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Synopsis

Membrane fission is a central theme in cellular physiology which involves the
formation of two membrane-bound compartments from one. Membrane fission is critical for
organelle division, transport vesicle biogenesis, de-novo organelle formation, endocytosis and
cell division. Membrane fission involves bending a tube-like membrane intermediate with
circumferential forces to thin it down to an extent that the lipids in the membrane end up taking
non-bilayer conformations spontaneously leading to fission. Although membrane fission is
critical for multiple cellular processes, relatively less is known about the proteins which drive
membrane fission at different locations in the cell. The most well-known family of proteins
implicated in membrane fission are the soluble members of the Dynamin superfamily of
proteins. Endocytic dynamins have been shown to be critical for endocytosis at the plasma
membrane. Mitochondrial dynamin, Dynamin-related protein 1 (Drpl) has been shown to be
necessary and sufficient for mitochondrial fission.

Mitochondria are double-membrane bound compartments which are involved in ATP
generation, beta-oxidation of fatty acids, maintenance of redox equilibrium, Ca>* homeostasis
and apoptosis. Mitochondria exist as a dynamic network in eukaryotic cells undergoing
constant cycles of fission and fusion. Since mitochondria are involved in a variety of
biochemical processes, they are also prone to insults and subsequent damage. Cells have
devised ways to selectively rid the network of the damaged or dysfunctional components. The
most well-known form of mitochondrial quality control is through mitophagy. Mitophagy
involves taking parts of the mitochondria which are non-functional and targeting it to
lysosomes for degradation. Since, mitochondria exists as a network, a critical step for
mitophagy is the separation of the damaged part form the rest of the network. Previous studies
have shown that Drp1 is necessary for mitochondrial fission preceding mitophagy. However,
what regulates Drp1’s recruitment to the mitochondria to specifically separate out the damaged
parts remains elusive.

Chapter 1 of this thesis will discuss about the different quality-control pathways that
exists for the mitochondria, the importance of lipids in the processes and the requirement of
fission for each of these pathways.

Chapter 2 describes the reconfiguration of supported membrane template (SMrT)
assay system to monitor diacylglycerol (DAG)-dependent membrane remodeling reactions.

DAG has been shown to be important for mitochondrial clearance through mitophagy but the
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molecular mechanism of action remains elusive. Our results indicate that DAG can be
incorporated in SMrTs such that it is accessible for proteins to monitor DAG-dependent
membrane remodeling reactions. Moreover, we find that de novo DAG synthesis on the
membrane template leads to changes in the membrane architecture.

Chapter 3 discusses the importance of DAG in Drpl-mediated membrane fission
reactions on cardiolipin (CL)-containing templates. Our results indicate DAG facilitates not
only recruitment of Drpl on to the membrane surface but also aids in subsequent
mechanochemical steps post membrane binding leading to fission. Moreover, this facilitatory
role of DAG is also apparent on templates mimicking the mitochondria containing adapter
proteins for Drpl.

The BAR domain-containing protein Endophilin B1 has been shown to be important
for DAG-dependent mitophagy in mammalian cells. Endophilin B1 is an adaptor protein which
has been shown to recruit the generic autophagic machinery to different organellar surface
including mitochondria. However, the exact mechanism by which Endophilins get recruited to
the mitochondria during mitophagy is not known. Chapter 4 discusses how DAG helps recruit
Endophilins on to CL-containing membranes. Additionally, Endophilin B1 and its related
homologue Endophilin B2 shows DAG-dependent membrane tubulation reactions. Together
these results help us understand the molecular basis for the importance of DAG during
mitophagy.

Another form of mitochondrial quality control is through the formation of
mitochondria-derived vesicles (MDVs). MDVs are 75-200nm vesicles that are formed from
the mitochondria containing either one or both membranes of the mitochondria. MDV-
generation usually happens in a short time span (1-2 hours) whereas mitophagy usually happens
over days. MDVs have been shown to be involved not only in quality control and organelle
maintenance but also other pathways like mitochondrial antigen presentation and peroxisome
biogenesis. Although MDV formation seems to be a central pathway for multiple cellular
processes, the membrane fission catalyst that helps in the formation of MDVs remained elusive.

Chapter 5 describes a biochemical screen that aims to find out fission catalysts that are
involved in the formation of MDVs from the mitochondria. Our results show that brain lysate
has a nucleotide-independent, CL-specific membrane fission catalyst. Biochemical separation
followed by proteomic analyses showed that the Parkinson’s Disease (PD)-related protein
alpha-synuclein (a-Syn) is necessary for the fission activity in brain cytosol. Moreover,

mammalian cell lines expressing the protein also shows a similar CL- and a-Syn-dependent
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membrane fission reaction indicating a general ability of the protein to cause membrane fission
irrespective of the source.

Chapter 6 aims to understand the biochemical properties of a-Syn that help it to engage
with the membrane. Our results indicate that recombinantly purified a-Syn binds best to
membranes containing the mitochondria-specific lipid CL. Moreover, it engages with the
membrane in a curvature-dependent manner. Unsurprisingly, purified a-Syn is able to cause
membrane fission of CL-containing membrane tubes suggesting that the protein is sufficient
for this activity. Collectively, these results indicate a possible native function of the protein
which for a long time has remained elusive.

a-Syn has mostly been studied in the context of PD. Mutations in the a-Syn gene leads
to early-onset familial PD. Chapter 7 aims to understand the effect of having familial
mutations in membrane binding and remodelling activities of the protein. Our results show that
PD-associated mutants of a-Syn have varied membrane-binding abilities. Interestingly,
however, Parkinsonian mutants of a-Syn are defective in catalysing membrane fission linking
neurodegeneration in patients containing such mutations to lack of membrane remodelling
functions of a-Syn.

Chapter 8 attempts to understand the functions of a-Syn in a cellular context. For this
we generated a a-Syn knock-out (KO) cell line using CRISPR-Cas9. Our results indicate that
absence of a-Syn causes respiratory dysfunctions of the mitochondria. Specifically,
mitochondria in a-Syn KO cells shows lesser oxygen consumption rate under basal and stress
conditions. The KO cells also show an over-dependence on glycolysis for their energy
requirements indicating sub-optimally functioning mitochondria. Quantitative proteomic
analysis of wild-type and a-Syn KO cells showed that in the absence of the protein, the
mitochondria shows an altered proteome indicating possible reasons for sub-optimal activity

of these mitochondria.
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Chapter 1:

Introduction
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1.1 Mitochondrial stress and quality control mechanisms:

Mitochondria are double membrane-bound organelles which are involved in a plethora
of cellular reactions. Mitochondria produce ATP through oxidative phosphorylation making it
the primary energy generator of the cell. Apart from this, mitochondria are involved in
maintaining redox equilibria, phospholipid biosynthesis, Ca2+ homeostasis, innate immune
signaling and apoptosis (Spinelli and Haigis, 2018). All these reactions are central to cellular
physiology and survival making it one of the most utilized organelles in the cell. As such,
mitochondria become prone to different kinds of stress resulting in dysfunction or damage of
the organelle.

The most common form of mitochondrial stress is a loss of H* potential across the inner
mitochondrial membrane (IMM). Small molecules like Rotenone or Antimycin A which targets
specific complexes of oxidative phosphorylation ends up disrupting the proton gradient in the
mitochondria. Protonophores like carbonyl cyanide 3-chlorophenylhydrazone (CCCP) can
totally abolish the proton gradient directly leading to mitochondrial stress. Disruption of proton
gradient leads to sub-optimal functioning of the mitochondria which leads to the activation of
mitochondrial quality control pathways.

Apart from the loss of proton gradient, hypoxia is a physiologically relevant
mitochondrial stress trigger (Solaini et al, 2010). Hypoxia, which is caused by unavailability
of oxygen leads to the disruption of normal mitochondrial functions and a global change in
gene expression leading to the dependence on glycolysis for energy production. Mitochondria
also performs a lot of redox reactions which leads to the stabilization of multiple reactive
oxygen species (ROS). Mitochondria have ways to get rid of ROS since they are very
detrimental to cell physiology as they can lead to oxidation of several classes of biomolecules
like protein, lipids and nucleotides. These lead to dysfunction of the mitochondria and require
the activation of quality control pathways to get rid of them.

Mitochondria imports nascent polypeptide chains inside it through multiple protein
complexes situated in both the membranes of the organelle (Samluk et al, 2018). These nascent
polypeptide chains are folded inside the mitochondria with the help of mitochondrial
chaperones and any form of dysregulation in mitochondrial protein folding can cause the
accumulation of these misfolded proteins leading to the activation of different mitochondrial

quality control pathways to mitigate the stress.
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Since mitochondria are prone to encountering different kinds of insults, cells have
devised diverse but overlapping processes to relieve mitochondrial stress through different
quality control mechanisms (Fig. 1.1). There are multiple protein quality control checkpoints
that act prior to and after the import of nascent polypeptide chains in the mitochondria (Ruan
et al, 2020). These include processes like mitochondria-associated degradation (MAD) and the
utilization of the ubiquitin-proteasome (UPS) system for degradation of misfolded or stalled
polypeptide chains within the mitochondrial import complexes. For the purpose of this thesis,
I will restrict myself to discussing in detail the organellar quality control mechanisms. This

includes mitophagy and the formation of mitochondria-derived vesicles (MDVs).

n Mitochondrial proteases Selective ubiquitin-mediated Mitochondria bud vesicles H Fission and depolarization
degradation by proteasome to carry damaged cargo to recruits Parkin for
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Figure 1.1- General pathways of mitochondrial quality control. (1) Mitochondrial proteases
take care of misfolded or aggregated proteins within the mitochondria. (2) Ubiquitin-
proteasome system selectively degrades proteins from the OMM. (3) Mitochondria-derived
vesicle formation that targets damaged components of the mitochondria to the lysosomes
for degradation. (4) PINK1-Parkin mediated mitophagy that degrades parts of the network
upon loss of membrane potential. Reproduced from Sugiura et al, 2014.

1.2 Mitophagy:

Autophagy is the general process of nutrient recycling by which cells degrade
macromolecules and organelles under different physiological conditions for their reutilization.
This usually involves encapsulation of macromolecules or organelles within a membrane-
bound compartment (called autophagosome) which is targeted eventually to the lysosomes for
degradation. Quality control of the mitochondria is done similarly by selectively degrading the
damaged portions of organelle which is referred to as mitophagy.

