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strategy for cancer therapy.
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(Bacl(ground: Apoptosis and autophagy are coordinately regulated, but the underlying mechanisms are incompletely

Results: Bcl-2 specifically interacts with GABARAP via a conserved EWD motif, resulting in impaired GABARAP lipidation.
Conclusion: Sequestration of GABARAP is likely to contribute to the down-regulation of autophagy by Bcl-2.
Significance: Interfering with pro-survival functions of Bcl-2 (including its impact on autophagy) represents a promising

J

Apoptosis and autophagy are fundamental homeostatic pro-
cesses in eukaryotic organisms fulfilling essential roles in devel-
opment and adaptation. Recently, the anti-apoptotic factor
Bcl-2 has been reported to also inhibit autophagy, thus estab-
lishing a potential link between these pathways, but the mecha-
nistic details are only beginning to emerge. Here we show
that Bcl-2 directly binds to the phagophore-associated protein
GABARAP. NMR experiments revealed that the interaction
critically depends on a three-residue segment (EWD) of Bcl-2
adjacent to the BH4 region, which is anchored to one of the two
hydrophobic pockets on the GABARAP molecule. This is at
variance with the majority of GABARAP interaction partners
identified previously, which occupy both hydrophobic pockets
simultaneously. Bcl-2 affinity could also be detected for GEC1,
but not for other mammalian Atg8 homologs. Finally, we pro-
vide evidence that overexpression of Bcl-2 inhibits lipidation of
GABARAP, a key step in autophagosome formation, possibly via
competition with the lipid conjugation machinery. These results
support the regulatory role of Bcl-2 in autophagy and define
GABARAP as a novel interaction partner involved in this intri-
cate connection.
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Cellular integrity critically relies on the presence of degrada-
tion systems with the potential to dispose of defective biomol-
ecules and organelles or to disintegrate cytoplasmic material
for recycling of its constituents. One of these fundamental
pathways is autophagy, which has been found to be deregulated
in a series of human diseases, such as cancer and neurodegen-
eration, as well as in aging (1). During autophagy,® cytosolic
components are engulfed by a crescent-shaped double mem-
brane termed the phagophore, which is subsequently closed to
form an autophagosome. Upon fusion of the autophagosome
with lysosomes, its contents are decomposed by hydrolytic
enzymes (2).

In yeast, conjugation of autophagy-related protein (Atg)® 8, a
member of the ubiquitin superfamily, with phosphatidyletha-
nolamine is a critical requirement for autophagosome forma-
tion (3). Lipidated Atg8 (Atg8-II) is located on phagophore and
autophagosome membranes, representing a well established
marker of autophagic structures (4). Atg8 has several homologs
in mammals, including three variants of microtubule-associ-
ated protein light chain 3 (LC3A, LC3B, and LC3C), GABA
receptor-associated protein (GABARAP), glandular epithelial
cell protein 1 (GEC1), and Golgi-associated ATPase enhancer
of 16 kDa (GATE-16). Similar to Atg8, these proteins are sub-
strates of a lipid conjugation machinery, resulting in their
membrane attachment (5). Based on sequence similarities,
GABARAP, GEC1, and GATE-16 on the one hand and the

® Within this paper, the term autophagy refers to the canonical pathway, also
known as macroautophagy.

® The abbreviations used are: Atg, autophagy-related protein; Bcl, B-cell lym-
phoma; BH, Bcl-2 homology; Bnip3L, Bcl-2/adenovirus E1B 19-kDa interact-
ing protein 3-like; ER, endoplasmic reticulum; GABA, y-aminobutyric acid;
GABARAP, GABA, receptor-associated protein; GATE-16, Golgi-associated
ATPase enhancer of 16 kDa; GEC1, glandular epithelial cell protein 1; GST,
glutathione S-transferase; HSQC, heteronuclear single quantum coher-
ence; hp, hydrophobic pocket; LC3, light chain 3 of microtubule-associated
protein; MEF, mouse embryonic fibroblast; Nix, Nip-like protein x; REF, rat
embryonic fibroblast; SPR, surface plasmon resonance; SUMO, small ubig-
uitin-like modifier.
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FIGURE 1. GABARAP interaction partners. A, sequence alignment of the
known GABARAP ligands calreticulin (CRT, Ref. 11), clathrin heavy chain (CHC,
Ref. 10), Nix (16), p62 (44), and Bcl-2 (this work). Acidic residues are high-
lighted in red. Amino acids that are known or expected to interact with hydro-
phobic pocket hp1 are shown in bold black, those bound to hp2 are high-
lighted in blue. B, sequence alignment of BH4 segments (boxed, following the
annotations in the UniProt database), together with four subsequent resi-
dues, for human Bcl-2, Bcl-x,, and Bcl-w (colored as above). Bcl-2 residues
Ser**-Asp>*, which are implicated in GABARAP binding according to NMR
titration experiments, are underlined. C, comparison of mammalian Bcl-2
sequences, demonstrating the strict conservation (indicated by asterisks) of
BH4 residues and the GABARAP binding motif.

LC3s on the other have been proposed to form two distinct
subfamilies, which appear to exert slightly different functions in
autophagosome biogenesis (6).

GABARAP is a versatile protein with a wide range of inter-
action partners, which are involved in various aspects of vesicle
transport and fusion as well as apoptosis (7). The observation of
abnormal GABARAP expression levels in cancer cells suggests
a potential role of this protein during cancer development (8, 9).
Structural studies using nuclear magnetic resonance (NMR)
spectroscopy as well as x-ray crystallography have revealed that
most interactions of GABARAP are mediated by two hydro-
phobic pockets on its surface (10 —14), and that this binding site
is also available in the lipidated form of the molecule (15). Thus,
at least subsets of GABARAP binding partners are expected to
compete for the interaction surface, suggesting an intricate spa-
tio-temporal patterning of different complexes (7).

