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ABSTRACT

The phospholipid cardiolipin (CL) has been proposed to play a role in selective mitochondrial autophagy,
or mitophagy. CL externalization to the outer mitochondrial membrane would act as a signal for the
human Atg8 ortholog subfamily, MAP1LC3 (LC3). The latter would mediate both mitochondrial
recognition and autophagosome formation, ultimately leading to removal of damaged mitochondria. We
have applied quantitative biophysical techniques to the study of CL interaction with various Atg8 human
orthologs, namely LC3B, GABARAPL2 and GABARAP. We have found that LC3B interacts preferentially with
CL over other di-anionic lipids, that CL-LC3B binding occurs with positive cooperativity, and that the CL-
LC3B interaction relies only partially on electrostatic forces. CL-induced increased membrane fluidity
appears also as an important factor helping LC3B to bind CL. The LC3B C terminus remains exposed to the
hydrophilic environment after protein binding to CL-enriched membranes. In intact U87MG human
glioblastoma cells rotenone-induced autophagy leads to LC3B translocation to mitochondria and
subsequent delivery of mitochondria to lysosomes. We have also observed that GABARAP, but not
GABARAPL2, interacts with CL in vitro. However neither GABARAP nor GABARAPL2 were translocated to
mitochondria in rotenone-treated U87MG cells. Thus the various human Atg8 orthologs might play

ARTICLE HISTORY
Received 5 July 2016

Revised 1 September 2016
Accepted 27 September 2016

KEYWORDS

CL; GABARAP; GABARAPL2;
glioblastoma; LC3B;
mitophagy

specific roles in different autophagic processes.

Introduction

Macroautophagy, ‘autophagy’ in the context of this work, is an
intracellular degradation pathway conserved in all eukaryotes."
It involves the formation of a double-membrane structure, the
phagophore, and its subsequent maturation to form an auto-
phagosome (AP) that fuses with lysosomes where the autopha-
gosomal components are degraded.” This process does not only
provide nutrients under amino-acid limiting conditions (non-
selective autophagy) but works as well as a quality control sys-
tem by selectively removing misfolded aggregate-prone
proteins and damaged or superfluous organelles (selective auto-
phagy).” Thus far several cargo-specific autophagy processes
have been reported, including the specific removal of mito-
chondria known as mitophagy.*”> Beyond quality control,
mitophagy is required for steady-state turnover of mitochon-
dria,’ for the adjustment of mitochondrion numbers to chang-
ing metabolic requirements, and during specialized
developmental stages in mammalian cells.® This cellular process
is thought to delay aging and its dysregulation has been linked
to multiple human pathological states including neurodegener-
ation,” myopathies' and cancer."!

Several molecular components involved in mitophagy have
been identified both in yeast'> and higher eukaryotes,*

including members of the Atg8 protein family (mammalian
LC3 and GABARAP subfamilies). Specific mitophagy recep-
tors, by binding on one side to mitochondria and on the other
end to those autophagosome-specific proteins, physically link
mitochondria to the growing phagophores. However one out-
standing question is how damaged or superfluous mitochon-
dria are primarily recognized by that autophagic machinery.
Several non-mutually exclusive mechanisms have been
reported including changes in the nutrient conditions of yeast
media,"” damage- or drug-induced loss of mitochondrial mem-
brane potential,'* decreased ATP production'” or alteration of
mitochondrial Ca®* homeostasis.'® In addition, cardiolipin
(CL) externalization to the outer mitochondrial membrane
(OMM) has recently been shown to function as a signal for
LC3 that mediates both mitochondrial recognition and AP for-
mation, ultimately leading to targeted removal of damaged
mitochondria."”

On the basis of these observations, we have attempted to
gain further insight into the molecular basis of the interaction
of LC3B with CL. Here we show that LC3B interacts preferen-
tially with CL over other di-anionic lipids such as phosphatidy-
linositol-4-phosphate (PtdIns4P) and that the LC3B-CL
interaction relies on both electrostatic forces and CL-specific
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changes in membrane properties. We also provide evidence
indicating that the LC3B C terminus remains exposed to the
hydrophilic environment after protein binding to CL-enriched
membranes. The relevance of the LC3-CL interaction was fur-
ther evaluated in intact U87MG human glioblastoma cells,
where rotenone, but not other autophagy-inducing signals
induces LC3B translocation to mitochondria and its subsequent
delivery to lysosomes. Finally, we extended our analysis to the
LC3 paralogs GABARAPL2 and GABARAP. We found that
GABARAP, but not GABARAPL2, interacts with CL in vitro.
However, unlike the situation found with LC3B, neither
GABARAPL2 nor GABARAP were translocated to mitochon-
dria upon rotenone treatment in U87MG cells. Altogether, our
study indicates that (i) LC3B-cardiolipin interaction is modu-
lated by particular membrane properties that could allow the
specific recognition of impaired mitochondria and (ii) the vari-
ous human orthologs and paralogs of yeast Atg8 may play spe-
cific roles in different autophagic processes.

Results
Human orthologs and paralogs of yeastAtg8

Atg8 family proteins are essential factors in the execution phase
of autophagy. Whereas the yeast Saccharomyces cerevisiae con-
tains a single ATGS8 gene, in humans the ATG8 family contains
4 MAPILC3 (LC3) subfamily genes (MAPILC3A, MAPILC3B,
MAPILC3B2 and MAPILC3C) and 3 GABARAP subfamily
paralog genes (GABARAP, GABARAPLI and GABARAPL2);
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another human paralog of this subfamily, GABARAPL3, is cur-
rently considered to be a pseudogene, and no data at present
link it with autophagy.

Originally implicated in intracellular trafficking processes all
Atg8 homologs are found within autophagosomes through
binding to PE via a conserved C-terminal glycine (see Fig. 1A,
black arrow). Each of the 3 families is very well conserved
across its entire length and all are very similar to each other in
most of their positions (Fig. 1A). However, the amino-terminal
region differs between the various mammalian Atg8 proteins—
the N terminus of LC3 subfamily members is strongly basic,
whereas in the GABARAP subfamilies this region is acidic. It
has been proposed that differences between the various human
Atg8 proteins in this N-terminal region might reflect their dis-
tinct functions. Moreover, in spite of being ubiquitously
expressed, some subfamily members are expressed at increased
levels in certain tissues.

All Atg8 orthologs share a strong structural similarity con-
taining 2 amino-terminal a-helices (N-terminal arm) in addi-
tion to their C-terminal ubiquitin core (ubiquitin-like domain).
The ubiquitin core contains a hydrophobic feature that is con-
served among family members and is suggested to have a role
in protein-protein interactions (Fig. 1B), namely binding to the
conjugation machinery proteins.

Interaction of LC3B with CL-containing membranes

Cardiolipin (CL), the signature lipid of mitochondria, is a unique
glycerol-based phospholipid comprising 2 phosphate moieties
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Figure 1. Human Atg8 family members. (A) Sequence alignment (Clustal Omega) of yeast Atg8, Atg8 human orthologs and ubiquitin. Highlighted in gray are the highly
conserved basic amino acids, which have the potential to bind negatively charged amino acids located at the C- and N-terminal regions of the conserved LC3-interacting
region (LIR; consensus: W/Y/FxxL/I/V) present in the different cargo receptors during selective autophagy. (B) View of LC3B bound to the SQSTM1 LIR-motif (PDB: 2ZJD).
Highlighted in blue are the positively charged residues in LC3B that stabilize binding to SQSTM1 LIR motif. Picture was created by UCSF Chimera.
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and 4 acyl groups of which linoleic acid is predominant.'® CL is
essential not only for normal mitochondrial function'® but it also
plays a prominent role in disease-related processes such as apo-
ptosis®® or mitophagy.'” In fact, although CL is usually considered
to be a specific component of the inner mitochondrial membrane,
the intramitochondrial location of CL is highly dynamic and CL
externalization to the outer mitochondrial membrane has
recently been shown to act as a signal for LC3, resulting in LC3
translocation to the OMM and targeted removal of damaged
mitochondria via autophagy.'” Based on these observations, we
decided to define in more detail the molecular mechanisms
underlying LC3-CL interaction.

First we performed a protein-lipid overlay (PLO) assay in
which recombinant LC3B was incubated with a nitrocellulose
membrane containing some of the most common glycerolipids
and sphingolipids present in mammalian cells (Fig. 2A).
Among the lipid species examined, LC3B bound most strongly
CL and cholesterol (Chol) and less strongly the anionic lipids
PS and PA. Interestingly, LC3B binding was not detectable for
PtdIns4P, which has the same net negative charge as CL, nor
with the polyanionic lipids phosphatidylinositol-4,5-bisphos-
phate (PtdIns[4,5]P,) or phosphatidylinositol-3,4,5-trispho-
phate (PtdIns[3,4,5]P;), with even higher net negative charges.
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Dose-response experiments indicated that LC3B bound CL
with 5-fold higher apparent affinity than PS and PG, and 2-fold
higher affinity than PA (Fig. 2B, D). These results indicate that
LC3B recognizes different anionic phospholipid species and
displays a preference for CL. The dose-response data for LC3B-
CL binding (Fig. 2C) can be fitted to a sigmoidal curve, as
detailed in the figure legend, showing a high positive coopera-
tivity for the binding, apparent Hill coefficient n = 5.3. This
might mean that binding of LC3B to one of the phosphate
groups of CL would make easier the binding of the second
phosphoryl moiety.