Mitophagy is absolutely essential for the maintenance of a healthy and functional

mitochondrial network. Proteins involved in mitophagy have often been associated with
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multiple neurodegenerative diseases like Alzheimer’s disease (AD), Huntington disease (HD)
and Parkinson’s disease (PD) (Kitada et al., 1998; Valente et al., 2004, Ye at al., 2015, Khalil
etal., 2015) thus, directly linking mitochondrial quality control to neurodegeneration, however,
exact mechanisms linking both still remain elusive.

Cells usually carry out mitophagy at a basal rate which is often upregulated in response
to environmental cues (Lee et al, JCB, 2018). These environmental cues can be differentiation
or stem-cell pluripotency (Takano-Ohmuro et al., 2000; Diwan et al., 2007), hypoxia (Tracy et
al 2007) or oocyte fertilization (Shitara et al, 2000). All these processes involve degradation of
the entire organelle or selective parts of the organelle by recruiting a series of mitophagy
adaptors to the surface of the organelle. These adaptors, in turn, recruit the autophagosome
machinery on the mitochondrial surface leading to the engulfment of the organelle within the

autophagosome.

l Healthy Mitochondria | Damaged Mitochondria

Wi
Ubiqutination /'

PINK1 degradation =
Autophagosome formation Q

PINK1 accumulation

Figure 1.2- PINKI-Parkin dependent mitophagy. In a healthy mitochondria PINKI is
actively degraded which does not allow it stably associate with the mitochondria. However,
in a damaged mitochondria which has lost its potential, PINK1 accumulates leading to the
recruitment and phosphorylation of Parkin. Parkin ubiquitinylates OMM proteins leading to
the recruitment of autophagy receptors on the mitochondria and subsequent sequestration
within autophagosome. Adapted from from Sekine and Youle, 2018.

In mammalian cells, the molecular mechanism of mitophagy is usually divided into two
pathways based on the recruitment of the kinase PINK1 and the associated E3 ubiquitin ligase
Parkin: PINK1/Parkin-dependent and PINK1/Parkin-independent mitophagy. The PINKI-
Parkin dependent mitophagy is the most extensively studied (Figure 1.2). PINK1 is a kinase
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which is recruited to the mitochondria under basal conditions whereby it gets processed by
mitochondrial proteases MPP and PARL upon which it is retro-translocated to the cytosol for
degradation (Sekine and Youle, 2018). However, upon potential loss, PINK1 gets stabilized on
the OMM surface, undergoes autophosphorylation and subsequently recruits and
phosphorylates Parkin on the mitochondria. Phosphorylation of Parkin makes it active whereby
it can ubiquitinylate proteins on the OMM. Ubiquitinylated OMM proteins recruits mitophagy
adapters like OPTN and NDP52 which on the other hand binds to LC3 and GABARAP
subfamilies of proteins on the autophagosomal membrane. This ends up recruiting the
autophagosomal membrane to the mitochondria surface.

In PINKI1/Parkin-independent mitophagy, OMM tethered proteins like BNIP3,
BNIP3L and FUNDCI are activated by phosphorylation, in turn, increasing their affinity for
LC3/GABARAP like proteins (Yoo and Jung, 2018). In germline cells paternal mitochondria
is exclusively degraded which happens in a NIP3-like protein X (NIX)-dependent manner (Ney
et al, 2015). NIX has a cytosol-facing WXXL-like motif which is essential for it to bind LC3
and GABARAP. These mitophagy adapters thus end up recruiting the LC3-positive

autophagosomal membrane to the mitochondrial surface promoting clearance of the organelle.

1.2.1 Mitochondrial fission and mitophagy:

Mitochondria in cells exist in an equilibrium between long reticular tubules and short
fragmented units. Depending upon nutrient availability or environmental cues, mitochondria
can exist as a completely fused reticular network or entirely fragmented into micron-sized
entities in the cell (Youle and van der Bliek, 2012). The interplay between fused and
fragmented states is brought about by a repertoire of proteins involved in mitochondrial fission
and fusion. Fusion of the mitochondria is brought about by transmembrane proteins belonging
to the dynamin superfamily like mitofusins (Mfn1/2) on the OMM and Optic atrophy 1 (Opal)
in the IMM. Mitochondrial fission, on the other hand, is dependent on yet another dynamin
superfamily protein Dynamin related protein 1 (Drpl) along with its adapters on the OMM
surface like mitochondria fission factor (MFF), Mid51 and Mid49 (Krauss et al, 2021).

Since mitochondria can exist as long tubular networks within cells, it poses an obvious
problem for organellar quality control. How do cells specifically get rid of damaged parts of
an organelle which exists as a reticular network? Hence, fission seems to an essential pre-
requisite for efficient organelle clearance. In fact, Dnm1, the yeast orthologue of Drp1 has been
shown to be absolutely necessary for mitophagy in yeast (Kanki et al, 2009). Dnm1 has been
shown to interact with Atgl1, a scaffolding protein that helps recruit other members of the Atg
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family to the mitochondrial surface suggesting autophagic proteins work in concert with the
fission apparatus to bring about efficient organelle clearance. In mammalian cell lines,
downregulation of Drpl activity has been shown to inhibit Parkin-dependent mitophagy
(Tanaka et al, 2010). Consistent with this, in B-cells, mitophagy is severely downregulated in
the presence of a dominant-negative Drpl suggesting Drpl functions are essential for
mitophagy (Twig et al, 2008). Drpl has also been shown to be involved in hypoxia-induced
mitophagy by interacting with FUNDCI, a LC3-binding protein (Wu et al, 2016). Together,
these reports suggest a necessary role for Drpl-mediated mitochondrial fission in regulating
mitophagy.

Although, Drpl is crucial for mitochondrial fragmentation during mitophagy, the exact
cue for Drpl to engage with the mitochondria to cause fission during mitophagy is not known.
Drpl has been shown to engage with the mitochondria at pre-defined sites marked by contact
sites with organelles like the ER and lysosomes (Krauss et al, 2021). However, not every ER
or lysosome contact site with the mitochondria undergoes division indicating that contact sites
are necessary but, likely, not sufficient for mitochondrial fission. Moreover, if fission during
mitophagy affects the entire network or is a localized event only at sites which have damaged
mitochondria is not known as well. In the first part of this thesis, I have tried to address the role
of a particular lipid, diacylglycerol (DAG), in regulating Drpl functions during mitophagy.
DAG has been known to get generated in the mitochondria in response to mitophagic cues,
however, the exact molecular mechanism by which DAG promotes mitophagy was not known
(Lin et al, 2022). The thesis tries to address the molecular mechanisms by which DAG

promotes mitochondria division during mitophagy.

1.3 Mitochondria-derived vesicles (MDVs):

As the name suggests, mitochondria-derived vesicles (MDVs) are vesicular structures
which are about 50-200nm in diameter emanating from the mitochondria (Sugiura et al, 2014).
While mitophagy is a way to get rid of large portions of mitochondria which happens in the
time scale of multiple hours to days, MDVs are considered a much quicker response which sort
and release cargo from the mitochondria within a couple of hours under both basal conditions
and in response to a stress (Soubannier et al, 2012). Moreover, MDVs can be single or double-
membrane bound compartments and are thought to be cargo-selective (Fig 1.3).

MDVs were initially discovered as membrane-bound transport carriers that ferries the
OMM protein mitochondria-anchored protein ligase (MAPL) to the peroxisome (Neuspiel et

al, 2008). These vesicles are cargo-selective and excluded another outer membrane protein
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Tom20. The vesicles were generated in a Drpl-independent manner and finally fused to SKL-
positive peroxisomes. Subsequently, multiple reports have established different destinations
for MDV-mediated delivery of mitochondrial cargos viz. to the lysosomes and the plasma
membrane. MDVs are generated from the mitochondria during mitochondrial antigen
presentation at the plasma membrane, an essential step in distinguishing normal and diseased
cells. The initial mitophagy machinery like PINK1 and Parkin inhibits the formation of these
carriers, whereas, Rab9 and Sorting nexin 9 are known to promote the formation of these

MDVs (Matheoud et al, 2016).
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Lipid cargo? Outer membrane

Double membrane bound (matrix cargo) °
« e 7

Figure 1.2- Mitochondria-derived vesicles (MDVs). MDVs contain different cargos that are
destined for different regions in the cell. Moreover, they can also contain one or both
mitochondrial membranes and is implicated in the release of oxidized/dysfunctional
products of the mitochondria that are targeted to lysosomes for degradation. Adapted from
Suguira et al, 2014.

The transport of cargo to the lysosomes is especially intriguing in the context of quality
control of the organelle. Mitochondria carry out multiple redox reactions across the IMM

during oxidative phosphorylation. This results in the generation of reactive oxygen species
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(ROS). Mitochondria have enzymes like superoxide dismutase and catalase that specifically
neutralize ROS. However, ROS is extremely detrimental to cells because it can irreversibly
modify biomolecules leading to their loss of function. Oxidative stress is one of the leading
ROS generators in a cell. Induced oxidative stress generated through change in carbon source
from glucose to galactose or by enzymatic action leads to the production of cargo-selective
MDVs in Cos7 cells (Soubannier et al, 2012). These vesicles ultimately fused with lysosomes
in a ATGS and LC3-independent manner suggesting the pathway to be distinct from canonical
mitophagy. Reconstitution experiments showed that vesicles can be generated from isolated
bovine heart mitochondria in response to oxidative stresses like Antimycin A or Xanthine
oxidase (Soubannier et al., 2012). Ultrastructure analysis confirmed the presence of both single
and double-membrane bound vesicles generated upon oxidative stress likely indicating
different ways of MDV formation and cargo incorporation. These vesicles carry oxidised cargo
and are cargo-selective depending on the kind of oxidative stressor used. Proteomic analysis of
MDVs generated in vitro showed various subunit of complexes associated with oxidative
phosphorylation are selectively enriched in the MDVs (Vasam et al, 2021). Furthermore,
MDVs also contained different metabolic enzymes associated with the TCA cycle and fatty
acid metabolism, Fe-S cluster containing proteins, redox enzymes and autophagy related
proteins. Together, these reports indicate that induction of oxidative stress leads to the
formation of transport carriers from the mitochondria selectively carrying oxidised cargo which

are destined to the lysosome for degradation.