In an effort to find novel GABARAP ligands, we previously
identified the signature XXWXX® as a minimal binding motif
(Fig. 1A). In this sequence, ® is hydrophobic, whereas X can be
any residue, but at least one of these needs to be acidic (10, 11).
Based on this motif, we identified Nix (Nip-like protein x) as a
direct interaction partner of GABARAP (16). Nix, alternatively
named Bnip3L (Bcl-2/adenovirus E1B 19-kDa interacting pro-
tein 3-like), is a pro-apoptotic protein containing a single B cell
lymphoma (Bcl) 2 homology (BH) 3 region. Although in
Bnip3L, the BH3 motif has been suggested to mediate interac-
tion with Bcl-2 (17), the closely related Bnip3 appears to utilize
different sites for this purpose (18). Bcl-2 is the founding mem-
ber of a protein family comprising both pro- and anti-apoptotic
factors. Notably, the most prominent members of the anti-apo-
ptotic subgroup (Bcl-2, Bcl-x;, and Bcl-w) are distinguished by
the presence of a well conserved BH4 sequence. Because Nix
binds to GABARAP via its N-terminal WVEL region (16, 19),
which conforms to the XXWXX® motif, simultaneous binding
of Nix to GABARAP and Bcl-2 may be feasible.

We therefore decided to explore the impact of Bcl-2 on the
GABARAP-Nix interaction. Surprisingly, Bcl-2 turned out to
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also display significant affinity for the GABARAP molecule.
The present work describes the results of a subsequent effort to
characterize the direct Bcl-2 interaction with GABARAP and
its potential role in vivo.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Plasmid construction,
expression, and purification of human GABARAP in Esche-
richia coli BL21 DE3 have been described previously (20).

DNA fragments coding for LC3A, LC3B, GATE-16, and
GECI1 were amplified by polymerase chain reaction (PCR) and
cloned into pGEX-4T-2 or pET-15b for expression of glutathi-
one S-transferase (GST) fusion proteins or His-tagged proteins,
respectively. All constructs were sequenced to confirm their
correctness and expressed in E. coli BL21 DE3 cells. Once cul-
tures reached an optical density (600 nm) of about 0.6, expres-
sion was induced with 1 mm isopropyl B-p-thiogalactopyrano-
side and cells were harvested after 3 h of growth at 37 °C. His-
tagged fusion proteins were purified from the soluble extract by
nickel-nitrilotriacetic acid affinity chromatography, and GST
fusion proteins were purified by glutathione-Sepharose affinity
chromatography. If necessary, fusion tags were cleaved off by
thrombin hydrolysis, followed by further purification by size
exclusion chromatography. An analogous strategy was fol-
lowed for expression and purification of soluble human Bcl-x;,
(residues 1-204), using a vector (21) kindly provided by Dr.
Joseph T. Opferman (St. Jude Children’s Research Hospital,
Memphis, TN).

A synthetic cDNA (obtained from Geneart) coding for a soluble
human Bcl-2 (isoform 2)/Bcl-x; chimera (Ref. 22, hereafter
denoted Bcl-2%) was cloned into a modified pET-15b vector using
BamHI and Xhol restriction sites introduced by PCR. The protein
was expressed in E. coli BL21 DE3 cells and purified with nickel-
nitrilotriacetic acid-agarose, followed by tobacco etch virus prote-
ase digestion and size exclusion chromatography.

Peptides corresponding to the interaction region of Bcl-2
were custom synthesized with acetylated N termini and ami-
dated C termini and purified to >95% (JPT Peptide Technolo-
gies). The wild-type peptide contained Bcl-2 residues 24 —34
(SQRGYEWDAGD); in addition, peptides carrying single point
mutations (E29Q, W30A, and D31N) were used.

Cell Lines—Rat embryonic fibroblast (REF) cells expressing
mouse Bcl-2 (23) or transfected with a blank vector were a kind
gift of Christoph Borner (University of Freiburg, Germany) to
A.M. and were grown in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM, PAA Laboratories) containing 10%
fetal calf serum (FCS, Biochrom) as well as 1% penicillin/strep-
tomycin (Invitrogen). Jurkat cells were grown in RPMI 1640
medium (PAA Laboratories) containing 10% FCS. Mouse
embryonic fibroblasts (MEFs) were prepared by crushing
E12.5-13.5 embryos in sterile cell culture dishes in the presence
of culture medium and passaged as soon as they reached con-
fluence, until they were immortalized based on morphology. At
this stage, cells were cultured in high-glucose DMEM (Invitro-
gen) supplemented with 10% FCS, 100 ug/ml of streptomycin,
and 100 units/ml of penicillin. To obtain stably transfected cell
lines, wild-type and mutated Bcl-2 were inserted into the pPB-
CAG-EBNXN vector (obtained via the Sanger Institute) con-
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taining PiggyBac transposon sites, which facilitate stable inser-
tion into the genome of a target cell when co-expressed with a
transposase (23). The cDNAs were N terminally tagged with a
hemagglutinin epitope and C terminally connected to an inter-
nal ribosomal entry site followed by the yellow fluorescent pro-
tein Venus. These constructs were co-transfected with a plas-
mid encoding the transposase in a ratio of 1:4; 48 h after
transfection, Venus-positive cells were selected on a MoFlo
XDP (Beckman-Coulter) cell sorter. After three to four rounds
of sorting, cells were ~99% positive for Venus fluorescence and
thus considered stably transfected. Successful expression was
confirmed by Western blotting. For ongoing culture, cells were
grown in the absence of antibiotics.

Determination of the Bcl-2 Binding Interface on GABARAP—
NMR spectra were recorded with a cryogenically cooled
Z-pulse field gradient "H{**C,"*N} probe at 25 °C on a Varian
NMR spectrometer at a proton frequency of 800 MHz. The
initial sample contained 75 um ">’N-GABARAP in 20 mm Tris-
HCI, pH 7.8, 5 mm dithiothreitol (DTT), and 7% (v/v) deute-
rium oxide (D,0). Successive addition of unlabeled Bcl-2* (or
Bcl-x; ) finally resulted in a sample containing equal concentra-
tions (65 um) of both proteins. 'H-">N-HSQC (heteronuclear
single quantum coherence) spectra were collected with up to
200 complex points in the '°N time domain, up to 64 scans per
t, point, and a 1.5-s recycle delay. Data were processed with
NMRPipe (24) and analyzed with NMRView (25).

