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ABSTRACT Autophagy, an important catabolic pathway involved in a broad spectrum of human diseases, implies the forma-
tion of double-membrane-bound structures called autophagosomes (AP), which engulf material to be degraded in lytic compart-
ments. How APs form, especially how the membrane expands and eventually closes upon itself, is an area of intense research.
Ubiquitin-like ATG8 has been related to both membrane expansion and membrane fusion, but the underlying molecular mech-
anisms are poorly understood. Here, we used two minimal reconstituted systems (enzymatic and chemical conjugation) to
compare the ability of human ATG8 homologs (LC3, GABARAP, and GATE-16) to mediate membrane fusion. We found that
both enzymatically and chemically lipidated forms of GATE-16 and GABARAP proteins promote extensive membrane tethering
and fusion, whereas lipidated LC3 does so to a much lesser extent. Moreover, we characterize the GATE-16/GABARAP-
mediated membrane fusion as a phenomenon of full membrane fusion, independently demonstrating vesicle aggregation, inter-
vesicular lipid mixing, and intervesicular mixing of aqueous content, in the absence of vesicular content leakage. Multiple fusion
events give rise to large vesicles, as seen by cryo-electron microscopy observations. We also show that both vesicle diameter
and selected curvature-inducing lipids (cardiolipin, diacylglycerol, and lyso-phosphatidylcholine) can modulate the fusion pro-
cess, smaller vesicle diameters and negative intrinsic curvature lipids (cardiolipin, diacylglycerol) facilitating fusion. These re-
sults strongly support the hypothesis of a highly bent structural fusion intermediate (stalk) during AP biogenesis and add to
the growing body of evidence that identifies lipids as important regulators of autophagy.
INTRODUCTION
Macroautophagy, autophagy in the context of this work, is
an intracellular degradation pathway conserved in all eu-
karyotes (1). This process does not only provide nutrients
to maintain vital cellular functions under amino acid-
limiting conditions, but also plays an important role in a
wide range of physiological processes (2). Not surprisingly,
impaired autophagic function seems to underlie a wide
range of pathological conditions (3). During autophagy
portions of the cytosol and even entire organelles are
sequestered by double-membrane structures called autopha-
gosomes (AP). Eventually, AP fuse with the lysosomal sys-
tem where the inner membrane and the cargo are degraded.
One outstanding question is how the AP membrane is
formed and elongated. The most widely accepted hypothe-
ses propose the formation of a core preautophagosomal
structure, named isolation membrane or phagophore, upon
which adhesion and fusion of further membrane structures
would occur (4-6). To date, at least 35 autophagy-related
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genes (ATG) have been identified and related to the process
(7,8). Among them, the ATG8 family of ubiquitin-like pro-
teins is among the late autophagosome-specific proteins to
bind the AP (9). Conjugation of ATG8 to phosphatidyletha-
nolamine (PE) at the autophagosomal membrane is essential
for AP elongation (10,11) but the underlying mechanism of
AP growth remains essentially unknown.

Although most studies have been focused on the ATG8
conjugation system derived from Saccharomyces cerevisiae,
the role of ATG8 homologs in higher eukaryotes is less well
characterized (12). Remarkably, whereas yeast has a single
ATG8 gene, mammals have up to seven homologs (13),
which can be divided into LC3 and GABARAP subfamilies.
Members of both subfamilies have overall similar structures
(14,15) (Fig.1 A), are localized to autophagosomal mem-
branes (16,17), and are all essential for the autophagic pro-
cess (18,19). However, far from being simply redundant
members of a protein family, specific members are sug-
gested to act at different stages of AP biogenesis (19).

Several authors have approached autophagy, and particu-
larly the fusion processes leading to autophagosomal
growth, using model membrane systems consisting of vesi-
cles of defined lipid compositions and purified proteins.
Nakatogawa et al. (20) showed in this kind of system
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that yeast ATG8 can trigger liposome tethering and hemifu-
sion, whereas Weidberg et al. (21) found that mammalian
orthologues of ATG8 have the same activities. Furthermore,
Nair and co-workers (22) described how the in vitro fusion
activity of ATG8-like proteins depended strongly on the
presence of high amounts of PE (in the 50% mol range).
These studies have elicited the interest of investigators on
the role of specific lipids and their corresponding synthesiz-
ing enzymes in the process of AP formation. Because of the
important role of PI3P in autophagy (23,24), this area of
research has recently attracted considerable attention and
a variety of other lipids have been involved (25-27). How-
ever, how the various membrane lipid species modulate
AP biogenesis, particularly at the level of autophagic mem-
brane elongation, remains largely unexplored. The ever-
increasing number of ATG proteins and the potential
combinatorial interactions among them and with cellular
factors make the autophagy network very complex and diffi-
cult to dissect and analyze in intact cells. In this regard,
compositionally defined in vitro reconstituted systems are
increasingly being used to reveal fundamental information
concerning the mechanism of action of individual auto-
phagy proteins and their regulatory factors (28). Here, we
used two minimal reconstituted systems, based on a
minimal set of recombinant proteins together with synthetic
vesicles of defined lipid compositions, to gain further
insight into the ability of human ATG8 homologs (LC3,
GABARAP, and GATE-16) to mediate membrane fusion.
Our in vitro studies shed light on the role of the various hu-
man ATG8 proteins during AP elongation and identify
selected lipids as potent modulators of the process.
MATERIALS AND METHODS

