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1.1. Autophagy

1.1.1. History

Autophagy (from the Greek auto-, “self” and phago, “to eat”) is a general biological
process conserved among eukaryotes that allows the regulated lysosomal degradation
of unnecessary or dysfunctional cellular materials. The term “autophagy” was invented
in 1963 by the Nobel Laureate discoverer of lysosomes and peroxisomes, Christian de
Duve (De Duve, 1963; Klionsky, 2008). He used it to describe the presence of single- or
double-membrane intracellular vesicles (Figure 1.1) that contain part of the cytoplasm
and organelles in various states of disintegration (Yang & Klionsky, 2010).

Figure 1.1. The “Autophagic Vacuole”. (A) Electron micrograph (Magnification x55000) (B) Outline of the
residual body. Both taken from De Duve (1963).

However, it was not until the early 1990s when the cell biologist Yoshinori Oshumi
identified and characterized the autophagy machinery, AuTophaGy-related (Atg) genes,
in yeast (Tsukada & Ohsumi, 1993). For that reason, he was awarded the Nobel Prize in
Physiology or Medicine in 2016. Over the past decades, our understanding of the
process has made enormous progress (Ohsumi, 2014), not only in terms of the molecular
mechanism but also in relation to its physiological roles and relevance to health and
disease. The progression shown on Figure 1.2 has scaled up in the last years with the
result that the number of papers associated to autophagy in 2021 was of 10500.
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Figure 1.2. The growth of autophagy research and historical landmarks. Taken from Ohsumi (2014).
1.1.2. Autophagy in health and disease

Autophagy is a central regulation point that controls the homeostasis of the human body.
It allows cellular maintenance and survival thanks to its ability to promote:

e survival to environmental challenges, such as amino acid or nitrogen
starvation (Kuma et al., 2004) by the recycling of cellular components that are
further used for de novo synthesis of cellular building blocks and energy
production.

e response to intracellular challenges, e.g. oxidative or ER stress, for example
degradation of ROS producing mitochondria (Scherz-Shouval & Elazar, 2011).

e cellular preservation, by clearing defective proteins or organelles, toxic protein
aggregates (Ravikumar et al., 2002) or invading intracellular pathogens
(Ravenhill et al., 2019), autophagy could work as an anti-aging process.

e cellular remodeling, by degradation of cell constituents during development
(Yue et al., 2003) and cellular differentiation (Tanida et al., 2006).

Not surprisingly, insufficient or defective autophagy underlies a wide range of
pathological conditions (Figure 1.3) (Klionsky et al., 2021). Some examples include:

e neurodegenerative diseases. Huntington disease (Martinez-Vicente et al.,
2010), Alzheimer disease (Nixon et al., 2005) and Parkinson disease (Lynch-Day
et al., 2012) are linked to an accumulation of toxic misfolded protein aggregates
in the brain that had not been degraded due to an impaired autophagy (Vidal et
al., 2014).



Chapter 1. Introduction and aims

e oncogenesis and cancer. Impaired autophagy had been found during malignant
transformation of cancer cells and deletion of several proteins involved in
autophagy had been associated with cancer susceptibility (Levine & Kroemer,
2019). However, autophagy activation could also help in the survival of
transformed cells from low-vascularized established tumors, therefore inhibition
of autophagy in those cells could block tumor growth (Galluzzi et al., 2015).

¢ infectious diseases. Impaired autophagy promotes the survival of pathogens
(bacteria, viruses and parasites), creating a protective environment for them
(Deretic, 2011).

e aging. Some autophagy-related genes are down-regulated in aging people and
most of the proteins whose degradation is hindered during aging have been found
to be the substrates of lysosomal degradation (Cuervo et al., 2005).

o diabetes and obesity. Increased adiposity and insulin resistance are attributed
to defective mitochondria, impaired degradation of mitochondria via autophagy
can promote the development of those disorders (Yang et al., 2010).

o lysosomal storage disorders. Impaired autophagy has been associated to the
defective removal of components stored in lysosomes, such as fatty acids or
cholesterol (Settembre et al., 2008).

Growth of tumor cells during later
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S

Growth of tumor celis during early
stage

1Ad|posny
Insulin resistance

I Removal of neuronal
aggregated proteins

Autophagy

* Removal of aggregated
| proteins

Removal of

pathogens through

sequestration in
autophagic vacuoles

+ Removal of lysosomal
stored components such
| as cholesterol. fatty acids

Figure 1.3. Autophagy in health and disease. Adapted from Saha et al. (2018).
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Nowadays, pharmacological agents or dietary interventions that activate or inhibit
autophagy have a great potential as novel therapies for multiple human disorders and
pathophysiological conditions (Galluzzi et al., 2017).

1.1.3. Types of autophagy

Three different types of autophagy have been described in mammalian cells (Okamoto,
2014) (Figure 1.4):

a) macroautophagy is the main autophagic pathway, occurring mainly to eradicate
damaged cell organelles or unused proteins. This involves the formation of a double
membrane around cytoplasmic substrates resulting in the organelle known as
autophagosome. The autophagosome travels through the cytoplasm to a lysosome, and
the two organelles fuse; intersection with endosomal pathways also occurs. Within the
lysosome, the contents of the autophagosome are degraded via acidic lysosomal
hydrolases. This pathway is conserved from yeast to humans.

b) microautophagy involves the direct engulfment of cytoplasmic material by the
lysosome. This occurs by invagination, meaning the inward folding of the lysosomal
membrane. It is also conserved from yeast to humans.

c) chaperone-mediated autophagy refers to the chaperone-dependent selection of
soluble cytosolic proteins that are then targeted to a lysosome and directly translocated
across the lysosomal membrane for degradation. It is only found in mammals and
contributes to the regulation of cellular metabolism.

Lysosome
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Isolation membrane \
Macroautophagy (( — ((:.2 — ‘ —n
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) O

Microautophagy S — —

Lysosome

Substrate Lysosome

autophagy v,
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¢ ) kil ) % -

Hsc70/ Lamp2A

Co-chaperones

Figure 1.4. Types of autophagy. Taken from Okamoto (2014).



Chapter 1. Introduction and aims

Autophagy can also be classified into selective or bulk autophagy (Figure 1.5),
depending on whether there are signals to degrade a specific cellular component or else
it is a bulk process. This is particularly important for the cell when only some specific
organelles are damaged (Sica et al., 2015).
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Figure 1.5. Selective and bulk autophagy. Adapted from de la Ballina et al. (2020).

Selective autophagy refers to turnover of specific cargo, such as superfluous or
dysfunctional organelles, protein aggregates or invading pathogens (Levine & Kroemer,
2019). Cargo degradation relies on signals and receptors, that allow the interaction
between cargo and autophagosomal membrane (Galluzzi et al., 2017). As discussed in
Chapter 3, the main proteins bridging between cargo and autophagosome during cargo
recognition are the LC3/GABARAP proteins. Many types of selective autophagy have
been described, for instance, mitochondria (mitophagy), peroxisome (pexophagy), lipid
droplets (lipophagy), nucleus (nucleophagy), lysosome (lysophagy), ER (reticulophagy),
ribosomes (ribophagy), proteasomes (proteaphagy), protein aggregates (aggrephagy),
or bacteria or viruses (xenophagy).

This thesis is devoted to the process of autophagosome biogenesis and cargo
recognition during the selective macroautophagy of mitochondria (mitophagy), thus in
the context of this work, autophagy is to be understood as macroautophagy, the most
widely studied form of autophagy.
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1.1.4. Macroautophagy

The landmark event in macroautophagy, hereafter autophagy, is the formation of a
double-membrane structure called autophagosome (AP) (Noda & Inagaki, 2015). The
first step for this process is the generation of an ‘isolation membrane’ or ‘phagophore’.
The origin of the initial membrane is yet unknown, but some evidence suggests as
possible sources the ER, the ER-Golgi intermediate compartment, endosomes, the
plasma membrane or even mitochondria (Ktistakis & Tooze, 2016). How the phagophore
expands and forms the autophagosome is still not clear. The adhesion and fusion of
membrane structures, together with lipid transfer from donor membranes, is necessary
for autophagosome expansion (Melia et al., 2020). While membrane material is
conforming the phagophore, cellular contents that need to be degraded start reaching
this preformed structure. In a final step, the autophagosome closes and, upon fusion
with a lysosome, the inside contents are degraded by lysosomal hydrolases (Figure
1.6).

2, 3. 4, 5.
Phagophore =~ Phagophore  Phagophore Fusion with a lysosome
Nucleation Expansion Closure and degradation

1.
Inducing —» 0 —
signals

Isolation membrane Autophagosome Autolysosome
or phagophore

Figure 1.6. Outline of the general process of macroautophagy. From Iriondo et al. (2021).

1.1.4.1. Molecular machinery of macroautophagy

Although in humans the process is more complex and less studied than in yeast,
autophagic functions are well conserved from yeast to human proteins. To date, at least
20 autophagy-related (ATG) genes have been identified and related to the process
(Nakatogawa, 2020). They can be divided into several groups depending on their
function during AP biogenesis. Table 1.1 contains a summary of global and specific
functions of each group, together with the differences between yeast and human
proteins. Important AP biogenetic elements in humans include:

e ULK protein kinase complex, an initiator kinase complex that serves as a
scaffold to recruit downstream factors and regulates their functions via
phosphorylation of threonine or serine residues (Bach et al., 2011). The
mammalian ULK complex is composed of ATG13, FIP200, ATG101 and ULK1 or
ULK2. To initiate autophagosome biogenesis, multiple copies of the ULK complex
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are assembled, and this functions as a platform for the recruitment of other ATG
proteins (Mercer & Tooze, 2021; Nakatogawa, 2020).

e ATG9-containing vesicles. ATG9 is a multispanning transmembrane protein. It
is transported through the endomembrane system and localizes to plasma
membrane, cytoplasmic vesicles or tubules. This ATG9 trafficking is regulated by
Rab GTPases (Kakuta et al., 2017). ATG9 containing membranes have been
suggested to contribute to the generation of AP precursors (Yamamoto et al.,
2012).

¢ Autophagy-specific phosphatidylinositol 3-kinase (PI3K) complex I. The
PI3K complex | involved in AP biogenesis is formed by class Ill PI3K VPS34,
p150, BECN1, ATG14L and NRBF2. It produces phosphatidylinositol 3-
phosphate (Ptdins3P) in nascent autophagosome membranes, where different
Ptdins3P-binding proteins are recruited to regulate the process (Cheng et al.,
2014).

e ATG2-WD repeat protein interacting with phosphoinositides (WIPI)
complex. ATG2 interacts with WIPI proteins. WIPIs are Ptdins3P-binding
proteins, as they belong to the PROPPIN (beta-propellers that bind
phosphoinositides) protein family (Proikas-Cezanne et al., 2015). The ATG2-
WIPI complex acts as a membrane tether and it also has a lipid transfer activity
(Valverde et al., 2019).

o ATG12 ubiquitin-like system. This system is formed by ATG7, ATG10, ATG12,
ATGS5, and ATG16L1 proteins (see section 1.3). The ubiquitin-like protein ATG12
is conjugated to a lysine in ATG5. Then the conjugate interacts with ATG16L1 to
form the homodimeric ATG12-ATG5-ATG16L1 complex (Mizushima et al.,
1998). This complex interacts with WIPI2b via ATG16L1 and localizes to the
phagophore membrane depending on WIPI2b interaction with PtdIns3P
produced by PI3K complex | (Dooley et al., 2014). There, it exerts its E3 enzyme
activity, to promote the lipid conjugation of the LC3/GABARAP proteins.

e LC3/GABARAP ubiquitin-like system. This system is formed by the
LC3/GABARAP proteins, ATG4, ATG7 and ATG3 (see section 1.3). The
ubiquitin-like LC3/GABARAP family proteins (orthologs to the yeast Atg8) are
conjugated to the amino group of the lipid phosphatidylethanolamine (PE) in a
membrane (Ichimura et al., 2000). Once anchored to the membrane, they can
drive membrane expansion, help in the transport and fusion of the AP to
lysosomes, and also mediate cargo recognition during selective autophagy
(Johansen & Lamark, 2020). ATG4 is also able to catalyze LC3/GABARAP
protein delipidation for their recycling.

Of the above, the present thesis is focused on the behavior and roles of the ATG12 and
LC3/GABARAP ubiquitin-like systems (See sections 1.3 and 1.4). The possible different
functions of LC3/GABARAP-family members (Chapters 3 and 4) and the effect of
ATG12-ATG5-ATG16L1 (E3) complex (product of the ATG12 system) will be studied
(Chapters 4 and 5).
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Atg1l/ULK complex

Recruiting and regulating AP formation-related proteins

Yeast Mammal Function
Atal ULK1 Ser/Thr kinases that mediate mTOR signaling and
9 ULK2 Atg9/ATG9 cycling

Atgl3 ATG13 Complex formation and bridging complexes

Atgl7 .

Atgl1 FIP200 Scaffold protein

Atg29 Complex stabilization, interacts with Atg21/ULK1 and
ATG101 Atg13/ATG13

Atg9/ATG9-containing vesicles

Mammal

Function

Vps34 VPS34 PI3K, catalytically active subunit of the complex
Atg6 BECN1 Complex ;tabil_iza_\tip_n gnd a hub f_or Vps34/VPS3_4 regulation.
ole in initiation, formation and maturation
Ser/Thr kinase required for Vps34/VPS34 activity.
Vps15 p150 Recruits the PI3K complex to membranes
Atgl4 ATG14L Targeting the complex to AP biogenesis-related membranes
Atg38 NRBF2 Complex stabilization
Atg2-Atg18/ATG2-WIPI complex
Tethering the AP precursor/isolation membrane to the ER and transferring lipids
Yeast Mammal Function
Atg2 ﬁ$g§g Membrane tethering and lipid transfer
WIPI1
At WIPI2 Ptdins3P binding proteins that target the complex to the AP
918 WIPI3 fisolati
precursor/isolation membrane

WIP14
Atg12/ATG12 conjugation system:
Atg12-Atg5-Atg1l6/ATG12-ATG5-ATG16L1 (E3) complex
Stimulating Atg8/LC3/GABARAP protein lipidation
Mammal Function
Ubiquitin-like protein conjugated to Atg5/ATGS5, activation of
Atgl2 ATG12 Atg3/ATG3
Atg7 ATG7 E1 for Atg12/ATG12 and Atg8/LC3/GABARAP conjugation systems
Atgl0 ATG10 E2 for Atg12/ATG12 conjugation to a Lys residue in Atg5/ATG5
Atg5 ATG5 Conjugation target of Atg12/ATG12
Forms a homodimeric complex with the ATG12—-ATGS5 conjugate
Atgl6 ATG16L1 Bridging Atg5/ATG5 and Atg21/WIPI2b directing Atg8/LC3/GABARAP
conjugation to AP precursor

Atg8/LC3/GABARAP conjugation system:

Mammal

Atg8/LC3/GABARAP-PE conjugate

Exerting multiple roles in autophagy: Cargo recruitment, AP expansion, AP shaping...

Function

Atg8

LC3A
LC3B
LC3C
GABARAP
GABARAPL1
GABARAPL2

Ubiquitin-like protein conjugated to phosphatidylethanolamine (PE)

Atg4

ATG4A
ATG4B
ATGAC
ATG4D

C-terminal processing/delipidation of Atg8-family proteins

Atg7

ATG7

E1 for Atg12/ATG12 and Atg8/LC3/GABARAP conjugation systems

Atg3

ATG3

E2 for Atg8/LC3/GABARAP conjugation systems

Table 1.1 Atg/ATG proteins involved in AP biogenesis. Adapted from Nakatogawa (2020).

10




Chapter 1. Introduction and aims

1.1.4.2. Macroautophagy steps

Step 1. Initiation of autophagosome biogenesis

Autophagy induction is controlled by a complex regulatory mechanism. Different signals
such as nutrient deficiency (aminoacids, glucose, phosphate, iron...), stress (oxidative
stress, hypoxia...), protein aggregates, damaged organelles or microbial infection induce
autophagosome biogenesis (He & Klionsky, 2009).

The assembly of multiple ULK complexes is the common first step (Nakatogawa, 2020).
Many signals converge at the level of the mammalian target of rapamycin complex 1
(MTORC1), a Ser-Thr kinase (Wirawan et al., 2011) that is able to phosphorylate the
ULK complex and therefore block autophagosome biogenesis. Repression of mMTORC1
by nutrient deprivation or rapamycin treatment is commonly used to activate autophagy
(Noda & Fujioka, 2015). Other signals such as hypoxia, ER stress or microbial infection
are able to stimulate PI3K complex | (Corona Velazquez & Jackson, 2018) in order to
upregulate autophagosome formation.

During selective autophagy, the cargo is the element emitting signals for autophagy
initiation. As mentioned in section 1.1.3, in most cases, cargo receptors are needed. It
has been shown that some receptors are able to interact with the ULK complex subunit
FIP200 to initiate de novo AP formation around the cargo (Ravenhill et al., 2019; Turco
et al., 2019). In addition, cargo receptors have LIR or GIR (LC3/GABARAP interacting
regions) allowing recruitment of LC3/GABARAP proteins to the cargo and facilitating its
sequestration and degradation (Montava-Garriga & Ganley, 2020). This, at least in some
cases, acts as an ‘amplification’ mechanism rather than a ‘triggering’ mechanism in
selective autophagy and it is important for accurate recognition of cargos (Mizushima,
2020).

Step 2. Phagophore nucleation

Once autophagy is induced and multiple copies of the ULK complex are assembled, the
latter serve as a scaffold for the recruitment of other ATG proteins (Koyama-Honda et
al., 2013) to sites where the phagophore will be generated. The main candidate sites in
mammalian cells are the endoplasmic reticulum subdomains associated with
mitochondria (Hamasaki et al., 2013).

One of the proteins recruited at the earliest stages is ATG9, which is present on
cytoplasmic mobile vesicles that serve as a seed to form the phagophore (Nishimura et
al., 2017). In parallel, the PI3K complex | produces PtdIns3P, helping in the recruitment
of Ptdins3P-binding proteins (such as WIPIs) (Obara et al.,, 2008). This promotes
ATG12-ATG5-ATG16L1 complex recruitment to the phagophore membrane where it
binds to WIPI2b (Dooley et al., 2014; Fracchiolla et al., 2020). The ATG12-ATG5-
ATG16L1 complex interacts with the E2 enzyme ATG3 to induce covalent binding of
LC3/GABARAP proteins to membranes (See section 1.3 for details) (Hanada et al.,
2007).
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Step 3. Phagophore expansion

Once the initial phagophore is formed, new membrane lipids must be added in order to
support its growth, to surround the cargo and produce the final AP. To form a 400-nm
AP, around 3 x 106 lipids are required, therefore distinct mechanism for lipid delivery are
expected to exist.

Many results suggest that LC3/GABARAP proteins are involved in the expansion of the
phagophore (See Chapter 4) once they are bound to the membrane, most likely via
mediating the tethering and fusion of membrane-supplying vesicles (Landajuela et al.,
2016; Nakatogawa et al., 2007; Weidberg et al., 2010). But LC3/GABARAP proteins also
act together with other fusogenic factors, such as SNARE proteins, in a mechanism
where lipid composition and membrane curvature are thought to be important (Nair et
al., 2011).

Recent studies proposed that ATG2 could also participate in phagophore expansion
process. This protein forms a complex with WIPI and localizes in the site of phagophore
formation, depending on its interaction with Ptdins3P. Once there, ATG2 is able to
extract lipids from the ER and transfer them to the AP precursor through its long
hydrophobic groove (Maeda et al., 2019; Osawa et al., 2019; Valverde et al., 2019).
Moreover, recent results with yeast protein suggest that phospholipids delivered by Atg2
are translocated from the cytoplasmic to the luminal leaflet by Atg9, thereby driving
autophagosomal membrane expansion (Matoba et al., 2020).

Step 4. Phagophore closure

Once the phagophore has grown and adopted a spherical shape, a small pore remains,
and it needs to be closed to form the AP. Phagophore closure is a process that involves
fission of the inner and outer membrane of the phagophore edge (Knorr et al., 2015)
(See Section 1.2.4 for details). The endosomal sorting complexes required for transport
(ESCRT) machinery participate in the process (Takahashi et al., 2019; Zhen et al., 2020).
It is not clear how is it targeted to the unsealed phagophore, but it seems that the ULK
complex could play a role (Zhou et al., 2019). Moreover, other unknown mechanisms
must exist to obtain a highly constricted membrane neck in which ESCRT proteins can
promote the scission step.

Step 5. AP fusion with a lysosome and degradation

The AP travels along the cytoplasm microtubules using the dynein-dynactin motor
complex and fuses with a lysosome (Shen & Mizushima, 2014). The outer AP membrane
fuses with the lysosome so that the inner membrane and its contents come into contact
with the lysosomal hydrolases and lipases. LC3/GABARAP and other proteins such as,
LAMP2, Rab, HOPS, SNAREs, ESCRT, FYCO1 and UVRAG-C-Vps tethering complex,
take part in the autophagosome-lysosome fusion event (Itakura et al., 2012; Wirawan et
al., 2011). The result of the autophagy degradation process is the generation of recycled
amino acids, fatty acids and nucleosides that will come back to the cytosol for new
anabolic reactions. This renewal of nutrient supply via the autophagic degradation of
cellular components reactivates mTORC1, leading to the end of autophagy (Yu et al.,
2010).
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1.2 Autophagy and aspects related to membrane
architecture and dynamics

As shown in the previous section, autophagy is a complex process that involves the
participation of a large amount of proteins and lipids. During autophagy, a new
membrane organelle is formed. New lipids are needed to form and expand an initial
membrane. Protein-protein and protein-lipid interactions, membrane bending, fusion and
fission are happening during the process. Moreover, selective autophagy involves the
recognition of other organelles mediated via protein-protein or protein-lipid interactions.

1.2.1. Cell membranes

Cell membranes are composed of a thin double layer of lipid molecules with large
amounts of embedded proteins (Gofi, 2014; Singer & Nicolson, 1972). Membrane lipids
are amphipathic molecules containing a hydrophobic tail and a polar head group, and
can often self-assemble into lipid bilayers (Figure 1.7). When exposed to a water solvent,
these lipids can be spontaneously arranged so that the hydrophilic head groups interact
with the water molecules isolating the hydrophobic tails from the water environment
(Israelachvili et al., 1980). Thus, lipids in cell membranes characteristically adopt a
bilayer structure with the hydrophobic tails facing each other and the polar heads
interacting with the cytoplasm or extracellular medium.

Proteins

phospholipid

—— hydrophilic “head”

~——hydrophobic “tail”
Bilayer
structure

Figure 1.7. Phospholipids and an updated Singer and Nicolson “fluid mosaic model”. Taken from
Engelman (2005).

Proteins accommodate along the membrane extension, usually making up to 50% of the
plasma membrane mass. In this context, Singer and Nicolson proposed the current view
of cell membranes as a fluid mosaic, in which lipids and proteins can rotate and diffuse
easily along the plane of the membrane. Subsequent adjustments and evolutions of this
model have emerged in the following decades (Engelman, 2005; Gofii, 2014) (Figure
1.7). For example, it has been pointed out that membranes are crowded with proteins
embedded in the phospholipid bilayer; they are asymmetric as a consequence of the
restricted transbilayer movement, the asymmetry being controlled by flippase or
scramblase proteins; membranes may contain laterally separated domains, composed
of specific proteins or lipids; membranes are not flat and non-bilayer lipid structures can
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be formed. Implications of these phenomena in autophagy will be discussed in the next
sections.

1.2.2. Lipid Distribution and Asymmetry

Eukaryotic cells contain well over 1000 different lipid species in the membranes.
Variation in headgroups and aliphatic chains of each kind of lipid generates this
enormous lipid diversity (Figure 1.8).
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Figure 1.8. Lipids in eukaryotic membranes. They can be divided into glycerophospholipids, sphingolipids
and sterols. Phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylinositol (PI), cardiolipin (CL) ceramide (Cer), sphingomyelin (SM),
glycosphingolipids (GLS). Taken from de la Ballina et al. (2020).

Phospholipids, sphingolipids and sterols are not distributed homogeneously throughout
the main organelles of mammals, heterogeneity of lipid composition conferring special
characteristics to them (Figure 1.9). This segregation reflects the different physiological
role, local lipid metabolism of each lipid in the cell, and specific physico-chemical
membrane properties generated by differences in lipid composition. For example,
sphingomyelin and cholesterol are mainly found in the plasma membrane, while
cardiolipin can be found almost exclusively in the inner mitochondrial membranes.
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Figure 1.9. Lipid composition of different membranes within the cell. The lipid compositional data are
expressed as a percentage of the total phospholipid in mammals (blue) and yeast (light blue). Taken from
Van Meer et al. (2008).

Furthermore, lipid heterogeneity is not only present between different membranes in the
cell, but also within single membranes. Lipids can be asymmetrically distributed between
the two monolayers of a lipid bilayer (Van Meer et al., 2008). This lipid transversal
asymmetry is a necessary feature of all cell membranes in order to be functional. The
main reason for lipid composition differences between both monolayers is the
asymmetric synthesis of certain lipids or the presence of transporters that allow
unidirectional lipid translocation.

Among the different intracellular membranes, this thesis deals with the phagophore
membrane that will evolve into the double membrane AP, in particular with the zones
that could allow fusion of new vesicles to expand the initial phagophore (Chapter 4) and
with the external membrane of the mitochondria once it is damaged (Chapter 3).

1.2.3. Lipid polymorphism and geometry

Biological membranes under equilibrium conditions are composed of a lipid bilayer in a
lamellar configuration. Lipids in membranes are said to adopt the lamellar or L phase. A
lipid phase is a thermodynamic concept related to the specific structural pattern(s) that
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a lipid or a lipid mixture adopts in aqueous solution. The most relevant lamellar lipid
phases are: Lq (fluid phase), Lg (gel phase), and L, (liquid-ordered phase).

Fluid, or liquid-crystalline, or liquid-disordered phase: Lipids in the Ly phase are free
to diffuse laterally and rotationally, and display their acyl chains in a disordered state with
high flexibility. Most membrane lipids occur in the liquid-disordered phase.

Gel phase: Lipids in the Lg phase have highly ordered acyl chains, being almost
immobile and not allowing lateral or rotational motion. The gel phase is seldom, if ever,
encountered in cell membranes.

Liquid-ordered phase: Lipids in the L, phase are characterized by free rotational and
translational diffusion, with highly ordered acyl chains. The L, phase occurs in the
presence of high concentrations of sterols.

Although cell membranes are basically organized in a virtually one-dimensional lamellar
structure, some crucial events are characterized by the formation of more complex non-
lamellar structures, such as the inverted hexagonal phases. From macromolecule
transversal motion across the membrane to cell division, many processes require the
generation of these unstable structures (Epand, 1998). Membrane fusion and fission
processes, essential in autophagosome generation, growth and closure, are good
examples of energetically unfavorable events that require the transient formation of non-
lamellar structures (Gilbert, 2016; Kozlov & Chernomordik, 2015). The formation of some
non-lamellar structures is strongly influenced by the lipid molecular geometry. About 30%
of membrane lipids can adopt or induce non-lamellar structures in model systems.
Differences in the cross-sectional areas between the polar head group and the
hydrophobic tail could determine the overall structure that lipids adopt when they self-
assemble (Israelachvili et al., 1980). From this point of view, lipids are mainly classified
into 3 groups: lipids with conical, cylindrical or inverted-conical shapes (Figure 1.10).

These shapes could be described by the morphological parameter S:
S =V/Ao-Lc
Equation 1.1. Morphological parameter S.

where: V is the volume of the lipid molecule, Ao is the area of the molecule at the lipid-
water interface and Lc is the length of the extended acyl chain.

Taking into account these parameters and the lipid cross-sectional area of the
hydrophobic tail(s) (AH), which would reflect a volume of V = AH-Lc for a lipid of
cylindrical shape, the different morphological geometries can be reviewed as:

e Ao = AH (S = 1): The molecule presents a cylindrical shape, intrinsic curvature = 0.
e A0 <AH (S > 1): The molecule presents a conical shape, intrinsic curvature <0.

e Ao > AH (S < 1): The molecule presents an inverted-conical shape, intrinsic
curvature >0.
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Figure 1.10. Molecular shapes of membrane lipids, according to Israelachvili. Adapted from Gofii
(2014).

Note, however, that it is difficult to quantitatively define the shape and curvature of the
phases adopted by lipids, since the area and volume of the molecules also depend on
factors such as the amount of water present, ionic strength, pH, temperature, divalent
cations and proteins.

Pure lipids in aqueous solutions will self-aggregate into different structures depending
on their molecular geometry (Figure 1.11):

e Cylindrical shaped lipids as PC or SM will become organized in the form of
lamellar bilayers.

e Cone shaped lipids as PE, DAG or sterols will tend to form “hexagonal” (tubular)
arrangements, (strictly speaking DAG or sterols will not form hexagonal phases
by themselves, they can induce an inverted hexagonal phase in lipid mixtures).

¢ Inverted-cone-shaped lipids as is the case of lysophospholipids (e.g. lysoPC)
will aggregate into micelles.

CYLINDRICAL LIPIDS CONICAL LIPIDS INVERTED CONICAL LIPIDS

pC ewp' PE ewp. PI(345}P3

NH
Y —s P § coij ® TS X PI(4,5)P2
Glycerox Inasitol

Acyl chains Phosphate

Lamellar bilayer Inverted hexagonal phase Micelles

Figure 1.11. Molecular geometry of lipid and structures formed. Taken from Suetsugu et al. (2014).

17



Chapter 1. Introduction and aims

However, these non-cylindrical lipids could be part of a lipid bilayer structure whenever
lipids such as PC, SM or PS are present. For instance, 20—-50 mol% cylindrical lipids are
necessary when mixed with conical lipids in order to have an overall lamellar structure
(Cullis et al., 1986b).

1.2.4. Fusion and fission processes

Membrane fusion occurs in cells whenever two vesicles coalesce giving rise to a single
compartment. The “vesicles” may be two liposomes, two cells (e.g., sperm and ovum),
one virus and one cell (e.g., HIV particle and T-lymphocyte), or one intracellular vesicle
and the plasma membrane (e.g., in the release of neurotransmitters), as examples of the
multitude of possible membrane fusion events. In the context of autophagy, membrane
fusion events occur to promote the expansion of the growing phagophore, and when the
AP fuses with the lysosome.

Lipid polymorphism plays an essential role in membrane fusion (Cullis et al., 1986a).
Even if lipids in cell membranes adopt the disposition of lamellar phases (Gofii, 2014;
Singer & Nicolson, 1972), the mechanism of fusion of two apposed lipid bilayers
necessarily requires the formation of a transient non-lamellar intermediate. This
intermediate has been called the “stalk” (Leikin et al., 1987; Markin & Albanesi, 2002).
(Figure 1.12). The canonical form of stalk-mediated fusion (Chernomordik et al., 1995;
Landajuela et al., 2016), requires the independent demonstration of vesicle aggregation,
inter-vesicular 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.

Apposed Local close
bilayers contact

Stalk Hemifusion Fusion

Figure 1.12. Schematic representation of the stalk fusion model. Adapted from Aeffner et al., (2009).

Much experimental evidence shows that model membranes enriched in negatively
curved lipids favor fusion processes, whereas incorporation of positively curved lipids
hinder fusion (Kozlovsky et al., 2002). In natural membranes, proteins inserted into the
bilayer may also contribute in overcoming the energy barrier required for membrane
fusion. Several authors have approached the fusion processes leading to
autophagosomal growth, using model membrane systems consisting of vesicles of
defined lipid compositions and LC3/GABARAP proteins. Landajuela et al. (2016)
demonstrated that lipids with an intrinsic negative curvature (e.g., DAG, CL) facilitated
stalk formation, thus membrane fusion (Baséafiez, et al., 1996a,b), as well as the
opposite, i.e. an inhibitory effect of positive intrinsic-curvature lipids (e.g. lysoPC). The
same considerations on intrinsic lipid curvature apply to the requirement of high
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proportions of PE in the vesicle composition. In this thesis, the ability of the different
LC3/GABARAP-family members to promote membrane fusion will be studied and the
implications that these results could have in its participation in phagophore expansion
will be discussed (See Chapter 4).

Autophagosome completion is achieved by closure of the elongated phagophore, giving
rise to the double-membrane structure that is characteristic of autophagy. Phagophore
closure is interesting from the point of view of the topological changes involved, since
two separate aqueous domains are generated, separated by two membranes, where a
single aqueous compartment existed. The geometry of this event has been described by
Dimova and co-workers (Knorr et al., 2015, 2017). The critical step in phagophore
closure had often been interpreted in terms of membrane fusion. However, in fusion, two
separate agueous compartments merge into one. The opposite happens in phagophore
closure, i.e. aqueous compartment separation. Thus, the relevant membrane event is an
example of scission, or fission, rather than fusion (Figure 1.13). Fusion and scission are
topologically, but not energetically, opposite processes, because they are characterized
by different energy barriers (Knorr et al., 2017).

SCISSION/FISSION EVENTS

FUSION EVENTS

Scission i
— Division of cells and :,Lftf,'?;sgf 2::?2:3: ;nges
Fusion RGGHRNG i cell-cell fusion
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> Vess;ular transport (e.g. by vesicle fusion, vesicular
- mediated by COPII)
Fusion transport
Scission i ivesi i i
] Genesis of multivesicular Exocytosis, Influenza virus

Fusion

bodies by ESCRTs,
endocytosis
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and infecting a cell

Formation of
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closure of prespore
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0068

Figure 1.13. Scission and fusion events. Taken from Knorr et al. (2015).
1.2.5. Membrane curvature

Membrane curvature represents a global property of the membrane, and it should not be
confused with the intrinsic molecular curvature of lipids, discussed above (section 1.2.3),
typically related to the molecular geometry and strongly influenced by the environment
(Bassereau et al., 2018).

Acyl chain saturation also influences membrane curvature. Unsaturated lipids can
tolerate high membrane curvature, whereas the shapes of saturated lipids are cylindrical,
making membranes containing them thicker. ER membranes are enriched in unsaturated
phospholipids, enabling high membrane curvature. This facilitates protein secretion from
the ER. In contrast, PM membranes are more tightly packed, due to the abundance of
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saturated phospholipid, which creates a thick boundary between the cell and its
environment (Bigay & Antonny, 2012).

The overall membrane curvature is the result of a complex interplay among membrane
proteins, lipids, and physical forces that are applied to the membrane surface (Simunovic
et al., 2015) (Figure 1.14).

Lipid asymmetry Scaffolding Hydrophobic insertion

Figure 1.14. Membrane curvature can be induced by different mechanisms. Taken from Chabanon et
al. (2017).

In general, a high membrane curvature (short vesicle radius) helps in protein binding to
the bilayer convex side, because curvature is usually accompanied by a decreased
density of lipid polar heads at the bilayer convex surface. Consequently, local lipid-
packing defects occur, and the hydrophobic membrane core becomes more accessible
to any hydrophobic stretches, e.g. amphipathic helices, that could exist in the protein. A
number of proteins involved in AP generation have been shown to bind preferentially
highly curved membranes.

1.2.6. Lipid-protein interactions

As mentioned in section 1.2.1, each particular bilayer contains a specific pool of proteins
that confers to it some particular properties (Gonfi, 2014; Singer & Nicolson, 1972).
Membrane proteins are commonly classified as peripheral or integral proteins:

- Integral (also called intrinsic) proteins contain one or more segments
embedded in the phospholipid bilayer. Most integral proteins contain hydrophobic
residues that interact with the fatty acyl chains of phospholipids in order to anchor
the protein to the membrane. The multispanning membrane protein ATG9 is an
integral membrane protein. However, the polypeptide chain does not always
enter the phospholipid bilayer, as is the case of proteins anchored by covalent
binding to fatty acids or other lipids. The latter is the case of LC3/GABARAP
proteins, covalently bound to a PE molecule in the AP.

- Peripheral (also called extrinsic) proteins usually interact with the lipid polar
head groups of lipids or of intrinsic proteins.
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Moreover, a large amount of membrane proteins does not spend their whole life attached
to the membrane. Some of them contact the lipid bilayer only under certain conditions,
thereby remaining membrane bound (either as integral or as peripheral proteins) or
returning promptly to the aqueous medium (non-permanent membrane proteins) (Gofi,
2002). In this regard, these non-permanent proteins can be classified according to:

e The reversibility of the membrane contact: there are some proteins that
interact reversibly with the membrane and others with very long-lived
(irreversible) contacts.

e The nature of the interaction: sorts the proteins into groups depending on the
strength of the interaction, considering weak or strong associations, either in a
transient or in a permanent way, with the membrane.

Protein binding to membranes is affected by three important physicochemical
parameters: membrane electrostatics, lipid packing, and membrane curvature (Bigay &
Antonny, 2012). Moreover, protein-membrane association can also rely on specific
protein domains that recognize some peculiarities of the membrane, including regions
with net electric charges. At least 10 different types of protein domains bind
phospholipids at the membrane surface (Hurley, 2006). These interactions can fall into
two classes:

e Highly specific: involving the recognition of a particular phospholipid in the
membrane. For instance, C1, C2, PH, PX, FYVE or PROPPINs domains. This is
the case of WIPI proteins, that are able to recognize Ptins in the membrane
through a PROPPIN domain (Proikas-Cezanne et al., 2015).

e Non-specific: implying a physical property of the membrane surface.
Bin/Amphiphysin/Rvs (BAR) domains, Amphipathic Lipid Packing Sensor (ALPS)
motifs or N-terminal amphipathic a-helices recognize physical properties such as
membrane curvature (Antonny, 2011). Among the proteins that are sensitive to
curvature, ATG3 facilitates LC3/GABARAP conjugation preferentially on
membranes presenting packing defects due to its N-terminal amphipathic helix
(Hervas et al., 2017; Nath et al., 2014).

Among all the lipid-protein interactions occurring in autophagy, the following are explored
in this thesis:

e Cardiolipin (CL) - LC3/GABARAP interaction (Chapter 3): The ability of the
different LC3-subfamily members to recognize CL will be compared, as LC3B
was shown to interact with CL to promote the selective removal of damaged
mitochondria (Antén et al., 2016; Chu et al., 2013).

e Phosphatidylethanolamine (PE) — LC3/GABARAP interaction (Chapters 4
and 5). The conjugation of the different LC3/GABARAP-family members to PE
will be reconstituted (See 1.3) and the potential functions of these proteins once
they are lipidated will be compared.
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1.3. Ubiquitin-like systems

Among the six functional groups mentioned in section 1.1.4.1, the two UBL conjugation
systems ATG12 and LC3/GABARAP deserve special attention. As in the case of
ubiquitin, conjugation of LC3/GABARAP proteins to PE is achieved through a cascade
of activities, catalyzed by E1 activating enzymes, E2 conjugating enzymes and E3
ligases (Figure 1.15). However, the UBL structural organization and some
characteristics differ considerably from the canonical enzymes (Cappadocia & Lima,
2018). For example, one of the peculiarities of autophagy UBL systems is that a UBL-
like protein conjugate with three ubiquitin-like folds serves as an E3 enzyme in the
conjugation reaction of another ubiquitin-like system (Nakatogawa, 2013).
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Figure 1.15. UBL conjugation systems in autophagy. E1, E2, E3 are presented as cartoon models.
Residues involved in conjugation reactions are indicated. Asp 169 and Met 157 in ATG3"R are critical for
E1-E2 and E2-E3 interactions respectively. Adapted from Ohashi et al. (2019).
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1.3.1. ATG12 UBL-system

Yeast Atgl2 was the first ubiquitin-like Atg protein to be identified. Orthologues of each
component of the yeast Atg12 system have been found in mice and humans, and they
function similarly to their yeast counterparts (Kuma et al., 2002; Mizushima et al., 1999).
In contrast to ubiquitin, which is conjugated to multiple targets in an inducible and
reversible manner, ATG5 seems to be the only target of ATG12, and the conjugation of
ATG12-ATG5 occurs constitutively. No processing enzyme is known that can cleave the
isopeptide bond between ATG12 and ATG5 (Geng & Klionsky, 2008).

The ATG12 amino-acid sequence ends with a glycine residue and there is no protease
involved in ATG12 conjugation (Figure 1.15). ATG7 acts as an E1-like enzyme activating
ATG12 in an ATP-dependent manner. For that purpose, a thioester bond is formed
between the C-terminal Gly 140 of ATG12 and the Cys 572 of ATG7. As ATG7 is a
symmetric homodimer with two catalytic cysteine residues, it can activate two UBL-
proteins and using its N-terminal domain interact with E2-like enzymes. This interaction
promotes a conformational change that allows the juxtaposition of the active site in E2
with the one in E1 (Kaiser et al., 2012).

Thereby, ATG12 is transferred from ATG7 to the Cys 166 of the E2-like enzyme ATG10,
and this allows its conjugation to ATG5 at the Lys 130 through an isopeptide bond
(Ohashi et al., 2019). There is no E3 enzyme involved in this ATG12—-ATG5 conjugation.
Once it is formed, the ATG12—-ATG5 conjugate is able to interact with ATG16L1 protein
and form a homodimeric complex: the ATG12-ATG5-ATG16L1 complex (Otomo et al.,
2013), that will act as an E3 enzyme for the LC3/GABARAP UBL- system and participate
in the determination of site of LC3/GABARAP lipidation (Nakatogawa, 2013). See
Chapter 4 and 5 for details.

1.3.2. LC3/GABARAP UBL-system

Yeast Atg8 was the second ubiquitin-like Atg protein to be identified. In mammalian cells
several orthologues of Atg8 (see section 1.4, LC3/GABARAP family) and of each
component of the Atg8 UBL-system have also been found, and they function similarly to
their yeast counterparts (Ichimura et al., 2000; Tanida et al., 2004). As explained above,
rather than to another protein, in this system the UBL-protein is conjugated to a lipid.

All UBL proteins belonging to the LC3/GABARAP family are synthetized in the form of
precursors (Figure 1.15). Therefore, several residues of their C-terminal region are
cleaved by ATG4 family proteases to expose the glycine residue essential for
subsequent reactions (Kirisako et al., 2000). The processed LC3/GABARAP proteins are
activated by the E1 enzyme ATG7 in an ATP-dependent reaction (same protein and
mechanism as in the ATG12 system). It results in the covalent attachment of the
LC3/GABARAP glycine terminal residue on the catalytic Cys 572 of ATG7 through a
thioester bond (Noda et al., 2011).

Then, the LC3/GABARAP protein should be transferred to ATG3. This protein consists
of a canonical E2 domain and a flexible region (ATG3R) that allows the interaction with
the N-terminal region of ATG7. Thus, the catalytic Cys 264 of ATG3 replaces the one in

23



Chapter 1. Introduction and aims

ATGY7, resulting in the transfer of the LC3/GABARAP family member to ATG3 (Ohashi
et al., 2019).

Finally, LC3/GABARAP members have to be transferred and conjugated to the head
group of phosphatidylethanolamine (PE). For this last step ATG12—-ATG5-ATG16L1
complex acts as an E3-like ligase enzyme to promote LC3/GABARAP lipidation through
the interaction between ATG3™ and a patch in ATG12 (Metlagel et al., 2013). This allows
that the C-terminal carboxyl group of LC3/GABARAP protein form an amide bond with
the amino group in the hydrophilic head moiety of PE, anchoring the protein to
membranes (Nakatogawa, 2013). Unlike the ATG12—-ATG5 conjugate, LC3/GABARAP—
PE can be cleaved by ATG4 to release free LC3/GABARAP (Kauffman et al., 2018;
Maruyama & Noda, 2017).

1.4. LC3/GABARAP family

The human LC3/GABARAP family is composed of at least 8 Atg8 orthologs (Schaaf et
al., 2016). They are usually divided into two subfamilies, LC3 (microtubule-associated
proteins 1A/1B-light chain 3) and GABARAP (gamma-aminobutyric acid receptor-
associated proteins). LC3A, LC3B, LC3B2 and LC3C constitute the LC3 subfamily,
whereas GABARAP, GABARAPL1/GEC1, GABARAPL2/GATE-16 and GABARAPL3
comprise the GABARAP one (Weiergraber et al., 2013). GABARAPL3 seems to be a
pseudogene as its expression has been demonstrated at the transcriptional level only
(Xin et al., 2001) and LC3B2 has a low expression in human tissues (Bai et al., 2012).
Therefore, in general, when we talk about the LC3/GABARAP family we are referring to
six members of this family, namely LC3A, LC3B, LC3C, GABARAP, GABARAPL1 and
GABARAPL2.

These proteins are ubiquitous, despite differences in their levels of expression depending
on tissue and stress conditions (Schaaf et al., 2016; Shpilka et al., 2011). To mention
but a few examples: LC3C, which is transcribed at lower levels than other members of
the LC3 subfamily, is expressed predominantly in the lung (He et al., 2003),
GABARAPL1 is highly expressed in the central nervous system (Nemos et al., 2003) and
GABARAPL2 is strongly expressed in the brain (Xin et al., 2001).

1.4.1. Evolution to the LC3/GABARAP-family members

In the course of evolution, after various transposition, translocation and recombination
events, the six human orthologs of Atg8 were found to have different chromosomal
locations (Schaaf et al., 2016), LC3A, LC3B, LC3C, GABARAP, GABARAPL1 and
GABARAPL?2 are located on chromosome 20, 16, 1, 17, 2 and 16 respectively. The
recent computational study of ATGS8 proteins from 20 different species performed by
Jatana et al. (2020) revealed 68 gene duplication events. Their phylogenetic analysis
showed that, while LC3A-LC3B and GABARAP-GABARAPL1 originated from the same
node, LC3C and GABARAPL2 proteins branched into separate clades (Figure 1.16).
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GABARAPL2

Figure 1.16. Phylogenetic tree of Atg8 orthologs. Adapted from Jatana et al. (2020).

Those results are in agreement with their different sequence identities (Figure 1.17).
LC3/GABARAP family members share from 31 to 87% sequence identity between them.
In the LC3 subfamily, LC3B are very similar to LC3A (83%), whereas LC3C is the one
featuring highest diversity (55-59%). The GABARAP subfamily follows a similar pattern,
with GABARAPLL1 close to GABARAP (87%), and GABARAPL?2 with a lower sequence
identity (58-61%) (Jatana et al., 2020).

JXeeBll LC3A  LC3B | LC3C |GABARAP NGABAREBBEE G/BARAPL2

39 | 40 | 40 55 55 56
LC3A 59 32 34 42
LC3B 55 31 32 39
LC3C 39 39 43
GABARAP e s |
| GABARAPL1 | 61
GABARAPL2

Figure 1.17. Sequence identity matrix of LC3/GABARAP family members and Atg8. Adapted from
Jatana et al. (2020).