NMR Titration of "> N-GABARAP with Bcl-2-derived Peptides—
NMR spectra were recorded at 25 °C on a Varian NMR spec-
trometer at a proton frequency of 600 MHz. The initial sample
contained 200 um '°N-GABARAP in 25 mm NaH,PO,/
Na,HPO,, pH 6.9, 100 mm KCI, 100 mm NaCl, 50 um EDTA,
and 5% (v/v) D,0. Successive addition of unlabeled Bcl-2 pep-
tides (wild-type, E29Q, W30A, and D31N, respectively) finally
resulted in a sample containing 132 um GABARAP and 265 um
Bcl-2 peptide. Again, 'H-""N-HSQC spectra were collected
during the titration. Data were processed with NMRPipe and
evaluated with CcpNmr Analysis (26).

Backbone Resonance Assignment of Bcl-2—Uniformly **C-
and "°N-labeled samples of 300 um Bcl-2* were prepared using
20 mm Tris-HCl, pH 7.8, 5 mm DTT, and 7% (v/v) D,O. NMR
experiments were performed at 25 °C on Varian NMR spec-
trometers, equipped with cryogenically cooled Z-pulse field
gradient probes or room temperature XYZ-pulse field gradient
probes at proton frequencies of 900, 800, and 600 MHz. To
obtain backbone resonance assignments of the affected resi-
dues, two-dimensional 'H-">N-HSQC, three-dimensional
BEST-HNCA (27), three-dimensional CBCACONH (28), and
6-10 ppm band selective (*"H-"H-'>N)-NOESY-HSQC spectra
were recorded. Data were processed with NMRPipe and ana-
lyzed with CARA (29) and CcpNmr Analysis. The resulting
assignment (covering 126 of 162 residues) has been deposited in
the Biological Magnetic Resonance Data Bank (code 19559).

Determination of the GABARAP Binding Interface on Bcl-2—
'"H-""N-HSQC spectra were recorded at a proton frequency of
900 MHz. The initial sample contained 120 um '°N-Bcl-2%.
Successive addition of unlabeled GABARAP finally resulted in a
sample containing equal concentrations (70 um) of Bcl-2* and
GABARAP.
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TABLE 1

Cluster statistics for GABARAP-Bcl-2* complex models obtained with
HADDOCK

Cluster 1 Cluster 2
HADDOCK score” —137.0*+ 7.6 —78.6 6.2
Cluster size . 154 42
Root mean square deviation-E,_;, (A) 0.7 = 0.4 7.6 £0.2
E, 4, (kcal/mol) —435*+ 82 —39.0 £ 5.6
E,... (kcal/mol) —808.7 = 61.3 5221+ 27.7
E,., (kcal/mol) 52.3 + 3.4 348 = 4.4
Egy (kcal/mol) 159.9 = 50.7 299.8 * 35.2
BSA (A% 2078.3 * 60.4 1460.1 = 69.1

“ The following abbreviations were used: E,;,,, backbone root mean square dis-
tance from the lowest-energy structure; E, 4, Van der Waals energy; E,,., elec-
trostatic energy; E 4., desolvation energy; Ery, restraints violation energy; and
BSA, buried surface area.

Modeling of the GABARAP-Bcl-2 Complex—A model of the
GABARAP-Bcl-2 complex was calculated using HADDOCK,
version 2.0 (30, 31). For GABARAP, the crystal structure of the
complex with a calreticulin-derived peptide (PDB code 3DOW,
Ref. 13) was chosen as starting model. In the case of Bcl-2, we
used the solution structure of the Bcl-2/Bcl-x; chimera (PDB
code 1GJH, Ref. 22) to generate variants with different side
chain orientations of Trp®® using the basin-hopping parallel
tempering algorithm (32, 33). In this procedure, we applied
random Cartesian moves to the atoms of residues 27-33 only,
followed by energy minimization of the entire model. To allow
structures of higher energy to be accepted by the basin-hopping
algorithm, we used temperatures between 5,000 and 50,000 K
for the 16 replicas. For each of these, 200 basin-hopping steps
were performed and the 10 structures with lowest energy were
saved. The resulting 160 structures were examined visually, and
the one with the side chain of Trp® pointing mostly outward
was selected for subsequent docking. For evaluation of energies
we used the CHARMM?22 potential (34). The basin-hopping
parallel tempering algorithm is implemented in the GMIN
software.

For in silico docking of the two molecules using HADDOCK,
35 ambiguous interaction restraints were defined based on the
changes in the 'H-*N-HSQC spectra observed upon complex
formation. Additionally, the Tyr?®-Ala®* region of Bcl-2 was
defined as fully flexible segment. HADDOCK was then carried
out using the web server expert interface with default program
parameters. Analysis of the final 200 water-refined models of
the GABARAP-Bcl-2 complex resulted in the identification of
two clusters; a statistical evaluation is provided in Table 1. The
first cluster comprised more than 75% of all obtained models as
well as the model with the lowest energy. The latter was chosen
for graphic representation of the GABARAP-Bcl-2 complex,
after removal of the Bcl-x; insertion.

Surface Plasmon Resonance (SPR) Spectroscopy—SPR studies
were carried out on a BiacoreX optical biosensor (GE Health-
care). Following standard procedures for amine coupling, 1 um
recombinant Bcl-2* without fusion tag in 10 mm sodium ace-
tate, pH 4.0, was used for coupling to the carboxymethylated
dextran matrix of a CM5 sensor chip surface. A reference sur-
face was treated identically, but not exposed to Bcl-2% for
immobilization. Recombinant GABARAP, GEC1, GATE-16,
LC3A, and LC3B were dissolved in running buffer (10 mm
Hepes, pH 7.4, 150 mm NaCl, 3 mm EDTA, 1 mm 3-mercapto-
ethanol, and 0.005% surfactant P20) at concentrations between
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1 and 60 um and injected at 30 wl/min and 25 °C. Response
units were recorded as a function of time. The averaged signal
intensities between 90 and 120 s after injection were used for
evaluation. The dissociation constant (K,) was obtained for
each analyte by nonlinear regression according to the steady
state affinity model, using BIAevaluation software.