1.3.1 Membrane fission during MDYV biogenesis:

MDVs are generated from the mitochondria under basal condition and during stress
responses. However, the membrane fission catalyst that helps release these vesicles from the
mitochondria remains unknown. Drp1, the canonical mitochondrial membrane fission catalyst
has been shown to be not involved in the formation of these transport carriers from the
mitochondria (Soubannier et al, 2012, Neuspiel et al, 2008, Matheoud et al, 2016). Moreover,
addition of GTPgS, a slowly hydrolysing GTP analog which kills Drp1 functions, was shown
to not affect MDV generation in vifro from purified mitochondria indicating Drpl or any
Dynamin subfamily protein, likely, is not involved in the formation of these vesicles
(Soubannier et al, 2012). This begs an interesting question about the identity of the membrane
fission catalyst that helps in the formation of these vesicles from the mitochondria. In the later
part of the thesis, I have tried to design a biochemical screen using Supported Membrane

templates (SMrT) to identify and characterize the fission catalyst that likely is involved in the
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formation of these transport carriers and also tried to understand the physiological significance

of this fission reaction in the cell.

23



Chapter 2:

Supported membrane templates (SMrT) as
an assay system to analyze CL and DAG-

dependent membrane remodeling reactions
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2.1  Introduction:

Mitochondria exists in a dynamic equilibrium between fused and fragmented states. As
stated earlier, mitochondria need to undergo fission for efficient mitophagy to happen. While
much is known about the role of protein assemblies that regulate fission, the influence of
particular lipids in this process remains poorly understood. This is partly due to the significant
challenges associated with changing lipid composition on an organellar surface and monitoring
its effect on protein assemblies. Moreover, unlike most other organelles in a eukaryotic cell,
mitochondria are made up of two membranes, outer and inner, having distinct lipid
compositions and particularly enriched in unique glycerophospholipids like
phosphatidylglycerol (PG) and cardiolipin (CL). CL accounts for about 20% of the total IMM
lipids and 1-10% of OMM lipids (Horvath and Daum, 2013, Konig et al, 2021). CL is
absolutely essential for mitochondrial functions including maintaining network morphology.
Moreover, CL has been reported to have some unique roles in mitochondrial quality control
mechanisms. CL externalization to the OMM has been shown to be necessary for mitochondrial
clearance through mitophagy (Chu et al, 2013). Additionally, the autophagy adapter LC3 has
been reported to directly bind CL suggesting CL externalization can act as potential ‘eat-me’
signal of the mitochondria. CL is also necessary for Drp1 functions. CL promotes membrane
binding and stimulates GTPase activity of Drpl (Bustillo-Zabalbeitia et al., 2014, Macdonald
et al., 2014). CL is also essential for Drp1-catalyzed membrane fission (Kamerkar et al, 2019,
Mabhajan et al, 2021).

Other mitochondrial lipids like ceramide and sphingosine-1-phosphate (S1P) have also
been implicated in mitophagy. S1P has been reported to directly bind to prohibitin 2 (PHB2)
(Strub et al, 2011). PHB2 1s a mitochondrial chaperone which also functions as a mitophagy
adapter. Moreover, both ceramide and S1P has been shown to regulate the lipidation of LC3B
(Sentelle et al, 2012). Being a center for phospholipid biosynthesis in the cell, mitochondria
also contain low abundance regulatory glycerophospholipids like phosphatidic acid (PA) and
diacylglycerol (DAG). These lipids are essential intermediates in lipid synthesizing pathways
which have been reported to have regulatory roles in maintaining mitochondrial morphology
(Frohman, 2015; Kameoka et al., 2018). PA has been shown to stimulate Mfn1/2-mediated
mitochondrial fusion (Choi et al 2006, Zhang et al, 2016) and inhibit Drpl functions in cells
(Adachi et al, 2016). DAG, on the other hand, promotes mitochondrial fission (Huang et al.,
2011, Adachi et al, 2016). DAG has been shown to be generated on mitochondria in response
to addition of mitophagy-inducing agents (Lin et al., 2022). DAG generation is important for

mitochondrial clearance through mitophagy since, loss of Lipinl activity, the enzyme which
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makes DAG from PA, leads to lesser clearance of the organelle. Together, these reports suggest
that DAG 1is essential for mitophagy, however, the molecular mechanism remains to be
understood.

DAG is a bioactive lipid which usually make up very small proportions of cellular
membranes and often perform regulatory roles in diverse signalling pathways like lipid
metabolism and neurotransmission (Goni and Alonso, 1999). In vitro, DAG has been shown to
affect bilayer properties of the membrane. The spontaneous curvature of a lipid membrane
decreases with increasing DAG content (Leikin et al, 1996). Moreover, increased DAG content
increases the bending rigidity of a bilayer. Simulation studies have shown that at low relative
concentration within the membrane, DAG behaves like other glycerophospholipids with their
glycerol head-group facing water and the acyl chains tucked in the hydrophobic core of the
membrane. However, in membranes containing high relative amount of DAG, it tends to form
lens like phases within two leaflets of membranes leading to relatively lower DAG exposure
on the membrane surface (Campomanes et al, 2019). The acyl chains of DAG also has been
shown to be important for functioning of the protein. Saturated side chains of DAG has been
shown to be ineffective for protein kinase C (PKC) activation whereas mono- or poly-
unsaturated chains can cause PKC activation on phospholipid membranes in vitro (Mori et al,
1982). Together, these reports suggest that DAG is a unique lipid which not only is involved
in mitophagy but also changes bulk membrane properties which can lead to recruitment and
membrane remodelling by effector proteins. This led us to test if DAG is directly involved in
regulating Drp1 functions.

To test the effects of DAG on Drpl functions, we used a reconstitution setup aimed at
directly relating changes in lipid composition to protein functions. Supported Membrane
templates (SMrT) provide an unique advantage in this case as it helps to monitor these
membrane remodelling reactions in real-time (Dar et al, 2017). SMrT are made up of an array
of membrane tubes connected to a planar bilayer. As such, it mimics varied membrane
topologies which proteins usually encounter on a mitochondria. Furthermore, SMrT has been
utilised previously to follow membrane fission reactions catalyzed by Dynamin and Drpl in
real-time (Dar et al, 2015, Kamerkar et al 2019). These led us to utilise SMrT as an assay
system to monitor DAG-dependent membrane remodelling reactions. Our goal was to set up a
membrane assay system containing DAG and CL and test the effects of DAG addition/in-situ

DAG generation on template properties.

2.2 Materials and Methods:
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2.2.1 Cloning, expression and purification of proteins:

6xHis-mEGFP-MmPKD®'# (Cla domain (¢'?) of Mus musculus (Mm) protein kinase D
(PKD), Residues 134-198) was used as a low-affinity DAG sensor. Bacillus cereus PI-PLC
(6xHis-BcPI-PLC) was used as the PI to DAG converting enzyme. Both were cloned into a
pHGT-2 vector using BamHI and Notl restriction sites. Briefly, the pHGT-2 plasmid has been
derived from the pRSFDuet-1 backbone (Novagen), additionally containing an N-terminal
6xHis-GB1 solubility tag along with a tobacco etch virus (TEV) cleavage site. Both the
constructs were transformed in NiCo21 (DE3) competent cells and grown in suspension culture
for 36-40 hours in autoinduction media at 18°C. Cells were pelleted down at 6000g and stored
at 4°C for future use. Pellets were thawed and resuspended in lysis buffer (20mM HEPES pH
7.4, 500mM KCIl, 1mM phenylmethanesulfonyl fluoride, 10mM imidazole), lysed by
sonication and spun at 30000g for 20 minutes to get rid of un-lysed cells and insoluble contents.
The soluble pool was loaded on HiTrap Chelating column (5ml), washed extensively with the
lysis buffer and then exchanged for assay buffer (20mM HEPES pH 7.4, 150mM KCIl). Elution
was done using the assay buffer in a gradient of imidazole (10mM-300mM). The eluants were
run on a gel and the fractions containing the relatively pure proteins were pooled together and
stored at 4°C for 3-5 days during which all assays were carried out. All proteins were spun at

100,000¢g for 30 minutes to get rid of aggregates before using in assays.

2.2.2. Supported Membrane Templates (SMrT) assay:

Dioleoyl-phosphatidylcholine (DOPC) (Avanti Polar Lipids), bovine heart cardiolipin
(CL; Avanti Polar Lipids), dioleoylglycerol (DOG; Avanti Polar Lipids), liver phosphatidyl
inositol (PI; Avanti Polar Lipids) and Texas Red™ 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DHPE; Invitrogen) were aliquoted in their desired respective molar
ratios in chloroform to a final total lipid concentration of 1 mM. Supported Membrane
templates were formed by spotting 2ul of the lipid mix on a pegylated glass coverslip (PEG
400 or PEG 8000). The coverslip was dried and assembled in an FCS2 chamber (Bioptechs).
The chamber was attached to a pump and assay buffer was allowed to flow through. The flow
of buffer spontaneously converts the lipids to membranes and the sheer force of buffer flow
helps extrude tube. The region on the coverslip where the lipids were spotted initially forms
the planar bilayer. For 6xHis-mEGFP-MmPKDC!'? experiments, 10uM of the protein was
flowed in, incubated for 10 minutes, excess protein washed off and images were recorded in

both channels (membrane and protein). For experiments with MmBcPI-PLC (WT and H32A),
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templates were incubated with 1uM final concentration of the protein for 30mins followed by
washing off excess unbound protein prior to addition of 10pM 6xHis-mEGFP-MmPKD®'2, The
templates were incubated with 6xHis-mEGFP-MmPKD!? for 10minutes, excess protein was

washed off and templates were imaged both in the protein and membrane channel.