Materials

Egg phosphatidylcholine (PC), bovine liver phosphatidylinositol (bl-PI),

heart cardiolipin (CL), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanol-

amine (DOPE), lysophosphatidylcholine (LPC), egg diacylglycerol

(DAG), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-(lissamine

rhodamine B sulfonyl) (Rho-PE), 1,2-dioleoyl-sn-glycero-3-phosphatidyl-

ethanolamine-p-maleimidomethyl-cyclohexanecarboxamide (PEmal),

and 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-

sn-glycero-3-phosphatidylethanolamine (NBD-PE) were purchased from

Avanti Polar Lipids (Alabaster, AL). NaCl, Tris Base, MgCl2, Triton

X-100, and n-octyl-b-D-glucopyranoside were obtained from Calbiochem

(Darmstadt, Germany). N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexa-

decanoyl-sn-glycero-3-Phosphatidylethanolamine (NBD-PE), (1,3,6 ami-

nonaphtalene-trisulfonate (ANTS), and p-xilene-bisdipicolinic acid

(DPX) were purchased from Molecular Probes (Eugene, OR). Dithiothrei-

tol (DTT) and tris(2-carboxyethyl)phosphine (TCEP) were purchased from

Sigma-Aldrich (St. Louis, MO).
DNA constructs and site-directed mutagenesis

Plasmids for expression of human ATG7, human ATG3, and the various ho-

mologs of ATG8 (human LC3B, human GATE-16, and human GABARAP)

were kindly provided by Dr. Isei Tanida (National Institute of Infectious
Biophysical Journal 110(2) 411–422
Diseases, Tokyo, Japan). Note that each ATG8 homolog was a truncated

form ending in the reactive C-terminal glycine such that no ATG4-mediated

preprocessing was necessary. Wild-type plasmids were mutated by site-

directed mutagenesis to obtain LC3G120C, GATE-16C15SG117C (GATEG117C

for simplicity), and GABARAPG117C by TopGeneTech (Montreal, Canada)

and confirmed by sequencing.
Expression and purification of recombinant
proteins

Proteins were purified from soluble fractions of bacterial extracts obtained

in the absence of detergents, and were>90% pure as evaluated by Coomas-

sie-stained sodium didecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE). ATG7 was expressed by baculoviral infection of HighFive

(H5) insect cells. ATG7 in pFASTBAC HTa plasmid DNA was used to

transform DH10Bac Escherichia coli for transposition into the bacmid.

We used blue/white colony selection to identify colonies containing the re-

combinant bacmid and they were confirmed by polymerase chain reaction.

The recombinant bacmid was then isolated and purified using the Macherey

Nagel endotoxin-free DNA purification kit. H5 insect cells were transfected

with purified bacmid using Lipofectamine from Invitrogen (Waltham, MA)

in TC-100 insect media (Sigma-Aldrich) supplemented with the appropriate

antibiotics. When the transfected cells demonstrated signs of late stage

infection (typically around 72 h), the medium containing the free virus

was collected. We repeated cycles of transfection and virus collection to

amplify the viral stock. Cells were collected after 48 h infection followed

by centrifugation at 5000 � g for 10 min. The pellet was resuspended

and sonicated in a breaking buffer consisting of 50 mM Tris pH 8,

150 mM NaCl, and freshly prepared 1 mM TCEP and protease inhibitors.

The lysate was cleared by 30 min centrifugation at 30,000 � g and loaded

on cobalt resin (Clontech, Mountain View, CA) for 3 h at 4�C. Protein was
eluted with 500 mM imidazole, concentrated up to 500 ml using YM-30

microcons (Millipore, Darmstadt, Germany) and loaded onto a Superdex

TM200HR 10/30 size exclusion column (GE Healthcare, Buckinghamshire,

UK) equilibrated in 50 mM Tris pH 8, 150 mM NaCl, supplemented with

freshly added 1 mM DTT and protease inhibitors. Purified protein was

kept at 4�C. Plasmids of ATG3, LC3, GATE-16, GABARAP, and their cor-

responding mutant forms were transformed onto E. coli BL21 (lDE3) cells.

Cells were grown to OD600 ¼ 0.8 and induced with 0.5 mM isopropyl-b-D-

thiogalactoside for 3 h at 37�C in the case of GATE-16 and LC3, 4 h at 20�C
in the case of GABARAP, and 18 h at 18�C in the case of ATG3. Following

centrifugation at 5000 � g for 10 min, the pellet was resuspended and son-

icated in breaking buffer (phosphate buffered saline with protease inhibitors

mixture and 1 mM DTT). The lysate was cleared by 30 min centrifugation

at 30,000 � g, loaded on glutathione-agarose (Sigma-Aldrich) and incu-

bated for 3 h at 4�C. Proteins were eluted by cleavage with PreScission Pro-
tease (GE Healthcare) in Precission Buffer (50 mM Tris (pH 7.5), 150 mM

NaCl, 1 mM EDTA) with freshly added 1 mM DTT, for 4 h at 4�C. In the

case of cysteine C-terminal mutants 1 mM TCEP was used instead of DTT

to avoid interference with the thiol-maleimide coupling. Proteins were ali-

quoted, flash-frozen and stored at �80�C until further use.
Liposome preparation

The appropriate lipids were mixed in organic solution, and the solvent was

evaporated to dryness under a stream of N2. The sample was then kept under

vacuum for 2 h to remove solvent traces. The lipids were swollen in appro-

priate buffers. Small unilamellar vesicles (SUVs) were prepared from the

swollen lipids by sonication with a probe tip sonicator (MSE Soniprep

150 (MSE, UK)) for 10 min (10 s on and off cycles) at 10–20 mm amplitude.

