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A GDI (AGS3) and a GEF (GIV) regulate 
autophagy by balancing G protein activity and 
growth factor signals 
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Departments of aCellular and Molecular Medicine and bMedicine, School of Medicine, University of California,  
San Diego, La Jolla, CA 92093 

ABSTRACT Autophagy is the major catabolic process responsible for the removal of aggre-
gated proteins and damaged organelles. Autophagy is regulated by both G proteins and 
growth factors, but the underlying mechanism of how they are coordinated during initiation 
and reversal of autophagy is unknown. Using protein–protein interaction assays, G protein 
enzymology, and morphological analysis, we demonstrate here that Gα-interacting, vesicle-
associated protein (GIV, a.k.a. Girdin), a nonreceptor guanine nucleotide exchange factor for 
Gαi3, plays a key role in regulating autophagy and that dynamic interplay between Gαi3, ac-
tivator of G-protein signaling 3 (AGS3, its guanine nucleotide dissociation inhibitor), and GIV 
determines whether autophagy is promoted or inhibited. We found that AGS3 directly binds 
light chain 3 (LC3), recruits Gαi3 to LC3-positive membranes upon starvation, and promotes 
autophagy by inhibiting the G protein. Upon growth factor stimulation, GIV disrupts the 
Gαi3–AGS3 complex, releases Gαi3 from LC3-positive membranes, enhances anti-autophagic 
signaling pathways, and inhibits autophagy by activating the G protein. These results provide 
mechanistic insights into how reversible modulation of Gαi3 activity by AGS3 and GIV main-
tains the delicate equilibrium between promotion and inhibition of autophagy.

INTRODUCTION
Autophagy is an adaptive response to unfavorable conditions, 
such as nutrient deprivation, that result in degradation of cellular 

components. Thus autophagy maintains cellular homeostasis by 
balancing biosynthesis and degradation. In addition to its role in 
organelle turnover, development, and aging (Cecconi and Levine, 
2008), dysregulation of autophagy is a key pathophysiologic com-
ponent of many diseases, such as cancer, neurodegeneration, car-
diovascular disorders, and microbial invasion (reviewed in Shintani 
and Klionsky, 2004; Levine and Kroemer, 2008). Paradoxically, au-
tophagy has both beneficial and deleterious effects in many of 
these disorders (Shintani and Klionsky, 2004), which highlights 
the importance of tight regulation of the various pro- and anti-
auto phagic signaling pathways that maintain levels of autophagy 
in a delicate equilibrium.

Both growth factor– and G protein–mediated signaling pathways 
appear to be involved in the maintenance of this equilibrium. The 
role of growth factor–mediated signaling as a major regulator of au-
tophagy has been unequivocally established (Lum et al., 2005): Insu-
lin and insulin-like growth factor stimulation activates the phospho-
inositide 3-kinase (PI3K)–Akt pathway, leading to increased activation 
of mammalian target of rapamycin (mTOR), which inhibits autophagy 
(Beugnet et al., 2003; Meijer and Codogno, 2004). Heterotrimeric G 
proteins also regulate autophagy (Ogier-Denis et al., 1995, 1996, 
2000; Pattingre et al., 2003; Gohla et al., 2007): Active, guanosine 
5′-triphosphate (GTP)–bound Gαi3 inhibits starvation-induced  
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FIGUrE 1: GIV inhibits autophagy via its GEF motif. (A) Gαi3 and GIV are required for insulin-mediated reversal of 
autophagy. HeLa cells were treated with previously validated (Ghosh et al., 2008) scrambled (Scr, a–c), Gαi3 (d–f), or GIV 
(g–i) siRNA oligos for 48 h, after which they were either maintained in 10% FBS, serum starved for 8 h in 0.2% FBS, or 
serum starved for 8 h and then treated with 100 nM insulin for 1 h. They were then fixed, stained for LC3 (red) and the 
nucleus/DAPI (blue), and analyzed by confocal microscopy. Scr-treated controls showed little or no vesicular LC3 staining 
in 10% FBS (a), increased numbers of LC3-positive vesicles upon serum starvation (b), and disappearance of LC3-
positive vesicles upon insulin treatment (c). Depletion of both Gαi3 and GIV was accompanied by increased LC3-positive 
vesicles in 10% FBS (d, g) as well as when serum starved (e, h), with persistence of staining despite insulin treatment 
(f, i). Efficient depletion of Gαi3 (∼85–95%) and GIV (∼80–90%) was confirmed by immunoblotting (IB) (Supplemental 
Figure S1A). Bar = 10 μM. (B) Insulin reverses autophagy in GIV-WT, but not in the GEF-deficient GIV-FA cells, as 
determined by changes in the localization of GFP-LC3. Untransfected HeLa cells (control) or HeLa cells stably expressing 
either siRNA-resistant wild-type GIV (GIV-WT) or GEF-deficient GIV (GIV-FA) were first treated with scrambled (Scr) or 
GIV siRNA followed by transient transfection with GFP-LC3. Cells were subsequently serum starved or treated with 
insulin as in (A) and then fixed and stained with DAPI (blue) and analyzed by fluorescence microscopy. Scr-treated 
controls and GIV-WT cells show little or no vesicular GFP-LC3 staining (green) at steady state when grown in 10% FBS 
(a, d), increased GFP-LC3–positive vesicles upon serum starvation (b, e), and virtual disappearance of GFP-LC3–positive 
vesicles upon insulin treatment (c, f). GIV-FA cells show increased GFP-LC3–positive vesicles at steady state (g) and upon 
serum starvation (h), and persistence of GFP-LC3–positive vesicular staining after insulin treatment (i) compared with 
controls. Efficient depletion (∼85–90%) of GIV (Supplemental Figure S1B) and transfection of GFP-LC3 (∼80–90%, 
unpublished data ) were confirmed by IB. Bar = 10 μM. (C–E) Quantitative and qualitative assessment of autophagy by 
electron microscopy (EM). Control, GIV-WT, and GIV-FA cells were treated with scrambled (Scr) or GIV siRNA as in (B) 
and (Figure S1B), fixed, and examined by EM. Autophagosomal structures (white asterisks) were counted in randomly 
selected fields (∼40 per sample) where the section cut through the Golgi stack (G) and nucleus (N). The size of most 
autolysosomal structures ranged from 0.5 to 1.5 μM in diameter, and some complex forms measuring up to 4 μM were 
seen occasionally. The average size of autophagic structures did not vary significantly between samples. (C) EM 
micrograph of a representative field from GIV-FA cells maintained in the presence of 10% serum. Boxed area in (C) is 
enlarged in (D) to show a higher magnification view of a cluster of autophagosomes. Similar autophagosomes were 
found in control, GIV-WT, and GIV-FA cells upon serum starvation. Bar graphs (E) showing the average number of 
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virtually abolished when starved cells were stimulated for 1 h with 
insulin (Figure 1A, a–c). By contrast, in cells depleted of endogenous 
GIV large numbers of LC3-positive puncta were observed in the 
presence of 10% FBS as well as upon starvation, and such staining 
persisted even after insulin stimulation (Figure 1A, g–i). Virtually iden-
tical results were obtained in cells depleted of endogenous Gαi3 
(Figure 1A, d–f), the major Gαi-type subunit expressed in HeLa cells 
(Krumins and Gilman, 2006) and the only Gαi involved in autophagy 
(Ogier-Denis et al., 1995; Gohla et al., 2007). These differences in the 
abundance of autophagosomes suggest that without Gαi3 or GIV the 
level of autophagy is increased under nutrient-rich conditions and 
that cells are rendered unresponsive to the anti-autophagic actions 
of insulin.

GIV inhibits autophagy via its GEF function
To discern whether activation of Gi by GIV is the basis for GIV’s role 
in the anti-autophagic action of insulin, we used a set of previously 
characterized (Garcia-Marcos et al., 2009; Ghosh et al., 2010) HeLa 
cell lines stably expressing either siRNA-resistant wild-type GIV 
(GIV-WT cells) or GEF-deficient GIV F1685A mutant (GIV-FA) cells 
incapable of activating the G protein. GIV-WT and GIV-FA cells were 
depleted of endogenous GIV using GIV siRNA, parental (hereby 
referred to as control) HeLa cells were treated with scrambled siRNA 
(Supplemental Figure S1B), and all cell lines were transfected with 
green fluorescent protein (GFP)–LC3. The levels of autophagy at 
steady state (10% FBS), upon starvation (0.2% FBS), or after insulin 
stimulation were compared by immunofluorescence. In control cells 
punctate GFP-LC3 staining was observed in serum-starved cells but 
not in cells maintained in 10% FBS or in cells stimulated with insulin 
(Figure 1B, a–c). This pattern of staining was similar to that seen with 
endogenous LC3 (Figure 1A, a–c), thus validating the use of the 
GFP-tagged protein as a readout for autophagy. In GIV-WT cells 
few GFP-LC3–positive puncta were seen when cells were main-
tained in 10% FBS, many upon starvation, and virtually none after 
stimulation of starved cells with insulin (Figure 1B, d–f), whereas in 
GIV-FA cells high levels of GFP-LC3–positive puncta were seen re-
gardless of whether the cells were grown in the presence of serum 
or insulin (Figure 1A, d–f). Identical results were obtained when we 
immunostained for endogenous LC3 in GIV-WT and GIV-FA cells 
(Supplemental Figure S2). We also verified that the increased num-
bers of GFP-LC3–positive structures seen in GIV-FA cells were not 
due to impaired maturation because they colocalize with cathepsin 
D, indicative of successful maturation into autolysosomes (Supple-
mental Figure S3). Taken together, these results indicate that au-
tophagy is promoted when GIV cannot bind or activate Gαi3. We 
conclude that GIV, and, more specifically, its GEF function, is re-
quired to inhibit autophagy and that in its absence autophagy is 
inhibited even in the presence of nutrients and growth factors.

autophagy whereas inactive, guanosine 5′-diphosphate (GDP)–
bound Gαi3 stimulates autophagy (Ogier-Denis et al., 1995, 
1996). Consistent with this, both activator of G-protein signaling 
3 (AGS3), a guanine nucleotide dissociation inhibitor (GDI) that 
keeps Gi in an inactive state (Pattingre et al., 2003), and GAIP/
RGS19, a GTPase activating protein (GAP) that inactivates Gi 
(Ogier-Denis et al., 1997), promote autophagy. Recent reports dem-
onstrate that Gαi3 is required for the anti-autophagic action of insulin 
(Gohla et al., 2007) and for the enhancement of the anti-autophagic 
Akt-mTOR pathway by other growth factors (Cao et al., 2009). Al-
though these findings suggest that growth factor signaling and G 
protein activity are intertwined in the regulation of autophagy, little 
is known about the precise molecular mechanisms that regulate this 
interplay. What activates the G protein and how growth factor signal-
ing influences this activation step during autophagy have remained 
a mystery.