2.2.3  Fluorescence microscopy, statistical analyses and tube radius estimation:

All images were acquired in Olympus IX83 inverted fluorescence microscope attached
to a stable LED light source (CoolLED) and an Evolve 512 EMCCD camera (Photometrics).
Image acquisition was done using Micro-manager software and rendered using Fiji (version
2.1.0/1.53c). All graphical representations and statistical analyses were carried out on
GraphPad Prism 9 using tests as mentioned in the figure legends. Tube size estimation was
done as mentioned previously (Dar et al, 2017). Briefly, images were taken of the planar
membrane patches and tubes before addition of protein. These unilamellar patches were used
to calculate a calibration constant (K1) by equating membrane area with integrated
fluorescence intensity. This calibration constant was then used to estimate radii of starting tubes
assuming them to be a cylinder (Area=2.IL.r.1, where ‘r’ is the radius of the tube and ‘I’ is the
length of the ROI on the tube). These starting tube radii estimates were then equated to
maximum fluorescent intensity of the tube to get another calibration constant (K2). Pixels in
fluorescent micrographs after the addition of the protein were divided by K2 to convert them
to tube radii. For membrane density estimation of GFP-tagged proteins, after background
correction of images, the mean fluorescence intensity of an identical line drawn on the

membrane channel and protein channel along the tube was reported as a ratio.

2.3  Results:

2.3.1 Supported membrane templates to analyze DAG-dependent membrane
remodeling reactions

Bulk estimation of total phospholipids in mammalian cells showed that PI constitutes
about 5-10% of total phospholipids of the mitochondria. Unlike CL, PI is distributed
preferentially on the OMM where it makes up ~9-13% of the total OMM lipids whereas IMM
has relatively lesser PI content (~2-5% of total IMM lipids). In order to recreate the scenario
of induced recruitment of PI-PLC to the OMM, we made SMrT containing moderate levels of
5% DAG or 5% PI in a background of 15% CL and rest dioleoyl phosphatidylcholine (DOPC).
Lipid mixtures were doped with 1% of a fluorescent lipid probe (Texas Red™ 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine; TR-DHPE) for visualization under
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fluorescence microscope. Notably, the lipid mixes were spotted on a PEGylated glass coverslip,
allowed to evaporate the solvent and then assembled in a flow cell. Flow of buffer through the
flow cell led to the generation of stable templates with characteristic planar bilayers at the
source and an array of parallel membrane tubes connected with it (Fig 2.1 A, B, D). Thus,
incorporation of PI or DAG did not interfere with the ability of the lipid mixture to get hydrated
with a water-based buffer and formed stable templates for monitoring protein activity.

Next, we wanted to directly visualize DAG distribution on our templates. We utilised
a well-known DAG sensor consisting of the Cla domain of protein kinase D tagged to mEGFP
(mEGFP-MmPKDC!? ) as a DAG-sensor (Maeda et al., 2001; Baron and Malhotra, 2002).
Addition of the sensor to both 5%PI and 5%DAG-containing templates showed that it
selectively bound to DAG-containing membranes and not PI-containing membranes (Fig 2.1
B-E). Together, these results suggest two things: first, that the DAG sensor specifically
recognizes DAG and does not passively associate with membranes containing any lipids.

Second, it pointed to the fact that the DAG on these templates are accessible for protein binding.

2.3.2 In situ DAG generation and its effects on membrane properties:

DAG has been shown to affect bulk membrane properties like bending modulus and
intrinsic curvature (Das and Rand, 1986; Leikin et al., 1996). This is attributed to the fact that
DAG is a conical lipid owing to its smaller head-group and a relatively bulky acyl tail. This
results in DAG inducing packing defects in membranes at low concentrations and phase
separates to cause local membrane deformations at high concentrations (Vamparys et al., 2013;
Campomanes et al., 2019). This led us to question if in sifu generation of DAG can cause a
spontaneous change in membrane curvature. For this we utilised a bacterial phosphatidyl
inositol specific phospholipase C (Bacillus cereus (Bc)PI-PLC) to convert PI to DAG on SMrT.
The purified protein was added to templates made of 5%PI , incubated for 30mins and then
excess unbound protein was washed off (Fig 2.1 F, G). Subsequent addition of the DAG sensor
showed that DAG was indeed produced on templates incubated with the wild-type BcPI-PLC

and not with the catalytically inactive BcPI-PLCH32A

mutant. Importantly, the templates were
stable after lipid head-group conversion reaction and were amenable for protein binding as
indicated by the DAG-sensor binding. A paired analysis of tube sizes before and after formation
of DAG showed a minute, but significant, 1.5 fold increase in tube dimension as compared to
a condition which does not generate DAG (Fig 2.1 H). Thus, acute production of DAG on

membrane tubes leads to a systemic expansion of tube radius. Together, these results indicate
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that stable templates can be formed with DAG/PI and CL which are amenable to head-group

modification reactions.

2. 4 Discussion:

DAG is an important regulatory lipid with proposed roles in mitochondrial quality
control. Here, using a system of supported membrane templates (SMrT), we show that
incorporation of DAG (with both chains monounsaturated: di-oleoyl glycerol) in lipid mixtures
does not interfere with the formation of either planar bilayers or membrane tubes. This is
expected because of the use of dioleoyl versions of the lipid which makes it fluidic in nature at
RT. The templates generated stay stable even after protein addition and does not show any
obvious defects in either bilayers or tubes. Previous reports have indicated that DAG at higher
concentrations within membranes can phase separate and aggregate to form lens within the two
leaflets of the bilayer (Campomanes et al., 2019). However, our experiments with the DAG
sensor flown on 5%DAG-containing templates clearly showed that the DAG was exposed on
the membrane tubes and bilayers and available for protein binding. However, if the acyl chain
length of DAG can significantly alter its properties of solvent exposure remains to
systematically tested.

DAG has been suggested to induce negative spontaneous curvature in membranes
owing to its conical shape. However, our results with in situ DAG generation on the templates
using BcPI-PLC showed that, DAG production causes a small but significant increase in tube
dimension. It is important to mention that the design of the assay limits the accessibility of the
enzyme only to the outer leaflet of the bilayer and, as such, the lipid head-group modification
reaction only happens on that leaflet of the bilayer. Hence, after BcPI-PLC treatment, the tubes
had DAG generated only on the outer leaflet making them quite different from tubes made of
DAG which will likely have equal DAG distribution across both leaflets. Even though DAG
has been reported to have a high rate of transbilayer flip-flop movement, how much of that
happens in our assay system during 30 minutes of incubation with BcPI-PLC remains to be

addressed (Bai and Pagano, 1997).

30



Glass coversli Contrast
A covalently-moditfl)ed Typical Field of View Adjusted

with PEG
P_Ianar
Bilayer
Spread lipids in
organic solvent and dry
Membrane ‘
Tubes <
Fit coverslip in
flow cell and hydrate

=

48 pym
B C D E
Planar Bilayer (15% CL) 0.10F  *xx —— Membrane Tubes (15% CL) —— 0.20r
Membrane mEGFP-MmPKD¢1a 8 = Membrane mEGFP-MmPKD¢1a g 2 ]
g2 > 2
¥ ¢ < 5 0.15r
oo oo
Eo Eo
o §l S 0.05F T S < 0.10f
< a5 R a5
o) 6 [ o) [Ty
+ i °E> + (La o 0.05F
S € £
o 0.00 N o
°\° Ov o\e X
o\o x° oo
2 Q 5
a a
5 2
[Te} [To)
+ +
— 15.7uym —
F ———— Membrane Tubes (15% CL + 5% PI) G - H , .
BcPI-PLC (30 min) BcPI-PLCH32A (30 min) g > . B
o] o 2.0 ‘
Membrane mEGFP-MmPKDC12 Membrane mEGFP-MmPKD¢1a { g 04 ¢ S 15
&_‘g- 02 g 1.0
uwé. g 5 05
kel
- i come 0.0 - £ 00
o & & &
QX AN
& L F L
— 238um — — 238pm — %g %8

Figure 2.1- Supported Membrane templates as an assay to monitor DAG-dependent membrane remodeling
reactions. (A) Schematic of supported membrane templates and a representative image of planar bilayers
and curved tubes. Representative fluorescent images of planar membrane patches (magenta) (B) and curved
membrane tubes (D) of the indicated lipid composition in the presence of the DAG sensor (mEGFP-
MmPKDC'?) (green). Quantitation of DAG sensor membrane density on bilayers (C) and tubes (E). Data
represents at least 30 patches of the planar bilayer and 60 tubes for each lipid composition. (F)
Representative fluorescent images of tubes (magenta) of indicated lipid composition after 30 mins
incubation with BcPI-PLC or BcPI-PLCM™32A followed by incubation with DAG sensor (green). (G)
Quantitation of mEGFP-MmPKDC®'® membrane density after incubating templates with wild-type or
catalytically defective BcPI-PLC. Data represents mean + SD of at least 30 tubes for each protein. (H)
Fold change in tube radius after incubating tubes with BcPI-PLC or BcPI-PLCH2A. Data represents mean

1SD of at least 26 tubes for each protein. All statistical significance is estimated using the Mann-Whitney
test.




Chapter 3:

DAG facilitates Drpl-catalyzed membrane

fission
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3.1. Introduction:

Mitochondria undergo constant cycles of fission and fusion that are absolutely critical for the
maintenance of organellar function. Fusion of mitochondria leads to the formation of a reticular
network whereas fission leads to the fragmentation of the network. Mitochondrial fission is
essential for organelle inheritance and stress responses (Ishihara et al, 2009). Moreover,
mitochondrial fission has been shown to be absolutely critical for mitochondrial clearance
during mitophagy both in yeast and mammalian cells.

Mitochondrial fission is brought about by the action of Dynamin-related protein 1
(Drpl) (Krauss et al, 2021). Loss of Drp1 leads to embryonic lethality in mice (Ishihara et al,
2009). Depletion of Drp1 in adult mice muscle cells leads to lack of energy production, swollen
mitochondria and poor Ca2+ signalling making the muscles undergo atrophy and degeneration
(Favaro et al., Nat Comms., 2019). Cultured mammalian cells can survive without Drpl,
however, it leads to pronounced defects in several cellular functions including proliferation,
secretion and anti-tumour responses (Hennings et al, Endocrinology, 2018, Simula et al, Cell
Reports, 2018).