Next, we analyzed the interaction of LC3B with lipid mono-
layers using a Langmuir balance. Injection of LC3B into the
aqueous phase led to a rapid, dose-dependent increase of lateral
pressure () at the air-water interface (Fig. 3A, left-hand panel).
An increase in 7 is an indication that the protein is adsorbing
onto the air-water interface, i.e. that it has surface-active prop-
erties. The increase in surface pressure appears to reach a pla-
teau value of ~15 mN/m at 1.5 uM LC3B.

Lipid monolayers composed of either phosphatidylcholine
(PC): 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
(80:20 mol ratio), PC:DOPE:CL (55:20:25 mol ratio), PC:DOPE:
PS (55:20:25 mol ratio), or PC:DOPE:PtdIns4P (55:20:25 mol
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Figure 2. LC3B binds CL directly and preferentially over other anionic lipids. LC3B immunoreactivity is shown from a representative protein:lipid dot-blot experiment with
some of the most common glycerolipids and sphingolipids present in mammalian cells (1 nmol of each lipid) (A) and with increasing amounts of some of those lipids (B).
(O) Integrated LC3B immunoreactivity was measured at each spot and normalized for each lipid, and the data were fitted with a sigmoidal equation of the type f =
(y0+a*xb)/(cb+xb), from which an apparent Hill coefficient (b) of 5.3 + 1.2 for CL binding could be estimated (R* = 0.991). (D) Quantitative assessment of bound LC3B
(0.75 uM) with 1.11 nmol of each lipid. LC3B immunoreactivity was measured at each spot by immunoblotting using anti-LC3 antibody and densitometry. Data shown as

mean =+ SEM (n = 3). a.u., arbitrary units. Norm., normalized.
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Figure 3. LC3B and LC3B®* insertion into lipid monolayers. (A) Representative time courses of LC3B adsorption at the air-water interface (left-hand panel) and representa-
tive time courses of increase in lateral pressure after LC3B (1.5 uM) insertion into PC:DOPE (80:20 mol ratio) and PC:DOPE:CL (55:20:25 mol ratio) monolayers (right-hand
panel). (B) Maximum increase in lateral pressure after LC3B and LC3B®* insertion into lipid monolayers. Lipids were: [¢] PC:DOPE (80:20 mol ratio), [A] PC:DOPE:CL, [O]
PC:DOPE:PS and [A] PC:DOPE:PtdIns4P (55:20:25 mol ratio). Data reported as a function of initial lateral pressure 7,. Very similar results were obtained at 37°C, data not

shown.

ratio) were prepared with constant surface area at an initial pres-
sure of 19 mN/m, i.e., above the surface pressure measured for
the pure protein (~15 mN/m). Recombinant LC3B was added to
the subphase, and the resulting increase in monolayer surface
pressure was monitored in real-time (Fig. 3A, right-hand panel).
As shown in Fig. 3B, the increase in surface pressure observed
with PC:DOPE:CL monolayers under near-equilibrium condi-
tions was higher than the value observed with electrically-neutral
PC:DOPE monolayers, indicating that LC3B inserted more favor-
ably into negatively charged monolayers.

For a quantitative measure of the LC3B ability to penetrate
into lipid monolayers, critical surface pressure values were
determined. In these experiments, the increase in surface pres-
sure (Ax) upon LC3B addition was measured as a function of
the initial surface pressure (7). The data were fitted to a
straight line, whose x-intercept corresponded to the monolayer
critical surface pressure (7). The results in Fig. 3B show that
LC3B insertion was highest when anionic lipids were present in
the monolayer. The LC3B®* mutant was also examined, lacking

Table 1. Critical pressures (i) for LC3B and LC3B®* insertion into lipid monolayers.

the C-terminal Gly of LC3B, to test whether differences
observed in LC3B also appeared in its inactive mutant form.
LC3B“* was found to be surface-active and it also exhibited a
higher insertion into PC:DOPE:CL monolayers.

The critical surface pressure is a measure of the penetration
capacity of a protein entering a monolayer: if this pressure
exceeds 30 to 32 mN/m, then the protein is considered to be
capable of membrane insertion (see Table 1). This is based on
the estimation of ~30 mN/m as the average physiological sur-
face pressure in cell membranes.*'

Thus, our data indicate that LC3B inserts at least part of its
mass into the monolayer and that negatively charged groups
favor the insertion. This is compatible with the idea of CL stabi-
lizing initial electrostatic interactions leading to a partial inser-
tion of LC3B into the bilayer."”

To test whether LC3B-CL interaction would occur in a
bilayer membrane vesicle in which lipids maintain a certain
bilayer curvature and could form domains, we performed lipo-
somal float-up assays. In these experiments, pure LC3B was

Protein PC:DOPE (80:20) PC:DOPE:CL (55:20:25) PC:DOPE:PtdIns4P (55:20:25) PC:DOPE:PS (55:20:25)
LC3B 28.7 mN/m (%0 .40) 35.0 mN/m (%0 .30) 35.6 mN/m (£0 .29) 34.7 mN/m (£0 .53)
LC3B% 31.0 mN/m (40 .23) 35.8 mN/m (40 .64)

Data calculated from the straight lines in Fig. 3B. The tendency line-associated standard error is given for each 7.
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incubated with liposomes of a defined curvature and lipid com-
position and protein association with liposomes was assessed
by the protein ability to float with the vesicles after equilibrium
sucrose gradient centrifugation. Equivalent amounts of the top
(T) and bottom (B) fractions of the gradient, corresponding
respectively to proteoliposomes and to unbound protein, were
then subjected to SDS-PAGE and western blot analysis. The
immunoblot response of LC3B was quantified at different pro-
tein concentrations by densitometry and the data were linearly
fitted by the least-squares method (R* = 0.972; data not
shown). The LC3B maximal binding response was observed
with CL-containing large unilamellar vesicles (LUVs), while it
did not bind PC:DOPE vesicles. Interestingly, LC3B did not
bind either PtdIns4P-containing liposomes, although those
vesicles had the same net negative charge as the CL-containing
ones (Fig. 4A). Furthermore, considering that LC3B exhibited
strong binding affinity for Chol in PLO assays (Fig. 2A), we
also analyzed the binding of LC3B to model membranes con-
taining both CL and Chol. However cholesterol inclusion in
CL-enriched membranes did not lead to a higher binding
response of the protein (Fig. 4A). Moreover, no LC3 binding
was observed with LUVs or small unilamellar vesicles (SUVs)
composed of PC:DOPE:Chol (50:20:30) (data not shown).
Thus the presence of Chol in those lipid compositions did not
significantly affect LC3 binding to liposomes. We also analyzed
the protein dose-dependence of the interaction by incubating
liposomes with LC3B at 3 different protein concentrations. As
shown in Fig. 4B, little or no increase in LC3B binding to CL-
containing vesicles was detected above 10 uM protein. Finally,
Fig. 4C shows the dose-dependent binding of LC3B to CL-con-
taining membranes; half-maximal binding occurred at 1.65 £
0.2 mM total lipid. This suggests that the observed association
of LC3B with PC:DOPE:CL vesicles is specific. Indeed, no pro-
tein binding was observed with PC:DOPE vesicles even at the
highest lipid concentration. These results suggest that LC3B is
not an integral membrane protein but that it binds membranes
through an interaction with acidic phospholipids, in agreement
with the hypothesis proposed above that LC3B inserts only part
of its mass into the membrane and that negatively-charged
groups favor its insertion.

n-octadecanoyl-d-erythro-sphingosine/C,s-ceramide (Cer18)
has been recently reported as being a receptor for anchoring lipi-
dated and AP-associated LC3 (LC3-II) to mitochondrial mem-
branes, through direct interaction of Cer18 with LC3-II, but not
with the nonlipidated LC3-1.>2 Based on these data, we decided
to examine the binding of the soluble form of LC3B to ceramides
with different fatty acid chain lengths using the flotation assay.
LC3B-I binding was not detectable neither with Cer18 nor with
n-palmitoyl-D-erythro-sphingosine (Cer16) or n-nervonoyl-D-
erythro-sphingosine (Cer24:1) (Fig. 4D). Thus while the lipida-
tion of LC3 appears to be important for Cer18 interaction, it is
not required for LC3B binding to CL. This may suggest that cer-
amide interaction involves the central hydrophobic domain of
LC3 while CL would bind the N-terminal domain, as predicted
by docking analysis.'”**

Membrane curvature is increasingly being reported to play
an important role during autophagy.”>** Mitophagy is pre-
ceded by mitochondrial fission, which divides elongated mito-
chondria into smaller pieces of manageable size for

encapsulation, and lipidation of LC3 has been recently pro-
posed to occur preferentially on small, highly curved mem-
branes in vivo and in vitro.”> To address the effect of vesicle
radius on LC3 membrane binding, we examined the interaction
of LC3B with PC:DOPE and PC:DOPE:CL vesicles of 2 differ-
ent sizes: SUV (~60 nm) and LUV (~100 nm). As shown in
Fig. 4E, we observed almost no binding of LC3B to PC:DOPE
vesicles independently of their size. However LC3B bound CL-
enriched SUVs better than LUVs. This result supports the
notion that interaction of LC3B with CL is promoted in the
context of a curved membrane.