Pulldown Analysis—Immobilization of GABARAP and pull-
down with Jurkat cell extracts or competitive pulldown with
REF or Bcl-2-overexpressing REF cell extracts were performed
as described previously (11). Eluted proteins from the pulldown
procedure were analyzed by Western blot analysis. The primary
antibodies were mouse anti-Bcl2 IgG (Acris Antibodies) and
rabbit anti-Atg4B IgG (Santa Cruz Biotechnology). Blots were
stained by chemiluminescence (SuperSignal West Pico chemi-
luminescent substrate, Pierce) and documented using a Chemi-
Doc system (Bio-Rad).

Co-immunoprecipitation Assay—]Jurkat cells were sonicated
in lysis buffer (10 mm Na,HPO,, 1.76 mm KH,PO,, pH 7.4, 137
mM NaCl, 2.7 mm KCI, 1% Nonidet P-40, 0.5% sodium cholate,
protease inhibitor mixture) and centrifuged at 10,000 X g for 30
min at 4 °C. The supernatant was incubated with rabbit anti-
human Bcl-2 polyclonal antibody (Cell Signaling Technology)
or without antibody as a control at 4 °C overnight with gentle
mixing. Immobilized recombinant protein A-agarose (Pierce)
was added and the mixture was incubated with gentle mixing
for 2 h at room temperature. The agarose was washed three
times with a buffer containing 25 mm Tris-HCI, pH 7.2, and 150
mwm NaCl. Subsequently, bound protein was eluted by 100 mm
glycine, pH 2.5, and analyzed by SDS-PAGE and Western blot-
ting. GABARAP immunoreactivity was probed by rabbit anti-
human GABARAP polyclonal IgG (Pineda) and HRP-coupled
goat anti-rabbit IgG (Pierce). Bcl-2 immunoreactivity was
detected by mouse anti-Bcl-2 monoclonal antibody (Acris
Antibodies) and HRP-coupled goat anti-mouse IgG (Pierce).

For immunoprecipitation of Bcl-2 or GABARAP from MEF
cell lysates, antibodies were covalently coupled to an amine-
reactive agarose (Pierce Co-IP Kit, Thermo Scientific), follow-
ing the manufacturer’s instructions. Cells were incubated with
ice-cold lysis buffer (25 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1
mM EDTA, 1% Nonidet P-40, 5% glycerol) without sonication,
followed by centrifugation at 13,000 X g for 10 min at 4 °C. In
each experiment, 500 ul of supernatant diluted to a total pro-
tein concentration of 1 mg/ml was applied to the appropriate
antibody-coupled resin in a spin column. After washing three
times with 200 ul of lysis buffer, bound protein was recovered
after incubation with 60 ul of elution buffer, pH 2.8, at room
temperature. Following precipitation with methanol/chloro-
form, the eluate was analyzed by SDS-PAGE and Western blot-
ting, using antibodies as outlined above.

Cell Death Assays—Cell death was determined using Sytox
green staining (Invitrogen) in the presence of different stauro-
sporine concentrations. After incubation with staurosporine
for 48 h, the cells were analyzed by high-content imaging using
a BD Pathway 855 microscope. Data were obtained from 4 inde-
pendent experiments using 3 replicates per experiment. Viabil-
ities were normalized to the untreated cells, which were set as
100%.
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Immunocytochemistry—The cells were fixed, permeabilized,
and stained as previously described (16). Detection of
GABARAP was performed with polyclonal rabbit anti-
GABARAP antibody (Pineda) and rhodamine-labeled bovine
anti-rabbit IgG (Santa Cruz Biotechnology). For staining of
nuclear DNA, we used 4',6-diamidino-2-phenylindole (DAPI).
Immunofluorescence was observed with an LSM 710 confocal
laser scanning system (Carl Zeiss Microlmaging) using an
EC-Plan-Neofluar X40/1.30 oil DIC objective. GABARAP pos-
itive particles were quantified in individual frames using the
Image]J software (NIH), using parameters as outlined in Ref. 36.

Statistical Analysis—All numerical results are given as mean *
S.E., and represent data from a minimum of three independent
experiments. We determined the statistical significance of differ-
ences between experimental groups by the two-tailed unpaired
Student’s £ test using SigmaPlot (Systat Software).

RESULTS

GABARAP Directly Binds to Bcl-2— After our accidental dis-
covery of GABARAP binding to Bcl-2, we first determined the
dissociation constant of this complex using SPR spectroscopy,
for comparison with the GABARAP-Nix interaction. As
recombinant Bcl-2 is known to be poorly soluble, we used a
soluble and functional chimera (Bcl-2¥) in which the loop con-
necting the BH4 and BH3 regions (residues 35-91) of Bcl-2
(isoform 2) was replaced by residues 35—50 of Bcl-x; , and which
lacked the C-terminal membrane anchor (22). We found that
GABARAP directly binds to Bcl-2” with stronger affinity (K, =
26 um, Fig. 24) than to Nix (K, = 100 puM, Ref 16). As
GABARAP shares significant similarities in sequence and func-
tion with other members of the Atg8 family, we additionally
examined the interaction between Bcl-2 and several GABARAP
homologs by SPR spectroscopy and found that GEC1 bound
Bcl-2* with a K, of 72 um (Fig. 2B). In contrast, GATE-16,
LC3A, and LC3B yielded SPR signals that indicate K, values
larger by at least 1 order of magnitude.

