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The study of macroautophagy in mammalian cells has described induction, vesicle nucleation, and
membrane elongation complexes as key signaling intermediates driving autophagosome
biogenesis. How these components are recruited to nascent autophagosomes is poorly understood,
and although much is known about signaling mechanisms that restrain autophagy, the nature of
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positive inductive signals that can promote autophagy remain cryptic. We find that the Ras-like
small G-protein, RalB, is localized to nascent autophagosomes and is activated upon nutrient
deprivation. RalB and its effector Exo84 are required for nutrient starvation-induced
autophagocytosis, and RalB activation is sufficient to promote autophagosome formation.
Through direct binding to Exo84, RalB induces the assembly of catalytically active ULK1 and
Beclinl-VPS34 complexes on the exocyst, which are required for isolation membrane formation
and maturation. Thus, RalB signaling is a primary adaptive response to nutrient limitation that
directly engages autophagocytosis through mobilization of the core vesicle nucleation machinery.

Introduction

The critical role of macroautophagy (herein referred to as autophagy) in tissue homeostasis,
cellular adaptation to nutrient restriction and in clearance of pathogens and dysfunctional
organelles suggests de novo generation of the double-membrane autophagosome requires
responsiveness to inductive signals that specify location, contents, and duration (Kissova et
al., 2004; Noda et al., 1995; Yang et al., 2006). A number of key signaling events have been
identified that specify autophagosome biogenesis. Among the earliest is the de-
phosphorylation of inhibitory mTOR-dependent sites on the ULK1-Atg13-FIP200 induction
complex (Hosokawa et al., 2009a; Hosokawa et al., 2009b). This presumably releases ULK1
activity to facilitate auto-phosphorylation of the ULK1-ATG13-FIP200 complex and
assembly with the vertabrate-specific autophagy protein ATG101 (Hosokawa et al., 2009a;
Hosokawa et al., 2009b; Jung et al., 2009; Mercer et al., 2009). Through currently
undescribed mechanisms, this leads to the activation of an autophagy specific class 11
P1(3)K complex, the Beclin1-ATG14L-VPS34-VPS15 complex. This activity coats a cup-
shaped isolation membrane with phosphatidylinositol-3-phosphate, P1(3)P, which serves as a
recruitment signal for the ATG16-ATG5/ATG12 component of the isolation membrane
elongation machinery (Suzuki et al., 2001). Two ubiquitin-like molecules, ATG12 and LC3,
undergo conjugation to ATG5 and phosphatidylethanolamine respectively to promote
autophagosome formation. ATG12 is activated by ATG7 (E1), transferred to ATG10 (E2),
followed by covalent linkage to an internal lysine on Atg5 (Mizushima et al., 1998a;
Mizushima et al., 1998b). In the second conjugation system, LC3 is first cleaved by the
cysteine protease, ATG4, which exposes a C-terminal glycine residue. ATG7 (E1) activates
LC3 and transfers it to ATG3 (E2) (Amar et al., 2006; Tanida et al., 2004; Tanida et al.,
2002). LC3 is then conjugated to phosphatidylethanolamine with assistance of ATG5/12
conjugates (Fujita et al., 2008; Hanada et al., 2007; Kabeya et al., 2000). The lipidated LC3,
LC3-11, coats the inner and outer surfaces of the autophagosome, and along with ATGS5,
serves as a discrete marker of autophagosomes and autophagosome precursors, respectively
(George et al., 2000; Kabeya et al., 2000; Kabeya et al., 2004; Mizushima et al., 2001).
These key signaling events are coordinated with dynamic membrane events to culminate in
the formation of a double-membrane autophagosome. The autophagosome ultimately fuses
with a lysosome that facilitates the turnover of engulfed material by lysosomal/vacuolar acid
hydrolases. How signaling intermediates are coordinated with the dynamic membrane events
during the autophagosome biogenesis is currently unknown.

RalA and RalB are close relatives to the founding members of the Ras GTPase superfamily.
They are engaged in response to mitogenic, trophic, and hormonal signals by a diverse
group of guanyl nucleotide exchange factors that fall into two major groups: those that are
directly Ras-responsive via a carboxyterminal Ras binding domain and those that are
apparently mobilized by phosphoinositide second messengers via a carboxyterminal
pleckstrin homology domain (Bodemann and White, 2008; Feig, 2003). While a number of
RalGTP effector proteins have been identified that couple RalA/B activation to dynamic cell
biological processes, an overarching occupation of the Ral GTPases is the direct regulation

Cell. Author manuscript; available in PMC 2012 January 21.



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

1duasnuey Joyiny vd-HIN

Bodemann et al.

Results

Page 3

of the Sec6/8, or exocyst, complex (Bodemann and White, 2008; Feig, 2003). Two members
of the heteroctomeric exocyst complex, Sec5 (EXOC?2) and Exo84 (EXOCS), are bona fide
effector molecules that mediate RalA/B regulation of dynamic secretory vesicle targeting
and tethering processes (Bodemann and White, 2008; Moskalenko et al., 2002; Moskalenko
et al., 2003; Sugihara et al., 2002). RalA-dependent mobilization of exocyst holocomplex
assembly is critical for maintenance of apical/basolateral membrane identity in polarized
epithelial cells (Moskalenko et al., 2002; Moskalenko et al., 2003) and for insulin-stimulated
Glut4 delivery to the plasma membrane in adipocytes (Chen et al., 2007). Distinct from
regulation of membrane trafficking, RalB has been demonstrated to mediate signal
transduction cascades supporting the host defense response. Upon Toll-like receptor
activation, RalB/Sec5 complex assembly directly participates in activation of the innate
immune signaling kinase TBK1 to facilitate an interferon response (Chien et al., 2006). This
combination of roles, vesicle trafficking/tethering and signal cascade assembly/activation,
suggests that Ral/exocyst effector complexes may coordinate dynamic membrane trafficking
events with stimulus-dependent signaling events.