Drpl acts in concert with multiple accessory partners to bring about mitochondrial
fission. Most important among these are Drpl adapters which are transmembrane resident
OMM proteins that help recruit Drpl to the mitochondrial membrane surface. In addition to
adapter proteins, mitochondrial fission requires the concerted action of multiple organelle
contact sites of the mitochondria like with the ER and lysosomes (Friedman et al., 2011, Wong
et al, 2018). Cytoskeletal components like the actin machinery and its regulatory proteins have
also been implicated in mitochondrial fission (Moore et al, 2016). All these factors come
together and work in concert to define a constricted mitochondria which is acted upon by Drpl
to cause mitochondrial fission.

Drpl is a member of the dynamin superfamily of large GTPases (Kraus et al, 2021). It
has a N-terminal G domain followed by a stalk domain and an unstructured variable domain
(VD). The G domain catalyses GTP hydrolysis; the stalk domain is essential for
oligomerization on the membrane and the VD is necessary for membrane binding. /n vitro,
Drpl has been shown to bind to the mitochondria-specific lipid CL. Upon membrane binding
it oligomerizes with other subunits on the membrane leading to a stimulation of its GTPase
activity like other dynamin superfamily proteins. Previous studies from our lab has shown that

Drp1 is sufficient to cause fission of CL-containing membrane tubes (Kamerkar et al., 2019).
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Given the importance of Drpl-catalyzed mitochondrial fission in mitophagy added to
the fact that DAG generation causes robust mitochondrial fragmentation, we wondered if DAG

can directly regulate Drp1 functions.

3.2 Materials and Methods:
3.2.1 Cloning, expression and purification of proteins:

Drpl (Homo sapiens, Isoform 3)-Strepll and Drpl (Homo sapiens, Isoform 3)-EGFP-
Strepll, mitochondrial fission factor (StreplI-MFF(1-271 residues, without transmembrane
domain)-6xHis) were all cloned in pET15B vector. The constructs were grown exactly as is
mentioned in Chapter 2 of this thesis. For purification of Drpl constructs, cells were lysed in
lysis buffer (20mM HEPES pH 7.4, 500mM KCIl, 1mM phenylmethylsulfonic acid) by
sonication. The lysate was spun at 30000g and the supernatant was used for further purification.
The supernatant was loaded on to a HiTrap Strep-tactin column (5ml, GE Lifesciences) and
washed extensively with the lysis buffer. The buffer was exchanged with assay buffer (20mM
HEPES pH 7.4, 150mM KCI) on the column. The bound protein was given an additional wash
with 10mM EDTA in assay buffer to get rid of any bound nucleotide. The proteins were eluted
using desthiobiotin in a final concentration of 2.5mM in the assay buffer. For MFF purification,
the supernatant of the lysate was loaded on to a HiTrap Chelating column (5ml, GE
Lifesciences) and eluted with 250mM imidazole in the lysis buffer. All elutions were pooled
together and subsequently loaded on a HiTrap Strep-tactin column, washed extensively with
lysis buffer, exchanged for assay buffer and finally eluted with 2.5mM final concentration of
desthibiotin in assay buffer. The proteins were run on a gel and the pure fractions were pooled

and kept on ice at 4°C for use within 3-5 days.

3.2.2. Supported Membrane Templates (SMrT) assay:

SMrT were made exactly as is mentioned in chapter 2 of this thesis. For assays using
Drpl, 1uM of the protein was flowed in with ImM GTP and ImM MgCla, incubated for 10
minutes and images were captured in the membrane channel. Fission was calculated manually
by estimating the number of tubes that showed at least one break. For Drpl-mEGFP
experiments, 0.5uM of untagged Drpl was mixed with 0.5uM of Drp1-mEGFP and flowed in
with ImM GppNHp and ImM MgCl: and allowed to assemble on the membrane. Membrane
density of the protein under different conditions were measured exactly like is stated in chapter

2 of this thesis. For MFF experiments, the lipid mix additionally had 5 mol% of DGS-Ni*'-
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NTA(1,2-dioleoyl-sn-glycero-3-[(N-(5-amino- 1-carboxypentyl)iminodiacetic acid)succinyl]).
MFF was flowed in at 1uM final concentration, allowed to incubate for 10 minutes before

excess unbound protein was washed off prior to addition of Drp1 or Drp1/Drp1-mEGFP.

3.2.3  Bulk fission rates, kymograph analysis and parameters of fission:

Bulk fission rates were measured by flowing in Drpl with ImM GTP and 1mM MgCla
on membrane templates of indicated lipid composition and acquiring a time-lapse movie in the
presence of oxygen scavenger cocktail (OSC) and 1mM DTT at 100ms interval between
frames. The reason to have OSC and DTT is to reduce phototoxicity induced effects which
interfere with Drpl functions (Roy and Pucadyil, 2022). The first cut was marked and from
then onwards the time of every subsequent cut was recorded and plotted as a cumulative
frequency plot. For estimation of parameters of fission, Drpl was assembled on tubes in the
presence of GppNHp and MgCl> and a movie was recorded with the flow of ImM GTP and
ImM MgCl: in the assay chamber. The movie was used to generate kymographs of individual
fission events starting from a constricted assembled state. The line profile along the time-axis
of the kymograph was used to generate the fission plot (tube radii versus time). Intensities were
converted to tube sizes using the same in-situ calibration constants as mentioned in Chapter 2
of this thesis. The initial part of the plot was fitted to a plateau followed by exponential decay
in Prism which indicated the scaffolded tube radius (plateau) and constricted tube radius
(second plateau after exponential decay). The time between the start of the GTPase-induced
constriction (start of the exponential decay) and eventual fission (total drop of membrane

fluorescence) was recorded as the fission time for each event.

3.2.3  Fluorescent microscopy and statistical analyses:

All fluorescence images were acquired in Olympus [X83 inverted fluorescence
microscope attached to a stable LED light source (CoolLED) and an Evolve 512 EMCCD
camera (Photometrics). Image acquisition was done using Micro-manager software and
rendered using Fiji (version 2.1.0/1.53c). All graphical representations and statistical analyses

were carried out on GraphPad Prism 9 using tests as mentioned in the respective figure legends.
33 Results:

3.3.1. DAG facilitates Drpl-catalysed membrane fission of CL-containing membrane

tubes:
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Previous work from the lab has shown that Drpl is sufficient to catalyse membrane
fission of CL tubes (Kamerkar et al, 2019). Fission caused by Drpl was dependent on the CL
concentration in the membrane. In order to analyse the effects of DAG addition, we tested
Drp1’s ability to cause fission on templates containing a range of CL concentrations (0-20%)
in a background of 5%DAG and DOPC. Templates made of 5%PI instead of DAG were used
as a control. For these experiments, Drpl was flowed in presence of GTP, incubated for 10
minutes and bulk fission was estimated by counting tubes that showed at least one cut. Notably,
addition of 5%DAG showed a marked increase in bulk tube fission at an intermediate
concentration of CL (10%) (Fig 3.1 A, B). Control experiments with 5%PI did not show any
stimulation of membrane fission over and above what bare CL tubes showed. Together, these
results emphasized the fact that inclusion of DAG in a membrane containing CL stimulates the
bulk fission rate of Drpl.

Membrane binding is a prerequisite for fission. We wondered if the stimulation of
fission activity on DAG-containing membranes is because of enhanced membrane binding by
Drpl. We have previously reported that Drpl-mEGFP flowed in with an equimolar amount of
untagged Drpl can efficiently bind and cause fission of CL-containing membrane tubes in
presence of GTP (Kamerkar et al, 2019). However, similar reactions carried out in the presence
of GppNHp, a non-hydrolysable GTP analog, leads to the formation of stable protein scaffolds
on the membrane. Underlying the protein scaffolds is usually a dimmer membrane fluorescence
(Fig 3.1 C). Since these tubes are diffraction-limited, a change in fluorescence is directly
proportional to a change in volume of the tube. Thus, a dimmer membrane fluorescence usually
indicates thinning down of the tube which we refer to as constriction. The stable protein
scaffolds also lets us measure the extent of protein binding on different templates taken as a
ratio of protein to membrane fluorescence intensities. Measuring the protein density on
membrane tubes, however, showed that DAG-containing membranes recruit much higher Drp1
across a range of tube sizes as compared to tubes made of PI (Fig 3.1 D). The data was
consistent for tubes having both 10% and 15%CL. Together, these results indicate that DAG

stimulates Drp1’s ability to cause fission by recruiting more Drpl to the membrane surface.

3.3.2 DAG facilitates Drp1 functions on OMM-mimetic templates:

Drpl acts in concert with multiple other factors at the division site on the mitochondria
to bring about fission. These include OMM adapters, ER and lysosome contacts and the
cytoskeletal machinery. We have previously shown that SMrT can be re-engineered to make

OMM-mimetic membrane templates by displaying the soluble portion of an OMM adapter
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MFF through chelating lipids. To test the effects of coincident detection of both the adapter
and the lipid, we lowered the CL concentration on the membrane to a point where we do not
see any fission without the adapter protein (5%). Remarkably, flowing in Drp1-mEGFP along
with GppNHp on these OMM-mimetic templates showed much higher protein density on
membranes made of DAG than on membranes made of PI across a range of tube sizes (Fig 3.1
E, F). Flowing in Drpl with GTP showed tubes undergoing fission pointing to the importance
of adapter proteins in mediating this. Interestingly, fission was much higher on tubes made of
DAG than with PI as indicated by the relative fraction of tubes showing multiple cuts (Fig 3.1
G, H). Evidently, fission was much less robust on these templates, likely, due to the limiting
amounts of CL present. Together, these results indicate that DAG facilitates Drp1’s ability to
cause fission on membrane tubes having CL and also OMM-mimetic templates having an

adapter protein displayed with limiting CL concentration.
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Figure 3.1- DAG facilitates Drpl-mediated membrane fission. (A) Plot showing fraction of tubes cut with
Drpl+GTP when incubated with templates containing 5%DAG or 5%PI in a background of indicated CL
concentration. At least 120 tubes for each condition was measured for the plot. (B) Representative
fluorescent images of tubes of the indicated lipid composition (PI: green; DAG: magenta) after incubation
with Drpl+GTP. (C) Representative fluorescent micrograph of a tube (magenta) having assembled Drpl-
mEGFP (green) in the presence of GppNHp along with a line-scan profile where the line is drawn on the
tube. (D) Plot showing Drpl-mEGFP membrane density on tubes containing either 10% or 15%CL. Data
represents mean + SD of at least 40 tubes. (E) Representative fluorescent images of tubes (magenta)
containing Mff+5%CL with 5%PI or 5%DAG as indicated in the presence of Drpl-mEGFP (green). (F) Plot
showing Drpl-mEGFP membrane density on tubes of indicated lipid composition. Data represents mean +
SD of at least 30 tubes for each condition tested. (G) Representative images of tubes having MFF+5%CL
(gray scale) before and after flowing in Drp1+GTP. (H) Quantitation of relative frequency of cuts on tubes
made of MFF+5%CL with 5%PI or 5%DAG in the presence of Drpl+GTP. Data represents mean + SD of at
least 280 tubes for each lipid composition. All statistical significances are measured using Mann-Whitney
test.
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3.3.3. DAG stimulates the mechanochemical activity of Drp1 resulting in accelerated
membrane fission:

Membrane fission requires a concerted activity of fission proteins whereby the two
opposing membranes of a tube are brought close together so as to have minimal hydrophobic
effect within the luminal side. This results in lipids on the inner leaflets of both membranes to
adopt non-bilayer conformations and spontaneously fuse with the opposing membrane
resulting in fission. In such cases, lipids having a positive spontaneous curvature, like
lysophospholipids, are known to delay the kinetics of fission (Morlot et al, 2012). DAG is a
lipid which has a negative spontaneous curvature and as such should end up promoting the rate
of fission. Our results with Drp1 on a range of CL concentrations showed a stimulation of bulk
fission and fission rate at an intermediate concentration of CL (10%) (Fig 3.1 A, B). At very
low CL concentration (5%), Drp1 did not show fission irrespective of the presence of DAG or
PI suggesting the requirement of a minimal amount of CL in the background for this activity
to manifest. At high CL concentrations (15% and 20%), there was virtually no difference in
the extent of bulk fission irrespective of the lipids used. However, when fission rates were
measured, even 15% CL containing tubes showed a marked stimulation in fission kinetics (Fig
3.2 A, B). Since fission is dependent on starting tube radii, we wondered if enhanced fission
rate on DAG tubes is because of a systemic change in tube dimensions. However, measurement
of tube radii distribution across DAG and PI-containing tubes showed no significant difference
in tube size distributions suggesting that tube size is not the reason for faster fission kinetics
on DAG membranes (Fig 3.2 C).

To test the effects of DAG on Drpl-catalysed fission post membrane binding, we
resorted to monitoring individual fission events on tubes containing 15%CL where addition of
DAG and PI leads to robust fission. First we assembled Drpl on tubes in the presence of
GppNHp. Stable protein scaffolds were formed as indicated by the intermittent dip in
membrane fluorescence (Fig 3.2 D). Flowing in GTP on these tubes lead to fission which is
evident from the kymograph analysis of each individual fission event (Fig 3.2 D). The tube
fluorescence intensity can be equated to tube dimension using an in situ calibration method. A
line profile along the time axis of the kymograph delineates the mechanical pathway to fission
whereby Drpl assembled with GppNHp constricts the tube to a particular radius (scaffolded
tube radius), which upon GTP exchange and subsequent hydrolysis, constricts even further
(pre-fission intermediate) ultimately leading to fission (Fig 3.2 E). Remarkably, analysis of
multiple fission events showed that on DAG-containing tubes, the scaffolded tube radii were

much smaller and uniform as compared to the tubes made of PI (DAG: 8.1 + 1.6 nm; PI: 11.9
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+ 4.2 nm) (Fig 3.2 F). Thus, even before the onset of GTP driven constriction, Drp1 is able to
constrict DAG-containing tubes to more narrower radius leading to fission. However, analysis
of pre-fission radius showed that irrespective of the lipid, the tubes constrict to a similar extent
before undergoing fission (DAG: 5.2 + 0.8 nm; PI: 5.3 + 0.8 nm) likely indicating that pre-
fission radius is a characteristic of the process of fission rather than a variable dependent on
the lipids or proteins involved (Fig 3.2 G). Fission time, which is defined as the time required
by the protein from the moment it sees GTP to eventually causing fission, was markedly
reduced for tubes made of DAG than with PI (DAG: 8.4 + 1.3 s; PI: 14.2 + 2.6 s) (Fig 3.2 H).
Thus, after membrane binding and protein assembly, Drpl takes much shorter time to cause
fission on templates made of DAG than with PI. Together, these results indicate that DAG not
only facilitates membrane binding of Drpl, but also stimulates the mechanochemical activity

of the enzyme in subsequent steps leading to enhanced fission kinetics.
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Figure 3.2- DAG stimulates the mechanochemical activity of Drpl resulting in accelerated fission. (A)
Representative membrane fluorescence time-lapse images of Drpl+GTP flowed in on tubes containing
15%CL with 5%PI (green) or 5%DAG (magenta). (B) Bulk fission kinetics of Drpl on indicated lipid
compositions. (C) Tube radius estimation plotted as a frequency profile of the indicated lipid compositions.
The histograms were fitted to a Gaussian distribution to estimate the mean and SD of the respective tube
radii. (D) Representative fluorescent image of a tube having pre-assembled Drpl with GppNHp which was
followed in real-time. The marked red box has been used to generate a kymograph indicating GTPase
induced constriction and fission. (E) Plot showing the fluorescence line profile of the kymograph (D) after
conversion to of intensity to tube radius. (F-H) Plot of different fission parameters as indicated across 5%PI
and 5%DAG containing tubes. Data represents the mean + SD of 40 scaffolds for scaffolded tube radius, at
least 9 events for pre-fission tube radius and at least 10 fission events for fission time estimation. Statistical
significance was estimated using unpaired Mann-Whitney’s test. **** denotes p<0.0001 and *** denotes
p=0.0007.

3.4. Discussion:

Our efforts in reconstituting membrane fission mediated by Drpl on mitochondrial
surface in the presence of DAG shows that DAG enhances Drpl’s ability to cause membrane
fission on CL-containing tubes. Tubes having limiting CL concentration (5%) did not show
any fission indicating that DAG on its own cannot recruit enough protein to the membrane
surface to promote fission. Membrane tubes made up of DAG recruited higher amount of Drp1
on the membrane than tubes made of PI across a range of tube sizes. A minimum amount of
CL is required for Drpl to show fission even on DAG-containing tubes. This possibly alludes
to the idea of initial requirement of CL for Drpl to land and stably interact with the membrane.
In fact, multiple studies have suggested the role of CL in promoting Drpl interactions with the
membrane (Bustillo-Zabalbeitia et al, 2014, Stepanyants et al, 2015, Mahajan et al, 2021).
Thereafter, having DAG in the membrane makes the association between the protein and the
membrane more tighter resulting in much higher equilibrium binding of the protein with the
membrane.

Membrane fission is brought about by a concerted action of fission proteins to constrict
a tube so much so that the lipids can take non-bilayer conformation leading to fission. Our
results show that having DAG on the membrane leads to the formation of uniform thinner
scaffolds of Drpl as compared to on PI tubes. Thus, if fission is considered as a pathway in
linear axis where it starts from a tube of 25nm radius which finally needs to come down to 5Snm
radius, having DAG in the membrane already gives a head-start to Drpl by enabling it to
constrict to a thinner radius even before GTPase-induced constriction. Moreover, this also leads
to significant lowering of the time taken to complete the process as indicated by lesser fission
time on DAG-containing tubes. Drpl in mammalian cells exists in a dynamic equilibrium

between soluble cytosolic fractions and tethered to the mitochondrial surface by adapter
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proteins. DAG production during mitophagy has been shown to be absolutely essential for
efficient clearance of the organelle. Our data indicate that, DAG production on the
mitochondria can lead to (i) an increased recruitment of cytosolic Drpl to the mitochondrial
surface and (ii) potentiation of the membrane-anchored Drpl already present on the
mitochondria to proceed to fission.

Drpl1’s interaction with the membrane has long been thought to be brought about by
electrostatic interactions between charged residues in the variable domain (VD) of Drpl and
anionic lipids in the membrane (Macdonald et al, 2014, Bustillo-Zabalbeitia et al, 2014). More
recently, Drpl has been reported to interact with various other membrane properties like lipid
side-chain saturation (Adachi et al, 2016), lipid phases in membranes (Stepanyants et al, 2015)
and hydrophobic interactions with CL in the membrane (Mahajan et al, 2021). These suggests
that on top of known electrostatic interactions between charged residues in the VD with the
membrane, Drpl might also be interacting with the general membrane surface properties
whereby it does come across membrane defects and acyl chain saturations. DAG is a non-ionic
lipid. Since DAG incorporation in membranes does not cause a concomitant increase in
membrane charge, an intriguing question is what exactly does DAG contribute for Drp1 to bind
so efficiently? DAG is thought to induce packing defects in membranes owing to their conical
shape (Vamparys et al, 2013). One testable hypothesis can be that Drpl can sense membrane
packing defects. Drpl VD has been reported to dip inside the membrane to sense lipid acyl
chain saturation and CL (Adachi et al, 2016, Mahajan et al, 2021). Thus, Drp1 can, in principle,
have better access to the dip VD residues into the membrane if the membrane has many defects.
However, a recent report suggested, a similar conical lipid PA, to inhibit Drpl-mediated
mitochondrial fission both in vitro and in mammalian cells (Adachi et al, 2016). Interestingly,
unlike DAG, PA is an anionic lipid and DAG and PA are known to have widely different roles
in cellular physiology. How exactly does the presence of these regulatory lipids modulate Drpl

functions in cells remains to be systematically tested.
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Chapter 4:
DAG promotes Endophilin B1/2-dependent

membrane tubulation
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4.1 Introduction:

In addition to Drp1, another protein that has been shown to be implicated in mitophagy
and DAG production is the Bin-Amphiphysin-Rvs (BAR) domain-containing protein
Endophilin B1 (EndoB1) (Lin et al, 2022). EndoB1 was originally discovered as a protein
involved in maintenance of mitochondrial morphology (Karbowski et al, 2004). EndoB1
knockdown by RNAIi led to global disruption of mitochondrial morphology including
unusually inter-connected or rounded mitochondria and generation of OMM tubules in
mammalian cells. Interestingly, however, over-expression of EndoB1 also caused a similar
phenotype of highly inter-connected mitochondria with prominent OMM tubulation.