Mapping the Binding Surfaces of Bcl-2 and GABARAP—To
identify Bcl-2 residues that are affected by GABARAP binding,
'H-'*N-HSQC spectra of '*N-Bcl-2* were recorded during
titration with unlabeled GABAPAP. Addition of GABARAP
caused several Bcl-2” resonances to be broadened beyond
detection, confirming direct interaction of both proteins (Fig.
3A). Note that, due to the intermediate time scale of chemical
exchange, these data did not allow direct calculation of an equi-
librium constant. The affected resonances mainly correspond
to residues Ser’*-Asp®* (SQRGYEWDAGD) of Bcl-2. This
region comprises the end of helix a1 and the beginning of the
al-a2loop, i.e the C-terminal end of the BH4 segment and the
following four residues (Fig. 1B). Notably, the sequence is cen-
tered on a tryptophan residue, but does not fully match the
XXWXX® signature.

In a complementary experiment, 'H-">N-HSQC spectra of
'>’N-GABARAP were recorded during titration with unlabeled
Bcl-2%. The spectrum without ligand exhibited the typical sig-
nals of natively folded GABARAP (37). Upon addition of Bcl-27,
a lot of resonances broadened beyond detection (Fig. 3B). Sig-
nals of Leu®® and Val®' broadened already at a Bcl-2*:
GABARAP ratio of 0.5. Resonances of other residues, which
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FIGURE 2. Binding of GABARAP homologs to Bcl-2. A, SPR sensorgrams resulting from injections of GABARAP at different concentrations, with Bcl-2*
immobilized on the chip as described under “Experimental Procedures.” B, steady state binding curves of GABARAP, GEC1, GATE-16,LC3A, and LC3Binteracting
with immobilized Bcl-2*. Nonlinear regression analysis yielded the K, for GABARAP-Bcl-2* to be 25.9 * 1.3 um, compared with 71.5 = 5.3 um for the GEC1-Bcl-2*
interaction. Binding of GATE-16, LC3A, and LC3B to Bcl-2* was very weak, suggesting K, values significantly exceeding 200 um.

were mainly located within one continuous surface region of
GABARAP, disappeared or shifted in the HSQC spectra with
increasing amounts of Bcl-2”, thus defining the binding area
involved on the GABARARP surface. This region includes the
first hydrophobic pocket (hpl) of GABARAP, whereas hp2 is
much less affected. This observation is in good agreement with
the binding sequence identified in Bcl-2 (YEWDAG, see above),
which contains a glycine instead of the second hydrophobic
residue (®) in the XXWXX® signature. (Fig. 1A). We conclude
that hpl on GABARAP is most likely to interact with Bcl-2
residue Trp®’, in accordance with previous studies identifying a
tryptophan side chain as a critical determinant for GABARAP
binding via this hydrophobic pocket (7, 38). Notably, titration
of "’ N-GABARAP with Bcl-x; (Fig. 3C) did not reveal signifi-
cant effects in the "H-'"’N-HSQC spectrum. Although the tryp-
tophan residue of the proposed GABARAP binding site is con-
served in Bcl-x;, it is not flanked by acidic side chains. These
observations suggest that ionic interactions may play an impor-
tant role in the formation of a GABARAP-Bcl-2 complex.

Finally, the significance of individual Bcl-2 side chains for
GABARAP binding was investigated by '"H-'>N-HSQC titra-
tion experiments using *>N-GABARAP and Bcl-2-derived pep-
tides. Whereas the wild-type peptide (Ser**-Asp>*) was clearly
able to interact with GABARAP (Fig. 4, A and B), no binding
was detected using a mutated version in which Trp®® was
replaced by alanine (Fig. 4D). Likewise, the acidic residues
Glu*® and Asp®! appear to be required for complex formation.
After replacing these side chains individually with their non-
charged amides (yielding E29Q and D31N, respectively), the
interaction was greatly reduced (Fig. 4, C and E).

Model of the GABARAP-Bcl-2 Complex—To gain further
insight into the structure of the complex, in silico docking
experiments were carried out. Unfortunately, the original solu-
tion structure of Bcl-2” turned out not to be suitable for this
approach because it features the Trp>° side chain as part of a
hydrophobic cluster, i.e. in a non-exposed conformation. To
overcome this problem, we applied a global optimization meth-
odology termed basin-hopping to generate alternative confor-
mations of the respective segment. The basin-hopping algo-
rithm can be viewed as a generalization of the Monte Carlo plus
energy minimization procedure (39). Moves are proposed by
perturbing the current geometry, and are accepted or rejected
according to the Metropolis criterion with the energy differ-
ence between the local minima obtained following minimiza-
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tion of the two configurations. Although basin-hopping has
been successfully employed to find the global minimum of pep-
tides and proteins, in the current work it served to generate
structures with modified conformations surrounding residue
Trp®°. As expected, the local minima generated from the per-
turbed models were all higher in energy than the local mini-
mum of the original structure because they had the tryptophan
side chain in a non-preferred environment. For the actual dock-
ing, the HADDOCK system was used because it offers the pos-
sibility to incorporate prior knowledge (such as experimental
data) about residues involved in the interaction, and also allows
for flexibility of the local structure at the binding site. The
resulting model is shown in Fig. 5 (for the proposed conforma-
tional change in the a1-a2 loop of Bcl-2, please refer to supple-
mental Fig. S1). Notably, the bulky tryptophan side chain
(Trp®°) of Bcl-2 is buried deeply in hpl on the GABARAP sur-
face (Fig. 5B), whereas hp2 is not occupied. Furthermore, the
complex is stabilized by several hydrogen bonds and salt
bridges involving, among others, Glu** and Asp®' of Bcl-2,
which chiefly interact with Lys'® and Lys*® of GABARAP (Fig.
5D).

Interaction of GABARAP and Bcl-2 in Cells—Pulldown and
co-immunoprecipitation experiments were performed to
investigate whether GABARAP binds to endogenous non-chi-
meric Bcl-2. Immobilized GABARAP was exposed to Jurkat cell
extracts and associated proteins were eluted, separated by SDS-
PAGE, and probed with an anti-Bcl-2 antibody. Bcl-2 was iden-
tified among the GABARAP-associated proteins, but not in the
control without immobilized GABARAP (Fig. 6A4). Immuno-
precipitation of Bcl-2 using anti-Bcl-2 antibody-coupled aga-
rose with subsequent SDS-PAGE analysis and Western blotting
yielded GABARAP immunoreactivity at the expected molecu-
lar mass (Fig. 6B), which further confirms the cellular interac-
tion of Bcl-2 with GABARAP.