Here we show that the small G-protein, RalB, and an Exo84-dependent subcomplex of the
exocyst are critical for nutrient starvation and pathogen-induced autophagosome formation.
Native RalB proteins localize to sites of nascent autophagosome formation and accumulate
in the “active” GTP-bound state under nutrient limited conditions. RalB, but not its close
homolog RalA, is required for autophagosome biogenesis and is sufficient to activate
autophagy in human epithelial cells. The mechanism of action is through direct triggering of
vesicle nucleation by assembly of an active ULK1-Beclin1-VPS34 initiation complex on the
RalB effector protein Exo84. Thus, the RalB-Ex084 effector complex defines a key
proximal regulatory component of the cellular response to nutrient deprivation.

Association of the exocyst with autophagosome assembly machinery

Accumulating observations indicate direct participation of the heterooctomeric exocyst (aka
Sec6/8) complex in adaptive responses to pathogen challenge (Bhuvanakantham et al., 2010;
Chien et al., 2006; Ishikawa and Barber, 2008; Ishikawa et al., 2009). Most strikingly, core
innate immune signaling through TBK1 and STING is supported by the Sec5 subunit of the
exocyst (Chien et al., 2006; Ishikawa and Barber, 2008; Ishikawa et al., 2009). To help
generate molecular leads that may account for the participation of exocyst components in
host defense signaling, we used high throughput yeast two-hybrid screening to isolate a
cohort of proteins that can associate with exocyst subunits (Formstecher et al., 2005).
Among this cohort, both negative (RUBICON) and positive (FIP200, ATG14L) modulators
of autophagy were isolated in the first-degree interaction neighborhood of Sec3 (see
methods). Given the functional convergence of Ral/exocyst signaling and autophagy in
pathogen recognition and clearance, we examined the association of exocyst components
and autophagy proteins in human epithelial cell cultures. The interaction of Sec3 with
RUBICON and ATG14L was validated by expression co-IP (Figure 1A,B). In addition
Ex084 and Sec5 could interact with RUBICON and ATG14L, as would be expected if
autophagosome machinery/exocyst interactions occur in the context of multisubunit exocyst
complexes (Figure 1C,D,E,F). Immunoprecipitation of the core exocyst subunit, Sec8,
recovers all characterized components of the exocyst complex (Grindstaff et al., 1998).
Therefore, to examine if the exocyst may be associated with the LC3-modification
machinery that drives elongation of isolation membranes, we probed Sec8 complexes for the
presence of ATG5/ATG12 conjugates. As shown, Sec8-ATG5/ATG12 complexes were
recovered from both overexpression co-IPs (Figure 1G) and by co-immunoprecipitation of
endogenous proteins (Figure 1H), indicating a physical integration of the exocyst and
autophagosome assembly machinery.
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RalB signaling is required and sufficient for induction of autophagosome formation

Mobilization of exocyst assembly in response to regulatory inputs is a major occupation of
the Ras-like GTPases RalA and RalB (Balakireva et al., 2006; Cascone et al., 2008; Chen et
al., 2007; Chien et al., 2006; Frische et al., 2007; Hase et al., 2009; Jin et al., 2005; Lalli and
Hall, 2005; Moskalenko et al., 2002; Moskalenko et al., 2003; Rosse et al., 2006; Spiczka
and Yeaman, 2008; Sugihara et al., 2002). To examine the potential participation of Ral
GTPase signaling in the regulation of autophagy, we first tested the consequence of blocking
Ral-GTP/effector interactions on amino acid starvation-induced autophagosome
accumulation and on isolation membrane encapsulation of bacterial pathogens. Expression
of the minimal Ral-binding domain of the Ral effector RalIBP1/RLIP76 (RLIP(RBD)) is
dominant inhibitory to the action of endogenous RalA and RalB proteins through direct
competition with Ral effector molecules (Chien et al., 2006; Moskalenko et al., 2002). As
previously demonstrated (Fass et al., 2006; Pattingre et al., 2005), serum and amino-acid
starvation of HelL a cells with Earle's Basic Salt Solution (EBSS) induced re-localization of
endogenous LC3 protein from a diffuse cytosolic distribution to a condensed punctate
pattern, and significantly decreased the total LC3 signal; consistent with starvation-induced
autophagosome formation and maturation. RLIP(RBD) expression blocked both LC3
punctae formation and LC3 turnover (Figure 11). As a surrogate measure for autophagic
flux, we quantitated the total endogenous LC3 signal of individual cells following amino
acid starvation, and found that RLIP(RBD) expression inhibited LC3 protein turnover in a
dose-dependent fashion (Figure 1K). To investigate the contribution of Ral signaling to
pathogen-responsive LC3 modification of membranes, mRFP-LC3 expressing Hela cells
were infected with GFP-labeled Salmonellae typhimurium. As expected if Ral signaling
supports this response, RLIP(RBD) expression blocked recruitment of LC3 to internalized
Salmonellae (Figure 1J). In addition, we found that ectopic expression of RalB was
sufficient to induce the accumulation of LC3 punctae in cervical cancer cells (Figure 1L,M)
and in immortalized bronchial epithelial cells (Figure 1N,O) in the absence of amino acid
starvation or pathogen exposure. Remarkably, RalB(G23V) expression in nutrient rich
conditions was sufficient to induce an accumulation of LC3 punctae that was 4-5 fold higher
than that induced by amino acid deprivation (Figure 10). This accumulation is likely
associated with increased autophagic flux as RalB(G23V)-induced LC3 punctae were
further increased by chloroquine-mediated inhibition of autophagosome turnover (Figure
10; P=0.011, student's T-test), and this correlated with accumulation of
phosphatidylethanolamine-conjugated LC3 (Figure 1P). Thus Ral signaling appears to be
necessary and sufficient to engage autophagy. Evaluation of interactions between Ral
signaling and autophagy in animals was carried out in Drosophila dRal hypomorphs
(Ral33d), which have a weak loss-of-bristle phenotype associated with post-mitotic cell-
specific apoptosis (Balakireva et al., 2006). Depletion of ATG14L, ATG1 (ULK1), ATG8a
(LC3), ATG6 (Beclin) or VPS34, by in vivo expression of corresponding dsRNA,
significantly enhanced the Ral3d phenotype (Table S1).