Apart from containing net negative charges CL is also char-
acterized by a high degree of unsaturation of its acyl chains.
This confers a high degree of flexibility to the membrane and
the latter may in turn promote LC3 association. To evaluate
this particular issue we analyzed LC3B binding to liposomes
containing CL from E.coli which presents relatively short and
fully-saturated or mono-unsaturated acyl chains. As shown in
Fig. 4F, LC3B bound significantly less the more rigid vesicles
containing bacterial CL. This is in agreement with a decrease in
LC3B (but not GABARAP) membrane association with a
higher saturation degree of CL fatty acyl chains (Fig. S1).

Moreover we have investigated the possible effect of changes
in environmental pH on LC3B binding to model CL-containing
membranes. CL is supposed to have only one negative charge
below pH 7.5.%° In that case the electrostatic repulsion between
CL phosphate groups might be reduced which together lowers
the effective size of the headgroup and the smaller size of the
polar headgroup should enhance the propensity of CL to form
inverted nonlamellar lipid phases.”” Regarding the pH effect on
LC3B, the protein has a theoretical pI of 8.89 thus a net positive
charge under our experimental conditions, with the charge
becoming more positive as pH is lowered. As predicted, in vitro
interaction of LC3B with CL-containing bilayers appeared to
be highest at lower pH (Fig. 4G).

Additionally to the float-up assays, we used 7-nitrobenz-2-
oxa-1,3-diazol-4-yl (NBD)-conjugated monocysteine LC3B
mutants (LC3BY°¢ and LC3B*'%'€) for studying LC3B interac-
tion with CL-containing membranes. Since the protein was
labeled in each case with a unique NBD moiety, this approach
allowed us to characterize the association to the membrane of
specific sites of the protein. We first examined the spectral
properties of the NBD-labeled LC3B?"*“ mutant in the absence
(black line) and presence (green line) of PC:DOPE, PC:DOPE:
CL and PC:DOPE:PtdIns liposomes (Fig. 5A). In the absence of
liposomes, LC3B?"“NPP  displayed NBD emmay Values
around 550 nm indicating a predominantly solvent-exposed
NBD environment. No changes in the NBD spectrum were
observed upon incubation with SUVs composed of PC:DOPE
or LUVs composed of PC:DOPE:PtdIns, in agreement with the
low affinity of the protein observed for liposomes that did not
contain CL (Fig. 4A). However incubation with CL-containing
liposomes produced a substantial increase in LC3BY°<NEP
fluorescence intensity and blue-shifts in Aemmax) Values, the
change observed in the presence of CL-enriched SUVs being
larger than with LUVs (Fig. 5A). As shown in Fig. 5B, virtually
no change in the emission spectrum of LC3B*'*'“™NPP yyag
observed upon addition of large or small vesicles containing CL
(red line), unlike the situation found with the LC3B?'*¢



AUTOPHAGY (&) 2391

A

- LUV PC:DOPE +CL  + Ptdins4P

BT |B|T|B]|T|B]|T

-Luv pH55 pHBS pH75 pHBS

BlT|e|T|E|T|B|T|E|T

Wi G

Bound protein (%)

WB: LC3

80

*

40 1

55 65 7.5 85
pH

20 kDa -® 9@
- = 3uM
WB: LC3 10 uM
20 M
30 ey *®
e 50 i |—1
o i ~ 40 1
& & s
= = E
s 2 3 s
S g H0 S
[= % (= (=R -
kel - b i 20
S 10 B 5
[=] 5] 1 =]
m 28] 10 m
PC:DOPE
0 o= 8 ! v —
PC:DOPE +CL  +Ch:CL +PtdinsdP PC:DOPE  +CL 0 2 4 6 8
Lipid (mM)
LUV SUV
D -LUV PC:DOPE +CL PC:DOPE +CL F LUV PC:DOPE +CL  +CL*
gltleltleltlelvlelT B|T|B|T|B|T|B|T
NViligew W -wap = Wih o @ e~
WB: LC3 WB: LC3
&0 m— PC:DOPE
—_— —_— 3 +CL —_— |
= =2 R 60 x
= £ £ 123
a2 2 2
2 o o 40+
a a 40 a
o) b=l =4
E 2 :
o 10 o o 207
oM m e}
g ¢ 2 25 "“lv  swv ’ *
N
§ * & & O &9 o
g o §F i
(4] + + (}' I
aQ * q
PC:DOPE:CL
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PAGE/immunoblot analysis and quantified by densitometric integration of the dots. (A) 10 «M LC3B was incubated with 3 mM LUVs composed of either PC:DOPE (80:20 mol
ratio), PC:DOPE:CL (50:20:30 mol ratio), PC:DOPE:Chol:CL (30:14:33:23 mol ratio) or PC:DOPE:PtdIns4P (50:20:30 mol ratio). Molecular mass is shown in kDa on the left-hand
side. Data shown as mean + SEM (n = 3); **P = 0.001 to 0.01, ***P< 0.001. (B) LC3B dose-dependence analysis using 3, 10 and 20 .M protein and 3 mM liposomes. Data
shown as mean + SD (n = 3); **P = 0.001 t0 0.01, ***P < 0.001. (C) Protein:lipid ratio effect on LC3B binding to PC:DOPE or PC:DOPE:CL vesicles. The continuous line repre-
sents the best fit of the data, assuming an EC50 (half maximal effective concentration) of 1.65 £ 0.2 mM for binding to PC:DOPE:CL vesicles. Data shown as mean + SEM
from at least 3 independent experiments. (D) 10 uM LC3B was incubated with 3 mM LUVs composed of PC:DOPE (80:20 mol ratio), PC:DOPE:CL, PC:DOPE:Cer16, PC:DOPE:
Cer18 or PC:DOPE:Cer24:1 (50:20:30 mol ratio). Data shown as mean £ SEM from at least 3 independent experiments. (E) 10 M LC3B was incubated with 3 mM LUV or SUV
to analyze vesicle size effect on the interaction. Data shown as mean = SD (n = 3); P = 0.01 to 0.05. (F) Comparison between heart bovine (CL) and E. coli (CL") cardiolipins
in the interaction. 10 M LC3B was incubated with 3 mM LUV of either composition. Data shown as mean =+ SD (n = 3); **P = 0.001 to 0.01, ***P < 0.001. (G) Effect of pH
on LC3B (10 M) binding to PC:DOPE:CL large vesicles (3 mM). Data shown as mean + SEM (n = 3); *P = 0.01 to 0.05, **P = 0.001 to 0.01.
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Figure 5. LC3B C terminus remains exposed to the hydrophilic environment after protein binding to CL-enriched membranes. Representative NBD fluorescence emission
spectra of (A) LC3BY">“NBP (1 ,4M) in the absence or presence of increasing amounts of liposomes containing either PC:DOPE (80:20 mol ratio), PC:DOPE:CL or PC:DOPE:
PtdIns (50:20:30 mol ratio); and (B) LC3B''¢NED (q M) in the absence or presence of PC:DOPE:CL liposomes. In each case, fluorescence was normalized to the peak
intensity of the protein spectrum in the absence of liposomes. (C) Structural model generated with PyMol depicting the 2 LC3B residues that were individually mutated
to cysteine obtaining single-cysteine LC3B mutants. The environmentally sensitive fluorophore NBD was used to label each of these single cysteine residues. PDB: TUGM.

OMM, outer mitochondrial membrane. Norm., normalized.

mutant. Based on these data, we propose a structural model in
which residue C101, which is located within the C terminus of
the protein, remains in a hydrophilic environment before and
after LC3B binding to CL-containing liposomes, while residue
C15, which is localized within the N terminus, moves from a
hydrophilic to a hydrophobic environment upon LC3B mem-
brane binding (Fig. 5C).

To sum up, results obtained using 4 independent lipid-
interaction assays (lipid dot-blot, lipid monolayer surface pres-
sure measurements, liposome flotation and NBD fluorescence
spectroscopic analysis) concur in suggesting that (i) LC3B inter-
acts preferentially with CL over other anionic phospholipids, (ii)
LC3B-CL interaction relies on both electrostatic and other CL-
mediated changes in membrane properties, e.g. bilayer fluidity
and (iii) LC3B C terminus remains exposed to the hydrophilic
environment after protein binding to CL-enriched membranes.

CL translocation to the OMM in U87MG glioblastoma cells
leads to LC3B localization in mitochondria

The conversion of the soluble form of LC3 (LC3-I) to the
lipidated and autophagosome-associated form (LC3-II) is

considered one of the hallmarks of autophagy. In intact cells,
formation of LC3-1II is associated with the appearance of LC3
puncta readily detected by conventional fluorescence micros-
copy. The mitochondrial complex I inhibitor rotenone and
other promitophagy stimuli have been shown to increase the
number of LC3 puncta and the level of colocalization with
mitochondria. Interestingly, rotenone treatment also induced
externalization of CL to the mitochondrial surface.'”