Sequence alignment of the Atg8-family members from six different species reveals that
these proteins are highly conserved and that there is a clear similarity for the proteins
within individual subfamilies in certain zones (Wesch et al., 2020). There is already an
evolution-based sorting of Atg8 into LC3 and GABARAP subfamilies in lower eukaryotes
as C. elegans proteins LGG-1 and LGG-2 were found to show structural and functional
similarity to GABARAP and LC3 subfamilies (Wu et al., 2015). It also indicates that the
proteins from the GABARAP subfamily are evolutionarily more related to the Atg8
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proteins than to those of the LC3 subfamily. This was supported by a coevolution
measurement and molecular modelling performed by Jatana et al. (2020) that suggested
that GABARAP subfamily has a lower propensity than LC3 to acquire new functions,
LC3C being the isoform displaying the highest number of unique co-evolved residues,
mostly harbored between N-terminal helices and ubiquitin fold (Jatana et al., 2020).
Therefore, there are substantial differences in the sequences not only between the
subfamilies but also between the individual subfamily members that could be responsible
of different behaviors. However, at present it is unclear which functions are associated
to the particular sequence features.

1.4.2. Structure of LC3/GABARAP-family members

LC3/GABARAP-family members are soluble proteins formed by 117-147 aminoacids
with a molecular mass of approximately 14-17 kDa. Despite the variability in sequence
of LC3/GABARAP-family members, the structures determined experimentally showed
very high structural similarity (Figure 1.18). Their structures could be overlaid upon each
other with a root-mean-square deviation (RMSD) of 1.2 A on backbone atoms (Wesch
et al., 2020). As mentioned in section 1.3.2 they are UBL-proteins, and the presence of
two extra N-terminal helices is the main structural difference between ubiquitin and
LC3/GABARAP proteins or Atg8 (Figure 1.18).

LC3A

Ubiquitin

.

Figure 1.18. Comparison of Ubiquitin, Atg8 and LC3/GABARAP family-member structure. Structures
were displayed with PyMOL. N-terminal regions appear in red, and the ubiquitin-like core is formed by four
B-sheets (blue) and two a-helices (brown). In green, the conserved Gly C-terminal. PDB: Ubiquitin (1UBQ),
Atg8 (2KQ7), PDB: LC3A (5CX3), LC3B (22JD), LC3C (2NCN), GABARAP (1GNU), GABARAPL1 (5LXI)
and GABARAPL2 (4CO7).

LC3/GABARAP protein structure consists of two N-terminal a-helices (a1-02) and a
ubiquitin core formed by a four-stranded central B-sheet core (B1-f4) and two a-helices
(a3-a4) shielding the concave face of the sheet (Weiergraber et al., 2013) (Figure 1.18
and 1.19)
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Figure 1.19. LC3B structure and sequence conservation score. (A) Secondary structure elements and
the sequence of LC3B (PDBsum, 2ZJD) colored according to the conservation score displayed in Jatana et
al. (2020). (B) Structure of LC3B PDB 2ZJD displayed by PyMOL colored according to the conservation
score displayed in Jatana et al. (2020).

The largest variability is found in the N-terminal helices, B1-2 and $2-a3 loops (Jatana
et al., 2020). The most highly conserved residues among the LC3/GABARAP members
belong to the beta sheets of the Ub core. This region of the protein is responsible of is
UBL-characteristics and contains its conserved Gly C-terminal that will allow
LC3/GABARAP proteins conjugate to PE in the phagophore membrane (Cappadocia &
Lima, 2018).

Other important zones in LC3/GABARAP proteins are two hydrophobic pockets (HP1
and HP2) (Figure 1.20) as they form a consensus zone of interaction with proteins that
contain a “region of interaction with LC3/GABARAP” or LIR motif. This zone is called
LDS (LIR docking site) and it usually accommodates large side chains of non-polar
aromatic residues located in the LIR motif of the interacting proteins.

Figure 1.20. LIR docking site (LDS) in LC3/GABARAP family members. HP1 (pink) and HP2 (green).
LC3B structures and surface displayed by PyMOL, PDB: 1V49. Redrawn from Wesch et al. (2020).
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The existence of various LC3/GABARAP members that interact with different LIR-
containing proteins (Behrends et al., 2010), suggests some specificity of these
interactions. Several techniques have been employed to investigate the specificity of
LC3/GABARAP binding partners (Johansen & Lamark, 2020). They can be summarized
in five categories: preference for LC3A/B, LC3C only, LC3C and GABARAP subfamilies,
GABARAP subfamily, nonspecific binders and not enough data available to determine a
preferential binding (Sora et al., 2020).

1.4.3. Roles of LC3/GABARAP-family members

The LC3/GABARAP protein-family function is still not fully understood and even less are
the possible different roles of the LC3/GABARAP members. They have been related to
multiple functions during autophagosome formation (Martens, 2016; Mizushima, 2020;
Nakatogawa, 2020) (Figure 1.21), such as cargo recognition, phagophore initiation,
phagophore expansion and closure, autophagosomal trafficking, fusion between
autophagosomes and lysosomes, and inner membrane degradation. Moreover, those
proteins take part in autophagy-independent cellular processes, for example, LC3
interacts with microtubules (Mann & Hammarback, 1994) and GABARAP participates in
membrane trafficking of GABA(A) receptors to the plasma membrane (Chen et al., 2006;
Leil et al., 2004).

Closure Fusion Inner membrane breakdown
lysosome
=8 \
GABARAP
Cargo recognmon

LC3/
GABARAP

Ly autophagosome Ly

GABARAP GABARAP

autolysosome
Expansion Traffic

Figure 1.21. Proposed functions of LC3/GABARAP proteins during autophagy. Adapted from
Mizushima (2020).

Among all these functions, this thesis intends to shed some light on the participation of
the different LC3/GABARAP proteins in cargo recognition during CL-mediated
mitophagy (Chapter 3) and in membrane expansion and shaping (Chapter 4 and 5).

28



Chapter 1. Introduction and aims

HYPOTHESIS AND AIMS

The existence of at least six members of LC3/GABARAP protein family when there is
only one in yeast is intriguing and suggests that each ortholog has different functions.
We hypothesize that LC3/GABARAP family members could behave differently during
CL-mediated mitophagy and during phagophore expansion and shaping. Therefore, the
present work is aimed at obtaining a better understanding of the roles of each
LC3/GABARAP family member. The molecular mechanism and specific roles of protein-
lipid interactions, and the effect of these lipids and proteins on membrane properties
constitute the basis of our interest. Quantitative biophysical approaches applying model
membrane techniques well established in this laboratory, together with cell biology
methods, have been used to advance the knowledge of these aspects of cell molecular
biology.

The specific aims of this thesis are the following:

— To study and compare LC3 subfamily-member implications in CL-mediated
mitophagy by studying their interaction with CL in vitro and their colocalization
with mitochondria after autophagy treatments with CL externalization agents.

— To reconstitute in vitro the lipidation reaction of six LC3/GABARAP subfamily
members in order to determine the capacity of the different LC3/GABARAP
proteins to tether and fuse membranes in the absence and presence of E3
complex.

— To further study the E3 effect on GABARAPLL1 lipid mixing ability by analysis of
the potential formation of a protein scaffold in the membranes.
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CHAPTER 2. Experimental techniques

2.1. Materials

A full list of the required materials is given in the Materials and Methods section of each
Results chapter.

2.2. Molecular Biology methods

Molecular biology techniques make possible to isolate, purify and modify DNA
sequences encoding the protein of interest (Green & Sambrook, 2012). In this work, we
have applied standard recombinant DNA techniques in order to be able to purify several
autophagy related (ATG) proteins using bacterial and insect expression vectors as well
as to perform mutations in their sequences for analyzing the implication of selected
residues in the overall protein function.

2.2.1. DNA constructs

In order to express and purify the ATG protein of interest, its CDNA needs to be inserted
into a self-replicating genetic element, generally a plasmid, also called the vector (Figure
2.1).

1 2 3 4 5

5,-4 |
Insert nsert
L 3
) =)

Recombinant

Vector l -
| ) « ‘ 6

Figure 2.1. General cloning steps. The process can be divided in: 1) PCR Amplification and purification,
2) Digestion, 3) DNA purification, 4) Ligation, 5) Transformation in E. coli competent cells 6) Extraction of
the plasmid DNA from E. coli, and 7-8) Confirmation of the presence of the insert in the vector.

[
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In this thesis, the different plasmids used for expression and purification were provided
by different research groups (see Table 2.1 for details):

e The pGEXA4T-1 plasmids for expression of the various Atg8 orthologs tagged with
glutathione S-transferase (GST) were kindly provided by Dr. Ivanna Novak
(School of Medicine, University of Split, Croatia). Each of them was a truncated
form lacking the C-terminal Gly (Kirkin et al., 2009). The ones used in this thesis
(Table 2.1) were a version containing the Gly C-terminal exposed obtained by
site direct mutagenesis (See section 2.2.3. for details).

e The pHAGE-N-eGFP plasmids for expression of several of the various Atg8
orthologs tagged with green fluorescent protein (GFP) (Stadel et al., 2015) were
kindly provided by Dr. Christian Behrends (Munich Cluster for Systems
Neurology, Munich, Germany). Each of them contains the full-length sequence of
the protein of interest.

e The pGEX6P-1 plasmid for expression of human ATG3 (Sou et al., 2006) was
kindly provided by Dr. Isei Tanida (National Institute of Infectious Diseases,
Tokyo, Japan).

e The pGEX4T-1, pETDuet-1, pFast BacHT(B) and pGBdest plasmids for
expression of GST, GFP, mouse ATG7 and ATG12—-ATG5-ATG16 (E3) complex
respectively, were kindly provided by Dr. S. Martens (Max Perutz Labs, Vienna,
Austria) (Fracchiolla et al., 2020).

Protein ~ Vector Encoding

LC3A pPGEX4T-1 Human GST-THROMBINcs-LC3A-Gly(A1C)

LC3B PGEXAT-1 Human GST-THROMBINcs-LC3B-Gly(A5C)

LC3C PGEXAT-1 Human GST-THROMBINcs-LC3C-Gly(A21C)

GABARAP PGEX4T-1 Human GST-THROMBINcs-GABARAP-GIly(A1C)
GABARAPL1 PGEX4T-1 Human GST-THROMBINcs-GABARAPL1-Gly(A1C)
GABARAPL2 PGEX4T-1 Human GST-THROMBINcs-GABARAPL2-Gly(A1C)
GFP-LC3A pHAGE-N-eGFP | Human GFP-LC3A (full length)

GFP-LC3B pHAGE-N-eGFP | Human GFP-LC3B (full length)

GFP-LC3C pHAGE-N-eGFP | Human GFP-LC3C (full length)

GFP-GABARAPL2 pHAGE-N-eGFP | Human GFP-GABARAPL2 (full length)

ATG3 pGEX-6P-1 Human GST-PRESCISSIONcs-ATG3

ATG7 pFast BacHT(B) | Mouse 9xHis-TEVcs-ATG7

ATG12-ATG5- ATG12, (10xHis-TEVcs-)ATG5, 10xHis-TEVcs-ATG16L1-
ATG16L1 (E3) PGBdest TEVcs-Strepll, ATG7, ATG10 (synthetic genes)
ﬂgiéﬁlﬁ; oGBdest ATG12, (10xHis-TEVcs-)ATGS, 10xHis-TEVes-ATG16L1-
(GEP-E3) GFP-TEVcs-Strepll, ATG7, ATG10 (synthetic genes)

Table 2.1. List of ATG constructs used in this thesis. Mutations for functional analysis were performed using
them as a template.
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2.2.2. DNA amplification and extraction

To amplify the ATG plasmids in order to store them we use E. coli DH5a strain. See
Protocol 1 for details.

Protocol 1. DNA amplification and extraction

1. Transformation of competent cells with the plasmid of interest
a. Thaw 50 pl of cells in ice for 20 min.
b. Add 1 pl the plasmid of interest (100 ng/pl) and keep 15 min on ice.
c. Two methods:

i. Heat-shock:
1. 90 sec 42°C.
2. Transfer immediately to ice.
ii. Electroporation (Electro-competent cells are required):
1. Transfer to a electroporation cuvette.
2. Apply a 2.5kV potential difference across the
electrodes.

d. Recover the cells by adding 950 pl of LB medium and incubate 1 hour
at 37°C to allow the synthesis of proteins for antibiotic resistance.

e. Spin down the cells (2 min 9700 x g) and remove 900 pl.

f. Resuspend the pellet, plate the cells on an agar plate containing the
appropriate antibiotic and incubate overnight (O/N) at 37°C.

2. Extraction of plasmid DNA from E. coli

a. Choose a colony of the plate and grow it O/N in 5 ml of LB medium
containing the appropriate antibiotic.

b. Use the Kit “Gene Jet Plasmid Miniprep” (K0502, Thermo Fisher) and
follow the instructions to extract the DNA.

3. Determination of DNA concentration

a. Measure the Azsonm Of the sample and check the purity with the Azs0/A2s0
ratio, aiming for a ratio >2 in a Nanodrop spectrophotometer (Thermo
Scientific).

2.2.3. Site-directed mutagenesis

In vitro site-directed mutagenesis is an invaluable technique for determining the
contribution of individual amino acids to the structure and function of a given protein. The
basic procedure utilizes an initial template double-stranded DNA (dsDNA) and two
synthetic oligonucleotide primers containing the desired mutation (See Table 2.2). The
oligonucleotide primers, each complementary to opposite strands of the vector, are
extended during temperature cycling by PCR using a DNA polymerase. Incorporation of
the oligonucleotide primers generates a mutated plasmid. Following temperature cycling,
the product is treated with Dpnl. The Dpnl endonuclease (target sequence: 5-Gm6ATC-
3’) is specific for methylated and hemimethylated DNA and is used to digest the parental
DNA template. The nicked vector containing the desired mutations is then transformed
into E. coli competent cells.
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In this thesis, we have used two different approaches to perform point mutations in the
different members of the LC3/GABARAP subfamily (Table 2.2). All the primers used in
order to perform site directed mutagenesis are detailed in Table 2.3.

Characteristics

Quikchange Site-Directed
Mutagenesis Kit

Site-directed mutagenesis

KOD-Plus mutagenesis kit

Inverse PCR (iPCR)-based site-directed
mutagenesis

DNA polymerase

PfuTurbo DNA polymerase

KOD DNA polymerase

Design of primers

Mutation sites should be designed
close to the middle in the sense and
antisense primer

Mutation sites should be designed at the
5’ terminal end of the sense primer.

Used for

Mutations to add the Gly C-terminal
in LC3/GABARAP plasmids

Mutations to add point mutations in LC3
subfamily members (Chapter 3)

Table 2.2. Mutagenesis kits used in this thesis.

Mutant

Sense primer (5" >3")

Antisense primer (5" >3")

GST-LC3A Gly C-ter

AGGAAACCTTCGGCTGACTCGAGCG

CGCTCGAGTCAGCCGAAGGTTTCCT

GST-LC3B Gly C-ter

AGGAGACGTTCGGGTAACTCGAGCG

CGCTCGAGTTACCCGAACGTCTCCT

GST-LC3C Gly C-ter

CAGGAGACATTTGGCTAGCTCGAGCG

CGCTCGAGCTAGCCAAATGTCTCCTG

GST-GABARAP Gly C-ter

CGAAAGTGTCTACGGTTGACTCGAGCGGC

GCCGCTCGAGTCAACCGTAGACACTTTCG

GST-GABARAPL1 Gly C-ter

GAGAGTGTCTATGGGTGACTCGAGCGG

CCGCTCGAGTCACCCATAGACACTCTC

GST-GABARAPL2 Gly C-ter

GAGAACACTTTTGGCTGACTCGAGCGGC

GCCGCTCGAGTCAGCCAAAAGTGTTCTC

GsT-Lc3gEL4A GCCCAAAGAGTAGAAGATGTCCGACTTATTCGAG GAAGGTGCGGCGCTGCTTGAAGGTC
GsT.LcagEL8K AAGGATGTCCGACTTATTCGAGAGCAGC TACTCTTTGTTCGAAGGTGCGGCGC
GST.Lcap E14A E18K AAGGATGTCCGACTTATTCGAGAGCAGC TACTCTTTGGGCGAAGGTGCGGC
GST-Lc3aAl4E GAAGACCGCTGTAAGGAGGTACAGCAG GAAGCTCCGCCGCTGCTTG
GsT-LcaaK18E GAAGAGGTACAGCAGATCCGCGACC ACAGCGGTCGGCGAAGCTC
GST-LC3aAL4E, K18E GAAGAGGTACAGCAGATCCGCGACC ACAGCGGTCTTCGAAGCTCCG
GST-Lc3cA20E GAGATCAGACAAGAGGAAGTTGCTGGAATCCGG | CAAGCTTTTCCTCTGCTTGAAGGGTCTGAC
GEP.LC3AC120A GCCTTCTGACCAACTTTCTTGTACAAAGTGGTTCG GAAGGTTTCCTGGGAGGCGTAGACC
GEP-Lc3gC120A GCCATGAAATTGTCAGTGTAACCAACTTTCTTGTAC GAACGTCTCCTGGGAGGCATAGACCA
GEP-LC3cC120A GCCTGCCTGGAGTCAGCAGCCC AAATGTCTCCTGGGAGGCGTAGG

GFP-GABARAPLZGllGA

GCCTTCTGATGCCCAACTTTCTTGTACAAAGTG

AAAAGTGTTCTCTCCGCTGTAGGCCA

Table 2.3. List of primers used in this thesis

The general procedure selected in this work to perform point mutations in LC3 subfamily
members is illustrated in Figure 2.2 and described in Protocol 2.

Inverse PCR Digestion of Self-ligation of
template plasmid PCR products
CH,
CH,
N
- CH, |CH; CH; CH,
CH, Dpnl digests f— '
CH; CHs CH, ‘ — methylated sites
CH, cH,
CHy e
CH; % PCR products are no
x disgested by Dpnl Mumr.'t
Template plasmid plasmid

Figure 2.2. Flow chart of KOD-Plus Mutagenesis Kit. An inverse PCR-based site-directed mutagenesis.
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Protocol 2. Site-directed mutagenesis (KOD-Plus polymerase)

1. Design of primers: Introduce the mutation in the 5 of the sense primer. Primers
can be synthesized and purified by sigma or IDT.

2. Mix (Total volume 25 pl).

a. 17.5 pl PCR grade water
b. 2.5 pul 10X buffer for iPCR

2.5 ul dNTPs (2mM)

0.75 pl Forward primer (10 pmol/ul)

0.75 pl Reverse primer (10 pmol/ul)

0.5 pl DNA Plasmid template (10 ng/ul)

g. 0.5 pl KOD-Plus-DNA polymerase (1 U/pl)

~o oo

3. Inverse PCR program:

a. 2 min 94°C
b. Repeat the next steps X times depending on plasmid length (1 cycle/kb)
i. 10 sec 98°C

ii. 30secatTm — (5-10°C)
iii. Y min 68°C: Time depends on plasmid length (1min/kb)

4. To digest the template plasmid, add 1 ul of Dpnl restriction enzyme (10 U/ul) to
the 25 ul of PCR product and incubate 1 hour at 37°C.

5. To ligate the PCR product, prepare the following mix (total volume 15 ul) and
incubate 1 hour at 16°C:

a. 1 ul Dpnl-treated PCR product

b. 3.5 ul PCR grade water

c. 2.5yl Ligation high (T4 Ligase + Buffer Mixture)
d. 0.5 pl T4 polynucleotide Kinase (5 U/ul)

6. Transform 50 pyl DH5a E. coli chemo-competent cells with 10 ul of ligation
product (See Protocol 1).

7. Select 5 colonies and extract their DNA by miniprep (See Protocol 1) and
sequence them to verify the presence of the desired mutation (Secugen, S.L.).

Adapted from KOD-Plus-Mutagenesis Kit manual (SMK-101).

The chimeras (LC3A/B, LC3C/B), the GFP-tagged double mutants (GFP-LC3A-EE,
GFP-LC3B-AK) the LC3ARIOIA mutant (GST- and GFP-tagged versions) (Chapter 3)
together with the Cys mutated version of GST-LC3/GABARAP proteins (GST-
LC3AC7SG120 GST-LC3BC!?°¢,  GST-LC3CC¥?%¢,  GST-GABARAPSMEC — GST-
GABARAPL1C16¢  GST-GABARAPL2CSCLI6C  (Chapter 4) were synthesized by
GenScript (Genscript Europe, Rijswijk, Netherlands).
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2.3. Expression of recombinant proteins in bacterial
cells and purification

2.3.1. Protein expression in bacterial cells

Plasmids encoding His-GFP, GST, GST-ATG3, GST-LC3A, GST-LC3B, GST-LC3C,
GST-GABARAP, GST-GABARAPL1, GST-GABARAPL2, and the corresponding mutant
forms of the LC3/GABARAP-family members were transformed onto E. coli BL21 (ADE3)
cells. Proteins were expressed as Glutathione S-transferase (GST)-tagged or Histidine
(His)-tagged fusion proteins. First, cells were picked either from an E.coli BL21 (AE3)
colony transformed with the plasmid of interest or from a glycerol stock. They were grown
in a 50 ml flask containing LB-Ampicillin (Amp) medium. Then, they were incubated in
an orbital shaker at 37°C overnight. The culture was escalated by adding 10 ml of the
overnight saturated culture to 1 L LB-Amp medium, and the mixture was incubated at
37°C to 0.6-0.8 absorbance (Asoo), then isopropyl-p-D-1-tiogalactopiranésido (IPTG) was
added to start the induction of the recombinant protein expression. After IPTG addition,
samples were incubated in an orbital shaker for 16 h at 20°C and bacteria were collected
by centrifugation (4500 x g for 15 min, 4°C) in a Beckman Coulter centrifuge using a JLA-
9.100 rotor (Beckman Coulter, Fullerton, California, U.S.A). The supernatant was
discarded and the pellet with the cells expressing the protein was stored at -80°C until
the purification.

2.3.2. Purification of GST-tagged proteins from bacterial cells

ATG3, GST and LC3/GABARAP-family members with cleaved and uncleaved GST-tag
were purified by affinity chromatography followed by a further size exclusion
chromatography step. See Protocol 3, Table 2.4 and Table 2.5 for details.

Protocol 3. Purification of GST-tagged proteins from bacterial cells

1. Lysate the cells by resuspension in Breaking buffer (See Table 2.4 for buffers
details) and incubation at 4°C in an orbital shaker for 40 min to allow disruption of
the bacterial cell wall by lysozyme.

2. Sonicate on ice, to avoid overheating, 10 sec on / 10 sec off, 40 cycles.

3. Centrifuge at 30000 x g for 30 min at 4°C in a Beckman Coulter centrifuge using
a JA-25-50 rotor. Discard the pellet and filter the supernatant through 0.45 ym and
0.2 ym filters. Keep on ice for subsequent purification steps.

4. Wash the Glutathione Sepharose 4B beads (1ml for 4L of culture) by
centrifugation, three times with ten bed volumes of distilled water and five times
with Breaking buffer.

5. For the affinity chromatography step: mix the bacterial supernatant with washed
beads and incubate the mixture for 3 h in an orbital rotator at 4°C to allow binding
of Glutathione S-Transferase (GST) tag to glutathione.

Continues in next page
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6.

7.

Pack the beads with bound proteins in a gravity flow column PD10 (Bio-Rad), and
remove the Flow-Through (FT). Then, wash the column with 5 bed volumes of the
indicated washing buffer described in Table 2.4.

a. For cutting the GST-tag: Prepare a mixture of cleavage buffer + protease
(final volume 1500 pl), add to the beads in the column and transfer the
beads to a 15 ml falcon tube (See Table 2.5 for details). Transfer to the
gravity flow column.

b. For purification of the GST-tagged protein: Prepare a mixture of GST-
elution buffer containing Glutathione reduced (G4251, Sigma) (final
volume 5 ml), add to the beads in the column and transfer the beads to a
15 ml falcon tube, incubate 1h at RT in an orbital shake (See Table 2.4
for details). Transfer to the gravity flow column.

Elute the protein from the gravity flow column with Elution buffer (See Table 2.4
for details). Collect four fractions of 4 ml.

8. Analyse the fractions with SDS-PAGE analysis and Coomassie Brilliant Blue

staining. Concentrate protein enriched fractions up to 500 pl using Amicon Ultra-
4 Centrifugal Filter (4 mL, 3 kDa cut-off).

9. For the size exclusion chromatography step: Inject the protein in a Superdex75
10/300 GL size exclusion column previously equilibrated in Superdex Buffer (See
Table 2.4 for details).
10. Collect the fractions corresponding to the expected molecular weight and analyze
with SDS-PAGE and Coomassie Brilliant Blue staining.
11. Concentrate protein enriched fractions up to the desired concentration. Put in
aliquots, flash-freeze and store in 20% glycerol at -80°C until further use.
LC3/GABARAP PBS 1x, 20 mM Tris-HCI pH 7, 150 mM NaCl, 1ImM DTT
Breaking ATG3 supplemented with lysozyme, protease inhibitors and DNase
buffer GST/GST- 50 mM Hepes pH 7.5, 300 mM NaCl, ImM DTT
LC3/GABARAP supplemented with lysozyme, protease inhibitors and DNase
LC3/GABARAP PBS 1x/ 50mM Tris pH 7,3, 1 mM DTT
1| PBS1xpH7.4,1mMDTT
Washing ATG3 2 | PBS 1x, 50 mM Tris pH 8.7, 1 mM DTT
ELiED 3 | PBS 1x, 50 mM Tris pH 8.7, 500 mM NaCl, 1 mM DTT
GST/GST- 1 | 50 mM Hepes pH 7.5, 300 mM NaCl, 1 mM DTT
LC3/GABARAP | 2 | 50 mM Hepes pH 7.5, 500 mM NaCl, 1 mM DTT
. 140 mM NacCl, 2,7 mM KCI, 10 mM Na2HPO4, 1,8 mM
Clsjf\;zge LC3/GABARAP Thrombin KH2POs, 1 mM DTT, pH 7.3
ATG3 PreScission 50 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7,5
LC3/GABARAP )
50 mM Tris pH 7.5,150 mM NaCl, 1 mM EDTA, 1 mM DTT
Elution ATGS
GST/GST- 50 mM Hepes pH 7.5, 300 mM NaCl, 1 mM DTT, 20 mM L-Gluthatione
LC3/GABARAP reduced
LC3/GABARAP )
50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT
Superdex ATG3
i GSTIGST- 25 mMH H 7.5, 150 mM NaCl, 1 mM DTT
LC3/GABARAP miviHepes pi 7.5, 150 mvNatl L m
Table 2.4. List of Buffers used for GST-tagged proteins purification.
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Protease Proteins Amount Procedure

LC3A

LC3B 45 pl . . .
Thrombin GABARAP (Stock: 1U/jl) O/N RT (Falcon 15, immobile) >4 fractions (4ml)
protease GABARAPL2

LC3C 60 pl . . .

GABARAPL1 | (Stock: 1U/l) O/N RT (Falcon 15, immobile) =>4 fractions (4ml)
PreScission ATG3 50 pl 4h 4°C (Falcon 15, orbital rotator) -2 fractions (4ml)

protease (Stock: 2U/ul) OIN 4°C (Gravity flow column)->2 fractions (4ml)

Table 2.5. Differences in cleavage step among the proteins purified in this thesis.

2.3.3. Purification of His-tagged proteins from bacterial cells

GFP protein was purified by affinity chromatography followed by a further size exclusion

chromatography step. See Protocol 4 for details.

1.

Protocol 4. Purification of His-tagged proteins from bacterial cells

Lysate the cells by resuspension in Breaking buffer (50 mM Hepes pH 7.5, 300
mM NaCl, 1ImM TCEP supplemented with lysozyme, protease inhibitors and
DNase) and incubate at 4°C in an orbital shaker for 40 min to allow disruption of
the bacterial cell wall by lysozyme.

Sonicate on ice, to avoid overheating, 10 sec on / 10 sec off 40 cycles.

Centrifuge at 30000 x g for 30 min at 4°C in a Beckman Coulter centrifuge using
a JA-25-50 rotor. Discard the pellet and filter the supernatant through 0.45 ym and
0.2 um filters. Keep on ice for subsequent purification steps.

For the affinity chromatography step inject the bacterial supernatant to a 5-ml
nickel-nitrilotriacetic acid (Ni-NTA) column (GE Healthcare).

Discard the Flow-Through (FT), wash the column with washing buffer (50 mM
Hepes pH 7.5, 300 mM NacCl, 2 mM TCEP, 10 mM Imidazole) and elute the protein
via a stepwise imidazole gradient (50, 75, 100, 150, 200, and 300 mM).

Analyze the fractions with SDS-PAGE analysis and Coomassie Brilliant Blue
staining. Concentrate protein enriched fractions up to 500 pl using Amicon Ultra-
4 Centrifugal Filter (4 mL, 3 kDa cut-off).

For the size exclusion chromatography step: Inject the protein in a Superdex75
10/300 GL size exclusion column previously equilibrated in Superdex Buffer (25
mM Hepes pH 7.5, 150 mM NaCl, 1 mM DTT).

Collect the fractions corresponding to the expected molecular weight and analyze
with SDS-PAGE and Coomassie Brilliant Blue staining.

Concentrate protein enriched fractions up to the desired concentration. Put in
aliquots, flash-freeze and store at -80°C until further use.
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2.4. Baculovirus expression system and recombinant
protein purification

The baculovirus expression vector system (BEVS) was developed in the 1980s. This
system can be used to express proteins in insect cell lines and produce valuable and
functional proteins that are similar to mammalian cell proteins (Kost et al., 2005).

2.4.1. Bac to bac system

Recombinant baculoviruses (rBV) were generated with a Bac-to-Bac system (Figure
2.3). This method is based on the transposition of the recombinant genes into the
infective genome of the Baculovirus, which is present in a vector (called bacmid)
multiplied in the E. coli DH10Bac strain (Luckow et al., 1993). These cells, apart from the
bacmid, contain a helper plasmid that carries the transposase gene responsible for the
transposition of the GOI from the donor plasmid into the bacmid.

This system was used for the expression of recombinant mATG7 and ATG12-ATG5-
ATG16 (E3) complex. Once the relevant gene is cloned in a donor plasmid (e.g. FastBAc
or pGBdest), this plasmid will be used to transform E. coli DH10Bac bacteria, where the
recombinant gene transposition into the bacmid will take place. Then, the recombinant
colonies, containing the recombinant bacmid are selected, and the rBV are generated
by insect cell transfection with the extracted bacmids. Finally, the bacmid-transfected cell
supernatants, containing rBV, are used to infect new insect cells, where the rBV will be
amplified and the protein of interest overexpressed (See section 2.4.2) (Figure 2.3).

1 2

Promoter

Transformation 4 = Transformation

}‘ Donor § Tt
Recombinant | ——» |\ plasmid Bacmid
donor plasmid \_ et ee. Antibiotic
selection
Competent DH10Bac cells E. coli containing recombinant bacmid
) Extraction of
5 ® .. e recombinant 3
y y ’ ) bacmid DNA
Recombinant virus particles o0
©
T ? Transfection of insect cells
6 with recombinant bacmid DNA
Infectlon of
! insectcells - LES TS LS 4

Expression verification & Virus amplification Virus stock Recombinant bacmid DNA

Figure 2.3. Bac to bac system: 1) Cloning of the gene of interest (GOI) into a donor plasmid (e.g. FastBAc,
or pGBdest): These plasmids contain Tn7 target sites on both sides of the cloning site. 2) Transformation of
the donor plasmid into E. coli DH10Bac cells. 3) Selection of cells that contain the recombinant bacmid with
the GOI and extraction of the bacmid. 4) Transfection of insect cells with the bacmid to allow baculovirus
production.5) Isolation of the produced recombinant baculovirus. 6) Infection of cells with the rBV to express
the protein of interest. Adapted from Invitrogen™ manuals.
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In order to generate, amplify and express the recombinant Baculoviruses (rBV) the Sf9
insect cell line (B82501, Thermo Fisher) was used. This cell line originated from the
IPLBSF-21 cell line, derived from the pupal ovarian tissue of the fall armyworm,
Spodoptera frugiperda. Sf9 cells were cultured in suspension at 27°C in ESF 921 Insect
Cell Culture Medium (Expression systems) supplemented with  10%
penicillin/streptomycin (Merck). Details on the plasmids used to generate the mATG7
and E3 rBVs are in Table 2.1. Protocols for recombinant bacmid extraction and
recombinant baculovirus productions can be found in Protocol 5 and Protocol 6,
respectively. See also Chapter 4 (Section 4.3.2).

Protocol 5. Transposition and bacmid extraction

1. Transform the donor plasmid with the gene of interest (GOI) into E. coli DH10BacY
electrocompetent cells (an YFP containing strain) (See Protocol 1).

2. Plate them into plates containing:

a. Kanamycin (50 pg/ml): resistance of the bacmid in E. coli DH10BacY cells.
b. Gentamicin (7 pg/ml): resistance of the donor plasmid containing the GOI.
c. Tetracycline (10 pg/ml): resistance of the helper plasmid.

d. X-gal (200 pg/ml): artificial lactose substrate processed to galactose by the
LacZ gene (B-galactosidase) present in the bacmid. The reaction turns the
colonies blue.

e. IPTG (165 uM): Inductor of the lactose operon in E. coli where the GOI
should be integrated.

3. Letthem grow for 48 hours:

a. Blue colonies: No GOI integration, LacZ in the bacmid is intact and it can
process X-gal to galactose and produce blue colonies.

b. White colonies: LacZ is disrupted due to the integration of the GOI in the
bacmid of the DH10Bac cells.

4. Check positive white colonies by PCR analysis using primers (M13) that bind to
the transposition zone of the bacmid:

a. Single band, 300bp: No insert, the band corresponds to the fragment
between M13 primers-> Repeat.

b. Two bands, 2430 bp + size of insert (GOI) and 300 bp: Mixed
colonies—>Repeat.

c. Single band, 2430 bp + size of insert (GOI) > Positive colony; inoculate in
4 ml of LB + antibiotics [Kanamycin, gentamicin and tetracycline (same
concentrations as before)].

5. Extraction of the bacmid:

a. Centrifuge the bacteria from the O/N cultures.

b. Use the Kit “Gene Jet Plasmid Miniprep” (K0502, ThermoFisher) (only the
three first steps).

c. Centrifuge 10 min, 15800 x g and transfer to a 2 ml tube containing 800 pl
of isopropanol. Incubate 10 min on ice.

d. Centrifuge 15 min, 15800 x g, remove the supernatant and add 500 pl of
70% EtOH. Invert the tube several times.

e. Centrifuge 5 min, 15800 x g, remove the supernatant gently and let it dry.

f.  Resuspend in 40 pl of miliQ water and measure DNA concentration at 260
nm.

g. The usual concentration is 900 ng/ul (between 500-2500 ng/ul is okay, less
than 200 ng/ul is probably genomic DNA).

h. Before use, incubate 10 min at 70°C to make sure no bacteria remain.
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Protocol 6. Recombinant Baculovirus production

1. Plate 108 Sf9 insect cells in a 6-well plate with 2.5 ml of insect cell medium
containing penicillin/streptomycin (10° cells per well).

2. Transfection: Prepare a mixture with the transfection agent (FUGENE HD (E2311,
Promega) and the bacmid. For each well:

a. DNA mix: Dilute 2.5 pl of bacmid in 100 pl of medium without antibiotics.

b. Transfection mix: Mix 5l of FUGENE HD with 50 pl of medium. Incubate
5 min.

c. Add the transfection mix to the DNA mix and incubate 10 min.

d. Transfer the mix to the well in a dropwise manner.

3. Check three days later:

a. Cells with the same size and no fluorescence - No transfection occurred.
b. Cells are bigger, clumpier and show YFP fluorescence - Transfection
occurred and “V0” baculovirus is being generated.

4. Harvest VO baculovirus when almost all the cells are infected (normally 7 days
after transfection) by taking the supernatant.

5. Infect a 30 ml suspension culture (10° cells/ml) with the VO baculovirus.
Check the infection using two parameters:

a. Fluorescence: Check the amount of fluorescent/infected cells.

b. Cell viability: Using a cell counter that measures the ratio between live
and trypan blue colored cells. When viability drops from 98% to 90% (4-5
days) it is time to harvest the V1 baculovirus.

7. Harvesting V1: Centrifuge at 700 g during 5 min and filter the supernatant. It can
be store at 4°C for up to 6 month.

2.4.2. Protein expression in insect cells

Recombinant baculoviruses (rBV) expressing His-tagged mATG?7 or the needed proteins
for E3 complex formation (ATG12, ATG7, ATG10, ATGb5, Strep-tagged ATG16L) were
used to infect Sf9 insect cells. Before infection, a preculture of 125 ml of Sf9 cells (10°
cells/ml) was started and expanded by dilution until 10 cells/ml in 1 L of culture were
obtained (normally 3 days after the first preculture). The next day, 1 ml of the baculovirus
containing solution (V1) (See Protocol 6 for details) was added to the cells. Two days
after infection the cell count, viability and fluorescence were checked every day. Once
the cells were fluorescent and reached a viability of 85-90%, they were harvested
(usually after 3-4 days). Insect cells expressing the protein of interest were collected by
centrifugation (3315 x g for 10 min, 4°C) in a Beckman Coulter centrifuge using a JLA-
9.100 rotor. The supernatant was discarded and the pellet with the cells expressing the
protein was washed with cold PBS1X and subjected to a further centrifugation step in
order to completely remove the culture medium. Finally, the cells were flash frozen and
kept at -80°C until protein purification.
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2.4.3. Purification of Strep-tagged proteins from insect cells

E3 and GFP-E3 complex were purified thanks to the presence of a Strep-tag in one of
the components of the complex, ATG16L1 (Fracchiolla et al., 2020). It was purified by
affinity chromatography followed by a further size exclusion chromatography step. See
Protocol 7 and Chapter 4 (Section 4.3.2) for details.

Protocol 7. Purification of Strep-tagged proteins from insect cells

1. Resuspend the insect cells expressing the protein in ice-cold Breaking buffer (50
mM Hepes, pH 7.5, 300 mM NaCl, 2 mM MgClz, 1 mM DTT, supplemented with
complete protease inhibitors (11836170001, Sigma), Protease Inhibitor Cocktail
(P8849, Sigma), and Benzonase Nuclease (E1014, Sigma).

Lysate the insect cells by extrusion in a tissue homogenizer.

3. Centrifuge at 38398 x g for 60 min at 4°C in a Beckman Coulter centrifuge using
a JA-25-50 rotor. Discard the pellet and filter the supernatant through 0.45 ym and
0.2 um filters, and finally keep on ice for subsequent purification steps.

4. For the affinity chromatography step, inject the insect cell supernatant to a 5-ml
StrepTactin column (GE Healthcare) to promote the biding of Strep-tagged
proteins.

5. Discard the Flow-Through (FT), wash the column with washing buffer (25 mM
Hepes, pH 7.5, 300 mM NaCl, 1 mM DTT) and elute the protein with 2.5 mM D-
Desthiobiotin (D1411, Sigma) in 25 mM Hepes, pH 7.5, 300 mM NacCl, and 1 mM
DTT.

6. Analyze the fractions with SDS-PAGE analysis and Coomassie Brilliant Blue
staining. Concentrate protein enriched fractions up to 500 pl using Amicon Ultra-
15 Centrifugal Filter (15 mL, 30 kDa cut-off).

7. For the size exclusion chromatography step: Inject the protein in a Superose 6
column (Increase 10/ 300; GE Healthcare) previously equilibrated in SEC Buffer
(25 mM Hepes pH 7.5, 300 mM NaCl, 1 mM DTT).

8. Collect the fractions corresponding to the expected molecular weight and analyze
with SDS-PAGE and Coomassie Brilliant Blue staining.

9. Concentrate protein enriched fractions up to the desired concentration. Put in
aliquots, flash-freeze and store at -80°C until further use.

Techniques in Protocols 5, Protocol 6 and Protocol 7 were developed with the help of S.
Martens and D. Fracchiolla during the author’s stay at Max Perutz Labs (Vienna, Austria) and
implemented later at the Instituto Biofisika (UPV/EHU, CSIC).

2.4.4. Purification of His-tagged proteins from insect cells

Mouse ATG7 (MATG7) was purified thanks to the presence of a His-tag in its N-terminal
region. It was purified by affinity chromatography followed by a further size exclusion
chromatography step. See steps 1-3 from Protocol 7 for insect cell lysis and steps 4 to
9 from Protocol 4 for His-tagged purification. The size exclusion step was performed
using a Superdex 200 10/300 (GE Healthcare).
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2.5. Protein analysis

2.5.1. Protein concentration measurements
2.5.1.1.Absorbance at 280 nm

This measurement was performed to calculate the concentration of the proteins purified.
It is based on the fact that proteins in solution absorb ultraviolet light with absorbance
maxima at 280 nm, due to the presence of amino acids with aromatic rings. Protein
concentration can be estimated using Lambert-Beer equation (Equation 2.1) where A is
the absorbance, ¢ is the molar extinction coefficient, c is the concentration and | is the
path length. The extinction coefficients needed for protein concentration measurements
of the purified proteins used in this thesis are in Table 2.6

A=¢ccl

Equation 2.1. Lambert-Beer equation.

LC3A Gly C-ter exposed 14.51 5960

LC3B Gly C-ter exposed 14.51 5960

LC3C Gly C-ter exposed 15.03 8940

GABARAP Gly C-ter exposed 13.82 11920
GABARAPL1 Gly C-ter exposed 14.30 14900
GABARAPL2 Gly C-ter exposed 13.91 18450
ATG3 35.86 45840
9His-mATG7 79.28 83310
ATG12-ATG5-ATG16L1-Strep (E3) 120.57 148280
Strep-GFP-E3 148.26 170170
His-GFP 29.11 23380
GST 25.50 42860
GST-LC3A C-ter exposed 40.66 48820
GST-LC3B C-ter exposed 40.66 48820
GST-LC3C C-ter exposed 41.17 51800
GST-GABARAP C-ter exposed 39.97 54780
GST-GABARAPL1 C-ter exposed 40.45 57760
GST-GABARAPL2 C-ter exposed 40.05 61310

Table 2.6. Extinction coefficients (¢) of the proteins purified in this thesis. Obtained with ProtParam (Expaxy).
2.5.1.2.Bicinchoninic acid Assay (BCA)

This measurement was performed to calculate the concentration of proteins present in
cell lysates (See Protocol 24). The assay is performed using Pierce TM BCA protein
assay kit (23227, Thermo Scientific) and following the manufacturer’s instructions. It is
based on the fact that the presence of peptide bonds promotes the reduction of Cu?* ions
in a temperature dependent manner. The reduced Cu'* is able to interact with
bicicinchoninic acid and form a purple-colored complex that absorbs light at 562 nm.
Therefore, the absorbance of the mixture at 562 nm is proportional to the amount of
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protein present in the solution. A set of prediluted BSA protein assay standards allow the
guantification of the concentration of proteins in the sample.

2.5.2. Protein electrophoresis

This technigue was especially useful for the detection of proteins during their purification
(See Protocol 3, 4 and 7) and in flotation assays (See Protocol 16). It is also a needed
step for Western Blot analysis (see Protocol 24) and for the detection and quantification
of lipidated-proteins during in vitro assays including the UBL-system components (See
Lipidation assays in Chapter 4).

Protein separation was achieved by SDS-PAGE in 12.5 or 15% (w/v) acrylamide gels.
Samples were mixed with Laemmli loading buffer (6x) supplemented with (-
mercapthoethanol and heated at 90°C for 5 min. Broad-range and precision (unstained
and prestained) standards (Bio-Rad) were used as molecular weight markers.
Electrophoresis was performed at 150 V in running buffer (3.028 g Tris, 14.41 g glycine,
1 g SDS and H20 to 1 L). For quick protein visualization, the gel was stained for at least
10 min in a solution containing 0.1% (v/v) Coomassie Brilliant Blue R-250, 40% (v/v)
methanol and 10% (v/v) acetic acid. Background staining was eliminated by washing
with 10% (v/v) acetic acid solution and images were taken on a Gel Doctvm EZ Imager
(Bio-Rad).

2.5.3. Determination of protein structure by circular dichroism (CD)

Circular Dichroism (CD) it is an excellent tool for rapid determination of the secondary
structure and folding properties of peptides and proteins in physiological buffers (Martin
& Schilstra, 2008). In the present thesis, CD spectroscopy in the far-UV has been used
to obtain an estimation of the average secondary structure of LC3/GABARAP proteins
as well as to assess the structural integrity of the mutant proteins. Measurements were
performed in a thermally controlled Jasco J-810 spectropolarimeter (Jasco
Spectroscopic Co. Ltd., Hachioji, Japan) at 37°C using a 1 mm optical path quartz
cuvette. Data were collected every 0.2 nm at 50 nm/min from 260 to 200 nm with a
bandwidth of 2 nm, and results were averaged from 20 scans. Buffer contribution was
subtracted, and data converted to mean residue molar ellipticity [8].

2.5.4. Protein labelling

Different strategies can be used in order to detect proteins in experiments performed
using microscopy techniques. In this thesis, to detect them in cells, LC3/GABARAP
isoforms were transfected as GFP-fusion proteins (see Chapter 3 and Protocol 23). The
GFP-tag included in one of the components of the E3 complex (ATG16L1) also allowed
its detection (see Chapter 5).

For in vitro assays, there are many different fluorescent dyes available that can be
chemically bound to the proteins. This is the case of Alexa Fluor 633 NHS Ester (A20005,
Thermo Fisher). This dye is able to label primary amines of proteins. A protocol for

LC3/GABARAP protein labelling is described in Protocol 8.
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Protocol 8. Protein labelling with Alexa NHS Ester dye

1. Purify the protein in Labelling buffer (25 mM Hepes, 150 mM NacCl, pH 7.5). It is
important that the buffer does not contain Tris (or any other amine-containing
substances).

Mix 1 ml of protein (25 uM) with 5 pl of Alexa Fluor 633 (20 mM).
Incubate for 90 min at 37°C with continuous stirring.

Centrifuge at 15800 x g for 3 min at 4°C to discard aggregated dye.

o > wN

Remove un-conjugated dye by gel filtration in Sephadex G-25M using labelling
buffer as the eluent.