To directly investigate the individual contributions of human Ral GTPases and exocyst
proteins to regulated autophagosome biogenesis, we next tested the consequence of siRNA-
mediated RalA, RalB, and exocyst subunit depletion on nutrient-starvation induced
autophagy. Depletion of RalA, in a stable GFP-LC3 expressing cell line, had no
consequence on GFP-LC3 signal accumulation or punctae formation. In contrast, RalB
depletion significantly impaired starvation-induced LC3 punctae formation and LC3
turnover (Figure 2A). The extent of autophagosome inhibition observed upon RalB
depletion, as monitored by quantitation of GFP-LC3 punctae and total GFP-LC3 signal
intensity, was equivalent to that seen upon depletion of the known components of
autophagosome formation, ATG5 or Beclinl (Figure 2B,C). An equivalent analysis of the
exocyst subunits Sec8, Sec5 and Ex084 indicated selective contributions of exocyst
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components to presumed autophagosome formation. Depletion of Sec8, a central exocyst
subunit, had equivalent consequences as depletion of RalB, ATG5 or Beclinl. In contrast,
among the two Ral effectors in the exocyst, Sec5 and Exo84, only Exo84 depletion impaired
starvation-induced LC3 punctae formation and increased LC3 accumulation (Figure 2B,C).
Evaluation of each of the 8 exocyst subunits suggested that in addition to Sec8 and Exo084,
Sec3 and Exo070 are limiting for support of autophagocytosis (Figure 2D, and Figure S1A).
The selective requirement for Exo84 versus Sec5 indicates that RalB regulation of
autophagy is likely independent of the previously characterized RalB/Sec5/TBK1 signaling
pathway (Chien et al., 2006). Additional observations supporting RalB-selective support of
autophagosome formation were made through examination of starvation-induced changes in
endogenous LC3 localization and LC3 post translational modification (Figure 2E,F,G).
These combined observations indicate that RalB and discrete components of the exocyst are
required for autophagosome formation in multiple biological contexts. Activation of
endogenous Ral GTPases may also be sufficient to induce autophagy, as depletion of
endogenous RalGAP in the absence of nutrient limitation was sufficient to activate RalB and
induce autophagic flux (Figure S1B,C,D,E).

RalB is recruited to sites of nascent autophagosome formation

To investigate the physical proximity of RalB to autophagosome formation, we examined
the subcellular localization of endogenous RalB and components of the autophagosome
initiation and elongation machinery. In telomerase and CDK4-immortalized normal human
airway epithelial cells (HBEC30-KT), we noticed conspicuous co-localization of
endogenous Beclinl and endogenous RalB in perinuclear structures. Upon amino acid
starvation (EBSS for 30 minutes), we observed re-distribution of both RalB and Beclinl to
vesicular structures throughout the cell body (Figure 3A). The majority of these RalB
positive structures co-labeled with a GFP-2X-FYVE reporter that localizes to sites of PI-(3)-
P enrichment (Gillooly et al., 2000), the product of the Beclinl-associated class 11 PI3K
VPS34 (Figure 3B). In addition, we found marked colocalization of endogenous RalB with
GFP-ATGS after a 90-minute incubation in starvation media (Figure 3C). By 4 hours, GFP-
LC3 punctae had accumulated, many of which were RalB positive (Figure 3D).

To investigate the recruitment of RalB to a discrete membrane site undergoing LC3-
modification, we utilized GFP-expressing Salmonellae typhimurium as a detectable,
proximal signal for LC3-modification of the vacuole. Three hours after post-infection
antibiotic selection to remove extracellular Salmonellae, we found that endogenous ATG5
was present along the surface of internalized GFP-Salmonellae, which colocalized with
RalB (Figure 3E). Finally, an autophagic response of HBEC cells to Sendai virus exposure
induced a re-distribution of RalB but not RalA to cytosolic vesicular structures and
promoted accumulation of endogenous RalB-ATG5/ATG12 protein complexes (Figure
3F,G).

Nutrient-starvation and RalB drive assembly of Exo84-Beclinl complexes

Given that Beclinl, a central regulatory node engaged to initiate autophagic responses to
diverse stimuli, colocalized with RalB, we examined the relationship between Beclinl and
exocyst subunits. We found that nutrient starvation induced a dramatic assembly of Exo84/
Beclinl complexes in HEK293 cells (Figure 4A). In stark contrast, abundant Sec5/Beclinl
complexes present under nutrient-rich growth conditions were disassembled within 90
minutes of nutrient deprivation (Figure 4B), which could be reversed by addition of
nonessential amino acids (Figure 4C). Sec8/Beclinl complexes, on the other hand, were
present under both nutrient-rich and nutrient-poor growth conditions (Figure 4D). Analysis
of Beclinl deletion constructs indicated that both Exo84 and Sec5 required the amino-
terminal BCL2-interacting domain for interaction with Beclinl (88-150), while the
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evolutionarily conserved domain (244-337) was dispensable (Figure S2A). However, Exo84
and Sec5 likely have distinct binding determinants within the BCL2-interacting domain, as
Beclin1(F123A), which fails to bind BCL2, interferes with Sec5 but not Exo84 association
(Figure 4E,F). Importantly, we found that immunoprecipitation of endogenous Beclinl from
nutrient-deprived versus nutrient replete cells resulted in selective coprecipitation of
endogenous Exo84 under starvation conditions (Figure 4G). These observations suggest that
Beclinl is recruited to distinct exocyst subcomplexes in response to nutrient availability.
Previous observations from our group indicated that discrete macromolecular Exo84 and
Sec5 complexes can be detected by density gradient centrifugation in pheochromocytoma
cells (Moskalenko et al., 2003). Accordingly we found that endogenous Exo84 and Sec5
display very distinct localization patterns in epithelial cells (Figure 4H). Likewise, ectopic
expression of Exo84 or Sec5 was sufficient to differentially recruit Beclinl to these distinct
subcellular compartments (Figure 4 1,J). The Exo84 compartment and the Sec5 compartment
were reminiscent of the staining patterns observed with endogenous Beclinl in the nutrient
starved versus fed states respectively (Figure 3A). Size exclusion chromatography of cleared
lysates, from proliferating cells, indicated the bulk of endogenous Exo84 and Sec5 eluted in
separate fractions of ~500 kDa and > 700 kDA respectively, both of which partially
cofractionated with Beclinl. Intriguingly, the ATG1 ortholog, ULK1, displayed a bimodal
distribution presumably representative of distinct high and low molecular weight complexes
(Figure S2B).