EndoB1/2 belongs to the family of Bin-Amphiphysin-Rvs (BAR) domain-containing
proteins. Endophilins have a BAR domain at the N-terminus followed by a unstructured region
and finally a Src homology 3 (SH3) domain at the C-terminus. In addition to these, the N-
terminus of EndoB1 has two amphipathic helices (Ho and Hii) in close association with the
BAR domain. The BAR domain of EndoB1 has been shown to be sufficient for membrane
tubulation (Bhatt et al, 2021). The amphipathic helices are also important for membrane
tubulation. HO helix seems to be absolutely necessary for membrane binding whereas the H1i
helix seems to only have a facilitatory role. The SH3 domain is thought to mediate protein-
protein interactions.

EndoBl1 is a closely related cousin of the relatively better known Endophilin A1 which
has been implicated in clathrin-mediated endocytosis (CME) at the plasma membrane
(Sundborger et al., 2011). EndoA1 has been widely studied for its protein-protein interactions
via its SH3 domain binding to the proline-rich domain (PRD) of the endocytic dynamins, Dnm1
and Dnm2 (Micheva et al., 1997; Ringstad et al., 1997). However, if EndoB1 can directly bind
to dynamin family proteins remain unknown, although, EndoB1 has been shown to bind the
general scaffolding protein of the autophagic machinery UVRAG. EndoB1 has been shown to
interact with Beclin via UVRAG and causes the activation of a specific class of
phosphatidylinositol-3-kinase (PI3KC3) leading to the formation of autophagosomes
(Takahashi et al, 2007). In fact, EndoB1 has also been reported to co-localize with known
components of the general autophagic machinery like LC3, Atg5 and Atg9 vesicles (Takahashi
et al, Autophagy, 2011). EndoB1 has also been implicated to regulate recycling of Atg9
vesicles during autophagy (Martorell-Riera et al, Bioarxiv, 2018).

EndoB1 has not only been implicated in general autophagy responses but has also been
reported to be involved in organelle-specific autophagic responses like mitophagy. Even

though majority of EndoB1 is cytosolic in cells, the protein gets recruited to the mitochondria
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in response to apoptotic stimuli (Karbowski et al, 2004). Treating mammalian cells with CCCP
a protonophore and a mitophagy inducer, recruits EndoB1 to the mitochondria (Lin et al, 2022).
Moreover, EndoB1 knockdown has been shown to regulate DAG levels on the mitochondria
undergoing mitophagy. Together, our data and these reports suggest that EndoB1 gets recruited
to the mitochondria in response to acute DAG generation and also responds to mitophagic
clearance of the organelle. These led us to question if DAG can directly regulate EndoB1

functions on membranes.

4.2 Materials and Methods:
4.2.1 Cloning, expression and purification of proteins:

6xHis-EndoB1 (Residues 1-365)-mEGFP, 6xHis-EndoBINBAR (residues 1-270)-
mEGFP, and 6xHis-EndoB2N-BAR (Residues 1-292)-mEGFP were also all cloned into the
pHGT-2 vector. EndoB1/2 constructs were transformed and grown in T7 Express competent
cells. The transformants were grown in a 1L culture till O.D. of 0.4 after which induction was
done using 0.1pM IPTG. The cells were grown at 18°C for 12 hours post which they were
pelted at 6000g and the pellets were stored in -40°C for future use. For purification, bacterial
pellets were resuspended in lysis buffer (20mM HEPES pH 7.4, 500mM KCI, 10mM
imidazole, ImM phenylmethanesulfonyl fluoride), lysed using sonication and spun at 30000g
to get rid of un-lysed cells and membrane fraction. The supernatant was loaded on an
equilibrated Sml chelating column and washed extensively with the lysis buffer. Further, the
buffer was exchanged to assay buffer (20mM HEPES pH 7.4, 150mM KCI). The proteins were
eluted using a gradient of imidazole (10-300mM) in the assay buffer. The elution fractions
were run on a gel and the pure protein containing fractions were pooled together, dialysed
against assay buffer to get rid of the imidazole and kept on ice for 2-3 days during which all

assays were done.

4.2.2. Supported Membrane Templates (SMrT) assay:

SMrT were made exactly as is mentioned in Chapter 2 of the thesis. For EndoB1/2
experiments, purified proteins were flown in at a final concentration of 1uM, incubated for 10
minutes and excess unbound proteins were washed off before acquiring images. For real-time
analysis of membrane tubulation, EndoB1N-BAR was flown in along with oxygen scavenger
cocktail (OSC) with ImM DTT and images were acquired at 50ms interval. For tube size

analysis, a line profile was drawn perpendicular to tubes at its nascent stage (to make sure these
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are single tubules and not coiled) and the minimum fluorescence intensity (indicating the planar
bilayer fluorescence) was subtracted from the maximum fluorescence intensity (indicating the
fluorescence of planar bilayer and the tube) to get the tube intensity. This intensity was then
converted to tube size using the same in situ calibration method reported in Chapter 2 of this
thesis. For EndoB1+Drpl experiments, 0.1uM of EndoB1 was flown in with 1pM of Drpl
with ImM GTP and 1mM MgCIl2 on to the templates along with OSC and DTT. The images

were acquired in real-time with a time interval of 100ms.

4.2.3  Fluorescent recovery after photobleaching (FRAP):

For Fluorescent recovery after photobleaching (FRAP) experiments, 0.1uM of EndoB1
was flown in alone or with 1uM of Drpl with ImM GTP and 1mM MgCl2 on to the templates.
This was incubated for 10 minutes upon which robust tubulation of the planar bilayer could be
seen. Excess proteins were washed off post this and the templates were equilibrated with OSC
and DTT in assay buffer. Area photobleaching was done by using highest possible LED
intensity on an epifluorescence microscope (see below for microscope specifications) in the
membrane channel until all fluorescence was lost. The field was then moved slightly and the
recovery was monitored in real-time at 100ms interval between frames in both protein and

membrane channels.

4.2.3 Fluorescent microscopy and statistical analyses:

All fluorescence images were acquired in Olympus [X83 inverted fluorescence
microscope attached to a stable LED light source (CoolLED) and an Evolve 512 EMCCD
camera (Photometrics). Image acquisition was done using Micro-manager software and
rendered using Fiji (version 2.1.0/1.53c). All graphical representations and statistical analyses

were carried out on GraphPad Prism 9 using tests as mentioned in the respective figure legends.

4.3. Results:
4.3.1. DAG enhances Endophilin B1’s ability to bind planar membrane surfaces and
subsequently tubulate them:

Results from our collaborative studies show that EndoB1 gets recruited to the OMM
upon acute production of DAG and subsequently tubulates the membrane. We wanted to test
if this translocation and tubulation activity is caused because DAG directly modulates EndoB1
functions. Like Drpl, EndoB1 is mostly cytosolic under basal conditions, however, unlike

Drpl, EndoB1 does not get recruited or found associated with pre-constricted mitochondria.
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Hence, the reported translocation, likely, happens on the planar surface of the mitochondria. In
order to recreate this, we focussed on the planar bilayers for these subsequent experiments.
Purified EndoB1-EGFP was passed on to membrane templates, incubated for 10 minutes and
excess unbound protein was washed off before imaging. Interestingly, EndoB1-EGFP showed
minimal binding to templates made up of 15%CL+5%PI (Fig 4.1 A). Remarkably, however,
templates made up of 15%CL+5%DAG showed significantly higher EndoB1 getting recruited
as estimated by the protein to membrane fluorescence ratio (Fig 4.1 B). The EndoB1-EGFP
signal on the membrane was not uniform with some regions on the bilayer showing much
higher fluorescence than others. Interestingly, these high protein intensity regions had a
concomitant increase in membrane fluorescence as well, likely, representing tubulation of the
underneath bilayer. The N-BAR domain of EndoB1 has been shown to be sufficient for
tubulating liposomes (Bhatt et al, 2021). We wanted to see if the N-BAR domain of EndoB1
is capable of remodelling the bilayer on its own. Purified EndoB1N-BAR-EGFP added to DAG-
containing templates showed a similar DAG-specific membrane binding and tubulation activity
on planar bilayers (Fig 4.1 C, E). Together, these results suggest that EndoB1 is able to bind

and tubulate planar bilayers in a DAG-dependent manner.

4.3.2 Real-time analysis of tubulation mediated by EndoB1:

To better understand the process of membrane tubulation, we resorted to capturing the
activity of EndoBINBAR.EGFP on 5%DAG+15%CL bilayers at a high frame rate. Immediately
after flowing in the purified protein, we could see numerous faint and spindle-like tubes
emanating from the bilayer (Fig 4.1 F). These tubes grew both in size and intensity suggesting
growth of the tubules. Subsequently, these spindle-like entities coalesced into bright stubs on
the membrane. A closer look at the kinetics of a single tubulation reaction showed that the
process begins with the formation of a tiny high intensity spot which is representative of a bud.
These buds grow subsequently to form long thin tubes (Fig 4.1 F inset white arrows) which
over time ends up acquiring varicosities along the length (Fig 4.1 F inset green arrows) of the
tubes likely suggesting coiling of the tube (Fig 4.1 F inset yellow arrows). Subsequently, other
such in the vicinities along with their varicosities seem to ‘merge’ to coalesce into single stub-
like entities which we think represent an orientation of bundle of bundles. This, to our
understanding, is the first report of real-time tubulation mediated by EndoB1.

A recent report, using cryo-EM, has put a size estimate of the tubes that are formed by
EndoBI1 from liposomes. They reported a tube lumen size of 12.5-14nm. Assuming the bilayer

thickness to be ~5nm, the total tube radius (lumen + membrane) come to be about 12nm. We
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estimated sizes of single tubes from images acquired at very early time points, likely,
representing fluorescence intensity from a single tube using our in situ calibration method. The
tube sizes generated by EndoBIN-BAR-EGFP came to be 15.5 &+ 2.8 nm radius (n = 23). This
is good accordance with the cryo-EM estimates of tube sizes. Thus, EndoB1 can bind and
tubulate planar membranes containing DAG and sprouts out tubes which are about 15nm in

radius.

