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BECLIN 1 is a central player in macroautophagy. AMBRA1,
a BECLIN l-interacting protein, positively regulates the
BECLIN 1-dependent programme of autophagy. In this
study, we show that AMBRA1 binds preferentially the
mitochondrial pool of the antiapoptotic factor BCL-2, and
that this interaction is disrupted following autophagy
induction. Further, AMBRA1 can compete with both
mitochondrial and endoplasmic reticulum-resident BCL-2
(mito-BCL-2 and ER-BCL-2, respectively) to bind BECLIN 1.
Moreover, after autophagy induction, AMBRAI is rec-
ruited to BECLIN 1. Altogether, these results indicate
that, in normal conditions, a pool of AMBRA1l binds
preferentially mito-BCL-2; after autophagy induction,
AMBRAL is released from BCL-2, consistent with its ability
to promote BECLIN 1 activity. In addition, we found that
the binding between AMBRA1 and mito-BCL-2 is reduced
during apoptosis. Thus, a dynamic interaction exists
between AMBRA1 and BCL-2 at the mitochondria that
could regulate both BECLIN 1-dependent autophagy and
apoptosis.
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Introduction

Autophagy has a crucial role in many health and disease
processes. This catabolic process in eukaryotic cells is in-
volved in the degradation of cellular components through
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the lysosome machinery. During this process, portions of
cytoplasm are sequestered by double-membraned vesicles,
the autophagosomes, and degraded after fusion with lyso-
somes for subsequent recycling. BECLIN 1, the mammalian
ortholog of yeast Atg6, has an evolutionarily conserved role
in macroautophagy. Several BECLIN 1-interacting proteins
have been reported as regulating this function, both posi-
tively (e.g., hAtgl4, Bif-1, UVRAG; Takahashi et al, 2007,
2009; Itakura et al, 2008; Liang et al, 2008; Sun et al, 2009)
and negatively (e.g., Rubicon, Bcl-2 family members;
Pattingre et al, 2005; Levine et al, 2008; Matsunaga et al,
2009). AMBRALI is a positive regulator of the BECLIN 1-
dependent programme of autophagy (Fimia et al, 2007). Its
functional deficiency in mouse embryos leads to neuroepithe-
lial hyperplasia associated with autophagy impairment and
excessive apoptotic cell death (Cecconi et al, 2007). Further,
we demonstrated that autophagosome formation is primed by
AMBRAL release from the cytoskeleton: When autophagy is
induced, AMBRALI is released from dynein in an ULKI-
dependent manner, and re-localizes to the endoplasmic
reticulum (ER), thus enabling autophagosome nucleation.
Therefore, AMBRA1 can be considered as a crucial factor in
regulating autophagy initiation (Di Bartolomeo et al, 2010).

A complex relationship between autophagy and cell death
exists (Levine et al, 2008; Djavaheri-Mergny et al, 2010).
Currently, the well-known antiapoptotic factor BCL-2 is a
key player in this context. The pool of BCL-2 resident at the
ER (ER-BCL-2) is able, indeed, with the contribution of NAF-1
(nutrient-deprivation autophagy factor-1), to negatively
regulate the BECLIN 1-dependent autophagic programme
(Chang et al, 2010). In contrast, the mitochondrial pool of
BCL-2 (mito-BCL-2) is shown to exert only an antiapoptotic
function (Pattingre et al, 2005; Levine et al, 2008) even
though mitochondria have been recently demonstrated to
be selected sites for autophagosome formation (Hailey et al,
2010). BCL-2-regulated apoptotic cell death has been exten-
sively studied. Overexpression of BCL-2 promotes a protec-
tive effect against a wide range of inducers of apoptosis. This
antiapoptotic action derives from the fact that BCL-2 neutra-
lizes proapoptotic BCL-2 family members, preventing mito-
chondrial membrane permeabilization and consequent cell
death (Adams and Cory, 2007).

As previous studies have demonstrated that Beclin
1/Vps34-mediated autophagy is negatively regulated through
a direct interaction between BECLIN 1 and ER-BCL-2, we
investigated whether the antiapoptotic BCL-2 protein and
AMBRAL1 could bind each other. In this context, we found
that AMBRAL1 is a new partner of BCL-2 in mammalian cells
and that their binding is independent of BECLIN 1. More
importantly, by targeting BCL-2 either to mitochondria (mito-
BCL-2) or ER (ER-BCL-2), we demonstrated that mito-BCL-2
is able to bind AMBRALI and that this binding is disrupted
after both autophagy and apoptosis induction. Our findings
indicate that AMBRA1 and BCL-2 bind BECLIN 1 on the same
site. AMBRA1 can thus compete with mito- and ER-BCL-2 to

The EMBO Journal VOL 30 | NO 7 | 2011

1195


http://dx.doi.org/10.1038/emboj.2011.49
http://dx.doi.org/10.1038/emboj.2011.49
mailto:franceso.cecconi@uniroma2.it
http://www.embojournal.org
http://www.embojournal.org

AMBRA1/BCL-2 in autophagy
F Strappazzon et al

bind BECLIN 1. In addition, we demonstrated that, after
autophagy induction, AMBRA1/BECLIN 1 interaction in-
creases both in mitochondrial and microsomal fractions,
whereas the AMBRA1-mito-BCL-2 interaction is disrupted.
Altogether, these results lead us to propose a model in which,
under normal conditions, a pool of AMBRA1 is docked by
BCL-2 at the mitochondria, inhibiting its autophagic function;
after autophagy induction, this mitochondrial pool of
AMBRAL1 separates from mito-BCL-2 and increases its binding
to BECLIN 1 in order to favour the autophagic programme.