Consistent with a sentinel role in the cellular response to nutrient deprivation, RalB was
activated by nutrient deprivation as indicated by accumulation of the GTP-bound
conformation. RalA, on the other hand, was unaffected (Figure 5A). Accordingly,
expression of a constitutively active RalB variant (RalB(23V)) was sufficient to induce
Beclinl/Exo84 complex formation in the absence of nutrient deprivation (Figure 5B). To
examine whether a direct RalB-Ex084 effector interaction was necessary for RalB to drive
Exo84-Beclinl association, we employed partial loss of function RalB variants selectively
uncoupled from Exo84 versus Sec5 (Cascone et al., 2008; Jin et al., 2005).
RalB(G23V,A48W) has a 43-fold higher affinity for Sec5 versus Exo84, and
RalB(G23V,E38R) has a 104-fold higher affinity for Exo84 versus Sec5 (Jin et al., 2005).
As shown, RalB(G23V,E38R) was considerably more effective at promoting Exo84/Beclinl
complex formation as compared to its Exo84-binding defective counterpart,
RalB(G23V,A48W) (Figure 5C). In contrast to Exo84, Beclin1/Sec5 complexes can be
isolated under nutrient rich conditions. Interestingly, inhibition of Ral signaling by
RLIP(RBD) expression eliminates the accumulation of Beclin1/Sec5 complexes suggesting
that RalA/B signaling under nutrient rich conditions is required for this interaction (Figure
5D). A point mutation of the Ral-binding domain of Sec5(T11A), which abolishes binding
to Ral-GTP, also abolished the Sec5-Beclinl interaction (Figure 5E). No interaction of
Beclinl with RLIP76, an exocyst-independent Ral effector, was observed (Figure 5F);
indicating that Ral family modulation of Sec5/Beclinl and Exo84/Beclinl complexes is
specific. The sufficiency of RalB interactions to drive both Sec5-Beclinl and Exo84-Beclinl
complexes, coupled with our observations of the selective responsiveness of these
complexes to nutrient status, suggested the possibility that nutrient availability results in
distinct RalB-effector coupling. Indeed, endogenous RalB preferentially associated with
Ex084 in nutrient poor conditions and Sec5 under nutrient rich conditions (Figure 5 G,H).
Importantly, endogenous ULKZ1, a key kinase that promotes initiation of autophagy (Chan et
al., 2007; Hosokawa et al., 2009a; Jung et al., 2009), was selectively enriched in RalB
immunoprecipitates upon nutrient depletion (Figure 5G). These observations indicate that
direct RalB/exocyst effector interactions differentially deliver Beclinl to Sec5 or Exo084-
containing subcomplexes in response to nutrient availability and that RalB/Exo84
complexes may specify activation of autophagosome formation. Consistent with this, we
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found that inhibition of Ral signaling by Rlip(RBD), which inhibits autophagy, promoted
the association of the autophagy inhibitor protein RUBICON with Exo84 (Figure 5I).

The RalB/Ex084 effector pathway mobilizes VPS34 activity

To further probe the relationship of Exo84 versus Sec5 complexes to mobilization of
autophagosomes, we examined the consequence of nutrient depletion or Ral activation on
recruitment of VPS34 to exocyst/Beclinl complexes. Beclinl has been heavily implicated as
a positive regulatory cofactor of the VPS34 lipid kinase, which is thought to be a
biochemical trigger for initiation of autophagosome isolation membrane assembly and
elongation (Vergne et al., 2009; Zeng et al., 2006). Like the Exo84/Beclinl relationship, we
found that nutrient depletion resulted in accumulation of Exo84/VPS34 complexes (Figure
6A). Again, as we had seen with Beclinl, the opposite relationship was observed with Sec5
(Figure 6B). Expression of active RalB in the absence of nutrient depletion mirrored these
observations. Namely, RalB(G23V) drove assembly of Exo84/VVPS34 complexes (Figure
6C) and drove disassembly of Sec5/VPS34 complexes in a manner dependent upon direct
RalB/effector interactions (Figure 6D).

The presence of ATG14L in complex with Beclinl and VVPS34 is thought to specify the
participation of this complex in autophagy as opposed to other cell processes where VPS34
activity has been implicated (Itakura et al., 2008; Matsunaga et al., 2009; Sun et al., 2008;
Zhong et al., 2009). We found that dynamic interactions of Exo84 and Sec5 with ATG14L
were also remarkably similar to those observed with Beclinl. Specifically, under nutrient
rich growth conditions, Exo84 association with ATG14L was induced by RalB(G23V)
expression (Figure 6E) while preexisting Sec5/ATG14L complexes were inhibited in the
presence of the dominant inhibitory peptide Rlip(RBD) (Figure 6F). Furthermore,
RalB(E38R) but not RalB(A48W) expression was sufficient to drive accumulation of PI-(3)-
P positive punctae, the product of active VPS34, as visualized by accumulation of the
GFP-2X-FYVE probe (Figure 6G,H). Similar results were observed for the accumulation of
GFP-LC3 punctae (Figure 61). These observations suggest that induction of autophagy
proceeds through assembly of Beclin1-ATG14L-VPS34 complexes on Exo84, while the
interaction of these components with Sec5 may represent organization of inactive
components in a preinitation complex and/or a signal termination complex. Importantly, the
increased accumulation of GFP-LC3 observed upon RalB(G23V) expression was reversed
by co-expression of kinase dead mutant ULK1(K46N), suggesting that RalB may act
upstream of ULK1 to promote autophagy (Figure 61).