6. Determine the degree of labeling by measuring the absorbance of the protein-dye
conjugate at 280 nm and that of the dye at 633 nm.

7. Load the labeled samples in a SDS-PAGE gel and visualize them using a VersaDoc
MP 4000 Imaging System (Bio-Rad).

2.5.5. Protein-protein interaction
2.5.5.1.Analytical size exclusion chromatography

Size exclusion chromatography (SEC), commonly known as gel filtration, separate
molecules according to differences in size and shape (hydrodynamic radius, Mr) as they
pass through a gel filtration medium packed in a column. When molecules of various
sizes flow into the column, smaller molecules flow more slowly because they penetrate
deep into the pores, whereas larger molecules flow quickly through the column because
they do not enter the pores. Consequently, larger molecules elute from the column
sooner and smaller molecules later, which effectively sorts the molecules by size. SEC,
as well as other methods such as two-hybrid approaches or pull down experiments, is a
widely used technique for studying protein-protein interactions (S. S. Li & Giometti,
2007).
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Figure 2.4. Principle for Size-exclusion chromatography. Taken from Yang et al., 2020.

a7



Chapter 2. Experimental techniques

In this thesis apart from its use as the final chromatography steps in purifications (See
Protocol 3, Protocol 4 and Protocol 7), it has been used as a preliminary approach to
determine LC3/GABARAP potential oligomerization as it can provide valuable
information about protein quaternary structure. The steps followed are summarized in
Protocol 9.

Protocol 9. Analytical SEC: Oligomerization assays
1. Prepare vesicles of the desired lipid composition as described (Protocol 13).
Perform a Fiske assay to determine the exact lipid concentration (Protocol 11).
Equilibrate a Superdex 75 10/300 in a Buffer containing 0.75% CHAPS (v/v).

3. Incubate proteins with liposomes (final volume 150 pl) under continuous stirring
(2100 rpm) 30 min at 37°C

4. Solubilize vesicles with 2% CHAPS [Add 20 pl of CHAPS (20% v/v)]

Inject 100 pl of sample in in a Superdex 75 10/300. Keep 10 pl of the input sample
and mix with LB6X.

6. Collect fractions of 500 pl.
7. Analyze the chromatogram: Check the appearance of new peaks.

8. Load the fractions in a SDS-PAGE gel and analyze with Coomassie Brilliant Blue
staining.

2.5.5.2.Microscope-based bead protein —protein interaction assay

This technique (Fracchiolla et al., 2020) was used to assess the interaction between E3
complex and LC3/GABARAP proteins. See Protocol 10 for the basic procedure.

Protocol 10. Microscopy-based bead protein—protein interaction assay

1. Centrifuge (90 s, 1500 x g, 4°C) Glutathione Sepharose 4B beads (GE Healthcare,
17-0756-01) to remove ethanol and equilibrate in buffer.

2. Incubate the “bait protein” (GST-tagged protein) with beads on a rotating wheel
for 1 hour at 4°C.

3. Clean non-bound GST-proteins by successive rounds of centrifugation and new
buffer addition.

4. Prepare 100 pl of the “prey protein” at the desired concentration in a 8-well IBIDI
chamber previously blocked with BSA.

5. Add 5 pl of the beads with the “bait protein” into the IBIDI well and incubate 30
min at room temperature.

6. Getimages on a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar,
Germany) with a 63x Plan Apochromat 1.4 NA objective.

This technique was developed with the help of S. Martens and J. Sawa-Makarska during
the author’s stay at Max Perutz Labs (Vienna, Austria) and implemented later at the
Instituto Biofisika (UPV/EHU, CSIC).
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2.6. Membrane lipid model systems: Liposomes

The complexity of biological membranes, both from the structural and functional
standpoint, presents numerous difficulties for their study. Therefore, numerous model
membrane systems have been developed for studying the properties of pure lipids, lipid
mixtures, and reconstituted lipid-protein systems. These model systems can be grouped
as monolayers, planar bilayers, and liposomes or vesicles (Gennis, 1989). In the present
work, lipid vesicles or liposomes have been used. Liposomes are lipid structures in a
bilayer configuration enclosing an aqueous solution. Liposomes are spontaneously
generated when dispersing cylindrical-shaped lipids in agueous solutions, thus they
constitute a convenient source of lipidic model membranes. Liposomes have been
extensively used for measuring fusion, fission, solubilization, leakage, lipid flip-flop, lipid-
protein binding and many more events.

Liposomes can be prepared to have a single or several bilayers or lamellae, being
unilamellar vesicles the principal system used in this work. Multilamellar vesicles (MLV)
are spontaneously formed after lipid hydration and sample shaking (Figure 2.5), usually
containing between 7 and 10 concentric bilayers, each of them separated by a thin water
layer. Vesicles are heterogeneous in size, displaying an average diameter of around 700
nm but ranging from 100 to 5000 nm. MLV are easy and fast to prepare, but they have
an important drawback. When treating vesicles with a solubilizing agent, or when looking
at a protein effect upon binding to the vesicle, only the effects of interaction with lipids on
the external bilayer can be achieved, thus making difficult data analysis and
interpretation. To overcome this issue, unilamellar vesicles are generally used (Figure
2.5). Unilamellar vesicles are classified according to their size, those with an average
diameter of less than 60 nm being named SUV (small unilamellar vesicles), those with
an average diameter between 80 and 500 nm are LUV (large unilamellar vesicles) and
those with larger, micrometer-ranged diameters, are GUV (giant unilamellar vesicles).
Apart from their size, they differ from each other in the method of preparation. See Figure
2.5 and next sections for details.
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Figure 2.5. Characteristics of the different liposomes used in this thesis (SUV, LUV and GUV): Outline
of the preparation method.
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2.6.1. Determination of phospholipid concentration (FISKE Assay)

In order to determine the concentration of the lipid stocks needed to prepare liposomes
or the concentration of lipids of our liposomes, we use the FISKE assay. It is a well-
established method for the quantification of the concentration of phospholipids based on
the quantitation of inorganic phosphorous. The approach is based on the initial procedure
developed in 1925 by Fiske and Subbarow (1925) and later modified (Bartlett, 1959;
Bottcher et al., 1961). Briefly, it consists of hydrolyzing the phospholipids until the lipid
phosphate group is free to interact with specific reagents that will color the solution in a
concentration-dependent manner (Protocol 11).

Protocol 11. FISKE assay

1. Set up a phosphorous calibration curve from which the exact lipid sample
concentration will be determined: pipette 0, 25, 50, 75 and 100 nmol phosphorous
into duplicate separate test tubes from a 1 mM NaH2POa4 standard solution, which
will be used to construct the calibration curve.

2. Pipette the sample into separate tubes (at least triplicates) to contain theoretically
50 nmol lipid phosphorous, which will be in the centre of the calibration curve.
When pipetting samples in organic solution, use Hamilton syringes.

3. Add 500 ul of a 60% perchloric acid (HCIO4) to each tube. Vigorously vortex and
introduce the tubes into a heating block at 205°C for 45 min. This way phospholipid
hydrolysis is achieved, leaving free inorganic phosphate.

4. Collect the tubes, cool down to room temperature and pipette the following
solutions:

a. 4 ml 1X ammonium heptamolybdate solution [(NH4)sM07024.4H20].
b. 500 ul 10% (v/v) ascorbic acid (add while vortexing).

5. The inorganic phosphate reacts with molybdate, which subsequently reacts with
the ascorbic acid giving a yellow-colored solution.

6. Introduce the tubes into a boiling water bath and leave for 6 min. During that
period, the solution color is blue-shifted depending on the amount of phosphorous.

7. Finally, cool the tubes down in water and measure the absorbance of each sample
at 812 nm. In the present work, an Ultrospec 500 pro spectrophotometer from
Amersham Biosciences (Piscataway, NJ, USA) was used for this purpose.

8. To obtain the sample phospholipid concentration, pot the standard absorbance
against the phosphorous concentration and adjust to a straight line. Use the slope
of the curve and the sample absorbance to find out the sample concentration.
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2.6.2. Multilamellar Vesicles (MLV)

MLV generation is the simplest and fastest of all liposome formation methods. A detailed
protocol for multilamellar vesicle preparation used in the present work is described below
(Protocol 11, Figure 2.5).

Protocol 12. Multilamellar Vesicles (MLVs)

1. Prepare pure lipid stocks by dispersing lipids in powder in chloroform/methanol
(2:1 v/v) to the desired concentration.

2. Pipette the desired amount of lipid from the stock in organic solution into a glass
test tube.

3. Evaporate the organic solvent under a nitrogen gas flow.

4. Completely remove any traces of organic solvent of the sample by placing it into
a high vacuum desiccator for 1 h to obtain a solvent-free dried lipid film at the
bottom of the test tube.

5. Finally, hydrate the lipid by pipetting the desired amount of an aqueous solution
at a temperature above the lipid main phase transition temperature. Shake the
suspension by vigorous vortexing for lipid detachment from the bottom of the test
tube. By increasing temperature, the lipid is hydrated faster and, when preparing
vesicles with a mixture of lipids, a more homogeneous lipid composition through
the vesicles can be expected by maintaining every lipid in the fluid phase state.
This method is often enough for MLV preparation.

6. Assay the concentration of the vesicle suspension using the Fiske method
(Protocol 11), because some lipid can be lost in the process.

2.6.3. Small Unilamellar Vesicles (SUV)

Due to their small diameter (smaller than 60 nm) SUV present a high curvature stress,
which induces a lipid enrichment in the external monolayer as compared to the inner one
(Szoka & Papahadjopoulos, 1980). Their curvature stress makes these vesicles good
model membranes for the study of membrane fusion and/or fission related processes
(Nieva et al., 1989), because they may be subjected to such stress conditions in vivo.

Small unilamellar vesicles are usually prepared by sonication of MLV suspensions. This
is basically done either by bath sonication or by probe tip sonication, in the latter case
probes are immersed in the MLV suspension for sonication. In this way, large MLV are
broken down into small unilamellar vesicles. In the present work, small unilamellar
vesicles have been prepared by probe tip sonication. Thus, the protocol for SUV
generation is that of the MLV (Protocol 11) but with final sonication of the vesicles for
20 min (10 s on/ 10 s off) (Figure 2.5). Finally, SUV preparation is centrifuged at 15800
X g, 10 min, to remove aggregates and traces of the sonicator tip. SUV generation can
be directly observed as the vesicle solution becomes transparent.
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2.6.3.1.Vesicle Size Measurement by Dynamic Light Scattering (DLS)

In order to check the size of our liposomes, the quasi-elastic light scattering (QELS)
technique, commonly known as dynamic light scattering (DLS), that is related to the
Brownian motion of particles in solution was used (Minton, 2016). By the use of a laser
beam focused within a small area in the solution, a measurement of the intensity
fluctuations from the scattered light of sample particles crossing through the focused
area is performed. The scattered light provides a correlation function from which, by the
use of several algorithms, a vesicle size distribution in solution can be obtained (Figure
2.6). This value is accompanied by a polydispersity index (PDI), which gives information
on the size heterogeneity of the sample. The PDI varies between 0 and 1, where values
close to zero indicate homogeneous monodisperse solutions.

In this thesis, the size of liposomes was analyzed using a Malvern Zeta-Sizer Nano ZS
(Malvern, Instruments, UK) with a detection range for sizes between 0.6 nm to 6 um. 50
pI of the sample (around 0.4 mM in lipid) were placed in standard acryl cuvettes at room
temperature with a He-Ne laser beam of 5 mW (A = 633 nm) as the light source. The light
scattered by the vesicles was detected with a photomultiplier and the results were
analyzed by the commercial software of the instrument.
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Figure 2.6. Example of a size distribution plot. ePC:DOPE:CL (33:33:33) vesicle population prepared
using 100 nm polycarbonate filters.

2.6.4. Large Unilamellar Vesicles (LUV)

Large unilamellar vesicles present, in contrast to small vesicles, low curvature stress and
so, when preparing LUV containing a mixture of lipid species, a homogeneous lipid
distribution through both monolayers in stable lipid vesicles is generally obtained. In this
way, LUV represent a very good model system for most studies. LUV are generally
prepared by mechanical extrusion of MLV suspensions through polycarbonate porous
filters of the desired pore size (Mayer et al., 1986) (Figure 2.5). A detailed protocol
(Protocol 13) is described below:
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Protocol 13. Large Unilamellar Vesicles (LUVs)
1. Steps 1-5 of MLV preparation protocol (Protocol 12)

2. Perform 10 freeze/thaw cycles on the MLV solution in order to reduce the number
of lamellae in the vesicles: place the vesicles in liquid nitrogen for 1 min, then
place them in a water bath at a temperature above that of the lipid with the highest
main transition temperature. Finally, vortex the suspension before starting the next
cycle. Repeat 10 times.

3. Extrude the vesicles 10 times through polycarbonate filters of the desired diameter
(usually between 0.05 and 0.1 ym), using a high-pressure extruder (nitrogen gas
flow). The extruder can be connected to a water bath in order to maintain the
vesicles at a high temperature if necessary.

4. Assay the concentration of the vesicle suspension using the Fiske method
(Protocol 11), because some lipid can be lost in the process.

5. Finally, check vesicle size using dynamic light scattering (DLS) (see Section
2.6.3.1)

2.6.5. Giant Unilamellar Vesicles (GUV)

Giant unilamellar vesicles are nowadays one of the most promising model systems in
the study of membrane heterogeneity. Their size, in the order of 5-100 micrometers as
prepared by electroformation, i.e. comparable to a cell, allows performing direct
microscopy on individual vesicles. In 1986, Angelova and Dimitrov developed a method
for the generation of giant vesicles based on the exposure of dry lipid films to an aqueous
solution under electric fields, which is the most generally applied procedure in the present
(Angelova et al., 1992; Angelova & Dimitrov, 1986) (Figure 2.7). Vesicle generation
under electric fields is strongly dependent on the lipid composition, aqueous solution
ionic strength and pH, and on the electric voltage and frequency conditions (Bagatolli,
2003).

Figure 2.7. Outline of GUV electroformation. The electric field makes the lipid films (A) to grow/fuse (B)
and detach (C) yielding GUV. Adapted from (Angelova & Dimitrov, 1986).

GUV in solution are formed and subsequently translated to visualization chambers. To
enable their visualization, a high density sucrose solution is encapsulated in vesicles so
that when transferred to chambers with an iso-osmotic solution, they sediment at the
bottom of the chamber and can be imaged. To obtain giant vesicles in solution (Estes &

53



Chapter 2. Experimental techniques

Mayer, 2005), two vesicle generation procedures have been applied in this thesis: i)
Platinum wire (Figure 2.5, Protocol 14) or ii) Indium tin oxide (ITO) method (Figure 2.5,
Protocol 15). A general overview for both procedures is given bellow. For a detailed
specification on composition, buffer or microscopy conditions in a particular assay see
Materials & Methods in Chapter 5.

Protocol 14. GUV formation: Platinum wire method

1. Prepare GUV lipid stocks of the desire composition by diluting the adequate lipid
into a chloroform:dietilether:methanol (4:5:1 v/v) organic solution to a 0.2 mM final
concentration.

2. Add 3 pl of the appropriate stock solution onto the surface of different platinum
electrodes in a specially designed chamber (Industrias Técnicas ITC, Bilbao,
Spain) containing four holes with two platinum electrodes each.

3. Introduce the chamber into a high vacuum desiccator for 1 h to remove any
remaining solvent traces and equilibrate for 10 min at the desired temperature by
an incorporated water bath.

4. Next, cover the platinum wires with 500 pl of a 300 mM sucrose solution previously
equilibrated at the desired temperature. Cover the chamber holes with a glass
held in place with vacuum grease to avoid evaporation during electroformation.

5. Connect the platinum electrodes to a function generator and apply the desired
electric field (900 mV/10Hz, 2.5V) for 90 min. Vesicles are then generated
enclosing sucrose. Temperature during preparation is always higher than that of
the lipid with the highest main phase transition temperature.

6. Decrease the applied frequency (2.5 Hz, 2.5V) for 60 min to induce vesicle
detachment from the electrodes.

7. Disconnect the electric field and water bath and leave the vesicles 30 min for
equilibration.

8. Transfer the vesicle solution to microscopy chambers, which have been pre-
treated with BSA (10 mg/ml) for 45 min and contain an iso-osmotic aqueous
solution or buffer without sucrose (adjusted using an osmometer). In this way,
vesicles sediment due to the higher density of the enclosed sucrose, and this
allows direct fluorescent confocal microscopy measurements to be performed.

Protocol 15. GUV formation: ITO method
1. Prepare GUV lipid stocks of the desired composition by diluting the adequate lipid
into a chloroform:dietilether:methanol (4:5:1 v/v) organic solution to a 1 mM final

concentration.

2. Add 20 pl of the stock solution onto a delimited zone of the surface of indium tin
oxide (ITO) coated glass electrodes (10 pl on each conducting surface).

Continues in next page
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3. Introduce the glass electrodes into a high vacuum desiccator for 1 h to remove
any remaining solvent traces.

4. Assemble the system by putting an O-ring between the ITO glass surfaces with
dry lipid in the delimited zone.

5. Add a 300 mM sucrose solution previously equilibrated at the desired temperature
inside the space created between the ITO surfaces (thanks to the spacer O-ring).
Seal it with a silicone elastomer (Kiwik-cast) to avoid spilling and evaporation.

6. Connectthe glass electrodes to a function generator and apply the desired electric
field (900 mV/10Hz, 2.5V) for 90 min. Vesicles are then generated enclosing
sucrose. Temperature during preparation is always higher than that of the lipid
with the highest main phase transition temperature.

7. Transfer the vesicle solution to microscopy chambers, which have been pre-
treated with BSA (10 mg/ml) for 45 min and contain an iso-osmotic aqueous
solution or buffer without sucrose (adjusted using an osmometer). In this way,
vesicles sediment due to the higher density of the enclosed sucrose, and this
allows direct fluorescent confocal microscopy measurements to be performed.

2.7. Protein-Lipid interactions

In order to understand the molecular mechanisms by which a protein interacts with
biological membranes, the affinity and specificity of the membrane-binding process and
the protein topology or conformation in the lipid bilayer need to be studied. Techniques
such as X-ray crystallography or electron crystallization are the methods of choice to
obtain high-resolution structures of membrane proteins. In addition to this high-resolution
techniques, a number of fluorometric, centrifugation, and microscopic assays are also
available for studying the molecular mechanisms by which proteins interact with
membranes (Zhao & Lappalainen, 2012).

2.7.1. Vesicle flotation assay

In the present work, vesicle flotation assays have been used to analyze the binding
capacities of LC3/GABARAP family members to several autophagy-related lipids. Many
factors need to be taken into account when designing an experiment for studying
membrane interactions of a specific protein. These include: (i) vesicle lipid compaosition,
(i) protein:lipid ratio, (iii) membrane curvature, (iv) pH and (v) buffer salt concentration.

Liposome flotation assays are widely applied for studying the affinity and lipid specificity
of protein binding to membranes (Antén et al., 2016; Hervas et al., 2017; Landeta et al.,
2011). In the liposome float-up experiment, the vesicles and bound proteins are enriched
by density gradient centrifugation. During ultracentrifugation, due to their lower density,
liposomes and liposome-bound proteins float-up to the top fraction of the gradient
whereas free protein remains at the bottom (Figure 2.8, Protocol 16).
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Figure 2.8. Representative scheme of a flotation assay in a sucrose-density gradient. Proteins are
incubated with rhodamine-PE (Rho-PE)-labeled LUV and subsequently mixed within the 1.4 M (final
concentration) layer of a discontinuous sucrose gradient. After ultracentrifugation, liposomes and liposome-
bound protein float up while the unbound protein remains at the bottom. Four equal-volume fractions are
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collected, 1-4, starting from the bottom; protein found in fractions 3+4 is taken as bound protein.
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Protocol 16. Flotation assay in sucrose gradient

Prepare LUVs or SUV containing 0.05 mol % Rho-PE and the desired lipid
composition as previously described (Protocol 13 or Section 2.6.3). A Fiske assay
is performed to determine the exact lipid concentration (Protocol 11).

Incubate proteins with liposomes (final volume 200 pl) under continuous stirring
(1200 rpm) at 37°C.

Prepare a 2.4 M sucrose stock by mixing 10.69 g of sucrose and 6.25 ml of the
assay buffer. Using this stock, prepare two more, with 0.8 and 0.5 M of sucrose.

Adjust the protein/lipid mix to 1.4 M of sucrose by mixing (vortex, do not use a
pipette) 175 ul of 2.4 M sucrose and 125 pl of the incubation mix.

Transfer it to a 1 ml centrifuge tube and make the discontinuous sucrose gradient
by adding a second layer (400 pl of 0.8 M sucrose) and then a third one (300 pl of
0.5 M sucrose).

Equilibrate the tubes (maximum 0.5 mg of difference) and ultracentrifuge in a TLA-
120.2 rotor (Beckman Coulter) at 355040 x g (100000 rpm) 50 min at 4°C.

Take 4 fractions of 250 pl starting from the bottom using a Hamilton syringe and
transfer them into a 96-well plate.

To assure vesicle flotation, measure rhodamine (Rho-PE) fluorescence of the
fractions in a microplate reader Synergy HT (BioTek Instruments/Agilent, Santa
Clara, CA, USA). Signal should be detected in fractions 3 and 4.

Prepare samples by mixing 75 pl of the sample and 15 pl of 6X Loading Buffer.
Load them in a SDS-PAGE gel and stain with Coomassie Brilliant Blue.

Analysis of results: Use Image J software to analyze protein bands in the different
fractions. Calculate the percent liposome-bound protein from the band intensities
measured in the third + fourth fractions (floating vesicle fractions), relative to the
total sum of intensities measured in all fractions.
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2.8. Vesicle tethering measurements

Lipid vesicles are found to tether/aggregate under a variety of conditions.
Tethering/aggregation is usually assayed as an increase in turbidity (A4oo) of the vesicle
suspension that can be followed spectrophotometrically (Figure 2.9). The vesicle
tethering may be a first step for vesicle-vesicle fusion so turbidity measurements can be
used as a first approach in the study of fusion events. This assay has been performed in
a Varian Cary 300 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) as
described in the following protocol (Protocol 17).

Protocol 17. Vesicle tethering assay

1. Prepare LUVs at the desired lipid composition as previously described (Protocol
13). Determine the lipid concentration by the Fiske assay (Protocol 11).

2. Add 400 pl final volume of buffer containing 0.4 mM liposomes (in some
conditions, mixed also with proteins) to cylindrical glass tubes (see Figure 2.8A).

3. Measure absorbance at 400 nm (A400) under continuous stirring at 37°C.

4. After 4 min stabilization, add the corresponding amount of protein or ATP to the
cuvette in the smallest possible volume (no more than 20 ul) and record the time
course of the reaction.

5. The aggregation time course is usually shown as a AAsoo

AA400 =At-Ao
Equation 2.2. Absorbance change calculation

Where: At is the measured absorbance of LUVs at time t,
Ao is the measured absorbance of LUVs before protein/ATP addition.

Time

Figure 2.9. Schematic overview of a time-course of a vesicle tethering assay. (A) Tubes used for
aggregation measurements. (B) Initially vesicles scarcely scatter light. Upon protein or ATP addition (arrow),
aggregation occurs and turbidity increases, thus light scattering increases in parallel.
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2.9. Fluorescence Spectroscopy techniques
2.9.1. Lipid mixing assay

Forster resonance energy transfer (FRET) is a distance-dependent interaction
between the electronic excited states of two dye molecules in which excitation is
transferred from a donor molecule to an acceptor molecule without emission of a photon.
The efficiency of FRET is dependent of the inverse sixth power of the intermolecular
separation, thus it can only occur when fluorophores are very close to each other.

In order to study vesicle-vesicle fusion, lipid mixing between vesicles was monitored
using a FRET pair of fluorescently labeled lipids, a methodology developed by Struck et
al. (1981). 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD, excitation peak at 463 nm and
emission peak at 536 nm) was used as the energy donor and rhodamine (Rho, excitation
peak at 560 nm and emission peak at 583 nm) as the energy acceptor. The energy
transfer takes place because the emission spectrum of the donor overlap the acceptor
excitation spectrum. Each of the two fluorophores is coupled to the free amino group of
a phosphatidylethanolamine to provide an analogue that can be incorporated into a lipid
vesicle bilayer. When both fluorescent lipids are in LUV at the appropriate surface
densities (ratio of fluorescent lipid to total lipid), efficient energy transfer is observed
(Figure 2.10A). When such vesicles are fused with a population of unlabeled vesicles
by the addition of a fusion-inducing agent, the two probes mix with the other lipids present
to form a new membrane. This mixing reduces the surface density of the fluorophores
and the energy transferred between molecules decreases, thus the fusion can be
measured as an increase of NBD (donor) fluorescence (Figure 2.10B).
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Figure 2.10. Schematic overview of an inter-vesicle lipid mixing assay. (A) Initially there are two
populations of vesicles, one labelled with the FRET pair and the second unlabeled). (B) Upon protein
addition, when fusion occurs lipids are mixed and the energy transferred between NBD and rhodamine
decrease. (C) Triton X-100 is added to achieve vesicle complete solubilization, under these conditions 100%
NBD fluorescence value is obtained.
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Using this system, the ability of LC3/GABARAP proteins to induce lipid mixing in the
presence of the UBL-system proteins and ATP has been studied (See Chapter 4). In
addition, to determine whether the observed process was one of membrane hemifusion
or of full fusion, total and inner lipid mixing studies were performed (Protocol 18).

Protocol 18. Total and Inner Lipid mixing assay

1. Prepare two LUV populations (Protocol 13) and determine the lipid concentration
with the lipid phosphorous (Fiske) assay (Protocol 11):

a. “non labelled” with no fluorescent probes
b. “labelled” with 1.5 mol% NBD and 1.5 mol% Rho

2. (Only for inner lipid mixing assay): Reduction of outer leaflet fluorescence

a. Prepare a fresh 100 mM stock solution of sodium dithionite in the same
buffer as the vesicles. Keep in the dark at 4°C.

b. Place 400 pl of the labelled population in a cylindrical glass tubes (see
Figure 2.8A) and add small amounts (1 — 3 pl) of dithionite to the sample
until the fluorescence is quenched to half of the initial value by measuring
NBD emission at 530 nm with the excitation wavelength set at 465 nm
(slits at 4 nm).

c. Pass the vesicle suspension immediately through a Sephadex G-25
column to remove dithionite. Steps ¢ and d should be done as quickly as
possible in order to avoid dithionite permeabilization into the vesicles.

d. Determine the lipid concentration with the lipid phosphorous (Fiske) assay
(Protocol 11).

3. Mix the two population of liposomes in a 1:9 (labelled:non labelled) ratio to a 0.4
mM total concentration with the adequate proteins (final volume 400 ul) in
cylindrical glass tubes (see Figure 2.8A).

4. Measure NBD emission at 530 nm with the excitation wavelength set at 465 nm
(slits at 4 nm) in a Fluorolog®-3 (Horiba Jobin Yvon, Edison, NJ, USA)
spectrofluorometer with constant stirring at 37°C. Place a 515 nm cut-off filter
between the sample and the emission monochromator to avoid scattering
interference.

5. After 4 min stabilization, add protein/ATP and record the time course of the
reaction.

6. Add 10 pL of 10% (v/v) Triton X-100 to disrupt the liposomes and obtain the
maximum NBD fluorescence value.

7. Quantify the extent of inner lipid mixing on a percentage basis according to the
equation:

% Lipid mixing=(Ft-Fo/F100-Fo) x 100
Equation 2.3. % Lipid Mixing calculation

where: Ft is the measured NBD fluorescence of protein-treated LUVs at time t.
Fo is the initial NBD fluorescence (maximum NBD-Rho energy transfer)
of the LUV suspension before protein/ATP addition.

F100 is the maximum NBD fluorescence value after complete disruption
of non reduced LUVs by addition of Triton X-100.
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2.9.2. Vesicle contents efflux measurement (leakage) assay

This techniqgue measures the ability of particular molecules to permeabilize the vesicle
lipid bilayer. It is a simple approach in which vesicles are prepared enclosing fluorescent
molecules. Upon specific molecule incubation, permeabilization is followed by changes
in fluorescence. If vesicles are incubated with a detergent, a possible permeabilization
could be followed by externalization of entrapped fluorescent molecules through
unstable solubilized vesicle regions.

The basis of this approach is depicted in Figure 2.11. By entrapping both ANTS and
DPX inside the vesicles, their close proximity allows DPX to interact with ANTS,
guenching its fluorescence (Figure 2.11A). Upon externalization, both molecules are
diluted into the external medium and they hardly interact, inducing an increase of ANTS
fluorescence (Figure 2.11B). Thus, by following ANTS fluorescence, vesicle bilayer
permeabilization, or solubilization in our case, can be followed. This approach was
initially developed in 1985 (Ellens et al., 1985) to measure vesicle fusion (see next
section).

In the present study, the ability of LC3/GABARAP proteins in the presence of the UBL-
system proteins and ATP to produce vesicle leakage in the process of vesicle
aggregation, and the possible leakage in vesicle fusion processes were tested by
following the externalization of the well-known low-molecular weight ANTS and its
guencher DPX fluorescent molecules. A full description of the assay conditions is given
in the Protocol 19.
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Figure 2.11. Schematic overview of the ANTS/DPX leakage assay. (A) Vesicles have coencapsulated
ANTS and DPX. DPX is a quencher of ANTS fluorescence. (B) Upon addition of the protein, vesicle-enclosed
ANTS and DPX are externalized through membrane defects. An increase on ANTS fluorescence is
observed. (C) Triton X-100 is added for complete vesicle solubilization that gives the 100% leakage value
(i.e. maximum ANTS fluorescence).

60



Chapter 2. Experimental techniques

Protocol 19. Vesicle Contents Efflux Measurement (Leakage) Assay

1. Prepare large unilamellar vesicles (LUVS) as previously described (Protocol 13)
in the following buffer containing both ANTS and DPX: 20 mM ANTS, 70 mM DPX,
50 mM Tris, 40 mM NacCl, pH 7.5. A high DPX/ANTS ratio is used to ensure
complete quenching inside vesicles. Cover the samples with aluminium foil to
protect fluorescent molecules from bleaching.

2. Pass the vesicle suspension through a Sephadex G-25 column to remove non-
entrapped ANTS and DPX. Use a previously adjusted isosmotic buffer solution for
this process (50 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, pH 7.5). Determine lipid
concentration as previously described (Protocol 11).

3. Addthe ANTS/DPX-containing liposomes to a 0.4 mM total concentration together
with the adequate proteins (final volume 400 pl) in cylindrical glass tubes (see
Figure 2.8A).

4. Measure ANTS fluorescence at 520 nm with the excitation wavelength set at 355
nm (slits at 4 nm) in a Fluorolog®-3 (Horiba Jobin Yvon, Edison, NJ, USA)
spectrofluorometer with constant stirring at 37°C.

5. After 4 min stabilization, add protein/ATP and record the time course of the
reaction.

6. Add 10 pL of 10% (v/v) Triton X-100 to disrupt the liposomes and obtain the
maximum ANTS fluorescence value.

7. Quantify the extent of leakage on a percentage basis according to the equation:
% Leakage= (Ft-Fo/F100-Fo) x 100

Equation 2.4. % Leakage calculation

where Ft is the measured ANTS fluorescence of protein-treated LUVs at
time t.
Fo is the initial ANTS fluorescence (maximum ANTS-DPX
quenching) of the LUV suspension before protein/ATP addition.
Fio0 is the maximum ANTS fluorescence value after complete
disruption of LUVs by addition of Triton X-100.

2.9.3. Aqueous contents mixing assay

As mentioned in the previous section, before its use for testing the leakage ability of the
molecules, the ANTS-DPX quenching assay can be used (Ellens et al., 1985) in order to
measure the capacity of particular molecules to promote full fusion of vesicles. In this
case, both ANTS and DPX are entrapped into separate vesicle populations and their
fusion is followed in terms of ANTS fluorescence quenching upon fusion and ANTS-DPX
interaction [see (Gofii et al., 2003; Nieva et al., 1989)].

The basis of this approach is depicted in Figure 2.12. ANTS is entrapped in one vesicle
population while DPX in a different vesicle population. Upon fusion between the two
populations, the close proximity of the molecules caused by the mixing of contents will
allow their interaction and an ANTS fluorescence decrease will be observed. Thus, by
following ANTS fluorescence, vesicle bilayer full fusion can be followed.
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In the present thesis, this technique was used together with total and inner lipid mixing
assays to measure the ability of LC3/GABARAP proteins in the presence of the UBL-
system proteins and ATP to produce full fusion (Protocol 20).
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Figure 2.12. Schematic overview of an inter-vesicular agueous contents mixing assay. (A)
Initially, there are two populations of vesicles, one with ANTS and the second one with DPX. (B)
Upon protein addition, when complete fusion occurs the aqueous contents of the vesicles are
mixed and DPX can quench ANTS. (C) 100% fusion value is obtained measuring the fluorescence
of a vesicle population containing both molecules.

Protocol 20. Aqueous Contents mixing Measurement Assay

1. Prepare three populations of large unilamellar vesicles (LUVS) as previously
described (Protocol 13), each of them in one of the following buffers:

a. ANTS population: 39 mM ANTS, 50 mM Tris, 72 mM NacCl, pH 7.5.

b. DPX population: 140 mM DPX, 50 mM Tris, 10 mM NaCl, pH 7.5.

c. ANTS/DPX population: 20 mM ANTS, 70 mM DPX, 50 mM Tris, 40 mM
NaCl, pH 7.

2. Pass the vesicle suspensions through a Sephadex G-25 column to remove non-
entrapped ANTS and DPX. Use a previously adjusted isosmotic buffer solution for
this process (50 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, pH 7.5).

3. Determine lipid concentration as previously described (Protocol 11).

4. Mix the ANTS and DPX populations in a (1:1) ratio to a 0.4 mM total concentration
together with the adequate proteins (final volume 400 pl) in cylindrical glass tubes
(see Figure 2.8A).

5. Measure ANTS fluorescence at 520 nm with the excitation wavelength set at 355
nm (slits at 1 nm) in a Fluorolog®-3 (Horiba Jobin Yvon, Edison, NJ, USA)
spectrofluorometer with constant stirring at 37°C.

6. After 4 min stabilization, add protein/ATP and record the time course of the
reaction.

Continues in next page
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8. To calculate 100% content mixing, measure the ANTS fluorescence of the
vesicles that have ANTS/DPX co-encapsulated.

9. Quantify the extent of agueous content mixing on a percentage basis according
to the equation:

% Aqueous content mixing= (-(Ft+-Fo/F100-Fo)) x 100
Equation 2.5. % Aqueous Content mixing calculation

where Ft is the measured ANTS fluorescence of protein-treated LUVs at time t.
Fo is the initial ANTS fluorescence (minimum ANTS-DPX quenching) of
the LUV suspension before protein/ATP addition.
F100 is the ANTS fluorescence (maximum ANTS-DPX quenching) of the
LUV suspension with ANTS and DPX co-encapsulated.

2.10. Cryo-electron microscopy

Cryo-electron microscopy (cryo-EM) is a form of transmission electron microscopy (EM)
where the sample is studied at cryogenic temperatures (generally liquid nitrogen
temperatures). The main advantage of cryo-EM stems is the fact that this technique
allows the observation of specimens that have not been stained or fixed in any way,
showing them in their native form. The sample could be frozen from its native conditions,
generally in an aqueous environment (aqueous buffer). This is in contrast to X-ray
crystallography, which requires crystallizing the specimens, which can be a difficult task,
and placing them in non-physiological environments, which can occasionally lead to
functionally irrelevant conformational changes.

The biological material is spread on an electron microscopy grid and is preserved in a
frozen-hydrated state by rapid freezing, usually in liquid ethane near liquid nitrogen
temperature. By maintaining samples at or below liquid nitrogen temperature, they can
be introduced into the high-vacuum of the electron microscope column. Most biological
samples are extremely radiation-sensitive, so they must be imaged with low-dose
techniques. Usefully, the low temperature of cryo-electron microscopy provides an
additional protective factor against radiation damage.

In the present thesis, this technique was used to observe differences in liposome
aggregation and fusion after LC3/GABARAP protein addition in the presence of the UBL-
system components and ATP. The procedure followed to perform Cryo-EM
measurements is summarized in Protocol 21.
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a.

e.

a.

Protocol 21. Cryo-electron microscopy

1. Prepare LUVs (Protocol 13) and determine lipid concentration as previously
described (Protocol 11).

2. Mix and incubate the adequate protein and liposomes.

3. Vitrification of the samples:

Use a LEICA GP2 automatic plunge freezer (LEICA Microsystems,
Wetzlar, Germany) maintained at 8°C at a relative humidity close to
saturation (90% rH) to prevent water evaporation from the sample.

Using a tweezer put a freshly glow-discharged 300-mesh R2/2 Quantifoil
holey carbon grid inside the vitrification chamber.

Take 4 pl of the sample (mix before) and load into the grid.

After 30 s incubation, blot with absorbent standard filter paper for 2 s, and
plunge into a liquid ethane bath (-184°C). Remove most of the liquid by
careful blotting with absorbent filter paper to create a thin liquid film. Then,
plunge the sample rapidly into liquid ethane and cool with liquid nitrogen
to its melting temperature to obtain a vitrified film.

Remove the vitrified grids from the plunger and store under liquid nitrogen.

4. Imaging of Cryo-EM samples:

Transfer the grid to a JEM-2200FS/CR (JEOL Europe, Nieuw-Vennep,
The Netherlands) transmission electron microscope operated at 200 kV.

Record digital images on a GATAN K2 summit direct detection camera
4K x 4K (5um pixels) (Gatan Inc., Pleasanton, CA) using Digital
Micrograph (Gatan Inc.) software, at a nominal magnification of 30,000x,
resulting in final sampling of 1.3 A/pixel.

This technique was performed in collaboration with I. Santos, M. Lazaro and M. Valle at
CIC bioGUNE (Derio, Spain).

2.11. Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution imaging technique, part of the family
of scanning probe microscopy. Its basic principle is that a tip, which is mounted at the
end of a cantilever, is in contact with the sample surface across the XY axis and the
sample topography is obtained by the movement of the tip over the surface (Figure
2.13). The movement of the tip is controlled by a scanner (piezoelectric material). The
interaction between the sample and the tip is measured with a laser beam, which is
focused on the top-end of the cantilever. The beam is reflected towards a position-
sensitive four quadrant photodetector by the use of a mirror. The signal from the
photodetector passes through a feedback circuit, which relates the movement in z-axis
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needed by the scanner to maintain the cantilever deflection constant with the sample
topography.

AFM is a widely used technique to obtain topographical information of biological
membranes at a lateral resolution of less than 1 nm and at a vertical resolution between
0.1 and 0.2 nm. The set of biological samples ranges from the smallest biomolecules
(phospholipids, proteins, DNA, RNA) to subcellular structures (membranes), all the way
up to living cells and tissues. In addition, this technique allows the analysis of
mechanical, chemical and functional properties of the sample (Alessandrini & Facci,
2005).

Photodetector

Laser

Z-piezo

Cantilever " Tip

Sample

Figure 2.13. Basic principle of atomic force microscopy measurements: Afine tip is attached
to a cantilever that scans the surface of a sample.

The tip and the cantilever play a crucial role in AFM. The tips can be rectangular or
triangular, and usually have a metal coating for increased reflectivity. The quality of the
data and the resolution of the AFM depend on a large extent of them, for that reason, it
is important to select specifically the material, shape, coating, spring constant and
resonance frequency of the tip. For example, silicon nitride cantilever tips are usually
used to work in liquid, with a typical spring constant range from 0.01 N/m to 100 N/m.
However, the softness of biological samples limits the force applied during the imaging
process so the spring constant recommended is below 1 N/m (usually between 0.01-0.5
N/m).

In this thesis, AFM was used to study the formation of a possible protein scaffold on the
top of a supported lipid bilayer (SLB) (See Chapter 5 for details). Among the different
modes of operation, QI Mode was used because it ensures a lower tip-sample interaction
than other methods available. This preserves the tip and the sample from damage. The
protocol followed is summarized in Protocol 22.
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Protocol 22. AFM measurements

1. Prepare SUV of the desired composition (as previously described in Section 2.6.3)

2. Attach mica substrate to a round 24 mm glass coverslip and cleave the mica
before use.

3. Mount the freshly cleaved mica onto a JPK coverslip-based liquid cell for atomic
force microscopy (AFM) measurements.

4. For supported lipid bilayer formation: Add 120 pl assay buffer containing 3 mM
CaClz and 80 pl of SUV onto the mica.

5. Leave the vesicles to adsorb and extent for 20 min at 37°C.

Discard the non-adsorbed vesicles by washing the samples 10 times with assay
buffer without CaClz, in order to remove remaining Ca?* cations from the solution.

7. Collect AFM data for imaging in a NanoWizard ULTRA Speed (JPK BioAFM,
Bruker Nano GmbH, Berlin, Germany) using the following settings:

a. Tip: MLCT Silicon nitride cantilevers
b. Set-point: 0.4 N/m
c. Ql mode

8. Incubate with proteins in two different modes:

a. Addition of the protein mixture, incubation 20 min at 37°C and imaging.
b. Addition of the protein mixture with a syringe system and imaging every 5
min.

This technique was performed in collaboration with E. J. Gonzalez Ramirez at Instituto
Biofisika UPV/EHU, CSIC (Leioa, Spain)

2.12. Fluorescence confocal microscopy

Fluorescence microscopy is a widely used technique to obtain high contrast magnified
images of a sample of interest. In a common epifluorescence microscope, a lamp is used
as a light source and the illumination light passes through an excitation filter located
before the objective, which selects an excitation wavelength. The objective collects
fluorescence emission, which is separated from excitation light by a dichroic filter before
it reaches the detector. The main disadvantage of an epifluorescence set up is that all
planes in the sample are excited, collected and imaged at the same time, which makes
it impossible to create resolved images of different focal planes.

The development of confocal microscopy during the late 70°s resulted in one of the major
advances in optical microscopy. Specifically, fluorescence confocal microscopy allows
the analysis of the fluorescence coming from an individual thin in-focus plane of the
sample, and this enables the construction of real three-dimensional (3D) images. To
discard fluorescence coming from out-of-focus planes, and in contrast to common
epifluorescence microscopy, confocal imaging is achieved by introducing a pinhole next
to the detector that allows only fluorescence coming from the in-focus plane to reach the
detector. Figure 2.14 shows a schematic picture of the central components of a
fluorescence confocal microscope. Essentially, a laser beam is used as the excitation
light, which is focused into a dichroic mirror that selects the light to be directed through
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an objective into a small spot within the sample. However, this is not enough to build a
3D image of the specimen being measured. For this purpose, special mirrors are
introduced to scan the laser beam on the x-y plane, thus building a special confocal
microscopy known as laser scanning confocal microscopy. In this way, by precisely
controlling the z sample movement, three-dimensional images can be constructed.

Emission
pinhole

Excitation
pinhole

Laser Dichroic mirror

Objective lens

= Excitation light

= (Qut-of-focus emission light

¥

L === |n-focus emission light
Sample with different

focal planes

Figure 2.14. Central components of a fluorescence confocal microscope.

In the present work, laser scanning confocal microscopy has been applied to:

The study LC3/GABARAP participation in mitophagy: (See next section and
Chapter 3 for details): GFP-tagged LC3/GABARAP proteins were transfected
into SH-SHY5 cells and mitochondria were labelled (MitoTracker or co-
trasfection with DsRed). The colocalization of LC3/GABARAP proteins and
mitochondria after a mitophagy inducing treatment was assessed.

The study of the interaction between LC3/GABARAP and E3: (See Protocol
10 and Chapter 5): GFP-tagged E3 was used to assess its binding to
LC3/GABARAP covered beads.

The reconstitution of GABARAPL1 lipidation reaction in GUV in the
presence or in the absence of E3 complex: (See Chapter 5): GABARAPL1
labelled with Alexa 633 and E3 complex labelled with a GFP tag were mixed
together with the rest of the UBL-system proteins, ATP and GUV (See Protocol
14 and Protocol 15) to observe GABARAPL1 and E3 localization.
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2.13. Mammalian cell culture

Cell cultures are one of the most frequently used experimental setup for the investigation
of autophagy. In this thesis, they were used to study the participation of the
LC3/GABARAP-family members in mitophagy, the specific autophagy of mitochondria
(See Chapter 3). These techniques were performed in collaboration with A. Etxaniz at
Instituto Biofisika UPV/EHU, CSIC (Leioa, Spain).

2.13.1. Cell culture and mitophagy-inducing treatments

SH-SY5Y neuroblastoma cell line (Figure 2.15) was kindly provided by Dr. I. Ramos
(Innoprot, Derio, Spain). Cells were grown in an atmosphere of 5% CO; at 37°C in RPMI
1640 medium containing 10% fetal bovine serum, non-essential amino acids and 1%
penicillin-streptomycin.

Figure 2.15. SH-SY5Y cells. (A) Low density. (B) High density. Adapted from ATCC (CRL-2266).
Bar=100 pm

In order to activate mitophagy three different treatments (Table 2.7) previously used in
other studies (Chu et al., 2013; Kagan et al., 2016; Nguyen et al., 2016b) were used (See
Chapter 3 for details).

Treatment Concentration Duration Function
Rotenone 1uM 6h Inhibitor of complex | of the respiratory chain
ccep 20 UM 1h Proton ionophore commonly used as an uncoupling

agent and inhibitor of photosynthesis

Oligomycin A
+ Antimycin A

Oligomycin A: ATP synthase inhibitor

10 w74 pM 6h Antimycin A: mitochondrial electron transport inhibitor

Table 2.7. Mitophagy-inducing treatments used in this doctoral thesis.
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2.13.2. Cell Transfection

In order to express the GFP-tagged LC3/GABARAP proteins, cells were transfected
using Lipofectamine™ 2000 following the manufacturer's instructions (See Protocol 23).
The plasmids used for mammalian cell transient transfection of LC3/GABARAP labelled
with GFP had the full sequence of the proteins (see Table 2.1).

Protocol 23. Transient cell transfection

1. Seed cells 24 hours before the experiment to have cells at 70% confluence for the
transfection. For example, in a p-Slide 8-well chambered coverslips (Ibidi, 80826),
seed 20.000 cell/well.