The vials were kept on ice during the process to avoid overheating. When

large unilamellar vesicles (LUVs) were required, swollen lipids were sub-

jected to 10 freeze/thaw cycles and then extruded using 0.05-mm pore-size

Nuclepore (San Diego, CA) filters, as described by Mayer et al (29). Vesicle
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size was checked by quasielastic light scattering, using a Malvern Zeta-

Sizer 4 spectrometer (Malvern Instruments, Worcestershire, UK). LUVs

had an average diameter of 80 nm and SUVs had an average diameter of

50 nm. Lipid concentration was determined by phosphate analysis (30).
Dynamic light scattering measurements

To determine size-distribution profiles of the liposomes, the samples were

appropriately diluted with the conjugation reaction buffer and subjected

to dynamic light scattering (DLS) measurements at 37�C using a Zetasizer

Nano-S system (Malvern Instruments).
In vitro enzymatic lipidation reaction

To recreate PE-conjugation in vitro, purified ATG7 (1 mM), ATG3 (1 mM),

and LC3 or one of its homologs (10 mM) were mixed with liposomes

(0.4 mM total lipid) in the presence of 1 mM DTTand 5 mM ATP in conju-

gation buffer (50 mM Tris pH 7.5, 150 mM NaCl, and 1 mM MgCl2) and

incubated at 37�C for 90 min. The reaction was stopped with 6� SDS-

PAGE sample buffer and heated at 90�C for 5 min. Samples were run on

SDS-PAGE gels and visualized with Coomassie Blue stain (Thermo Scien-

tific; Waltham, MA).
Lipidation of LC3 and homologs with PEmal

To reconstitute LC3-PE conjugation in vitro without the use of ATG7,

ATG3, or PE, purified LC3G120C, GATE-16G117C, or GABARAPG117C

(10 mM each) were incubated with 15% PEmal-containing liposomes at a

final lipid concentration of 0.4 mM in conjugation buffer. The reaction

mixture was incubated at 37�C for 90 min and visualized by SDS-PAGE.
Aggregation assays

Liposome aggregation was monitored in an Uvikon 922 (Kontron, Augs-

burg, Germany) spectrophotometer as an increase in turbidity (absorbance

at 400 nm) of the sample. All assays were carried out at 37�C with contin-

uous stirring.
Lipid mixing and aqueous contents mixing
assays in large unilamellar vesicles

A fluorescence resonance energy transfer assay was used to monitor inter-

vesicular membrane lipid mixing (31). The appropriate LUVs containing

1.5 mol % NBD-PE and 1.5 mol % Rh-PE were mixed with ninefold excess

of unlabeled LUVs. NBD-PE emission was monitored in a QuantaMaster

spectrofluorometer (Photon Technology International, Birmingham, New

Jersey) in a thermostatically controlled 1-cm path length cuvette with con-

stant stirring at 37�C. NBD emission was monitored at 530 nm with the

excitation wavelength set at 467 nm (slits, 2 nm). A 515 nm cut-off filter

was placed between the sample and the emission monochromator to avoid

scattering interference. Inner monolayer lipid mixing was measured using

asymmetrically labeled membrane vesicles produced by the quenching of

the outer leaflet NBD-PE fluorescence upon addition of sodium dithionite

(see (32)). Dithionite was removed by gel filtration in Sephadex G-25M,

using conjugation buffer for elution.

Intervesicular content mixing was monitored by the ANTS/DPX assay

(33). ANTS emission was monitored at 530 nm with the excitation wave-

length set at 360 nm (slits, 2 nm). A 470 nm cut-off filter was placed be-

tween the sample and the emission monochromator to avoid scattering

interference. 0% vesicle content mixing was set by using a 1:1 mixture

of ANTS and DPX liposomes. 100% mixing of contents corresponded to

the fluorescence of the vesicles containing coencapsulated ANTS and
DPX. Details for the intervesicular lipid mixing and contents mixing assays

can be found in Goñi et al. (34).
Vesicle contents leakage assay

Leakage of vesicle contents was monitored by the ANTS/DPX assay (29).

ANTS emission was monitored at 530 nm with the excitation wavelength

set at 360 nm (slits, 2 nm). A 470 nm cut-off filter was placed between

the sample and the emission monochromator to avoid scattering interfer-

ence. To establish the 100% leakage signal, Triton X-100 was added to a

concentration of 1%. Details for the vesicle contents leakage assay can

be found in Goñi et al. (34).
Cryo-electron microscopy

For the cryoelectron microscopy (cryo-EM) studies, conjugation reactions

were performed as explained previously. Grids were prepared following

standard procedures and observed at liquid nitrogen temperatures in

a JEM-2200FS/CR transmission electron microscope (JEOL Europe,

Croissy-sur-Seine, France) operated at 200 kV. An in-column omega energy

filter helped to record images with improved signal/noise ratio by zero-

loss filtering. The energy selecting slit width was set at 9 eV. Digital

images were recorded on an UltraScan4000 CCD camera under low-dose

conditions at a magnification of 55,058 obtaining a final pixel size of

2.7 Å/pixel.
RESULTS

Reconstitution of the lipidation reaction

After activation by ATG4B (Fig. 1 B), covalent attachment
of ATG8 to PE is mediated by a ubiquitin-like chain of enzy-
matic steps involving the E1-like ATG7 and the E2-like
ATG3 (Fig. 1 C). These reactions can be reconstituted
in vitro, using recombinant purified proteins, liposomes
and ATP (35,36). To study the role of these protein-lipid
complexes in membrane tethering and fusion processes,
we first tried to reconstitute the enzymatically driven
lipidation reaction of the human ATG8 proteins, LC3,
GABARAP, or GATE-16. Reaction systems including
ATG7, ATG3, ATP, and liposomes led to the formation of
a faster migrating band readily visualized by Coomasie
brilliant blue (CBB) staining (Fig. 1 D, upper panels). The
latter was particularly well-resolved for the GABARAP
case. However, for LC3 and GATE-16 this band was undis-
tinguishable from the presumably adenylated form of the
protein that appears in the presence of ATP and ATG7
(37). To confirm the lipidation reaction, conjugation reac-
tions were prepared with liposomes containing 10%
NBD-PE. In each case, reactions led to the formation of a
fluorescent faster migrating band representing the lipidated
products of LC3/GABARAP subfamilies (Fig. 1 D, lower
panels).