We recently reported that Gα-interacting, vesicle-associated pro-
tein (GIV or Girdin), a nonreceptor guanine nucleotide exchange fac-
tor (GEF) for Gαi3 (Garcia-Marcos et al., 2009), operates at the inter-
face between growth factor and G protein signaling (Ghosh et al., 
2010). By linking G proteins to ligand-activated epidermal growth 
factor receptor (EGFR), GIV reprograms EGF signaling to specifically 
enhance PI3K-Akt signals from the plasma membrane (PM) (Ghosh 
et al., 2010). Because PI3K-Akt signals and G protein activation are 
two major triggers for the regulation of autophagy (Meijer and 
Codogno, 2004) and GIV operates at the crossroads of both, we in-
vestigated whether activation of Gi by GIV influences autophagy.

RESULTS
GIV inhibits autophagy and is required for the 
anti-autophagic action of insulin
To investigate whether GIV plays a role in autophagy, we depleted 
HeLa cells of endogenous GIV or Gαi3 (Supplemental Figure S1A) 
and assessed autophagic activity by immunofluorescence after stain-
ing for endogenous light chain 3 (LC3), a well-established effector of 
autophagy as well as a bona fide marker for autophagosomes 
(Klionsky et al., 2008; Kimura et al., 2009). Punctate LC3 staining 
provides a measure of ongoing autophagy because it marks the suc-
cessful processing of a cytosolic form, LC3-I, to LC3-II, a phospho-
lipid conjugated form that is targeted to preautophagosomal and 
autophagosomal membranes (Mizushima and Yoshimori, 2007; 
Kimura et al., 2009). We chose to induce autophagy by starving cells 
in serum-free media because previous studies have established that 
GIV is required for signal transduction by a variety of growth factors 
(Ghosh et al., 2008, 2010; Jiang et al., 2008; Kitamura et al., 2008; 
Garcia-Marcos et al., 2009). In control cells, punctate LC3 staining 
was infrequently seen when cells were maintained in 10% fetal bo-
vine serum (FBS), markedly induced when the cells were starved, and 

autophagosomal structures/cell profile in each cell line in the presence of serum (10% FBS) or serum starved (0.2% FBS). 
Results are shown as mean ± SEM (n = 10). *** denotes p value < 0.001. Results from one of three independent 
experiments are displayed. Bar = 1 μM. (F, G) GIV-WT cells show enhanced Akt and mTOR signaling and suppressed 
ERK1/2 signaling in response to insulin, whereas GIV-FA cells show the opposite signaling profile. (F) GIV-WT and 
GIV-FA HeLa cells depleted of endogenous GIV (GIV siRNA) were serum starved as in (A), stimulated with 100 nM insulin 
for different times (5, 15, and 30 min), and cell lysates were analyzed for phospho (p) Akt, pS6K (p70), pS6 ribosomal 
protein, pERK1/2, and tubulin by IB. (G) The kinetics of insulin-initiated signaling pathways in HeLa cell lines were 
determined (phosphoprotein:tubulin ratios) at each time point after insulin stimulation and expressed as fold increase in 
activation normalized to t = 0 min. Peak phosphorylation of Akt, S6K, and S6 ribosomal protein is significantly higher in 
GIV-WT (at 15 min) compared with GIV-FA cells, whereas both cell lines achieved similar enhancement of ERK1/2 
phosphorylation at 5 min. Phosphorylation of ERK1/2 was sustained in GIV-FA but reduced in GIV-WT cells by 30 min. 
Results are shown as mean ± SEM (n = 3); p < 0.05 for GIV-WT vs. GIV-FA at 15 min for all phosphoproteins analyzed. 
Significant differences persist at 30 min for pS6K and pERK1/2.
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Because assessment of LC3 processing by immunoblotting is un-
reliable in HeLa cells (Klionsky et al., 2008), we used morphological 
analysis by electron microscopy (EM) as a well-established alterna-
tive approach (Klionsky et al., 2008) to assess cellular autophagy. We 
minimized sampling artifacts by establishing a consistent basis for 
identification and quantification of autophagic elements (see Mate-
rials and Methods). When cells were serum starved, numerous vesi-
cles with multilamellar intraluminal contents representing various 
stages of autophagy and ranging from 0.5 to 1.5 μM in diameter 
were seen in all cell lines (Figure 1, C and D). When grown in the 
presence of 10% serum, scrambled siRNA–treated control HeLa 
cells and HeLa GIV-WT cells showed very few autophagosomes, 
whereas large numbers of autophagosomes were seen in both GIV-
depleted HeLa cells and GIV-FA cells (Figure 1E). These results indi-
cate that in the presence of growth factors (those present in serum 
in this case) GIV’s GEF function is required for effective inhibition of 
autophagy.

GIV’s GEF function enhances anti-autophagic  
Akt-mTOr signals 
We previously demonstrated that GIV’s GEF function is required for 
Akt enhancement in response to insulin (Ghosh et al., 2008; Garcia-
Marcos et al., 2009, 2010). Here we assessed the broader role of 
GIV’s GEF function on insulin-triggered signaling pathways that are 
known to have opposing effects on autophagy: the PI3K-Akt-mTOR 
pathway, which inhibits autophagy (Meijer and Codogno, 2004), 
and phospho-ERK1/2 in the Ras-Raf-MEK-ERK pathway, which pro-
motes autophagy (Ogier-Denis et al., 2000; Wang et al., 2009). To 
assess the role of GIV’s GEF function, we depleted endogenous GIV 
from HeLa–GIV-WT and HeLa–GIV-FA cells and analyzed these cells 
by immunoblotting for activation (phosphorylation) of protein sub-
strates within the PI3K-mTOR (Akt, S6 kinase [S6K], and S6 ribo-
somal protein) or Ras-ERK pathways. On insulin stimulation, phos-
phorylation of Akt, S6K, and S6 ribosomal proteins was significantly 
higher in GIV-WT cells than in GIV-FA cells at 5–30 min (Figure 1, F 
and G), whereas ERK1/2 phosphorylation was down-regulated by 
15–30 min in GIV-WT but enhanced and sustained for greater than 
30 min in GIV-FA cells. Because GIV’s ability to bind and/or activate 
Gαi (Garcia-Marcos et al., 2009) is the key difference between GIV-
WT and GIV-FA cells, our results indicate that activation of Gαi by 
GIV’s GEF function is required for enhancement of the Akt-mTOR 
pathway and for down-regulation of the Ras-ERK1/2 pathway in re-
sponse to insulin. We conclude that GIV’s GEF function promotes 
insulin responsiveness in part by enhancing anti-autophagic signal-
ing pathways.

GIV and AGS3 reversibly modulate Gαi3 activity 
Because GIV suppresses autophagy by activating Gαi3 and AGS3 
promotes autophagy by maintaining Gαi in an inactive state 
(Pattingre et al., 2003), we reasoned that the anti-autophagic func-
tions of GIV and the proautophagic AGS3 might be due to their 
ability to antagonize each other in modulating Gαi3 activity. AGS3 
locks Gαi3 in an inactive state by blocking its ability to exchange 
nucleotides (De Vries et al., 2000; Peterson et al., 2000), whereas 
GIV activates Gαi3 by accelerating its rate of nucleotide exchange 
(Garcia-Marcos et al., 2009). We investigated whether GIV can acti-
vate Gαi3 when Gαi3 is in a complex with AGS3 by measuring the 
steady-state GTPase activity of the G protein (Garcia-Marcos et al., 
2009). We purified His-Gαi3:GST-AGS3 complexes (4:1 stoichiome-
try; Figure 2A) and found that the GTPase activity of Gαi3 in these 
complexes was reduced 15.3 ± 4.3% compared with Gαi3 alone 
(n = 3, p < 0.05; unpublished data). The stoichiometry of these 