Results

AMBRAT1 is a new partner of the antiapoptotic and
antiautophagic factor BCL-2

AMBRALI interacts with BECLIN 1 and its associated kinase
Vps34, and favours BECLIN 1/Vps34 functional interaction
(Fimia et al, 2007). This interaction, which requires the F2
fragment of AMBRA1 (Figure 1A), is crucial in the autophagic
process; taken together, AMBRA1, BECLIN 1 and Vps34 have
been defined as the autophagy core-complex (He and Levine,
2010). In contrast, BECLIN 1 is negatively regulated by a
direct interaction with the antiapoptotic factor BCL-2.
Therefore, we investigated the existence of a putative inter-
action between the antiapoptotic protein BCL-2 and AMBRA1
in a co-immunoprecipitation experiment. BCL-2 and
AMBRA1 were found to be associated in HEK293 cells coex-
pressing both AMBRA1 and BCL-2 (Figure 1B, lane 2). Next,
we wanted to find the AMBRA1 domain responsible for this
binding. To this end, we transfected cells with cDNAs encod-
ing various AMBRA1 portions (Figure 1A): FL (full length),
F1 (amino acids 1-532), F2 (amino acids 533-750) and F3
(amino acids 767-1269). As shown in Figure 1B (lanes 3 and
5), F1 and F3 fragments (the N-terminal and C-terminal part
of the protein, respectively) are sufficient to bind BCL-2,
whereas the central region (F2), which is known to bind
BECLIN 1 (Fimia et al, 2007), shows no interaction. Similar
results were obtained following reciprocal co-immunopreci-
pitation experiments (Supplementary Figure S1). BCL-2 co-
immunoprecipitates with AMBRA1 (lane 2) and its F1 and F3
fragments (lanes 3 and 5). To confirm these biochemical
results, we performed a confocal microscopy analysis in
HeLa cells expressing detectable endogenous levels of both
AMBRAL1 and BCL-2. As illustrated in Figure 1C, endogenous
AMBRA1 and BCL-2 showed a partial colocalization. In order
to give two quantitative outputs for this colocalization, we
used Pearson (r,) and Spearman (rg) statistics. Both tests
produce values in the range (—1, 1), 0 indicating that there is
no discernable correlation and —1 and + 1 meaning strong
negative and positive correlations, respectively. We obtained
an r,=0.38 and an r;=0.39 confirming that AMBRA1 and
BCL-2 colocalize in mammalian cells. This analysis indicates
also that the interaction between the two proteins is partial.
To confirm the result, we analysed the interaction between
endogenous AMBRAL1 and BCL-2 in HeLa cells. As illustrated
in Figure 1D, we found that endogenous AMBRA1 binds
specifically endogenous BCL-2. To strengthen our results on
this interaction, we performed a Forster resonance energy
transfer experiment to measure AMBRA1-BCL-2 proteins
proximity within the cells. GFP and mCherry are two fluor-
escent proteins which use as an FRET pair that has been
recently validated for reproducible quantitative determina-
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tion of the energy transfer efficiency, both in vivo and in vitro
(Albertazzi et al 2009). In order to study the interaction of
BCL-2 and AMBRAL1 proteins, they were fused with the GFP
and mCherry fluorescent proteins and co-transfected in
HEK293 cells. On a morphological ground, visual inspection
of the fluorescence expression patterns in the histological
material showed that BCL-2-GFP and AMBRAI1-mCherry
appeared to be coexpressed in structures mainly resembling
mitochondria and ER. The colocalization of the two proteins
was almost complete. The average FRET efficiency values
measured was 11.14% 2.1 (see Figure 1E). In a previous
paper, the FRET behaviour of two tandem mCherry-EGFP
fusion proteins (which differed for the distance, short linker
and long linker) has been investigated (Albertazzi et al 2009).
A FRET efficiency value of 0.41 for the short linker and of 0.29
for the long linker was achieved for the mCherry-EGFP
tandem proteins. Comparison of our AMBRA1-BCL-2 FRET
value with that of the mCherry-EGFP tandem construct
suggests that AMBRA1 and BCL-2 are in proximity in the
interacting complex.

BECLIN 1 is not required for AMIBRA1-BCL-2 interaction
The F2 fragment of AMBRALI is required for the interaction
between AMBRA1 and BECLIN 1 (Fimia et al, 2007), but not
for its binding to BCL-2. This suggests that BECLIN 1 is not
necessary for this latter association. To confirm this hypoth-
esis, we performed co-immunoprecipitation experiments
using a mutant of BCL-2 unable to bind BECLIN 1. This
mutant (EEE-BCL-2) possesses simultaneous glutamine sub-
stitutions at three phosphorylation sites (T69, S70 and S87),
and mimics multi-phosphorylations that occur following
autophagy induction (Wei et al, 2008). This impedes the
interaction of BCL-2 with BECLIN 1 (Figure 2A and B).
Vectors coding for AMBRAI and for human-BCL-2 (h-BCL-
2) or for the EEE-BCL-2 mutant were overexpressed in
HEK293 cells; then, co-immunoprecipitations of AMBRA1
and BCL-2 were performed in normal conditions. As shown
in Figure 2C, AMBRAL is able to bind h-BCL-2 as well as the
BCL-2 mutant (EEE-BCL-2) that cannot bind BECLIN 1.

Mitochondrial BCL-2 preferentially binds AMBRA1 and
this interaction is disrupted after autophagy induction
BCL-2 is predominantly found on the outer mitochondrial
and ER membranes (Germain and Shore, 2003), these
subcellular localizations being related to BCL-2 function
(Lithgow et al, 1994). To gain an insight into the functional
significance of the interaction between AMBRA1 and BCL-2,
we evaluated whether AMBRAL differentially binds the ER
resident or the mitochondrial pool of BCL-2. To this end, two
BCL-2 mutants with restricted subcellular localization were
used in co-immunoprecipitation experiments with AMBRALI.
In the first mutant, the C-terminal hydrophobic sequence of
BCL-2 is exchanged for an equivalent sequence from mod-
ified ActA, which binds specifically to the cytoplasmic face of
mitochondrial outer membranes (Pistor et al, 1994). The
other mutant possesses a C-terminal sequence exchanged
for a sequence from cytochrome bS5 (DNA encoding the
analogous 35 amino-acid sequence of the ER-specific isoform
of rat hepatic cytochrome b5 (Mitoma and Ito, 1992), result-
ing in ER-specific localization (Zhu et al, 1996)). As shown in
Figure 3A, myc-AMBRAL1 significantly co-immunoprecipi-
tates with mito-targeted BCL-2 (lane 3), whereas only a
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Figure 1 AMBRA1 interacts with the antiapoptotic factor BCL-2 in mammalian cells. A scheme of AMBRA1l with its WD40 domains
is illustrated in (A). The binding site with BECLIN 1 is also reported on AMBRA1. HEK293 cells were co-transfected with vectors encoding
FLAG-BCL-2 and myc-AMBRAL1 FL (full length), myc-B-galactosidase (BGal) as a negative control or myc-AMBRA1 mutants F1, F2 or F3.
(B) Protein extracts were immunoprecipitated using an myc antibody. Purified complexes and corresponding total extracts were analysed by
western blot (WB) using an anti-BCL-2 antibody (B). Asterisks point to the molecular weight of proteins corresponding to the original AMBRA1
fragments. (C) Partial colocalization between endogenous AMBRA1 and BCL-2 in HeLa cells. HeLa cells grown in normal media were stained
by anti-AMBRAL (red), anti-BCL-2 (green) antibodies. The merge of the two fluorescence signals is shown in the right panel. Scale bar, 6 pm.
(D) Endogenous AMBRAL1 co-immunoprecipitates with endogenous BCL-2 in HeLa cells. HeLa cells were lysed and protein extracts were
then immunoprecipitated using an anti-AMBRA1 antibody or preimmune IgG as a negative control. Purified complexes and corresponding total
extracts were analysed by WB using anti-AMBRA1 and anti-BCL-2 antibodies. (E) Confocal microscope images of FRET acceptor
photobleaching assay of HEK293 cells co-transfected with BCL-2-GFP and AMBRA1-mCherry. A bleached region of the cytosol is indicated
by the white rectangle. (e') BCL-2-GFP (donor) channel before the bleach. (e") BCL-2-GFP (donor) channel after the bleach. (e™) Pseudo-
coloured image showing an FRET efficiency values map. (e'¥) AMBRAl-mCherry (acceptor) channel before the bleach. (e¥) AMBRAI-
mCherry (acceptor) channel after the bleach. (e'") Merge of BCL-2-GFP and AMBRA1-mCherry channels after the bleach. N indicates a
close-by nuclear area. Scale bar, 5pm.