Alternatively to the enzyme-driven reaction LC3 homo-
logs can also be chemically lipidated (32,38) (Fig. 1 E).
Here, the C-terminal glycine of the proteins is replaced
by a cysteine residue and then linked to PE carrying a reac-
tive maleimide on its headgroup (PEmal). Structurally, this
Biophysical Journal 110(2) 411–422



FIGURE 1 In vitro reconstitution of the lipidation reaction. (A) Crystal structures of the indicated human ATG8 family members and ubiquitin. All ATG8S

share a similar ubiquitin-like fold with two additional amino-terminal a-helices. GATE-16 (Protein Data Bank (PDB): 1EO6), LC3B (PDB: 1V49),

GABARAP (PDB: 1KOT), and ubiquitin (PDB: 1UBI). Helix shape represents an a-helix; arrow shape represents a b-sheet; arrowhead represents the

carboxyl termini of b sheets. (B) ClustalW sequence alignment of human GATE-16 (database accession number: P60520), LC3B (Q9GZQ8), and

GABARAP (Q6IAW1). The black arrow indicates the conserved PE-conjugating glycine residue present at the C-terminus of the processed forms of the

ATG8-like proteins. (C) Outline representation of the enzymatic conjugation of LC3/GABARAP to PE. (D) Conjugation of recombinant LC3, GATE-16,

and GABARAP with PE. Reaction media contain 1 mM ATG7, 1 mM ATG3, 10 mM ATG8 homologs, 1 mM DTT, 5 mM ATP, and 0.4 mM LUV [PC/

DOPE/bl-PI/NBD-PE (35/45/10/10 mol ratio)]. Each reaction mixture was incubated at 37�C for 90 min, run on 12.5% SDS-PAGE gels, and visualized

by CBB-staining (top panels) or using a VersaDoc MP 4000 Imaging System (bottom panels). In CBB-stained gels lipidated forms of GATE-16 and

LC3 are undistinguishable from the adenylated intermediates (compare lanes 1, 3, and 5 from the right). In the case of GABARAP, the adenylated interme-

diate appears immediately below the nonlipidated form (GABARAP-intermediate) and clearly distinguishable from the lipidated form (GABARAP-PE).

Conjugations of proteins to NBD-PE results in the appearance of a fluorescent faster migrating band corresponding to the lipidated form of the protein.

Molecular masses are shown in kDa on the left-hand side. For negative controls, ATG8 homologs lacking the reactive C-terminal glycine (DG) or reactions

lacking either ATG7, ATG3, ATP, or LUVs were used. (E) Outline representation of the chemical conjugation of LC3/GABARAP to PEmal. (F) Chemical

conjugation of recombinant LC3BG120C, GATE-16G117C, and GABARAPG117C. The indicated recombinant proteins (10 mM)were incubated at 37�C for

90 min with 0.4 mM LUV [PC/DOPE/PEmal/bl-PI (35/40/15/10 mol ratio)]. Cross-linking of the proteins to the maleimide-functionalized lipid results in

the appearance of a faster migrating band corresponding to the lipidated form of the protein. For negative control liposomes lacking PEmal were used.

Molecular masses are shown in kDa on the left-hand side.
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linkage differs from the native coupling by the addition of
the maleimide ring; however, these maleimide-anchored
conjugates have been reported to be functionally active
and are generally considered as useful mimetic analogs to
the naturally coupled proteins. Conjugation of the corre-
sponding C-terminal mutants to PEmal-containing lipo-
somes caused the appearance of a faster migrating band in
SDS-PAGE, similar to the lipidated forms obtained using
the enzymatic-conjugation machinery (Fig. 1 F).Taken
together these experiments indicate that we can detect the
production of the lipidated products for the three proteins
used in this study, both in the context of the whole conjuga-
Biophysical Journal 110(2) 411–422
tion enzymatic system and using a chemically modified
lipid.
Effect of human LC3 homologs on liposome
clustering in vitro

In the course of autophagosome maturation membrane teth-
ering should be essential both in the recruitment of vesicles
targeting the expanding phagophore and in the closure of
the autophagosome itself. In fact, yeast ATG8-PE was
proven to induce liposome aggregation in vitro (20), shed-
ding some light on the possible role of this protein during
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AP biogenesis. As an initial test for analyzing the functional
activity of LC3 homologs, we evaluated their ability to
induce liposome aggregation in vitro. As shown in Fig. 2,
of the three proteins tested, GATE-16 and GABARAP
induced a marked liposome aggregation, measured as an in-
crease in absorbance at 400 nm (Fig. 2 A) and by visual
observation under the light microscope (see Fig. 2 C).
This effect was not observed in the absence of ATG7.
LC3 had but a small effect under the same conditions. We
also evaluated the capacity of the PEmal-anchored homo-
logs to induce liposome aggregation. Again only GATE-
16-PEmal and GABARAP-PEmal were able to induce
efficient liposome aggregation according to either turbidi-
metric (Fig. 2 B) or DLS measurements (Fig. 2 D). Interest-
ingly, PEmal conjugates induce liposome aggregation at
similar rates than their enzymatically conjugated counter-
parts, supporting the reliable use of this chemical model.
These results are consistent with the growing number of
evidences indicating a membrane tethering activity for auto-
phagy-related ubiquitin molecules and might represent the
first evidence of such an in vitro activity for the GABARAP
homolog. LC3-PEmal was shown to efficiently induce
membrane tethering in vitro (21). The fact that in our system
this protein lacked this activity may result from differences
in the experimental system, particularly differences in the
lipidic composition of the LUVs that included phosphatidyl-
serine and cholesterol in their case.
Effect of human LC3 homologs on membrane
fusion