FIGUrE 2: Gαi3 activity is reversibly modulated by GIV (a GEF) and 
AGS3 (a GDI). (A) Preparation of Gαi3–AGS3 complexes. His-Gαi3:GST-
AGS3 (465–650) complexes were purified (4:1 stoichiometry) by 
glutathione-agarose affinity chromatography. An aliquot of the 
purified complex was separated by SDS–PAGE and stained with 
Coomassie blue. (B, C) GIV efficiently promotes G protein activation 
in the Gαi3–AGS3 complex. The steady-state GTPase activity of 
purified His-Gαi3 (50 nM) alone (closed circles) or in complex with 
GST-AGS3 (open circles) was determined in the presence of the 
indicated amounts (0, 0.1, 0.25, 0.5, 1, and 2 μM) of purified His-GIV-
CTs (aa 1660–1870, containing the GEF motif responsible for Gαi 
binding) by quantification of the amount of [γ-32P]GTP (0.5 μM, 
∼50 cpm/fmol) hydrolyzed in 10 min. Data are expressed as fmol of 
radioactive phosphate (32Pi) released (absolute GTPase activity, B). 
The same data were normalized to the GTPase activity in the absence 
of His-GIV-CTs and expressed as % of 32Pi released (fold activation, 
C) by the G protein alone (closed circles) or in complex with GST-
AGS3 (open circles) in the absence of His-GIV-CTs. Results are shown 
as mean ± SD of a representative experiment out of three performed 
in duplicate. (D) Preparation of Gαi3:GIV-CT complexes. His-Gαi3:His-
GIV-CTs (aa 1660–1870) complexes were purified (1:1 stoichiometry) 
by gel filtration chromatography. An aliquot of the purified complex 
was separated by SDS–PAGE and stained with Coomassie blue. 
(E, F) AGS3 efficiently blocks G protein activation in the Gαi3–GIV 
complex. The steady-state GTPase activity of purified His-Gαi3 
(50 nM) alone (closed circles) or in complex with His-GIV-CTs (open 
circles) was determined in the presence of the indicated amounts 
(0, 0.11, 0.055, 0.11, 0.275, 0.55, 1.1, and 2.2 μM) of purified 
His-AGS3 (aa 424–650) by quantification of the amount of [γ-32P]GTP 
(0.5 μM, ∼50 cpm/fmol) hydrolyzed in 10 min. Data are expressed as 
fmol radioactive phosphate (32Pi) released (absolute GTPase activity, 
E). The same data were normalized to the GTPase activity in the 
absence of His-AGS3 and expressed as % of 32Pi released (fold 
activation, F) by the G protein alone (closed circles) or in complex with 
His-GIV-CTs (open circles) in the absence of His-AGS3. Results are 
shown as mean ± SD of a representative experiment out of three 
performed in duplicate. (G) Schematic representation of the reversible 
regulation of Gαi3 activity by AGS3 GDI and GIV GEF.

complexes and their G protein activity are consistent with previous 
reports (Tall and Gilman, 2005; Thomas et al., 2008). Addition of 
His-GIV terminus (CTs) (aa 1660–1870, which contains GIV’s GEF 
motif) increased the GTPase activity of His-Gαi3:GST-AGS3 
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complexes and His-Gαi3 alone in a dose-
dependent manner (Figure 2B) and with 
equal potency (up to approximately three-
fold in the presence of 2 μM His-GIV-CTs, 
the maximal concentration tested) (Fig-
ure 2C). These results demonstrate that 
GIV’s GEF function can efficiently activate 
Gαi3 when the latter is complexed with the 
GDI AGS3.

Next we investigated whether AGS3 
could similarly inhibit Gαi3 when the latter is 
in a complex with GIV and found indeed this 
is the case: The activity of Gαi3 in purified 
His-Gαi3:His-GIV-CTs complexes (1:1 stoichi-
ometry; Figure 2D) was increased approxi-
mately threefold compared with uncom-
plexed Gαi3 (Figure 2E), which is consistent 
with the maximal activation achieved by His-
GIV-CTs in dose-response studies (Fig-
ure 2C) (Garcia-Marcos et al., 2009, 2010). 
Addition of His-AGS3 inhibited the GTPase 
activity of both His-Gαi3 and His-Gαi3:His-
GIV-CTs in a dose-dependent manner (Fig-
ure 2E) and with equal potency (Figure 2F), 
virtually abolishing it in the presence of 
2.2 μM His-AGS3, the maximum concentra-
tion tested. These results demonstrate that 
AGS3 can efficiently inhibit Gαi3 when the 
latter is complexed with its GEF, GIV.

Taken together these results indicate 
that the regulation of Gαi3 activity by AGS3 
and GIV works as a reversible reaction that 
can proceed in either direction, that is, acti-
vation or inactivation, depending on the 
relative concentrations of AGS3 and GIV 
(see Figure 2G).

GIV and AGS3 compete for binding  
to Gαi3
To investigate whether reversible modula-
tion of Gαi3 activity by GIV and AGS3 de-
pends on their intermolecular interactions, 
we took advantage of the available struc-
tural information. We compared the homo-
logy model (Figure 3A) of GIV’s GEF motif 
bound to Gαi3, which we previously vali-
dated (Garcia-Marcos et al., 2009), with the 
crystal structure of Gαi1 bound to the Gαi/o-
Loco (GoLoco) motif of RGS14, which is ho-
mologous to the GoLoco motifs in AGS3 
that are responsible for its GDI activity 
(Kimple et al., 2002). Comparative analysis 
revealed that GIV’s GEF and RGS14’s Go-
Loco motifs have overlapping binding sites 
on Gαi in that both dock onto the cleft 
formed between the switch II and the α3 he-
lix of the G protein (Figure 3A), suggesting 
that AGS3 and GIV might compete for bind-
ing to Gαi3. To test this possibility, we first 
determined whether increasing concentra-
tions of His-GIV-CTs are capable of displac-
ing His-Gαi3 from His-Gαi3:GST-AGS3 com-
plexes and found that this is the case: With 

FIGUrE 3: GIV-CTs and AGS3 compete for binding to Gαi3. (A) GIV’s GEF motif and RGS14’s 
GoLoco motif have overlapping binding sites on Gαi subunits. Left, a homology model of GIV’s 
GEF motif (shown in red) bound to GDP–Gαi3 was generated as described previously (Garcia-
Marcos et al., 2009) using the structure of the synthetic peptide KB-752 bound to Gαi1 (PDB:1Y3A) 
as a template. Right, structural model of RGS14’s GoLoco motif (shown in pink) bound to Gαi1 was 
generated using the coordinates of the published crystal structure (Kimple et al., 2002). In both 
panels, the “ras-like” domain of Gαi3 is shown in blue, the “all-helical” domain in yellow, and the 
three “switch” regions (SI, SII, and SIII) in green. GIV’s GEF and RGS14’s GoLoco motifs dock onto 
the same cleft formed between the switch II and the α3 helix of the G protein. (B) GIV-CTs 
displaced Gαi3 from Gαi3–AGS3 complexes. Purified His-Gαi3:GST-AGS3 complexes were 
incubated with increasing amounts of His-GIV-CT (0, 0.5, 1, and 2 μM), and subsequently the 
GST–AGS3-bound complexes were immobilized on glutathione-agarose beads followed by 
centrifugation. GST–AGS3-bound proteins in the pellet were eluted with SDS–PAGE sample 
buffer. Bound proteins (left panel) and unbound proteins (right panel) were analyzed for His 
(His-Gαi3, His-GIV-CTs) and AGS3 (GST-AGS3) by immunoblotting (IB). His-Gαi3 was simultaneously 
depleted from the GST–AGS3-bound fraction (left panel) and enriched in the supernatant (right 
panel). Note that under these experimental conditions binding of His-Gαi3:GST-AGS3 complexes 
to glutathione-agarose beads is incomplete, as evidenced by its presence in the supernatant even 
in the absence of His-GIV-CTs (right panel, first lane). (C) GIV-CTs displaces AGS3 from Gαi3–AGS3 
complexes. GST–Gαi3 was incubated with His-AGS3 (0.1 μg) overnight at 4°C. The unbound 
His-AGS3 was washed, and the GST–Gαi3-bound complexes were then incubated with increasing 
amounts His-GIV-CTs (0, 1.2, 1.8 μM). GST–Gαi3-bound proteins were eluted with SDS–PAGE 
sample buffer and analyzed for His (His-GIV-CTs, His-AGS3) and Gαi3 (GST-Gαi3) by IB. Increased 
His-GIV-CTs binding to GST-Gαi3 are accompanied by decreased His-AGS3 binding. (D) AGS3 
sequesters Gαi3 from Gαi3–GIV complexes. Purified His-Gαi3:His-GIV-CTs complexes were 
incubated with increasing amounts of GST–AGS3 (0, 0.05, 0.1, and 0.5 μM), and the resulting 
GST–AGS3-bound complexes were immobilized on glutathione-agarose beads followed by 
centrifugation. GST–AGS3-bound proteins in the pellet were eluted with SDS–PAGE sample 
buffer. Bound proteins (left panel) and unbound proteins (right panel) were analyzed for His 
(His-Gαi3, His-GIV-CTs) and AGS3 (GST-AGS3) by IB. His-Gαi3 was depleted from the supernatant 
(right panel) and concomitantly enriched in the GST–AGS3-bound complexes with increasing 
His-GIV-CTs concentration. (E) AGS3 displaces GIV from Gαi3–GIV complexes. GST–Gα i3 was 
incubated with His-GIV-CTs (6 μg) overnight at 4°C. The unbound His-GIV-CTs were washed, and 
the GST–Gαi3-bound complexes were incubated with increasing amounts His-AGS3 (0, 0.02, and 
0.04 μM). GST–Gαi3-bound proteins were eluted with SDS–PAGE sample buffer and analyzed for 
His (His-GIV-CTs, His-AGS3) and Gαi3 (GST–Gαi3) by IB. Increased binding of His-AGS3 to 
GST–Gαi3 is accompanied by decreased His-GIV-CTs binding. AGS3 displaced GIV from Gαi3 at 
lower concentrations (D, E) than those required for GIV to displace AGS3 (B, C), which is 
consistent with the fact that AGS3 has four Gαi binding sites with Kd ≈ 30–100 nM (Adhikari and 
Sprang, 2003), and GIV has only one binding site with Kd ≈ 300 nM (unpublished data).
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increasing concentrations of His-GIV-CTs, the amount of His-Gαi3 
bound to immobilized GST-AGS3 decreased with a concomitant re-
lease of His-Gαi3 into the supernatant (Figure 3B), suggesting that 
GIV competes with AGS3 for binding to Gαi3 and can displace AGS3 
from Gαi3. We confirmed this finding using a complementary ap-
proach in which His-AGS3 was prebound to immobilized GST-Gαi3 
and subsequently incubated with increasing amounts of His-GIV-
CTs. GIV displaced AGS3 from Gαi3, as evident from the decreased 
amount of His-AGS3 bound to immobilized GST-Gαi3 and the con-
comitant increase in His-GIV-CTs binding (Figure 3C). Finally, using 
GST-Gαi3 and Cos7 cell lysate or rat brain as the source of full-length 
AGS3, we confirmed that His-GIV-CTs is also capable of competing 
with and displacing full-length AGS3 from Gαi3 (unpublished data).