small amount of ER-targeted BCL-2 is found to bind AMBRA1 Knowing that the interaction between BCL-2 and BECLIN 1 is
(lane 1). These results were confirmed by reversing the order differential in normal conditions versus starvation conditions
of the co-immunoprecipitation (Supplementary Figure S2a). (Pattingre et al, 2005), we decided to analyse the interaction
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Figure 2 The interaction between AMBRA1 and BCL-2 does not
require BECLIN 1. (A) Simultaneous glutamine substitutions at the
three phosphorylation site on BCL-2 (EEE-BCL-2 mutant) induce a
disruption of the BECLIN 1/BCL-2 complex (Pattingre et al, 2005).
(B) BECLIN 1 co-immunoprecipitates with hBCL-2 but not with
EEE-BCL-2 mutant in HEK293 cells. HEK293 cells were co-trans-
fected with vectors encoding FLAG-BECLIN 1, and myc-h-BCL-2 or
the EEE-BCL-2 mutant. Protein extracts were immunoprecipitated
using an anti-FLAG antibody. Purified complexes and corresponding
total extracts were analysed by WB using anti-BECLIN 1 and anti-
BCL-2 antibodies. (C) AMBRA1 co-immunoprecipitates with both
hBCL-2 and EEE-BCL-2 mutants in HEK293 cells. HEK293 cells were
co-transfected with vectors encoding myc-AMBRA1, and myc-h-
BCL-2 or the EEE-BCL-2 mutant. Protein extracts were immunopre-
cipitated using an anti-AMBRAL1 antibody. Purified complexes and
corresponding total extracts were analysed by WB using anti-
AMBRAL and anti-BCL-2 antibodies.

Total extracts

between AMBRA1 and mito-BCL-2 on autophagy induction.
When cells were shifted for 4 h in an amino acid-free medium
(EBSS medium), the interaction between AMBRA1 and mito-
BCL-2 decreased, whereas no difference was observed in the
binding between ER-BCL-2 and myc-AMBRAL1. The reduction
of p62/A170/SQSTM1, a ubiquitin-binding protein degraded
by autophagy (Ichimura et al, 2008), was used as a marker to
confirm autophagy induction (Figure 3A, lower panel). To
control for the specificity of the co-immunoprecipitation
between AMBRA1 and mito-BCL-2, negative controls using
the myc antibody were performed in HEK293 cells, which do
not overexpress myc-AMBRA1 or BCL-2 (Supplementary
Figure S2B-D). The interaction between AMBRA1 and mito-
BCL-2 can also be disrupted, at a lower extent, using rapa-
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mycin as an autophagy inducer (Figure 3B). During autop-
hagy, phosphorylation of BCL-2 by JNK1 kinase abrogates the
binding between BECLIN 1 and BCL-2. Thus, we also tested
whether inhibition of JNK1 would be responsible for the
AMBRA1-BCL-2 binding regulation. However, as illustrated
in Figure 3B, the JNKI kinase inhibitor SP600125 does not
impair the release of AMBRA1 from mito-BCL-2 after autop-
hagy induction. Next, we observed binding between endo-
genous AMBRA1 and mito-BCL-2. To this end, we isolated
mitochondrial fractions from cells grown in normal condi-
tions or for 4 h in EBSS. We performed an immunoprecipita-
tion of AMBRAL in the mitochondrial fractions, and we were
able to appreciate the binding with endogenous BCL-2 in
normal conditions. In contrast, this binding was disrupted
after autophagy induction (Figure 3C). Of note, when check-
ing by densitometric analysis, we can observe a binding
between endogenous AMBRA1 and BECLIN 1 in these mito-
chondrial fractions in normal conditions, with this binding
being increased following autophagy induction (Supple-
mentary Figure S2E). To consolidate these data, we decided
to carry out a mitochondrial crosslink before performing a
subcellular fractionation experiment in HEK293 cells grown
in normal or starvation conditions. As illustrated in
Figure 3D, when cells are not fixed, BCL-2 can be detected
as a 26-kDa band (appropriate molecular weight) in normal
condition, and this band decreases following autophagy
induction. However, after cell fixation, this band is not
detectable, whereas a band of ~170kDa is detectable. The
170-kDa band may corresponds most likely to a complex
including at least endogenous AMBRA1l and BCL-2, thus
confirming the interaction. Next, we set out to establish
whether this dynamic interaction could be monitored by
fluorescence microscopy. As illustrated in Figure 4A, mito-
BCL-2 colocalizes perfectly with the mitotracker staining, as
expected, and there is a significant colocalization between
myc-AMBRAT1 and mito-BCL-2 in normal conditions, whereas
some cells showed only a slight colocalization between ER-
BCL-2 and AMBRA1 (arrows in Supplementary Figure S3A,
B). We performed the same type of staining at the endogen-
ous level to confirm this colocalization (see Supple-
mentary Figure S4). By performing statistical colocalization
analysis, we found that AMBRA1 shows a very good coloca-
lization with mito-BCL-2, as the r, and r, values are 0.7 and
0.8, respectively (Supplementary Figure S3C). When cells are
shifted to EBSS a clear decrease in AMBRA1 and mito-BCL-2
colocalization is observed (Figure 4B, starvation lane).
Furthermore, the percentage of cells where myc-AMBRA1
colocalizes either with mito-BCL-2 or ER-BCL-2 was deter-
mined. As illustrated in Figure 4C, 70% cells showing colo-
calization between AMBRA1 and mito-BCL-2 are found in
normal conditions, whereas only 40% cells show the same
colocalization after autophagy induction. Such a reduction of
colocalization is not observed in the case of AMBRA1-ER-BCL-2
binding, where we found ~30% of colocalizing cells in both
conditions. Of note, this colocalization seems to be due to a
short ‘proximity’ between the stained compartments, rather
than an overlap, as illustrated in Supplementary Figure S3B.