2. Prepare a mixture with the transfection agent (Lipofectamine™ 2000) and the DNA
in a 2:1 ratio (ul:pg). For a p-Slide 8-welll:

a. DNA mix: Dilute 0.25 pg DNA in opti-MEM to a final volume of 25 pl.

b. Transfection mix: Dilute 0.5 pl Lipofectamine 3000™ in opti-MEM to a final
volume of 25 pl.

c. Add the transfection mix to the DNA mix and incubate 5 min.
Transfer the mix to the well in a dropwise manner

Culture cells for 24 h at 37°C and 5% CO2 and analyze transfection efficiency.

2.13.2.1. RNA Silencing (siRNA)

This technique was used in order to address the role of LC3A and LC3B proteins in
CCCP-induced mitophagy. The siRNAs were designed to target the same sequences
used in other works (Table 2.8). Transfection protocol (see Protocol 23) was also used
for RNA silencing. Cells were seeded the day before in 6-well plate (100000 cells/well).
Transfection with the adequate siRNA (100nM) was performed. Then, the transfection
protocol was repeated three times more, after 24 h, 48 h and 72 h. Efficiency of the
silencing was checked by western blot (See next section).

J?;i?; Description Sequence Reference
Target sequence (5" >3") GGCUUCCUCUAUAUGGUCUACGCCU hii
LC3A Sense SIRNA (53) | GGCUUCCUCUAUAUGGUCUACGCCUUU (‘;‘:Zrﬂl‘zo'lnze)"
Antisense siRNA (5" >3") | AGGCGUAGACCAUAUAGAGGAAGCCUU ?
Target sequence (5" >3") CAAAGUUCCUUGUACCUGA (SuEhel
LC3B Sense siRNA (5" >3") CAAAGUUCCUUGUACCUGAUU 2017) B
Antisense siRNA (5" >3") UCAGGUACAAGGAACUUUGUU
Target sequence (5" >3) UUCUCCGAACGUGUCACGUTT (Liu et al.
Control Sense siRNA (5" >3") UUCUCCGAACGUGUCACGUUUUU 2017) '
Antisense siRNA (5" >3") AAACGUGACACGUUCGGAGAAUU

Table 2.8. siRNA synthesized by IDT to silence LC3A and LC3B proteins.
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2.13.3. Cell lysis and Western blot

Western blot is a useful technique to detect autophagy activation in cells, as the
appearance of a faster migrating LC3/GABARAP band is an indicator of their lipidation
and binding to membranes and so, their participation in autophagy. Western Blot also
allows the detection of mitochondrial proteins and therefore it permits the study of
mitochondrial flux (See Chapter 3 for details). Protocol 24 contains a schematic
procedure of the steps needed to lyse the cells and detect the protein of interest by

western blotting.

2.

Protocol 24. Cell Lysis and Western Blot

For cell lysis:
1. Scrap the cells in phosphate buffer saline (PBS).
2. Centrifuge and collect them at 1500 x g for 10 min at 4°C
3. Lyse the cells during 45 min using RIPA lysis buffer (R0278, Merck) supplemented
with protease inhibition cocktail at 1X.
4. Centrifuge the lysates at 12000 x g for 10 min at 4°C and collect supernatants.
5. Measure protein concentration using a BCA assay (see section 2.5.1.2)

For Western blot:
1.

Load the same amount of protein in each well (20-30 pg/sample) and run the SDS-
PAGE polyacrylamide gel.

Transference:
a. Prepare a gel sandwich with Trans-Blot filter papers and a PVDF blotting
membrane HybondTM (10600021), activated previously with methanol.
Hydrate it with transference buffer (2.25 g glycine, 5.81 g Tris, pH 8, 0.375
g SDS, 200 mL MetOH and H20 to 1L).

b. Transfer the protein using a Trans-Blot Turbo® equipment (Bio-Rad) at
22V for 30 min at room temperature

Blocking:
a. Use 5% nonfat milk in TBST buffer (20 mM Tris-HCI, 150 mM NaCl, 0.1%
Tween 20) 1h at room temperature.

Primary antibody incubation:
a. Incubate the membranes with the specific primary antibodies in TBST
buffer containing 1% of nonfat milk O/N at 4°C.

Secondary antibody incubation:
a. After washing with TBST, incubate blots with the specific secondary
antibodies (1:5000) in TBST containing 1% nonfat milk for 1 h at room
temperature, using HRP-conjugated antibodies.

Detection:

a. After washing with TBST, add Immobilon® Forte Western HRP Substrate
(WBLUF0100, Millipore) to the blot and visualize the protein bands using
an iBright FL1500 Imaging System (Invitrogen- Thermo Fisher Scientific
Inc, Waltham, MA, USA)
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2.13.4. Mitochondrial isolation

Obtaining highly enriched mitochondria preparations is useful to evaluate the function of
LC3/GABARAP proteins in mitophagy. Mitochondrial isolation is a typical procedure in
many laboratories. Protocol 25, adapted from (Frezza et al., 2007) illustrates a
schematic diagram of a 1-hour step-by-step procedure to obtain functional mitochondria.

Protocol 25. Mitochondrial isolation

1. Growth cells in T175 flask at 70% confluence
Perform all following steps on ice. Cool centrifuge and buffers at 4°C

2. Wash the cells twice with cold PBS1X (137 mM NaCl, 2.7 mM KCI, 10 mM
NazHPO4, 2 mM KH2POa, pH 7.4

Scrap the cells in 25 ml cold PBS.
Centrifuge cells 5 min, 950 x g at 4°C

Discard the supernatant and resuspend the pellet in 4 ml ice cold mitochondrial
isolation buffer (MIB) (10 mM HEPES, 70 mM sucrose, 210 mM mannitol, 1 mM
EDTA, pH 7.5) supplemented with protease inhibitors.

6. Transfer cell suspension to a pre-cooled 5 ml glass-teflon Elvehjem potter for
homogenization.

7. Homogenization (50 strokes)
Centrifuge the homogenate at 1500 x g for 10 min at 4°C
Collect the supernatant

10. Centrifuge the supernatant at 10500 x g for 5 min at 4°C

11. Discard the supernatant and wash the purified mitochondria-containing pellet with
MIB.

12. Resuspend the pellet in RIPA lysis buffer.

13. Check for adequate mitochondria isolation by immunodetection of COX-IV (only
in the mitochondrial fraction).
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Chapter 3. LC3 subfamily in CL-mediated mitophagy

CHAPTER 3. LC3 subfamily in cardiolipin-
mediated mitophagy: A comparison of the
LC3A, LC3B and LC3C homologs

3.1. Introduction

Mitochondria are essential organelles for energy transduction in the eukaryotic cell.
Mitochondrial dysfunctions have been associated with a wide number of pathological
conditions, including neurodegenerative diseases, myopathies, and cancer (Um & Yun,
2017). Cells have developed different quality control systems in order to maintain an
optimal mitochondrial network, including processes that allow the removal of damaged
or superfluous mitochondria without causing cell death (Pickles et al., 2018). Among
them, the selective degradation of mitochondria via macroautophagy is termed
mitophagy (Figure 3.1).

Mitochondrial
network

Mitophagosome
- Lysosome fusion

Mitolysosome

Mitophagosome

Step 1: Fission from
mitochondrial network’

Step 1a: DRP1 dependent
Step 1b: Autophagy machinary
dependent

Step 3: Phagophore recruitment/expansion
+ mitochondria engulfment

w Autophagy receptor
g

®_/

Step 2: Priming targeted
mitochondria

ULK1
complex

LC3/GABARAPs

: ATGOA - preteins

Step 2a: Ubiquitin priming vesicles

Step 2b: OMM receptors priming

Figure 3.1. Molecular steps of mitochondrial degradation via mitophagy. Taken from Montava-Garriga
& Ganley (2020).
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Recognition of damaged or superfluous mitochondria is a key event in mitophagy. Many
different indicators of mitochondrial damage are known. The PINK1-PRKN/Parkin axis,
recognized as the main regulator of mitophagy (Nguyen et al., 2016a), is characterized
by the tagging of damaged mitochondria with ubiquitin chains that trigger their selective
autophagy. This process requires the participation of different proteins such as OPTN
(optineurin) and CALCOCO2/NDP52, which act as receptors. They are able not only to
recognize the ubiquitin chain on the mitochondrial surface but also to bind LC3B in the
phagophore membrane (Lazarou et al., 2015). However, a growing body of evidence has
shown that this pathway is not the only relevant one. Many mitophagy receptors, such
as FUNDC1, BNIP3L/NIX, BNIP3, BCL2L13, AMBRA1 or FKBPS8, that are found in the
outer mitochondrial membrane (OMM), have shown the ability to recruit directly
LC3/GABARAP proteins to mediate mitochondrial degradation, without ubiquitin
signaling (Villa et al., 2018). Most of these receptors have an LC3-interacting motif (LIR)
that allows their association with LC3/GABARAP proteins (Johansen & Lamark, 2020).
Lipids, such as ceramide (Sentelle et al., 2012) or cardiolipin (Chu et al., 2013), can also
serve as damaged mitochondrial signals/receptors.

The mitophagy mechanism mediated by the phospholipid cardiolipin (CL) is particularly
intriguing. CL is essential for mitochondrial function and it is localized in the inner
mitochondrial membrane (IMM) in healthy mitochondria (Dudek, 2017). In 2013, Chu
found out that rotenone and other pro-mitophagic stimuli caused CL externalization to
OMM, in turn inducing mitophagy (Chu et al., 2013). Furthermore, inhibition of CL
synthesis or of CL externalization decreased the delivery of mitochondria to AP.
Therefore, those authors proposed that CL would play a role in mitophagy; its
externalization to the OMM upon mitochondrial injury would act as a signal for LC3
proteins to remove damaged mitochondria in neuronal cells, preventing CL oxidation and
accumulation of proapoptotic signals (Chu et al., 2013).

Mitochondrial
injury

—

Figure 3.2. CL externalization acts as a signal for mitophagy. Adapted from Chu et al. (2013) and
Montava-Garriga & Ganley (2020).

Recent studies have demonstrated that CL-externalization takes place also in vivo.
Traumatic brain injury (TBI) model animals externalize CL to the OMM to a similar extent
than rotenone-exposed mitochondria, thus underlining the importance of CL for
mitophagy induction during the early response to TBI in human and rat brain (Chao et
al., 2019). Moreover, it is known that TAFAZZIN-deficiency-related perturbations in CL
remodeling, found in the Barth syndrome, cause defective mitophagosome biogenesis
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(Hsu et al.,, 2015). In addition, it seems that externalized CL could interact with
SNCA/alpha-synuclein (Ryan et al., 2018), a protein associated with Parkinson disease.
For these reasons, studying this mechanism of CL-mediated mitophagy could lead to
interpreting some neurodegenerative diseases as mitophagy-related diseases (Chu,
2019; Lizama & Chu, 2021).

Chu et al. (2013) demonstrated the importance of two conserved residues (R10, R11)
located in the N-terminal region of LC3 proteins for its interaction with CL. They proposed
a mode of interaction between LC3 proteins and CL based on the recognition of
damaged mitochondria by the protein N-terminal region, while their C-terminal region
would target the autophagosomal membrane. These results were extended by studies
in our laboratory (Antdén et al.,, 2016) that explored the molecular basis of LC3-CL
interaction. It was shown that LC3B was able to interact preferentially with CL over other
di-anionic lipids, and that after protein binding to CL-enriched membranes the C-terminus
of LC3B remained exposed to the hydrophilic environment allowing its interaction with
the phagophore. Thus, CL appeared to serve as a specific mitophagy receptor for LC3
proteins, ultimately leading to the removal of damaged mitochondria. However, although
Chu et al. (2013) showed that LC3A and LC3B interacted with CL-containing liposomes,
no comparative study was available on the CL- and mitochondria-binding abilities of the
LC3 subfamily members LC3A, LC3B, and LC3C.

In the present chapter, first, a comparative analysis of the LC3-subfamily members’
interaction and specificity for CL-containing model membranes was performed. Then,
some mutants were designed to investigate the protein regions implicated in CL
recognition. Their ability to translocate to mitochondria upon CL-externalizing treatments
was also assessed and the capacity of the mutants to mediate mitophagy was analyzed,
as well as the recognition of oxidized CL by LC3A and LC3B.
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3.2. Materials and methods

3.2.1. Materials.

L-a-phosphatidylcholine from hen egg yolk (ePC; 840051), bovine heart cardiolipin (CL;
90% tetralinoleoylcardiolipin, 5% tetraoleoylcardiolipin, 5% unknown; 840012), brain
phosphatidylinositol-4-phosphate (Ptdins4P; 840045), egg phosphatidic acid (PA;
840101), hen egg L-a-phosphatidylglycerol (PG; 841138), 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine-N-lissamine rhodamine B sulfonyl (Rho-PE; 810150), and
1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE; 850725) were purchased
from Avanti Polar Lipids, Inc. E. coli BL21(ADE3) cells (C600003), RPMI 1640 medium
(61870-10), Opti-MEM medium (11058-011), Lipofectamine™ 2000 (11668027),
Lipofectamine™ 3000 (L3000008), MitoTracker™ Red CMXRos (M7512), fetal bovine
serum (10270106) were purchased from Thermo Fisher Scientific. Anti-LC3A (ab26628),
anti-LC3B (ab51520) anti-LC3C (ab150367) anti-COX4l/COX-IV (abl14744) antibodies
and rotenone (ab143145) were purchased from Abcam. Anti-ACTB/actin (sc-8432),
HRP-conjugated anti-mouse (sc-516102), HRP-conjugated anti-rabbit (sc-2357)
antibodies, carbonyl cyanide m-chlorophenylhydrazone (CCCP; sc-202984) and
oligomycin A (sc-201551) were purchased from Santa Cruz Biotechnology. DMEM
medium (D5796), isopropyl-B-D-thiogalactoside (IPTG; 16758), DL-dithiothreitol (DTT,;
D0632), paraformaldehyde (PFA; 158127), non-essential amino acids (M7145), 1%
penicillin-streptomycin (P4333), RIPA lysis buffer (R0278), antimycin A (A8674),
Immobilon®Forte Western HRP Substrate (WBLUF0100), Thrombin Protease (27-0846-
01), cOmplete™, EDTA-free Protease Inhibitor Cocktail (5056489001) and sucrose
(84097) were purchased from Merck.

3.2.2. DNA constructs and site-directed mutagenesis.

The pGEX4T-1 plasmids for expression of several of the various LC3/GABARAP
proteins tagged with GST (glutathione S-transferase) (human LC3A, human LC3B,
human LC3C and human GABARAPL2) were kindly provided by Dr. Ivanna Novak
(School of Medicine, University of Split, Croatia). Note that each of these LC3/GABARAP
proteins was a truncated form lacking the C-terminal Gly. The Gly-exposed forms (Table
2.1), such that no ATG4-mediated pre-processing was necessary, that were used in this
work, were constructed using a QuikChange site-directed mutagenesis kit (Agilent,
200514) (Table 2.2). The green fluorescent protein (GFP) plasmids (pHAGE-N-eGFP)
(Table 2.1). were kindly provided by Dr. Christian Behrends (Munich Cluster for Systems
Neurology, Munich, Germany.) Each of these GFP-tagged LC3/GABARAP-family
members contains the full-length sequence of the proteins. For the preparation of the
mutant proteins LC3AAE (LC3A-EK), LC3AK!E (LC3A-AE), LC3AAMEKISE (| C3A-EE),
LC3BE¥A (LC3B-AE), LC3BE*® (LC3B-EK), LC3BE“AELK (LC3B-AK), LC3CA°E, GFP-
LC3A®120A  GFP-LC3BC1?%A GFP-LC3C®%A and GFP-GABARAPL2CSC an inverse
PCR-based site-directed mutagenesis using the KOD-Plus mutagenesis kit (Toyobo,
SMK-101) was employed, following the instructions of the manufacturer. The sequences
in all mutant constructs were confirmed by DNA sequencing analysis (Secugen S.L)
(Protocol 2). The primers used for making the different mutants are listed in Table 2.3.
The chimeras (LC3A/B, LC3C/B), the GFP-tagged double mutants (GFP-LC3A-EE,
GFP-LC3B-AK) and the LC3AR?MIA mutant (GST- and GFP-tagged versions) were
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obtained by subcloning (synthesized by GenScript). Circular dichroism analysis of native
and mutant proteins was performed. The results indicated that the mutations did not
appreciably affect the protein secondary structure (data not shown).

3.2.3. Recombinant protein expression and purification.

LC3/GABARAP proteins and their mutants were purified (Protocol 3) from soluble
fractions of bacterial extracts obtained in the absence of detergents, and they were >90%
pure as evaluated by Coomassie Brilliant Blue-stained SDS-PAGE. E. coli BL21(ADE3)
cells were transformed with appropriate plasmids, they were grown to ODepp=0.8 and
induced with 0.5 mM IPTG for 16 h at 20°C. Following centrifugation at 4,500 x g for 15
min, the pellet was resuspended and sonicated in Breaking Buffer (PBS 1x, 20 mM Tris-
HCI pH 7, 150 mM NaCl, 1mM DTT with lysozyme, protease inhibitors mixture and
DNase) (See also Table 2.4). 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 GST-
tagged proteins. Bound proteins were cleaved with Thrombin Protease (See also Table
2.5) overnight at room temperature in Thrombin Buffer (140 mM NacCl, 2.7 mM KCl, 10
mM NazHPO,, 1.8 mM KH2PO,, pH 7.3 with freshly added 1 mM DTT). After cleavage,
they were eluted in Elution Buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA
with freshly added 1 mM DTT), then concentrated to 500 pl using Amicon Ultra-4 (4 mL,
3 kDa cut-off; Millipore, UFC800324), and loaded onto a Superdex 75 10/300 GL size
exclusion column (GE Healthcare, GE17-5174-01) equilibrated in Elution Buffer
supplemented with freshly added 1 mM DTT. Proteins were distributed in aliquots, flash-
frozen and stored in 20% glycerol at -80°C until further use.

3.2.4. Liposome preparation.

The appropriate lipids were mixed in organic solution and the solvent was evaporated to
dryness under a N2 stream. Then the sample was kept under vacuum for 1 h to remove
solvent traces. The lipids were swollen in Assay Buffer in order to obtain multilamellar
vesicles (MLV) (Protocol 12). Large unilamellar vesicles (LUV) (Protocol 13) were
produced from MLV according to the extrusion method described by Mayer et al. (1986).
They were subjected to 10 freeze/thaw cycles, and then extruded using a LIPEX
Liposome Extrusion System (Evonik Health Care, Essen, Germany) with a 0.1-um pore
size Nuclepore filters (Whatman, 110605). Small unilamellar vesicles (SUV) (Section
2.6.3) were obtained by sonicating MLV with a probe tip sonicator (MSE Soniprep 150,
MSE, UK) for 20 min (10 sec on, 10 sec off) on ice. Vesicle size was checked by quasi-
elastic light scattering using a Malvern Zeta-Sizer 4 spectrometer (Malvern Instruments,
Malvern, UK). LUV had an average diameter of =100 nm, and SUV average diameter
was =50 nm. Phospholipid concentration was determined by phosphate analysis
(Protocol 11) (Bottcher et al., 1961).
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3.2.5. Vesicle flotation assay.

Protein interaction with membranes was assessed using flotation in sucrose gradients
(Protocol 16). Liposomes (3 mM), containing 0.05 mol% Rho-PE for detection, were
incubated with 10 uM of the different purified proteins, for 1 h at 37°C in Assay Buffer
under continuous stirring (1100 rpm). The protein/lipid mix was adjusted to 1.4 M sucrose
concentration in 300 ul and transferred to a centrifuge tube. This first (bottom) layer was
overlaid with successive solutions containing 0.8 M (400 pl) and 0.5 M (300 ul) sucrose.
The three-layer gradients were centrifuged in a TLA-120.2 rotor (Beckman Coulter, Brea,
CA, US) at 355040 x g for 50 min at 4°C. After centrifugation, four 250-ul fractions were
collected, starting from the bottom. Proteins were detected in SDS-PAGE gels by using
Coomassie Brilliant Blue staining, and the presence of liposomes was monitored by
measuring rhodamine (Rho-PE) fluorescence in a microplate reader Synergy HT (Bio-
Tek, Winooski, VT, USA). Densitometry of the protein bands was performed using
ImageJ software, and the percent liposome-bound protein was calculated from the band
intensities measured in the third + fourth fractions (floating vesicle fractions), relative to
the total sum of intensities measured in all fractions.

3.2.6. Cell culture.

SH-SY5Y neuroblastoma cells (ATCC®, CRL-2266™) obtained from Innoprot S.L.
(Derio, Spain) were cultured in RPMI 1640 medium containing 10% fetal bovine serum,
non-essential amino acids and 1% penicillin-streptomycin at 37°C in a humidified
atmosphere with 5% CO.. Cells were transfected with Lipofectamine™ 3000 following
the manufacturer's instructions (Protocol 23).

3.2.7. Fluorescence confocal microscopy.

SH-SY5Y cells were grown on p-Slide 8-well chambered coverslips (Ibidi, 80826). 24 h
post-transfection, cells were stained with MitoTracker Red CMXRos (100 nM 1 h 37°C)
or co-transfected with DsRed2-Mito-7 plasmid (Addgene, 55838; deposited by Michael
Davidson). Cells were treated with rotenone (1 uM 6 h), CCCP (20 uM 1 h) or O/A
(oligomycin A 10 uM + antimycin A 4 uM, 6 h) in serum-free medium and then fixed with
4% paraformaldehyde (PFA) for 10 min. Samples were visualized in an inverted confocal
fluorescence microscope (Nikon Eclipse C1, Nikon Inc., Melville, NY, USA) with a x60
oil immersion objective. The excitation wavelengths used were 488 nm for GFP and 561
nm for MitroTracker Red, and emitted fluorescence was recorded using band pass filters
BP515 and BP593 respectively. Autophagy vesicles and their colocalization with
mitochondria were analyzed using Just Another Colocalization Plugin Software (JaCoP)
in ImageJ (Bolte & Cordelieres, 2006). At least 30 cells were analyzed per condition.

3.2.8. Cell lysis and western blot.

Cells were scraped in PBS and collected after centrifugation at 1500 x g for 10 min at
4°C. They were lysed using the commercial RIPA lysis buffer supplemented with
protease inhibition cocktail at 1X for 45 min. Afterwards, cell lysates were centrifuged at
12000 x g for 10 min at 4°C and supernatants were collected. Samples were separated
by SDS-PAGE, using 15% polyacrylamide gels, and then transferred onto PVDF blotting
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membranes with a 0.2-um pore size (Amersham™ Hybond™, 10600021). Membranes
were blocked with 5% nonfat milk in TBST buffer (20 mM Tris-HCI, pH 7.4, 150 mM NacCl,
0.1% Tween 20 [Sigma-Aldrich, P7949]). Western blots were performed incubating the
membranes with primary antibodies in TBST buffer containing 1% of nonfat milk
overnight at 4°C. The primary antibodies employed were: anti-LC3A (rabbit) 1:1000
(Abcam, ab26628); anti-LC3B (rabbit polyclonal) 1:10000 (Abcam, ab51520); anti-LC3C
(rabbit monoclonal) 1:1000 (Abcam, abl150367); anti-COX4l/COX-IV (mouse
monoclonal) 1:1000 (Abcam, ab14744); anti-ACTB/actin (mouse monoclonal) 1:1000
(Santa Cruz Biotechnology, sc-8432). After washing, blots were incubated with
secondary antibodies in TBST containing 1% nonfat milk for 1 h at room temperature,
using HRP-conjugated anti-mouse 1:5000 (Santa Cruz Biotechnology, sc-516102) or
HRP-conjugated anti-rabbit 1:5000 (Santa Cruz Biotechnology, sc-2357) as required.
Blots were then washed in TBST and bands were visualized using Immobilon®Forte
Western HRP Substrate in an iBright 1500 equipment (Invitrogen, California, CA, USA).
See also Protocol 24.

3.2.9. siRNA.

SH-SY5Y cells were transfected with 100 nM siRNA using Lipofectamine™ 2000 in Opti-
MEM medium according to manufacturer instructions. Opti-MEM was replaced with
complete RPMI 1640 medium after 6-h incubation. This incubation was repeated after
24 h, for a period of 72 h. siRNAs were designed to target the sequences used in other
works (Liu et al., 2017; von Muhlinen et al., 2012) for the specific silencing of LC3A and
LC3B proteins and are indicated in Table 2.5.

3.2.10. Mitochondrial isolation.

Cells were collected and resuspended in mitochondrial insolation buffer (MIB; 10 mM
Hepes, 70 mM sucrose, 210 mM mannitol, 1 mM EDTA, pH 7.5) supplied with protease
inhibitors and homogenized (50 strokes) with a Potter-Elvehjem homogenizer (Fischer
Scientific, 10373143). The homogenate was centrifuged at 1500 x g for 10 min at 4°C
and the post-nuclear supernatant was collected. Supernatants were mixed and
centrifuged at 10500 x g for 5 min at 4°C. The pellet containing purified mitochondria was
washed once with MB, and finally resuspended in RIPA lysis buffer supplemented with
protease inhibition cocktail at 1X. Samples were examined by western blot.
Immunodetection of COX4l only in mitochondrial fractions was considered as a control
of mitochondrial isolation. See also Protocol 25.

3.2.11. Statistical analysis.

Statistical analyses were performed using the Student’s t-test. Results in Figure 3.11
were analyzed with ANOVA.
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3.3. Results

3.3.1. The similarity of predicted CL-interacting residues in LC3-
subfamily members suggests similar functions.

Despite the extensive structural similarities (Figure 3.3A), a marked variation between
LC3/GABARAP family members is found in the N-terminal region (See also section 1.4).
It has been shown that, while the first a-helix of LC3 subfamily is strongly basic, in the
GABARAP subfamily this region is acidic (Sugawara et al., 2004) (Figure 3.3A, B).
These differences are relevant because the N-terminal region of these proteins might be
important for specific functions during autophagy, playing an important role in protein-
protein interactions, lipid-protein interactions, or via post-translational modifications (Lee
& Lee, 2016).

Previous studies from this laboratory have focused on the potential different roles of
these two subfamilies, both in cargo recognition (Anton et al.,, 2016) and during
autophagosome expansion (Landajuela et al., 2016). Regarding cargo recognition,
several aspects of the mitophagic mechanism initiated by CL externalization remain
obscure. Previous work from this laboratory (Antén et al., 2016) compared the behavior
of LC3B with that of GABARAP subfamily members. The study explored the differences
in residues putatively involved in LC3B interaction with CL (Figure 3.3B). In vitro, the
GABARAP-subfamily members showed less binding to CL than LC3B and this
corresponded with the absence of translocation to mitochondria in cells.

Taking into account the similarity between the predicted CL-interacting residues in LC3B
and those in LC3A and LC3C (Figure 3.3B), it could be assumed that all three LC3-
subfamily members would be involved in CL recognition. This hypothesis was
experimentally tested as follows.
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Figure 3.3. LC3/GABARAP-family members and their interaction with CL. (A) Schematic representation
of the 3D structures of yeast Atg8 and of each LC3/GABARAP protein in solution, displayed with PyMOL.
PDB: Atg8 (2KQ7), LC3A (5CX3), LC3B (2ZJD), LC3C (2NCN), GABARAP (1GNU), GABARAPLL1 (5LXI)
and GABARAPL2 (4CQO7). The thermodynamically preferred residues for cardiolipin binding on LC3B,
identified by docking analysis (Chu et al., 2013), and their equivalents in the other LC3/GABARAP-family
members are highlighted in gray [See (B)]. Among them, the two residues in the a1 N-terminal region
proposed to be essential for the interaction, and their equivalents in the LC3 subfamily, are colored in blue
(positively charged). The amino acid corresponding to R10 of LC3B is a negatively charged residue in the
GABARAP subfamily, colored in red (See Figure 1B). (B) Sequence alignment of the human orthologs of
Atg8 obtained with Clustal W. UniProt: LC3A (Q9GZQ8), LC3B (Q9GZQ8), LC3C (Q9BXW4), GABARAP
(095166), GABARAPL1 (Q9HORS8) and GABARAPL2 (P60520). The secondary structure elements of LC3B
(PDBsum, 2ZJD) are indicated above the alignment as an example. The N-terminal and a-helix 1 (a1) of the
two subfamilies are boxed. As in (A), the thermodynamically preferred residues for cardiolipin binding of
LC3B, and their equivalents in the other members of the LC3/GABARAP family are highlighted in gray (gray
arrow). The two positively charged a1 N-terminal residues proposed to be essential for the interaction of
LC3B with CL and their equivalents are colored; blue: positively charged, red: negatively charged. The C-
terminal glycine (black arrow) is conserved in all the LC3/GABARAP-family members.
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3.3.2. LC3A and LC3C, as well as LC3B, interact with CL-containing model
membranes.

To determine whether members of the LC3 subfamily other than LC3B were also able to
bind CL-enriched model membranes, the binding of LC3A and LC3C to large unilamellar
vesicles (LUV) containing CL was measured. For this purpose, a vesicle flotation assay
(Protocol 16) was performed (Anton et al., 2016), in which protein association with
membranes was assessed by the protein ability to float together with the vesicles after
equilibrium in sucrose-gradient centrifugation (Figure 2.8). A highly unsaturated (mainly
tetralinoleoyl) CL was chosen based on the results by Anton et al. ( 2016), who compared
the LC3B binding affinities towards CL containing acyl chains with different degrees of
unsaturation. CL concentration in these experiments intended to mimic the one of the
interaction zones formed in the OMM after CL exposure, and it was based on the CL
levels used in similar studies with other proteins (Landeta et al., 2011; Ryan et al., 2018;
Stepanyants et al., 2015).

In fact, the in vitro interaction of LC3A and LC3C with CL was higher than that of LC3B.
Almost all of the LC3C was bound to membranes when CL was present, and, while not
all LC3A interacted with CL, it nearly doubled the proportion of bound LC3B (Figure 3.4).
Binding of the three proteins was dependent on both vesicle curvature (the proteins
bound more highly curved SUV better than LUV) and CL concentration in the bilayers
(Figure 3.5). Consistent with previous results (Antén et al., 2016) GABARAPL2 did not
reach the binding level of the LC3 proteins to CL-containing membranes (Figure 3.4).
The results indicated that LC3B was not the only member of the LC3 subfamily able to
bind CL in lipid bilayers, thus perhaps LC3B might not be the only one capable of
recognizing externalized CL in damaged mitochondria.
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Figure 3.4. LC3A and LC3C, as well as LC3B, interact with CL-containing model membranes.
Interaction of LC3A, LC3B, LC3C and GABARAPL2 with LUV containing CL using a vesicle flotation assay.
LUV were composed of ePC:DOPE:CL (33:33:33 mol ratio) + 0.05% Rho-PE. The presence of vesicles and
proteins in the different fractions was probed by Rho-PE fluorescence emission and by SDS-
PAGE/Coomassie Brilliant Blue staining respectively. Bars at the bottom: Rho-PE emission was detected
only in fractions 3-4 (i.e., floating fractions). The bars at the right-hand side correspond to the percentage of
bound protein, taken as protein co-floating with vesicles and calculated by gel densitometry. Data are means
£SD (n29). **p <0.001.
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Figure 3.5. LC3 binding to liposomes is enhanced by membrane curvature and, in a dose-dependent
manner, by CL. Interaction of LC3 proteins with vesicles of different radii and/or CL contents was measured
by a vesicle flotation assay. (A) Binding of LC3A, LC3B, and LC3C to liposomes, quantified by gel
densitometry. LUV (100 nm) or SUV (50 nm) were composed either of ePC:DOPE (50:50 mol ratio) or of
ePC:DOPE:CL. In the latter case, the percent lipid proportions were 49.5:33:16.5, 44:33:22 or 33:33:33.
Data shown are means + SD (n = 3). ***p < 0.001, **p < 0.01, *p < 0.05 (B) Representative SDS-PAGE
Coomassie Brilliant Blue-stained gels of the fractions obtained from LC3A, LC3B, and LC3C vesicle flotation
assays, whose quantitative results are summarized in Figure 3.5A. Bound protein is computed as the
proportion retrieved in fractions 3+4 (See Figure 2.8).
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3.3.3.LC3A and LC3B interact preferentially with CL over other
negatively charged phospholipids.

To determine whether LC3 proteins interaction with membranes was specific for CL, the
binding of these proteins to LUV of different lipid compositions was investigated (Figure
3.6).
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Figure 3.6. Structures of relevant negatively charged phospholipids. Egg phosphatidic acid (PA), egg
phosphatidylglycerol (PG), heart cardiolipin (CL), brain phosphatidylinositol-4-phosphate (PtdIns4P).

None of the LC3-subfamily members was able to float in the absence of vesicles, or in
the presence of liposomes composed of electrically neutral phospholipids (egg
phosphatidylcholine [PC] or dioleoyl phosphatidylethanolamine [DOPE]) (Figure 3.7A).
Moreover, the interaction of LC3 proteins with membranes containing egg phosphatidic
acid (PA) or egg phosphatidylglycerol (PG), phospholipids that are structurally and
metabolically related to CL, was assayed. PA and PG are also negatively charged, but
they contain =1 charge per molecule under physiological conditions, vs. = 2 in the case
of CL (Kates et al., 1993). Neither LC3A nor LC3B did interact with PA- or PG-containing
membranes. LC3C was able to bind PA-containing bilayers, albeit the interaction was
lower than with CL-vesicles. PG did not increase LC3C binding to liposomes (Figure
3.7).

In addition, the interaction with brain phosphatidylinositol-4-phosphate (Ptdins4P) was
measured. PtdIins4P contains two negative charges per molecule, as in the case of CL,
but two fatty acyl chains per molecule, vs. four in the case of CL. None of the LC3-
subfamily members showed the ability to interact with Ptdins4P-containing membranes,
suggesting that the interaction could not be explained by purely electrostatic forces
(Figure 3.7). Note that Ptdins4P generation in autophagosomes was shown to be
critically important for GABARAP-mediated fusion with lysosomes (Wang et al., 2015),
another example of differentiation in the LC3/GABARAP-protein family. In summary, the
above results suggest that all three LC3-subfamily members interact preferentially with
CL over other negatively charged lipids, although LC3C displays also a rather high
affinity towards PA, which suggests that this protein is not as specific for CL as the other
LC3 homologs.
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Figure 3.7. LC3A and LC3B exhibit a marked specificity for CL. Interaction of LC3 proteins with
membranes of different compositions, measured by a vesicle flotation assay. (A) Representative SDS-PAGE
Coomassie Brilliant Blue-stained gels of the fractions obtained from LC3A, LC3B or LC3C vesicle flotation
assays performed without liposomes (-LUV) or with liposomes of different compositions, either ePC:DOPE
(50:50) or ePC:DOPE:X (33:33:33 mol ratio) where X was PA, PG, CL or Ptdins4P. Bound protein was
computed as the proportion retrieved in fractions 3+4 (See Figure 2.8). (B) Binding of LC3A, LC3B, and
LC3C to liposomes quantified by gel densitometry. Data are means + SD (n = 3). ***p< 0.001.
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3.3.4. The higher capacity of LC3C to interact with CL resides in its N-
terminal region.

To determine the characteristics that made LC3C interact with CL with a higher affinity
than LC3B, a sequence alignment of LC3C and LC3B was performed. LC3C exhibited
large differences with LC3B in its amino acid sequence (46/72% identity/similarity)
(Figure 3.8A). The main differences were found in the N terminal region. This
observation was consistent with the previously mentioned role of the N-terminal region
in the interaction with CL (Ant6n et al., 2016; Chu et al., 2013). Therefore, the possibility
that this region could participate in the interaction with CL was tested. For this purpose,
a chimera protein was constructed, containing the LC3C N-terminal region (1-33) and
the LC3B 29-120 residues (Figure 3.8B). The proportion of this chimera bound to CL-
containing liposomes was larger than that of LC3B, reaching the level of LC3C (Figure
3.8C, D), thus implying that the N-terminal region of LC3C alone was enough to explain
the higher degree of interaction with CL observed with LC3C.
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Figure 3.8. The higher capacity of LC3C to interact with CL resides in its N-terminal region. (A) Clustal
W alignment of LC3B and LC3C amino acid sequences. The N-terminal region of both proteins is boxed.
Residues processed by ATG4 and not present in our recombinant proteins are in light gray. (B) 3D outline
of the LC3C/B chimera composed of the structures of the LC3C N-terminal region (1-33 amino acids) and
29-120 residues of LC3B. (C) Representative SDS-PAGE/Coomassie Brilliant Blue-stained gels of the
fractions obtained from LC3B, LC3C/B or LC3C vesicle flotation assays performed with CL-containing
liposomes (ePC:DOPE:CL (33:33:33 mol ratio)). Bound protein was computed as the proportion retrieved in
fractions 3+4 (See Figure 2.8) (D) Binding of LC3B, LC3C/B, and LC3C to CL-containing liposomes
quantified by gel densitometry. Data are means + SD (n = 7). ***p < 0.001.
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3.3.5. The N-terminal regions of LC3A and LC3B are important for their
differential interaction with CL.

The reason why LC3A interacted with CL with a higher affinity than LC3B was also
explored. These two proteins exhibited a 79/92% identity/similarity when their amino acid
sequences were compared (Figure 3.9A) and the main differences were also found in
the N-terminal region. Therefore, the implication of this region in LC3A interaction with
CL was tested. In this case, a chimera composed of the LC3A N-terminal region (1-28)
and the LC3B protein 29-120 residues was designed (Figure 3.9B). The chimera
showed a higher interaction with cardiolipin than LC3B, even if it did not reach LC3A
binding levels (Figure 3.9C, D). These results suggested a mode of interaction with CL
involving other regions of the protein apart from its N terminus, similar to the mechanism
proposed for LC3B, but not to the one observed with LC3C. The increased CL interaction
with the LC3A/B chimera, as compared to that of LC3B, suggests that LC3A might
contain some residues in its N-terminal region allowing a stronger interaction with that
phospholipid.
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Figure 3.9. The N-terminal regions of LC3A and LC3B are important for their differential interaction
with CL. (A) Clustal W alignment of LC3B and LC3A amino acid sequences. The N-terminal region of both
proteins is boxed. Residues processed by ATG4 and not present in our recombinant proteins are in light
gray (B) 3D outline of the LC3A/B chimera composed of the structures of the LC3A N-terminal region (1-28
amino acids) and 29-120 residues of LC3B. (C) Representative SDS-PAGE/Coomassie Brilliant Blue-
stained gels of the fractions obtained from LC3B, LC3A/B or LC3A vesicle flotation assays performed with
CL-containing liposomes (ePC:DOPE:CL (33:33:33 mol ratio). Bound protein was computed as the
proportion retrieved in 3+4 (See Figure 2.8) (D) Binding of LC3B, LC3A/B, and LC3B to CL-containing
liposomes quantified by gel densitometry. Data are means £ SD (n = 8) ***p < 0.001.
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3.3.6. A14 and K18 residues in LC3A N-terminal region are key for its
higher interaction with CL.

To further analyze the importance of specific residues in the N terminus of LC3A, a
sequence alignment focusing on this region of LC3B and LC3A proteins was performed.
This comparison revealed that residues shown by Chu (Chu et al., 2013) to be involved
in the interaction with CL were the same in both proteins (R10, R11), suggesting that the
cause for the different behavior had to be found elsewhere.

Taking into account that the object of the study was an interaction with a negatively
charged phospholipid an analysis of the isoelectric points (pl) of the proteins (Figure
3.10A) was performed. The effect of ionic strength was assessed using either the
standard buffer (150 mM NacCl) or a buffer containing 300 mM NaCl. A decreased LC3
binding in the presence of high-ionic-strength buffer was observed in all cases (Figure
3.10B, C), pointing to an implication of electrostatic interactions in LC3 proteins binding
to CL-containing bilayers. Moreover, the fact that this decrease was more marked for
LC3A could indicate the implication of charged amino acids in the differential interaction
of LC3A and LC3B.
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Figure 3.10. Increasing ionic strength of the medium decreases the binding of LC3 to CL. Effect of the
increased ionic strength on the interaction of LC3 proteins with CL-containing membranes, measured by a
vesicle flotation assay. (A) Left: Schematic representation of the 3D structures of LC3 proteins, displayed
with PyMOL. PDB: LC3A (5CX3), LC3B (22JD), LC3C (2NCN) with their N-terminal region highlighted in
red, black and green respectively. Right: pl values of the N-terminal region, the remaining sequence, and
the full sequence of LC3A, LC3B and LC3C have been computed using the tool “Compute pl/Mw” of Expasy.
(B) Binding of LC3A, LC3B, and LC3C to liposomes composed of ePC:DOPE:CL (33:33:33 mol ratio) in
buffer containing 150 mM NaCl or in buffer containing 300 mM NaCl (+NaCl). Data shown are means + SD
(n=3)***p < 0.001, **p < 0.01. (C) Representative SDS-PAGE Coomassie Brilliant Blue-stained gels of the
fractions obtained from LC3A, LC3B, and LC3C vesicle flotation assays, whose quantitative results are
summarized in Figure S2B. Bound protein is computed as the proportion retrieved in fractions 3+4 (See
Figure 2.8).
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Two negatively charged amino acids were observed in LC3B (E14, E18) that were not
present in LC3A, the latter protein containing instead one neutral and one positively
charged residue (Al14, K18) (Figure 3.11A, B). To test the involvement of residues 14
and 18 in the differential LC3A and LC3B binding to CL, a series of mutants was
designed, expressed and purified. The objective was to “transform” LC3B into LC3A and
vice versa LC3A into LC3B by mutating the mentioned residues, to elucidate whether
the CL-binding affinity was influenced or not. As shown in Figure 3.11C and D, after
changing E14 of LC3B into the corresponding Al4 of LC3A, i.e. obtaining the mutant
LC3BE“A(LC3B-AE), the percentage of bound protein was higher than with native LC3B.
Mutating residue 18, to obtain LC3BE8¢ (LC3B-EK), also increased binding, to the same
extent than for LC3B-AE. The highest proportion of bound protein was found with
LC3BEMAEIS (| C3B-AK), above the value observed for LC3A (Figure 3.11C, D).
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Figure 3.11. A14 and K18 residues in LC3A N-terminal region are key for its higher interaction with
CL. (A) Comparative analysis of the N-terminal regions of LC3B and LC3A obtained using Clustal W. Amino
acids previously proposed to be important in LC3B-CL interaction (R10, R11) and the ones chosen in this
study to be mutated (positions 14 and 18) are written in bold and colored; red: negatively charged, blue:
positively charged, gray: no charge (B) 3D structures of the N-terminal regions of LC3B and LC3A showing
the amino acids chosen for this study and the residues already proposed to be involved in the interaction
with CL. (C) Representative SDS-PAGE/Coomassie Brilliant Blue-stained gels of the fractions obtained from
LC3B, LC3B-AE (LC3BE¥A), LC3B-EK (LC3BF8K), LC3B-AK (LC3BE4AELSK) 1| C3A, LC3A-EK (LC3AAME),
LC3A-AE (LC3AKI®E) | C3A-EE (LC3AAMMEKISE) vesicle flotation assays performed with CL-containing
liposomes (ePC:DOPE:CL (33:33:33 mol ratio)). Bound protein was computed as the proportion retrieved in
fractions 3+4 (see Figure 2.8). (D) Binding percentage of LC3B, LC3B-AE (LC3BF*), LC3B-EK (LC3BF8K),
LC3B-AK (LC3BEMAELSK) | C3A, LC3A-EK (LC3AAL4E), | C3A-AE (LC3AKISE) | C3A-EE (LC3AAMEKISE) tg
CL-containing liposomes quantified by gel densitometry. Data shown as mean + SD (n = 5) ANOVA statistical
analysis, ***p < 0.001.
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In the case of LC3A, both single-residue mutants (LC3A*E [LC3A-EK], LC3AKE [LC3A-
AE]) exhibited a decreased interaction. Furthermore, the LC3AAMEKIEE (| C3A-EE)
showed a degree of binding to CL-containing vesicles similar to that of LC3B (Figure
3.11C, D). Thus, while mutating the two residues of LC3B almost doubled its interaction,
changing the two amino acids of LC3A significantly decreased its interaction with CL,
demonstrating the importance of the nature of residues 14 and 18 in the higher CL
binding activity of LC3A. In addition, when the equivalent of the LC3B E14 residue (A20)
in the N-terminal region of LC3C was mutated, to obtain LC3CA?°E (Figure 3.12A, B),
LC3C binding was not affected (Figure 3.12C, D). Thus, the very effective binding of
LC3C to CL-containing vesicles should not be interpreted in the same terms described
for LC3A and LC3B above, rather indicating that the whole N-terminal region of LC3C
was important for its interaction with CL.
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Figure 3.12. Changing a specific LC3C N-terminal residue has no effect on the protein binding to CL.
(A) Comparative analysis of the N-terminal regions of LC3B and LC3C obtained using Clustal W. Amino
acids proposed to be important in LC3B-CL interaction (R10, R11), those residues proposed to make the
difference between LC3B and LC3A (E14, E18) and the corresponding ones in LC3C are colored: red,
negatively-charged; blue, positively-charged; gray, no charge. The arrows show the amino acid residue
designed to be mutated. (B) 3D structures of the N-terminal regions of LC3B and LC3C showing the said
amino acid residues. (C) Representative SDS-PAGE Coomassie Brilliant Blue-stained gels of the fractions
obtained from LC3C, LC3CA2%E and LC3B vesicle flotation assays performed with CL-containing liposomes
(ePC:DOPE:CL (33:33:33 mol ratio)). Bound protein is computed as the proportion retrieved in fractions 3+4
(See Figure 2.8). (D) Binding percentage of LC3C, LC3CA%F and LC3B to CL-containing liposomes
quantified by gel densitometry. Data shown are means + SD (n 2 3). ***p < 0.001.
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3.3.7.LC3A and LC3B puncta per cell and their colocalization with
mitochondria increase with rotenone treatment.

CL externalization to the OMM had been shown using treatments with non-lethal doses
of rotenone (Chu et al., 2013). However, the mechanism controlling CL externalization
is not completely understood. CL is a phospholipid mainly found in the inner monolayer
of IMM; therefore, three steps are required for it to be fully translocated to the external
monolayer of the OMM. Translocation between the monolayers of the same membrane
is believed to be catalyzed by PLSCR3 (phospholipid scramblase 3) (Chu et al., 2013;
Liu et al., 2008). The transfer between the IMM outer monolayer and the inner leaflet of
OMM is thought to be carried out by the kinase NME4/NDPK-D/Nm23-H4 (Kagan et al.,
2016; Schlattner et al., 2013).