UB7MG cells were selected as a cellular model to inves-
tigate the activation of autophagy and mitophagy by differ-
ent stimuli. In addition it is known that autophagy plays
an important role in cancer cells and therefore the mecha-
nism of regulation of mitochondria degradation studied in
this cell line could also be relevant in the control of cancer
cell survival. Cells were treated with rotenone for 4 h and
colocalization of mitochondria with endogenous LC3B
puncta was examined. In control experiments, nutrient
starvation or A9-tetrahydrocannabinol (THC) were used as
nonselective autophagy inducers. In agreement with Kagan
and coworkers, rotenone treatment elicited robust colocali-
zation of mitochondria with LC3B puncta, indicative of
LC3B translocation to the organelle (Fig. 6A). In parallel
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Figure 6. Rotenone, but not THC or nutrient starvation, elicits mitophagy in U87MG human glioblastoma cells. (A) Analysis of endogenous LC3B puncta colocalization with
TOMM20-stained mitochondria in response to rotenone (Rot) (1 M; 4 h) or THC (4 1.M; 6 h) treatments, or to nutrient deprivation (EBSS) conditions in U87MG cells. (B) Rote-
none, but not THC or EBSS, increased delivery of TOMM20-stained mitochondria to LAMP2-stained lysosomes in U87MG cells. (C) LC3B puncta colocalization with lysosomes
(LAMP2) in response to rotenone (Rot) (1 .«M; 4 h) or THC (4 M; 6 h) treatments, or to nutrient deprivation (EBSS) conditions in U87MG cells. Bar: 20 em. Veh, vehicle.

experiments, both THC and nutrient starvation caused
potent LC3B puncta formation consistent with reports
indicating that THC and nutrient deprivation induce auto-
phagy-mediated death and protective autophagy, respec-
tively.”®** Nevertheless, LC3B puncta formed under these
treatment conditions did not exhibit mitochondrial coloc-
alization unlike the situation observed with rotenone.
Rotenone-induced mitophagy was further confirmed by
colocalization of both mitochondria (Fig. 6B) and LC3B
(Fig. 6C) with lysosomes. Finally, consistent with THC
and nutrient starvation not inducing mitophagy, LC3B
puncta (Fig. 6C) but not mitochondria (Fig. 6B) exhibited
lysosomal colocalization. Altogether, these results indicate
that rotenone, but not other well-characterized autophagy
inducers (THC, nutrient starvation) elicited mitophagy in
U87MG human glioblastoma cells.

GABARAPL2 and GABARAP interaction with CL-containing
membranes

To determine whether mechanisms underlying LC3-CL inter-
action are protein-specific or whether they are the same for all
human orthologs, we analyzed GABARAPL2 and GABARAP
interaction with CL-enriched membranes.

First we observed that GABARAPL2 and GABARAP injec-
tion into the aqueous phase led to an increase in 7 at the air-
water interface similar to that of LC3B (Fig. 7A, left-hand
panel), also reaching a plateau value of ~15 mN/m at 1.5 uM
protein concentration. Moreover, monolayer insertion of
GABARAPL2 and GABARAP was also facilitated by the pres-
ence of CL or PtdIns4P (Fig. 7A (right-hand panel) and B). PS
however did not distinctly modify the insertion of these 2
orthologs, resulting in a change in lateral pressure equivalent to
that observed with PC:DOPE (see Table 2).

Furthermore, estimating the electrostatic surface potential of
Atg8 orthologs in solution revealed that the predicted CL-
interacting region for LC3B was markedly less basic in the case of
GABARAPL2 and GABARAP (Fig. 8A).To test whether these
structural features affected the lipid-binding profile of each LC3
ortholog, we assessed the binding of GABARAPL2 and GABARAP
to PC:DOPE and PC:DOPE:CL vesicles by liposomal float-up
assays. As depicted in Fig. 8B, GABARAP displayed a significantly
lesser CL-binding response compared with that of LC3B and no
differences were observed with vesicles containing mono-unsatu-
rated or fully saturated CL (Fig. S1). Additionally, even less
GABARAPL2 was observed to bind to CL-containing liposomes.
We also compared the effect of liposomes containing CL on
GABARAPL2 and GABARAP labeled at equivalent positions with
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Figure 7. GABARAPL2 and GABARAP insertion into lipid monolayers. (A) Representative time courses of adsorption of LC3B, GABARAPL2 and GABARAP (1.5 M) at the air-water
interface (left-hand panel) and representative time courses of increase in lateral pressure after GABARAP (1.5 M) insertion into PC:DOPE (80:20 mol ratio) or PC.DOPE:CL
(55:20:25 mol ratio) monolayers (right-hand panel). (B) Maximum increase in lateral pressure after GABARAPL2 and GABARAP insertion into lipid monolayers. Lipids were: [e] PC:
DOPE (80:20 mol ratio), [A] PC:DOPE:CL, [(O)] PC:DOPE:PS and [A] PC:DOPE:PtdIns4P (55:20:25 mol ratio). Data reported as a function of initial lateral pressure z,. Very similar

results were obtained at 37°C, data not shown.

NBD. To this aim, GABARAPS'C and GABARAPS®¢ mutants
and GABARAPL?2, on its endogenous C15 cysteine, were specifi-
cally labeled with NBD. For each monocysteine mutant, a struc-
tural model is shown in Fig. 8C indicating the location of the Cys-
substituted amino acid which was labeled with NBD. A representa-
tive NBD spectrum for each mutant in the absence (black line) or
presence (green line) of PC:DOPE and PC:DOPE:CL is also shown.
In solution, the Ay (max) Values of NBD attached to monocysteine
GABARAPL2 or GABARAP mutants were similar to those of
LC3B mutants. The magnitude of NBD spectral changes induced
by the presence of CL-enriched liposomes was somewhat smaller
for GABARAP®'®“ than for LC3BR"*¢ (Fig. 8C) and even smaller
for GABARAPL2", in correlation with the electrostatic surface
potential of each protein and the flotation experiments shown
above (Fig. 8A, B). Moreover, no increase in the emission spectrum
of GABARAPS¥“™NB yvas observed upon its incubation with CL-
containing large vesicles (red line) (Fig. 8C). On the basis of the
previously observed NBD spectral changes upon moving from
solution to CL-containing liposomes, both LC3B and GABARAP

would interact with CL-enriched membranes while exposing their
C terminus to the hydrophilic environment (Figs. 5C and 8D).
Taken together, these results strongly suggest that differences
shown in the electrostatic surface potential of LC3 family proteins
may lead to lipid-binding specificities among them.

In their study, Kagan and colleagues'” have determined
that cardiolipin recognition for mitophagy depended on N-
terminal amino acids (R10 and R11) of LC3B. To further
validate our liposome-binding assay, we mutated those resi-
dues to alanine in LC3B and evaluated the LC3BR'*M4
capacity to bind CL-enriched liposomes (Fig. S2A). Substitu-
tion of those residues did not produce structural changes in
the protein as tested by secondary structure examination of
both wild-type (WT) and mutant LC3B forms using far-UV
circular dichroism spectroscopy (data not shown). Mutating
those 2 residues made the anti-LC3 antibody unable to rec-
ognize LC3B in western blots (data not shown). To circum-
vent this we decided to label both LC3B and LC3BN'*!''#
with Alexa Fluor 488. The Alexa Fluor 488 fluorescence of

Table 2. Critical pressures () for GABARAPL2 and GABARAP insertion into lipid monolayers.

Protein PC:DOPE (80:20) PC:DOPE:CL (55:20:25) PC:DOPE:PtdIns4P (55:20:25) PC:DOPE:PS (55:20:25)
GABARAPL2 31.8 mN/m (%0 .39) 38.2 mN/m (£0 .57) 36.6 mN/m (£0 .48) 32.1 mN/m (£0 .49)
GABARAP 28.1 mN/m (40 .43) 38.3 mN/m (40 .48) 32.5 mN/m (40 .42) 30.0 mN/m (40 .55)

Data calculated from the straight lines in Fig. 7B. The tendency line-associated standard error is given for each 7.
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Figure 8. Different CL-interacting properties among human Atg8 orthologs. (A) Electrostatic potential surface of each LC3 ortholog in solution, calculated using the Pois-
son-Boltzmann equation and displayed with PyMOL. PDB: TUGM (LC3), 1EO6 (GABARAPL2), 1GNU (GABARAP). (B) Each ortholog (10 M) was incubated with 3 mM LUVs
composed of PC:DOPE (80:20 mol ratio) or PC:DOPE:CL (50:20:30 mol ratio) followed by flotation of the liposomes by gradient centrifugation. Bound protein fraction was
quantified by SDS-PAGE/immunoblot analysis using anti-LC3, GABARAPL2 and GABARAP antibodies. Molecular masses are shown in kDa on the left-hand side. Data
shown as mean = SD (n > 3); ***P< 0.001. (C) Representative NBD fluorescence emission spectra of GABARAPL2">™NEP and GABARAP*'*“MP (1 ;sM) in the absence or
presence of increasing amounts of liposomes containing PC:DOPE (80:20 mol ratio) or PC:DOPE:CL (50:20:30 mol ratio); and GABARAPS88CNED (1 M) in the absence or
presence of PC:DOPE:CL liposomes. In each case, fluorescence was normalized to the peak intensity of the protein spectrum in the absence of liposomes. (D) A structural
model generated with PyMol is also shown depicting the 2 GABARAP residues that were individually mutated to cysteine obtaining single-cysteine GABARAP mutants
and the endogenous cysteine of GABARAPL2. The environmentally sensitive fluorophore NBD was used to label each of these single cysteine residues. PDB: 1EO6 (GABAR-

APL2), TGNU (GABARAP). CL is colored in red. Norm, normalized.