AMBRAT1 partially localizes at mitochondria in normal
conditions

AMBRAL is a cytoplasmic protein showing a diffuse signal in
normal conditions, mostly overlapping with dynein light
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Figure 3 Mitochondrial-BCL-2 preferentially binds AMBRAL, and this binding is disrupted after autophagy induction. (A) HEK293 cells were
co-transfected with vectors encoding either ER-BCL-2 or mito-BCL-2 and myc-AMBRAL. Cells were grown either in normal media or in EBSS
media for 4 h. Protein extracts were immunoprecipitated using an myc antibody. Purified complexes and corresponding total extracts were
analysed by WB, using an anti-BCL-2 antibody or an myc antibody. Autophagy induction was controlled in total extracts by using an anti-p62
antibody. (B) Inhibition of JNK1 does not regulate the AMBRA1-mito-BCL-2 binding. HEK293 cells were co-transfected with vectors encoding
myc-AMBRAL1 and mito-BCL-2 or left untransfected, as a negative control. Cells were treated with rapamycin to induce autophagy or shifted in
EBSS media plus the JNK1 kinase inhibitor for 4 h. Then, protein extracts were immunoprecipitated using an myc antibody. Purified complexes
and corresponding total extracts were analysed by WB, by using anti-BCL-2 and myc antibodies. (C) HEK293 cells were grown in normal or in
EBSS media for 4 h. Mitochondrial fractions were then isolated by centrifugation and the quality of the fractions controlled by WB by using
MnSOD and GAPDH antibodies. Endogenous mitochondrial AMBRA1 was next precipitated using anti-AMBRA1 polyclonal antibody in both
conditions or with the preimmune IgG as a negative control. Purified complexes were analysed by WB, by using anti-BCL-2 and anti-AMBRA1
antibodies. (D) HEK293 cells were grown in normal or in EBSS media for 4 h and then fixed 10 min with PFA 0.5% or left without fixation.
Mitochondrial fractions were isolated by centrifugation and the quality of the fractions controlled by WB by using MnSOD and GAPDH
antibodies. Endogenous mitochondrial AMBRA1 was next precipitated using anti-AMBRAL1 polyclonal antibody in both conditions or with
preimmune IgG, as a negative control. Purified complexes were analysed by WB, by using anti-BCL-2 antibody. BCL-2 was detected at 26 kDa
when cells were not fixed, whereas this band disappears and a band at ~170kDa is detectable upon fixation.
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chains. After autophagy induction, a fraction of AMBRAI1
translocates to the perinuclear region of the cell and more
precisely to the ER (Di Bartolomeo et al, 2010). The binding of
AMBRA1 with mito-BCL-2 led us to check whether there is a
subcellular colocalization of AMBRA1 with mitochondria. As
illustrated in Figure SA, we found, indeed, that AMBRA1
presents a partial colocalization with mitochondria, as the r,
and 1, are 0.61 and 0.70, respectively. Of note, these quanti-
tative results are similar to those obtained with the AMBRA1/
mito-BCL-2 colocalization analysis.

In order to confirm our observation, we performed an
immunogold assay using an anti-AMBRAI antibody on
HeLa cells grown in normal conditions and on their purified
mitochondria (Figure 5B and Supplementary Figure S5).
Altogether, these results indicate that a pool of AMBRA1L
(corresponding to 49 £ 10% of the total protein) can localize
at the mitochondria in normal conditions. Of note, after
autophagy induction, this mitochondrial pool of AMBRA1
seems to be slightly reduced (see Supplementary Figure S6A).
These results led us to hypothesize that mito-BCL-2 should
anchor/inhibit AMBRA1 at the mitochondria in order to
block its participation in the BECLIN 1-dependent autophagy

Mitotracker AMBRA1

Whole cell
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programme. Thus, we decided to evaluate the effect of mito-
BCL-2 on autophagy induced by AMBRAL. We overexpressed
AMBRAL1 in the presence of a control plasmid (pCDNA3),
or either with mito-BCL-2 or WT-BCL-2. LC3 protein conversion
was used as a marker of autophagy induction (Mizushima et al,
2004, 2010). As shown in Figure 6, overexpression of mito-BCL-2
is sufficient to dramatically reduce AMBRA1-induced autophagy.
However, the F2 fragment of AMBRA1, which is known to bind
BECLIN 1 (Fimia et al, 2007), but not BCL-2 (see Figure 1A and
B), is able to evade from mito-BCL-2 inhibition but not from ER-
BCL-2 effect. Finally, in order to evaluate the autophagic flux
(autophagosome on-rate versus off-rate), we treated cells with
the lysosome inhibitor chloroquine (20 uM) for 1 h. As shown in
Figure 6B, chloroquine treatment leads to an increase of the
intensity of the LC3-II bands in all the cases presented. Taken
together, these results suggest that, in normal conditions, BCL-2
binds AMBRAL1 at the mitochondria in order to inhibit its
proautophagic function during autophagosome formation.

AMBRA1 competes with BCL-2 to bind BECLIN 1
BCL-2 is known to bind BECLIN 1 on its BH3 domain.
Therefore, to better understand how AMBRA1 and BCL-2

Merge Scatter plot

rp=0.61
r¢=0.70

Purified mitochondria

Figure 5 AMBRAL1 partially colocalizes with the mitochondrial network. (A) HeLa cells grown in normal media were stained with Mitotracker
(red) and an anti-AMBRA1 antibody (green). The merge of the two fluorescence signals is shown in the right panels. Scale bar, 6 pm.
The Pearson correlation coefficient r, and Spearman correlation coefficient 7 are indicated on the scatter plot. (B) Immunogold analysis
of whole cells and purified mitochondria from HeLa cells. Fifteen nm particles label the AMBRA1 protein (red arrows). Scale bar, 0.2 pm.
M, mitochondria.

Figure 4 AMBRA1 dynamic colocalization with mito-BCL-2 and the mitochondrial network. (A, B) HEK293 cells co-transfected with vectors
encoding mito-BCL-2 and myc-AMBRA1, grown either in normal media (A) or in EBSS (B) for 4h and stained with an anti-BCL-2 antibody
(green), an anti-myc-AMBRALI antibody (blu) and Mitotracker (red). The merge of the two or three fluorescence signals are shown in the
bottom panels, as indicated. Scale bar, 6 um. White arrows point to strong triple colocalization areas. (C) AMBRA1-mito-BCL-2 colocalization
decreases after autophagy induction. Quantification of cells showing colocalization between AMBRA1 and ER- or mito-BCL-2 in normal
conditions and after autophagy induction is shown. Results are expressed as percentage of cells (+s.d.) showing colocalization between
AMBRAL and ER- or mito-BCL-2. Each point value represents the mean + s.d. of triplicate wells from three independent experiments. Statistical
analysis was performed by analysis of variance (one-way ANOVA). *P<0.05 versus mito-BCL-2 in normal conditions.
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Figure 6 AMBRA1 proautophagic activity is inhibited by mito-BCL-2. (A) HEK293 cells were co-transfected either with the control vector
pcDNA3, vectors encoding Mito-, ER- and WT-BCL-2 as controls and a vector encoding myc-AMBRA1 or AMBRA1-F2 with or without vectors
encoding mito-, ER- or WT-BCL-2. As an additional positive autophagy control, 24h untransfected cells were shifted in EBSS medium
(starvation). Total extracts were then analysed by western blot (WB) using an anti-LC3 in order to analyse autophagy induction, anti-AMBRAL,
anti-BCL-2 and anti-tubulin antibodies to control protein expressions. LC3-II/LC3-I ratio was quantified by densitometric analysis using the
ImageQuant software. Results are expressed as LC3-1I/LC3-I ratio as a percentage of control (pcDNA3 alone). Each point value represents the
mean £ s.d. from three independent experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA). *P<0.05
versus AMBRAI + pcDNA3. *P<0.05 versus AMBRA1 F2 +pcDNA3. (B) HEK293 cells were co-transfected either with the control vector
pcDNA3 and a vector encoding myc-AMBRA1 with or without vectors encoding mito-, ER- or WT-BCL-2. Twenty-four hours after transfection,
cells were treated with Chloroquine A or vehicle control for 2 h. Total extracts were then analysed by western blot (WB) using an anti-LC3
antibody in order to analyse autophagy induction, anti-AMBRA1, anti-BCL-2 and anti-tubulin antibodies to control protein expressions. LC3-1I/
LC3-I ratio was quantified by densitometric analysis using the ImageQuant software. Results are expressed as LC3-II/LC3-I ratio. Each point
value represents the mean + s.d. from three independent experiments.