To assess whether the above in vitro results were indicative of the behavior of LC3
proteins in cells, the involvement of each LC3 member in CL-mediated mitophagy was
tested. Experiments were performed using LC3A, LC3B, LC3C, and GABARAPL2 to test
whether this treatment induced an increase in LC3/GABARAP- protein puncta inside the
cell (as a signal of autophagy) and whether it increased the number of puncta that
colocalized with mitochondria (mitophagy). The experimental conditions were as
described in previous studies in which CL externalization had been shown (Chu et al.,
2013). SH-SY5Y neuroblastoma cells were transfected with GFP-tagged LC3 proteins
and treated with 1 uM rotenone (6 h). GFP-GABARAPL2 was used as a control as this
protein was unable to translocate to mitochondria upon rotenone treatment in U87MG
cells (Antén et al., 2016).

The formation of puncta, as detected by conventional fluorescence microscopy, has
been interpreted in the experiments below as an indicator of soluble LC3 (LC3-I)
conversion to the autophagosome-associated form (LC3-1l). To ascertain whether the
apparent autophagy observed was indeed due to autophagy vesicles and not to protein
aggregates, non-conjugatable mutants of the proteins were used. In those mutants the
C-terminal Gly had been mutated into an Ala residue, resulting in a non-functional form
of the proteins that could not be conjugated to PE, thus they could not be anchored to
the phagophore or autophagosomal membrane. The mutant proteins consistently failed
to give rise to puncta, indicating that the detected GFP signals did not correspond to non-
specific aggregates (Figure 3.13A, B).
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Figure 3.13. Autophagy quantification with native GFP-LC3/GABARAP proteins and with non-
conjugatable mutants confirms that most puncta in cells are autophagic vesicles and not
aggregates. SH-SY5Y neuroblastoma cells were transfected with different members of the LC3/GABARAP
family tagged with GFP (WT) and their respective non-conjugatable mutants (LC3AG20A | C3BCI20A
LC3CC126A and GABARAPL2C!6A) Cells were treated with 1 uM rotenone for 6 h. Vehicle (Veh) controls
were treated with DMSO. (A) Representative images of each condition. Images were retrieved using a Nikon
Eclipse C1 confocal microscope. Scale bar: 10 um. (B) Number of GFP puncta per cell in each condition,
an indication of autophagy. At least 30 images were analyzed per condition. ***p < 0.001, **p < 0.01, ns:
non-significant.

Six h-rotenone treatment induced an enhanced number of GFP-LC3A and GFP-LC3B
puncta, and their colocalization with mitochondria was equally increased (Figure 3.14A,
B and 3.15A, B). These results, using a CL-externalizing treatment, were consistent with
the ability of LC3A and LC3B to interact with CL-containing membranes in vitro (Figure
3.4). In agreement with previous results (Anton et al., 2016) and with our own in vitro
studies (Figure 3.4), rotenone did not increase GFP-GABARAPL2 colocalization with
mitochondria (Figure 3.14D and 3.15A,B). However, at variance with the other proteins,
a high amount of GFP-LC3C puncta was observed under basal conditions and, despite
the remarkable level of interaction displayed by LC3C with CL-containing membranes
(Figure 3.4), the amount of GFP-LC3C puncta did not increase after rotenone treatment
(Figure 3.14C and 3.15A,B). These results suggest that LC3A and LC3B are able to
recognize CL not only in model membranes but also in damaged mitochondria, while
LC3A and LC3B, but not LC3C or GABARAPLZ2, are involved in cargo recognition during
CL-mediated mitophagy.
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Figure 3.14. LC3A and LC3B puncta and their colocalization with mitochondria increase with
rotenone treatment. SH-SY5Y cells were transfected with different members of the LC3/GABARAP family
tagged with GFP. Mitochondria were labeled using MitoTracker Red, prior to treatment with 1 uM rotenone
for 6 h. Vehicle (Veh) controls were treated with DMSO. Images were retrieved using a Nikon Eclipse C1
confocal microscope. Scale bar: 10 ym. At the right-hand side of each condition, MitoTracker (red) and GFP
(green) line-profiles show examples of colocalization and non-colocalization events. Representative images
of GFP-LC3A (A), GFP-LC3B (B), GFP-LC3C (C) or GFP-GABARAPL2 (D) SH-SY5Y transfected cells
untreated (vehicle) or treated with rotenone. See Figure 3.15 for details and quantification.
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Figure 3.15. LC3A and LC3B puncta and their colocalization with mitochondria increase with
rotenone treatment. (A) Number of GFP-LC3A, GFP-LC3B, GFP-LC3C and GFP-GABARAPL2 puncta per
cell, an indication of autophagy, in SH-SY5Y cells untreated (Veh) and treated with rotenone (Rot). (B)
Percent GFP-LC3A, GFP-LC3B, GFP-LC3C and GFP-GABARAPL2 puncta that colocalize with
mitochondria, a signal of mitophagy, in SH-SY5Y cells untreated (Veh) or treated with rotenone (Rot). To
compute the percent colocalization, images were analyzed with JACop plugging of ImageJ. At least 30
images were analyzed per condition. ***p < 0.001, **p < 0.01, ns: non-significant.
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In order to confirm the participation of LC3A in CL-mediated mitophagy we treated our
cells with a different CL-externalization inductor (Kagan et al., 2016), carbonyl cyanide
m-chlorophenyl hydrazone (CCCP). We decided to assess the localization of LC3A after
a 1 h treatment in order to study the early stages of the process. We observed an
increase in the number of puncta and their colocalization with mitochondria after CCCP
treatment (Figure 3.16A,B). These results support the conclusion that LC3A, the
homolog recognizing CL in vitro with a higher specificity and efficiency, can also detect
damaged mitochondria during rotenone- or CCCP-induced mitophagy.
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Figure 3.16. LC3A puncta and their colocalization with mitochondria increase with rotenone and
CCCP treatment. Cells were co-transfected with DsRed2-Mito7 (DsRed) and with GFP-tagged WT or
mutant LC3A. Vehicle (Veh) controls were treated with DMSO. (A) Number of GFP puncta per cell, an
indication of autophagy, in SH-SY5Y cells treated with 1 uM rotenone for 6 h or with 20 yM CCCP for 1 h.
(B) Percent GFP puncta that colocalize with mitochondria (DsRed), a signal of mitophagy, in SH-SY5Y cells
untreated (Veh), treated with 1 uM rotenone for 6 h (Rot), or with 20 yM CCCP for 1 h (CCCP).
Representative images can be found in Figure 3.18B and C.

3.3.8. The double mutation that hampers LC3A binding to CL in vitro also
decreases its location to mitochondria in rotenone- and CCCP-
induced mitophagy.

To determine whether the residues identified as key for the differential in vitro interaction
of LC3A and LC3B with CL were also important in cells, the ability of the double mutants
to recognize damaged mitochondria was tested. SH-SY5Y cells were transfected with
the GFP-tagged LC3 WT or mutant proteins and treated with different mitophagy
inductors. LC3B-AK, which exerted a significant positive action in vitro, did not have a
parallel effect in rotenone-treated cells (Figure 3.17), suggesting a peculiar mode of
LC3B-CL interaction that would not involve residues 14 and 18 of the protein.
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Figure 3.17. The LC3B-AK double mutation that increases LC3B binding to CL in vitro does not have
a comparable effect in cells. Cells were transfected with GFP-tagged WT or mutant LC3 protein.
Mitochondria were labeled using MitoTracker Red, prior to the treatments. Vehicle (Veh) controls were
treated with DMSO. (A) Percentage of GFP-LC3B or GFP-LC3B-AK puncta that colocalize with
mitochondria, a signal of mitophagy, in SH-SY5Y cells untreated (vehicle) or treated with 1 uM rotenone for
6 h. (B) Representative images of GFP-LC3B and GFP-LC3B-AK SH-SY5Y transfected cells untreated
(vehicle, Veh) or treated with rotenone (Rot). Scale bar: 10 ym. At the right-hand side of each condition,
MitoTracker (red) and GFP (green) line profiles show examples of colocalization and non-colocalization
events. To compute the percentage of colocalization, images were analyzed with JACop plugging of ImageJ.
At least 30 images were analyzed per condition. ***P < 0.001, ns: non-significant.

However, results obtained in cells after substitution of those two amino acids in LC3A
pointed to an important role of those residues. The LC3A-EE mutant, which exhibited a
much lower binding to CL-containing vesicles than its native counterpart (Figure 3.11D),
also showed lower colocalization levels with mitochondria in cells treated with rotenone
or CCCP, as compared to those transfected with GFP-LC3A (Figure 3.18).
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Figure 3.18. The LC3A-EE double mutation that hampers LC3A binding to CL in vitro also decreases
its location to mitochondria in rotenone- and CCCP-induced mitophagy. SH-SY5Y cells were co-
transfected with DsRed2-Mito7 (DsRed) and GFP-tagged WT or mutant LC3A. Vehicle (Veh) controls were
treated with DMSO. (A) Percent GFP-LC3A or GFP-LC3A-EE puncta that colocalize with mitochondria, a
signal of mitophagy, in SH-SY5Y cells untreated (vehicle), or treated with rotenone (1 uM, 6 h) , or CCCP
(20 uM, 1 h) or O/A (10/4 uM, 6 h). To compute the percent colocalization, images were analyzed with the
JACop plugging of ImageJ. At least 30 images were analyzed per condition. *P < 0.05, ns: non-significant.
(B) Representative images of GFP-LC3A and GFP-LC3A-EE SH-SY5Y transfected cells treated with 1 yM
rotenone for 6 h. (C) Representative images of GFP-LC3A and GFP-LC3A-EE SH-SY5Y transfected cells
treated with 20 uM CCCP for 1 h. Images were acquired using a Nikon Eclipse C1 confocal microscope.
Scale bar: 10 pm. At the right-hand side of each condition, DsRed (red) and GFP (green) line profiles show
examples of co-localization and non-colocalization events.

Moreover, in support of the LC3A N-terminal region implication, we used the LC3AR011A
mutant in which the two Arg, shown by Chu et al. to be important for CL recognition in
LC3B, were mutated to Ala. The double mutation caused a lower binding to CL-
containing vesicles (Figure 3.19A) and lower colocalization levels with mitochondria
after rotenone treatment (Figure 3.19B, C), as compared with the native protein. These
results indicate that mutations that reduce the binding of LC3A to CL in vitro, also
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decrease the ability of LC3A to recognize damaged mitochondria in cells, decreasing or
delaying the involvement of this homolog in the mitophagic process.
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Figure 3.19. The LC3A N-terminal mutation R10,11A decreases its binding to CL-containing vesicles
and its location to mitochondria in rotenone-induced mitophagy. (A) Top: Representative SDS-PAGE
Coomassie Brilliant Blue-stained gels of the fractions obtained from LC3A or LC3ARI011A yesicle flotation
assays performed with liposomes composed of ePC:DOPE:CL (33:33:33 mol ratio). Bound protein is
computed as the proportion retrieved in fractions 3+4 (See Figure 2.8). Bottom: Binding of LC3A or
LC3ARI0.11A tg CL-containing liposomes, quantified by gel densitometry. Data shown are means = SD (n 2
3). ***p < 0.001. (B) Percentage of GFP-LC3A or GFP-LC3AR:11A puncta that colocalize with mitochondria,
a signal of mitophagy, in SH-SY5Y cells untreated (vehicle), treated with 1 uM rotenone for 6 h. (C)
Representative images of GFP-LC3AR0.11Atransfected SH-SY5Y cells, untreated (vehicle, Veh), or treated
with 1 uM rotenone for 6 h. Images were acquired using a Nikon Eclipse C1 confocal microscope. Scale bar:
10 um. At the right-hand side of each condition, DsRed (red) and GFP (green) line profiles show examples
of colocalization and non-colocalization events. To compute the percentage of colocalization, images were
analyzed with JACop plugging of ImageJ. At least 30 images were analyzed per condition. ***p < 0.001, **p
< 0.01, ns: non-significant.

The above results were complemented with the use of an additional mitophagy inducer,
namely oligomycin A + antimycin A (O/A), shown by Lazarou and co-workers 2015) to
induce colocalization of all LC3/GABARAP-family members with mitochondria. As
expected, after O/A treatment LC3A gave rise to an increased number of puncta and
was found to colocalize with mitochondria (Figure 3.20). However, at variance with
rotenone or CCCP treatments, neither LC3A-EE nor LC3AR1A mutants (Figure 3.20)
caused a decreased colocalization with mitochondria. These results suggest that in O/A-
induced mitophagy, the N terminus is not as important as in rotenone or CCCP
treatments.
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Figure 3.20. Neither the LC3A-EE double mutation nor the LC3A N-terminal mutation R10,11A
decrease LC3A location to mitochondria in O/A-induced mitophagy. (A) Percentage of GFP-LC3A,
GFP-LC3A-EE or GFP-LC3AR0.11A puncta that colocalize with mitochondria, a signal of mitophagy, in SH-
SY5Y cells treated with O/A (10/4 uM for 6 h) (B) Representative images of GFP-LC3A, GFP-LC3A-EE or
GFP-LC3ARW01A transfected SH-SY5Y cells, treated with O/A (10/4 uM for 6 h). Images were acquired using
a Nikon Eclipse C1 confocal microscope. Scale bar: 10 ym. At the right-hand side of each condition, DsRed
(red) and GFP (green) line profiles show examples of colocalization and non-colocalization events. To
compute the percentage of colocalization, images were analyzed with JACop plugging of ImageJ. At least
30 images were analyzed per condition. ***p < 0.001, **p < 0.01, ns: non-significant.

3.3.9. Endogenous LC3A and LC3B are involved in CCCP-induced
mitophagy.

Several studies have been carried out comparing the role(s) of LC3 proteins in mitophagy
(Bhujabal et al., 2017; Lazarou et al., 2015; Le Guerroué et al., 2017; Onishi et al., 2021),
but most of them use transfected proteins, which might have an expression level that is
not comparable to the endogenous protein levels, overestimating their implication in this
process. To determine if SH-SY5Y cells were suitable for the study of endogenous LC3A
effects, the protein expression levels of LC3-subfamily members were quantified (Figure
3.21). Substantial levels of LC3A protein were detected, indicating that these cells were
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an adequate cellular model for the present study. Therefore, in order to confirm the
results obtained with the overexpressed protein a direct evaluation of endogenous LC3A
activation upon CCCP treatment was performed.
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Figure 3.21. Protein expression of LC3A, LC3B and LC3C in SH-SY5Y cells. (A) The homolog-specificity
of the antibodies used for this work was tested using the same amount (5 pmol) of each LC3 recombinant
protein in a western blot. (B) LC3A, LC3B and LC3C protein concentration found in SH-SY5Y. A gradient of
the recombinant proteins was used as a standard in order to obtain an estimated concentration in the cell
lysates. (C) Left: representative western blot of SH-SY5Y cell lysate to measure LC3A levels. Right:
Estimation of the LC3A protein levels using a calibration curve obtained with recombinant LC3A. (D) Left:
representative western blot of SH-SY5Y cell lysate to measure LC3B levels. Right: Estimation of the LC3B
protein levels using a calibration curve obtained with recombinant LC3B. (E) Left: representative western
blot of SH-SY5Y cell lysate to measure LC3C levels. Right: Estimation of the LC3C protein levels using a
calibration curve obtained with recombinant LC3C.
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CCCP (20 pM) treatment for 4 h or 6 h caused a decrease in the inner mitochondrial
membrane marker COX4l in SH-SY5Y cells (Figure 3.22A) indicating completion of the
mitophagy flux. Moreover, an increase in LC3A-Il and LC3B-Il was already observed
within the first hour of treatment (Figure 3.22B). This activation also occurred at lower
CCCP concentrations, such as 5 pM or 10 uM (Figure 3.22C). Consistent with these
results, mitochondrial fractionation experiments clearly show that in cells treated with
CCCP, LC3A and LC3B were found to a larger extent in the mitochondrial fraction than
in the cytosol (Figure 3.22D).
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Figure 3.22. Endogenous LC3A and LC3B are involved in CCCP-induced mitophagy in SH-SY5Y cells.
SH-SY5Y cells were used to study the activation of endogenous LC3A and LC3B by western blot after CCCP
treatment. Vehicle (Veh) controls were treated with DMSO. (A) Top: Representative western blot of the
degradation of the mitochondrial IMM marker COX4l in cells treated with 20 uM CCCP for 4 h or 6 h. Bottom:
COXA4I:ACTB ratio in treated cells relative to vehicle quantified by gel densitometry. Data shown are means
+ SD **P < 0.01. (B) Activation of LC3A and LC3B, shown as an increase of the LC3A-Il or LC3B-II
corresponding band intensity, in cells treated with 20 yM CCCP for different times (1, 2 and 4 h). (C)
Activation of LC3A and LC3B, shown as an increase of the LC3A-1l or LC3B-II corresponding band intensity,
in cells treated for 4 h with different concentrations of CCCP (5, 10 or 20 uM). (D) Detection of LC3A and
LC3B in the mitochondrial fraction in cells treated with 20 yM CCCP for 4 h, COX4l is used as a marker of
efficient mitochondrial fractionation. Data shown are means + SD *p < 0.05; ns: non-significant.
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In order to address the importance of the involvement of these proteins in this type of
mitophagy each homolog was independently knocked down. For this purpose, specific
siRNAs for each homolog were used (Liu et al.,, 2017; von Muhlinen et al., 2012).
Knocking down LC3A or LC3B had no effect on mitochondrial marker reduction, but the
double silencing of both homologs was able to reduce mitophagy flux (Figure 3.23).
These data support the results obtained by confocal microscopy with GFP-tagged
proteins, demonstrating the involvement of LC3A and LC3B in cardiolipin-mediated
mitophagy induced by CCCP.
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Figure 3.23. Silencing of endogenous LC3A and LC3B in SH-SY5Y cells reduce mitophagy flux. Left:
Representative western blot of the degradation of COX4l and the activation of LC3A and LC3B in cells
treated with 10 yM CCCP for 4 h in which LC3A and/or LC3B had been silenced compared to control sSiRNA-
transfected cells. Right: Comparison of COX4I:ACTB ratio relative to vehicle in siRNA-transfected cells
treated with CCCP, quantified by gel densitometry. Data shown are means + SD *p < 0.05; ns: non-
significant.

3.3.10. LC3A but not LC3B is able to bind oxidized CL.

It has been proposed that, when CL participates in apoptosis, it is previously oxidized
due to the peroxidase activity of cytochrome C (Kagan et al., 2005), while the CL fraction
that is recognized by the autophagy machinery is not (Chu et al., 2013). Taking into
account that the interplay between autophagy and apoptosis implies a high level of
complexity (Kang et al., 2011), understanding how the role of CL is affected by its
oxidation state could help in understanding how these two important processes are
regulated.

In order to assess the ability of LC3A and LC3B to recognize oxidized CL, LUV were
treated with CuCl. for 5 h, and the increase in absorbance at 245nm (A245) was measured
to quantify lipid oxidation (Figure 3.24A). The highly unsaturated CL is the main lipid
oxidized under those conditions. Then, protein bound to either control or oxidized
vesicles was measured. The results obtained with LC3B and LC3A in these experiments
showed that binding of LC3B (Figure 3.24C), but not of LC3A (Figure 3.24B), decreased
with CL oxidation.
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Figure 3.24. LC3A, but not LC3B, binds oxidized CL. Interaction of LC3A or LC3B proteins with oxidized
membranes measured by a vesicle flotation assay. (A) Lipid oxidation was assessed measuring absorbance
at 245 nm (A24s) of the ePC:DOPE (50:50) or ePC:DOPE:CL (33:33:33) liposomes (+CL), treated without
(Veh) or with CuCl2 (+CuCl2). Data shown as means + SD (n = 3). ***p < 0.001. (B and C) Top:
Representative SDS-PAGE/Coomassie Brilliant Blue-stained gels of the fractions obtained from LC3A (B)
or LC3B (C) vesicle flotation assays performed with liposomes composed of ePC:DOPE (50:50) or
ePC:DOPE:CL (33:33:33) which had been previously treated without (Veh) or with CuClz. Bound protein is
computed as the proportion retrieved in fractions 3+4 (See Figure 2.8). Bottom: Binding of LC3A (B) or LC3B
(C) to non-oxidized and oxidized liposomes, quantified by gel densitometry. Data shown are means £ SD (n
= 3). ***p < 0.001; ns: non-significant.

At variance with the results observed with wild-type LC3A, the ability of LC3A mutants to
bind CL decreased with lipid oxidation (Figure 3.25A), showing the importance of
residues 14 and 18 for the recognition of oxidized CL. Moreover, LC3B double mutant
enhanced the originally low capacity of wild-type LC3B to recognize oxidized CL (Figure
3.25B). Therefore, residues 14 and 18, identified as key for the differential interaction of
CL with LC3A and LC3B, were shown to be also important for the LC3A-mediated
recognition of oxidized CL. These results suggested that LC3A could bind oxidized CL
in the OMM, perhaps preventing its recognition by the apoptotic machinery.
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Figure 3.25. LC3A-mutant binding to oxidized CL decreased with the degree of oxidation. (A) Top:
Representative SDS-PAGE/Coomassie Brilliant Blue-stained gels of the fractions obtained from LC3A,
LC3A-EK (LC3AA4E), LC3A-AE (LC3AK8E)and LC3A-EE (LC3AAMEKIEE) yesicle flotation assays performed
with liposomes composed of ePC:DOPE:CL (33:33:33) that had been previously treated without (Veh) or
with CuClz. Bottom: Binding of LC3A and LC3A mutants to non-oxidized and oxidized liposomes, quantified
by gel densitometry. Data shown are means * SD (n = 3). ***p < 0.001; ns: non-significant. (B) Top:
Representative SDS-PAGE/Coomassie Brilliant Blue-stained gels of the fractions obtained from LC3B,
LC3B-AE (LC3BF*4), LC3B-EK (LC3BE8)and LC3B-AK (LC3BEMAELEK) yesicle flotation assays performed
with liposomes composed of ePC:DOPE:CL (33:33:33) which had been previously treated with CuClo.
Bottom: Binding of LC3B and LC3B mutants to oxidized liposomes, quantified by gel densitometry. Data
shown are means + SD (n 2 3). **p < 0.01; ns: non-significant.
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3.4. Discussion

Deciphering the different modes of damaged mitochondria signaling, and the role that
each of the LC3/GABARAP-family member plays in their recognition is extremely
important for understanding mitophagy. Many types of receptors participate in this
process, and different studies reinforce the idea that the LC3/GABARAP-family members
could play specific roles depending on the particular mechanism involved (Johansen &
Lamark, 2020). There are examples of proteins that act as mitophagy receptors by
interacting preferentially with one or several of the LC3/GABARAP-family members, for
example, BNIP3L recruits GABARAP (Schwarten et al., 2009) and GABARAPL1 (Novak
et al., 2010), while FUNDC1, BNIP3 and BCL2L13 are found bound to LC3B (Hanna et
al., 2012; L. Liu et al., 2012; Murakawa et al., 2015), and FKBP8 is recognized by LC3A
(Bhujabal et al., 2017). In the case of the phospholipid CL acting as a mitophagy receptor,
LC3B was shown to be a mediator (Chu et al., 2013), and our previous work comparing
both Atg8 subfamilies suggested that neither GABARAP nor GABARAPL2 were involved
(Antén et al., 2016). However, a comparative study of the different LC3-subfamily
member function(s) does not appear to be available.

The specific interaction of LC3A with CL allows its participation in the
mechanism of CL-mediated mitophagy.

The interaction of LC3A with membranes was specific for the presence of CL (Figure
3.7). LC3A did not show any measurable interaction with other lipids containing the same
negative charge of CL, such as PtdIns4P (Figure 3.6, 3.7), therefore, this interaction did
not seem to be exclusively dependent on the lipid charge. The amino acid sequence of
LC3A and LC3B is very similar, and even some residues, demonstrated to be key for the
interaction with CL, R10 and R11 (Chu et al., 2013), located in the alpha-helix 1, are
identical in both proteins (Figure 3.3B, 3.11A,B). However, in the above studies with
model membranes a clear difference in CL binding was observed between LC3A and
LC3B, the former being more active (Figure 3.4). Experiments involving the LC3A/B
chimera (Figure 3.9) and high-salt concentrations (Figure 3.10), suggested that the
higher binding detected with LC3A could be in part due to the existence of positively
charged residues in its N-terminal region, that are not present in LC3B. Comparative
binding assays using LC3A and LC3B single and double mutants showed that the key
amino acids were located in positions 14 and 18 of helix 2 (Figure 3.11). Therefore, the
CL binding site of LC3A appears to be composed of two alpha-helices containing
positively charged residues, in agreement with previously described binding sites for
other soluble proteins that can also bind CL in membranes (Planas-Iglesias et al., 2015).
However, the fact that LC3A/B chimera did not reach the same binding levels as LC3A
(Figure 3.10) suggests the implication of other protein regions apart from the N terminus,
as previously proposed for LC3B, in the interaction of LC3A with CL.

To further dissect the differences among these subfamily members, the participation of
each LC3-subfamily member in CL-mediated mitophagy was studied by assessing the
colocalization of transfected GFP-tagged proteins with mitochondria in SH-SY5Y cells.
Even if the effect of the GFP tag in the LC3/GABARAP-protein function has been
criticized (Nguyen et al., 2016b), we decided to use this method due to the similar results
obtained using anti-LC3 antibodies (Anton et al., 2016; Ryan et al., 2018) and GFP-

107



Chapter 3. LC3 subfamily in CL-mediated mitophagy

tagged LC3B (Chu et al., 2013) to study CL-mediated mitophagy in cells. This supports
the notion that the GFP-tag does not disturb the recognition of externalized CL in
damaged mitochondria. In addition, the results obtained with the non-conjugatable
mutants of each homolog (Figure 3.13), in which the number of puncta was residual,
supported the idea that the GFP puncta were, in fact, autophagic vesicles, and not
aggregates. The above observations indicate that the results obtained are reliable.

The experiments performed with cells showed that, apart from LC3B, LC3A was also
able to participate in rotenone- or CCCP-induced mitophagy (Figure 3.14A, 3.15, 3.16),
implying that LC3A could recognize externalized CL in damaged mitochondria in cells.
The participation of LC3A in mitophagy has been described previously, LC3A being able
to specifically recognize the mitophagy receptor FKBP8 located in the OMM of damaged
mitochondria (Bhujabal et al., 2017). LC3A recognition of CL and of FKBP8 are not by
necessity mutually excluding events, in fact these two mechanisms might act together in
cooperation. It is e.g. possible that CL externalization brings LC3A closer to mitochondria
to facilitate binding to FKBPS.

Ala 14 and Lys 18 residues, identified in vitro as important for LC3A-CL interaction
(Figure 3.11D), were also shown to be key for CL recognition during rotenone- and
CCCP-induced mitophagy in cells, as demonstrated by the behavior of LC3A-EE mutant
(Figure 3.18). Similar results obtained with the LC3AR14 mutant support the notion
that the two N-terminal alpha helices of LC3A are also important in CL recognition in
cells (Figure 3.19). Furthermore, the fact that LC3A mutants are able to participate in
O/A-induced mitophagy to the same extent as LC3A WT (Figure 3.20) indicates that
those mutants are functional, although the importance of CL-recognition is decreased in
the case of the O/A treatment. This could be explained taking into account that O/A can
activate numerous mitophagy pathways and receptors (Lazarou et al., 2015). It could be
possible that, at variance with rotenone and CCCP, in O/A treatment the LDS (LIR
docking site) of LC3A becomes more relevant, while the importance of the N terminus
residues is diminished.

The differences found in vitro between LC3A and LC3B binding to CL-containing vesicles
(Figure 3.4) were not observed when colocalization with mitochondria was considered
(Figure 3.15). Moreover, while the exchange of residues 14 and 18 of LC3B for the
corresponding ones of LC3A in the LC3B-AK mutant increased significantly its interaction
with CL-containing membranes (Figure 3.11D), this change did not affect its function in
mitophagy: the double mutant did not show a higher level of colocalization with
mitochondria when compared to native LC3B (Figure 3.17). These results could suggest
that the mitophagy level observed with LC3B represents a colocalization threshold for
the mitophagy treatment. If that were the case, even if mitochondrial recognition by LC3A
or LC3B-AK were better, they would not lead to an observable higher colocalization. This
could also indicate that, at variance with the equivalent residues in LC3A, the negatively
charged residues present in the LC3B N-terminal region (E14, E18) do not play a role in
the interaction with externalized CL in cells (Figure 3.11B and Figure 3.17). In turn, this
would imply that the molecular mechanisms through which LC3A and LC3B interact with
CL in the cell might be different, or else that their interaction might be regulated
differently.

Analysis of protein levels in SH-SY5Y cells revealed marked differences in the amounts
of each form of LC3 (Figure 3.21B).Explaining these observations is beyond the scope
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of the present work, nevertheless they may be worth mentioning. The possibility that
modified forms of LC3 proteins, by e.g. acetylation (Huang et al.,, 2015) or
phosphorylation (Cherra et al., 2010), could go undetected by the antibodies used in this
study, leading to underestimation of the amounts of protein measured, cannot be
discarded. The study of endogenous LC3 proteins in SH-SY5Y cells (Figure 3.22)
supports the conclusions obtained with the transfected GFP-tagged LC3 proteins,
demonstrating the participation of LC3A and LC3B in CCCP-induced mitophagy. The
results obtained after silencing LC3A and LC3B show the important role of these proteins
in CCCP-mediated mitophagy (Figure 3.23). Moreover, the need to silence both proteins
to detect a reduction in mitophagy suggests some redundancy of function between the
two homologs. Perhaps the main conclusion of these experiments is that although the
LC3B homolog has been most extensively studied (and most frequently cited) in this
context, LC3A does play a role in mitophagy and, in certain cell types such as
neuroblastoma cell lines, it may be the most abundant form of LC3.

LC3C does not participate in cargo recognition during CL-mediated
mitophagy.

The interaction of LC3C with membranes was not specific for the presence of CL, as this
protein could also interact with PA (Figure 3.7B). Moreover, despite the higher
interaction displayed with CL-containing model membranes when compared with LC3A
or LC3B (Figure 3.4), LC3C did not appear to play a role in rotenone-mediated
mitophagy. These results led to the conclusion that LC3C was less effective than LC3A
or LC3B in recognizing damaged mitochondria (Figure 3.14 and Figure 3.15). This
LC3C behavior is not surprising, since it has been shown that LC3C has different
functions and targets as compared to the other subfamily members (Schaaf et al., 2016),
such as its specific function in antibacterial autophagy (von Muhlinen et al., 2012).

While LC3A and LC3B show a high similarity in their sequence (92%), LC3C is the most
differentiated homolog (71-72% similarity). Unlike in other LC3/GABARAP-family
members, the N-terminal region of LC3C does not form a stable a1-helix but a “sticky
arm” (Figure 3.3A) consisting of a polyproline motif (Krichel et al., 2019). It has also been
shown that the interactome of LC3C differs clearly from that of other members of the LC3
subfamily (Behrends et al., 2010). Another important singularity is that although LC3A
and LC3B are ubiquitously expressed in almost all tissues (Bai et al., 2012) LC3C
expression is extremely low and/or tissue-specific (lungs and placenta). In the current
study the amounts of cellular protein were not sufficient to be detected by the antibodies,
thus studying endogenous LC3C in this cell type was not feasible (Figure 3.21). The
results in this paper show CL-mediated mitophagy as yet another mechanism in which
LC3C behaves differently from the other subfamily members.

The assays using SH-SY5Y cells showed that in the basal state GFP-LC3C was already
forming puncta (Figure 3.15A) and some of these puncta colocalized with mitochondria
(Figure 3.15B). Moreover, CL externalization by rotenone did not have any further effect
on puncta formation/colocalization (Figure 3.15B). These unchanged levels of
autophagy and mitophagy after rotenone treatment suggest that CL externalization had
little or no effect on the participation of LC3C in autophagy or on its mitochondrial
localization. These results are in accordance with a previous study that used Saos-2
cells and GFP-LC3C (Bai et al., 2012). In the basal state, they also observed more
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puncta per cell than with LC3A or LC3B, but these values did not increase after
starvation-induced autophagy.

The observed GFP-LC3C colocalization with mitochondria could be explained by the
recently discovered involvement of LC3C in the maintenance of basal mitochondrial
network homeostasis (Le Guerroué et al., 2017). In their study, F. Le Guerroue (Le
Guerroué et al., 2017) described an LC3C-driven mitophagy mechanism that mediates
autophagosome degradation of mitochondrial parts in a piecemeal way. Moreover, the
affinity that LC3C shows towards PA-containing membranes could also allow its
interaction with healthy mitochondria, which contain PA in their OMM (Basu Ball et al.,
2018). In addition, previous results indicated that LC3C does not have a relevant function
in PRKN-mediated mitophagy (Nguyen et al., 2016b). Those studies, together with the
results in this paper suggest that the main function of LC3C in mitophagy could be related
to the maintenance of a healthy mitochondrial network, by regulating degradation of the
damaged mitochondrial parts (Le Guerroué et al., 2017).

LC3A could prevent excessive apoptosis activation.

It has been shown that CL could interact with various proteins involved in the regulation
of crucial cellular and mitochondrial processes (Planas-lglesias et al., 2015). Besides
LC3A and LC3B interaction with CL studied here, this phospholipid can also interact with
BECNL1 ( Huang et al., 2012), a key component in the autophagic core machinery, with
DNM1L/Drpl (dynamin 1 like), one of the proteins in charge of mitochondrial fission
(Stepanyants et al., 2015), or with OPAL, involved in IMM fusion (Ban et al., 2017),
among others. Interestingly, CL externalization also occurs during apoptosis (Kagan et
al., 2005). Externalized CL can interact with many proteins involved in this process, such
as BAK1, BAX, or CASP8 (Gonzalvez et al., 2008; Landeta et al., 2011; Sani et al.,
2009), and it also participates in other programmed cellular death pathways such as
NLRP3 inflammasome activation (lyer et al., 2013).

All these studies show that both CL and its location are key for the correct functioning of
mitochondria. Among its different roles, it is surprising that CL externalization could
promote both a generally “pro-survival” pathway, such as autophagy, and a “pro-death”
pathway, such as apoptosis (Li et al., 2015). However, it has been proposed that CL
participating in apoptosis is previously oxidized due to the peroxidase activity of
cytochrome C (Kagan et al., 2005), while CL recognized by the autophagy machinery is
not (Chu et al., 2013). Interestingly, the results obtained with LC3B and LC3A in the
experiments with oxidized CL show that while LC3B binding decreases when CL is
oxidized (Figure 3.24C), CL oxidation does not affect LC3A binding (Figure 3.24B).
These results together with the ones of LC3A and LC3B single and double mutants
(Figure 3.25) highlight the importance of the LC3A 14 and 18 residues in oxidized CL-
binding. Thus, LC3A would recognize oxidized CL in the OMM, shielding it from the
apoptotic machinery, and preventing excessive activation of apoptosis. According to our
in vitro data, LC3B would not be able to achieve the latter function, as its ability to interact
with CL decreases with oxidation.
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Concluding remarks.

The importance of CL externalization as a signal to degrade damaged mitochondria via
autophagy has been demonstrated in vitro and in vivo (Antén et al., 2016; Chao et al.,
2019; Chu et al., 2013; Kagan et al., 2016). In this work, LC3A has been identified as an
additional LC3-subfamily member involved in mitophagy, and key residues for its
interaction with CL have been singled out. This contribution could facilitate the design of
precise modulators for this mitophagy mechanism. However, the possibility of this
process being cell-, tissue- or organ-specific, or even the possibility of a crosstalk
between different types of autophagy cannot be dismissed. Further investigations would
be required to improve our understanding of the mechanisms triggering mitophagy,
which could in turn be involved in the appearance of important neurodegenerative
diseases such as Parkinson or Alzheimer.
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CHAPTER 4. Effect of E3 complex on the
ability of LC3/GABARAP proteins to induce
vesicle tethering and fusion

4.1. Introduction

The mode of expansion of the phagophore that will promote AP formation is still unclear.
Several authors have approached autophagy, and particularly the fusion processes
leading to autophagosomal growth, using model membrane systems consisting of
vesicles of defined lipid compositions and purified proteins. One of the most accepted
hypothesis is the incorporation of membrane-supplying vesicles to the growing
phagophore (Nakatogawa, 2020). Studies with yeast proteins point to the interaction of
lipidated Atg8 proteins with different membranes to promote the tethering and hemifusion
of vesicles into the growing phagophore (Nakatogawa et al. 2007) (Figure 4.1).
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Figure 4.1. Autophagosome expansion model proposed in yeast. (A) Atg8—PE oligomerizes and causes
tethering and hemifusion of liposomal membranes in vitro. (B) Possible roles of Atg8—PE during
autophagosome formation. Taken from Nakatogawa (2013).

Studies with human proteins are also interesting for discerning the possible different
roles of the Atg8 orthologs that constitute the LC3/GABARAP family (Weidberg et al.,
2010). In this laboratory, Landajuela et al. used two reconstituted liposomal systems to
learn more about the molecular mechanisms by which human LC3 and GABARAP
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subfamilies trigger AP biogenesis (Landajuela et al., 2016). They studied three of the
LC3/GABARAP-family members: LC3B, GABARAP and GABARAPL2. They found that
lipidated forms of the GABARAP-subfamily proteins promoted a more extensive
membrane tethering and lipid mixing than LC3B. Landajuela et al. also showed that
negative curvature-inducing lipids (e.g., cardiolipin, diacylglycerol) facilitated the fusion
process. Those results strongly supported the hypothesis of a highly bent structural
fusion intermediate (stalk) during AP biogenesis and reinforced lipids as key regulators
of autophagy (Iriondo et al., 2021; Landajuela et al., 2016).

It is important to take into account that for those functions the Atg8 and LC3/GABARAP
proteins need to be bound to membranes. In vivo, this lipidation process requires the
concerted action of the two ubiquitin-like (UBL) conjugation systems: ATG12 and
LC3/GABARAP systems (Section 1.3). In humans, the ATG12 system product, the
ATG12-ATG5-ATG16L1 complex (from now on the E3 complex), acts as the E3 ligase
enzyme of the second UBL conjugation system (Bento et al., 2016; Gammoh, 2020;
Romanov et al.,, 2012; Walczak & Martens, 2013), catalyzing the conjugation of
LC3/GABARAP- family members to phosphatidylethanolamine (PE) (Martens, 2016;
Nakatogawa et al., 2007; Tanida et al., 2004). There are some in vitro studies with yeast
proteins that have investigated the interplay between both ubiquitin-like systems and
their interaction with membranes (Hanada et al., 2007; Romanov et al., 2012; Walczak
& Martens, 2013). Those works showed that the presence of the E3 complex increased
Atg3 activity, boosting the lipid-protein conjugation reaction and specifying the
membrane site where Atg8 lipidation occurred (Figure 4.2).
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Figure 4.2. Schematic model for yeast Atg3 activation by E3 complex. Membrane binding of Atg3 is
either preceded or followed by binding of a short structural element in the flexible region (FR) to Atg12 in the
Atgl2—-Atg5-Atgl6 (E3) complex. The Atg3 FR-Atgl2 interaction can reposition Cys234 via an allosteric
mechanism. Structural changes induced by the membrane and Atgl2 near Atg3 Cys234 facilitate the
transfer of Atg8 Gly 116 to PE. After Atg3 and Atg12-Atg5-Atgl6 disassembly, Atg8 is lipidated on the
phagophore membrane. Adapted from Popelka & Klionsky (2021).

However, as the full human E3 complex was only recently available (Fracchiolla et al.,
2020; Lystad et al., 2019) and only then was reconstitution of lipidation made possible in
vitro in the absence of the ATG12 UBL system, studies with the two human reconstitution
systems are still scarce. In fact, all the above mentioned studies had been performed in
the absence of E3 complex, therefore, its effect on LC3/GABARAP membrane tethering
and fusion activities had not been investigated yet.
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In the present chapter, first, it was attempted to reconstitute the lipidation of six
LC3/GABARAP family members, namely LC3A, LC3B, LC3C, GABARAP, GABARAPL1
and GABARAPL2, by using different in vitro approaches in the absence of E3 complex.
Once E3 complex purification was implemented in this laboratory, the effect of E3 was
tested not only on lipidation of the LC3/GABARAP proteins, but also on their ability to
promote membrane tethering and fusion of vesicles.
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4.2. Materials and methods

4.2.1. Materials

L-a-phosphatidylcholine from hen egg yolk (ePC, 840051), 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE, 850725), liver phosphatidylinositol (Pl, 840042), egg
dioleoylglycerol (DOG, 800811), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-
(p-maleimidomethyl)cyclohexane-carboxamide] (PEmal, 780201), 1,2-dioleoyl-sn-
glycero-3-phosphatidylethanolamine-N-lissamine rhodamine B sulfonyl (Rho-PE,
810150) and  1l-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)aminolhexanoyl}-sn-
glycero-3-phosphoethanolamine (NBDtail-PE, 810145) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphatidylethanolamine (NBD-PE, N360), p-xylene-bis-
pyridinium bromide (DPX, X-1525) and 8-aminonaphthalene-1,3,6-trisulfonic acid,
disodium salt (ANTS, A350) were purchased from Thermo Fisher Scientific (Waltham,
MA).

4.2.2. DNA constructs and mutagenesis

The details of the constructs are shown in Chapter 2 (Table 2.1). The pGEX4T-1
plasmids for expression of several of the various Gly-exposed LC3/GABARAP subfamily
members tagged with glutathione S-transferase (GST) were obtained by mutagenesis
(see Materials and Methods Chapter 3). The mutated version of LC3/GABARAP proteins
to have a C-terminal Cys instead of a Gly: LC3AC17S:G120C (| C3AC129C for simplicity),
LC3B®120C | C3CC1?6¢ GABARAPCSMEC  GABARAPC6C and GABARAPL2C15S6116C
(GABARAPL2CMeC for simplicity), were obtained by site-directed mutagenesis
(synthesized by GenScript) The pGEX6P-1 plasmid for expression of human ATG3 was
kindly provided by Dr. Isei Tanida (National Institute of Infectious Diseases, Tokyo,
Japan). Plasmids for expression of mouse ATG7 and E3 complex were kindly provided
by Prof. S. Martens (Max Perutz Labs, Vienna, Austria).

4.2.3. Recombinant protein expression and purification

LC3/GABARAP proteins, their mutants and ATG3 were purified (Protocol 3) from
soluble fractions of bacterial extracts obtained in the absence of detergents, and they
were >90% pure as evaluated by Coomassie Brilliant Blue-stained SDS-PAGE. E. coli
BL21 (ADE3) cells were transformed with the appropriate plasmids. They were grown to
Asco= 0.8 and protein expression was induced with 0.5 mM IPTG for 16 h at 20°C.
Following centrifugation at 4,500 x g for 15 min, the pellet was resuspended and
sonicated in Breaking buffer (PBS 1x, 20 mM Tris-HCI pH 7, 150 mM NaCl, 1mM DTT
supplemented with lysozyme, protease inhibitors and DNase) (See also Table 2.4). After
removal of cellular debris by centrifugation at 30,000 x g for 30 min at 4°C, the sample
supernatant was incubated with 1 ml Glutathione Sepharose 4B (GE Healthcare, 17-
0756-01) for 3 h at 4°C to bind GST-tagged proteins. LC3/GABARAP proteins were
cleaved with Thrombin Protease (GE Healthcare, 27-0846-01) overnight at room
temperature in Thrombin Buffer (140 mM NaCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM
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KH2PO4 (pH 7.3), with freshly added 1 mM DTT). ATG3 protein was cleaved with
PreScission Protease (GE Healthcare, 27-0843-01) for 4h at 4°C in PreScission Buffer
(50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, with freshly added 1 mM DTT)
(See also Table 2.5). After cleavage, they were eluted in Elution Buffer (50 mM Tris-HCI
pH 7.5, 150 mM NacCl, 1 mM EDTA, with freshly added 1 mM DTT), then concentrated
to 500 pl using Amicon Ultra-4 (4 mL, 3 kDa cut-off) (Millipore, UFC800324), and loaded
onto a Superdex-75 10/300 GL size exclusion column (GE Healthcare, GE17-5174-01)
equilibrated in Elution Buffer. Proteins were distributed in aliquots, flash-frozen and
stored in 20% glycerol at -80°C until further use.

ATG12-ATG5-ATG16L1 (E3) complex was purified (Protocol 7) from soluble fractions
of insect cell extracts obtained in the absence of detergents, and it was >90% pure as
evaluated by Coomassie Brilliant Blue-stained SDS-PAGE. For E3 complex expression
the Bac-to-Bac Baculovirus expression system was used. The pGEBdest vector
containing a poly-cistronic construct (Table 2.1) with the ATG12-system necessary
proteins for E3 complex formation (Fracchiolla et al., 2020) was transformed into
DH10Bac E. coli cells. Blue/white colony selection was used to identify colonies
containing the recombinant bacmid. The recombinant bacmid was isolated (Protocol 5)
and 2.5 pg were used to transfect 10° Sf9 insect cells using FUGENE transfection reagent
(Promega, E2311). When the transfected cells demonstrated signs of late stage infection
(typically around 72 h) the medium containing the free virus was harvested (V0) and
used to produce a stock virus (V1) solution (Protocol 6). V1 was used to further infect a
1-liter culture of Sf9 cells at 0.8—-1x10%ml in SF921 medium containing penicillin-
streptomycin. Cultures were harvested when cells reduced their viability to a maximum
of 95-98%. They were pelleted down and further washed in PBS at 3,315 x g for 10 min
at 4°C. Pellets were flash frozen in liquid nitrogen and stored at —80°C until purification.
Then, cell pellets were thawed and resuspended in ice-cold buffer containing 50 mM
Hepes, pH 7.5, 300 mM NaCl, 2 mM MgCl,, 1 mM DTT, complete protease inhibitors,
Protease Inhibitor Cocktail, and Benzonase Nuclease. Cells were lysed on ice hy
extrusion in a tissue homogenizer, and lysates were cleared by centrifugation at 48,398
x g for 1 hour at 4°C. Supernatant was applied to a 5-ml StrepTactin column (GE
Healthcare) to bind Strep-tagged proteins. Bound proteins were eluted with 2.5 mM
desthiobiotin in 25 mM Hepes, pH 7.5, 150 mM NaCl, and 1 mM DTT. Fractions
containing the E3 complex were pooled, concentrated down to 500 ul using Amicon
Ultra-15 (15 mL, 30 kDa cut-off), applied onto a Superdex 6 column (Increase 10/ 300;
GE Healthcare), and eluted in a buffer containing 25 mM Hepes, pH 7.5, 300 mM NacCl,
and 1 mM DTT. Fractions containing pure E3 complex were pooled, distributed in
aliquots, flash-frozen, and stored at -80°C until further use.