Active ULK1 assembles on Exo84 upon induction of autophagy

ULK1 activation is the most apical positive inductive signal, among Atg proteins, yet
identified for initiation of autophagy. We have found that RalB is activated upon nutrient
starvation and that this correlates with the induction of RalB/ULK1 complexes (Figures 5A
and 5G respectively). Remarkably, RalB(G23V) expression was sufficient to promote
assembly of ULK1/Beclinl complexes, which have not been described previously but which
may represent a mechanistic link between ULK1 activation and the VPS34 vesicle
nucleation complex (Figure 7A). Furthermore, either nutrient depletion or RalB(G23V)
expression was sufficient to induce assembly of ULK1/Ex084 complexes (Figure 7B,F).
Depletion of Exo84 eliminated the capacity of RalB(G23V) to induce ULK1/Beclinl
complex formation, indicating that Exo84 is required for this assembly event (Figure 7C). In
contrast to ULK1/Ex084 interactions, we observed increased Sec5/ULK1 complex assembly
when Ral signaling was blocked by expression of Rlip(RBD) (Figure 7D). Analysis of
Beclinl deletion constructs indicated that, unlike Exo84 and Sec5, ULK1 requires the
evolutionarily conserved domain (aa 244-337) for Beclinl association (Figure S3A).
Importantly, while ULK1 was present in both Exo84 and Sec5 complexes under nutrient
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poor conditions (Figure 7E,F), only Exo84-associated ULK1 displayed significant catalytic
activity (Figure 7F,G).

ULK1 and mTORC1 have been reported to inhibit each other by reciprocal phosphorylation
(Hosokawa et al., 2009a; Lee et al., 2007). Consistent with catalytically active Exo84/ULK1
complexes, expression of RalB(G23V) and Exo84 was sufficient to inhibit base-line
mTORC1 activity as observed by reduced accumulation of phospho-threonine 389 on
p70S6K (Figure 7B). In contrast, expression of RalB(G23V) and Sec5 resulted in increased
accumulation of phospho-p70S6K (Figure 7D). Of note, endogenous mTORC1 was present
in Sec5 but not Exo84 immunoprecipitates (Figure S3B). The assembly of ULK1 with
Ex084 and disassembly of Beclinl from Sec5 are responsive to mTOR inhibition, but only
upon chronic exposure to rapamycin, suggesting this is a consequence of the indirect effects
that mimic nutrient starvation (Figure S3C,D). These combined observations indicate that
the RalB/Ex084 effector relationship engages autophagy through direct modulation of a
ULK1/Beclinl initiation complex.

Discussion

Our findings are consistent with a model in which the Ras-like G-protein RalB acts as a
regulatory switch to promote autophagosome biogenesis, in response to inductive signaling
events, by mobilizing assembly of ULK1/Beclin1/\VVPS34 autophagy initiation complexes
(Figure 7H). RalB is activated during the autophagic response, is localized to sites of
incipient autophagosome formation, and is necessary and sufficient for induction of
autophagic flux. In response to RalB activation, the direct RalB effector Exo84 is engaged
as an essential assembly platform for catalytically active autophagy induction (ULK1/
FIP200) and vesicle initiation (Beclinl/ATG14L,VPS34) complexes.

In all cases examined, we found that dynamic assembly of active autophagosome biogenesis
machinery on Exo84 was coordinated with disassembly of this same machinery from Sec5.
Both Ex084 and Sec5 are Ral family G-protein effectors and subunits of the exocsyt, a
heterooctomeric secretory vesicle trafficking complex (Lipschutz and Mostov, 2002).
Previous work has shown that distinct Exo84 and Sec5 subcomplexes are directly engaged
by Ral signaling to mobilize exocyst holocomplex formation in support of the dynamic
vesicle targeting and tethering events required for stimulus-dependent exocytosis
(Moskalenko et al., 2002; Moskalenko et al., 2003). Remarkably, the Sec5/autophagy
protein disassembly event and the Exo84/autophagy protein assembly event, described here,
both require direct interaction with active RalB proteins. Thus induction of autophagy
through RalB activation triggers dynamic autophagy protein reassembly events centered on
two independent exocyst subunits. The tethering of autophagosome biogenesis machinery to
distinct exocyst subcomplexes may provide appropriate spatial and temporal resolution of
localized autophagic triggers. Consistent with this, we find that Sec5 and Exo84 accumulate
in discrete cellular compartments that segregate with localization of Beclinl pre (Sec5) and
post (Exo84) induction of autophagy. It will be of great interest to determine if these
locations represent the source location and assembly sites, respectively, of the membrane
proteins required for autophagosome isolation membrane construction. Known exocyst
subunit-autonomous mechanisms specifying subcellular localization patterns include
interactions with organelle-specific proteins and membrane-selective phosphoinositides (He
and Guo, 2009).

Recent observations indicate that detection of conserved pathogen-associated molecular
patterns (PAMPs) by Toll-like receptors will mobilize autophagy together with activation of
canonical innate-immune pathway activation (Delgado et al., 2008; Shi and Kehrl, 2010).
Within this context of host defense surveillance and response systems, we have previously
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shown that RalB can engage Sec5 to activate the innate immunity signaling kinase TBK1
and the subsequent IRF3 transcription factor-dependent interferon response (Chien et al.,
2006). Our observations here indicate that RalB can separately engage Exo84 to facilitate
activation of the autophagy kinase ULK1 and induction of autophagosome biogenesis.
Together, this suggests that RalB and the exocyst represent a regulatory hub, through
bifurcating activation of TBK1 and Beclin1/\VVPS34, that helps engage concomitant
activation of the gene expression and organelle biogenesis responses supporting systemic
pathogen recognition and clearance. The required coordination of such time and location-
specified responses may account for the adaptation of exocyst function to support of signal
transduction cascades in metazoans.