differentially regulate autophagy, we set out to determine the
binding domain of AMBRA1 on BECLIN 1 by using different
BECLIN 1 mutants in co-immunoprecipitation experiments
with AMBRAL. In a first series of experiments, we found that
three truncated BECLIN 1 mutants (aa 1-353, aa 141-353 and
aa 141-450) are still able to interact with AMBRA1 (Figure 7A
and B). We refined our search by using two BECLIN 1
deletion mutants: BECLIN 1 ABcl-2 BD (binding domain)

The EMBO Journal VOL 30 | NO 7| 2011

(lacking aa 88-150) and BECLIN 1 AECD (lacking aa 244-
337). As shown in Figure 7C, AMBRAL can still co-immuno-
precipitate with BECLIN 1 AECD, but not with the BECLIN 1
ABcl-2 BD mutant. Consequently, it appears that a part of
BECLIN 1 binding domain with BCL-2 is necessary for its
binding to AMBRAL. By studying more in detail the amino-
acid sequence of BECLIN 1, it can be deduced that amino
acids 141-150 are essential for the AMBRA1-BECLIN 1

©2011 European Molecular Biology Organization
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Figure 7 AMBRA1 competes with BCL-2 to bind BECLIN 1. (A) Illustration of the BECLIN 1 mutants. The coiled-coiled domain (CCD) and the
evolutionary conserved domain (ECD) of BECLIN 1 are indicated. (B) AMBRA1 binds all truncated mutants of BECLIN 1. Co-immunopre-
cipitation of AMBRAL1 and different mutants of BECLIN 1 in HEK293 cells is shown. HEK293 cells were co-transfected with vectors encoding
myc-AMBRA1, FLAG-BECLIN 11-353, FLAG-BECLIN 1141-353 or FLAG-BECLIN 1 141-459. Protein extracts were immunoprecipitated using
an anti-FLAG antibody. Purified complexes and corresponding total extracts were analysed by WB, by using anti-AMBRA1 and anti-BECLIN 1
antibodies. Asterisks point to the molecular weight of proteins corresponding to the BECLIN 1 fragments. (C) AMBRA1 cannot be co-
immunoprecipitated with the Beclin 1 ABcl-2 mutant. HEK293 cells were co-transfected with vectors encoding myc-AMBRA1 and BECLIN 1
ABcl-2 BD or BECLIN 1 AECD. Protein extracts were immunoprecipitated using an anti-BECLIN 1 antibody. Purified complexes and
corresponding total extracts were analysed by WB, by using anti-AMBRA1 and anti-BECLIN 1 antibodies. (D) Intact BH3 binding site for
BCL-2 is not required for the binding to AMBRA1. HEK293 cells were co-transfected with vectors encoding myc-AMBRA1 and BECLIN 1'**# and
BECLIN 17123 which respectively interact or not with BCL-2 and BCL-X,. Protein extracts were immunoprecipitated using an myc antibody
(myc-AMBRAL1). Purified complexes and corresponding total extracts were analysed by WB, by using anti-myc and anti-BECLIN 1 antibodies.
(E) BECLIN 1 and mito- or ER-BCL-2 binding decreases when AMBRALI is overexpressed. HEK293 cells were transfected both with FLAG-
BECLIN 1, mito- and ER-BCL-2 and increasing concentrations of myc-AMBRA1 cDNAs. Protein extracts were immunoprecipitated using an
anti-FLAG antibody. Purified complexes and corresponding total extracts were analysed by WB, by using anti-BECLIN 1, anti-BCL-2 and anti-
AMBRALI antibodies. In the upper panels, bands corresponding to AMBRA1 co-immunoprecipitated with BECLIN 1 are shown at a higher
exposure than the others (mito-BCL-2 and FLAG-BECLIN 1) in order to better visualize it.

binding. We can conclude this because the A141-353 mutant
binds AMBRA1, whereas the A88-150 mutant does not. We
next analysed the binding between AMBRA1 and two BH3

mutants of BECLIN 1, BECLIN 1'*** and BECLIN 1!#34,
which respectively interact or not with BCL-2 and BCL-X;,
(Pattingre et al, 2005; Maiuri et al, 2007). In fact, BECLIN
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1125A 1F123A

mimicked the wild-type protein, while BECLIN
possesses an unfunctional BH3 domain, a mutant known to
induce a strong autophagy. Figure 7D shows that AMBRA1
can bind these two BECLIN 1 mutants, indicating that an
intact BH3 binding site for BCL-2 and BCL-X{, is not required
for the binding to AMBRAL. Even though AMBRAL1 does not
require a functional BH3 domain on BECLIN 1, it binds
BECLIN 1 in a region similar to that used for binding BCL-2.

In order to substantiate the hypothesis that AMBRA1 and
BCL-2 may compete for binding BECLIN 1, we conducted co-
immunoprecipitation experiments with both mito/ER-BCL-2
and BECLIN 1, and increasing amounts of AMBRAI
(Figure 7E). Our results show that both mito- and ER-BCL-
2/BECLIN 1 interaction decrease with increasing AMBRA1
levels. This suggests that, upon induction of autophagy,
AMBRA1 can compete with mito/ER-BCL-2 to bind BECLIN
1. Of note, this competition is detectable also when we
perform an inverse experiment, by using BCL-2 as a compe-
titor for the binding between AMBRA1 and BECLIN 1 (see
Supplementary Figure S7).

AMBRA1-BCL-2 interaction upon apoptosis induction
AMBRA1 functional deficiency in mouse embryos led to
severe neural tube defects associated not only with autop-
hagy impairment, but also with excessive apoptotic cell death
(Fimia et al, 2007). Our observation that AMBRA1 binds the
mitochondrial pool of BCL-2, which is known to exert an
antiapoptotic effect, led us to examine the AMBRA1/BCL-2
interaction during apoptosis. First, we analysed AMBRA1-
mito-BCL-2 interaction in HEK293 cells overexpressing both
AMBRA1 and mito-BCL-2 and treated for 6h with stauros-
porine (STS), an inducer of apoptosis. As illustrated in
Figure 8A, we detected the same reduction of binding be-
tween AMBRA1 and mito-BCL-2 observed after induction of
autophagy in the absence of cell death, as revealed by the
absence of pycknotic nuclei (Figure 8B). In contrast, the
interaction between AMBRA1 and ER-BCL-2 did not show
any variations. In order to exclude a possible induction of
autophagy by STS, cells were treated with STS in the presence
of 10 mM 3-methyladenine (3-MA), an inhibitor of the kinase
complex (Petiot et al, 2000). Also in this case, the disruption
of AMBRA1-mito-BCL-2 complex occurs after apoptosis in-
duction, clearly indicating that this event is independent of
autophagy (Figure 8C). This decrease cannot be abrogated by
addition of the general caspase inhibitor Q-VD-OPH (whose
efficiency is demonstrated by PARP cleavage analysis), thus
indicating that the disruption of the complex is upstream of
caspase activation (Figure 8D). These results suggest that,
after apoptosis induction, AMBRA1 early dissociates from
mito-BCL-2.