LC3B-A488 was quantified at different protein concentra-
tions by densitometry and the data were linearly fitted by the
least-squares method (R* = 0.997; data not shown). Consis-
tent with a critical role of these 2 basic amino acids in the
interaction of LC3 with CL, the RR to AA mutation clearly
decreased LC3B™'®!''* affinity for CL (Fig. S2B and C). In
order to test whether these N-terminal residues are also
involved in GABARAP interaction with CL-containing mem-
branes, R14 and R15 GABARAP amino acids equivalent to
the ones in LC3B, and K46, K47, K48 amino acids, that are
also within the proposed interaction patch (see Fig. 8A),
were mutated to alanines (Fig. S2D). Note that K46, K47 and
K48 are highly conserved basic amino acids (see Fig. 1A)
that have been shown to interact with amino acids present
in the conserved LC3-interacting region (LIR) of the differ-
ent cargo receptors during selective autophagy. Notably, all
GABARAP mutants were still capable of recognizing CL,
some of them with an even higher affinity than wild-type
GABARAP (Fig. S2E). Taking into account that substitution
of the positively charged residues R10 and R11 had a nega-
tive effect on LC3B but not on GABARAP binding to CL,
the contribution of electrical charge to each protein-CL

interaction was further analyzed. To this aim, the interaction
of LC3B and GABARAP with CL-enriched liposomes was
examined in the presence of 300 mM NaCl (Fig. S2F). We
found that increasing the ionic strength of the medium both
LC3B and GABARAP binding to CL-containing liposomes
decreased, suggesting that in both cases the interaction
depends at least in part on an electrostatic component. Given
that R14, R15, K46, K47 and K48 residues are not essential
for GABARAP binding to CL, other N-terminal residues
may be involved in the protein interaction with CL.

Next, in order to analyze the functional implications of
the differences observed in vitro among human orthologs,
we examined whether rotenone treatment induced GABAR-
APL2 and GABARAP translocation to mitochondria in glio-
blastoma cells. To this aim, U87MG cells were transiently
transfected with plasmids expressing human GABARAPL2-
or GABARAP-GFP and subjected to either nutrient starva-
tion, THC or rotenone treatments. As shown in Fig. 9A
and B, all treatments elicited an increase in GABARAPL2-
and GABARAP-GFP puncta within cells. However
GABARAP- or GABARAPL2-GFP puncta did not exhibit
mitochondrial colocalization after rotenone treatment. Thus,
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Figure 9. GABARAPL2 and GABARAP do not exhibit mitochondrial colocalization after rotenone treatment in U87MG cells. (A-B) Analysis of GABARAPL2-GFP or GABARAP-
GFP puncta colocalization with TOMM20-stained mitochondria in response to rotenone (1 M; 4 h) or THC (4 M; 6 h) treatments, or to nutrient deprivation conditions in

UB7MG cells. Bar: 20 em. Veh, vehicle.

LC3B translocation to mitochondria in response to external-
ized CL might play a specific role in this cell line, different
from that of GABARAPL2 and GABARAP.

Discussion

The expansion of the Atg8 family proteins in higher eukaryotes
has been proposed to facilitate differential cargo handling dur-
ing selective autophagy.”® The components of the ULK1 (unc-
51-like autophagy activating kinase 1)-ULK2 complex, for
instance, bind preferentially GABARAP-like over LC3-like pro-
teins’' whereas the receptor protein FYCO1 (FYVE and coiled-
coil domain-containing 1) displays a strong preference for
LC3.>* Structural studies have highlighted the importance of
specific features of individual members in determining these
preferential bindings. Importantly while most ubiquitin-
directed autophagy receptors (SQSTM1, NBR1 [NBRI, auto-
phagy cargo receptor] and OPTN [optineurin]) interact with
both GABARAP and LC3 subfamily proteins (Fig. 1),>"* spe-
cific binding of CALCOCO?2 to LC3C (and not the other LC3
isoforms) is crucial for innate immunity during xenophagy.*®
Again structural analysis revealed that the selectivity of CAL-
COCO2 for LC3C is conferred by a noncanonical LIR in CAL-
COCO2, in which the lack of an aromatic residue is balanced
by specific interactions within the N-terminal region of LC3C.
In addition to its role in microbial clearance, LC3C has been
related to a unique anticarcinogenic activity’’ whereas LC3B
promotes tumor growth. While it is very likely that this oppo-
site effect is related to differential recruitment of critical auto-
phagy targets, the identity of these cargos and the structural
basis for these specific interactions are still elusive.

Selective elimination of mitochondria by mitophagy regu-
lates not only the steady-state mitochondrial number required
for changing metabolic demands, but also maintains cell quality
control by removing damaged organelles. Although mitochon-
dria can be engulfed nonselectively along with other cytosolic
contents during bulk autophagy, different lines of evidence
indicate that mitophagy can be mechanistically differentiated

from other forms of autophagy, and mitophagy-specific mecha-
nisms are now beginning to emerge.

Yeast genetic screening identified Atgll as an important
mitophagy regulator. By binding to Atg32 at the OMM and to
Atg8 at the growing phagophore, Atgll recruits the canonical
autophagic machinery to the mitochondria and primes mito-
chondria for degradation.’® In mammals, the ubiquitin-binding
receptor SQSTM1 (sequestosome 1) is thought to act in the
same way as Atgl1”” and during erythrocyte differentiation
mitochondrial resident BNIP3L (BCL2 interacting protein 3
like) functions as a mitophagy receptor at least in part by bind-
ing to LC3 orthologs.*’

Alternatively, upon mitochondrial membrane depolariza-
tion, PINK1 accumulates at the OMM and recruits the E3 ubig-
uitin-protein ligase PARK2 from the cytosol specifically to the
damaged mitochondrion. PARK2 then induces mitochondrial
degradation through both ubiquitin-dependent and -indepen-
dent pathways. The genes encoding PINK and PARK2 were
found to be mutated in certain forms of autosomal recessive
Parkinson disease (PD)*"** and loss of either protein in Dro-
sophila results in mitochondrial dysfunction.*> Nevertheless,
pinkl- or park2-knockout mice appear largely normal and have
only subtle phenotypes, suggesting that in the absence of PIN-
Klor PARK2 other factors can sustain effective mitophagy. In
this line, it has been recently shown that exposed CL on the sur-
face of the OMM combines with LC3 and gives rise to the rec-
ognition of injured mitochondria.'”

The process was not accompanied by membrane depolariza-
tion and was independent of PINK1 or PARK2. Interestingly,
CL has also been reported to interact with other mitophagy-
related proteins including DNM1L (dynamin 1 like),** human
IRGM (immunity-related GTPaseM)* and BECN1 (Beclin
1),* making CL an essential lipid in this process for both cargo
reception and protein function regulation.

LC3B-CL interaction in vitro

The aim of this study was to characterize the association of the
autophagy protein LC3 with CL-containing membranes. In this



work, we have described novel molecular mechanisms underly-
ing this protein-lipid interaction. Using several compositionally
defined in vitro reconstituted systems we show that LC3B
avidly interacts with CL, both when CL was spread onto nitro-
cellulose membranes in the context of a PLO assay and in CL-
enriched model membranes (Figs. 2 to 5). LC3B binds prefer-
entially CL over other anionic lipids such as PtdIns4P, even
though the latter also carries 2 negative charges and has been
related to certain types of selective autophagy. Furthermore, we
show that association of LC3B with CL predominantly relies on
electrostatic interactions (Fig. 8). These results are consistent
with the notion that the interaction is mediated by basic
patches at LC3 surface that stabilize the phosphate moieties of
CL." Our results with the LC3BM®"* mutant (Fig. S2)
strongly support the idea that some of the residues within those
patches are essential for LC3-CL interaction, modulating the
binding capacity of the protein. Moreover, molecular docking
analyses of LC3B upon binding to CL-containing membranes
implicate those N-terminal Argl0 and Argll in the initial
interactions of LC3 with CL."” In the in silico model the C ter-
minus of LC3, which becomes crosslinked to autophagosome
membranes through a conserved glycine residue (see Fig. 1A,
black arrow) is predicted to remain exposed to the solvent.
Here, using site-specific NBD labeling coupled to NBD fluores-
cence spectroscopic analysis, we provide experimental data
supporting this model in which the N- and C-terminal regions
would bind mitochondria and autophagosomal membranes
respectively (Fig. 5). This membrane-interacting surface of
LC3B located at the N-terminal domain would approach the
hydrophobic region of the bilayer and directly interact with CL
in the lipid bilayer. This N-terminal interaction with CL may
induce a conformational rearrangement in LC3 that would lead
to an enhancement of LC3 autophagic activity via its C termi-
nus binding the autophagosomal membrane. Moreover, our
previous study has found that fusion induced by LC3 human
orthologs is facilitated by the presence of CL in model mem-
branes.*” Therefore, CL-mediated modulation of LC3B func-
tion would occur via changes in both membrane and protein
properties. However, whether or not the CL effects on LC3B
will affect the role of the LC3 conjugation system in autophagy
remains to be clarified.

CL isolated from heart cells displays not only a unique tan-
dem head group arrangement but also a high degree of unsatu-
ration in the acyl chains, linoleic (C18:2) being the most
abundant fatty acid. This structural feature contributes to a
high degree of flexibility within the membrane that may facili-
tate LC3 insertion and association. In support of this idea,
LC3B binding to CL was significantly lower with vesicles
enriched in bacterial CL that contains more saturated acyl
chains leading to a more rigid membrane (Fig. 4F). Thus
bilayer rigidity would be another regulative mechanism in
LC3B association with CL-enriched membranes. Indeed, lipid
oxidation increases markedly mitochondrial membrane rigidity
observed in aging animals.*® Hence free radical reaction-
induced decrease in membrane fluidity would affect LC3 recog-
nition of damaged mitochondria and this would be an aging-
related process.

