcl-2 Family Groups

Members

Group 1: (Bcl-2) anti-apoptotic | Bcl-2, Bel-XL, Bel-w, Mcl-1, Bcl2A1, and Bcl-B

Group 2: (Bax) pro-apoptotic Bax, Bak and Bok

Group 3: (BH3) pro-apoptotic Bad, Bid, Bik, Hrk, BimL, PUMA, NOXA, and BMF
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