Owing to the fact that AMBRAL is a crucial protein for the
development of the nervous system, where it is expressed
from the first stages of neurulation onwards (Fimia et al,
2007), we investigated a putative involvement of AMBRALI in
neuronal survival. To this end, as a model of neuronal death,
we used cerebellar granule neurons (CGNs) induced to die by
suppression of trophic factors. Neurons were transfected with
AMBRAL1 and, 24 h later, cellular viability was assessed by
analysis of nuclei morphology. As shown in Figure 8E, ex-
pression of AMBRA1 does not influence membrane-depolar-
ization-induced CGN survival (K25 medium), thus excluding
a proapoptotic role of AMBRA1. However, neurons overex-
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pressing AMBRA1 (arrows) and shifted in K5 medium (cell
death condition) for 15h seems to better survive in this
condition. These results may suggest that overexpression of
wild-type AMBRAL1 is probably sufficient to enhance CGN
survival, early after K™ depletion.

Discussion

AMBRAT1 binds the mitochondrial pool of BCL-2

Our work demonstrates the existence of an interaction be-
tween AMBRA1 and BCL-2. BCL-2 has been detected in
different compartments of the cell: in particular, BCL-2 is
not only detected in the mitochondrial fraction (17%) but
also in cytoplasmic membranes including the ER (49%) and
the nuclear envelope (34 %; Lithgow et al, 1994; Hoetelmans
et al, 2000; Portier and Taglialatela, 2006). By looking at the
different BCL-2 pools, we found that AMBRA1 binds prefer-
entially and dynamically the mitochondrial pool of BCL-2,
with the interaction being regulated by both autophagy and
apoptosis induction.

Although ER-localized BCL-2, but not mitochondrial-loca-
lized BCL-2, has been shown to be important for the inhibi-
tion of autophagy (Pattingre et al, 2005), our results might
imply that mitochondrial-localized BCL-2 can modulate the
function of AMBRAL, so as to inhibit, in turn, the autophagic
pathway. However, other studies are necessary to determine
whether mito-BCL-2 is able to inhibit AMBRA1’s role in
the BECLIN 1/Vps34 complex formation. To this end, it will
also be necessary to determine whether AMBRA1l can
bind BCL-2 directly or through a cofactor. Different mechan-
isms have been proposed for regulating the binding of
BCL-2/BCL-X; to BECLIN 1 at the ER, including JNKI1-
mediated BCL-2 phosphorylation, competitive disruption of
BCL-2-BECLIN 1 binding by other BH3 domain proteins
(Sinha and Levine, 2008) and phosphorylation of the BH3
domain of BECLIN 1 by DAP kinase (Zalckvar et al, 2009). In
this study, we found that AMBRAI can compete with BCL-2
to bind BECLIN 1 and thus may act positively in the autop-
hagic process.

The binding between AMBRA1 and mito-BCL-2

is disrupted following autophagy induction

BCL-2 has been mainly studied in the context of cell death;
yet, it is also known to carry out other functions in different
cellular processes, such as cell cycle progression, glucose
homeostasis, transcriptional repression by p53 and autop-
hagy (Reed, 1998; Danial and Korsmeyer, 2004; Pattingre
et al, 2005; Maiuri et al, 2007). A subtle regulation of BCL-2
at the expression level exists, due to its long half-life (Reed,
1996). However, it is known that post-translational modifica-
tions of BCL-2, and in particular phosphorylation, have
crucial roles in regulating its activity (Blagosklonny, 2001;
Wei et al, 2008; Pattingre et al, 2009). Recently, it has been
shown that BCL-2 phosphorylation on site T69, S70 and S87
by JNK1 inhibits its antiautophagic function (Pattingre et al,
2009). How does the disruption of AMBRAI1-mito-BCL-2
complex occur, following autophagy induction? We have
evidence indicating that phosphorylation of BCL-2 by JNK1
does not regulate BCL-2 interaction with AMBRA1. Indeed,
we found that AMBRAL is able to co-immunoprecipitate with
EEE-BCL-2, a mutant that phosphomimics the phosphoryla-
tion of BCL-2 at sites T69, S70 and S87 during autophagy
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Figure 8 AMBRA1 does not posses a proapoptotic activity but, in contrast, it may participate to cell viability. (A) AMBRA1-BCL-2 interaction
is disrupted after stautosporine (STS) treatment. HEK293 cells were co-transfected with vectors encoding mito-BCL-2 and myc-AMBRA1 FL and
grown either in normal conditions, in starvation condition (EBSS 4h) or in normal media plus STS (1uM, 6h). Protein extracts were
immunoprecipitated using an myc antibody (IP: myc-AMBRAL1). Purified complexes and corresponding total extracts were analysed by WB, by
using an anti-BCL-2 antibody. (B) STS but not EBSS treatment induces cell death of HEK293. HEK293 cells were co-transfected with vectors
encoding mito-BCL-2 and myc-AMBRA1 and grown either in normal conditions, in starvation conditions (EBSS 4 h) or in normal media plus
STS (1 uM, 6h). Cultures were then labelled with DAPI. Cells showing condensed or fragmented nuclei were scored as dying, and the
percentage of viable cells was determined 6 h after EBSS or STS treatment. For each condition, cells were counted into 10 random fields in three
different wells from three independent experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA). *P<0.05
versus control cells. (C) Apoptosis induced by STS treatment disrupts the complex AMBRA1/BCL-2. HEK293 cells were co-transfected or left
untreated (as a negative control) with vectors encoding myc-AMBRA1 and mito-BCL-2. Cells were then treated with STS (1 uM 4 h) in presence
or not with 10mM 3-MA. Protein extracts were immunoprecipitated using an myc antibody. Purified complexes and corresponding total
extracts were analysed by WB using anti-BCL-2 and myc antibodies. p62 protein levels and PARP cleavage were also analysed in total extracts
to control, respectively, autophagy and apoptosis induction. (D) Caspase inhibition does not block AMBRA1/BCL-2 complex disruption
following STS treatment. HEK293 cells were co-transfected or left untreated (as a negative control) with vectors encoding mito-BCL-2 and myc-
AMBRALI and grown either in normal conditions, in normal conditions plus STS (1 uM, 6h) or plus caspase inhibitor Q-VD-ODH (10 uM, 6h).
Protein extracts were immunoprecipitated using an myc antibody (IP: myc-AMBRAL1). Purified complexes and corresponding total extracts
were analysed by WB, by using an anti-BCL-2 antibody. Induction of cell death by STS or the inhibitory effect of Q-VD-ODH on caspases were
evaluated using an anti-PARP antibody on corresponding total extracts. (E) AMBRAI may protect neurons from death. Overexpression of myc-
AMBRAL in CGN grown in survival medium or after induction of apoptosis is shown. After 4 DIV, CGN were transfected with an expression
vector encoding myc-AMBRAL1. One day later, cultures were kept in K25 medium and grown for additional 24 h or shifted in K5 medium during
15 h. Cultures were then labelled with an myc antibody and DAPI. The transfected neurons showing condensed nuclei are visible on the overlay
images. Arrows point to dead neurons. Scale bar, 6 um.
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induction (Wei et al, 2008). In agreement with this observa-
tion, the interaction between AMBRA1 and mito-BCL-2 re-
mains unchanged after induction of autophagy and treatment
with a JNK1 kinase inhibitor.