Liposome aggregation could simply represent membrane
tethering, but it could also be an indication of hemifusion
A B C

D

(i.e., fusion of the outer leaflets of adjacent membranes,
whereas inner leaflets remain intact) or even of complete
fusion (i.e., the merger of both inner and outer leaflets) of
apposed membranes (38). Previous studies with an in vitro
reconstituted system similar to ours reported that yeast
ATG8 mediates membrane hemifusion, but not complete
fusion (20). In a different study, mammalian forms of LC3
and GATE-16, artificially linked to PEmal, were shown to
induce full membrane fusion (21) (lipid mixing). To clarify
the situation, we initially used a lipid-mixing assay based on
fluorescence resonance energy transfer from NBD-PE to
Rho-PE (31). When the two dyes are present at an appro-
priate concentration in the same liposome, the fluorescence
of NBD is quenched by rhodamine. Upon fusion of these
LUVs with unlabeled LUVs and subsequent probe dilution
in the bilayer the distance between the two dyes increases,
resulting in a dequenching of NBD fluorescence. As shown
in Fig. 3 A, when the two LUV populations were subjected
to the conjugation reaction, a significant increase in fluores-
cence was observed with GATE-16-PE and GABARAP-PE
proteins. Of importance, lipid mixing was not observed in
the absence of ATG7. In agreement with the inefficient ca-
pacity of LC3-PE to tether liposomes, only a small increase
in NBD fluorescence was recorded in this case.

We then investigated whether GATE-16/GABARAP-PE-
induced lipid mixing resulted from complete membrane
fusion or membrane hemifusion. To this aim, we prepared
asymmetrically labeled liposomes by adding the mem-
brane-impermeable reductant sodium dithionite to the lipo-
some suspension to selectively quench the fluorescence of
NBD in the outer leaflet (32). Thus, any observed lipid mix-
ing arises from intervesicular mixing of inner monolayer
lipids, i.e., from full membrane fusion. Both GATE-16-PE
FIGURE 2 Membrane tethering activities by hu-

man autophagic proteins. (A and C) Enzymatic

conjugation reactions (maleimide-free) were per-

formed as described in Fig. 1 C followed by

changes in absorbance at 400 nm, 37�C and obser-

vation under a light microscope (bar ¼ 10mm).

Liposomes were composed of PC/DOPE/bl-PI

(35/55/10 mol ratio). For a negative control,

ATG7 was excluded from the reaction (gray trace).

(B andD) Chemical conjugation to PEmal was per-

formed as described in Fig. 1 D followed by mea-

surements of changes in the absorbance at 400 nm,

37�C. Aggregate size distribution was measured by

DLS at 37�C. In (B) and (D) liposomes were

composed of PC/DOPE/PEmal/bl-PI (35/40/15/

10 mol ratio). For negative controls, liposomes

lacking PEmal were used (gray traces).
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FIGURE 3 Membrane fusion induced by enzy-

matically conjugated LC3/GABARAP-PE. (A)

Time courses of total (black circles) and inner lipid

(black circles) mixing induced by ATG7 (1 mM),

ATG3 (1 mM), and the indicated ATG8 human ho-

mologs (10 mM) in liposomes (0.4 mM) composed

of PC/DOPE/bl-PI (35/55/10 mol ratio). Lipid mix-

ing was monitored by the NBD/Rhodamine lipid

dilution assay. For inner monolayer lipid mixing

NBD þ Rho-liposomes were pretreated with the

appropriate amounts of sodium dithionite to quench

NBD fluorescence of the outer leaflet. Unlabeled

and (NBD þ Rho)-labeled liposomes (9:1) were

mixed and incubated for 5min before ATP addition.

The extent of lipid mixing was quantified on a per-

centage basis according to the equation: (Ft-F0/

F100-F0) � 100 where Ft is the measured fluores-

cence of protein-treated LUVs at time t, F0 is the

initial fluorescence of the LUV suspension before

protein addition, and F100 is the fluorescence value

after complete disruption of LUVs by addition of

30 mM b-octylglucoside Each curve represents

the average and SE of three independent experi-

ments. For negative controls, ATG7 was excluded

from the reactions (open circles). (B) Time course

of intervesicular aqueous content mixing. Proteins

and lipids as in (A). Content mixing (black circles)

was monitored by the ANTS/DPX mixing assay;

100%mixing was determined using LUVs contain-

ing coencapsulated ANTS and DPX. ATG7 was

excluded from the reactions for negative controls

(open circles). (C) Time courses of fusion-related

vesicle content leakage. Proteins and lipids as in

(A). Vesicle leakage (black circles) was monitored

by the ANTS/DPX leakage assay; 100% leakage

signal was obtained by adding 1% Triton X-100.
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and GABARAP-PE stimulated NBD fluorescence of di-
thionite-treated liposomes in a time-dependent manner,
indicating that fusion of the inner leaflets of apposed
membranes, i.e., complete fusion of vesicles, had occurred
(Fig. 3 A). As expected, the intensity of the fluorescence
signal corresponding to fusion of inner monolayer lipids is
about one-half of the one indicating total lipid mixing.
Note that fusion of inner monolayers exhibits a longer lag
time than total lipid mixing. This is particularly clear for
GABARAP. The phenomenon occurs because total lipid
mixing includes hemifusion, which is an obligatory step
previous to inner monolayer mixing, i.e., complete fusion
(39-41). These results indicate that the observed membrane
fusion elicited by human GATE-16 and by GABARAP
in vitro, in the context of a minimal human conjugation
machinery, consists of full membrane fusion events.
Because in the process of vesicle-vesicle fusion a pore
connecting the vesicle inner spaces is opened, intervesicular
mixing of aqueous contents should occur. This was tested,
and confirmed, using the ANTS/DPX fluorescence quench-
ing couple (Fig. 3 B). Note that the extent of contents mixing
corresponds roughly with that of inner monolayer lipid
mixing (Fig. 3 A) at a given time. Most biological fusion
events occur in such a way that vesicle contents are not
Biophysical Journal 110(2) 411–422
leaked out. This is also the case in our model fusion system
(Fig. 3 C).