To scrutinize the in vivo significance of the EWD motif, we
performed co-immunoprecipitation experiments with MEF
cells. Taking advantage of the very low levels of endogenous
Bcl-2 in these cells, we generated stable lines overexpressing
either wild-type human Bcl-2 or a triple mutant in which the
EWD sequence was replaced by QAN. Note that the BH4
regions of mouse and human Bcl-2 (residues 10-30, Fig. 1C) as
well as the GABARAP molecules share 100% sequence identity.
Confocal laser scanning microscopy revealed that in both stable
cell lines, Bcl-2 displayed a subcellular localization in accord-
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FIGURE 3. Structural investigation of the GABARAP-Bcl-2 interaction. A, superimposed "H-'°N-HSQC spectra of Bcl-2* in the absence (blue) and presence of
GABARAP (yellow). The resonances most strongly affected upon GABARAP binding are labeled, and corresponding residues are highlighted in yellow on the
Bcl-2* surface (top left, using PDB code 1GJH). B, superimposed "H-">N-HSQC spectra of GABARAP in the absence (yellow) and presence of Bcl-2” (35 um, blue;
65 wuM, violet). Resonance assignments were taken from a previous report (20). The signals most strongly affected upon Bcl-2* binding are labeled, and
corresponding residues highlighted on the GABARAP surface (top right, using PDB code 1KOT). Residues broadening upon addition of 35 um Bcl-2* are colored
blue, those affected in the presence of 65 um Bcl-2* are colored violet. C, an analogous experiment, using Bcl-x, instead of Bcl-2.

ance with previous reports (23, 40, 41), suggesting that the triple
mutation did not disturb sorting of the protein. After immuno-
precipitation with a GABARAP antibody, Bcl-2 could be
detected in the eluate only for cells expressing the wild-type
protein, whereas in case of the QAN mutant, immunoreactivity
was found exclusively in the flow-through (Fig. 6C). As
expected, the endogenous Bcl-2 was not detectable in the
empty vector control cells. The inverse experiment yielded
complementary results. Although endogenous GABARAP co-
precipitates with overexpressed wild-type Bcl-2, it is not asso-
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ciated with the triple mutant (not shown). Together, these
observations underscore the critical role of the acidic/hydro-
phobic binding motif identified in this study. We also investi-
gated the susceptibility of these cell lines to apoptotic cell death
by challenging them with staurosporin and recording the frac-
tion of live cells as a function of staurosporin concentration
using high-content imaging (Fig. 6D). As expected, overexpres-
sion of wild-type Bcl-2 increased viability, compared with con-
trol cells. Interestingly, the QAN mutant also conferred signif-
icant resistance to cell death, indicating that the GABARAP
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FIGURE 4. Interaction of Bcl-2-derived peptides with GABARAP. A, superposition of 'H-">N-HSQC spectra of '*N-labeled GABARAP in the presence of Bcl-2
peptide Ser**-Asp>*, recorded in the course of a titration experiment. The contour plots correspond to 0 (red), 62 (orange), 89 (yellow), 125 (green), 160 (cyan),
217 (blue), and 265 um (violet) peptide. The frame in A marks the spectral region enlarged in B-E (note the different x-y scaling). With respect to the wild type,
peptides in experiments C-£ were modified as indicated in the figure.

FIGURE 5. Model of the GABARAP-Bcl-2 complex (lacking Bcl-2 residues 35-91, for which no structural information is available). A, surface representa-
tion of GABARAP with the docked Bcl-2 molecule shown in ribbon mode. For ease of orientation, the BH segments are labeled and color-coded as described in
the legend to Fig. 1. B, close-up view of the region marked in A. Trp3° of Bcl-2, shown as stick model, is inserted into hp1 of GABARAP. C, ribbon diagram of Bcl-2
bound to GABARAP. D, close-up view of the region marked in C, illustrating the proposed GABARAP-Bcl-2 interface. Key residues participating in hydrophobic
interactions and salt bridges are shown; for visual clarity the former are drawn in lighter color in the case of GABARAP. Several additional contacts, particularly
hydrogen bonds involving main chain atoms, are omitted from this figure. The asterisk denotes Ser®* of Bcl-2, a potential phosphorylation site (see text for
details).
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FIGURE 6. Intracellular association of Bcl-2 with GABARAP. A, pulldown
assays using Jurkat cell extracts and either GABARAP-coupled (+GABARAP) or
unmodified Sepharose (—GABARAP). GABARAP-associated proteins were
immunoblotted with anti-Bcl-2 antibody. B, endogenous proteins were
immunoprecipitated from Jurkat cell extracts using an anti-Bcl-2 antibody
immobilized on protein A-agarose (+Bcl-2 antibody) and non-coupled aga-
rose as control (negative control). Bound components were immunoblotted
with anti-Bcl-2 or anti-GABARAP antibodies. The right lane contains 10% of
the cell lysate used for immunoprecipitation. C, co-immunoprecipitation
experiments with MEF cells stably overexpressing either wild-type Bcl-2
(EWD) or the QAN mutant. Left panel, after precipitation of GABARAP from cell
lysates with an immobilized antibody, both flow-through and eluate were
analyzed by SDS-PAGE and Western blotting using a Bcl-2 antibody. Control
cells have been transfected with the empty vector. Right panel, immunoblot
showing the protein levels of overexpressed Bcl-2 as well as endogenous
tubulin (loading control), prepared with 10% of the lysate used for immuno-
precipitation. D, overexpression of Bcl-2 in MEF cells leads to increased viabil-
ity under staurosporin treatment (see text for details).

binding function of Bcl-2 is largely independent of its anti-apo-
ptotic activity.