LC3B preferential binding to smaller and more curved CL-
containing liposomes may suggest that vesicle curvature is
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another factor increasing LC3 affinity for CL. This could be a
mechanism of recognition of previously processed mitochon-
dria, which would have been converted into pieces of manage-
able size for their engulfment by autophagosomes. Studies in
different mammalian cells have shown that after DNMIL-
mediated fission, depolarized mitochondrial products are much
less likely to fuse and are eventually autophagocytosed.*” More-
over, inhibition of DNMI1L prevents both mitochondrial frag-
mentation and mitophagy, indicating that fission is related to
efficiency of mitophagy. Therefore, mitochondrial shape and
size appear to be critical for LC3-CL interaction and targeted
mitochondrial degradation. Note in this respect that the nega-
tive intrinsic curvature of the lipid CL is conceptually different
from the geometrical curvature of a vesicle, in fact lipids with
an intrinsic negative curvature can exist in vesicles, e.g., SUVs,
with a high geometrical curvature (small radius).”
Additionally, LC3B interaction with CL-containing mem-
branes would be facilitated in an acidic environment (Fig. 4G),
which is in agreement with LC3 interacting with CL in the
OMM of damaged mitochondria. Indeed inhibition of the
mitochondrial ATP synthase could induce a higher proton con-
centration in the intermembrane space that would finally cause
a local cytosolic pH decrease. When the mitochondrial respira-
tory chain is blocked lactic acid fermentation could also be acti-
vated as an alternative for the cell to obtain energy, and lactic
produced in that process would tend to acidify the intracellular
environment, thus to facilitate LC3-CL interaction. However
the relationship between pH, CL net charge and LC3-CL bind-
ing may not be straightforward. Changing the environmental
pH would change the protonation state of CL, but also the pro-
tein net charge, and CL packaging in the membrane.”"** Since
at lower pH CL would have a smaller negative charge, less bind-
ing of LC3B to CL would be expected, but at the same time LC3
charge would become more positive, and this would facilitate
LC3 electrostatic interaction with CL. Moreover we must take
into account that this interaction relies only partially on elec-
trostatic forces, thus CL negative charge is just one of the sev-
eral membrane properties that facilitate the interaction.
Instituting an artificial pH gradient in CL-containing giant uni-
lamelar vesicles (pH 4 to 5 outside) generates profound invagi-
nations, potentially enriched in CL, that would mimic
mitochondrial cristae.”® If these are indeed CL-enriched micro-
domains, they would facilitate the local binding of LC3.

LC3B translocation to mitochondria

In contrast to the protonophores carbonyl cyanide p-trifluoro-
methoxyphenyl hydrazone (FCCP) or carbonyl cyanide m-
chlorophenyl hydrazine (CCCP), that have been found to cause
a severe loss of mitochondrial membrane potential in neuronal
cells, sublethal doses of rotenone and 6-hydroxydopamine (6-
OHDA) have no effect on membrane potential although they
induce LC3, but not PINKI, translocation to mitochondria.'”
Consistent with this, results presented in this work show that
LC3B translocates to mitochondria upon mild rotenone treat-
ment in U87MG glioblastoma cells, resulting in targeted
removal of damaged mitochondria through the action of lyso-
somes (Fig. 6). Nevertheless, nutrient deprivation did not elicit
translocation of LC3B to mitochondria or targeting of
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mitochondria to lysosomes. These results are consistent with
reports indicating that in higher eukaryotes mitochondria are
in fact spared from autophagy during starvation. In yeast how-
ever degradation of mitochondria occurs upon both nutrient
depletion and/or mitochondrial damage® and there is no
experimental evidence that mitophagy selects damaged, but not
intact, mitochondria for degradation. Moreover, yeast proteins
mediating this process have no mammalian orthologues.
Therefore the molecular mechanisms involved in selective
mitophagy appear to be fairly different in yeast and mammals.

THC induced potent bulk autophagy, however, no mito-
chondria were targeted to degradation in U87MG cells
(Fig. 6B). THC increases sphingolipid synthesis in the ER,
eventually contributing to autophagy-mediated cancer cell
death.”” In parallel, C,g-ceramide anchors LC3-II-autolyso-
somes to mitochondrial membranes, inducing lethal mitoph-
agy.”” Furthermore, mitochondrial localization of endogenous
ceramides and previous lipidation of LC3 have been suggested
to be essential for LC3-ceramide association during mitoph-
agy,”” the latter being in agreement with our experimental data.
Moreover during THC-induced autophagy-mediated cell death,
ceramide accumulation has been reported to stimulate an ER
stress-related signaling route. However, during bulk THC-
promoted autophagy, direct LC3 interaction with ceramide has
not yet been described.

The experimental method above could also be used to mea-
sure the mitophagy flux via LC3B-CL interaction but in this
case with or without the presence of a compound such as cloro-
quine to inhibit mitochondrial degradation in the lysosome. In
this way we could measure an increment in the level of mito-
chondria colocalization with LC3 together with a decrease in its
colocalization with lysosomes.

To sum up, CL externalization promotes LC3B translocation
to mitochondria and the subsequent induction of mitophagy in
U87MG glioblastoma cells, while other proautophagy stimuli
lead to nonselective autophagy. The specific factors, distinct
from bulk autophagy, required for individual mitochondria to
be distinguished within the mitochondrial network are still to
be determined.

GABARAPL2 and GABARAP in vitro and in vivo

Since most studies have been focused on LC3, the role of other
human Atg8 orthologs and paralogs in mitophagy is less well
characterized. LC3 family proteins have different specificities
guiding the selective recruitment of different LIR-containing
proteins.” CL-binding assays and electrostatic surface poten-
tials shown in this study revealed that human Atg8 orthologs
also differ in their lipid-binding affinities (Figs. 7 to 9). In con-
trast to LC3B and GABARAP, GABARAPL2 hardly binds CL-
containing membranes (Fig. 8). Furthermore, unlike LC3B,
GABARAPL2 and GABARAP do not translocate to mitochon-
dria upon mitophagy induction in U87MG cells (Fig. 9), sug-
gesting different regulatory mechanisms between orthologs. It
is noteworthy that even though GABARAP is able to interact
with CL in vitro, though with less affinity than LC3B, it does
not show mitochondrial localization after rotenone treatment.
Thus the possibility remains that its capacity to interact with

CL simply relies on its structural homology with LC3B, in such
a way that translocation of GABARAP to mitochondria would
occur via a different mechanism. LC3B, GABARAPL2 and
GABARAP may play different roles during selective and nonse-
lective autophagy, and there might be different mechanisms
involved in the regulation of mitophagy pathways depending
on the cellular and physiological context.

Concluding remarks

The quantitative data on LC3B-CL interaction presented in the
current study should help to clarify the molecular mechanisms
by which this phospholipid acts as a receptor for mitochondrial
targeting of the human autophagic machinery. LC3B targeting
to the OMM upon CL externalization is clearly modulated by
factors including ionic strength and bilayer fluidity. Moreover,
LC3B may recognize more efficiently smaller mitochondrial
fragments for their encapsulation, consistent with the targeted
removal of mitochondria being closely linked to mitochondrial
fission. The lipid-protein electrostatic interaction would be a
mitophagy-specific mechanism that may not occur in protec-
tive nonselective autophagy or THC-induced autophagy. Our
data also imply that the individual human Atg8 orthologs
respond differently to the presence of CL in model membranes,
in accordance with the differences observed for their electro-
static surface potential. Furthermore, GABARAPL2 and
GABARAP do not respond to CL externalization during
mitophagy in U87MG cells, indicating different cargo-targeting
mechanisms among human Atg8 orthologs that could also be
cell type-dependent. However, the possibility of this process
being cell, tissue or organ specific and the possible crosstalk
between the different selective types of autophagy need to be
further investigated for a better understanding of mechanisms
triggering mitophagy and therefore of neurodegenerative dis-
eases such as Parkinson or Alzheimer diseases.

Materials and methods
Materials

Phosphatidylcholine from egg yolk (PC) (Lipid Products,
Grade 1), cholesterol (Chol) (Avanti Polar Lipids, 700000),
heart bovine cardiolipin (CL; 90% tetralinoleoylcardiolipin, 5%
tetraoleoylcardiolipin, 5% unknown; Avanti Polar Lipids,
840012), tetraoleoylcardiolipin (CL 18:1; Avanti Polar Lipids,
710335), tetramyristoylcardiolipin (CL 14:0; Avanti Polar Lip-
ids, 750332), E.coli cardiolipin (CL"; Avanti Polar Lipids,
841199), phosphatidylinositol-4-phosphate (PtdIns4P; Avanti
Polar Lipids, 840045), phosphatidylinositol-4,5-bisphosphate
(PtdIns[4,5]P,; Avanti Polar Lipids, 840046), phosphatidylino-
sitol-3,4,5-trisphophate (PtdIns[3,4,5]P;; Avanti Polar Lipids,
850156), brain phosphatidylserine (PS; Avanti Polar Lipids,
840032), liver phosphatidylinositol (PtdIns; Avanti Polar Lip-
ids, 840042), egg phosphatidylglycerol (PG; Avanti Polar Lip-
ids, 841138), egg phosphatidic acid (PA; Avanti Polar Lipids,
840101), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-
(lissamine rhodamine B sulfonyl) (Rho-PE; Avanti Polar Lipids,
810150), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine



(DOPE; Avanti Polar Lipids, 850725), egg ceramide (eCer;
Avanti Polar Lipids, 860051), N-palmitoyl-D-erythro-sphingo-
sine (Cer16; Avanti Polar Lipids, 860516), N-octadecanoyl-D-
erythro-sphingosine (Cerl8; Avanti Polar Lipids, 860518),
N-nervonoyl-D-erythro-sphingosine (Cer24:1; Avanti Polar
Lipids, 860525). Anti-LC3 monoclonal antibody (Medical &
Biological laboratories Co. Ltd., M186-3), anti-GABARAP
monoclonal antibody (Medical & Biological laboratories Co.
Ltd., M135-3) and anti-GABARAPL2 polyclonal antibody
(Medical & Biological laboratories Co. Ltd., PM038). Anti-
LAMP2 (lysosomal-associated membrane protein 2) anti-
body (1:100; BD Biosciences, 555803), anti-LC3 antibody
(1:1000; Sigma Aldrich, L8918) and anti-TOMM20 anti-
body used in immunofluorescence (Santa Cruz Biotechnol-
ogy, sc-17764).