To obtain a morphological evidence of fusion, we analyzed
themorphologyof liposomes by cryo-EM.As shown inFig. 4,
in the case of conjugation reactions including GATE-16 and
GABARAP homologs, formation of much larger vesicles
was observed at the endof the fusion reaction, clearly suggest-
ing repetitive fusion events. These results strongly support our
conclusion that GATE-16-PE and GABARAP-PE cause
fusion of liposomes. In control experiments, no increase in
liposome size was observed in the absence of ATG7. More-
over, consistent with the biochemical results suggesting that
LC3 is a weaker inducer of membrane fusion in the in vitro
system used here, liposome size increased less markedly.
However, a significant number of liposomes lost their spher-
ical shape and appeared as elongated structures that may
derive from either deformation of single vesicles and/or
fusion events between no more than 2–3 vesicles.
The role of specific lipids in LC3- and GATE-16/
GABARAP-promoted fusion

According to the widely accepted stalk-pore fusion model
(40-45), fusion is thought to start with the formation of a



FIGURE 4 Fusion-dependent increase in vesicle

size analyzed by cryo-EM. Typical cryo-EM im-

ages of liposomes treated with human autophagic

proteins. Enzymatic conjugation reactions includ-

ing the indicated LC3 homologs (30 mM), ATG3

(3 mM), ATG7 (3 mM), and 3 mM ATP were per-

formed in conjugation buffer for 1 h at 37�C and

the products examined by cryo-EM. Liposome

(LUVs) compositions: PC/DOPE/bl-PI (35/55/

10 mol ratio), column 1 and 2, or PC/DOPE/CL

(35/55/10 mol ratio), column 3. In all cases, lipo-

some concentration was 1.2 mM. In control exper-

iments (column 1) ATG7 was excluded from the

reaction. The same scale (bar ¼ 50 nm) was used

in all images.
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nonlamellar lipidic stalk, a local connection between the
contacting monolayers of two membranes. The stalk then
extends connecting the facing monolayers (hemifusion)
before pore formation (fusion) occurs. The model predicts
that addition of inverted cone-shaped lipids (i.e., positive
curvature-inducing lipids) such as lyso-phosphatidylcholine
(LPC) to contacting membrane leaflets should prevent for-
mation of hemifused intermediates, whereas cone-shaped
lipids such as DAG or CL (i.e., lipids with a negative
intrinsic curvature) should promote formation of hemifusion
intermediates (45). As shown in Fig. 5 A, substituting bl-PI
for CL (10 mol %) strongly promoted GATE/GABARAP-
PE-induced lipid mixing. Addition of DAG (10 mol %)
further promoted intervesicular lipid mixing and LPC
(10%) totally inhibited it. Furthermore, fusion pore forma-
tion and content mixing occurred as well with lipidated
GATE-16 and GABARAP proteins. Consistent with what
was observed in lipid mixing experiments, CL strongly po-
tentiates mixing of aqueous contents (Fig. 5 B). Again,
vesicle fusion was accompanied by only a residual leakage
of vesicular content (data not shown). For all lipid composi-
tion tested vesicle size was centered around 80 nm as as-
sessed by DLS measurements (data not shown).

Vesicle radius has been proven to modulate LC3/
GABARAP lipidation in vitro (37). In their study, Melia
and co-workers showed that ATG3 contains a membrane in-
serting, curvature-sensitive domain and that the conjugation
of the ATG8-family proteins occurs preferentially on highly
curved membranes in vivo. In addition to promoting the lip-
idation process, membrane curvature may also facilitate the
fusion process itself (46,47), inducing autophagosome elon-
gation on the curved edge of the growing isolation mem-
brane. To address the effect of vesicle radius on the
process of membrane fusion, we chose the maleimide sys-
tem, as it allows the evaluation of membrane fusion elicited
by LC3 homologs independently of ATG3. To this aim,
labeled and nonlabeled PC/DOPE/bl-PI liposomes con-
taining 15% PE-mal were prepared either by sonication
(SUVs) or by extrusion through polycarbonate membranes
0.05-mm pore size (LUVs). As shown in Fig. 6, decreasing
liposome membrane radius from 40 to 25 nm markedly
stimulates total lipid mixing induced by artificially
coupled GATE-16-PEmal and GABARAP-PEmal (compare
Fig. 6, A and B). Hardly a stimulatory effect was observed in
the case of LC3-PEmal, although it was efficiently conju-
gated to PEmal (Fig. 1 F). Consistent with what was
observed previously for enzymatically conjugated GATE-
16 and GABARAP, substitution of PI by CL strongly en-
hances lipid-mixing induced by GATE-16-PEmal and
GABARAP-PEmal (compare Fig. 6, B and C). Again,
inclusion of CL did not affect particle size (data not
shown). These results add to the growing body of evidence
Biophysical Journal 110(2) 411–422