The RalA and RalB G-proteins are signal propagation molecules coupled to mitogenic,
trophic and cytokine signaling signaling systems (Bodemann and White, 2008; Feig, 2003).
This connectivity potentially provides appropriate functional coupling of autophagic
responses to diverse cellular milieus. Ral activation occurs through engagement of one or
more of a family of 5 Ral-specific guanyl nucleotide exchange factors that can selectively
couple to RalA or RalB through mechanisms that remain to be determined (Bodemann and
White, 2008). Of note, RalA has recently been shown to promote mTORCL activation,
potentially through PLD1 and phosphatidic acid-dependent mTORC1/2 assembly (Maehama
et al., 2008; Toschi et al., 2009; Voss et al., 1999). This regulatory relationship could be
directly antagonistic to autophagosome biosynthesis given the capacity of mTORCL1 to
restrain ULKZ1 activity through direct inhibitory phosphorylation events (Hosokawa et al.,
2009a; Jung et al., 2009). Whether these are independent or interconnected regulatory arms
remains to be determined. However, the RalB GDP/GTP cycle and its effector relationships
comprise a regulatory mechanism that can directly control dynamic transition between
metabolic states supporting cell growth versus cell maintenance.

Materials and Methods

Plasmids and Antibodies

Detailed information on plasmid and antibody origins, immunofluorescence protocols,
image capture procedures, and image quantitation are described in supplemental methods.

Yeast Two-Hybrid

The coding sequence for full-length human SEC3 (GenBank gi:7023219) was cloned into
pB27 as a C-terminal fusion to LexA and used as a bait to screen at saturation a high-
complexity random-primed human placenta cDNA library as previously described
(Fromont-Racine et al., 1997).

Immunoprecipitation and kinase assays

Immunoisolation of tagged or native proteins was performed using standard procedures from
non-denaturing cell extracts (20 mM Tris-HCI pH 7.4, 137mM NaCl, 1% Triton-X-100,
0.5% Sodium Deoxycholate, 20mM MgCl,, 2mM EGTA). Kinase assays were carried out in
(25 mM MOPS pH 7.5, ImM EGTA, 0.1mM Sodium Vanadate, 15mM MgCl,, 5 mM f-
glycerol phosphate). See supplemental methods for extended details.

Salmonella typhimurium Infection

Exposure to GFP-expressing Salmonella typhimurium (obtained from Mary O'Riordan,
University of Michigan) was performed as described (Radtke et al., 2007).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Physical and Functional interaction of the Ral-Exocyst complex with autophagy
machinery

A-G: Exocyst subunits interact with autophagy proteins. The indicated proteins were over-
expressed in HEK-293 cells, then immunoprecipitated with an antibody directed to the
specified tag. Immunoprecipitates were analyzed for coprecipitation with (A,B) GFP-Sec3;
(C,D) Flag-RUBICON; (E,F) Flag-ATG14L; and (G) GFP-ATGS as indicated. Whole cell
lysate (WCL), Immunoprecipitation (IP).

H: Endogenous Sec8 complexes contain ATG5-12 conjugates. The endogenous exocyst
complex was immunoprecipitated from HEK-293 cells with anti-Sec8 antibody and
analyzed for coprecipitation of ATG5/ATG12 conjugates (Sec8 IP) using anti-ATG5
antibody. Anti-Myc immunoprecipitates served as a negative control (Myc IP). Two
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independent experiments are shown. Representation of the examined proteins in the input
whole cell non denaturing lysates is shown (WCL).

I: Inhibition of Ral signaling blocks the LC3 response to amino-acid starvation. 48 hours
post-transfection with Myc-Rlip(RBD) Hela cells were incubated in DMEM or EBSS for an
additional 4 hours as indicated. Myc-Rlip(RBD) and LC3 were detected by
immunofluorescence using anti-myc and anti-LC3 antibodies, respectively. Vector control
cells were similar to untransfected cells. Scale bar 20um.

J: Inhibition of Ral signaling blocks the LC3 response to pathogen infection. Hela cells were
transfected with monomeric RFP-LC3 together with Myc-RIlip(RBD) or an empty vector
control as indicated. 48 hours post-transfection, cells were infected with Salmonella
typhimurium-GFP for 1 hour followed by 3 hours of post-infection selection for intracellular
Salmonella. Internalized Salmonella and LC3 were visualized using their respective
fluorescent fusions. High magnification of the subcellular regions indicated by the boxes are
shown in the panels on the right. Dashed lines indicated cell borders as visualized in a
saturated exposure. Scale bar 10pm.

K: Total fluorescence intensity corresponding to Myc-RIlip(RBD) (anti-myc) and
endogenous LC3 (anti-LC3) at single-cell resolution for EBSS-treated cells as shown in (1)
(n=82, R?=0.7722).

L: RalB is sufficient to induce accumulation of LC3 punctae. Hela cells expressing
monomeric RFP-LC3 together with GFP-ATGS5 or GFP-RalB are shown as indicated. Scale
bar 10um.

M: mRFP-LC3 punctae in cells treated as in (L) were quantitated. The distribution of
MRFP-LC3 punctae/cell is displayed as box-and-whisker plots. The three bands of the box
illustrate the 25th (lower), 50th (middle), and 75th (upper) quartiles. The whiskers go 1.5
times the interquartile distance or to the highest or lowest point, whichever is shorter. The +
designates the mean. P-values were calculated using the student's t-test.

N: HBEC3-KT cells expressing RalB(23V) or transfected with vector control were
incubated in growth medium containing 50pM Chloroquine (CQ), to prevent LC3 turnover
by autophagolysosomes, for 4 hours followed by detection of endogenous LC3 with anti-
LC3 antibody.