Another hypothesis is that the disruption of the interaction
between AMBRA1 and mito-BCL-2 is regulated by post-
transcriptional modifications on AMBRA1. AMBRA1 can be
directly phosphorylated by the serine/threonine kinase ULK1
and, indeed, when subjected to 2D-gel electrophoresis, it
shows multiple spots, corresponding to a number of mod-
ifications (Di Bartolomeo et al, 2010). In line with this
evidence, mito-AMBRA1 may be subjected to similar mod-
ifications during apoptosis and autophagy.

Another hypothesis concerning the function of AMBRA1 at
the mitochondria comes from new data proposed by Hailey
et al (2010), in which it is demonstrated that mitochondria
can serve as a source of autophagosomal membranes during
starvation in mammalian cells. Although isolation of mito-
chondria is likely to be contaminated with ER, in line with
these results, we can speculate that AMBRALI is present at the
mitochondria to participate in the production of mitochon-
drial autophagosomes.

Indeed, our results highlight the important role played by
the subcellular localization of AMBRA1 for its function.
Noteworthy, we found an increase of binding between
AMBRA1 and BECLIN 1 in the mitochondrial fraction, after
autophagy induction. Given that we have recently demon-
strated that a pool of AMBRA1 and BECLIN 1 form a complex
and translocate together from the dynein motor complex to
the ER upon autophagy (Di Bartolomeo et al, 2010), these
results, combined with the recent findings from Hailey et al
lead us to propose a model in which, in normal conditions, a
pool of AMBRA1 (hereafter mito-AMBRA1) is docked by BCL-
2 at the mitochondria: after autophagy induction, mito-
AMBRA1 dissociates from mito-BCL-2, and increases its
binding with a fraction of mito-resident BECLIN 1; Mito-
AMBRA1 would have therefore the potential to enhance
BECLIN 1-dependent autophagy (see Supplementary Figure
S8, mitochondrial model). As we observed a reduction of
AMBRA1 colocalization with mitochondria in response to
autophagy (see Supplementary Figure S6A), accompanied
with an increase of binding between AMBRA1 and BECLIN
1 in the microsomal fraction with a reciprocal decrease of
binding between BCL-2 and BECLIN 1 (see Supplementary
Figure S6B), we cannot exclude that a fraction of this
mitochondrial pool of AMBRA1 translocates to the ER in
order to bind ER-resident BECLIN 1 and further enhances the
autophagic programme (see Supplementary Figure S8, ome-
gasome model). Although AMBRA1 has not been shown to
be in a stable complex with BECLIN 1 (Zhong et al, 2009;
Funderburk et al, 2010), our present results indicate that
AMBRA1 and BECLIN 1 can form ‘transient” distinct com-
plexes that can regulate the autophagic programme.

AMBRA1 and mito-BCL-2 interaction is disrupted after
both autophagy and apoptosis induction

The fact that both STS treatment and autophagy induction are
able to induce the dissociation of AMBRA1 from mito-BCL-2
led us to hypothesize that these two treatments induce a
common pathway. Indeed, it is known that some apop-
tosis inducers can trigger, at first, an autophagic response
(Colell et al, 2007); this being the case, autophagy could be
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considered as a defensive response following stress-induced
cell death. Our results, however, indicate that AMBRA1 and
mito-BCL-2 interaction can be modulated by induction of
both autophagy and apoptosis, thus underlying a double
function of AMBRA1 both in autophagy and cell death
control. Several authors have recently investigated the rela-
tionship between the proautophagic and proapoptosis activ-
ity of BECLIN 1 (Boya and Kroemer, 2009; Chang et al, 2010;
Djavaheri-Mergny et al, 2010; Luo and Rubinsztein, 2010;
Maiuri et al 2010). In particular, Djavaheri-Mergny et al
(2010) reported that caspases can cleave BECLIN 1, thereby
destroying its proautophagic activity. Thus, it will be very
interesting to further investigate the relationship between
AMBRAL1 and caspase activities.

In conclusion, this work describes a novel interplay be-
tween the regulation of AMBRA1 function, BCL-2 and autop-
hagy. For this reason, it opens up new areas of research in the
complex relationship between apoptosis and autophagy.

Materials and methods

Antibodies

Polyclonal anti-FLAG (Sigma-Aldrich, F7425), monoclonal anti-myc
9E10 (Santa Cruz), polyclonal anti-myc A-14 (Santa Cruz),
polyclonal anti-Beclin 1 (Santa Cruz), monoclonal anti-BECLIN 1
(Becton-Dickinson), mouse monoclonal anti-TUBULIN (Sigma-
Aldrich), polyclonal anti-ACTIN (Sigma-Aldrich), monoclonal
anti-BCL-2 (Santa Cruz, sc-7382), polyclonal anti-BCL-2 (Abcam,
Ab7973), polyclonal anti-PARP antibody (Cell Signaling), polyclonal
anti-MnSOD (Assay Designs), polyclonal anti-PDI (Stressgen),
polyclonal anti-AMBRA1 (from SDI and Covalab), monoclonal
anti-p62 (BD Transduction Laboratories) and polyclonal anti-LC3
(Cell Signaling).

Reagents and plasmid constructs

Constructs coding for AMBRAL1 and its fragments were cloned in
pLPCX vector (Clontech; Fimia et al, 2007). Plasmids containing
either wild-type h-BCL-2-myc, EEE-BCL-2 mutant, ER-BCL-2, Mito-
BCL-2, wild-type BECLIN 1 and all BECLIN 1 mutant cDNAs were
present in Beth Levine’s Laboratory (Howard Hughes Medical
Institute, Dallas, Texas). Rapamycin and STS were purchased from
Sigma-Aldrich. The Q-VD-ODH caspase inhibitor was from Kamyia
Biomedical Company.

Immunoprecipitation

Cells were lysed either in HEMG buffer (25 mM HEPES (pH 8.0),
100mM NacCl, 0.5% Nonidet P-40, 0.1 mM EDTA, 10% glycerol)
plus protease and phosphatase inhibitors or in CHAPS buffer
(40mM HEPES (pH 7.4), 150mM NaCl, 2mM EDTA, 0.3% of
CHAPS) in order to detect endogenous AMBRA1-BCL-2 interaction.
After centrifugation at 4°C for 10 min at 13000 g, equal amounts of
protein were incubated with either anti-myc, anti-FLAG, anti-Beclin
1, anti-BCL-2 or anti-AMBRA1 antibodies (2 pg) overnight at 4°C,
followed by 60 min incubation with 20 pl of protein A/G sepharose
beads (Amersham Bioscience). The beads were collected by
centrifugation and washed four times with the HEMG buffer.
Proteins bound to the beads were eluted with 30pul of SDS-
polyacrylamide gel electrophoresis sample buffer and heated to
95°C for 10 min.