Mouse ATG7 (mATG7) was purified (See Section 2.4.4) from soluble fractions of insect
cell extracts obtained in the absence of detergents, and it was >90% pure as evaluated
by Coomassie Brilliant Blue-stained SDS-PAGE. It was also expressed in Sf9 insect cells
and harvested following the same procedure described above for the E3 complex. See
Table 2.1 for construct details. For purification, pellets were thawed and resuspended in
ice cold buffer containing 50 mM Hepes, pH 7.5, 300 mM NaCl, 10 mM imidazole, 2 mM
MgCl,, 2 mM B-mercaptoethanol, complete protease inhibitors (Roche), Protease
Inhibitor Cocktail (Sigma), and Benzonase Nuclease (Sigma). Cells were lysed on ice by
extrusion in a tissue homogenizer, and lysates were cleared by centrifugation at 48,398
x g for 1 hour at 4°C. Supernatant was applied to a 5-ml nickel-nitrilotriacetic acid (Ni-

119



Chapter 4. E3 effect on LC3/GABARAP tethering and lipid mixing abilities

NTA) column (GE Healthcare) and eluted via a stepwise imidazole gradient (50, 75, 100,
150, 200, and 300 mM). Protein eluted in fractions containing 150 mM imidazole. These
fractions were pooled, concentrated, applied onto a Superdex 200 10/300 GL (GE
Healthcare), and eluted in a buffer containing 25 mM Hepes, pH 7.5, 150 mM NacCl, and
1 mM DTT. Fractions containing pure mATG7 were pooled, concentrated, flash-frozen
in liquid nitrogen, and stored at —-80°C.

4.2.4. Liposome preparation.

The appropriate lipids (ePC:DOPE:PI:DOG, 33:55:10:2 mol ratio or ePC:DOPE:PEmal:
Pl, 35:25:30:10) were mixed in organic solution and the solvent was evaporated to
dryness under a N stream. Then the sample was kept under vacuum for 1 h to remove
solvent traces. The lipids were swollen in System Buffer (150 mM NaCl, 50 mM Tris, pH
7.5) in order to obtain multilamellar vesicles (MLV) (Protocol 12). Large unilamellar
vesicles (LUV) were produced from MLV according to the extrusion method described
by Mayer et al. (1986) (Protocol 13). They were subjected to 10 freeze/thaw cycles, and
then extruded through a LIPEX Liposome Extrusion System (Transferra Nanosciences,
Burnaby, CA) using 0.05-um pore size Nuclepore filters (Whatman, 110605). Vesicle
size was checked by quasi-elastic light scattering using a Malvern Zeta-Sizer 4
spectrometer (Malvern Instruments, Malvern, UK). LUV had an average diameter of =80
nm. Phospholipid concentration was determined by phosphate analysis (Bottcher et al.,
1961) (Protocol 11).

4.2.5. In vitro chemical lipidation assays

To reconstitute LC3/GABARAP-PE conjugation in vitro without the use of ATG7, ATG3,
or E3, the pertinent LC3/GABARAP-family member with the Gly C-terminal exposed
mutated to Cys (5 uM) was mixed with PEmal-containing liposomes (0.4 mM total lipid)
in System Buffer (50 mM Tris pH 7.5, 150 mM NacCl) to a final volume of 100 pl (see
Figure 4.3 and Figure 4.4 legends for details). Reactions were performed at 37°C and
initiated by addition of the protein. 15 ul of the reaction mixture were sampled at each
time point (0, 5, 10, 30 and 60 min), mixed with 3 ul of 6x Protein Loading dye and heated
at 100°C for 5 min to stop the reaction. Lipidation was analyzed in SDS-PAGE gels using
Coomassie Brilliant Blue staining. The gels were quantified using ImageJ. The amounts
of LC3/GABARAP and LC3C/GABARAP-PEmal at each time point were measured as
the area below the corresponding absorption peak. The percent LC3/GABARAP—-PEmal
relative to total protein (% lipidation) was calculated at each time point and plotted as a
function of time.

4.2.6. In vitro enzymatic lipidation assays

Purified ATG7 (0.5 pM), ATG3 (1 pM), MgCl> (1 mM), E3 complex (0.1 pM) (when
indicated) and the pertinent member of the LC3/GABARAP-family with an exposed Gly
C-terminal (5 pM) were mixed with liposomes (0.4 mM total lipid) in System Buffer (50
mM Tris pH 7.5, 150 mM NacCl) to a final volume of 100 pl (see Figure 4.5, Figure 4.6,
Figure 4.10, Figure 4.11, Figure 4.12 and Figure 4.13 legends for details). Reactions
were performed at 37°C and initiated by ATP addition (5 mM). 15 pl of the reaction
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mixture were sampled at each time point (0, 5, 10, 15, 30 and 60 min), mixed with 3 pl
of 6x Protein Loading dye and heated at 60°C for 10 min to stop the reaction. Lipidation
was analyzed in SDS-PAGE gels by using Coomassie Brilliant Blue staining. Lipidation
reactions as performed in Figure 4.12 were also analyzed using a VersaDoc MP 4000
Imaging System to detect NBD fluorescence. The gels of three independent experiments
were quantified using ImageJ. The amounts of LC3/GABARAP and LC3C/GABARAP-
PE at each time point were measured as the area below the corresponding absorption
peak. The percent LC3/GABARAP-PE relative to total protein (% lipidation) was
calculated at each time point and plotted as a function of time.

4.2.7. Vesicle flotation assay

Protein interaction with membranes was assessed using flotation in sucrose gradients
(Protocol 16). All the liposome and protein concentrations used were increased (by 5-
fold) with respect to the other assays, all proportions being otherwise kept, to allow
detection of the E3 complex in the gels (see Figure 4.18 legend for details). Liposomes
were incubated with the indicated proteins for 30 min at 37°C in System Buffer. The
protein/lipid mix was adjusted to 1.4 M sucrose concentration in 300 ul and transferred
to a centrifuge tube. This first (bottom) layer was overlaid with successive solutions
containing 0.8 M (400 pl) and 0.5 M (300 pl) sucrose. The three-layer gradients were
centrifuged in a TLA-120.2 rotor (Beckman Coulter, Brea, CA, US) at 355,040 x g for 50
min at 4°C. After centrifugation, four 250-pul fractions were collected, starting from the
bottom. Proteins were detected in SDS-PAGE gels using Coomassie Brilliant Blue
staining. Densitometry of the protein bands was performed using ImageJ software, and
the percent liposome-bound protein was estimated from the band intensities measured
in the third + fourth fractions (floating vesicle fractions), relative to the total sum of
intensities measured in all fractions.

4.2.8. Tethering assays

Liposome tethering/aggregation was monitored in a Varian Cary 300 (Agilent
Technologies, Santa Clara, CA) spectrophotometer as an increase in turbidity
(absorbance at 400 nm) of the sample (See also Protocol 17). All assays were carried
out at 37°C with continuous stirring (Landajuela et al., 2016). See Figure 4.19 legend for
protein and lipid concentration details.

4.2.9. Total and inner Lipid mixing assay

A fluorescence resonance energy transfer (FRET) assay (Protocol 18) was used to
monitor inter-vesicular membrane lipid mixing (Alonso et al., 1982). The appropriate LUV
containing 1.5 mol % NBD-PE and 1.5 mol % Rho-PE (labeled in the head group) were
mixed with a 9-fold excess of unlabeled LUV (see Figure 4.25 and Figure 4.31 legend
for protein and lipid concentration details). NBD-PE emission was monitored in a
Fluorolog®-3 (Horiba Jobin Yvon, Edison, NJ) spectrofluorometer with constant stirring
at 37°C. NBD emission was monitored at 530 nm with the excitation wavelength set at
465 nm (slits at 4 nm). A 515 nm cut-off filter was placed between the sample and the
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emission monochromator to avoid scattering interference. Inner monolayer lipid mixing
was measured using asymmetrically labeled membrane vesicles produced by the
guenching of the outer leaflet NBD-PE fluorescence upon addition of sodium dithionite
(Xu et al., 2005). Excess dithionite was removed by gel filtration in Sephadex G-25M,
using System Buffer for elution. 100% inter-vesicular membrane lipid mixing and 100%
inner-monolayer lipid mixing were established by adding 10 pL 10% (v/v) Triton X-100.
The extent of lipid mixing was quantified on a percentage basis according to the
equation: (F-Fo/F100-Fo) x 100 where F; is the measured NBD fluorescence of protein-
treated LUV at time t, Fo is the initial NBD fluorescence of the LUV suspension before
ATP addition, and Fio is the NBD fluorescence value after complete disruption of LUV
by addition of Triton X-100. Details for the inter-vesicular lipid mixing assay can be found
in Goni et al. (2003).

4.2.10. Leakage assay

Leakage of vesicle contents was monitored by the ANTS/DPX leakage assay (Ellens et
al., 1985) (Protocol 19). Liposomes were swollen in ANTS/DPX buffer (20 mM ANTS,
70 mM DPX, 50 mM Tris, 40 mM NacCl, pH 7.5). Non-encapsulated ANTS and DPX were
removed by gel filtration in Sephadex G-25M, using System Buffer for elution (see Figure
4.32 legend for protein and lipid concentration details). ANTS emission was monitored
at 520 nm with the excitation wavelength set at 355 nm (slits at 4 nm). To establish the
100% leakage signal, 10 pL of 10% (v/v) Triton X-100 were added. Details for the vesicle
contents leakage assay can be found in Gofii et al. (2003).

4.2.11. Aqueous content mixing assay

Inter-vesicular agueous contents mixing was monitored by the ANTS/DPX mixing assay
(Ellens et al., 1985) (Protocol 20). Three types of liposomes were prepared. Liposomes
were swollen in either ANTS buffer (39 mM ANTS, 50 mM Tris, 72 mM NacCl, pH 7.5), in
DPX buffer (140 mM DPX, 50 mM Tris, 10 mM NacCl, pH 7.5), or in ANTS/DPX buffer
(20 MM ANTS, 70 mM DPX, 50 mM Tris, 40 mM NaCl, pH 7.5). Non-encapsulated ANTS
and/or DPX were removed by gel filtration in Sephadex G-25M, using System Buffer for
elution. All buffers had the same osmolarity (see Figure 4.33 legend for protein and lipid
concentration details). ANTS emission was monitored at 520 nm with the excitation
wavelength set at 355 nm (slits, 1 nm). 0% vesicle content mixing was set by using a 1:1
mixture of ANTS- and DPX-containing liposomes. 100% contents mixing corresponded
to the fluorescence of the vesicles containing co-encapsulated ANTS and DPX. The
extent of agueous contents mixing was quantified on a percentage basis according to
the equation: (-(F-Fo/F100-Fo)) X 100 where F; is the measured ANTS fluorescence of
protein-treated LUV at time t, Fo is the initial ANTS fluorescence of the LUV suspension
before protein addition, and Fig is the ANTS fluorescence value of the vesicles
containing co-encapsulated ANTS/DPX. Details for the aqueous contents mixing assay
can be found in Goiii et al. (2003).
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4.3. Results

4.3.1. LC3/GABARAP protein in vitro lipidation in the absence of E3
complex.

In order to study the possible implication of LC3/GABARAP proteins in phagophore
expansion, we should first reconstitute their covalent anchoring to the membrane. This
covalent lipid-protein binding, hamed lipidation can be detected by the appearance of a
faster migrating band in a SDS-PAGE gel. In vivo this process requires the concerted
action of both UBL-systems (Section 1.3, Figure 1.15), but different in vitro assays can
be used to reconstitute the lipidation of some of the LC3/GABARAP proteins. Based on
previous studies from this laboratory (Landajuela et al., 2016), lipidation of the six
members of the LC3/GABARAP family was attempted using two different approaches:
chemical and enzymatic. These approaches do not require the participation of E3
complex, and in order to favor lipidation in the absence of E3 complex, a composition
with a relatively high PE concentration (55% PE) was used.

4.3.1.1.Chemical lipidation

The chemical approach is the simplest. It consists of the attachment of LC3/GABARAP
proteins to the membrane through a chemical reaction between a protein Cys residue
and a maleimide group. For that purpose, the six LC3/GABARAP proteins, whose
exposed C-terminal glycine had been mutated to cysteine, were designed and purified.
This would allow their conjugation to a chemically modified PE containing a reactive
maleimide in its head group (PEmal) (Figure 4.3A).
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Figure 4.3. LC3/GABARAP chemical lipidation system. (A) Schematic representation of the chemical
lipidation system. LC3/GABARAP proteins had their Gly C-terminal exposed mutated to Cys in order to allow
their chemical conjugation to PEmal in the membrane. (B) Representative gel of a chemical lipidation assay.
5 UM GABARAPL2G6C were mixed with 0.4 mM of PE-mal-containing LUV (ePC:DOPE:PEmal:PI
(35:25:30:10: mol ratio)) and incubated at 37°C in System Buffer. Aliquots were retrieved at 0, 5, 10, 30 and
60 min after protein addition, and loaded on a 15% SDS-polyacrylamide gel.
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The various LC3/GABARAP proteins with the C-terminal Gly mutated to Cys were added
to PEmal-containing LUV. Aliquots were collected at pre-fixed times after protein
addition, up to 60 min. The chemically lipidated (faster migrating band) and non-lipidated
forms were resolved by SDS-PAGE (Figure 4.3B). Chemical lipidation of the six
LC3/GABARAP family members (Figure 4.4A) differed in their kinetics and extent
(Figure 4.4B, C).
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Figure 4.4. LC3/GABARAP proteins were lipidated to a different extent with the chemical approach.
The indicated LC3/GABARAP G->C (5 uM) were mixed with 0.4 mM PE-mal containing LUV
[PC:DOPE:PEmal:PI (35:25:30:10: mol ratio)] and incubated at 37°C in System Buffer. Aliquots were
retrieved at 0, 5, 10, 30 and 60 min after protein addition, and loaded onto a 15% SDS-polyacrylamide gel.
(A) Cropped lipidation gels corresponding to the LC3/GABARAP protein region (an example of a full gel can
be seen in Figure 4.3B). (B) Lipidation time-course data from gels shown in (A). (C) Percent lipidated
LC3/GABARAP 60 min after protein addition. Data are means + SD (n = 3).

These results suggest that the chemical approach could be very interesting and helpful
for reconstituting the lipidation of each family member in the absence of any other
protein. For comparative purposes, the enzymatic approach was used next.

4.3.1.2.Enzymatic lipidation in the absence of E3 complex

The enzymatic approach is somewhat more complex, as it is closer to the in vivo system.
To reduce complexity and avoid the use of ATG4 protein, the LC3/GABARAP
recombinant proteins used had their C-terminal Gly already exposed. Therefore, ATG7
and ATG3 proteins could act upon ATP addition to promote LC3/GABARAP lipidation in
PE-containing membranes (Figure 4.5A).
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Figure 4.5. LC3/GABARAP enzymatic lipidation system in the absence of E3 complex. (A) Outline of
the system. ATP promoted ATG7 (E1-like), ATG3 (E2-like) actions triggering LC3/GABARAP conjugation to
PE in PE-containing liposomes. LC3/GABARAP proteins had their C-terminal Gly exposed to avoid the
requirement of ATG4 participation. (B) Representative gel of an enzymatic lipidation assay. 0.5 pM ATG?7,
1 uM ATG3, and 5 pM GABARAPL2 were mixed with 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol
ratio)], and incubated at 37°C in System Buffer containing MgClz. After ATP addition, aliquots retrieved at 0,
5, 10, 15, 30 and 60 min were loaded on a 15% SDS-polyacrylamide gel.

The various LC3/GABARAP proteins with the exposed C-terminal Gly were added to a
mix of ATG7, ATG3 and PE-containing LUV. Aliquots were collected at pre-fixed times
after ATP addition and the lipidated (faster migrating band) and non-lipidated forms were
resolved by SDS-PAGE (Figure 4.5B). Again, lipidation of the six LC3/GABARAP family
members (Figure 4.6A) differed in their time courses and extents (Figure 4.6B, C).
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Figure 4.6. Different proportions of lipidated LC3/GABARAP proteins were obtained with the
enzymatic approach. 0.5 uM ATG7, 1 uM ATG3, and 5 uM of the indicated LC3/GABARAP protein were
mixed with 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], and incubated at 37°C in System Buffer
containing MgClz. After ATP addition, aliquots retrieved at 0, 5, 10, 15, 30 and 60 min were loaded on a 15%
SDS-polyacrylamide gel. (A) Cropped lipidation gels corresponding to the LC3/GABARAP protein region
(An example of a full gel can be seen in Figure 4.5). (B) Time-course of the protein percent lipidation
corresponding to gels shown in (A) (C) Percent lipidated LC3/GABARAP 60 min after ATP addition. Data
are means + SD (n = 3).
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The observed different lipidation levels of the various LC3/GABARAP members could
provide hints of what happens under physiological conditions. One hypothesis is that
they reflect different affinities of the LC3/GABARAP family members towards ATG7
and/or ATG3. In further experiments, the enzymatic approach was used to compare
LC3/GABARAP lipidation, tethering and lipid mixing abilities in the presence and
absence of E3 complex.

4.3.2. E3 complex expression and purification

Only recently was the full E3 complex obtained in eukaryotic cells (Fracchiolla et al.,
2020; Lystad et al., 2019). After the author’s international stay in Prof. S. Martens’
laboratory, the expression and purification of the full human E3 complex was set up and
optimized in Alonso’s lab. Plasmid pGBdest obtained via the Golden Gate approach
(Fracchiolla et al., 2020) contained the five proteins needed for ATG12-ATG5-ATG16L1
(E3) complex formation, namely ATG7, ATG10, ATG12, ATG5 and ATG16L1 (Figure
4.7A). This poly-cistronic gene was the gene of interest (GOI) and was 10640 bp long. It
was inserted by transposition in a bacmid. The insertion was checked by PCR (Figure
4.7B) and the recombinant bacmid was extracted.

A

2430+ GOI

pGBdest

SMC1099

300

Figure 4.7. E3 construct for expression and transposition into the bacmid. (A) pGBdest poly-cistronic
gene construct cloned via Golden Gate approach by the Vienna BioCenter Core Facilities (Fracchiolla et al.,
2020) (Table 2.1). (B) Analysis by PCR of a positive (white) and a mixed colony. The band corresponded to
2430 + length of the GOI (10640bp).

Transfection of Sf9 insect cells with the bacmid was supposed to promote expression of
the five components of the ATG12 conjugation system and therefore production of the
E3 complex (Figure 4.8A). YFP protein expression together with the observation of
larger insect cells confirmed the efficient transfection and subsequent baculovirus
production (Figure 4.8B). Expression and production of the E3 complex were checked.
Two bands corresponding to ATG16L1 and ATG12-ATG5 conjugate were observed
(Figure 4.8C).
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Figure 4.8. E3 was efficiently expressed in insect cells. (A) Scheme of the ATG12 UBL-system. (B) Sf9

insect cells transfected with the bacmid containing the GOI for E3 expression. Bar = 50um (C) SDS-PAGE
analysis of cells infected by the rBV (V1).

The Strep-tag included in ATG16L1 allowed affinity purification of the E3 complex. It was
further purified using size exclusion chromatography (Figure 4.9).
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Figure 4.9. E3 purification. (A) SDS-PAGE of the size exclusion chromatography step using Superose 6
Increase column (Inp: Input). 0.5 ml fractions. (B) Size exclusion E3 chromatogram. 2.3 ml at 12 pM
concentration were obtained. The protein is indicated by a green rectangle in both A and B.
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4.3.3. LC3/GABARAP in vitro lipidation in the presence of E3 complex.

The functionality of the purified E3 was assayed next. Each member of the family was
mixed with PE-containing liposomes, ATG7, ATG3, E3 complex and ATP (Figure
4.10A). Since relatively high amounts of PE were used, low levels of E3 complex were
required in our reconstitution system. As seen in a representative gel (Figure 4.10B),
when E3 was present a higher proportion of the faster migrating band was observed
upon addition of ATP, in comparison with the same experiment in the absence of E3
(compare Figs. 4.10B and 4.6A).
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Figure 4.10. LC3/GABARAP enzymatic lipidation in the presence of E3 complex. (A) Outline of the
system. ATP promoted ATG7 (E1-like), ATG3 (E2-like) and ATG12-ATG5-ATG16 (E3-like) actions triggering
LC3/GABARAP conjugation to PE in PE-containing liposomes. LC3/GABARAP proteins had their C-terminal
Gly exposed to avoid the requirement of ATG4. The full-length ATG12-ATG5-ATG16 (E3) complex was
expressed in insect cells (See section 4.3.2). (B) Representative gel of an enzymatic lipidation assay. 0.5
UM ATG7, 1 uM ATGS, 0.1 pM E3 complex and 5 pM GABARAPL?2 protein were mixed with 0.4 mM LUV
[PC:DOPE:PI:DOG (33:55:10:2 mol ratio)], and incubated at 37°C in System Buffer containing MgCl.. After
ATP addition, aliquots retrieved at 0, 5, 10, 15, 30 and 60 min were loaded onto a 15% SDS-polyacrylamide
gel.

0.1 uM E3 complex was enough for achieving over 80% lipidation after 1 hour for the six
members of LC3/GABARAP family (Figure 4.11A,C). These results confirmed that our
purified E3 complex was functional. At variance with the previous approaches, in the
presence of E3, a similar time course (Figure 4.11B) and extent of lipidation (Figure
4.11C) was observed for all the protein family members. Thus, the enzymatic
reconstitution system in the presence of E3 allowed similar high levels of lipidation for all
six LC3/GABARAP proteins.
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Figure 4.11. All six LC3/GABARAP proteins were similarly lipidated with the enzymatic approach in
the presence of E3 complex. 0.5 uM ATG7, 1 uM ATG3, and 5 pM of the indicated LC3/GABARAP protein
were mixed with 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], and incubated at 37°C in System
Buffer containing MgClz. After ATP addition, aliquots retrieved at 0, 5, 10, 15, 30 and 60 min were loaded
onto a 15% SDS-polyacrylamide gel. (A) Cropped lipidation gels corresponding to the LC3/GABARAP
protein region (an example of a full gel can be seen in Figure 4.10B). (B) Time-course of protein lipidation
computed from gels as shown in Figure (A) (C) Percent lipidated LC3/GABARAP 60 min after ATP addition.
Data are means = SD (n = 3).

Next, it was checked if the faster migrating band was, in fact, the lipidated version of the
protein. This was confirmed by the appearance of a fluorescent faster migrating band
when liposomes containing NBDtail-PE were used (Figure 4.12).

LC3A LC3B LC3C
Coomassie NBD-PE " Coomassie . __NBD-PE__ Coomassie  _NBD-PE__
-ATP  +ATP  -ATP  +ATP LATP  +ATP  -ATP +ATP -ATP  +ATP  -ATP  +ATP
- mm..
GABARAP GABARAPL1 GABARAPL2
“Coomassie __NBD-PE__ Coomade  NBDPE " Coomassie . __NBD-PE _
LATP  +ATP  -ATP  +ATP LATP  +ATP  -ATP +ATP LATP  4ATP  -ATP  +ATP

20 kDa

ABARAPL1
‘GABARAPL1-PE

‘GABARAPL2

15 kDa

20 kDa

15kba S A\BARAP-PE 15 kDa { X s
Figure 4.12. The faster migrating band observed in the presence of E3 after ATP addition represents
the lipidated LC3/GABARAP protein. (A-F) In vitro LC3/GABARAP lipidation assay: 0.5 uM ATG7, 1 uM
ATGS3, 0.1 uM E3 and 5 pM of the indicated LC3/GABARAP-protein member were mixed with 0.4 mM LUV
[ePC:DOPE:PI:DOG:NBDtail-PE (33:45:10:2:10 mol ratio)]. Each reaction mixture was incubated at 37°C
for 30 min, run on 15% SDS-PAGE gels, and visualized by Coomassie Brilliant Blue staining (left-hand
panels) or using a VersaDoc MP 4000 Imaging System to detect NBD-PE fluorescence (right-hand panels).
Only the faster migrating band (*) showed fluorescence.
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4.3.4. E3 complex increases and accelerates LC3/GABARAP lipidation.

The effect of E3 on the capacity of LC3/GABARAP proteins to covalently bind vesicles,
and to promote vesicle tethering and inter-vesicle lipid mixing was examined next. For
an analysis of E3 complex effects on lipidation, the various LC3/GABARAP proteins were
added to a mix of ATG7, ATG3, PE-containing LUV and, when indicated, E3. Aliquots
were collected in parallel (-E3, +E3) at pre-fixed times after ATP addition (0, 5, 10, 15,
30 and 60 minutes), and the lipidated and non-lipidated forms were resolved by SDS-
PAGE. The results from Figs. 4.6 and 4.11 are redrawn on Figure 4.13 for convenience.
When results obtained in the absence or presence of E3 complex were compared, a
clear E3-dependent increase in the lipidation rates and extents was observed for all the
LC3/GABARAP proteins (Figure 4.13).
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Figure 4.13. E3 complex increases and accelerates LC3/GABARAP lipidation. (A-F) In vitro
LC3/GABARAP lipidation assay: 0.5 uM ATG7, 1 uM ATG3, and 5 UM of the indicated LC3/GABARAP
protein were mixed with 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], in the absence (-E3, grey)
or presence (+E3, green) of 0.1 uM E3 complex and incubated at 37°C. After ATP addition, aliquots retrieved
at pre-fixed time points were loaded on 15% SDS-polyacrylamide gels. Upper panel: Cropped lipidation gels
corresponding to the LC3/GABARAP protein region Lower panel: Time-course of protein lipidation.
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In the absence of E3 complex, the extents of lipidation after 30 min (Figure 4.14, -E3
panel) were highest for LC3C and GABARAPL1 (>30%), followed by GABARAP,
GABARAPL2 (>10%), LC3A and LC3B (>5%). However, when E3 complex was present
(Figure 4.14, +E3 panel), all the proteins were >70% lipidated, with small differences

between the various homologs.
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Figure 4.14. Lipidation extent in the absence and presence of E3 complex. Percent lipidated
LC3/GABARAP 30 min after ATP addition in the absence (left) or presence (right) of E3 complex. Data are
means + SD (n = 3). See also Figure 4.13.

When comparing lipidation rates (Figure 4.15) LC3C and GABARAPL1 exhibited the
fastest lipidation in the absence of E3 (Figure 4.15, -E3 panel). When E3 was present,
all lipidation reactions went faster and LC3C exhibited the highest rate, up to 15%
lipidated protein/min, followed by GABARAPL1 with a 7% (Figure 4.15, +E3 panel).
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Figure 4.15. Lipidation rates in the absence and presence of E3 complex. Initial lipidation rates of the
various LC3/GABARAP in the absence (left) or presence (right) of E3 complex. Data are means + SD (n =
3). See also Figure 4.13.

These results confirmed the ability of the E3 complex to increase and accelerate
LC3/GABARAP protein lipidation. The E3-complex effect was particularly visible in LC3A
and LC3B lipidation, since lipidation of those proteins in the absence of the complex was

quite low.
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4.3.5. In the presence of ATG3, low concentrations of E3 complex allow
vesicle tethering.

The tethering ability of E3 complex had been previously described in yeast (Romanov et
al.,, 2012). In the present investigation, the capacity of low concentrations (0.1 pM) of
human E3 complex to cause vesicle tethering was tested. Liposome
tethering/aggregation is usually assessed as an increase in suspension turbidity. When
E3 alone was added to liposomes, no change in turbidity (AAsoo) was detected (Figure
4.16, orange line). However, when added to a mixture composed of liposomes,
GABARAPL1, ATG7 and ATG3, a fast increase in Aso0 was observed. Vesicle tethering
started as soon as E3 was added, and reached a plateau in about 3 min (Figure 4.16,
green line). The role of the various components in the observed tethering effect was
dissected next.
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Figure 4.16. E3 addition to a mix containing GABARAPL1, ATG7 and ATG3 promotes vesicle
tethering. Changes in turbidity (AA400), as a signal of vesicle tethering, were measured after E3 addition.
Tethering of 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)] caused by 0.1 uM E3 alone (orange
line) or in the presence of 5 uM GABARAPL1, 0.5 pM ATG7 and 1 uM ATG3 (green line).

When, in addition to liposomes, only GABARAPL1 was present, E3 addition did not
cause any increase in turbidity (Figure 4.17, blue line). Thus, the E3 tethering effect
would require either ATG3 or ATG7, or a combination of both. Experiments performed
with each of them separately showed that ATG3 was the main agent co-operating with
E3 in the tethering effect (Figure 4.17).

0.3
0.2
=1
<
0.1
E3
ATG7
0.0 GABARAPL1
0 5 10 15
Time (min)

Figure 4.17. In the presence of ATG3, low concentrations of E3 complex allow vesicle tethering.
Changes in turbidity (AAaoo), as a signal of vesicle tethering, were measured after E3 addition. Tethering of
0.4 mM LUV [PC:DOPE:PI:DOG (33:55:10:2 mol ratio)] caused by addition of 0.1 uM E3 in the presence of
5 uM GABARAPL1 (blue line), 0.5 uM ATG7 (dark green line) or 1 uM ATG3 (ochre line).
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To further understand why E3 was able to promote vesicle tethering when ATG3 was
present, a liposome flotation assay was performed comparing the E3 ability to interact
with membranes in the absence or presence of ATG3. All of the E3 complex was vesicle-
bound when ATG3 was present (Figure 4.18). Thus, ATG3 enhanced E3 complex
interaction with the membrane, allowing an initial stage of liposome tethering.
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Figure 4.18. ATG3 promotes E3 interaction with membranes. Interaction of E3 complex with membranes
in the absence and in the presence of ATG3 measured by a vesicle flotation assay. Protein and liposome
concentrations were increased by 5-fold to allow detection of E3 complex in the gels. 0.5 pM E3 was
incubated with 2 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)] in the absence or presence of 2.5 uM
ATG3. Left: SDS-PAGE/Coomassie Brilliant Blue stained gels of the fractions obtained from E3 vesicle
flotation assays in the absence (-ATG3 panel) or presence of ATG3 (+ATG3 panel). Protein found in fractions
3+4 was taken as bound protein. Right: Percent ATG16L1 bound to liposomes in the absence or presence
of ATG3, quantified by gel densitometry.

4.3.6. E3 complex enhances and accelerates LC3/GABARAP-promoted
vesicle tethering.

The capacity of the different lipidated LC3/GABARAP to induce vesicle tethering was
comparatively tested (Figure 4.19). To this aim, PE-containing LUV, ATG3, ATG7, and
the pertinent LC3/GABARAP-family member were mixed. After 4 min either E3 complex
(+E3, green lines) or buffer (-E3, grey lines) were added, and 10 min later, ATP (+ATP,
solid lines) or buffer (-ATP, dashed lines) were equally added.

When proteins could not be lipidated (in the absence of ATP) and E3 complex was not
present (Figure 4.19A-F, -E3-ATP, grey dashed lines), no change in turbidity (Ao) was
observed. However, as described in the previous section for GABARAPL1 (Figure 4.19),
E3 addition caused an initial tethering activity for all LC3/GABARAP proteins (Figure
4.19A-F, +E3, green lines).
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Figure 4.19. E3 complex enhances and accelerates LC3/GABARAP-promoted vesicle tethering.
Membrane tethering activities by lipidated LC3/GABARAP proteins in the absence or presence of E3
complex. 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], 0.5 uM ATG7, 1 uM ATG3, and 5 uM of
the pertinent LC3/GABARAP-family member were mixed. After 4 min either 0.1 uM E3 complex (+E3, green
lines) or buffer (-E3, grey lines) were added, and 10 min later ATP (+ATP, solid lines) or buffer (-ATP, dashed
lines) were added. Changes in absorbance at 400 nm (AAuo00), as an indication of vesicle tethering, were
recorded. (A-F) Representative curves of the indicated LC3/GABARAP member under the four analyzed
conditions: -E3 -ATP (grey dashed lines), -E3 +ATP (grey solid lines), +E3 -ATP (green dashed lines), +E3
+ATP (green solid lines).

After ATP addition, which would allow protein lipidation, tethering was observed in almost
all cases (Figure 4.19A-F, solid lines). In the absence of E3 (Figure 4.19A-F, -E3, +ATP,
grey solid lines), the protein eliciting the fastest and most extensive tethering was
GABARAPL1, followed by GABARAP, GABARAPL2 and LC3C. LC3A and LC3B had no
measurable effect (Figure 4.20, -E3 panel). However, if E3 was present (Figure 4.19A-
F, +E3, +ATP, green solid lines), all the proteins, including LC3A and LC3B, were able
to induce some tethering, LC3C achieving by far the fastest rates (Figure 4.20, +E3
panel).
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Figure 4.20. Tethering rates after ATP addition. Experiments performed in the absence (left) or in the
presence (right) of E3 complex. LC3A or LC3B did not cause any measurable activity in the absence of E3.
Data are means = SD (n = 3).

All four LC3/GABARAP proteins that induced a measurable extent of tethering in the
absence of E3 (LC3C, GABARAP, GABARAPL1, and GABARAPL2) also showed a
considerable lag phase (Figure 4.21). A negative correlation appeared to exist between
rate (maximum slope) and lag time (Figure 4.20 and Figure 4.21, -E3 panel). However,
when E3 was present, no lag phase was detected implying that vesicle tethering started
immediately after adding ATP (Figure 4.21). This could indicate that a minimum degree
of lipidation, achieved faster when E3 was present, would be required for tethering to
start.
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Figure 4.21. Lag phase of tethering activity after ATP addition. Experiments performed in the absence
(left) or presence (right) of E3 complex. Data are means + SD (n = 3).

There was in general a good parallelism between the time courses of LC3/GABARAP
protein lipidation and LC3/GABARAP-induced vesicle tethering when E3 was present
(Figure 4.22) In Figure 4.22 the curves were normalized by subtracting the effect of E3
and setting the 0 time at the moment of ATP addition. This allows an easier perception
of the effect of the lipidated protein. Figure 4.23 compares the effects of E3 on each
protein. In all cases, the ATP-dependent change in tethering is considered. In that way,
the initial E3 effect is suppressed and a better comparison of the LC3/GABARAP effects
in the presence or absence of E3 is made feasible.
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Figure 4.22. Comparative summary of LC3/GABARAP-protein lipidation and tethering time courses
in the absence and presence of E3 complex. Data from Figure 4.13 and Figure4.19 were redrawn in order
to allow an easier comparison of the results in this study. (A) Lipidation time course of LC3/GABARAP
proteins after ATP addition in the absence (grey) and in the presence (green) of E3 complex. (B) Tethering
time course of each LC3/GABARAP-family member after ATP addition in the absence (grey) and in the

presence (green) of E3 complex.
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However, some peculiarities should be considered. (a) When E3 was not present, even
if LC3C lipidation level was similar to that of GABARAPLL, both the extent and rate of
vesicle tethering were lower (Figure 4.22, Figure 4.23, grey). (b) LC3A and LC3B, in the
absence of E3, did not induce vesicle tethering, probably because of the low lipidation
level (<10%) achieved. However, GABARAP or GABARAPL2, with a slightly higher
lipidation level were able to cause a markedly higher extent of liposome tethering (Figure
4.18, grey bars). (c) E3 increased lipidation levels in all cases, however, at variance with
the LC3 subfamily, the extent of tethering was similar with and without E3 for GABARAP
and GABARAPL2 and lower in the presence of E3 for GABARAPL1 (Figure 4.23).
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Figure 4.23. Effect of E3 complex on LC3/GABARAP-protein lipidation and the subsequent vesicle
tethering 25 min after ATP addition. (A) Final lipidation levels in the absence (grey) and presence (green)
of E3 complex. (B) Extent of vesicle tethering induced by LC3/GABARAP proteins in the absence (grey) and
presence (green) of E3 complex. Data are means + SD (n = 3).

When the ratio between the extent of vesicle tethering and the percent lipidated protein
at a given time (25 min after ATP addition was chosen for convenience) was computed
(Figure 4.24), a clear difference between both subfamilies was observed in the absence
of E3 (Figure 4.24, -E3 panel). However, in the presence of E3, when all homologs were
lipidated by 250%, and their ability to induce vesicle tethering was quite similar (Figure
4.24, green bars), the tethering/lipidation ratio was also similar for all proteins (Figure
4.24, +E3 panel). This could suggest a different lipidation threshold for each
LC3/GABARAP-family member, above which each of them would be able to induce
vesicle tethering. This lipidation threshold would be lower for the GABARAP subfamily.
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Figure 4.24. Tethering/lipidation ratios. Ratios final tethering levels caused by lipidated LC3/GABARAP
proteins over percent lipidated protein’, in the absence (left) or presence (right) of E3 complex. Data are
means = SD (n = 3).
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4.3.7. E3 complex hampers LC3/GABARAP-protein capacity to induce
inter-vesicular lipid mixing.

Previous studies (Landajuela et al., 2016; Nakatogawa et al., 2007; Weidberg et al.,
2010) had shown that at least some of the LC3/GABARAP proteins were able to induce
inter-vesicular lipid mixing. The present study has found that the lipidated
LC3/GABARAP proteins were able to induce vesicle tethering, and that this process was
enhanced and accelerated by E3. A further step in our study consisted of checking the
LC3/GABARAP protein ability to induce inter-vesicular lipid mixing and liposome fusion,
and analyzing how E3 affected the process. First, we examined whether the small extent
of tethering caused by E3 addition to the lipidation machinery also caused lipid mixing.
In fact, a small lipid mixing effect was observed prior to ATP addition in all cases (Figure

4.25, +E3, green lines, first 14 min).
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Figure 4.25. E3 complex hampers LC3/GABARAP capacity to induce inter-vesicular lipid mixing.
Membrane lipid mixing activities by lipidated LC3/GABARAP proteins in the absence and in the presence of
E3 complex were monitored with the NBD-PE/Rho-PE lipid dilution assay. 0.4 mM unlabeled and (NBD-PE
+ Rho-PE)-labeled liposomes (9:1) were mixed with 0.5 uM ATG7, 1 puM ATG3, and 5 pM of the pertinent
LC3/GABARAP-family member. After 4 min either 0.1 uM E3 complex (+E3, green lines) or buffer (-E3, grey
lines) were added, followed 10 min later by ATP (+ATP, solid lines) or buffer (-ATP, dashed lines). Increases
in NBD fluorescence detection, as a signal of lipid mixing of labelled and unlabeled vesicles, were measured
and the percentage of lipid mixing was computed. See Methods for details. (A-F) Representative curves of
the indicated LC3/GABARAP member under the four analyzed conditions: -E3 -ATP (grey dashed lines), -
E3 +ATP (grey solid lines), +E3 -ATP (green dashed lines), +E3 +ATP (green solid lines).
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With the whole set of proteins, except E3, the results were in agreement with the
lipidation and vesicle tethering observations (Figure 4.25 A-F and Figure 4.26, grey
solid lines). LC3A and LC3B were unable to induce lipid mixing. GABARAPL1 was the
fastest and most effective inducer of inter-vesicular lipid mixing, followed by GABARAP
(Figure 4.26, -E3 panel). Although LC3C lipidation levels were similar to those of
GABARAPL1 (Figure 4.30A, grey bars), its effect on lipid mixing was low, and similar to
that of GABARAPL2 (Figure 4.30C, grey bars).

Lipid mixing rates after ATP addition
-E3 +E3

Figure 4.26. Lipid mixing rates after ATP addition. Experiments performed in the absence (left) or in the
presence (right) of E3 complex. LC3A or LC3B did not cause any measurable activity. Data are means + SD
(n=23).

The four LC3/GABARAP proteins that induced a measurable extent of lipid mixing
(LC3C, GABARAP, GABARAPL1, GABARAPL?2), showed a lag phase before activity
started, pointing again to a required threshold of protein lipidation before lipid mixing
became detectable (Figure 4.27, -E3 panel). There also seemed to be a negative
correlation between rate (maximum slope) and lag time (Figure 4.26 and Figure 4.27, -
E3 panel).
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Figure 4.27. Lag phase of lipid mixing activity after ATP addition. Experiments performed in the
absence (left) or in the presence (right) of E3 complex. Data are means + SD (n = 3).
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Moreover, the ‘lipid mixing/lipidation ratio’ revealed a clear difference between the two
subfamilies (Figure 4.28, -E3 panel), as previously observed for vesicle tethering
(Figure 4.24, -E3 panel). This could indicate, again, that the lipidation threshold would
be lower for the GABARAP-subfamily members.
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Figure 4.28. Lipid mixing / lipidation ratio. Final lipid mixing levels caused by lipidated LC3/GABARAP
proteins related to the percent lipidated protein present, in the absence (left) or in the presence (right) of E3
complex. Data are means = SD (n = 3).

However, at variance with the lipidation and tethering observations, E3 complex did not
increase the LC3/GABARAP protein capacity to promote lipid mixing (Figure 4.25A-F
and Figure 4.26). Figure 4.29 summarizes the above results. The curves have been
normalized as in Figure 4.22. Figure 4.30 compares the effects of E3 on each protein.
In all cases, the variation of tethering and lipid mixing once ATP is added is shown. In
this way, the initial E3 effect is compensated and a comparison of each LC3/GABARAP
protein effect in the presence and in the absence of E3 is more easily achieved. In the
case of LC3A and LC3B, the amount of protein that was able to cause vesicle tethering
in the presence of E3 did not induce lipid mixing. For LC3C, the fast and extensive
tethering observed in presence of E3 did not imply a comparable degree of lipid mixing.
GABARAPL2 exhibited a similar behavior in the presence and absence of E3. For
GABARAP and GABARAPL1 both the extents and rates of lipid mixing were decreased
in the presence of E3.
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Figure 4.29. Comparative summary of LC3/GABARAP-protein lipidation, tethering and lipid mixing
time courses in the absence and presence of E3 complex. Data from Figure 4.13, Figure 4.19 and Figure
4.25 were redrawn in order to allow an easier comparison of the results in this study. (A) Lipidation time
courses of LC3/GABARAP proteins after ATP addition in the absence (grey) and in the presence (green) of
E3 complex. (B) Tethering time courses of each LC3/GABARAP-family member after ATP addition in the
absence (grey) and in the presence (green) of E3 complex. (C) Lipid mixing kinetics of LC3/GABARAP
proteins after ATP addition in the absence (grey) and in the presence (green) of E3 complex.
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Figure 4.30. Effect of E3 complex on LC3/GABARAP-protein lipidation and the subsequent vesicle
tethering and lipid mixing 25 min after ATP addition. (A) Final lipidation levels in the absence (grey) and
presence (green) of E3 complex. (B) Extent of vesicle tethering induced by LC3/GABARAP proteins in the
absence (grey) and presence (green) of E3 complex. (C) Extent of lipid mixing induced by LC3/GABARAP
proteins in the absence (grey) and presence (green) of E3 complex. Data are means + SD (n = 3).

These results indicate that the presence of E3, which enhanced protein lipidation and
vesicle tethering, reduced, by contrast, vesicle lipid mixing.

4.3.8. GABARAP and GABARAPL1 cause membrane hemifusion but are
poor inducers of vesicle-vesicle fusion.

The demonstration of vesicle-vesicle fusion requires the independent observation of
vesicle tethering, total lipid mixing, inner-monolayer lipid mixing, and, in the absence of
leakage, mixing of inter-vesicular aqueous contents (Landajuela et al., 2016; Nieva et
al., 1989). Since GABARAP and GABARAPL1 were the proteins showing a higher ability
to induce total lipid mixing (Figure 4.31), their capacity to induce lipid mixing of the
vesicle inner monolayers was explored, to determine whether the observed process was
one of membrane hemifusion or of full fusion. The results indicated that, even if some
inner lipid monolayer mixing occurred (Figure 4.31), the extent reached remained well
below the 50% of the total lipid mixing required for an extensive fusion event.
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Figure 4.31. GABARAPL1 and GABARAP cause membrane hemifusion but are poor inducers of
vesicle-vesicle fusion. (A-B) Representative curves of total (grey) and inner (light grey) lipid mixing
activities by lipidated GABARAP (A) and GABARAPL1 (B) in the absence of the E3 complex, monitored with
the NBD-PE/Rho-PE lipid dilution assay. For inner monolayer lipid mixing NBD/Rho-liposomes were
pretreated with the appropriate amounts of sodium dithionite to quench NBD fluorescence of the outer leaflet.
0.4 mM of unlabeled and (NBD-PE + Rho-PE)-labeled liposomes (9:1) were mixed with 0.5 uyM ATG7, 1 uM
ATG3, and 5 pM of the pertinent LC3/GABARAP-family member. After 4 min incubation, ATP was added.

To confirm these results, we next measured the ability of GABARAP and GABARAPL1
to promote vesicle fusion using an aqueous contents mixing assay. A preliminary check
had to be performed to determine whether, once lipidated, LC3/GABARAP proteins
induced the release of vesicular aqueous contents (leakage) or not (Figure 4.32). No
leakage was observed under our conditions, neither in the presence nor in the absence
of E3, therefore the aqueous contents mixing assay could be performed, providing
meaningful results.
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Figure 4.32. Lipidated LC3/GABARAP proteins did not induce vesicle permeabilization neither in the
absence nor in the presence of E3 complex. Membrane vesicle content leakage analysis induced by
lipidated LC3/GABARAP proteins in the absence and presence of the E3 complex was monitored by the
ANTS/DPX leakage assay. 0.4 mM LUV containing co-encapsulated ANTS and DPX were mixed with 0.5
UM ATG7, 1 uM ATG3, and 5 pM of the pertinent LC3/GABARAP-family member and ATP was added after
4 min. 100% leakage signal was obtained by adding Triton X-100. Contents leakage in the absence (A) or
in the presence (B) of E3 complex.
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As expected from the low levels of inner-monolayer lipid mixing, a low capacity of
GABARAP or GABARAPL1 to produce aqueous contents mixing was recorded (Figure
4.33). Furthermore, in accordance with the E3 effect on GABARAP and GABARAPL1
lipid mixing ability, the small amount of aqueous contents mixing was totally abolished
when E3 was present (Figure. 4.33)
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Figure 4.33. E3 further decreases the low agueous content mixing activity of GABARAP and
GABARAPL1. Representative curves of aqueous content mixing activities induced by lipidated GABARAP
(A) and GABARAPL1 (B) in the absence (-E3, grey) and presence (+E3, green) of the E3 complex was
monitored by the ANTS/DPX mixing assay. 0.4 mM ANTS and DPX liposomes (1:1) were mixed with 0.5 pM
ATG7, 1 uM ATGS3, and 5 pM of the pertinent LC3/GABARAP-family member, ATP was added after 4 min.
100% mixing was determined using LUV containing co-encapsulated ANTS and DPX.