A

B

FIGURE 5 Effect of lipids modifying the membrane intrinsic curvature on membrane fusion induced by LC3/GABARAP-PE conjugates. (A) Represen-

tative time courses (left panels) and comparison at t ¼ 2000 s (right panels) of intervesicular total lipid mixing induced by ATG7 (1 mM), ATG3 (1 mM), and

the indicated ATG8 human homologs (10 mM) in liposomes (0.4 mM) with the basic lipid composition PC/DOPE (35/55 mol ratio) to which either bl-PI

(þ10 mol ratio), CL (þ10 mol ratio), CLþDAG (þ10 þ10 mol ratio), or CLþLPC (þ10þ10 mol ratio) was added. (B) Representative time courses

(left panels) and comparison at t ¼ 2000 s (right panel) of aqueous contents mixing for the same reactions as in (A). Lipid mixing and content mixing assays

were performed as described in Fig. 3. ATG7 was excluded from the reaction in control experiments (gray traces). Liposomes and proteins were incubated for

5 min before ATP addition. Each curve represents the average and SE of three independent experiments.
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supporting an important role of both vesicle radius
and membrane intrinsic curvature during autophagosome
biogenesis (48-50).

The fusogenic potential of ATG8-PEmal has been shown
to be highly dependent on the concentration of PE in the
target membrane (22). In that study, a reduction of PE con-
centration from 55% to 30% made ATG8-PEmal unable to
fuse liposomes, although coupling of ATG8 to maleimide
was equally efficient in both cases. We evaluated whether
reducing the PE content in our liposomes had an impact
on GABA/GATE-PE-dependent vesicle fusion. In agree-
ment with the previous report, GATE-PEmal and GABA-
PEmal were hardly able to fuse liposomes containing 30%
PE (Fig. 7, A and B). However, substitution of bl-PI by
cone-shaped lipid molecules such as CL or DAG promoted
vesicle fusion, nearly to the extent observed with
55% DOPE. With enzymatically conjugated GATE and
GABARAP proteins (Fig.7, C and D) vesicle fusion is
significantly impaired by reduction of DOPE to 30%, prob-
ably due to a drop in the efficiency of the lipidation reaction.
However, incorporation of CL and DAG into the vesicles
sustained potent vesicle fusion, even in the context of a
limiting DOPE concentration.
DISCUSSION

The ATG8 ubiquitin-like conjugation system plays a cen-
tral role in autophagy. However, despite its likely impor-
Biophysical Journal 110(2) 411–422
tance during autophagosome formation, its mode of action
is only incompletely understood. This is particularly true
in the case of higher eukaryotes and information regarding
mammalian LC3/GABARAP subfamilies is just recently
starting to emerge (12,51-53). In this study, we used
two reconstituted liposomal systems to learn more about
the molecular mechanisms by which human LC3 and
GABARAP subfamilies trigger AP biogenesis. Using these
simplified and biochemically accessible model systems,
we systematically explored the membrane activities of
human ATG8 homologs in the context of different lipid
compositions. Our data provide to our knowledge, new
insight into several aspects of the human autophagy machin-
ery, namely on the nature of the fusion process leading to AP
elongation, and the role of lipid intrinsic curvature in
the process. From the methodological point of view, our re-
sults fully validate the use of chemically lipidated ATG8
homologs.
The fusion mechanism

According to the current view, phagophore expansion re-
quires the supply and subsequent fusion of membranal ma-
terial of yet uncharacterized origin. In this regard, several
studies have involved both yeast ATG8 (20) and human
LC3 and GATE-16 (21) in the fusion processes underlying
phagophore expansion. However, the molecular mechanism
is still obscure. The liposomal assays applied here allowed
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FIGURE 6 Effect of vesicle diameter and lipid composition on mem-

brane fusion elicited by LC3/GABARAP-PEmal conjugates. Time courses

of total (black circles); and inner (black circles); lipid mixing induced by

the indicated proteins (10 mM) in liposomes (total lipid 0.4 m) of different

sizes (sonicated (A), or extruded, (B) and (C)) and different lipid composi-

tions: PC/DOPE/PEmal/bl-PI (35/40/15/10 mol ratio) (A and B) or PC/

DOPE/PEmal/CL (35/40/15/10 mol ratio) (C). The arrow marks the

moment of protein addition. Each curve represents the average and SE of

three independent experiments.
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us to explicitly test the capacity of the different homologs
for inducing membrane fusion in vitro, in the absence of
other cellular proteins.
The ensemble of the data are compatible with a fusion
mechanism based on the stalk hypothesis (32,38-45), ac-
cording to which the formation of a lipidic intermediate,
the stalk, with a nonlamellar structure, is the limiting step
in the fusion event. The canonical form of stalk-mediated
fusion requires the independent demonstration of vesicle ag-
gregation, intervesicular mixing of total membrane lipids,
mixing of inner monolayer lipids, and mixing of aqueous
contents in the absence of vesicular content leakage or spill
out. Ideally, aggregation, total lipid mixing, inner lipid
mixing, and contents mixing should start in the said order,
i.e., should exhibit increasing lag times. All these predic-
tions have been demonstrated in our case, particularly for
GATE-16 and GABARAP (Figs. 2 and 3). Moreover, the
proposed stalk architecture demands that lipids with an
intrinsic negative curvature (e.g., DAG, CL) must facilitate
stalk formation, thus membrane fusion (43,44). This is also
amply demonstrated by our data, as well as the opposite,
inhibitory effect of positive intrinsic-curvature lipids (e.g.,
lyso PC) (Fig. 5). The same considerations on intrinsic lipid
curvature apply to the requirement of high proportions of PE
in the vesicle composition (Fig. 7). We can thus conclude
that, at least in the in vitro situation, ATG8 proteins induce
AP growth via stalk-mediated fusion events.