To investigate whether AGS3 competes with GIV for Gαi3 bind-
ing, we carried out similar assays in which we incubated His-Gαi3:His-
GIV-CTs complexes (Figure 3D) with increasing concentrations of 
GST-AGS3; the latter was subsequently immobilized on glutathione-
agarose beads and analyzed for bound Gαi3. His-Gαi3 binding to 
GST-AGS3 was accompanied by decreased Gαi3 binding to GIV-CT 
from the His-Gαi3:His-GIV-CT complexes in the supernatant 
(Figure 3D), suggesting that AGS3 sequesters Gαi3 from His-Gαi3:His-
GIV-CT complexes by competing with and displacing GIV. We con-
firmed this finding using a complementary approach in which His-
AGS3 displaced His-GIV-CTs prebound to immobilized GST-Gαi3 
(Figure 3E). Furthermore, analysis of Gαi3-bound complexes immu-
noprecipitated from Cos7 cells expressing Gαi3-FLAG revealed that 
expression of HA-AGS3 virtually abolished binding of GIV to Gαi3 
and confirmed that full-length AGS3 competes with and displaces 
full-length GIV in vivo (unpublished data). In addition, using localiza-
tion of GFP-LC3 to assess autophagic activity (as in Figure 1A), we 
confirmed prior observations by others (Pattingre et al., 2003) that 
AGS3 promotes autophagic activity in serum-starved cells and inhib-
its the anti-autophagic action of growth factors (unpublished data). 
We conclude that the reversible modulation of Gαi3 activity by AGS3 
and GIV (Figure 2) during promotion or inhibition of autophagy, re-
spectively, is a consequence of their competition for binding to the 
same site in Gαi3.

Insulin stimulation promotes binding of GIV to Gαi3 during 
recovery from starvation-induced autophagy
Next we investigated whether growth factors influence the com-
petitive binding of GIV and AGS3 to Gαi3 in vivo. When we immu-
noprecipitated Gαi3 from Cos7 cells expressing Gαi3-FLAG and im-
munoblotted for AGS3 and GIV, we found that AGS3 interacted with 
Gαi3 preferentially upon starvation, and this interaction was reduced 
by ∼75–80% upon insulin stimulation (Figure 4A). In contrast, GIV 
displayed an approximately twofold increase in binding to Gαi3 
compared with the starved state. Identical results were obtained 
when the cells were stimulated with EGF (Supplemental Figure S4), 
indicating that the pattern is common to several growth factors. 
These results demonstrate that starvation favors formation of AGS3–
Gαi3 complexes, whereas growth factors favor formation of GIV–
Gαi3 complexes and dissociation of AGS3–Gαi3 complexes. We 
conclude that AGS3–Gαi3 and GIV–Gαi3 complexes exist in equilib-
rium in living cells and that growth factor stimulation shifts the equi-
librium toward activation of Gαi3 by GIV. We anticipated that this 
shift might require the presence of a functional GEF motif in GIV and 
found that this is indeed the case. Comparison of the endogenous 
Gαi3-bound complexes in starved and insulin-stimulated GIV-WT 
and GIV-FA cells revealed that the insulin-dependent shift from 
AGS3–Gαi3 to GIV–Gαi3 complexes occurred exclusively in GIV-WT 
cells (Figure 4B). The ability of insulin to increase GIV–Gαi3 com-

FIGUrE 4: GIV’s GEF motif is required for insulin to trigger a shift in 
Gαi3 binding from AGS3 to GIV. (A) Gαi3 coimmunoprecipitates with 
AGS3 in serum-starved cells and with GIV when cells are insulin 
stimulated. Cos7 cells transiently transfected with FLAG-tagged Gαi3 
(Gαi3-FLAG) or vector control were serum starved (-) and stimulated 
with 100 nM insulin (+) for 15 min before lysis. Equal aliquots of cell 
lysates (left panel) were incubated with anti-FLAG mAb. 
Immunoprecipitated complexes (right panel) were analyzed for GIV, 
AGS3, and FLAG (Gαi3) by immunoblotting (IB). In serum-starved cells 
(-), Gαi3-bound immune complexes are enriched in AGS3, whereas 
after insulin treatment (+) these immune complexes are depleted of 
AGS3 and enriched in GIV. Identical observations were made after 
EGF treatment (Supplemental Figure S4). (B) Changes in the 
abundance of Gαi–AGS3 complexes in response to insulin require an 
intact GEF motif in GIV. Immunoprecipitation was carried out on 
lysates of serum-starved and insulin-stimulated control, GIV-WT, and 
GIV-FA cells with anti-Gαi3 IgG, and the immune complexes were 
analyzed for Gαi3, AGS3, and GIV by IB. In GIV-WT cells, the amount 
of Gαi3-bound GIV increased and the amount of Gαi3-bound AGS3 
decreased upon insulin treatment. In GIV-FA cells (GEF-deficient 
mutant), GIV does not coimmunoprecipitate with Gαi3, and the extent 
of Gαi3-bound AGS3 remains unaltered after insulin treatment.

plexes and reduce AGS3–Gαi3 complexes in GIV-WT but not in GIV-
FA cells correlates with the responsiveness of these cells to insulin 
(Figure 1, A and B), suggesting that GIV’s ability to antagonize AGS3 
(Figures 2 and 3) is required for the anti-autophagic action of insulin. 
We conclude that GIV’s GEF function facilitates the anti-autophagic 
action of insulin in part by shifting the equilibrium from AGS3–Gαi3 
toward GIV–Gαi3 and triggering activation of Gαi3.

AGS3 localizes to LC3-positive membranes and directly 
interacts with LC3
Gαi3 has been recently reported to localize to LC3-positive vesicles 
in starved cells, from which it presumably exerts its function in pro-
moting autophagy (Gohla et al., 2007). We asked whether AGS3, 
which is known to bind and inactivate Gαi3 during autophagy, also 
localizes to LC3-positive vesicles and found that this is the case. Us-
ing prepermeabilization and an affinity-purified rabbit polyclonal 
antibody characterized previously (De Vries et al., 2000; Pattingre 
et al., 2003), we found that a pool of AGS3 colocalized with GFP-
LC3–positive vesicles in HeLa cells (Figure 5A). Next we investigated 
whether AGS3 interacts with LC3 when GFP-LC3 and HA-AGS3 are 
coexpressed in Cos7 cells. AGS3 and LC3 were found in the same 
immune complexes after immunoprecipitation with either GFP 
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(Figure 5B) or HA (Figure 5C) IgG and did so regardless of whether 
or not cells were stimulated with insulin. Also, GST-LC3 bound puri-
fied His-AGS3 (Figure 5D), indicating that the LC3–AGS3 interaction 

is direct. These results demonstrate that AGS3 localizes to LC3-rich 
autophagosomal vesicles and interacts directly and constitutively 
with LC3, an autophagic effector and autophagosomal resident 
protein.

Gαi3 is recruited to LC3 by AGS3 and is released by GIV’s 
GEF function
To investigate whether Gαi3 is present in the same complexes as 
LC3 and AGS3 in vivo, we immunoprecipitated LC3 from HeLa cells 
expressing GFP-LC3 and immunoblotted the immune complexes 
for AGS3 and Gαi3. To maximize the detection of small amounts of 
endogenous proteins, cells were either maintained in 10% FBS or 
starved in the presence of lysosomal protease inhibitors (leupeptin 
and pepstatin) to stop protein degradation and promote the accu-
mulation of complexes on mature autophagolysosomes (Gohla 
et al., 2007). Endogenous Gαi3 coimmunoprecipitated with LC3 ex-
clusively in starved cells, whereas endogenous AGS3 interacted 
with LC3 irrespective of the nutrient status (Figure 6A), indicating 
that Gαi3, AGS3, and LC3 can form part of the same molecular com-
plex in vivo only after serum starvation. Using purified proteins in 
pull-down assays, we found that Gαi3 binds LC3 exclusively in the 
presence of AGS3 (Figure 6B, “bound” panels, lanes 1–4). Taken 
together these results demonstrate that AGS3 interacts constitu-
tively with LC3, whereas the interaction between Gαi3 and LC3 ob-
served in starved cells (Figure 6A) is indirect and is via AGS3.