Thus, the overall results obtained suggest a mode of action of lipidated GABARAP and
GABARAPLL1 in the absence of E3 compatible with a large fraction of the vesicles
undergoing close apposition, or hemifusion, and a minor fraction carrying out full fusion.
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4.4. Discussion

Advantages and downsides of the enzymatic and the chemical approaches

In vitro reconstitution systems allow a higher control of the experimental conditions
compared to cellular approaches. Independent roles of the different components,
sometimes hidden due to the complexity of the cellular context, can be revealed by
simplified model systems (Brier et al., 2016). In this chapter, three approaches of
increasing complexity have been used to achieve the in vitro reconstitution of
LC3/GABARAP lipidation. Each one showed advantages and disadvantages.

Structurally, the chemical linkage differs from the native coupling in 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 (Ballesteros et al., 2022; Landajuela et al., 2016). Therefore,
when studying the function of LC3/GABARAP—-PE, the chemical approach (Figure 4.3)
could have been useful if similar lipidation levels had been obtained with the different
family members, but this was not the case. (Figure 4.4). There could be two possible
explanations (1) each protein shows for different intrinsic affinities for membranes (as
showed in Chapter 3) or (2) the Cys C-terminal exposure of each protein to the medium
is different. Recent results by Maruyama et al. indicate that the chemically modified
PEmal actually changes the bilayer curvature in a different way than native PE. This
would constitute an additional caveat for the studies based on the chemical method of
Atg8 lipidation (Maruyama et al.,2021).

Enzymatic approaches (Figure 4.5 and 4.10) add more complexity to the system, but
they are closer to the in vivo situation. For that reason, the differences found between
homologs using the enzymatic approach in the absence of E3 (Figure 4.6) were of
interest, as they could be related to the different interaction between them and ATG7 or
ATG3. Therefore, that situation could be more representative of the in vivo process. This
observation was supported by the fact that in the presence of E3 (Figure 4.11), although
considerably decreased, those tendencies were maintained.

Differences in LC3/GABARAP-protein activities suggest the existence of a
lipidation threshold, lower for the GABARAP subfamily.

Our lipidation results pointed to two relevant observations, one was that, under otherwise
similar conditions, E3-independent lipidation appeared to differ for each subfamily
(Figure 4.6 and 4.13). GABARAP-subfamily members were the most easily lipidated
homologs. In turn, LC3A and LC3B reached low lipidation levels, but LC3C was the
exception to the rule, see below (Figure 4.14 and 4.15, -E3 panel). These results agree
with those by Lystad et al. (2019), who showed that E3 was essential for LC3B lipidation,
while the GABARAP subfamily was less E3-dependent, since it could be lipidated in the
absence of E3 in liposomes under certain conditions. However, the inclusion of six family
members in our study revealed that E3 effects did not strictly depend on the subfamilies.
In particular, while LC3A behaved similarly to LC3B, LC3C could be lipidated to a large
extent in the absence of E3 (Figure 4.13C and 4.14), thus parting with the rest of the
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LC3 subfamily. LC3C equally failed to follow the general trends of the LC3 subfamily in
previous studies on cardiolipin-mediated mitophagy (Iriondo et al., 2022)(Chapter 3).

The second observation worthy of comment is the existence of a lag phase in the
absence of E3 (Figure 4.21 and Figure 4.27, -E3 panel), suggesting the need to reach
a lipidation threshold before proceeding to deeper levels of interaction with the host lipid
bilayer. The situation is reminiscent of the lag phase required by phospholipase C before
inducing vesicle aggregation (Basafiez et al., 1996a). This behavior could indicate that
reaching a similar level of lipidation was not as important as reaching the lipidation
threshold for each of the proteins. Taking into account that the growing edge of the
phagophore should be a narrow area, with a high concentration of lipids with negative
curvature but leaving little space for proteins, a protein that could induce membrane
fusion with the minimum number of molecules per area would be needed. The
tethering/lipidation or lipid mixing/lipidation ratios (Figure 4.22 and Figure 4.28, -E3
panel) pointed to a lower lipidation threshold for all the GABARAP proteins as compared
to the LC3 subfamily, suggesting that members of the GABARAP subfamily would be
excellent candidates to perform this function.

E3 increases and accelerates vesicle tethering by LC3/GABARAP proteins but
hampers their ability to induce lipid mixing.

The interaction of E3 with membranes of different composition and curvature has been
recently described, showing that ATG16L1 is the main protein responsible for E3
interaction with membranes, both in human (Dudley et al., 2019; Lystad et al., 2019) and
yeast proteins (Popelka et al., 2021). However, these studies did not consider the effect
of E3 on vesicle tethering, detected in yeast by Romanov et al. (2012). Under our
experimental conditions, with lower protein concentration and smaller curvature, E3
caused no aggregation on its own (Figure 4.16). However, the presence of ATG3 elicited
membrane tethering, albeit to a low extent. (Figure 4.17). This positive effect could be
explained by the well-known interaction between ATG12 and ATG3 (Metlagel et al.,
2013; Ye et al., 2021; Zheng et al., 2019). Such interaction could increase E3 affinity
towards the membrane (Figure 4.18), thus the activation of E3-dependent tethering
activity. This effect could also be a combination of both proteins, as an ATG3-dependent
tethering activity sensitive to lipid composition was already shown (Hervas et al., 2017).
The E3-promoted conformational changes in ATG3 (Popelka & Klionsky, 2021) could
also activate its tethering activity and make ATG3 act in combination with E3, however
further studies would be needed to understand this behavior. In any case, this initial
aggregation of vesicles could be partially responsible for the faster lipidation and
tethering effects seen once ATP was added (Figure 4.19).

Including E3 in our in vitro system was aimed at getting the six members of the family
lipidated to >50% and to about the same extent in all cases. This made possible the
comparison of LC3/GABARAP proteins, at similar levels of lipidation, in their ability to
induce tethering and fusion of membranes. Such lipidation levels were achieved with low
amounts of E3 (0.1uM). The presence of E3 accelerated and increased lipidation,
reaching levels of at least 70% in 30 min under our conditions (Figure 4.14, +E3 panel).
Note that, when E3-enhanced lipidation rates are compared, LC3C and GABARAPL1
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continue to be the fastest ones in being lipidated (Figure 4.15, +E3 panel), just as they
were in the absence of E3.

When E3 was present, lipidation levels of LC3/GABARAP proteins were also related to
their tethering ability. Their increased lipidation allowed the participation of any of the
LC3/GABARAP members in aggregation events (Figure 4.19). The absence of a lag
phase when E3 was present (Figure 4.20) suggested that under those conditions all the
proteins were able to reach their lipidation threshold earlier. E3 interaction with
membranes and the subsequent vesicle aggregation (Figure 4.16), together with the
positive effect of ATG3, could explain the acceleration. Moreover, comparing the
lipidated LC3/GABARAP-protein tethering activities and relating them to the protein
lipidation levels reached during those experiments, no differences among the different
family members were observed when E3 was present (Figure 4.21). Thus, E3 could
equalize the various LC3/GABARAP-family members in their capacities to cause
membrane tethering. However, E3 had not the same effect on all proteins when it came
to inducing inter-vesicular lipid mixing. E3 clearly lowered the lipid mixing activity of the
two proteins, GABARAP and particularly GABARAPL1, which were most active in this
respect (Figure 4.25D, E). The outstanding questions are why E3 decreases their ability
to produce inter-vesicular lipid mixing, and why proteins with similar lipidation levels
induce similar tethering but different levels of inter-vesicular lipid mixing. Further
experiments regarding this topic will be discussed in Chapter 5.

Therole of GABARAP and GABARAPLL1 in the phagophore expansion process: an
evolutionary discussion.

LC3/GABARAP proteins play different roles in autophagy. Their binding to autophagic
receptors containing LIR motifs (Johansen & Lamark, 2020) is well known. Moreover,
the LC3/GABARAP-protein family is deemed very important in phagophore expansion
(Weidberg et al., 2010). Studies with knockouts of all six members of the family found
that the autophagy mechanism could work in the absence of LC3/GABARAP proteins,
although autophagosomes were formed at a much slower rate, they were smaller, and
often had trouble fusing with lysosomes (Nguyen et al. 2016b). This points to an
important, if not essential, role of LC3/GABARAP family in phagophore expansion.

Under our conditions GABARAP and GABARAPL1 were the LC3/GABARAP-family
members promoting the most extensive vesicle tethering (Figure 4.19D, E) and inter-
vesicular lipid mixing (Figure 4.25D, E). For these two proteins lipid mixing included
some degree of inner monolayer mixing (Figure 4.31) and a low amount of aqueous
content mixing (Figure 4.33). The scenario is one of vesicle hemifusion with occasional
fusion events. A more extensive fusion would require the localized presence (perhaps in
nanodomains) of lipids with an intrinsic negative lipid curvature such as diacilgycerol or
cardiolipin (Iriondo et al.,, 2021; Landajuela et al., 2016) or the action of additional
proteins in the growing areas of the phagophore. Moreover, in order to make phagophore
expansion possible, the recently described lipid transfer ability of the protein ATG2,
suggests that this protein could work in conjunction with the LC3/GABARAP mediated
fusion of vesicles (Sawa-Makarska et al., 2020).
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In general, the above results show that the GABARAP subfamily is clearly more active
than its LC3 homologs in the induction of membrane fusion. Since Atg8 in yeast has the
ability to cause vesicle hemifusion (Nakatogawa et al., 2007), LC3s appear to have lost
this function during evolution. This is consistent with GABARAPs being more
evolutionarily related to Atg8 than LC3. The LC3 subfamily may have become more
specialized in the recognition of autophagic receptors and adapters (Johansen &
Lamark, 2020), losing functions related to vesicle-fusion induction in the process. This
hypothesis is consistent with the study performed with the Atg8 orthologs in C. elegans
LGG-1 and LGG-2 (Wu et al., 2015). Those authors found that the LGG-1 homolog, more
similar to GABARAP, had the ability to tether and fuse vesicles, while LGG-2 (more
similar to LC3) had only a limited capacity to induce tethering and none to fuse vesicles.

The hypothesis of the LC3 loss of fusogenic function along evolution can also help
understand the results obtained in different studies with knockouts of the entire human
LC3/GABARAP family. In the latter, expressing GABARAP in ATG8-depleted cells leads
to the recovery of autophagy, while LC3 expression does not (Nguyen et al., 2016b), and
the expression of LC3s can actually have a negative effect on autophagy (Grunwald et
al., 2020). It is possible that LC3, lacking the vesicle fusion activity, cannot replace the
absence of GABARAP, while the latter, possessing a fusogenic activity and with the
ability to recognize LIR sequences, can almost fully replace the LC3 functions. LC3C is
an exception to this model but as this homolog is evolutionarily more distant (Jatana et
al., 2020) it could follow a different regulation pattern.

Concluding remarks.

Assaying protein lipidation, vesicle tethering and inter-vesicular lipid mixing activities of
all members of the LC3/GABARAP family under the same experimental conditions allows
a number of conclusions to be drawn. (i) While the large differences between
GABARAPL1/GABARAP and LC3A/LC3B resemble the ‘canonical’ differences between
the two subfamilies shown in other studies, LC3C appears as an unusual case within the
LC3 subfamily, with a tethering activity akin to the one of the GABARAP subfamily. (ii)
GABARAP and GABARAPL1 appear to be the most efficient homologs in the entire
family for vesicle tethering and lipid mixing. However, as they are able to produce but a
low level of full fusion, other proteins or the presence of other lipids that promote fusion
could be needed in the in vivo situation. (iii) The results suggest a model in which the
growing regions of the phagophore would be areas possessing a high curvature and/or
with high levels of PE, compatible with points of membrane fusion. In those regions,
some of the LC3/GABARAP proteins could be lipidated without E3, or in the case that
E3 helped lipidation, a regulation should exist to allow fusion of vesicles in those regions
in order to permit phagophore expansion. (iv) The fact that LC3A or LC3B showed more
difficulties to be lipidated even in the presence of E3 points to other functions for these
homologs during autophagy, such as cargo receptors, in accordance to results obtained
in Chapter 3.
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CHAPTER 5. A protein coat
including GABARAPL1 and E3
complex is formed on the surface
of vesicles during lipidation

5.1. Introduction

GABARAPL1 or GABARAP-like protein 1 shares a high identity with GABARAP and was
first described to play a role in intracellular GABAA receptor trafficking (Mansuy et al.,
2004), which would explain its high expression in brain (Le Grand et al., 2013). In 2010,
Chakrama et al. demonstrated that this protein was associated with autophagic vesicles
(Chakrama et al., 2010), and it was also shown that cells with decreased expression
levels of GABARAPLL1 had a reduced autophagy flux and lower levels of lysosomes
(Boyer-Guittaut et al., 2014). GABARAPL1 has been shown to be the LC3/GABARAP-
subfamily member promoting the most extensive tethering and lipid mixing of vesicles
(Iriondo et al., in preparation, Chapter 4). A lipidation threshold for LC3/GABARAP-
protein family to start their activities has been suggested. E3 complex presence
promoted a faster lipidation, however, this not led to higher activities of GABARAPL1, on
the contrary, it caused a decrease in its lipid mixing ability (Iriondo et al., in preparation,
Chapter 4).Therefore, the outstanding question was why E3 decreases GABARAPLL1
ability to induce inter-vesicular lipid mixing.

Apart from growing in size, the phagophore membrane should bend while growing to
allow the engulfment of the material to be degraded. Thus, a membrane shaping system
is needed during AP biogenesis (Nakatogawa, 2020). Different mechanisms have been
suggested for this process, involving physical properties of lipid bilayers (Knorr et al.,
2012), membrane curvature generators or sensors (Nguyen et al., 2017), or actin (Mi et
al., 2015), among others. In this context, Kaufmann et al. (2014) observed that, once the
yeast Atg8 had been lipidated, it was able to associate with E3 thanks to an Atg8-
interacting motif (AIM) in Atg12, and to become organized into a membrane scaffold with
the help of Atg16 (Figure 5.1A). They suggested that E3 complex-Atg8—PE assemblies
affected the shaping of the phagophore. This is in agreement with the fact that in yeast,
the E3 complex had been detected on the convex face (the outer part) of the growing
phagophore, together with Atg8, while in the concave face (facing the cargo) only some
Atg8—PE remained (Abdollahzadeh et al., 2017; Mizushima et al., 2001, Xie et al., 2008)
(Figure 5.1B).
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Figure 5.1. The autophagic membrane scaffold formed by E3 and Atg8-PE in yeast. (A) Model
proposed by Kaufmann et al., (2014). (B) Formation of a membrane scaffold by E3 in association with
lipidated Atg8—PE on the convex surface of the phagophore may help its bending. Taken from Nakatogawa
(2020).

Some differences in the structure (Figure 5.2) and mechanism of action between the
yeast and mammalian E3 complex can be found (Gammoh, 2020; Martens & Fracchiolla,
2020). In yeast, the Atg16 subunit is not required for the in vitro E3 activity (Hanada et
al., 2007; Romanov et al., 2012). However, ATG16L1 appears to be important for the
mammalian system (Fracchiolla et al., 2020; Lystad et al., 2019). In yeast, the E3
interaction with membranes was shown to be mediated by Atg5 subunit (Romanov et al.,
2012), however in mammalians the main determinant for its membrane recruitment is
the ATG16L1 subunit (Dudley et al., 2019; Lystad et al.,, 2019). A similar scaffold
formation with human proteins could explain why GABARAPL1 had a lower lipid mixing
ability when E3 was present. Therefore, the study of the potential formation of a
membrane scaffold with human proteins will be of interest.

H. sapiens S. cerevisiae
ATG 12—ATGS-ATG16L1 Atgl2—-Atg5-Atgl6

“}\{ " \éz:

TP

Figure 5.2. Comparison between human and yeast E3 complex. Model of human E3 adapted from
Wilson et al., (2014) and model of yeast E3 adapted from Fujioka et al., (2010). Atg12/ATG12 (grey),
Atg5/ATG5 (green) and Atg16/ATG16L1 (light green).
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In the present chapter, previous results with GABARAPL1 in the absence of E3 were
reviewed and confirmed by Cryo-EM, and some experiments were performed to study
the GABARAPLL1 oligomeric state when the protein is lipidated. Then, the results
obtained in the presence of E3 were confirmed by Cryo-EM, and the reason why E3 had
an inhibitory effect on LC3/GABARAP lipid mixing ability was explored. With this aim, the
effect of different concentrations of E3 on lipid mixing, the localization of the ULB-system
proteins during conjugation, together with the potential interaction between GABARAPL1
and E3 complex were studied. Moreover, using a GUV reconstitution system, the
colocalization of GABARAPL1 and E3 in the membrane upon ATP addition was
assessed, and AFM experiments suggested the possible formation of a protein coat
(reminiscent of the yeast scaffold) on the vesicle surface.
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5.2. Materials and methods

5.2.1. Materials

L-a-phosphatidylcholine from hen egg yolk (ePC, 840051), 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE, 850725), liver phosphatidylinositol (Pl, 840042), egg
dioleoylglycerol (DOG, 800811) 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-
(p-maleimidomethyl)cyclohexane-carboxamide] (PEmal, 780201) and 1,2-dioleoyl-sn-
glycero-3-phosphatidylethanolamine-N-lissamine rhodamine B sulfonyl (Rho-PE,
810150) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Alexa Fluor™
633 carboxylic acid, succinimidyl ester (A20005) and N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yD-1,2-dihexadecanoyl-sn-glycero-3-phosphatidylethanolamine (NBD-PE, N360) were
purchased from Thermo Fisher Scientific (Waltham, MA).

5.2.2. Protein expression and purification

GABARAPL1, mATG7, ATG3, E3 complex (without and with GFP) were purified as
described in Materials and Methods section in Chapter 4.

GST and GST-LC3/GABARAP proteins were purified (Protocol 3) from soluble fractions
of bacterial extracts obtained in the absence of detergents, and they were >90% pure as
evaluated by Coomassie Brilliant Blue-stained SDS-PAGE. E. coli BL21 (ADE3) cells
were transformed with the appropriate plasmids. They were grown to Ase= 0.8 and
protein expression was induced with 0.5 mM IPTG for 16 h at 20°C. Following
centrifugation at 4,500 x g for 15 min, the pellet was resuspended and sonicated in
Breaking buffer (PBS 1x, 20 mM Tris-HCI pH 7, 150 mM NacCl, 1mM DTT supplemented
with lysozyme, protease inhibitors and DNase) (See also Table 2.4). After removal of
cellular debris by centrifugation at 30,000 x g for 30 min at 4°C, the sample supernatant
was incubated with 1 ml Glutathione Sepharose 4B (GE Healthcare, 17-0756-01) for 3 h
at 4°C to bind GST-tagged proteins. After two washing steps, GST and GST-
LC3/GABARAP proteins were incubated for 1h at RT with GST-protein elution Buffer (50
mM Hepes pH 7.5, 300mM NaCl, 1imM DTT, 20mM Gluthatione red) and then 4 fractions
of 4 ml were eluted. They were concentrated to 500 ul using Amicon Ultra-4 (4 mL, 3
kDa cut-off) (Millipore, UFC800324), and loaded onto a Superdex-75 10/300 GL size
exclusion column (GE Healthcare, GE17-5174-01) equilibrated in Buffer SEC (25mM
Hepes pH 7.5, 150mM NaCl, 1mM DTT). Proteins were distributed in aliquots, flash-
frozen and stored at -80°C until further use.

GFP was purified (Protocol 4) from soluble fractions of bacterial extracts obtained in the
absence of detergents, and it was >90% pure as evaluated by Coomassie Brilliant Blue-
stained SDS-PAGE. E. coli BL21 (ADE3) cells were transformed with the appropriate
plasmids. They were grown to Asee= 0.8 and protein expression was induced with 0.5
mM IPTG for 16 h at 20°C. Following centrifugation at 4,500 x g for 15 min, the pellet
was resuspended and sonicated in Breaking buffer (50 mM Hepes pH 7.5, 300 mM NacCl,
1mM TCEP supplemented with lysozyme, protease inhibitors and DNase). After removal
of cellular debris by centrifugation at 30,000 x g for 30 min at 4°C, the sample supernatant
was applied to a 5-ml nickel-nitrilotriacetic acid (Ni-NTA) column (GE Healthcare) and
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eluted via a stepwise imidazole gradient (50, 75, 100, 150, 200, and 300 mM). Protein
eluted in fractions containing 300 mM imidazole. These fractions were pooled,
concentrated, applied onto a Superdex 75 10/300 GL (GE Healthcare), and eluted in a
buffer containing 25 mM Hepes, pH 7.5, 150 mM NaCl, and 1 mM DTT. Fractions
containing pure GFP were pooled, concentrated, flash-frozen in liquid nitrogen, and
stored at —-80°C.

5.2.3. Preparation of LUV and SUV

The appropriate lipids were mixed in organic solution and the solvent was evaporated to
dryness under a N2 stream. Then the sample was kept under vacuum for 1 h to remove
solvent traces. The lipids were swollen in Assay Buffer in order to obtain multilamellar
vesicles (MLV). Large unilamellar vesicles (LUV) were produced from MLV according to
the extrusion method described by Mayer et al. (1986). See also Protocol 13. They were
subjected to 10 freeze/thaw cycles, and then extruded using a LIPEX Liposome
Extrusion System (Evonik Health Care, Essen, Germany) with a 0.05-um pore size
Nuclepore filters (Whatman, 110605). Small unilamellar vesicles (SUV) for supported
lipid bilayer (SLB) formation were obtained by sonicating MLV with a probe tip sonicator
(MSE Soniprep 150, MSE, UK) for 20 min (10 sec on, 10 sec off) on ice. See also
Section 2.6.3. Vesicle size was checked by quasi-elastic light scattering using a Malvern
Zeta-Sizer 4 spectrometer (Malvern Instruments, Malvern, UK). LUV had an average
diameter of =80 nm and SUV average diameter was =50 nm. Phospholipid concentration
was determined by phosphate analysis (Bottcher et al., 1961) (Protocol 11).

5.2.4.Size exclusion chromatography assays of GABARAPLI1
oligomerization

In order to assess the oligomerization state of GABARAPL1 an analytical size exclusion
chromatography (SEC) was performed (Protocol 9). SEC was performed in an AKTA
system using a Superdex 75 10/300 column from Amersham Biosciences equilibrated in
System Buffer (50 mM Tris pH 7.5, 150 mM NaCl) supplemented with 0.75% (v/v)
CHAPS. Proteins and liposomes were mixed and incubated for 30 min at 37°C (See
Figure 5.5 legend for details). The sample was solubilized by adding 2% CHAPS
(Landeta et al., 2011) and applied to the column in a total volume of 250 pl. The column
was eluted at a flow rate of 0.35 ml/min. 0.5-ml fractions were collected and analyzed by
Coomassie Brilliant Blue-stained SDS-PAGE.

5.2.5. Cryo-EM sample preparation and image collection

Conjugation reactions (See Figure 5.4, 5.7 and 5.8 legend for protein and lipid
concentration details) were performed at 37°C for 90 min with continuous stirring and the
reaction mixtures loaded on freshly glow-discharged 300-mesh R2/2 Quantifoil holey
carbon grids (Quantifoil Micro Tools GmbH). Vitrification was performed on a LEICA GP2
automatic plunge freezer (LEICA microsystems) maintained at 8°C at a relative humidity
close to saturation (90% rH). Grids were loaded with 4 uL sample solutions for 30 s,
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blotted with absorbent standard filter paper, and plunged into a liquid ethane bath. The
vitrified grids were removed from the plunger and stored under liquid nitrogen.

Imaging of cryo-EM samples was performed on a JEM-2200FS/CR (JEOL Europe, CIC
bioGUNE, Spain) transmission electron microscope operated at 200 kV and images were
recorded under low-dose conditions, with a total dose of the order of 30-40 electrons/Az2
per exposure, at defocus values ranging from -1.5 to —=4.0 ym. The in-column Omega
enerqy filter of the microscope helps to record images with improved signal-to-noise ratio
(SNR) by zero-loss filtering, using an energy selecting slit width of 20 eV centered at the
zero-loss peak of the energy spectra. Digital images were recorded on a GATAN K2
summit direct detection camera 4K x 4K (5 um pixels) (Gatan Inc., Pleasanton, CA) using
Digital Micrograph (Gatan Inc.) software, at a nominal magnification of 30,000x, resulting
in final sampling of 1.3 A/pixel (See also Protocol 21).

5.2.6. Total Lipid mixing assay

A fluorescence resonance energy transfer (FRET) assay (Protocol 18) was used to
monitor inter-vesicular membrane lipid mixing in the presence of different concentrations
of E3 (Alonso et al., 1982). The appropriate LUV containing 1.5 mol % NBD-PE and 1.5
mol % Rho-PE were mixed with a 9-fold excess of unlabeled LUV (see Figure 5.10
legend for protein and lipid concentration details). NBD-PE emission was monitored in a
Fluorolog®-3 (Horiba Jobin Yvon, Edison, NJ) spectrofluorometer with constant stirring
at 37°C. NBD emission was monitored at 530 nm with the excitation wavelength set at
465 nm (slits at 4 nm). A 515 nm cut-off filter was placed between the sample and the
emission monochromator to avoid scattering interference. 100% inter-vesicular
membrane lipid mixing were established by adding 10 pL of 10% (v/v) Triton X-100. The
extent of lipid mixing was quantified on a percentage basis according to the equation:
(F-Fo/F100-Fo) X 100 where F; is the measured NBD fluorescence of protein-treated LUV
at time t, Fo is the initial NBD fluorescence of the LUV suspension before ATP addition,
and Fiqo is the NBD fluorescence value after complete disruption of LUV by addition of
Triton X-100. Details for the inter-vesicular lipid mixing assay can be found in Gofii et al.
(2003)

5.2.7. Vesicle flotation assay

Protein interaction with membranes was assessed using flotation in sucrose gradients
(Protocol 16). All the liposome and protein concentrations used were increased (by 5-
fold) with respect to the other assays, all proportions being otherwise kept, to allow
detection of the E3 complex in the gels (See Figure 5.11 and Figure 5.12 legends for
protein and lipid concentration details). Liposomes were incubated with the indicated
proteins for 30 min at 37°C in System Buffer. The protein/lipid mix was adjusted to 1.4 M
sucrose concentration in 300 pl and transferred to a centrifuge tube. This first (bottom)
layer was overlaid with successive solutions containing 0.8 M (400 ul) and 0.5 M (300
pl) sucrose. The three-layer gradients were centrifuged in a TLA-120.2 rotor (Beckman
Coulter, Brea, CA, US) at 355,040 x g for 50 min at 4°C. After centrifugation, four 250-pl
fractions were collected, starting from the bottom. Proteins were detected in SDS-PAGE
gels using Coomassie Brilliant Blue staining. Densitometry of the protein bands was
performed using ImageJ software, and the percent liposome-bound protein was
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estimated from the band intensities measured in the third + fourth fractions (floating
vesicle fractions), relative to the total sum of intensities measured in all fractions.

5.2.8. Microscopy-based bead protein—protein interaction assay

For interaction between E3 (prey) and LC3/GABARAP proteins (bait) a microscopy-
based bead protein-protein interaction assay was used (Protocol 10). A mixture of 25 pl
GST-tagged LC3/GABARAPs or GST at 10 uM was incubated with 25 yl Glutathione
Sepharose 4B beads (GE Healthcare, 17-0756-01) at 4°C for 30 min on a rotating wheel
(final concentration: 5 uM). Then the beads were washed three times with System Buffer
to remove unbound proteins. Later, 100 pl GFP or GFP-E3 at 1 uM were transferred to
the observation chamber precoated with a 5 mg/ml BSA solution, and 5 pl beads were
added. It was incubated at RT for 30 min without shaking. Finally, images were acquired
on a Leica SP5 confocal microscope with a 63x Plan Apochromat 1.4 NA objective. The
excitation and emission wavelengths used for GFP-E3 detection were 488 nm and 515
nm respectively.

5.2.9. Alexa Fluor 633 GABARAPL1 labelling

For GABARAPL1 labelling (Protocol 8), an Alexa Fluor™ 633 NHS Ester (A20005,
Thermo Fisher) stock was prepared at 20 mM in DMSO. GABARAPLL1 purified using a
SEC buffer containing Hepes 25 mM, NaCl 150 mM (pH 7.5) buffer was adjusted to 25
UM, then 5 pl of the reactive dye solution Alexa 633 was slowly added to the protein
solution. The reaction was incubated for 90 min at 37°C with continuous stirring. A
Sephadex G-25 chromatography column (GE Healthcare) was used to separate the
conjugate from unreacted labeling reagent with buffer 25 mM Hepes, 150 mM NaCl (pH
7.5). The degree of labeling was determined measuring the absorbance of the protein-
dye conjugate at 280 nm, and at 633 nm that of the dye. Labeled samples were subjected
to SDS-PAGE and visualized using a VersaDoc MP 4000 Imaging System (Bio-Rad).

5.2.10. Preparation of GUV

Giant unilamellar vesicles (GUV) in solution were prepared by electroformation (Estes &
Mayer, 2005) using two different surfaces.

Platinum wire method (Protocol 14). A lipid stock of the desired GUV composition (0.2
mM total lipid containing 05 mol % Rho-PE) was prepared in
chloroform:diethylether:methanol (4:5:1, v/v). GUV were formed in a PRETGUV 4
chamber supplied by Industrias Técnicas ITC (Bilbao, Spain). 3 pl of the lipid stocks were
added onto the surface of platinum (Pt) electrodes and solvent traces were removed by
drying the chamber under high vacuum for at least 1 h. The Pt electrodes were covered
with 500 ul of a 300 mM sucrose solution, previously equilibrated at 37°C. The Pt
electrodes were connected to a generator (TG330 function generator, Thurlby Thandar
Instruments) under AC field conditions (10 Hz, 1 VRMS for 90 min, followed by 2.5 Hz,
1 VRMS, 60 min) at 37°C. Finally, the AC field was turned off and the vesicles (in 300
mM sucrose) were collected from the PRETGUV 4 chamber. This method was used in
experiments shown in Figure 5.17 and Figure 5.18.
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ITO method (Protocol 15). A lipid stock of the desired GUV composition (1 mM total lipid
containing 0.5 mol % Rho-PE) was prepared in chloroform:diethylether:methanol (4:5:1,
v/v). 20 ul of the stock were placed on indium tin oxide (ITO)-coated glass electrodes (10
Ml on each conducting surface) and solvent traces were removed by drying the chamber
under high vacuum for at least 1 h. Then, sucrose (300 mM) was added between the
ITO coated glass electrodes and they were connected to a generator (TG330 function
generator, Thurlby Thandar Instruments) under AC field conditions (10 Hz, 1 VRMS for
90 min) at 37 °C. Finally, the AC field was turned off and the vesicles (in 300 mM sucrose)
were collected. This method was used in experiments shown in Figure 5.19, Figure
5.20, Figure 5.21, Figure 5.22, Figure 5.23 and Figure 5.24.

5.2.11. In vitro reconstitution of GABARAPLT1 lipidation on GUV

80 ul GUV (in 300 mM sucrose) were added to 8-well chambered coverslips (Ibidi,
80826) pre-treated with bovine serum albumin (BSA) (2 mg/ml) containing an
equiosmolar buffer solution and the adequate protein mix (See Figure 5.17-5.24 for
details). The chamber was incubated for 30 min at 37°C. Due to the different density of
the two solutions, the vesicles sedimented at the bottom of the chamber, and this
facilitated observation under the microscope. The excitation and emission wavelengths
used for GFP were 458 nm and 467-538nm, for Rho- PE they were 543 nm and 578-617
nm, and for Alexa 633, 633 nm and 659-770 nm respectively. Images were acquired on
a Leica SP5 confocal microscope with a 63x Water Planar Apochromat 1.2 NA objective.

5.2.12. AFM measurements

Supported lipid bilayers (SPB) were prepared by the vesicle adsorption method (Jass et
al., 2000). 120 pl assay buffer containing 3 mM CaCl, were added onto a previously
prepared 1.2 cm? freshly cleaved mica substrate mounted onto a JPK coverslip-based
liquid cell for atomic force microscopy (AFM) measurements (JPK Instruments, Berlin,
Germany). 80 yl SUV (ePC:DOPE:PI, 70:20:10 mol ratio) were then added on top of the
mica. Vesicles were left to adsorb and extend for 20 min keeping the sample temperature
at 37 °C. The non-adsorbed vesicles were discarded by washing the samples 10 times
with assay buffer without CaCl, in order to remove remaining Ca?* cations from the
solution (See also Protocol 22).

Topographical images of the SLBs and proteins were taken using an UltraSpeed AFM
(JPK Instruments) under QI mode AFM scanning. Two different approaches were used.
The first one allowed the visualization of the final structure formed. First, the SBL was
scanned, then the protein mix (see Figure 5.25, 5.26 and 5.27 for details) was added
and incubated for 20 min at 37°C, and the resulting structure was imaged. The second
approach allowed the analysis of the time course of the process as the mix was added
to SLB and the scans were performed in the same zone every 5 min at room temperature.
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5.3. Results

5.3.1. GABARAPLT1 vesicle tethering, lipid mixing and oligomerization
ability in the absence of E3

GABARAPL1 was shown to be the LC3/GABARAP family member with the highest lipid
mixing ability (Chapter 4). The results obtained in the absence of E3 are summarized in
Figure 5.3. First;, GABARAPL1 is anchored to the membrane, through the ATP-
dependent action of the UBL-conjugation system (Figure 5.3A). Its lipidation allows the
GABARAPL1-promoted tethering of these vesicles (Figure 5.3B). In turn, this gives rise
to mixing of their membrane lipids, and cause inter-vesicle hemifusion/fusion (Figure
5.3C). Relatively low levels of protein lipidation are needed, only 10% lipidated
GABARAPLL is required to start the tethering/lipid mixing action. Tethering and lipid
mixing assay results correlate well, the inner lipid and aqueous contents mixing assays
suggest that only part of the vesicles can undergo full fusion (Figure 5.3, bottom panels).
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Figure 5.3. Comparative summary of GABARAPLL1 lipidation, tethering and lipid mixing time courses
in the absence of E3. Top: A model of Atg8 tethering and hemifusion ability, as proposed by Nakatogawa et
al., (2007), adapted for GABARAPL1 and based on its ability to get lipidated (A), tether (B), and cause lipid
mixing (C) of vesicles. Bottom: Time courses of lipidation (A), tethering (B), and lipid mixing (C) produced
when GABARAPL1, ATG7, ATG3 and ATP are mixed with PE-containing liposomes (See Chapter 4 for
details).

To explore this effect in further detail, the ability of GABARAPL1 to cause vesicle
tethering and fusion was also analyzed using cryo-electron microscopy (cryo-EM). We
observed extensive vesicle tethering, with membrane contacts and some extended
sheet-like structures, 300-400 nm long, all of them compatible with a degree of
membrane fusion. Figure 5.4 displays several examples of structures evocative of
aggregation and hemifusion (triple parallel lines and inter-vesicular discontinuous lines)
and fusion (sheets). Thus, cryo-EM data confirm the previous results and suggest a
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mode of action of lipidated GABARAPLL1 in the absence of E3, compatible with a large
fraction of the vesicles undergoing close apposition, or hemifusion, and a minor fraction
carrying out full fusion.

Figure 5.4. GABARAPLL1 ability to tether and fuse vesicles in the absence of E3 complex, analyzed
by cryo-EM. A gallery of cryo-EM images obtained under the condition “-E3, +ATP”. 0.5 yM ATG7, 1 uM
ATG3, and 5 uyM GABARAPL1 were mixed with 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol)] and,
after ATP addition, were incubated at 37°C for 90 min. Arrows point to the specific structures observed. (A)
Examples of structures evocative of aggregation or hemifusion (“triple parallel lines”). (B) Examples of
structures evocative of hemifusion (inter-vesicular discontinuous lines). (C) Examples of structures evocative
of fusion (sheets). Bar = 50 nm.

The mechanism of autophagosome expansion proposed by Nakatogawa et al. (2007)
for yeast Atg8 (Figure 5.3, top panels) was based on the hypothesis that oligomerization
of Atg8s attached to different vesicles could be responsible for vesicle tethering and
hemifusion. In order to test if this hypothesis could be also true for GABARAPLL1, its
oligomeric state was studied by size exclusion chromatography. All samples were treated
with 2% (w/v) CHAPS to allow membrane solubilization. In this experimental approach
using chemical (Figure 5.5A) and enzymatic lipidation (Figure 5.5B), GABARAPL1
eluted close to its calculated monomeric mass when PEmal or ATP were not present.
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However, if PEmal or ATP were in the mix and the protein was able to be anchored to
the membrane, a further peak corresponding to higher molecular weight fractions
appeared, suggesting that GABARAPL1 could form dimeric complexes under these
conditions. Therefore, this preliminary oligomerization results support the hypothesis that
GABARAPL1 could interact with other GABARAPL1 molecules to promote the tethering
and lipid mixing of vesicles.
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Figure 5.5. Preliminary GABARAPL1 oligomerization studies. (A) Size exclusion chromatography
analysisof GABARAPL1 oligomerization using chemical lipidation. GABARAPL1%1%6C was incubated with
non PEmal-containing liposomes [ePC:DOPE:PI (35:55:10 mol)] (dashed lines) or with PEmal-containing
LUV [ePC:DOPE:PEmal:PI (35:25:30:10 mol)] (solid lines) for 30 min at 37°C. Samples were then treated
with 2% CHAPS (w/v) and injected in a Superdex 75 10/300 column. Top: Elution profile of
GABARAPL1G16C, Note that, according to Superdex 75 10/300 instruction manual, 43 kDa and 14 kDa
correspond to elution volumes of 10.5/13.5 ml respectively. Bottom: Fraction analysis by SDS-PAGE, upper
panel: non PEmal-containing LUV and, lower panel, PEmal-containing LUV. Input (Ip) (B) Size exclusion
chromatography analysis of GABARAPL1 oligomerization using enzymatic lipidation in the absence of E3.
PE-containing liposomes [ePC:DOPE:PI (35:55:10 mol)], GABARAPL1, ATG7 and ATG3 were incubated
without ATP (dashed lines) or with ATP (solid lines) for 30 min at 37°C. Samples were then treated with 2%
CHAPS (w/v) and injected in a Superdex 75 10/300. Top: Elution profile of GABARAPL1. According to
Superdex 75 10/300 instruction manual, 43 kDa and 14 kDa correspond to elution volumes of 10.5/13.5 ml
respectively. Bottom: Fraction analysis by SDS-PAGE, upper panel: without ATP, lower panel: with ATP.

Input (Ip).

5.3.2. Effect of E3 on GABARAPLT1 tethering and lipid mixing ability

The effect of E3 complex on LC3/GABARAP-induced tethering and lipid mixing ability
was described in the previous Chapter. E3 effects on the capacity of GABARAPL1 to
aggregate/fuse vesicles are summarized in Figure 5.6, in which all the results obtained
with GABARAPL1 are compared. Figure 5.6A shows an outline of the E3 effect on
GABARAPL1 lipidation, tethering and lipid mixing. Although E3 increased lipidation rates
and levels (Figure 5.6B), the rates and extent of tethering were similar in both cases,
even if tethering started later in the absence of E3 (Figure 5.6C). Moreover, lipid mixing
also took longer to start when E3 was not present, but its rates and extent were much
higher than when E3 was present (Figure 5.6D).
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Figure 5.6. Comparative summary of GABARAPLL1 lipidation, tethering and lipid mixing levels and
time courses in the absence and presence of E3. (A) An outline of the effect of E3 on GABARAPL1
lipidation, tethering and lipid mixing ability. (B) Comparative time course, lag phase, rates and extent of
lipidation in the absence (grey) or in the presence (green) (C) Comparative time course, lag phase, rates
and extent of tethering in the absence (grey) or presence (green) of E3. (D) Comparative time course, lag
phase, rates and extent of lipid mixing in the absence (grey) or presence (green) of E3. (See Chapter 4 for
details).
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When cryo-EM was used to compare GABARAPLL ability to cause vesicle tethering and
hemifusion in the absence or presence of E3, the results were similar to the above. In
the absence of E3 and ATP (Figure 5.7A), the vesicles appeared well differentiated,
mostly unilamellar, and with a diameter close to 80 nm. Addition of ATP, which induced
GABARAPL1 lipidation, caused extensive vesicle tethering, with membrane contacts
and some extended sheet-like structures, 300-400-nm long, (Figure 5.7B) all of them
compatible with a degree of membrane fusion. Cryo-EM of vesicles treated with E3, but
not ATP, indicate only some vesicle tethering/aggregation (Figure 5.7C), as expected
from the turbidity data in Figure 5.6C (green dashed line). Finally, vesicles in the
presence of both ATP and E3 did show triple parallel lines as a signal of aggregation and
a few inter-vesicular discontinuous lines, but without extended structures suggestive of
fusion (Figure 5.7D), again as expected from the fluorescence data (Figure 5.6D, green
solid line).

GABARAPL1+ATG7+ATG3+LUVs
-ATP +ATP

+E3

Figure 5.7. GABARAPL1 ability to tether and fuse vesicles in the absence or presence of E3 complex
analyzed by cryo-EM. Cryo-EM images of the four conditions analyzed in Chapter 4 (-E3 —ATP, -E3+ATP,
+E3-ATP, +E3+ATP) 0.5 uM ATG7, 1 uM ATG3, and 5 utM GABARAPL1 were mixed with 0.4 mM LUV
[ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], in the absence (-E3) or in the presence (+E3) of 0.1 uM E3
complex. After addition of buffer (-ATP) or ATP (+ATP) the mixture was incubated at 37°C for 90 min. (A-D)
Cryo-EM images of liposomes after reconstituting GABARAPL1 conjugation reaction: (A) in the absence of
E3 and ATP. (B) In the absence of E3 but in the presence of ATP. (C) In the presence of E3 but in the
absence of ATP. (D) In the presence of both E3 and ATP. Bar = 100 nm.
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Galleries of images obtained under the conditions in Figure 5.7 can be found in Figure

5.8.
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Figure 5.8. Gallery of images of GABARAPLL1 ability to tether and fuse vesicles in the absence or
presence of E3 complex analyzed by cryo-EM. Additional cryo-EM images of the four conditions analyzed
in Figure 5.5. Details as in Figure 5.5. Bar = 100 nm.

Therefore, cryo-EM data supports the results obtained in Chapter 4 in the presence of
E3, in which E3-induced inhibition of lipid and aqueous contents mixing was shown. The
next step was to further investigate the reason why E3 was able to cause this effect.
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5.3.3. Effect of E3 concentration on GABARAPL1 lipidation and lipid
mixing ability

To assess whether the E3 effect was concentration dependent, a lipidation reaction was
performed with different E3 concentrations: 0.00, 0.02, 0.10 and 0.20 pM. A clear
increase in lipidation levels could be seen from 0.00 to 0.02 to 0.10 uM E3 (Figure 5.9),
however, amounts above 0.10 uM did not cause any further protein lipidation.
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Figure 5.9. E3 concentration effect on lipidation. In vitro GABARAPL1 lipidation assay in the
presence of increasing E3 concentrations. (A) 0.5 uM ATG7, 1 uM ATGS3, and 5 uM GABARAPL1 were
mixed with 0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], in the absence (-) or in the presence
of different E3 complex concentrations (0.02, 0.1, 0.2 yM), and incubated at 37°C in System Buffer
containing MgClz and ATP. Aliquots were retrieved 0 and 30 min after ATP addition, and loaded on a 15%
SDS-polyacrylamide gel. (B) Percent lipidated protein, quantified as described under In vitro enzymatic
lipidation assay (Materials and Methods Chapter 4).

Moreover, when the effect of the different E3 concentrations on GABARAPLL1 lipid mixing
ability was considered, an inverse correlation could be seen (Figure 5.10). When E3
concentration increased, GABARAPLL1 lipid mixing ability decreased.
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Figure 5.10. E3 concentration effect on lipid mixing. GABARAPLL1 lipid mixing assay in the presence
of increasing E3 concentrations. (A) 0.5 uM ATG7, 1 uM ATG3, and 5 uM GABARAPL1 were mixed with
0.4 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)], in the absence (-) or in the presence of different
E3 complex concentrations (0.02, 0.1, 0.2 uM), and incubated at 37°C in System Buffer containing MgCl2
and ATP. (B) Tethering rates after ATP addition.
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The overall results showed that higher levels of lipidated protein and E3 promote a larger
decrease in GABARAPLL1 lipid mixing ability, supporting the idea of a protein structure
being formed in the presence of E3, that could impede lipid mixing.

5.3.4. The interaction of lipidation machinery proteins with membranes

To determine the interaction with membranes of the various proteins involved in
GABARAPL1 lipidation and explore the possible formation of a protein coat or scaffold,
protein-liposome flotation assays were performed. Specifically, membrane interaction of
the lipidation machinery proteins under the four conditions described above (-E3-ATP, -
E3+ATP, +E3-ATP, +E3+ATP) was checked. To allow detection of the E3 complex in
the SDS-PAGE gel after the flotation assay, concentrations of all the reagents in the
assay had to be increased by 5-fold. This increased concentration originated that, even
in the absence of E3, all GABARAPL1 was lipidated.