DNA constructs and site-directed mutagenesis

Plasmids for expression of several of the various orthologs of
Atg8 (human LC3B, human GABARAPL2 and human
GABARAP) and human LC3B lacking the C-terminal Gly
(LC3B%4) were kindly provided by Dr. Isei Tanida (National
Institute of Infectious Diseases, Tokyo, Japan). Note that each
Atg8 ortholog is a truncated form ending in the reactive
C-terminal Gly such that no ATG4-mediated preprocessing is
necessary. These plasmids were used as templates for site-
directed mutagenesis using QuikChange site-directed mutagen-
esis kit (Stratagene, 200514) following the manufacturer’s
instructions. All primers designed to introduce site-directed
mutations were synthesized and purified by Sigma-Aldrich.
The polymerase chain reaction-amplification products were
evaluated by agarose gel electrophoresis and the parental meth-
ylated and hemimethylated DNA was digested by DpnI endo-
nuclease (New England Biolabs, R0176). After inactivation of
DpnlI (80°C for 20 min), the digested polymerase chain reaction
product was transformed into DH5-« E. coli chemo-competent
cells and inoculated on Luria-Bertani (LB; Sigma Aldrich,
L3022) plate containing 100 mg/ml ampicillin (Sigma Aldrich,
A0166). A total of 5 colonies were selected and their plasmids
were isolated by mini-prep (GeneJET Plasmid Miniprep Kit,
Thermo Scientific, K0502) and used for DNA sequencing
(Secugen S.L., Madrid, Spain).

The double mutant for arginine (Arg) to alanine (Ala) at posi-
tions 10 and 11 of LC3B (LC3B®'*''*) was encoded using sense
primer (5'-GAAGGTGGCGGCCTGCTTGAA-3') and antisense
primer (5-TTCAAGCAGGCCGCCACCTTC-3') respectively.
The double mutant for arginine (Arg) to alanine (Ala) at positions
14 and 15 of GABARAP (GABARAPR™!*4) was encoded using
sense primer (5'-CTTCTCGCCCTCAGAGGCGGCCTTCTC-
GAACGGATGC-3') and antisense primer (5-GCATCCGTTC-
GAGAAGGCCGCCTCTGAGGGCGAGAAG-3') respectively.

The single mutant for lysine (Lys) to alanine (Ala) at position 47
of GABARAP (GABARAPXA) was encoded using sense primer
(5-  AGAAGGCACCAGGTATTTCGCTTTGTCCAGGTC-3')
and antisense primer (5-GACCTGGACAAAGCGAAA-
TACCTGGTGCCTTCT-3') respectively. The double mutant for
lysine (Lys) to alanine (Ala) at positions 46 and 47 of GABARAP
(GABARAPX**7AY was encoded using sense primer (5'-ATAG-
GAGACCTGGACGCAGCGAAATACCTGGT-3') and antisense
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primer (5-ACCAGGTATTTCGCTGCGTCCAGGTCTCCTAT-
3’) respectively. The triple mutant for lysine (Lys) to alanine (Ala)
at positions 46, 47 and 48 of GABARAP (GABARAP***#84) yag
encoded using sense primer (5-GCACCAGGTATGCCGC
TGCCTCCAG-3') and antisense primer (5-CTGGAGG-
CAGCGGCATACCTGGTGC-3') respectively.

Single cysteine (Cys) point mutants of LC3B (LC3B?"*“ and
LC3B*'°'€) were encoded with sense primers [5-CGGA-
CATCTTCTACTCTGCATTCGAAGGTGCGGCGCTGCT-3'
and 5'- AGCAGCGCCGCACCTTCGAATGCAGAGTAGAA-
GATGTCCG-3'] and antisense primers [5-CCATCTT-
CATCTTTCTCACACTCATACACCTCTGAGATT-3" and
5-AATCTCAGAGGTGTATGAGTGTGAGAAAGATGAA-
GATGG-3'] respectively. Single Cys point mutants of
GABARAP (GABARAP®'°“ and GABARAP®**) were encoded
with sense primers [5'-CTCGCCCTCACAGCG GCGCTTCTC-
3"and 5'-CCCATTGTGGCACAGGTGGGTGGAAT-3'] and
antisense primers [5'-GAGAAGCGCCGCTGTGAGGGCGAG-
3"and 5'- ATTCCACCCACCTGTGCCACAATGGG-3]
respectively.

Recombinant protein expression and purification

All proteins were purified from soluble fractions of bacterial
extracts obtained in the absence of detergents, and were >90%
pure as evaluated by Coomassie Blue-stained SDS-PAGE. E.coli
BL21(ADE3) cells were transformed with appropriate plasmids
and cells were grown to OD600 (optical density at 600 nm) of
0.8 and induced with 0.5 mM IPTG (isopropyl-$-D-1-thioga-
lactopiranoside; Sigma Aldrich, 16758) for 4 h at 20°C in the
case of GABARAP, GABARAP®'*'*A, GABARAP*YA
GAB AMPK46,47A’ GAB ARAPK46,47,48A’ GAB ARAPSIGC’
GABARAP®®® and 3 h at 37°C for GABARAPL2 and LC3B,
LC3B%4, LC3BM A, LC3BY*C, LC3B%'%'C. Following centri-
fugation at 4,500 x g for 15 min, the pellet was resuspended
and sonicated in breaking buffer (10 mM phosphate-buffered
saline [PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,,
1.8 mM KH,PO,], 20 mM Tris-HCI, pH 7, 150 mM NacCl, sup-
plemented with freshly prepared 1 mg/ml lysozyme [Sigma-
Aldrich, L6876], 1 mM DTT [Sigma-Aldrich, D0632], bacterial
protease inhibitors [Roche, 11697498001] and 2.5 pg/ml DNA-
ase [Sigma-Aldrich, DN25]). After removal of cellular debris by
centrifugation at 30,000 x g for 30 min at 4°C, the sample
supernatant fraction was incubated with 1 ml glutathione
Sepharose 4B (GE Healthcare, 17-0756-01) for 3 h at 4°C to
bind glutathione S-transferase tagged proteins. Then PreSci-
ssion Protease (GE Healthcare, 27-0843-01) was added at 100
units/ml in a 2-bed volume of PreScission Buffer (50 mM Tris-
HCI pH 7.5, 150 mM NaCl, 1 mM EDTA) freshly prepared
with 1 mM DTT and cleavage was performed for 4 h at 4°C.
Cleaved protein was eluted and concentrated. Proteins were
stored in 20% glycerol at —80°C.

Alexa Fluor 488 protein labeling

Purified proteins were first concentrated to 4 to 5 mg/ml (pro-
tein concentration should be at least 2 mg/ml for optimal
results) and dialyzed against 0.1 M sodium bicarbonate (pH
8.2), 150 mM NaCl buffer to remove any amine-containing
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substances that would interfere with the conjugation reaction.
Then 10 pl of the reactive dye solution (10 mg/ml of the Alexa
Fluor® 488 dye [Molecular Probes, A20000] dissolved in dime-
thylsulfoxide [Sigma Aldrich, 472301] was slowly added to the
protein solution. The reaction was incubated for 2 h at 37°C
with continuous stirring. A Sephadex G-25 chromatography
column (GE Healthcare, 17-0851-01) was used to separate the
conjugate from unreacted labeling reagent with PreScission
buffer used as the eluent. The degree of labeling was deter-
mined measuring the absorbance of the protein-dye conjugate
at 280 nm and at 488 nm for the dye. Labeled samples were
subjected to SDS-PAGE and visualized using a VersaDoc MP
4000 Imaging System (Bio-Rad laboratories, Hercules, CA,
USA).