On the basis of our finding that GIV disrupts Gαi3–AGS3 inter-
action via its GEF motif, we reasoned that GIV might similarly dis-
sociate and release Gαi3 from GST-LC3:His-AGS3:His-Gαi3 com-
plexes. We found that such is the case because His-GIV-CTs’ wild 
type, but not GEF-deficient GIV-FA mutant, displaced Gαi3 from 
GST-LC3:His-AGS3:His-Gαi3 complexes in vitro (Figure 6B, lanes 
5–8). We conclude that GIV and AGS3 have opposite effects on 
the association of Gαi3 with LC3; that is, AGS3 promotes formation 
of Gαi3–LC3 complexes whereas GIV releases Gαi3 from these 
complexes, suggesting that association of Gαi3 with LC3 and 
thereby with autophagosomes is regulated by AGS3 and GIV.

GIV’s GEF function is required to release Gαi3 from  
LC3-positive membranes upon insulin stimulation
Gαi3 has been localized to LC3-positive membranes, possibly au-
tophagolysosomes, by immunofluorescence and by cell fraction-
ation during starvation-induced autophagy (Gohla et al., 2007), and 
we found that Gαi3 associates with LC3 exclusively upon nutrient 
starvation (Figure 6A). To investigate whether GIV’s GEF function 
regulates association of Gαi3 with LC3-positive membranes, we set 
up a previously validated biochemical assay (Gao et al., 2010) in 
which we immunoisolated GFP-LC3–positive autophagosomes from 
starved HeLa cells and immunoblotted for Gαi3 (Figure 6C). Our 
GFP-LC3 immunoisolates were devoid of contaminants from other 
organelles such as Golgi, endosomes, lysosomes, or the nucleus. 
However, we found Gαi3 in these immunoisolates, thus supporting 
previous observations by several groups that Gαi3 localizes to differ-
ent autophagosomal structures (Garin et al., 2001; Gotthardt et al., 
2006; Gohla et al., 2007; Stuart et al., 2007; Gao et al., 2010). Using 
this assay we compared the levels of Gαi3 associated with GFP-LC3–
immunoisolated membranes in starved or insulin-stimulated GIV-
WT, GIV-FA, and control HeLa cell lines. Gαi3 was detected in GFP-
LC3 immunoisolates from all starved cells lines before insulin 
stimulation (Figure 6D). After 5 min insulin stimulation, Gαi3 was not 
detected in immunoisolated GFP-LC3–positive membranes in con-
trol and GIV-WT cells, whereas in GIV-FA cells there was no change 
after insulin stimulation. These findings suggest that activation of 

FIGUrE 5: AGS3 localizes to autophagosomes and interacts with the 
autophagy effector LC3. (A) GFP-LC3 and endogenous AGS3 partially 
colocalize on vesicular structures in serum-starved cells. HeLa cells 
expressing GFP-LC3 were serum starved (0.2% FBS) in the presence of 
leupeptin and pepstatin. Cells were permeabilized with 0.05% saponin, 
fixed, stained for LC3 (GFP, green, a) and for AGS3 (red, b), and 
analyzed by confocal microscopy. The merged panel (c) shows that 
AGS3 colocalizes with GFP-LC3 (yellow pixels, arrows) on some of the 
punctate autophagic structures. Bar = 10 μM. (B) AGS3 coimmuno-
precipitates with GFP-LC3 in vivo. Cos7 cells transiently cotransfected 
with GFP-LC3, and either AGS3-HA or vector control were serum 
starved as in (A) and then treated with insulin before lysis. Equal 
aliquots of cell lysates (bottom panels) were treated with GFP mAb, 
and immuno-precipitated complexes (top panels) were analyzed for 
AGS3 (HA), LC3 (GFP), and GIV by immunoblotting (IB). AGS3 and LC3 
interact both in serum-starved and insulin-stimulated cells. (C) LC3 
coimmunoprecipitates with AGS3-HA. Lysates of Cos7 cells 
coexpressing GFP-LC3 and AGS3-HA (as above) were treated with HA 
mAb, and a 1:1 mix (M) of the two lysates was treated with mouse 
preimmune IgG. Immunoprecipitated complexes were analyzed for 
AGS3 (HA) and LC3 (GFP) by IB. AGS3 and LC3 coimmunoprecipitate 
in both serum-starved and insulin-stimulated cells. (D) His-AGS3 (aa 
424–650) directly interacts with GST-LC3. Equal aliquots (15 μg) of 
GST or GST-LC3 were used in pull-down assays with 3 μg His-AGS3. 
Bound proteins were visualized by IB for His-AGS3. AGS3 binds 
GST-LC3 but not the GST control.
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FIGUrE 6: AGS3 links Gαi3 to LC3 by forming a ternary (Gαi3–AGS3–LC3) complex, and GIV’s GEF motif is required for 
the release of Gαi3 from this complex. (A) Endogenous AGS3 and Gαi3 coimmunoprecipitate with GFP-LC3. HeLa cells 
expressing GFP-LC3 or vector control were maintained in either 10% FBS (−) or Hank’s balanced salt solution (HBSS) 
media (+) in the presence of leupeptin and pepstatin for 12 h before lysis. Immunoprecipitation was carried out on equal 
aliquots of cell lysates (right panel) using anti-GFP IgG, and the bound immune complexes (lanes 1–3) were analyzed for 
LC3 (GFP-LC3), Gαi3, and AGS3 by immunoblotting (IB, left panel). AGS3 is present in LC3-bound complexes under 
both 10% serum (−) and HBSS-starved (+) conditions (lanes 2 and 3), whereas Gαi3 is present exclusively upon starvation 
(lane 3). Neither AGS3 nor Gαi3 were detected in GFP immunoprecipitates from cells transfected with vector control 
(lane 1). (B) His-Gαi3 binds GST-LC3 in the presence of His-AGS3 and can be displaced by His-GIV-CTs WT, but not by 
His-GIV-CTs FA. Equal aliquots of GST (lane 1) or GST-LC3 (15 μg, lanes 2–8) were incubated with either His-AGS3 alone 
(lane 2), His-Gαi3 alone (lane 3), or both proteins simultaneously (lanes 1 and 4–8) for 8–12 h at 4°C. After removing the 
unbound excess, GST–LC3-bound complexes were subjected to a second binding assay with increasing amounts (2 and 
6 μg) of either WT His-GIV-CTs (lanes 5 and 6) or FA-mutant (lanes 7 and 8) (see bottom panel, “inputs”). GST–LC3-
bound proteins were eluted with sample buffer and “bound” and “unbound” proteins were analyzed for Gαi3 (His-Gαi3), 
AGS3 (His-AGS3), and GIV (His-GIV-CTs). AGS3 directly binds LC3 (top panels, lane 2), but Gαi3 binds LC3 exclusively in 
the presence of AGS3 (top panels, compare lanes 3 and 4). His-GIV-CTs WT decreased the amount of His-Gαi3 bound to 
GST-LC3 (top panels, lanes 5 and 6) and concomitantly increased the amount of His-Gαi3 released into the supernatants 
(middle panel, lanes 5 and 6). In the case of mutant His-GIV-CTs FA, the amount of His-Gαi3 bound to GST-LC3 did not 
change (top panels, lanes 7 and 8). (C) Immunoisolation of GFP-LC3–positive vesicles. HeLa cells expressing GFP-LC3 or 
vector control were serum starved in the presence of leupeptin and pepstatin, homogenized, and processed for 
subcellular fractionation (see Materials and Methods). The crude membrane fraction (P100) was resuspended in 
homogenization buffer and incubated with anti-GFP IgG (mAb) and protein G beads. Equal aliquots of the P100 or 
immunoisolated LC3-positive membranes (immunoisolates: GFP antibody) were immunoblotted for GIV, AGS3, Gαi3, 
GFP-LC3 (left panels), and various organelle markers: transferrin receptor (Tfr, endosomes), EEA1 (early endosomes), 
calnuc (ER-Golgi), and GFP-LC3 (autophagosomes) (right panels). GFP-LC3, AGS3, and Gαi3 were detected in the GFP 
immunoisolates whereas GIV, Tfr, EEA1, and calnuc were not. Additionally, βCOP, cathepsin D, and lamin A, markers of 
ER-Golgi, lysosomes, and nuclear envelope, respectively, were also undetectable (unpublished data), indicating that 
LC3-positive membrane isolates were free of significant contaminants. (D) Upon insulin stimulation, Gαi3 is depleted 
from immunoisolated LC3-positive vesicles in GIV-WT but not GIV-FA cells. Control, GIV-WT, and GIV-FA HeLa cells were 
treated with scrambled (Scr) or GIV siRNA, followed by transient transfection with GFP-LC3 as in Figure 1B. Cells were 
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Gαi3 by GIV’s GEF function is required for release of Gαi3 from LC3-
positive membranes after insulin stimulation. On the basis of our 
findings, we propose (Figure 6E) that in the absence of growth fac-
tors inactive Gαi3 is recruited to LC3-positive membranes via its in-
teraction with GoLoco motifs on AGS3, which directly binds LC3 on 
phagosome membranes. In the presence of growth factors, activa-
tion of Gαi3 by GIV’s disrupts its association AGS3–LC3 complexes, 
provoking release of Gαi3 from LC3-positive membranes. Taken to-
gether with our finding that GIV’s GEF function is required for en-
hancement of anti-autophagic growth factor signals (Figure 1), we 
propose a working model in which GIV inhibits autophagy by coor-
dinately promoting Gαi3 release from Gαi3–AGS3–LC3 complexes 
on membranes and enhancing anti-autophagic growth factor signal-
ing (see Figure 7A legend).