O: RalB is sufficient to induce autophagic flux. HBEC3-KT cells treated as in (N) were
incubated in growth media or amino-acid free EBSS (Earle's balanced salt solution) for 4
hours with or without 50uM Chloroquine (CQ), to prevent LC3 turnover in
autophagolysosomes, as indicated. Immunofluorescence was performed with anti-LC3
antibody and LC3 punctae were quantitated. Data are represented as mean +/- SEM.

P: Whole cell lysates from HBEC3-KT cells transfected with Flag-RalB(G23V) or vector
control were analyzed for the relative accumulation of LC3(1) and LC3(I1) when incubated
in growth medium containing 50uM Chloroquine (CQ) for 4 hours. p-actin is shown as a
loading control.

See also Table S1.
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Figure 2. RalB and an Exo84-containing subcomplex of the exocyst are necessary for amino acid
starvation induced autophagy

A: RalB depletion inhibits accumulation of GFP-LC3 punctae. Hela cells stably expressing
GFP-LC3 were depleted of the indicated proteins by siRNA transfection. Cells were imaged
by GFP fluorescence 96 hours after transfection. Scale bar 10um.

B: Sec5 and Ex084 selectively participate in accumulation of GFP-LC3 punctae. GFP-LC3
punctae in cells treated as in (A) were quantitated. The mean distribution of GFP-LC3
punctae/cell is displayed as a bar graph, data are represented as mean +/- SEM. P-values
were calculated by one-way ANOVA followed by Dunnett's Multiple Comparison Test.

C: Inhibition of GFP-LC3 punctae correlates with accumulation of LC3 protein. The mean
total intensity of GFP-LC3 in cells treated as in (A) was quantitated. The distribution of the
mean total GFP intensity is displayed as a bar graph, data are represented as mean +/- SEM.
P-values were calculated by one-way ANOVA followed by Dunnett's Multiple Comparison
Test.

D: A subset of exocyst subunits are limiting for accumulation of GFP-LC3 punctae. The
indicated siRNAs were evaluated as in (B).

E: RalB depletion inhibits accumulation of LC3-lipid conjugates. Whole cell lysates from
HBECS3-KT cells stably expressing GFP-LC3 transfected with the indicated siRNAs were
assayed for the relative accumulation of GFP-LC3(I) and GFP-LC3(II). p-actin is shown as
a loading control. sSiRNA-mediated target depletion is shown 96 hours post transfection
(right panels).

F: RalB participates in accumulation of endogenous LC3 punctae. Hela cells were depleted
of the indicated proteins by siRNA transfection. 96 hours after transfection, cells were
incubated in amino acid free EBSS for 4 hours. Endogenous LC3 was imaged by anti-LC3
immunofluorescence. Scale bar 10um.
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G: Endogenous LC3 punctae in cells treated as in (E) were quantitated. The mean
distribution of LC3 punctae/cell is displayed as a bar graph, data are represented as mean +/-
SEM. P-values were calculated by one-way ANOVA followed by Dunnett's Multiple
Comparison Test.

See also Figure S1.
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Figure 3. Native RalB colocalizes with autophagy machinery

A: Beclinl and RalB colocalize in cells pre and post induction of autophagy. Endogenous
immunofluorescence of Beclinl (anti-Beclinl) and RalB (anti-RalB) in HBEC30-KT cells
incubated for 90 minutes in fresh growth medium or EBSS as indicated. Dashed line
indicates cell outline. Scale bar 10um.

B-D: RalB colocalizes with early and late markers of autophagosome biogenesis. HBEC30-
KT cells were transfected with (B) GFP-2X-Fyve; (C) GFP-ATG5; and (D) GFP-LC3. Cells
were incubated in EBSS for (B) 30 minutes; (C) 90 minutes; or (D) 3 hours. GFP
fluorescence and endogenous RalB (anti-RalB) immunofluorescence is shown. High
magnification of 10um x 10um regions indicated by the boxes are shown in the bottom
panels. Scale bar 10um.

E: ATG5 and RalB are recruited to sites of incipient isolation membrane formation.
Endogenous immunofluorescence of ATG5 (anti-ATG5) and RalB (anti-RalB) in HBEC30-
KT cells infected with Salmonella typhimurium-GFP. Cells were exposed to Salmonella
typhimurium-GFP for 1 hour followed by 3 hours of post-infection antibiotic selection
against extracellular Salmonella. Scale bar 2um.
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F: SenV infection selectively alters the subcellular distribution of RalB versus RalA.
Endogenous immunofluorescence of RalA (anti-RalA) and RalB (anti-RalB) in HBEC3-KT
cells mock infected or infected with Sendai virus for 5 hours. Scale bar 10pum.

G: SenV infection induces accumulation of endogenous RalB/ATG5-12 complexes.
Endogenous RalB complexes were immunoprecipitated from mock infected or Sendai virus
infected HBEC3-KT cells with anti-RalB antibodies and analyzed for coprecipitation of
ATG5/ATG12 conjugates.
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Figure 4. Nutrient deprivation drives assembly of Exo84/Beclinl complexes

A-D: Nutrient limitation induces Beclin1/Exo84 interactions and inhibits Beclin1/Sec5
interactions. 48 hours post-transfection with tagged Beclinl and exocyst expression
constructs, HEK-293 cells were incubated in DMEM, EBSS, or EBSS with 1x Non-
Essential amino acids for 90 minutes or 4 hours as shown. The indicated proteins were then
immunoprecipitated with antibodies directed to the specified tag. Immunoprecipitates were
analyzed for coprecipitation with Flag-Beclinl. Whole cell lysate (WCL),
Immunoprecipitates (IP).