Bcl-2 Regulates GABARAP Lipidation—To explore the
potential impact of Bcl-2 on GABARAP function, the relative
expression levels of Bcl-2, GABARAP, and LC3 in control and
Bcl-2-overexpressing REF cells were investigated by Western
blot analysis. In Bcl-2-overexpressing cells, the ratio of non-
lipidated to lipidated GABARAP (GABARAP:GABARAP-II)
was much higher than in control cells (Fig. 7, A and B). In con-
trast, the ratio of LC3 to LC3-II did not change significantly in
response to Bcl-2 overexpression (Fig. 7A). Note that for both
GABARAP and LC3, the non-lipidated fractions comprise
unmodified (full-length) as well as C terminally cleaved protein
(form I), which are not separated due to marginal differences in
molecular mass. Analysis of the subcellular distribution
revealed that GABARAP-positive puncta were fewer and
smaller in Bcl-2-overexpressing cells compared with control
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cells (Fig. 7, C—E). As GABARAP can be conjugated to phos-
pholipids, resulting in membrane localization (5), the amount
and size of the GABARAP positive dots should correlate with
the lipidation level of GABARAP. We therefore conclude that
overexpression of Bcl-2 results in a decrease of GABARARP lipi-
dation, which is consistent with the Western blotting results.

Finally, we investigated whether Bcl-2 is able to compete with
Atg4B for the interaction with GABARAP. For this purpose,
we performed pulldown experiments with immobilized
GABARAP, using lysates from REF cells with or without Bcl-2
overexpression, and tested the eluate for bound Atg4B. We
found that Atg4B signals significantly decreased under condi-
tions of Bcl-2 overexpression (Fig. 8), indicating that Bcl-2 pre-
vents GABARAP from interacting with the conjugation
machinery.

DISCUSSION

Autophagy and apoptosis are strictly regulated biological
processes essential for maintenance of cell and tissue homeo-
stasis during development as well as in response to stress.
About two decades ago, proteins of the Bcl-2 family have been
recognized as essential regulators of apoptotic cell death; their
role in autophagy, however, has only recently been appreciated
(reviewed in Ref. 42). Specifically, Pattingre et al. (43) found
that Bcl-2 negatively regulates autophagy via its interaction
with Beclin 1. Beclin 1 acts as an obligatory activator of Vps34,
a class III phosphatidylinositol 3-kinase essential for initiation
of phagophore assembly. Current evidence indicates that Bcl-2
and Bcl-x, interact with the BH3 region of Beclin 1 via a con-
served hydrophobic groove formed by their own BH1, BH2, and
BH3 segments. When engaged in this complex, Beclin 1 is
ineffective in promoting Vps34 activity. In the presence of
autophagic stimuli such as starvation, however, Beclin 1 is
released from Bcl-2, resulting in activation of the phosphatidy-
linositol 3-kinase and hence phagophore formation.

In this work, we provide data in support of GABARAP rep-
resenting a novel target of Bcl-2 in autophagy. Following the
incidental discovery of this interaction in our laboratory, we
applied immunoprecipitation and immunofluorescence tech-
niques to verify its significance in living cells. Complementary
HSQC NMR titrations with recombinant proteins revealed an
undecapeptide centered on the C-terminal end of the Bcl-2
BH4 region to be involved in association with the conserved
hydrophobic surface of the GABARAP molecule. Furthermore,
we could demonstrate that the expression level of Bcl-2 affects
GABARAP lipidation, suggesting a potential molecular mech-
anism of its inhibitory role in autophagy. Together, these
results support the conclusion that the Bcl-2-GABARAP inter-
action contributes to the crosstalk between apoptosis and
autophagy.

As outlined above, ligands of GABARAP often contain the
sequence motif XXWXX® as an essential binding determinant.
This signature is similar to the LC3-interacting region (44) and
the Atg8 family interacting motif (45) described previously. The
results of the present study suggest that, in addition to apolar
side chains occupying the hydrophobic pocket(s), GABARAP-
ligand interactions are stabilized by electrostatic forces, thus
rationalizing the frequent occurrence of acidic residues in the
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XXWXXP motif. Indeed, part of the hydrophobic surface of
GABARAP is lined by basic amino acids, which are likely to
participate in salt bridges with ligand side chains. Considering
these requirements, we note that the GABARAP binding motif
found in Bcl-2 is not conserved in other anti-apoptotic mem-
bers of the Bcl-2 family. Although the central tryptophan is
present in Bcl-x;, the neighboring acidic residues are not (Fig.
1B), which is consistent with the lack of interaction with
GABARAP (Fig. 3C). A distinctive property of the GABARAP-
Bcl-2 complex is that binding involves only the first of the two
canonical hydrophobic pockets on the GABARAP surface. To
better understand possible implications of this feature, we have
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performed docking experiments using a modified Bcl-2* struc-
ture. The resulting model (Fig. 5) nicely reflects this type of
interaction. In addition to the classical knob-and-hole tether
formed by the tryptophan side chain, the interface encom-
passes several salt bridges and hydrogen bonds. Importantly,
our model suggests that, after binding of GABARAP to Bcl-2,
hp2 will still be available for interaction with other proteins,
possibly establishing ternary complexes. We have recently pro-
posed a similar binding mode for the association of N-ethylma-
leimide-sensitive factor with GABARAP, where hpl also
accommodates a large hydrophobic residue (a tyrosine in this
case), whereas hp2 is largely accessible (46).

While this work was under review, the crystal structure of
Bcl-2 bound to a small-molecule inhibitor (PDB code 4LXD,
Ref. 47) was published. Remarkably, in this structure the side
chain of Trp*° is pointing away from the protein core because it
is involved in a lattice contact mediated by the ligand. This
observation confirms that the segment surrounding Trp>° pro-
vides sufficient flexibility to allow for re-orientation of this side
chain, in accordance with our experimental data and modeling
results.