In the absence of E3 (Figure 5.11) an ATP-dependent increased interaction of all the
proteins was observed. Before ATP addition (Figure 5.11, -ATP, left panel), part of ATG3
and ATG7 appeared in the bound fraction together with a small percentage of
GABARAPLL. As expected, upon ATP addition (Figure 5.11, +ATP, right panel) the
band corresponding to the lipidated form of GABARAPL1 only appeared in the bound
fraction, together with ATG3, and part of ATG7. This suggests that ATP addition did not
only allow lipidation, but it also enhanced ATG7 and ATG3 binding to vesicles.
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Figure 5.11. Membrane interaction of the lipidation machinery in the absence of E3 increases in the
presence of ATP. SDS-PAGE/Coomassie Brilliant Blue-stained gels of the fractions obtained from a vesicle
flotation assay of the proteins that form the lipidation machinery in the absence (left) or presence (right) of
ATP. Protein found in fractions 3+4 was taken as bound protein. Protein and lipid concentrations were
increased by 5-fold. 2.5 uyM ATG7, 5 uM ATG3, 0.5 uM E3 and 25 uM of GABARAPL1 were incubated with
2 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)] at 37°C for 30 min in the absence or presence of
ATP.
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In the presence of E3 (Figure 5.12), an ATP-dependent increased interaction for ATG3,
ATG7 and GABARAPLL1 was also observed, including lipidation of the latter. However,
all E3 was already in the bound fraction in the absence of ATP (Figure 5.12, -ATP, left
panel). This is in agreement with the results obtained in Chapter 4 (Figure 4. 16, showing
full E3 binding to membranes when ATG3 was present. Upon ATP addition, E3 remained
in the membrane-bound fraction (Figure 5.12, +ATP, left panel).
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Figure 5.12. Membrane interaction of the lipidation machinery in the presence of E3 increases in the
presence of ATP. SDS-PAGE/Coomassie Brilliant Blue-stained gels of the fractions obtained from a vesicle
flotation assay of the proteins that form the lipidation machinery in the absence (left) or presence (right) of
ATP. Protein found in fractions 3+4 was taken as bound protein. Protein and lipid concentrations were
increased by 5-fold. 2.5 uM ATG7, 5 uM ATG3, 0.5 uM E3 and 25 pM of GABARAPL1 were incubated with
2 mM LUV [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)] at 37°C for 30 min in the absence or presence of
ATP.

The overall results demonstrate that GABARAPLL1 lipidation facilitates membrane
binding of the other system components. However, as the flotation assay does not
provide details about the nature of the interaction, the question remains on whether ATP
addition caused a reorganization that made E3 complex change its mode of interaction
with the membrane/and or proteins, and whether this could affect GABARAPLL1 lipid
mixing ability.

5.3.5. Direct interaction of GABARAPL1 with E3 complex.

Based on the previously described interaction of Atg8 with E3 complex in yeast
(Kaufmann et al., 2014), experiments were addressed to test a putative direct interaction
between GABARAPL1 and E3 in the absence of the remaining elements in the lipidation
machinery, ATG7 and ATG3.
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A microscopy-based glutathione sepharose-bead interaction assay was used to assess
GABARAPL1 ability to interact with the E3 complex. An E3 complex containing a GFP
tag in ATG16L1 was used. GFP-E3 complex was recruited to beads coated with GST-
GABARAPL1 (Figure 5.13). The result supported a direct interaction between
GABARAPL1 and E3.
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Figure 5.13. GFP-E3 complex was recruited to beads coated with GABARAPLL1. (A) An outline of the
microscopy-based Glutathione (GSH) sepharose-bead interaction assay. (B) Representative images of GSH
beads coated with GST-GABARAPLL1 incubated with GFP-E3. Images were acquired on a Leica SP5
confocal microscope. Bar = 25 pm.
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In a time course assay (Figure 5.14) the interaction between GABARAPL1 and E3 was
seen to occur in a matter of seconds, and to require the presence of GABARAPLL1.

GFP-E3
l 10s 15s

Figure 5.14. Time course of GFP-E3 binding to GST- and GST-GABARAPL1-coated beads. GFP-E3
was added to GSH Beads coated with GST (upper panel) or GST-GABARAPLL1 (lower panel). Images were
acquired on a Leica SP5 confocal microscope every second. Images at time 0, 10, 15, 30 and 180 s are
shown. Bar = 25 pm.
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To confirm that the interaction was specific for GFP-E3, it was tested whether the GFP
tag (not bound to E3) would interact with GST- (Figure 5.15A) or GST-GABARAPL1-
(Figure 5.15C) coated beads. The green halo around the beads was only observed when
both GABARAPL1 and E3 were present (Figure 5.15D).
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GST GST-GABARAPL1
GFP-E3 GFP GFP-E3

EEEE

Figure 5.15. GFP-E3 complex was specifically recruited to beads coated with GABARAPL1. (A)
Representative images of GSH Beads coated with GST incubated with GFP. (B) Representative images of
GSH Beads coated with GST incubated with GFP-E3. (C) Representative images of GSH Beads coated
with GST-GABARAPLL1 incubated with GFP. (D) Representative images of GSH Beads coated with GST-
GABARAPL1 incubated with GFP-E3. Images were acquired on a Leica SP5 confocal microscope. Bar = 25
pm.

In the same way, the interaction of E3 with other LC3/GABARAP family members was
tested (Figure 5.16). GFP-E3, but not GFP, was able to interact with any of the
LC3/GABARAP proteins in beads. A semi-quantitative appraisal indicated a weaker
interaction of LC3B and GABARAPL?2 with E3. In general, the results confirmed a direct
interaction between LC3/GABARAP proteins and E3.

GST-LC3A GST-LC3B GST-LC3C GST-GABARAP GST-GABARAPL2

GFP

GFP-E3

Figure 5.16. GFP-E3 complex was recruited to beads coated with LC3/GABARAP-family members.
Top panels: Representative images of GSH Beads coated with GST-LC3A, GST-LC3B, GST-LC3C, GST-
GABARAP and GST-GABARAPL2 incubated with GFP. Bottom panels: Representative images of GSH
Beads coated with GST-LC3A, GST-LC3B, GST-LC3C, GST-GABARAP and GST-GABARAPL?2 incubated
with GFP-E3. Images were acquired on a Leica SP5 confocal microscope. Bar = 25 pum.

5.3.6. Reconstitution of GABARAPLT1 lipidation in GUV

Giant unilamellar vesicles (GUV) constitute a cell-sized model membrane system that
allows direct visualization of particular membrane-related phenomena, such as domain
protein interaction, at the single-vesicle level, using fluorescence microscopy-related
techniques. This method was used to test whether or not GABARAPL1 was able to
interact with PE-containing GUV and whether this interaction was or not dependent on
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E3 or ATP. In addition, this technique helped to shed more light on the potential protein
coat/scaffold formation, since it could allow observation of putative GABARAPL1 and E3
coexistence, and detect whether a homogeneous structure was formed.

5.3.6.1.GABARAPL1 and E3 complex colocalize on GUV membranes in the presence
of ATP.

Following previous work that used GUV for Atg8 or LC3B lipidation reconstitution
(Fracchiolla et al., 2020; Kaufmann et al., 2014) the concentrations of GABARAPL1,
ATG7 and ATGS3 used in our tethering and lipid mixing assays were reduced by 5-fold.
The E3 concentration was maintained at 0.1 pM, already a low concentration as
discussed in Chapter 4. GABARAPL1 was labelled with Alexa Fluor 633 and GFP-E3
was used (Figure 5.17A).

GABARAPL1 lipidation in the presence of E3 was reconstituted in GUV (Figure 5.17A).
A recruitment of E3 (green) and GABARAPL1 (blue) to GUV membranes (red) was
observed (Figure 5.17B). Moreover, a Z-axis projection showed a homogeneous
distribution of the proteins around the GUV (Figure 5.17B, lower panels).
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Figure 5.17. GABARAPL1 and E3 complex colocalize on GUV membranes in the presence of ATP.
(A) Schematic representation of the approach used. 0.1 uM mATG7, 0.2 uM ATG3, 1 uM Alexa 633 labelled
GABARAPL1, 0.1 uM GFP-E3 and ATP were mixed with Rho-PE containing GUV prepared with the
“platinum wire method” (3ul of a 0.2 mM Stock; [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. The mixture
was incubated for 30 min at 37°C. (B) Top: Representative confocal images. Bottom: Z projection of the
images. Images were acquired on a Leica SP5 confocal microscope. Bar = 10 um.
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In order to confirm that E3 and GABARAPL1 localization in GUV was ATP dependent,
the reconstitution system was tested under the same four conditions described in
Chapter 4 (-E3-ATP, -E3+ATP, +E3-ATP, +E3+ATP) (Figure 5.18). No GABARAPL1
recruitment was observed when ATP was not present (Figure 5.18, -ATP). Moreover,
when E3 was not present just a faint halo of GABARAPL1 could be seen on some of the
GUV after ATP addition (Figure 5.18, -E3, +ATP). In agreement with the previous
experiment, a clear GABARAPLL signal was detected when both E3 and ATP were
present (Figure 5.18, +E3, +ATP). E3 was found in the GUV only after ATP addition,
colocalizing with GABARAPLL1. Those results support the possibility of a GABARAPL1-
E3 coat formation, dependent on ATP presence, or on GABARAPL1 lipidation.
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Figure 5.18. GABARAPL1 and E3 complex colocalization on GUV membranes is ATP dependent.
Representative confocal images of -E3-ATP, -E3+ATP, +E3-ATP, +E3+ATP conditions. 0.1 uyM mATG?7, 0.2
UM ATG3, 1 uM Alexa 633 labelled GABARAPL1 and when indicated 0.1 pM GFP-E3 and ATP were mixed
with Rho-PE containing GUV prepared with the “platinum wire method” (3pl of a 0.2 mM stock;
[ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. The mixture was incubated for 30 min at 37°C. Images were
acquired on a Leica SP5 confocal microscope. Bar = 10 pm.

In order to reproduce lipid mixing experiments in GUV, a different GUV production
method (ITO, see methods for details) was used. This method allows the simultaneous
observation of increased numbers of GUV. This increase permitted the use of protein
concentrations as used in LUV experiments, i.e. 5-fold lower than in Figure 5.16, which
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allowed a closer approach to the tethering and fusion experimental conditions in GUV
and LUV. Under these conditions (Figure 5.19), in the absence of E3 and of ATP, no
GABARAPL1 was seen on the GUV membranes (Figure 5.19, -E3-ATP). However,
when ATP was in the mixture, and therefore GABARAPLL lipidation could happen, a
faint GABARAPL1 signal could be observed in the contact regions between GUV (Figure
5.19, -E3+ATP, arrows).

In the presence of E3 but not ATP, the E3 complex was detected in the contact regions
of the GUV and little amounts of GABARAPL1 could be observed colocalizing with E3.
(Figure 5.19, +E3-ATP, arrows). When both E3 and ATP were present, thus
GABARAPL1 lipidation could happen, 30 min incubation were enough for GABARAPL1
to be detected around the GUV, colocalizing with E3 (Figure 5.19, +E3+ATP). However,
while GABARAPL1 signal was maintained in the contact zones, E3 was no longer
present in most of them (Figure 5.19, +E3+ATP, arrows).
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Figure 5.19. GABARAPL1 and E3 complex localization on GUV prepared by the ITO method.
Representative confocal images of -E3-ATP, -E3+ATP, +E3-ATP, +E3+ATP conditions. 0.5 pM mATG?7, 1
UM ATG3, 5 uM Alexa 633 labelled GABARAPL1 and when indicated 0.1 uM GFP-E3 and ATP were mixed
with Rho-PE containing GUV prepared with the “ITO” method (20 ul of a 1 mM Stock; [ePC:DOPE:PI:DOG
(33:55:10:2 mol ratio)]. The mixture was incubated for 30 min at 37°C. Images were acquired on a Leica
SP5 confocal microscope. Bar = 10 pm.
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The results obtained with the ITO GUV support the possibility of a GABARAPL1-E3 coat
formation dependent on ATP presence/lipidation. However, GABARAPLL1 behavior in the
absence of E3 and E3 behavior in the absence and presence of ATP should be studied
in more detail.

5.3.6.2.GABARAPL1 behavior in the absence of E3

30 min after GABARAPLL1 incubation with ATG7, ATG3, ATP and GUV, a GABARAPL1
signal was observed in the GUV contact zones that was not seen in the absence of ATP
(Figure 5.19, -E3). Based on previous results summarized in Figure 5.6B, in which it
was shown that GABARAPLL1 lipidation was slower in the absence of E3, the system
was examined for a longer time, namely 120 min (Figure 5.20). Some effects were
observed that were not evident after 30 min (Figure 5.19, -E3). In particular, some signal
of GABARAPL1 binding was detected in the condition without ATP (Figure 5.20, -ATP,
GABARAPL1), however the differences between GABARAP intensity in the absence and
presence of ATP were still clear. When ATP was present and lipidation could occur,
GABARAPL1 was located around the GUV but with a higher intensity in the contact
zones (Figure 5.20, +ATP, GABARAPLL1). In addition, although the high production of
GUV obtained by the ITO method caused the appearance of GUV closer to each other
even in the absence of ATP (Figure 5.20, -ATP, GUV), a higher amount of tethering and
some structures suggestive of inter-GUV lipid mixing (flatter and larger contact zones)
could be seen 120 min after ATP addition (Figure 5.20, +ATP, GUV).
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Figure 5.20. GABARAPL1 behavior in the absence of E3 120 min after ATP addition. Representative
confocal images of -E3-ATP, -E3+ATP conditions. 0.5 pM mATG7, 1 uM ATG3, 5 pM Alexa 633 labelled
GABARAPL1 and when indicated ATP were mixed with Rho-PE containing GUV prepared with the “ITO”
method (20 pl of a 1 mM Stock; [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. The mixture was incubated for
120 min at 37°C. Images were acquired on a Leica SP5 confocal microscope. Bar = 10 pm.
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Therefore, these results showed a different behavior of GABARAPL1 when ATP was
present. ATP addition promoted higher levels of GUV tethering that would correspond to
a higher localization of GABARAPLL1 in GUV membranes, particularly in their contact
zones, even if the lack of E3 required longer incubation periods.

5.3.6.3.E3 and GABARAPL1 behavior after ATP addition

In the presence of E3, 30 min GABARAPLL1 incubation with the lipidation machinery were
enough to detect GABARAPL1 and E3 interaction with GUV membranes (Figure 5.18
and Figure 5.19, +E3 +ATP). The process may be better understood when lipidation is
observed in a wider microscopic field in the absence or presence of ATP (Figure 5.20).
In the absence of ATP, E3 appeared at the contact zones of some tethered GUV but
also surrounding some of them (Figure 5.21, -ATP). However, when ATP was present
and GABARAPLL1 lipidation could happen, E3 had disappeared from many of the contact
zones, GABARAPL1 was located all over the GUV and a tighter tethering of GUV was
observed (Figure 5.21, +ATP).
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Figure 5.21. GABARAPL1 and E3 behavior before and after ATP addition. Representative confocal
images of +E3-ATP, +E3+ATP conditions. 0.5 pM mATG7, 1 pM ATG3, 5 pM Alexa 633-labelled
GABARAPL1, 0.1 uM E3 and, when indicated, ATP, were mixed with Rho-PE containing GUV prepared with
the ITO method (20 pl of a 1 mM Stock; [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. The mixture was
incubated for 30 min at 37°C. Images were acquired on a Leica SP5 confocal microscope. Bar = 10 um.

As seen in Figure 5.22, when ATP was present, E3 disappearance from contact zones
was a generalized behavior. A faint E3 signal in some of the contact zones (Figure 5.22)
suggests, as expected from the observation of E3 location in the absence of ATP (Figure
5.21, -ATP), that E3 would go first to these zones, and then relocate to other GUV
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regions. Moreover, the slightly polyhedral or flat surfaces in the E3-free zones could
indicate that some inter-vesicular lipid mixing could happen in those areas (Figure 5.22).

GABARAPL1+ATG7+ATG3+GUVs
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Figure 5.22. E3 disappeared from GUV contact zones after ATP addition. Representative confocal
images of +E3+ATP conditions. 0.5 pM mATG7, 1 pM ATG3, 5 pM Alexa 633 labelled GABARAPL1, 0.1
UM E3 and ATP were mixed with Rho-PE containing GUV prepared with the ITO method (20 pl of a 1 mM
stock; [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. The mixture was incubated for 30 min at 37°C. Images
were acquired on a Leica SP5 confocal microscope. Bar = 10 um.

Z-axis and 3D projections confirm that, while GABARAPLL1 is interacting with the contact
surfaces between GUV, E3 is absent from those zones. E3 rather stays bound to the
membrane areas not in contact with other vesicles (Figure 5.23).
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Figure 5.23. Z-axis and 3D projections of GUV, E3 and GABARAP signal 30 min after ATP addition.
Representative confocal image of +E3+ATP condition. 0.5 pM mATG7, 1 pM ATG3, 5 uM Alexa 633 labelled
GABARAPL1, 0.1 puM E3 and when indicated ATP were mixed with Rho-PE containing GUV prepared with
the ITO method (20 pl of a 1 mM stock; [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. The mixture was
incubated for 30 min at 37°C. Top: Confocal image. Middle: Z-axis, Bottom: 3D projection. Images were
acquired on a Leica SP5 confocal microscope. Bar = 10 pm.

A time-resolved assay was performed to further understand the process. After identifying
GUV in close apposition (Figure 5.24, 5 min), E3 was first located at a higher
concentration in the contact regions, according to the GFP signal. Then, E3
concentration increased all over the GUV, as GABARAPL1 began to interact with the
lipids, with E3, or both (Figure 5.24, 15 min). As this happened, the curved shape of the
GUV contact zones gradually became flat (Figure 5.24, 35 min, GUV panel). By the end
of the observation time lapse, E3 left the contact zone, while GABARAPL1 stayed
(Figure 5.24, 45 min, E3 panel). Thus, it appears that, under our conditions, E3 and
GABARAPL1 could cooperate in inducing the tethering and possible lipid mixing between
vesicles, even with low-curvature structures such as GUV. Moreover, the coexistence of
GABARAPL1 and E3 surrounding the GUV outer surface support the idea of the
formation of a scaffold or protein coat being formed in those zones.
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Figure 5.24. Time course assay of GABARAPL1 lipidation reconstitution in GUV in the presence of
E3 complex. Representative confocal images of +E3+ATP condition. 0.5 pM mATG7, 1 uM ATG3, 5 uM
Alexa 633 labelled GABARAPL1, 0.1 uM E3 and ATP were mixed with Rho-PE containing GUV prepared
with the ITO method (20 pl of a 1 mM stock; [ePC:DOPE:PI:DOG (33:55:10:2 mol ratio)]. Images were
acquired on a Leica SP5 confocal microscope every minute. Images at time 5, 15, 25, 35 and 45 min are
shown. Bar = 10 pm.
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5.3.7. AFM preliminary studies: A protein coat/scaffold could be formed
over the membrane

5.3.7.1.  An homogeneous structure is formed on top of the bilayer

A combination of GUV and AFM studies allowed Kaufman et al. (2014) to propose that
Atg8—PE assembles with Atg12—Atg5-Atg16 into an immobile membrane scaffold, Atg16
the element driving the ordered assembly of the scaffold by crosslinking Atg8—PE/Atg12—
Atg5 complexes into a two-dimensional meshwork. Preliminary AFM studies were used
to determine whether a mesh or a scaffold like structure is formed when GABARAPL1
lipidation system is present. To asses this objective, SLB containing PE were formed.
Before protein addition, the SLB were scanned (Figure 5.25B, 0 min) and their extension
was checked. Only some lipid aggregates were detected. After incubation for 20 min at
37°C with a mixture that contained GABARAPL1, mATG7, ATG3, E3 and ATP (Figure
5.25A) the sample was scanned again (Figure 5.25B, 20 min). A higher structure was
observed on top of the bilayer suggesting the possible formation of a protein scaffold
similar to what was seen for Atg8.
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Figure 5.25. A structure is formed on top of the bilayer when GABARAPLL1 lipidation system is
present. (A) Outline of the approach. 0.5 uM mATG7, 1 uyM ATG3, 5 uM GABARAPL1, 0.1 pM GFP-E3 and
ATP were added to a SLB containing PE [ePC:DOPE:PI (70:20:10 mol ratio)]. The mixture was incubated
for 20 min at 37°C. (B) Line-fitted raw height images of SLBs before protein addition (left, t = 0 min) and 20
min after GABARAPL1, ATG7, ATG3, E3 and ATP addition (right t = 20 min).

If the sample was washed before scanning to avoid lipid and protein aggregates
deposition and a smaller area was scanned (around 5 um), a better topography image
was obtained (Figure 5.26A). A cross section of a zone including bilayer and protein
structures revealed that the structure was 6 nm higher than the bilayer (Figure 5.26B).
The histogram of the full image supports the notion of a homogeneous structure around
6nm height. These characteristics rule out the possibility that the observation
corresponds simply to a protein aggregate. The constant height and the homogeneity of
the protein layer indicate that it is a specific structure.
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Figure 5.26. A homogeneous structure is formed on top of the bilayer when the GABARAPL1
lipidation system is present. (A) Line-fitted raw height images of SLBs 20 min after GABARAPL1, ATG7,
ATG3, E3 and ATP addition. The sample was washed before scanning. The brightest area in the image was
due to a deformation in the mica, which seemed not to be totally flat. (B) Cross-section of the zone in the
rectangle in (A). Membrane height was set to zero. (C) Histogram of the relative height distribution of the
zone in the rectangle in (A). Membrane height was set to zero.

5.3.7.2.  Structure formation is dependent of ATP presence

To determine whether the structure resulting from the interaction between GABARAPL1,
ATG7, ATG3, E3 and a PE-containing membrane was dependent on ATP a comparative
time-course assay in the absence or presence of ATP was performed. These studies
were performed at room temperature.

As seen in Figure 5.27A (lower panel), when ATP was present, just a few minutes were
needed to make this structure detectable, seemingly “attached” to the lipid bilayer.
However when ATP was not present Figure 5.27A (upper panel), only small changes in
topography could be observed, probably due to protein interactions with the bilayer. The
histogram of the full image supports the notion of a new structure beingformed when ATP
is present (Figure 5.27B). The lower height of the new structure could be explained by
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the difference in temperature between assays that did not allow reaching the final point
obtained in the previous experiments (Figure 5.25 and Figure 5.26).
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Figure 5.27. Time course of structure formation in the absence or in the presence of ATP. (A) Line-
fitted raw height images of SLBs at different time points after ATP addition (0, 8, 12 and 24 min). Top: in the
absence of ATP. Bottom: in the presence of ATP. GABARAPL1, ATG7, ATG3, E3 and ATP addition. (B)
Histogram of the relative height distribution of the image at time 24 min in (A). Membrane height was set to
zero.

Further experiments would be needed to characterize the observed structure, but our
preliminary results suggest that GABARAPL1, ATG7, ATG3, E3 complex could form a
homogenous structure over the lipid bilayer if ATP were present.
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5.4 Discussion

GABARAPL1 oligomerization after lipidation could be responsible for its tethering
and lipid mixing ability

The results on the potential ability of GABARAPL1 to oligomerize showed the
appearance of a peak corresponding to a two-fold molecular weight once lipidation had
been induced (Figure 5.5). This suggests the possibility of the tethering and lipid mixing
ability being related to the interaction between two GABARAPL1 molecules, each bound
to a different vesicle. Further experiments using more quantitative techniques such as
native gels, cross-linking, or fluorescence correlation spectroscopy (FCS) could help
understand whether dimers were being formed.

In addition, GABARAPL1 localization in GUV in the presence of ATP but in the absence of
E3 (Figure 5.20, +ATP) suggested that lipidation in GUV could occur in the absence of
E3, although at a slower rate. Results obtained with GUV in the absence of E3 after 120
min (Figure 5.20, +ATP) indicated that there was an ATP-dependent tethering and
possible inter-vesicle lipid mixing together with an increased localization of GABARAPL1
in the contact zones of these GUV. These observations would be compatible with an
interaction of a GABARAPLL lipidated protein on one GUV with a GABARAPL1 on the
adjacent GUV. Moreover, in Cryo-EM images, the presence of vesicles in close
apposition and of structures suggestive of hemifusion and fusion only when ATP was
present (Figure 5.4) supports the previous conclusions obtained by spectroscopic
measurements (Figure 5.3 and Chapter 4), that pointed again to a role of this protein in
phagophore expansion. However, as stated in the previous chapter, this effect would be
concurrent with other factors and mechanisms such as ATG2 lipid transfer (Valverde et
al., 2019).

Protein coat formation in E3 presence could be responsible for the hampering of
lipid mixing in the presence of E3

Kaufman et al. (2014) studied the reason why yeast Atgl2-Atg5 were retained in the
convex face of the autophagosome during phagophore expansion, and what was the
function of yeast Atg16. Their results suggested that, after catalyzing Atg8 conjugation
to PE, Atg12-5 was recruited by Atg8-PE, and that antiparallel arrangements of Atgl6
coiled-coil domains were in charge of the Atg8—PE/Atg12—Atg5 oligomer organization to
form a continuous protein layer with a meshwork-like architecture on the membranes.
Taking into account these results, it is conceivable that in the human in vitro
reconstitution system in the presence of E3, discussed in this thesis, once GABARAPL1
had reached a certain lipidation level (Figure 5.6B), this kind of scaffold could also be
formed on our liposomes. That could explain why E3 hampered GABARAPL1 lipid mixing
ability. A protein scaffold would facilitate vesicle tethering but it would also inhibit inter-
vesicular lipid mixing, for which vesicle hemi-fusion or close apposition of membranes
would be required (Chernomordik et al., 1995; Martens & McMahon, 2008; Viguera et
al., 1993).

Our objective was to determine whether scaffold formation (Kaufmann et al., 2014), as
described in yeast (Atg8—PE assemblies with Atgl2-Atg5-Atgl6) and related to
phagophore shaping, could also be formed with human proteins (GABARAPL1-PE and
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ATG12-ATG5-ATG16L1). Taking into account the results obtained with other
LC3/GABARAP family members (Chapter 4, Iriondo et al., in preparation), the fact that
the decrease was more marked for GABARAPL1 could indicate that more lipidated
protein meant a larger scaffold formation, and therefore a less favorable situation for lipid
mixing. Moreover, the results obtained with different E3 concentrations could support this
hypothesis, as they showed that higher E3 concentrations promote higher lipidation
levels (Figure 5.9) but also lower lipid mixing ability (Figure 5.10).

The analysis of UBL-protein localization in membranes provided valuable information.
Upon ATP addition, a dense protein concentration was observed in the membranes, not
only in the presence of E3 (Figure 5.12) but also in its absence (Figure 5.11). However,
ATG3 and ATG7 presence in membranes were not enough to inhibit GABARAPLL lipid
mixing ability (Figure 5.3), only when E3 was present among the membrane-localized
proteins a hampering of lipid mixing was observed (Figure 5.6).

The co-localization of E3 and GABARAPLL1 assessed by the liposome flotation assay
after lipidation (Figure 5.12) supported the possibility of an interaction between E3 and
GABARAPL1-PE compatible with the formation of a scaffold similar to the one formed
by yeast proteins. The direct interaction seen between E3 and GABARAPLL1 (Figure
5.13)could be similar to the one proposed by Kaufman et al. between Atgl2 and Atg8,
and therefore be responsible for scaffold formation. However, further studies are needed
in order to determine whether the interacting regions of these proteins are similar to the
ones described by Kaufman et al. An interesting experiment would be to study whether
mutations in the putative interaction regions of GABARAPL1 or ATG12 could hamper
the interaction and also reduce E3 lipid mixing inhibition.

Results obtained after lipidation reconstitution in GUV supported the coexistence of E3
and GABARAPLL1 in their membranes (Figure 5.18, 5.19). Localization of GABARAPL1
all over the GUV membrane when E3 and ATP were present, suggested thatGABARAPL1
had been anchored to the GUV membrane through the concerted action of the two UBL-
systems, although mass spectrometry studies would be needed to confirm this hypothesis.

E3 disappearance from the contact zones (Figure 5.22) could have different
interpretations. Scaffold formation could be inhibited in those zones due to steric
hindrance, or to a stronger affinity of GABARAPLL1 for another GABARAPL1 molecule
than for E3 (as Kaufman et al. showed with the competition between scaffold formation
and cargo receptor binding). These impediments could promote that, once E3 had
achieved its enzymatic function, it would leave the contact zones (Figure 5.24).

It thus seems that, in GUV, E3 has the opportunity to reorganize and leave the contact
zones although in the remaining regions both proteins coexist (Figure 5.23, 5.24). This is
in agreement with the proposed model, according to which, in the growing zones of the
autophagosome, GABARAPL1 would be lipidated in the absence of E3. Alternatively, a
regulatory mechanism would exist to promote its action but not its permanence in those
zones (Chapter 4). In our in vitro reconstitution system using LUV the lipidation reaction
in the presence of E3 was easier and therefore, the potential scaffold formation would
have been faster. Then, protein reorganization would not have time to happen, or would
be undetectable with the available methods.
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AFM results support the formation of a homogenous structure on the SLB surface upon
ATP addition (Figure 5.25, 5.26). Its structure appeared to share formal characteristics
with the one proposed by Kaufman et al. However, more experiments are needed to
confirm these results. An important aspect to be ascertained is whether the observed
structure constitutes an immobile scaffold along the plane of the membrane. It would be
possible that lipid mixing inhibition did not necessarily require an immobile scaffold,
perhaps formation of a dense protein structure could be enough. Irrespective of its lateral
mobility, and according to flotation assays (Figure 5.12), it would include ATG7 or ATG3
together with E3 and GABARAPLL1.
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CHAPTER 6: OVERVIEW AND CONCLUSIONS

Autophagy is a highly conserved degradation pathway that is essential for eukaryotic cell
homeostasis (Cable et al., 2022) (Section 1.1.2). Among the various types of autophagy
(Section 1.1.3) (Okamoto, 2014), macroautophagy (hereafter autophagy) is the best
characterized one. Its activation is followed by the formation of a nascent double
membrane structure, the phagophore, which develops into the so-called autophagosome
(AP). The AP is capable of engulfing portions of the cytoplasm, then fusing with
lysosomes/vacuoles, where the sequestered cargo is degraded and recycled (Noda &
Inagaki, 2015) (Section 1.1.4). When autophagy is activated under starvation conditions,
it ensures cell survival by providing nutrients (non-selective autophagy). Moreover, it can
also play a housekeeping role, selectively removing misfolded or aggregated proteins,
damaged and/or superfluous organelles, as well as intracellular pathogens (selective
autophagy) (Section 1.1.3) (Anding & Baehrecke, 2017). Altered autophagy
mechanisms can give rise to a whole range of diseases (Section 1.1.2), including cancer
and neurodegeneration (Klionsky et al., 2021).

To date, more than 20 ATG proteins (Table 1.1) involved in AP biogenesis have been
reported (Nakatogawa, 2020), including two ubiquitin-like (UBL) conjugation systems:
the ATG12 and the LC3/GABARAP systems (Section 1.3). Both are interconnected and
need to act together for a proper AP assembly in vivo as the product of the ATG12
system, the ATG12-ATG5-ATG16L1(E3) complex, acts as a E3 enzyme for the
LC3/GABARAP system (Geng & Klionsky, 2008; Martens & Fracchiolla, 2020;
Nakatogawa, 2013). The concerted action of both systems results in the covalent
anchoring of LC3/GABARAP proteins (Section 1.4) to autophagic membranes (Martens,
2016; Nakatogawa et al., 2007; Tanida et al., 2004). Once attached to the membrane,
LC3/GABARAP proteins are involved in autophagosomal membrane expansion, closure,
and fusion with lysosomes (Behrends et al., 2010; Noda et al., 2010; Tsuboyama et al.,
2016; Weidberg et al., 2010; Wild et al., 2014). They are also able to interact with
receptors for the selective recognition of the cargo to be degraded (Johansen & Lamark,
2020; Stolz et al., 2014) (Section 1.4.3).

A large number of studies has been devoted to the genetics, cell biology, and
biochemistry of the process, particularly in what refers to the proteins. The role of lipids
(Section 1.2) has been relatively less well studied. An even more scant attention has
been paid to the biophysical aspects of AP generation and fate, although events such as
the generation of a double-bilayer organelle, and its interaction with the other
membranous systems in the cytosol pose interesting (and difficult) physical-chemical
problems (Iriondo et al., 2021). This thesis intends to shed some light onto the
autophagic process by analyzing the implications of two instances of lipid-protein
interactions (Section 1.2.6) taking part in the autophagic process, namely the interaction
of LC3/GABARAP family member with CL, and with PE. The interaction with CL has
been related to cargo recognition during selective degradation of mitochondria
(mitophagy) (Chapter 3). Their interaction with PE (or lipidation) is the mode of anchoring
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to the phagophore membrane and it has also been shown to lead to membrane tethering
and fusion (Chapter 4 and 5).

The human LC3/GABARAP family can be divided into two subfamilies (Section 1.4):
LC3A, LC3B and LC3C form the LC3 subfamily, while GABARAP, GABARAPL1 and
GABARAPL2 constitute the GABARAP subfamily (Jatana et al., 2020). The existence of
at least six members of the LC3/GABARAP family in humans while only one, Atg8, is
known in yeast (Section 1.4.2), suggests that each of them could play a different role.
For this reason, the main aim of this thesis was to contribute to a better understanding
of the differences among the six LC3/GABARAP family members during cargo
recognition in selective autophagy and during phagophore expansion to form the
autophagosome. To this aim, biophysical techniques, model membranes and cell lines
had been used to (i) study the ability of LC3 subfamily members to recognize CL and
participate in CL-mediated mitophagy, (ii) achieve the in vitro reconstitution of
LC3/GABARAP protein lipidation in the presence and absence of E3 complex, and (iii)
compare under the same conditions vesicle tethering and inter-vesicular lipid mixing
promoted by LC3/GABARAP proteins.

Mitochondrial recruitment of LC3A and LC3B subfamily members upon CL
externalization participates in damaged-mitochondria recognition during
mitophagy.

Mitophagy is a selective autophagy pathway in which cells turn over mitochondria for
guality control and adjustment to changing metabolic requirements (Pickles et al., 2018).
For a better understanding of the process, it is important to decipher the different modes
of mitochondria signaling (Nguyen et al., 2016a; Villa et al., 2018) and the role of
LC3/GABARAP-family members in their recognition (Johansen & Lamark, 2020)
(Section 3.1). The importance of CL externalization to the outer mitochondrial
membrane (OMM) as a signal to degrade damaged mitochondria via autophagy had
been demonstrated in vitro and in vivo (Antén et al., 2016; Chao et al., 2019; Chu et al.,
2013; Kagan et al., 2016) but a comparative study of the possible different roles of LC3-
subfamily members was not available.

The quantitative data on LC3-CL interaction showed that LC3A and LC3C, as well as
LC3B, interacted with CL-containing model membranes (Figure 3.4). LC3C interaction
with membranes was not specific for the presence of CL, as this protein could also
interact with PA (Figure 3.7). Moreover, despite the higher interaction displayed with CL-
containing model membranes when compared with LC3A or LC3B (Figure 3.4), LC3C
did not appear to play a role in rotenone-mediated mitophagy. These results led to the
conclusion that LC3C was less effective than LC3A or LC3B in recognizing damaged
mitochondria (Figure 3.14 and 3.15). This LC3C behavior is not surprising, since it has
been shown that LC3C has different functions and targets as compared to the other
subfamily members (Schaaf et al., 2016), such as its specific function in antibacterial
autophagy (von Muhlinen et al., 2012).

The interaction of LC3A and LC3B with membranes was specific for the presence of CL
(Figure 3.7). Examining the participation of each LC3-subfamily member in CL-mediated
mitophagy showed that, apart from LC3B, LC3A was also able to participate in rotenone-
or CCCP-induced mitophagy (Figure 3.14A, 3.15, 3.16). This would imply that LC3A
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could recognize externalized CL in damaged mitochondria in cells. LC3A or LC3B
recognition of CL does not by necessity exclude other similar events in mitophagy, but it
could also act in cooperation with other signals and receptors (Bhujabal et al., 2017).
The study of endogenous LC3 proteins in SH-SY5Y cells (Figure 3.21) supports the
conclusions obtained with the transfected GFP-tagged LC3 proteins, demonstrating the
participation of LC3A and LC3B in CCCP-induced mitophagy. Moreover, the results
obtained after silencing LC3A and LC3B show the important role of these proteins in
CCCP-mediated mitophagy (Figure 3.22).

The residues in the first alpha-helix N-terminus of the protein were known to be important
for LC3B recognition of CL (Chu et al., 2013). Comparative binding assays using LC3A
and LC3B single and double mutants showed that the key amino acids responsible for
the stronger interaction of LC3A were located in positions 14 and 18 of its helix 2 (Figure
3.11). Moreover, Ala 14 and Lys 18 also showed to be key residues for CL recognition
by LC3A during rotenone- and CCCP- induced mitophagy in cells (Figure 3.18 and
Figure 3.19). Results obtained with O/A, an inductor that activates numerous mitophagy
pathways and receptors (Lazarou et al., 2015) (Figure 3.20), suggested that, at variance
with rotenone or CCCP, in O/A treatment the LDS (LIR docking site) of LC3A could
become more relevant, while the importance of the N- terminal residues would be
diminished. Moreover, the results obtained with LC3B and LC3A in the experiments with
oxidized CL show that while LC3B binding decreases when CL is oxidized (Figure
3.24C), CL oxidation does not affect LC3A binding (Figure 3.24B). Thus, LC3A would
recognize oxidized CL in the OMM, shielding it from the apoptotic machinery, and
preventing excessive activation of apoptosis.

Therefore, in this thesis, LC3A has been identified as an additional LC3-subfamily
member involved in mitophagy, and key residues for its interaction with CL have been
singled out. This contribution could facilitate the design of precise modulators for this
mitophagy mechanism. However, the possibility of this process being cell-, tissue- or
organ-specific, or even the possibility of a crosstalk between different types of autophagy
cannot be dismissed. Further investigations would be required to improve our
understanding of the mechanisms triggering mitophagy, which could in turn be involved
in the appearance of important neurodegenerative diseases such as Parkinson or
Alzheimer.

GABARAP and GABARAPLL1 are the most efficient in promoting vesicle
tethering and inter-vesicular lipid mixing: Their possible participation in
phagophore expansion.

Although the mode of expansion of the phagophore is still unclear (Section 4.1), one of
the most accepted hypotheses proposes that LC3/GABARAP proteins, once they are
lipidated, participate in the process, helping small vesicles to reach the nascent organelle
and fuse to it, thus promoting its growth (Nakatogawa et al., 2007; Weidberg et al., 2010).
Their participation was supported by studies with knockouts of all six family members,
where they found that under those conditions autophagosomes were formed at a much
slower rate, they were smaller, and often had trouble fusing with lysosomes (Nguyen et
al., 2016b).
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Experiments reconstituting in vitro LC3/GABARAP lipidation in the absence of E3
complex showed that GABARAP-subfamily members were the most easily lipidated
homologs. In turn, LC3A and LC3B reached low lipidation levels, but LC3C was the
exception to the rule (Figure 4.12). In particular, while LC3A behaved similarly to LC3B,
LC3C could be lipidated to a large extent in the absence of E3 (Figure 4.13), thus parting
with the rest of the LC3 subfamily. LC3C equally failed to follow the general trends of the
LC3 subfamily in cardiolipin-mediated mitophagy (Iriondo et al., 2022) (Chapter 3).

The most extensive vesicle tethering (Figure 4.17) and inter-vesicular lipid mixing
(Figure 4.23) was observed with GABARAP and GABARAPLL1. The need of a lipidation
threshold before proceeding to deeper levels of interaction with the host lipid bilayer was
suggested by the lag phase observed in the absence of E3 (Figure 4.19 and Figure
4.25). The tethering/lipidation or lipid mixing/lipidation ratios (Figure 4.22 and Figure
4.26) pointed to a lower lipidation threshold for all the GABARAP proteins as compared
to the LC3 subfamily, suggesting that members of the GABARAP family would be
excellent candidates to assist in phagophore expansion. GABARAP and GABARAPL1
lipid mixing included some degree of inner monolayer mixing and a low amount of
agueous content mixing (Figure 4.29 and Figure 4.31). The scenario is one of vesicle
hemifusion with occasional fusion events, confirmed by Cryo-EM (Figure 5.4). A more
extensive fusion would require the localized presence (perhaps in nanodomains) of lipids
with an intrinsic negative lipid curvature such as diacylglycerol or cardiolipin (Iriondo et
al., 2021; Landajuela et al., 2016) or the action of additional proteins in the growing areas
of the phagophore.

In general, the results obtained in this thesis (Figure 4.27) show that the GABARAP
subfamily is clearly more active than its LC3 homologs in the induction of membrane
fusion. Since Atg8 in yeast has the ability to cause vesicle hemifusion (Nakatogawa et
al., 2007), LC3 proteins appear to have lost this function during evolution. This is
consistent with GABARAP being more closely related to Atg8 than LC3 in evolution
(Section 1.4). The LC3 subfamily may have become more specialized in the recognition
of autophagic receptors and adapters (Johansen & Lamark, 2020), losing functions
related to vesicle-fusion induction in the process (Wu et al., 2015).

To sum up, the study of protein lipidation, vesicle tethering and inter-vesicular lipid mixing
activities of each member of the LC3/GABARAP family under the same experimental
conditions allowed a number of conclusions to be drawn (Chapter 4). While the large
differences between GABARAPL1/GABARAP and LC3A/LC3B resemble the ‘canonical’
differences between the two subfamilies shown in other studies, LC3C appears as an
unusual case within the LC3 subfamily, with a tethering activity akin to the one of the
GABARAP subfamily. GABARAP and GABARAPL1 appear to be the most efficient
homologs in the entire family for vesicle tethering and lipid mixing. However, as they are
able to produce but a low level of full fusion, other proteins or the presence of other lipids
that promote fusion could be needed in the in vivo situation. The results suggest a model
in which the growing regions of the phagophore would be areas possessing a high
curvature and/or with high levels of PE, compatible with points of membrane fusion.
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E3 hampers lipid mixing ability of LC3/GABARAP proteins, probably due to
the formation of a protein coat on top of the vesicle membrane.

The ability of human LC3/GABARAP proteins to mediate tethering and fusion in a
reconstituted system including E3 complex had never been assessed, to the author’s
knowledge. E3 complex presence in the reconstitution system allowed a lipidation higher
than 50% and similar for all the six family members tested (Figure 4.12). This made
possible the comparison of LC3/GABARAP proteins, at similar levels of lipidation, with
respect to their ability to induce tethering and fusion of membranes.

When E3 was present, lipidation levels of LC3/GABARAP proteins ran in parallel with
their tethering ability. Their increased lipidation allowed the participation of any of the
LC3/GABARAP members in tethering events (Figure 4.17). The absence of a lag phase
when E3 was present (Figure 4.19 and Figure 4.25) suggested that under those
conditions all the proteins were able to reach their lipidation threshold earlier. E3 could
equalize the various LC3/GABARAP-family members in their capacities to cause
membrane tethering (Figure 4.22). However, E3 had not the same effect on all proteins
when it came to inducing inter-vesicular lipid mixing. E3 clearly lowered the lipid mixing
activity of two of the proteins, GABARAP and particularly GABARAPL1, which were most
active in this respect (Figure 4.24). The outstanding questions were why proteins with
similar lipidation levels induced similar tethering but different levels of inter-vesicular lipid
mixing, and why E3 decreased their ability to produce inter-vesicular lipid mixing (Figure
5.6) (Chapter 5).

The observations by Kaufmann et al. with yeast proteins could provide an explanation
since they observed that, once the yeast Atg8 had been lipidated, it was able to associate
with E3 into a membrane scaffold (Kaufmann et al., 2014). A series of experiments were
performed with GABARAPLL1, to test this hypothesis. Higher E3 concentrations promoted
higher lipidation levels (Figure 5.9), but also lower lipid mixing ability (Figure 5.10). This
could indicate that more lipidated protein meant a larger scaffold formation, and therefore
a less favorable situation for lipid mixing. The joint localization of E3 and GABARAPL1
assessed by the liposome flotation assay after lipidation (Figure 5.12) suggested the
presence of a dense protein coat on the liposomes that could be compatible with the
possibility of this scaffold being built in the cellular situation. Results obtained after
lipidation reconstitution in GUV supported the coexistence of E3 and GABARAPL1 in
their membranes (Figure 5.18 and Figure 5.19). AFM results support the formation of a
homogenous structure on the vesicles upon lipidation induction (Figure 5.25, 5.26). Its
structure appeared to share formal characteristics with the one proposed by Kaufman et
al. (2014). However, further experiments are needed to confirm these results. An
important aspect to be ascertained is whether the observed structure constitutes an
immobile scaffold along the plane of the membrane. It would be also possible that lipid
mixing inhibition did not necessarily require an immobile scaffold, perhaps the formation
of a dense protein structure could be enough. Irrespective of its lateral mobility, and
according to the flotation assays (Figure 5.12), it would include ATG7 or ATG3 together
with E3 and GABARAPL1. Therefore, the results would be also compatible with the
hypothesis that the protein coat would only be formed during the lipidation reaction. In
addition, according to previous results (Kaufmann et al., 2014; Nakatogawa, 2020), E3
could only form an immobile scaffold on the convex face of the growing AP as its
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formation on the concave face or on the edges of the nascent AP would not allow cargo
recognition, nor successive rounds of vesicle fusion and therefore phagophore growth

(Figure 6.1).

Convex
(outer) face
o

Concave
(inner) face

tﬂﬂy E3 complex

@

@ LC3/GABARAP-PE

Damaged mitocondria
(CL in the OMM)

@GABARAP-PE © GABARAPL1-PE
oLC3A-PE @ LC3B-PE

Figure 6.1. Different roles of the LC3/GABARAP proteins: a hypothetical model based on the results
in this thesis. (i) LC3/GABARAP-PE is distributed along the whole phagophore surface. E3 complex could
form an scaffold with lipidated LC3/GABARAP proteins on the convex side of the outer bilayer (Kaufmann
et al., 2014) but not on the edges and growing zones of the phagophore. The concave zone is reserved to
cargo recognition and upon CL-externalization in damaged mitochondria, LC3A and LC3B could participate
in their degradation (i) GABARAP and GABARAPL1 are the main candidates to promote the phagophore
expansion, particularly on the highly curved edges, as these proteins reach faster the necessary lipidation
levels to trigger vesicle tethering and inter-vesicular lipid mixing. (iii) The subsequent vesicle fusion mediated
by the tethering and lipid mixing ability of these proteins (with the concerted action of other factors and
proteins) will cause the expansion of the phagophore.
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CONCLUSIONS

1. LC3A was identified as a novel stakeholder in CL-mediated mitophagy. Ala 14
and Lys 18 residues located in its N-terminal region were shown to be important
for CL recognition in model membranes and during mitophagy.

2. GABARAPL1 and GABARAP were the LC3/GABARAP family members
exhibiting highest capacity to promote membrane tethering and inter-vesicular
lipid mixing, which suggests a role of these proteins in the phagophore expansion
process.

3. E3 promotes LC3/GABARAP lipidation, and vesicle tethering, but hampers inter-
vesicular lipid mixing induced by LC3/GABARAP. The E3 inhibitory effect could
be due to formation of a protein coat on vesicle membranes, which would hinder
close contact between vesicles.
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