Immunocytochemistry

Cells were washed in PBS and fixed with 4% paraformaldehyde in
PBS for 15min. In order to stain mitochondria, mitotracker was
applied to cells, prior to fixation, 15min at 100nM. After
permeabilization with 0.2% Triton X-100 in PBS for 5min, cells
were blocked in 2% horse serum in PBS and incubated for 1 h at RT
with primary antibodies. We used the antibodies directed against
AMBRAL1, BCL-2 and the myc Tag. Cells were then washed in
blocking buffer and incubated for 1h with labelled anti-mouse
(Alexa Fluor-488 or Alexa Fluor555, Molecular Probes, Eugene, OR)
or anti-rabbit (FITC or Cy3, Jackson ImmunoResearch, West Grove,
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PA) secondary antibodies. Nuclei were stained with 1 pg/ml DAPI
and examined under a Leica TCS SP5 confocal microscope equipped
with a x 63 (NA 1.4) oil-immersion objective (Deerfield, IL). We
used ‘Leica confocal’ software for analysis. In the case of AMBRA1
and mito-BCL-2 or ER-BCL-2 analysis, we used the Olympus IX70
microscope combined with SoftWorx software. Deconvolution was
applied in standard condition (8 cycles). Image analysis was
undertaken using the ImageJ analysis programme using the PSC
colocalization plug-in (French et al, 2008) to calculate colocaliza-
tion. At least 20 cells were analysed for each condition. Results are
presented in terms of Pearson correlation coefficients, which
represent the linear relationship of the signal intensity from the
green and red channels of the analysed image.

Forster resonance energy transfer

For standard acceptor photobleaching FRET microscopy, HEK293
cells were seeded on coated glass coverslips and co-transfected with
a vector encoding AMBRA1-mCherry and a vector encoding BCL-2-
GFP. Twenty-four hours after transfection, cells were fixed with 4%
paraformaldehyde for 10 min and, following three washes, nuclei
were stained with 1 pug/ml DAPI 20 min and then placed on slides
and embedded in mounting medium, as described above. FRET
studies were performed on a confocal microscope (TCS SP5, Leica)
using the implemented FRET acceptor photobleaching wizard.
Acquisition settings were as follows: objective Plan-Apochromat
x 63/1.4 NA oil immersion, pinhole 2 Airy units, image size
512 x 512. Prebleach and postbleach images were serially recorded
by excitation of BCL-2-GFP at 488nm (donor channel) with an
argon laser, and mCherry-AMBRA1 at 543 nm (acceptor channel)
with an helium-neon laser. Low laser intensities were used to avoid
bleaching effects during acquisition, selection of the cells were
made by visualizing only the donor channel to prevent premature
partial bleaching of the acceptor. The acceptor was bleached with
high intensity (100%) power at the 543nm laser line for 10
iterations. This iteration time was found to be effective for
bleaching mCherry-AMBRAL1 in pilot experiments. The change in
the fluorescence intensity between pre- and postbleach donor
values (efficiency, E) was calculated using the formula E= (donor
after—donor before) x 100/donor after, and was shown as a
percentage; pseudo-coloured images showing FRET efficiency
values were also generated. We analysed 10 cells from each of
three independent experiments, where cells were maintained in
basal conditions without starvation.

Isolation of microsomal fraction

HEK293 cells were plated in ten 10-cm Petri dishes and co-
transfected with vectors encoding both FLAG-Beclin 1 and myc-
AMBRAL. Five dishes were then shifted in EBSS media during 4h
and the other five dishes grown in normal media. Cells were
washed twice with 5ml of a solution of 0.137 M NaCl/2.7 mM KCl/
8 mM Na,HPO,/1.5mM KH,PO, (PBS), harvested in a solution of
SmM EDTA in PBS and washed with 5ml of PBS. The cells were
swollen at 0°C for 10 min in 2ml of hypotonic solution of 10 mM
Tris-HCl, pH 7.5/0.5mM MgCl,, and then protease inhibitor
cocktail was added at 1mM. Cells were homogenized with 30
strokes in a glass Dounce homogenizer and the homogenate was
diluted in a equal volume of a solution of 0.5M sucrose/6 mM
2-mercaptoethanol/40 uM CaCl,/300 mM KCl/10 mM Tris-HCl, pH
7.5. The suspension was centrifugated at 10000g for 20min to
pellet nuclei and mitochondria. The supernatant was made at 0.6 M
KCI. The suspension was centrifugated at 100000g for 60 min to
sediment the microsomal fraction. The pellet was suspended in a
solution containing 0.25M sucrose, 0.15M KCl, 3mM 2-mercap-
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toethanol, 20 uM CaCl,, 10 mM Tris-HCI (pH 7.5), and centrifugated
again at 100 000 g for 60 min. The pellet of protein was suspended in
the same solution (Maruyama and MacLennan, 1988).

Transmission electron microscopy and immunogold staining
Mitochondria were isolated from HeLa cells by standard differential
centrifugation, and suspended in isolation buffer (0.2M sucrose,
10mM Tris-MOPS (pH 7.4), 0.1 mM EGTA-Tris, 0.1% delipidated
bovine serum albumin, BSA). They were then fixed in 2% freshly
depolymerized paraformaldehyde and 0.2% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4, for 2 h at 4°C. Samples were rinsed
in buffer partially dehydrated and embedded in Epon resin (Fluka),
sectioned and collected on uncoated nickel grids. Ultrathin sections
were processed for immunogold technique. Grids were preincu-
bated with 10% normal goat serum in 10mM PBS containing 1%
BSA and 0.13% NaN3 (medium A), for 15 min at RT; sections were
then incubated with primary antibody, rabbit polyclonal anti-
AMBRAL (ProSci Inc.) diluted 1:50 in medium A, overnight at 4°C.
After rinsing in medium containing 0.01% Tween-20 (Merck), a
second incubation with primary antibody mouse anti-BCL-2 (Santa
Cruz) diluted 1:50 in medium A was performed, for 2 h at RT. After
incubation in medium A for 15min at RT, sections were incubated
for 1h at RT in a solution of goat anti-rabbit IgG conjugated to
15nm colloidal gold (British BioCell Int.) and goat anti-mouse IgG
conjugated to 5nm colloidal gold (British BioCell Int.) both diluted
1:30 in medium A containing fish gelatine 0.01%. Finally, grids
were thoroughly rinsed in distilled water, contrasted with aqueous
2% uranyl acetate for 20 min, and Reynolds solution (3.5% tri-
sodium citrate, 2.6% lead nitrate, Fluka) for 10min, and then
photographed in a Technai 20 (FEI Company, Eindhoven, the
Netherlands) electron microscope.

Mitochondrial crosslinking

HEK293 cells were grown in normal medium or in EBSS medium
during 4h and fixed with PFA 0.5% during 10 min. After three
washes with PBS, mitochondrial fractions were purified as
described before. We also performed an immunoprecipitation of
endogenous AMBRA1 with an antibody anti-AMBRA1 or with
preimmune IgG as a negative control.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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