IANBD cysteine-substituted protein labeling

In a typical labeling reaction, cysteine-substituted proteins were
first concentrated to 2-3 mg/ml and incubated with 1 mM
TCEP (Sigma-Aldrich, C4706) for 30 min at room temperature.
Then proteins were dialyzed against the labeling buffer (10 mM
HEPES [Sigma-Aldrich, H3375], pH 7.3, 100 mM KCl, 1 mM
EDTA) to remove TCEP. IANBD (Molecular Probes, 19) dis-
solved in dimethylsulfoxide was then added in a small volume
(15 to 25 ul) to the protein solution to give a final protein:probe
molar ratio of 1:10 (NBD stock solution concentration was
30 mM). The mixture was incubated overnight at 4°C with gen-
tle stirring. Next the mixture was passed again through a PD-10
column (GE Healthcare, 17-0851-01) equilibrated with labeling
buffer to separate the conjugate from unreacted labeling
reagent. The stoichiometry of the NBD-protein conjugation
reaction was calculated as the molar ratio of conjugated NBD
and labeled proteins. The molar concentrations of the conju-
gated NBD and protein were determined from the absorbance
at 488 nm (for NBD) and 280 nm (for proteins) using the
molar extinction coefficients (ep;) of 26500, 5960, 18450 and
11920 M~ 'em™' for NBD, LC3B, GABARAPL2 and
GABARAP respectively.

Liposome preparation

The appropriate lipids were mixed in organic solution (chloro-
form:methanol [2:1 v/v] and the solvent was evaporated to dry-
ness under a N, stream. Then the sample was kept under
vacuum for 2 h to remove solvent traces and the lipids were
swollen in PreScission buffer. Large unilamellar vesicles were
prepared from swollen lipids, subjected to 10 freeze/thaw
cycles, and then extruded (LIPEX Liposome Extrusion System
[Transferra Nanosciences, Burnaby, Canada]) using 0.1 pum
pore size Nuclepore filters (Whatman, 110605) as described by
Mayer et al.>® Small unilamellar vesicles were obtained by soni-
cating multilamellar vesicles (MLVs) with a probe tip sonicator
(MSE Soniprep 150, MSE, UK) for 10 min (10 sec on, 10 sec
off) on ice. Vesicle size was checked by quasi-elastic light scat-
tering using a Malvern Zeta-Sizer 4 spectrometer (Malvern
Instruments, Worcestershire, UK). LUVs had an average diam-
eter of 100 nm and SUVs average diameter was 60 nm. Lipid
concentration was determined by phosphate analysis.

Monolayer surface pressure measurements

Surface pressure experiments were carried out in a multi-well
Delta Pi-4 Langmuir balance (Kibron Inc., Helsinki, Finland)
under constant stirring. Protein-induced changes in surface
pressure at the air-water interface and protein-lipid monolayer
interactions were studied at either 25°C or 37°C. Monolayers
were formed by spreading a small amount of the lipid mixtures
in chloroform:methanol (2:1 v/v) solution on top of assay
buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1 mM MgCl,,
0.2 mM DTT) until the desired initial surface pressure was
reached. Proteins were injected with a micropipette through a
hole connected to the subphase.

Protein-lipid overlay assay

Stock solutions of different lipids were solubilized in 2:1:0.8
MeOH:CHCl;:H,0, spotted onto Hybond C nitrocellulose (GE
Healthcare, RPN2020D) and allowed to dry. To detect LC3B by
immunoblotting, the nitrocellulose was first blocked with 5%
fat-free milk in PBS for 1 h and further incubated for 1 h with
LC3B in PreScission buffer at 37°C. The nitrocellulose was
washed 4 times, 10 min each, with PBS, and soaked in 5% fat-
free milk in PBS with an anti-LC3 monoclonal antibody at
1:1000 dilution overnight at 4°C. The nitrocellulose was washed
4 times with PBS and soaked in 5% fat free milk in PBS with
horseradish peroxidase-conjugated anti-mouse antibody (Santa
Cruz Biotechnology, sc-2031) at a 1:5000 dilution for 1 h at
room temperature. After washing with PBS 4 x 10 min at
room temperature, the protein was detected by chemilumines-
cence. Protein bands were digitalized and integrated densities
were measured using Quantity One software (Bio-Rad labora-
tories, Hercules, CA, USA).

Sucrose gradient centrifugation of liposomes

Purified proteins as indicated (10 M) were incubated with
3 mM liposomes (containing 0.05 mol percent Rho-PE for
detection) for 1 h at 37°C in 200 ul PreScission buffer. 125 ul
protein/lipid mix was diluted to 300 ul in PreScission buffer
containing 2.4 M sucrose (Sigma-Aldrich, S0389). Then the
reaction mix was transferred to a centrifuge tube. The 1.4 M
sucrose layer was overlaid with 400 wl PreScission buffer con-
taining 0.8 M sucrose and 300 ul of PreScission buffer contain-
ing 0.5 M sucrose. Sucrose step gradients were centrifuged in a
TLA-120.2 rotor (Beckman Coulter, 357656, Brea, CA, US) at
356,160 x g for 3 h at 4°C. Four 250-u1 fractions were pipetted,
starting from the bottom. The top fraction (T), containing
liposomes as indicated by the rhodamine fluorescence and the
bottom fraction (B) containing the unbound protein were ana-
lyzed by SDS-PAGE and western blotting.

Fluorescence spectroscopy

NBD fluorescence measurements were performed in a Quanta-
Master spectrofluorometer (Photon Technology International,
Birmingham, NJ, US) in a thermostatically controlled 1-cm
path length cuvette with constant stirring at 37°C. The excita-
tion wavelength was 465 nm, the band-pass was typically 5 nm,



and emission spectra of NBD were measured between 520 nm
and 650 nm at a rate of 1 nm/sec. A 515 nm cut-off filter was
placed between the sample and the emission monochromator
to avoid scattering interference. In all cases, background inten-
sities from samples lacking protein were substracted from the
intensities measured in protein containing samples.

Cell culture

U87MG (human glioma cell line) cells were obtained from
the American Type Culture Collection (Rockville, MD,
USA; ATCC®, HTB-14™) and cultured in DMEM (Dulbec-
co’s modified Eagle’s medium) (Lonza, BE-12-604F) con-
taining 10% fetal bovine serum (Linus, 91S1800) and
penicillin/streptomycin (5 pg/ml) (Lonza, BE17-603E).
When required, cells were seeded at a density of 5000 to
10000 cells/cm? and transferred to medium containing 0.5%
fetal bovine serum, 18 h before performing the different
treatments. The latter included 1 uM rotenone (Sigma-
Aldrich, R8875) or 4 uM THC (THC Pharm GmbH, THC-
1099) for 4 or 6 h, respectively. For nutrient deprivation
experiments, cells were incubated in Earle balanced salt
solution (EBSS) medium (Lonza, BE10-502F).

Confocal laser scanning microscopy

Transfections of expression vectors GABARAPL2-GFP and
GABARAP-GFP were performed with Lipofectamine 2000 (Invi-
trogen, 11668019) according to the manufacturer’s instructions.

Standard protocols for immunofluorescence microscopy were
used. Briefly, cell cultures grown on 12 mm-coverslips (Menzel
Glasser, P231.2) were washed in PBS, fixed with 4% paraformal-
dehyde (Sigma Aldrich, P6148) (20 min at room temperature)
and permeabilized with 0.5% Triton X-100 (Sigma Aldrich,
X100) (5 min at room temperature). Cells were then incubated
with the appropriate primary antibodies (in case of LC3 the anti-
body recognizes the isoform B of the protein) diluted in PBS-
0.1% bovine serum albumin (Sigma Aldrich, A6003) for 2 h and
washed 3 times with this same buffer. Incubation with appropri-
ate Alexa Fluor 488 or Alexa Fluor 594-conjugated secondary
antibodies (Invitrogen, A11008, A11005) was performed in the
dark at room temperature for 90 min. Cell nuclei were
stained with DAPI (4',6-diamidino-2-phenylindole) (Roche,
010236276001) for 10 min at room temperature. Finally, cover-
slips were mounted in Mowiolmounting medium (Calbiochem,
475704) and observed in a Leica TCS SP2 confocal microscope
(Leica Microsystems CMS GmbH, Mannheim, Germany).

Statistical analyses
Statistical analyses were performed by ANOVA with a post hoc

analysis by the Student-Neuman-Keuls test.

Abbreviations

Atg autophagy-related

CALCOCO2 calcium-binding and coiled-coil domain
2

Cerl6 n-palmitoyl-d-erythro-sphingosine

AUTOPHAGY (&) 2401

Cer18 n-octadecanoyl-d-erythro-sphingosine

Cer24:1 n-nervonoyl-d-erythro-sphingosine

Chol cholesterol

CL heart bovine cardiolipin

DNMI1L dynamin 1 like

DOPE 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine

DTT dl-dithiothreitol

EBSS Earle’s balanced salt solution

GABARAP GABA type A receptor-associated protein

GABARAPL2 GABA type A receptor-associated protein
like 2

GFP green fluorescent protein

LIR LC3-interacting region

LUV large unilamellar vesicle

MAPILC3A/LC3A  microtubule-associated protein 1 light
chain 3 &

MAPILC3B/LC3B  microtubule-associated protein 1 light
chain 3 8

MAPILC3C/LC3C microtubule-associated protein 1 light
chain 3 y

NBD 7-nitrobenz-2-oxa-1,3-diazol-4-yl

OMM outer mitochondrial membrane

PBS phosphate buffered saline

PC phosphatidylcholine

PtdIns4P phosphatidylinositol 4-phosphate
PINK1 PTEN induced putative kinase 1
PS phosphatidylserine

SDS-PAGE sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

SUV small unilamellar vesicle

THC A9-tetrahydrocannabinol

TOMM?20 translocase of outer mitochondrial mem-
brane 20

U87MG human primary glioblastoma cell line
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