E,F: Beclin1(F123A) mutant interacts with Exo84 but not Sec5. Co-expression, co-1Ps with
the indicated proteins were performed as in (A-D).
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G: Endogenous Beclin1/Exo84 complexes accumulate in response to nutrient deprivation.
Endogenous Beclinl was immunoprecipitated from HEK-293 cells incubated in EBSS (top
panels) or DMEM (bottom panels) for 90 minutes and analyzed for coprecipitation of Exo84
(IP). Host species-matched non-specific 1gG immunoprecipitates served as negative
controls. Representation of the examined proteins in the input whole cell non-denaturing
lysates is shown (WCL).

H: Exo084 and Sec5 are enriched in distinct subcellular compartments. Endogenous
immunofluorescence of Sec5 (anti-Sec5) and Ex084 (anti-Exo084) in MDCK cells. Scale bar
10pm.

1,J: Ex084 and Sec5 can recruit Beclinl to distinct subcellular compartments. HEK-293
cells were transfected with (F) Flag-Beclinl and Myc-Exo084; (G) Flag-Beclinl and HA-
Sec5. Immunofluorescence of the indicated fusion tags was performed. High magnification
of 10um x 10um regions indicated by the boxes are shown in the bottom panels. Scale bar
10pm.

See also Figure S2.
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Figure 5. RalB drives assembly of Exo84/Beclinl complexes through direct RalB-Ex084 effector

binding

A: Amino-acid depletion activates RalB. Endogenous GTP-bound RalA and RalB were
collected by GST-Sec5-RBD mediated affinity purification from HEK-293 cells incubated

in EBSS for the indicated times and visualized with specific anti-RalA and anti-RalB

antibodies. The normalized GTP-loaded index for RalA and RalB was calculated
as Ral(GTP)/1 | ral 1O generate the scatterplot.

B-F: RalB regulates Beclinl/exocyst subcomplex interactions. The indicated proteins were

expressed in HEK-293 cells and immunoprecipitated with antibodies directed to the

appropriate tag. Immunoprecipitates were analyzed for coprecipitation with Flag-Beclinl,

Flag RalB(23V), and endogenous Sec8 as shown. Whole cell lysate (WCL),
Immunoprecipitation (IP).

G: Nutrient status specifies distinct endogenous RalB/effector interactions. Endogenous
RalB was immunoprecipitated with anti-RalB antibody from HEK-293 cells incubated in
DMEM or EBSS for 90 minutes as indicated and analyzed for coprecipitation of Exo84,

Sec5, ATG14L, UVRAG, and ULK1.

H: 48 hours post-transfection, HEK-293 cells were incubated in DMEM or EBSS for 90
minutes as indicated. Flag-RalB immunoprecipitates were examined for coprecipitation of

HA-Sec5. The indicated normalized IP / input ratio was calculated by dividing

immunoprecipitated Sec5 by total expressed Sec5, then normalizing the calculated values to

DMEM condition.

I: Ral-inhibition induces accumulation of Exo84/Rubicon interactions. Co-expression, co-

IPs with the indicated proteins were performed as in (B-F).
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Figure 6. RalB expression drives assembly of Exo84/Vps34 and Exo84/ATG14L complexes

A-F: VPS34 and ATG14L /exocyst subcomplexes are regulated by nutrient limitation and
RalB activation. HEK-293 cells expressing the indicated proteins were incubated in DMEM
or EBSS for 90 minutes as indicated. Tagged exocyst subunits were immunoprecipitated and
analyzed for coprecipitation with Flag-VPS34 and Flag-ATG14L where indicated.

G: RalB/Ex084 effector interactions mobilize VPS34 activity. Hela cells expressing
GFP-2X-Fyve together with RalB partial loss of function mutants Flag-RalB(E38R) or Flag-
RalB(A48W) are shown as indicated.

H: GFP-2X-Fyve punctae in cells treated as in (G) were quantitated. The distribution of
GFP-2X-Fyve punctae/cell is displayed as box-and-whisker plots. P-values were calculated
using the student's t-test.
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I: RalB(G23V) and RalB(G23V,E38R) are sufficient to induce accumulation of GFP-LC3
punctae and kinase dead ULK1(K46N) blocks the increase observed with RalB(G23V)
expression. Hela cells stably expressing GFP-LC3 were transfected with the indicated
constructs then visualized by immunofluorescence of the indicated tags. The distribution of
GFP-LC3 punctae/cell is displayed as box-and-whisker plots. P-values were calculated using
the student's t-test.
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Figure 7. Active ULK1 associates with Exo84

A: RalB induces ULK1/Beclinl Complex formation. ULK1 immunoprecipitates were
analyzed for coprecipitation with Flag-Beclinl upon RalB(23V) expression as indicated.
B: ULK1/Ex084 complexes are regulated by RalB. The indicated proteins were expressed in
HEK-293 cells. Myc-tagged Exo84 was immunoprecipitated and analyzed for
coprecipitation with HA-ULK1.

C: RalB induced ULK1/Beclinl complexes require Exo84. HEK-293 cells were first
transfected with siControl or siExo84 siRNAs before the indicated proteins were expressed
24 hours later. ULK1 immunoprecipitates were analyzed for coprecipitation with Flag-
Beclinl upon RalB(23V) expression as indicated.

D: ULK1/Sec5 complexes accumulate upon Ral inhibition. Co-expression, co-1Ps with the
indicated proteins were performed as in (B).

\
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E: ULK1/Sec5 complexes dissociate upon nutrient deprivation. Co-expression, co-IPs with
the indicated proteins were performed as in (B) with the addition of 90 minute incubation in
DMEM or EBSS as indicated.

F: Amino-acid starvation induces association of Exo84 with catalytically active ULK1.
Ex084 and Sec5 complexes were assayed for coprecipitation with ULK1 and for associated
protein kinase activity as indicated.

G: The normalized activity ratio for EBSS stimulated Exo84 and Sec5 precipitates was
calculated by the division of MBP 32P incorporation by the HA-ULK1 signal coprecipitated
from (F).

H: Working model of RalB/exocyst dependent mobilization of autophagy.

See also Figure S3.
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