Analysis of protein–protein interaction map
To better understand the molecular links between the autophagic 
machinery, growth factor receptors, G proteins, and GIV, we gen-
erated a protein–protein interaction map using the interologous 
interaction database (Brown and Jurisica, 2005; Brown et al., 
2009) and STRING (von Mering et al., 2005), a functional interac-
tion database. It shows that the shortest link between G protein 
and the autophagic machinery is via AGS3 and that AGS3 links 
inactive Gi to LC3. On the other hand, GIV links a variety of growth 
factor receptors and the anti-autophagic PI3K-mTOR pathway via 
active Gαi. The entire web of pro- and anti-autophagic pathways 
summarized in the network is on average only two protein–pro-
tein interactions away from the G protein Gαi3, which serves as 
the pivot of a seesaw-like balance flanked by AGS3 and GIV. This 
is in keeping with our findings and proposed model that AGS3 
and GIV antagonistically balance G protein activity and thereby 
maintain the delicate equilibrium of autophagy. In support of their 
antagonistic roles in regulating autophagy, AGS3 has no direct 
link to anti-autophagic growth factor signals (Figure 7B, red) and 
GIV has no direct link to the proautophagic machinery (Figure 7B, 
green). In addition to the autophagy-related interactions, a num-
ber of direct and indirect interactions occur between G proteins 
or their modulators and proteins that mediate asymmetric cell di-
vision (Figure 7B, yellow) or regulate apoptosis (Figure 7B, blue). 
Such signaling interactions imply coordination between au-
tophagy, apoptosis, and cell division, all of which are known to 
involve nutrient sensing, G proteins, and growth factor receptors 
(Willard et al., 2004; Yanamadala et al., 2009).

DISCUSSION
GIV regulates autophagy by balancing G protein activity 
and growth factor signals
In this work we describe GIV, a nonreceptor GEF for Gαi3 
(Garcia-Marcos et al., 2009), as a novel regulator of autophagy 

and provide mechanistic insights into how the roles of G protein 
activity and growth factor signaling are intertwined in regulation 
of autophagy. We found that HeLa–GIV-WT cells expressing GIV 
with a functional GEF motif show the expected increase in au-
tophagy when starved and inhibition of autophagy when main-
tained in serum or when stimulated with insulin. By contrast, 
HeLa–GIV-FA cells expressing a GEF-deficient mutant of GIV 
that cannot activate Gαi3 demonstrate high levels of autophagy 
not only when starved but also when grown in the presence of 
serum or after insulin stimulation. Because GIV-WT and GIV-FA 
cells differ by a single point mutation that selectively and spe-
cifically disrupts GIV’s GEF activity (Garcia-Marcos et al., 2009), 
we conclude that GIV inhibits autophagy in the presence of 
serum and orchestrates cellular recovery from autophagy by ac-
tivating Gαi upon insulin stimulation.

We show that the striking differences in the levels of autophagy 
and insulin responsiveness between GIV-WT and GIV-FA cells are 
also accompanied by a contrasting set of signaling programs. 
Insulin-responsive GIV-WT cells preferentially enhance the 
anti-autophagic PI3K→Akt→mTOR pathway and inhibit the 
proautophagic Ras→Raf→MEKK→ERK1/2 signals, whereas insu-
lin-resistant GIV-FA cells do the opposite. This indicates that GIV’s 
GEF domain, which activates Gαi, is crucial for the selective activa-
tion of the class 1 PI3K-mTOR pathway and suppression of the 
Ras-Raf-MEKK-ERK pathway, thereby creating a divergence in PI3K 
and ERK signals downstream of the insulin receptor. We recently 
reported that identical PI3K/Akt- versus ERK-divergent signaling is 
also observed when GIV-WT and GIV-FA cells are stimulated with 
EGF and showed that GIV’s GEF function directly links Gαi activity 
to ligand-activated EGFR at the PM and thereby affects receptor 
autophosphorylation, adaptor recruitment, endocytic trafficking, 
and degradation (Ghosh et al., 2010). It will be interest to deter-
mine whether GIV refines insulin receptor signals via similar mech-
anisms that involve G protein pathways. Consistent with this pos-
sibility, Gαi activation was implicated by others (Cao et al., 2009) as 
a prerequisite for enhancement of mTOR signals by growth fac-
tors. Our findings identify GIV’s GEF motif as the missing link be-
tween growth factor receptors and G protein–dependent mTOR 
signals.

We conclude that GIV regulates the cellular response to growth 
factors during autophagy via modulation of Gαi activity. Poised at 
the crossroads of G protein and growth factor signaling pathways 
(Ghosh et al., 2010), GIV increases insulin responsiveness by acti-
vating Gαi and thereby coordinates cellular recovery from au-
tophagy.

GIV’s GEF function antagonizes pro-autophagic G protein 
signaling via AGS3, a GDI
Our finding that G protein activity is reversibly regulated by the an-
tagonistic action of GIV (a GEF that activates Gi) and AGS3 (a GDI 

serum starved and stimulated with insulin and homogenized, and equal aliquots of P100 fractions (100,000 × g pellets) 
(bottom panel) were incubated with GFP mAb for immunoisolation of GFP-LC3–positive membranes as in Figure 6C. 
Immunoisolates were analyzed for the presence of LC3 (GFP), Gαi3, AGS3, and GIV by IB. Gαi3 was detected in 
LC3-positive immunoisolates in all cell lines when serum starved (lanes 1, 3, and 5). Upon insulin treatment, Gαi3 was 
undetectable in controls (lane 2) and GIV-WT cells (lane 4) but present in GIV-FA cells (lane 6). (E) Schematic 
representation of the interplay between Gαi3, its modulators GIV and AGS3, and the autophagic effector LC3. In the 
absence of growth factors (left), AGS3 localizes to LC3-positive membranes by virtue of its direct, constitutive 
interaction within LC3. AGS3 recruits Gαi3 to these LC3-positive membranes on which Gαi3–AGS3–LC3 ternary 
complexes are assembled. On insulin stimulation (right), GIV binds Gαi3 and releases it from the Gαi3–AGS3–LC3 ternary 
complex assembled on membranes. This phenomenon is associated with inhibition of autophagosome formation and 
recovery from autophagy.
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FIGUrE 7: Proposed working model and protein–protein interaction map. (A) Working model. 
In the absence of growth factors (top left), Gαi3 preferentially interacts with AGS3, its GDI, 
which maintains it inactive (Gαi3–GDP). The Gαi3–AGS3 complex localizes to LC3-positive 
structures via a direct interaction between AGS3 and LC3, thereby promoting autophagy (i.e., 
maturation of preautophagosomal structures into mature LC3-positive structures; green panel, 
bottom). In the presence of growth factors (top panel, right), Gαi3 is activated (Gαi3–GTP) by 
GIV, its GEF, which 1) enhances the anti-autophagic class I PI3K-Akt-mTOR signaling pathway at 
the PM and 2) releases active Gαi3 from Gαi3–AGS3–LC3 complexes assembled on membranes, 
thereby directly inhibiting autophagosome formation and maturation. It is possible that signaling 
programs modulated by GIV’s GEF function at the PM also influence the equilibrium between 
Gαi3–AGS3 and Gαi3–GIV as a regulatory feedback loop (interrupted arrow). Further studies will 
be required to pinpoint the specific LC3-positive compartment where Gαi3 localizes and the 
precise role of this G protein in regulating autophagosome maturation. (B) Proposed protein–
protein interaction map for Gαi3, GIV, and AGS3 showing the shortest functional links that 
integrate pro- or anti-autophagic signaling by growth factors and G protein pathways in 

balancing the process (initiation and reversal) 
of autophagy. Functional interactions 
between Gαi3 and its modulators analyzed in 
this (GIV and AGS3) and other studies 
(RGS19/GAIP; Ogier-Denis et al., 1997) in the 
context of autophagy are shown. These are 
based on interactions listed in the I2D (Brown 
and Jurisica, 2005; Brown et al., 2009), 
STRING (http://string-db.org/), and 
MitoCheck (www.mitocheck.org) databases 
and validated in the literature. For simplicity, 
this interaction map includes only the 
experimentally validated functional 
interactions that are relevant to G protein 
and growth factor signaling during 
autophagy. The proteins of the autophagic 
pathway (green) are linked to Gαi3 by a direct 
interaction (identified in this work and 
highlighted with a bold red line) between the 
GDI AGS3 (GPSM1) and LC3 (ATG8). The 
proteins of the anti-autophagic growth 
factor/nutrients (growth factor receptors, 
G protein–coupled receptors) and mTOR 
signaling pathways (red) are linked to G 
protein signaling via GIV (Girdin), the GEF 
that directly interacts with and activates Gαi3 
(resulting in Gαi3–GTP). The protein network 
also reveals that processes such as apoptosis 
(blue) and asymmetric cell division (yellow) 
are likely to be influenced by modulation of 
G protein activity by either this or other such 
pairs of GDI(s) and GEF(s). 

that inhibits Gi) provides a novel paradigm 
in the field of heterotrimeric G protein sig-
naling. The canonical view of the G protein 
activation cycle depicts a unidirectional pro-
cess in which G protein–coupled receptors 
(GPCRs; canonical GEFs) act on the het-
erotrimeric complex formed by Gα and Gβγ 
subunits (canonical GDI) (Gilman, 1987), 
with the unidirectionality of this process en-
sured by the fact that activation of Gα sub-
units by GPCRs cannot be antagonized by 
Gβγ. Recent work (Thomas et al., 2008) on 
the nonreceptor GEF Ric-8A and the nonca-
nonical GDI AGS3 also depicts a unidirec-
tional process, that is, activation of Gα–AGS3 
complexes by Ric-8A that cannot be antag-
onized by AGS3. We demonstrate here that 
regulation of Gαi3 activity by GIV and AGS3 
does not conform to the existing unidirec-
tional paradigm—GIV can activate Gαi–
AGS3 complexes and, conversely, AGS3 
can inhibit the activation of Gαi–GIV com-
plexes. Thus regulation of Gαi3 activity by 
GIV and AGS3 is a bidirectional process 
and, as such, defines a novel paradigm in 
heterotrimeric G protein signaling.