In the cell environment, the AP is seen to grow by elon-
gation, i.e., along a main axis. In our case the most effective
ATG8 analogs, namely GATE-16 and GABARAP, give rise
to a spectacular growth of vesicles, leading to roughly spher-
ical structures (Fig. 4), whereas LC3, a much less efficient
fusogen, gave rise to elongated, peanut-shaped structures,
reminiscent of the growing AP in cell images. The reason
why LC3 is less effective than the other two, and why it
originates elongated vesicles deserves further study. At least
FIGURE 7 CL- and DAG-sustained membrane

fusion under PE limiting concentrations. Time

courses of total lipid mixing induced by the indi-

cated proteins (10 mM) in liposomes (0.4 mM) of

different lipid compositions. (A and B) (chemical

conjugation): with the basic lipid composition

PC/DOPE/PEmal (45/30/15 mol ratio, gray lines)

to which either bl-PI (þ10 mol ratio), CL

(þ10 mol ratio), or DAG (þ10 mol ratio) were

used; or basic lipid composition of PC/DOPE/

PEmal (35/40/15 mol ratio, black lines) to which

either bl-PI (þ10 mol ratio), CL (þ10 mol ratio),

or DAG (þ10 mol ratio) were used. (C and D)

(enzymatic conjugation): with the basic lipid

composition of PC/DOPE (60/30, gray lines) to

which either bl-PI (þ10 mol ratio), CL (þ10 mol

ratio,), and CLþDAG (þ10þ10 mol ratio) were

used or the basic lipid composition of PC/DOPE

(35/55, black lines) to which either bl-PI

(þ10 mol ratio,) or CL (þ10 mol ratio) were

added. Liposomes and proteins were incubated

for 5 min before ATP addition. Traces are represen-

tative of at least three independent experiments.
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part of the answer will rely in the yet unknown mechanisms
of AP growth regulation (22,54). Currently, we cannot rule
out the possibility that, being less effective, LC3 is more
physiologically relevant in AP elongation.
Proteins and lipids

Both SNAREs and viral fusion proteins contain a transmem-
brane domain, which is critical for their fusion activity
(32,55,56). ATG8 homologs do not present such a trans-
membrane domain and yet are capable of inducing full
membrane fusion when anchored only to one membrane
leaflet via PE. Several models have been proposed including
that self-oligomerization of ATG8-PE molecules would
drive membrane tethering and hemifusion through a yet un-
characterized mechanism (20). Alternatively, it has been
shown that peptides representing the N-terminus of LC3
and GATE are sufficient to drive full membrane fusion
when artificially linked to PEmal (21). An additional,
nonexclusive possibility is that the asymmetric insertion
of this N-terminal region would promote positive curvature
and tension in the outer leaflet of the membrane thus pro-
moting hemifusion and eventually fusion (57). Amphipathic
proteins devoid of transmembrane domains can induce
vesicle fusion, e.g., muscle glyceraldehyde 3-phosphate de-
hydrogenase (58). Determining membrane structures of
LC3/GABARAP proteins, particularly at the fusogenic state
will likely broaden our understanding of ATG8-driven
membrane fusion.

According to a growing body of evidence, AP biogenesis
is a lipid-modulated process (25). However, with the excep-
tion of the relatively well-characterized role of PI3P, little is
known about the specific role that each lipid species plays
during the different steps of AP biogenesis. Here, we ob-
tained direct evidence that intrinsic-curvature modifying
lipids (DAG, LPC, and CL) act in concert with autophagic
proteins to modulate the fusion of vesicles in vitro. This
observation is compatible with a model in which the local
generation or transfer of these lipids from the ER or mito-
chondria to the isolation membrane may regulate phago-
phore expansion in vivo. Interestingly the PLD1 pathway,
which produces phosphatidic acid, a cone-shaped lipid,
has been reported to promote autophagy (59). Furthermore,
another study showed that DAG generation is required for
the initiation of Salmonella-induced autophagy (60). In
both cases, however, the underlying mechanism is not
known. What still needs to be determined is the lipid
composition of the phagophore as well as the lipid changes
that accompany AP biogenesis in vivo. In this regard, reli-
able autophagosome purification procedures in conjunction
with lipidomic approaches should help understand the spe-
cific roles of lipids in autophagy.

In agreement with a recent report (37), we observe that
both human LC3 and GABARAP subfamilies can be enzy-
matically lipidated in vitro (Fig. 1 A), even in the absence of
Biophysical Journal 110(2) 411–422
the ATG12-ATG5-ATG16L1 complex. However, both sys-
tems are essential for proper AP biogenesis in vivo, and
several in vitro studies (61,62) indicated that the ATG12-
ATG5-ATG16L1 complex functions, at least in part, facili-
tating the transfer of ATG8/LC3 from ATG3 to PE. Whether
human ATG12-ATG5-ATG16L1 complex promotes lipida-
tion of the GABARAP subfamily in a similar manner to
LC3 needs to be tested and will be addressed in future
studies.

As an alternative to the enzymatically driven reaction the
chemical conjugation approach enables direct conjugation
of proteins to PE lipids (Fig. 1 B), thus bypassing the
requirement for the conjugation machinery. Although the
enzymatic conjugation is more physiologically relevant,
chemically conjugated versions of LC3/GABARAP sub-
families are easily prepared and are increasingly being
used in both mechanistic (35,36) and structural (63) studies.
Here, we report that PEmal conjugates faithfully recapitu-
late key features of their naturally conjugated homologs,
supporting the reliable use of these artificial complexes. In
fact, PEmal conjugates show faster aggregation and fusion
kinetics than the enzymatically conjugated proteins, consis-
tent with the fact that they are not conjugated trough a rela-
tively complex ubiquitin-like reaction comprising multiple
steps (compare lag times between enzymatic and chemical
conjugation reactions).
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