To appreciate the functional significance of the GABARAP-
Bcl-2 interaction, the subcellular localization of these proteins
has to be taken into account. Bcl-2 is believed to largely occur
on endoplasmic reticulum (ER) membranes and less on mito-
chondrial membranes, whereas the opposite seems to be true
for Bcl-x; (48). Notably, only Bcl-2 targeted to the ER is capable
of protecting against cell death, so Bcl-2 at other membranes
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may have different roles (49). GABARAP, in contrast, is associ-
ated with membranes of Golgi cisternae, transport vesicles, and
autophagosomes. Although immunofluorescence experiments
with Bcl-2-overexpressing MEF cells indicated partial colocal-
ization of both proteins in punctate structures, this pattern did
not change significantly upon mutation of the critical EWD
motif (not shown). However, our co-immunoprecipitation data
clearly demonstrate that GABARAP binding is abolished for
the QAN mutant of Bcl-2 (Fig. 6C), which is consistent with our
peptide titration results.

In response to autophagic stimuli, GABARAP and other
Atg8 family proteins are subject to a ubiquitin-like conjugation
process: following C-terminal cleavage by Atg4 (50), they are
conjugated to phosphatidylethanolamine by the actions of
Atg7, Atg3, and the Atgl6L complex (51) and thus localize to
autophagosomal membranes (5). Therefore, the lipidated,
membrane-attached derivative (form II) is considered the func-
tionally active species promoting autophagy. Considering these
data, different mechanisms can be envisaged to explain how
overexpression of Bcl-2 may influence the lipidation level of
GABARAP. One such mechanism would be a direct one, where
binding of GABARAP to Bcl-2 precludes its simultaneous
interaction with one of the modifying proteins, the most obvi-
ous candidate being Atg4. Atg4 is a cysteine protease with four
paralogs in humans, which have different binding preferences
for GABARAP-related proteins (52). Atg4B, for instance, is able
to cleave GATE-16, GABARAP, and LC3 (53). A recent crystal-
lographic study featuring the AtgdB-LC3B complex revealed
contact between the N-terminal YDTL sequence (a canonical
LC3-interacting region) of Atg4B and the hydrophobic pockets
of a symmetry-equivalent LC3B molecule (54). Similarly, Atg7
is very likely to bind Atg8 proteins via its C-terminal tail (55).
We therefore propose a model in which Bcl-2 on the one hand
and Atg4B (or a different component of the modification cas-
cade) on the other compete for the hydrophobic binding pock-
ets on the GABARAP molecule. In support of this hypothesis,
our pulldown experiments demonstrate that overexpression of
Bcl-2 indeed prevents Atg4B from interacting with GABARAP,
thus abolishing the first step of the modification process. As
expected, Bcl-2 overexpression did not significantly affect the
lipidation of LC3 because the affinity of Bcl-2 for LC3 is much
lower than for GABARAP.

Of course, the involvement of more indirect mechanisms, e.g.
via Beclin 1, cannot be ruled out. Moreover, the attenuating
effect of Bcl-2 on autophagy may not exclusively rely on its
interactions with Beclin 1 and GABARAP. For instance, there is
evidence that Bcl-2 can reduce autophagy by inhibition of ino-
sitol 1,4,5-trisphosphate receptors, the major Ca>" release
channels of the ER (56).

Within the signaling network of mammalian cells, Bcl-2 is
now considered an integrating node in control of both
autophagy and apoptosis (57). In essence, it serves to attenuate
both processes by sequestration of activating molecules, death-
promoting BH3 proteins in the case of apoptosis, and Beclin 1
in the case of autophagy. The results presented here add
GABARAP to the latter category. In recent years, multisite
phosphorylation of ER-resident Bcl-2, e.g. by JNK-1, in its
largely unstructured al-o2 loop has emerged as a master
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switch governing its interactions with BH3-containing proteins
(58, 59). The precise mechanism by which these phosphoryla-
tion events (at Thr®, Ser”®, and Ser®”) will suppress binding of
BH3 peptides on the opposite face of the molecule is unclear at
present, but may involve a reorientation of the helical bundle. In
contrast, the key residues of the proposed GABARAP binding
site are located in the N-terminal part of the a1-a2 loop (Glu*°-
Asp?!), i.e. even closer to the phosphorylation sites. Therefore,
itis tempting to speculate that GABARAP inactivation by Bcl-2
might also be reversed by phosphorylation. According to this
hypothesis, phosphorylation of Bcl-2 attached to the ER mem-
brane would lead to a concerted release of two pro-autophagic
proteins, Beclin 1 and GABARAP, close to their site of action,
thus efficiently promoting autophagosome formation. On the
other hand, protein-protein interactions by several ubiquitin-
like modifiers were found to be enhanced by phosphorylation of
serine residues adjacent to the hydrophobic LC3-interacting
region or SUMO interacting motif sequences of their binding
partners (60— 62). It is interesting to note that in Bcl-2, a serine
(Ser®*) is located in close proximity to the GABARAP binding
site (Fig. 5D). Indeed, phosphorylation of Ser** has been impli-
cated in the regulation of anti-apoptotic Bcl-2 functions (63);
whether it also plays a role in GABARAP binding (and thus
modulation of autophagy) remains to be elucidated.

Elevated Bcl-2 expression is a common finding in many types
of cancer cells. Recent evidence indicates that the oncogenic
potential of Bcl-2 is, to an appreciable extent, due to its effects
on autophagy (64). Intriguingly, deletion of helix a1 (residues
1-22) results in a Bcl-2 variant that is devoid of anti-apoptotic
activity, whereas it is still able to inhibit autophagy. The latter
function is only lost after an additional deletion of residues
23-36 (35), pointing to a critical role of this stretch in
autophagy regulation. The results of the current study strongly
argue for an involvement of GABARAP in this effect. Indeed,
our observation that the QAN mutant, whereas defective in
GABARAP binding, still confers resistance to cell death (Fig.
6D) supports the notion that the inhibitory effects of Bcl-2 on
apoptosis and autophagy are mediated by distinct regions of the
molecule. It is important to note that the anti-autophagic activ-
ity of N terminally truncated Bcl-2 has been reported to corre-
late with its ability to co-immunoprecipitate with Beclin 1 from
cell lysates (35, 64). Whether sequestration of Beclin 1 and
GABARAP by Bcl-2 represent alternative (maybe mutually
exclusive) pathways to inhibit autophagy, or whether both pro-
teins can be bound simultaneously, will be a subject of future
studies.
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