We further provide the structural basis 
for such bidirectional signaling by demon-
strating that GIV and AGS3 compete for 
binding to an overlapping site on Gαi3. 
Of note, the structural features of AGS3 
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responsible for its GDI activity are highly conserved in other GoLoco 
motif–containing proteins (Willard et al., 2004), rendering it likely 
that the molecular interplay between GIV and AGS3 in regulating 
G protein activity shown in this work applies to other GoLoco motif–
containing GDIs. The biological relevance of such molecular inter-
play with GIV in other physiological processes in which GoLoco 
motif–containing proteins have been previously implicated (e.g., 
cell division) (Willard et al., 2004) remains to be investigated.

Our results provide evidence that reversible regulation of Gαi3 
by GIV and AGS3 can occur in vivo in response to growth factors 
and that this phenomenon is regulated by GIV’s GEF function. Gαi3 
preferentially interacts with its inhibitor, AGS3, in starved cells, 
whereas upon growth factor stimulation Gαi3 preferentially interacts 
with its activator, GIV, thereby increasing the total G protein activity 
in vivo. This shift from AGS3–Gi to GIV–Gi complexes occurred ex-
clusively in the presence of a functional GEF motif in GIV, indicating 
that the competitive binding of GEF and GDI to Gαi seen in vitro 
also occurs in vivo. The yin-yang effect of GIV and AGS3 on Gαi3 
described herein correlates with their respective roles in reversibly 
inhibiting and promoting autophagy and provides a physiological 
explanation for prior observations showing that constitutively active 
mutants of Gαi3 inhibit whereas inactive mutants promote au-
tophagy (Ogier-Denis et al., 1996, 1997). The precise molecular 
mechanisms that govern growth factor–stimulated shifts in Gαi-
bound complexes from GDI to GEF in vivo remain unknown. We 
speculate that signaling programs (i.e., PI3K-Akt vs. ERK) that are 
initiated by growth factor receptors could trigger posttranslational 
modifications such as phosphorylation and/or altered localization of 
Gαi3, AGS3, or GIV and thereby shift the composition of Gαi3-bound 
complexes. Interestingly, these signaling programs are also modu-
lated by GIV’s GEF function (Figure 1, F and G), and it is possible 
that loops of feedback regulation exist (Figure 7A).

regulation of Gαi3 localization to LC3-positive membranes
Here we propose a model for the regulation of Gαi3 localization to 
LC3-positive membranes by growth factors. Previous work (Gohla 
et al., 2007) showed that upon serum starvation inactive Gαi3 
localizes to LC3-positive vesicular structures, probably autophago-
lysosomes; promotes autophagy; and is rapidly redistributed after 
insulin stimulation, coincident with recovery from autophagy. How-
ever, the basis for this dynamic localization has been poorly under-
stood. We show that in the absence of growth factors Gαi3 is found 
in LC3-positive membranes and exists in a complex with AGS3 and 
the autophagic effector LC3. Within these complexes AGS3 directly 
binds to LC3 and serves as the molecular bridge that recruits Gαi3 to 
LC3-positive autophagosomal membranes during autophagy. After 
insulin stimulation Gαi3 is released from immunoisolated LC3-posi-
tive membranes only when GIV’s GEF motif is intact, consistent with 
the ability of GIV’s GEF function to activate and release Gαi3 from 
AGS3–LC3 complexes in vitro. Our results using the immunoisola-
tion approach not only recapitulate prior observations made by im-
munofluorescence (Gohla et al., 2007) but also provide the molecu-
lar basis for the dynamic cycling of Gαi3 on and off autophagosomal 
membranes.

The precise LC3-positive compartment on which Gαi3 localizes 
and the molecular mechanism by which Gαi3 promotes autophagy 
are unclear. While Ghola and colleagues (2007) reported findings 
consistent with the presence of Gαi3 on autophagolysosomes, a late 
autophagosomal compartment, previous work (Pattingre et al., 
2003) has demonstrated that when AGS3 binds and keeps Gαi3 in-
active, an early step in autophagosome formation is triggered. 
Others (Gotthardt et al., 2006) have also speculated that Gαi3 

plays an essential role early during initiation of autophagy based on 
proteomic studies of isolated autophagic compartments demon-
strating G protein recruitment early during autophagy. Our work 
defines the mechanism of reversible association of Gαi3 with LC3-
positive, autophagosome-like membranes: AGS3 maintains inactive 
Gαi3 on these membranes in starved cells whereas GIV activates and 
releases Gαi3 from LC3-positive vesicles after growth factor stimula-
tion. Because the levels of Gαi3 and AGS3 proteins did not change 
significantly during serum starvation, with or without lysosomal pro-
tease inhibitors (unpublished data), we propose that LC3–AGS3–
Gαi3 complexes are unlikely to form on internal membranes that 
undergo lysosomal degradation during autophagy. Instead, they 
are likely to be formed predominantly on the outer membrane of 
the multilamellated autophagic bodies enriched in LC3 such that 
they are accessible to cytosolic GIV (Figure 7A). Because GIV was 
not found on immunoisolated LC3-positive membranes by us (Fig-
ure 6C) or by others using autophagosome proteomics (Garin et al., 
2001; Gotthardt et al., 2006; Stuart et al., 2007), we propose that 
GIV may be transiently recruited to LC3-positive membranes to re-
lease Gαi3 from the membrane-bound AGS3–LC3 complexes and 
thereby inhibit autophagy. Although the role of inactive Gαi3 in trig-
gering autophagosome formation remains unresolved, it is possible 
that mammalian Gαi3, much like the yeast Gα subunit, Gpa1, binds 
and activates PI3K class III (Slessareva et al., 2006), an enzyme activity 
known to be essential in autophagosome biogenesis (Meijer and 
Codogno, 2004).

AGS3 and GIV coordinate anti-autophagic signals from 
distinct locations in cells
On the basis of our results, we propose a working model (Figure 7A) 
and a protein–protein regulatory network (Figure 7B), both of which 
highlight Gαi3 activity as the pivot on which levels of autophagy are 
reversibly balanced. Our results suggest that AGS3 and GIV exert 
their regulatory roles during either starvation-induced autophagy or 
insulin-triggered recovery by modulating Gαi3 activity on LC3-positive 
membranes. We also demonstrate an obligate requirement of GIV’s 
GEF motif and G protein activation in enhancement of the anti-au-
tophagic PI3K-mTOR pathway by insulin, which is known to occur at 
the PM (Beugnet et al., 2003; Meijer and Codogno, 2004). We pro-
pose that activation of Gαi3 by GIV during insulin-mediated reversal 
of autophagy occurs at least at two distinct locations: on LC3-positive 
membranes to promote Gαi3 release from AGS3–LC3 complexes and 
at the PM to enhance class 1 PI3K-mTOR signals triggered by growth 
factor receptors, as we showed in the case of EGF-triggered PI3K-Akt 
signals (Ghosh et al., 2010). Whether these two processes occur se-
quentially or simultaneously and what their relative contributions are 
during recovery from autophagy remain to be elucidated.

In conclusion, we have integrated GIV within the signaling net-
works that balance the delicate equilibrium of autophagy and have 
described a novel molecular mechanism by which this nonreceptor 
GEF orchestrates reversal of autophagy by activating Gαi3. The 
mechanistic insights gained herein not only define a new paradigm 
in yin-yang reversible regulation of Gα activity by paired modulators 
AGS3 and GIV but also pinpoint the hitherto elusive link between 
the G protein, its modulators, and the autophagosome-resident 
molecular machinery.

MATERIALS AND METHODS
EM
Samples were processed as described in Takeda et al. (2001), 
viewed using a JEOL 1200EX II transmission electron microscope, 
and photographed using a Gatan Orius 600 digital camera. Pixel 
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size was calibrated by Pelco grating replica 607 (Ted Pella, Redding, 
CA) with measurements performed in ImageJ. Cells were randomly 
chosen using the sampling criteria that the section contained both 
Golgi stacks and the nucleus. Autophagosomal structures were 
identified as vesicles containing heterogeneous, multilamellar in-
traluminal material, and the numbers per cell profile were counted 
using these criteria. To eliminate investigator bias, samples were 
analyzed in a blinded manner.

Protein purification
GST, GST-Gαi3, GST-LC3, GST-AGS3 (aa 465–650), His-Gαi3, His-
AGS3 (aa 424–650), and His-GIV-CTs (aa 1660–1870) constructs 
were expressed in Escherichia coli and purified exactly as described 
previously (Garcia-Marcos et al., 2009, 2010). AGS3–Gαi3 complexes 
were purified after overnight incubation of GST-AGS3 with excess 
His-Gαi3 at 4°C in the presence of 10 μM GDP and 5 mM MgCl2 by 
glutathione-Sepharose 4B affinity chromatography. After removal of 
excess His-Gαi3, the protein complexes were eluted and buffer ex-
changed into G protein storage buffer and stored at −80°C. GIV–
Gαi3 complexes were purified by incubating 40 μM His-GIV-CTs and 
40 μM His-Gαi3 at 4°C overnight in the presence of 10 μM GDP and 
5 mM MgCl2 followed by gel filtration chromatography in a Super-
dex 200 10/300 GL column using an AKTA fast-performance liquid 
chromatography apparatus (GE Healthcare). The protein complexes 
were concentrated in G protein storage buffer using Ultracel-10K 
centrifugal filters (Millipore, Billerica, MA), aliquoted, and stored 
at −80°C.

Immunoprecipitation, in vitro binding, and displacement 
assays
Cell lysates (∼1–2 mg protein) were incubated 4 h at 4°C with 2 μg 
anti-FLAG monoclonal antibody (mAb) for immunoprecipitation of 
Gαi3-FLAG (Figure 4A and Supplemental Figure S4), anti-Gαi3 
polyclonal antibody (pAb) (Santa Cruz Biotechnology, Santa Cruz, 
CA) for immunoprecipitation of endogenous Gαi3, anti-HA 
(Covance, Princeton, NJ) for immunoprecipitation of AGS3-HA, anti-
GFP mAb (Invitrogen, Carlsbad, CA) for immunoprecipitation of GFP-
LC3 and immunoisolation of LC3-positive vesicles or their respective 
preimmune control IgGs. Protein A (for Gαi3 pAb) or G (for all other 
mAbs) agarose beads (Invitrogen) were added and incubated at 4°C 
for an additional 60 min. Beads were washed and then resuspended 
and boiled in SDS sample buffer. Buffers were supplemented with 
100 μM sodium orthovanadate for all steps of the assay.

For the Gαi3 displacement assays, purified His-Gαi3 GST-AGS3 
or His-Gαi3:His-GIV-CT complexes were incubated with increasing 
amounts of His-GIV-CT or GST-AGS3 in 240 μl buffer identical to 
that used in the GTPase assays (20 mM Na-HEPES, pH 8, 100 mM 
NaCl, 1 mM EDTA, 2 mM MgCl2, 1 mM dithiothreitol [DTT], 0.05% 
[wt/vol] C12E10 supplemented with 0.5 μM GTP) for 30 min at 
30°C. Then 20 μl glutathione-agarose beads were added to the 
tubes and incubated for 60 min at 4°C. After extensive washing, 
proteins bound to the beads were eluted with sample buffer for 
SDS–PAGE. The experiments investigating displacement of AGS3 
by GIV and vice versa were performed as previously described 
(Ghosh et al., 2008; Garcia-Marcos et al., 2009) with minor modi-
fications. Briefly, GST-Gαi3 (1 μg) immobilized on glutathione-aga-
rose beads was incubated with His-GIV-CT (6 μg) or His-AGS3 (0.1 
μg) in binding buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.4% 
[vol/vol] NP-40, 10 mM MgCl2, 5 mM EDTA, and 2 mM DTT, sup-
plemented with 30 μM GDP) overnight at 4°C. Samples were 
washed several times with binding buffer to remove the unbound 
His-GIV-CTs or His-AGS3 and subsequently incubated in binding 

buffer for 4 h at 4°C with different amounts of His-AGS3 (0, 0.02, 
0.04 μM) or His-GIV-CTs (0, 1.2, 1.8 μM) as indicated. After exten-
sive washing (4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4, 137 mM 
NaCl, 2.7 mM KCl, 0.1% [vol/vol] Tween 20, 10 mM MgCl2, 5 mM 
EDTA, and 2 mM DTT supplemented with 30 μM GDP), bound 
proteins were eluted with sample buffer for SDS–PAGE.

For the Gαi3–AGS3–LC3 ternary complex experiments, GST 
pull-down assays were carried out as previously described (Ghosh 
et al., 2008; Garcia-Marcos et al., 2009) with minor modifications. 
Purified GST-LC3 (15–20 μg) or GST alone (30 μg) was immobilized 
on glutathione-Sepharose beads and incubated at 4°C overnight 
in binding buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.4% [vol/
vol] NP-40, 10 mM MgCl2, 5 mM EDTA, 2 mM DTT, and 30 μM 
GDP) containing His-AGS3, His-Gαi3, or a 1:3 ratio of His-AGS3:His-
Gαi3. The following day, the excess unbound AGS3 and Gαi3 pro-
teins were removed by washing, and the GST–LC3-bound com-
plexes resuspended in binding buffer with increasing amounts (0, 
2, and 6 μg) of His-GIV-CTs WT or F1685A mutant. After incuba-
tion at 4°C for 4 h, the beads were washed (4.3 mM Na2HPO4, 
1.4 mM KH2PO4, pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.1% [vol/
vol] Tween 20, 10 mM MgCl2, 5 mM EDTA, 2 mM DTT, and 30 μM 
GDP), and bound proteins were eluted in sample buffer for SDS–
PAGE.

Immunofluorescence on whole cell and semithin 
cryosections
Cells were fixed at room temperature with 3% paraformaldehyde 
for 20–25 min, permeabilized (0.2% Triton X-100) for 45 min, and 
incubated for 1 h each with primary and then secondary antibodies 
as described previously (Ghosh et al., 2008). Antibody dilutions 
were as follows: affinity-purified AGS3 pAb, 1:250; GFP mAb, 
1:1000; affinity-purified pAb LC3, 1:100; secondary goat anti–rab-
bit (594) and goat anti–mouse (488) Alexa-conjugated antibodies, 
1:500; and 4′,6-diamino-2-phenylindole (DAPI), 1:2000 (Invitro-
gen). Samples were examined with a Zeiss Axiophot microscope 
(Carl Zeiss, Thornwood, NY) using a 63 × 1.30 numerical aperture 
(NA) (Zeiss Plan Neofluar), and images were collected with the 
ORCA-ER camera (Hamamatsu, Bridgewater, NJ) and Volocity 
Software. All individual images were processed using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD) and assembled 
for presentation using Photoshop and Illustrator software (both 
Adobe).

For immunofluorescence on semithin cryosections, sections 
(0.5–1 μm) were cut with a Leica Ultracut UCT microtome equipped 
with a FCS cryoattachment (Fukasawa et al., 2009) at −100°C and 
incubated with primary antibodies overnight at 4°C followed by de-
tection with Alexa 594 goat anti–rabbit and 488 goat anti–mouse 
IgG in phosphate-buffered saline containing 5% FCS for 2 h at room 
temperature. Samples were examined, and images were captured 
as above.

For colocalization of AGS3 with GFP-LC3, HeLa cells were 
starved for 8 h in 0.2% FBS/DMEM, supplemented with lyso-
somal inhibitors (10 μg/ml leupeptin and pepstatin) (Sigma), 
permeabilized with 0.05% saponin (Sigma) for 50 s at 25°C be-
fore fixation, and processed for immunofluorescence as above. 
Cells were analyzed by confocal microscopy using 60× PlanApo 
N objective lenses (NA 1.42, oil immersion) on an inverted 
Olympus FluoView 1000 confocal microscope. The microscope 
was equipped with DAPI (405 nm excitation, 430–470 emission), 
Alexa-488 (488 excitation, 505/525 emission), Alexa-594 (543 
excitation, 560/620 emission), and Alexa-647 (635 excitation, 
655–755 emission) filter sets; a manual stage; and a Photometrics 
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(Tucson, AZ) CH350 CCD camera (Hamamatsu). All individual 
images were processed using ImageJ software and assembled 
for presentation using Photoshop and Illustrator software.

Subcellular fractionation and immunoisolation  
of GFP-LC3–positive vesicles
LC3-positive membranes were immunoisolated as described 
(Gao et al., 2010) with modifications. Cells expressing GFP-LC3 
were harvested at 48 h posttransfection, suspended in homog-
enization buffer (10 mM sodium phosphate buffer [pH 7.2], 
1 mM MgCl2, 30 mM NaCl, 1 mM DTT, and 0.5 mM phenylmeth-
ylsulfonyl fluoride, supplemented with protease and phos-
phatase inhibitors), and homogenized using a 30-gauge needle. 
Crude membranes from the homogenate were pelleted by cen-
trifugation of postnuclear supernatant at 100,000 × g for 60 min 
at 4°C in a TLA-41 fixed-angle rotor in a TLA-100 table-top ultra-
centrifuge (Beckman Coulter, Krefeld, Germany). Pelleted mem-
branes were washed twice in homogenization buffer before re-
suspension. Autophagosomes were immunoisolated on protein 
G agarose beads using GFP mAb, washed with homogenization 
buffer, and eluted by boiling in SDS sample buffer. The purity of 
the autophagosomal isolation was assessed by immunoblotting 
for organelle markers: early endosomes (EEA1), endoplasmic 
reticulum–Golgi (calnuc and βCOP), PM and recycling endo-
somes (transferrin receptor), lamin A (nucleus), and lysosomes 
(cathepsin D).

Creation of protein–protein interaction map
The protein–protein interaction map was based on interactions 
listed in the I2D database (Brown and Jurisica, 2005; Brown et al., 
2009) and functional interactions that were validated in the litera-
ture. For simplicity it was restricted mainly to functional interactions 
between proteins and signaling pathways relevant to autophagy, G 
protein, and growth factor signaling. The layout of the map was 
designed using NAViGaTOR software (http://ophid.utoronto.ca/
navigator).

Other methods
Steady-state GTPase assays were performed exactly as described 
previously (Garcia-Marcos et al., 2009, 2010). Detailed information 
on reagents and antibodies, plasmids and mutagenesis, cell culture, 
and transfection are provided in the Supplemental Materials.
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