4.3.3 EndoBl is recruited to the membrane based on lipid composition and membrane
curvature:

Given that EndoB1 binds planar membranes only in the presence of DAG, we wanted
to check how does the protein behave on pre-formed tubes. Interestingly, EndoB1-EGFP
showed binding to both DAG- and PI-containing tubes (Fig 4.1 D). Quantitation of EndoB1-
EGFP fluorescence intensity on bilayers versus tubes made of 15%CL+5%DAG showed that
EndoB1 bound both tubes and bilayers with equal affinity. However, binding was significantly
improved for tubes made up of PI as compared to bilayers. Thus, two criteria seems to govern
EndoB1 recruitment to the membrane: lipid identity and membrane curvature. On DAG-
containing bilayers, EndoB1 gets recruited to the bilayer based on lipid specificity: its ability
to bind DAG. On PI tubes it gets recruited based on the curvature as the bilayers in the same
chamber does not show protein binding. Thus, EndoB1 gets recruited to membranes based on

either lipid specificity or membrane curvature.

4.3.4 EndoBl1 scaffolds do not impose a lipid-diffusion barrier on the underneath
membrane:

Previous reports have suggested the effects of Endophilin scaffolds on the underlying
membrane. Endophilin A, which is involved in the formation of endocytic transport vesicles at
the plasma membrane has been shown to impose a lipid-diffusion barrier in the membrane
(Simunovic et al, 2017). However, other proteins of the BAR family has been reported to only
cluster and restrict movement of the specific phosphoinositides that they bind to and not change
the diffusion properties of other bulk lipids in the membrane (Zhao et al, Cell Reports, 2013).
These led us to question if EndoB1 scaffolds also impart a similar diffusion barrier on the
membrane underneath. We analysed the bulk diffusion of tubules generated by EndoB1 by
fluorescence recovery after photobleaching (FRAP) experiments. The rationale was to bleach
the fluorescent lipid probe TR-DHPE in a large bilayer area and monitor recovery of

fluorescence in both the EndoB1-generated tubes and the bilayer underneath. If the bilayer
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recovers and not the tubes to the same extent, then there has to be a lipid-diffusion barrier
because of the EndoB1 scaffold assembly on the tube. For the purpose of these experiments,
we flowed in EndoB1N-BAR_EGFP on bilayers made of 15%CL+5%DAG, incubate it for 10
minutes for the bilayer to undergo tubulation and then washed off excess unbound protein
before bleaching the membrane fluorescence probe. Interestingly, bleaching of the TR-DHPE
resulted in a recovery of fluorescence in both the bilayer and the tube over time suggesting no
restriction in TR-DHPE movement across the tube (Fig 4.1 G). Thus, unlike EndoA2, EndoB1

scaffolds does not seem to create a lipid-diffusion barrier in the membrane underneath.
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Figure 4.1- DAG-dependent membrane recruitment and tubulation mediated by EndoBl. (A-B)
Representative fluorescent images of planar membranes (magenta) before and after incubation with
EndoB1-mEGFP on 5%Pl or 5%DAG-containing templates in a background of 15%CL. (C-D)
Representative fluorescent images of planar membranes (C) and tubes (D) containing 5%PI or 5%DAG in a
background of 15%CL incubated with EndoB1N-BAR.EGFP. Boxes in the panels have been zoomed in to
create the inset panel. White arrows mark the regions where increased protein fluorescence coincides with
increased membrane fluorescence indicating membrane remodeling. (E) Plot showing EndoBI1N-BAR-
EGFP membrane density on bilayer and tubes with 5%PI or 5%DAG. Data represents the mean + SD of 63
tubes and 31 different regions on planar bilayers for DAG-containing and 110 tubes and 35 different regions
on planar bilayers for PI-containing membranes. Statistical significance was measured using Mann-Whitney
test whereby **** denotes p<0.0001, ** denotes p=0.074, * denotes p=0.0238. (F) Representative time-
lapse images of a planar membrane bilayer after addition of EndoB1NBAR.EGFP. Magnification of a single
representative tubulation event is shown in the inset. Images are in the membrane fluorescence channel and
are inverted in contrast for clarity. A single tubules is marked by white arrows, coiling tubes are marked as
yellow arrows and coalescence of other single tubules in the near vicinity are marked with green arrows. (G)
Representative time-lapse fluorescence images showing fluorescence recovery after photobleaching (FRAP)
of the lipid probe (gray scale, inverted) in a large area of the planar membrane bilayer displaying EndoB1Y-
BAR_EGFP-coated tubules (green). Region above which bleaching was done is marked with a black dotted
line.

4.3.5 Tubes generated by EndoB1 are resistant to Drpl-mediated fission:

Endophilins contain a N-terminal BAR domain followed by a disordered stretch and an
SH3 domain at the C-terminus. The SH3 domain have been shown to directly recruit Dynaminl
(Dnm1) and Dynamin 2 (Dnm?2) via a SH3-PRD interaction to the endocytic sites to orchestrate
the release of vesicles from the plasma membrane (Micheva et al, 1997, Ringstad et al, 1997,
Sundborger et al, 2011). However, Dnm2 has been shown to vesiculate planar membrane in
presence of EndoA1(N-BAR) suggesting that SH3-PRD interactions might not be necessary
for these orchestrated cooperative events (Neuman et al, JBC, 2013). Our results suggest that
both EndoB1 and Drp1 gets recruited to the membranes that contain DAG. Moreover, EndoB1
is able to generate tubes on the bilayer having a dimension of ~15nm in a DAG-dependent
manner and the tubes do not seem to have a lipid diffusion barrier indicating that, likely, DAG
and CL both gets partitioned into the tube. Given the tubes generated by EndoB1 were made
of DAG and CL and within the size range where Drpl can cause fission, we wondered in Drpl
will be able to cut these tubes. Flowing in EndoB1N-BAR_EGFP on planar bilayers made of
15%CL and 5%DAG showed similar tubulation reaction irrespective of the presence of Drpl
added with GTP suggesting the presence of Drpl had little to no effect on EndoB1N-BAR-
mediated tubulation (Fig 4.2 A). Fission although was not apparent in this case because of the
coiled nature of tubes. In order to see if the tubes are actually separated from the bilayer because
of fission, we resorted to FRAP experiments. Bulk area bleaching of TR-DHPE probe showed

that the tubes generated by EndoB1N-BAR recovered fluorescence
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Figure 4.2- Drpl is not able to cause fission of EndoB1-coated tubes. (A) Representative time-lapse images
of planer bilayers (magenta) made of15%CL+5%DAG incubated with EndoBIN-BAR-EGFP (green). (B)
Representative time-lapse images of FRAP after incubation of 15%CL+5%DAG bilayers (gray scale
inverted) with EndoBIN-BAR_EGFP (green). The region below the black dotted line indicates the zone where
the lipid probe was bleached. (C) Representative time-lapse images of membrane fluorescence (magenta) of
the indicated lipid composition in the presence of Drpl1+GTP or Drp1+GTP+ EndoB1N-BAR_EGFP.

suggesting they were not detached form the underlying bilayer (Fig 4.2 B). Thus, Drp1 was not
able to cause fission of the tubes generated on the bilayer.

Next, we wanted to see check if this inhibition of fission also holds true on pre-formed
membrane tubes. Addition of EndoB1N-BAR_EGFP along with Drpl and GTP to tubes made of
15%CL and 5%DAG showed a dramatic reduction in fission mediated by Drpl (Fig 4.2 C).
Control experiments with just Drpl and GTP on these templates showed robust fission
suggesting the presence of EndoB1NBAREGFP severely compromised Drpl’s ability to cut
these pre-formed tubes. Given both these protein responds to DAG in the membrane, the
inhibition of fission likely suggest that both the protein assemblies, likely, compete for the
same binding sites on the membrane. Consistent with these observations, previous reports have

indicated an inhibition of Dnm2 mediated membrane fission both in cells and in vitro by
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endophilins (Hohendahl et al, 2017). Robust fragmentation of the mitochondrial network in
response to acute DAG production can possibly happen by recruiting EndoB1 to the planar
surfaces of the mitochondria for tubulation and restricting Drp1-mediated fission to constricted
pre-assembled Drp1 sites on the mitochondria.

4.3.6 EndoB2 also shows DAG-dependent membrane binding and tubulation:

EndoB1 has a closely-related homologue EndoB2 expressed in mammalian cells having
~65% identity with EndoB1 (Pierrat et al, 2001). Remarkably, addition of EndoB2N-BAR_EGFP
to planar bilayers containing 15%CL+5%DAG showed protein binding and membrane
deformations similar to seen with EndoB1. Consistent with EndoB1 data, EndoB2N-BAR_EGFP
did not get recruited to planar bilayers made of 15%CL+5%PI suggesting having DAG in the
membrane is essential for EndoB2 to engage with planar bilayers (Fig 4.3 A). The extent of
tubulation, however, was much lesser with EndoB2 than with EndoB1. The clusters were
smaller and self-limited along with the fact that not every protein cluster showed equal extent
of membrane remodelling. Interestingly, analysis of membrane binding on preformed tubes
showed that EndoB2 binds only to DAG-containing tubes and not to PI-containing tubes
indicating EndoB2 is likely more sensitive to lipid composition than membrane curvature as
compared to EndoB1 (Fig 4.3 B, C). Together, these results bring about subtle quantitative
differences between EndoBl and EndoB2 in terms of membrane binding ability,

oligomerization and remodelling the bilayer.
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Figure 4.3- EndoB2 shows DAG-dependent membrane binding and remodeling. (A) Representative images
of planar bilayers (magenta) after incubation with EndoB2N-BAR-EGFP (green). The white box in the panel
have been zoomed in to create the inset. White arrows mark similar EndoB2 fluorescence with varied
degrees of membrane remodeling in the membrane channel. (B) Representative fluorescence images of tubes
(magenta) made of the indicated lipid composition incubated with EndoB2N-BAR-EGFP (green). (C) Plot
showing EndoB2N-BAR-EGFP membrane density on tubes and bilayers. Data represents mean + SD of at
least 54 tubes and 36 different regions on planar bilayers for DAG-containing and 73 tubes and 28 different
regions on planar bilayers for PI-containing membranes. Statistical significance is measured using Mann-

Whitney test.
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4.4 Discussion:

BAR domain containing proteins have long been studied for their roles in various
cellular pathways. The unequivocal idea seems to be that BAR domain-containing proteins
generate and stabilize curved membrane surfaces which act as important intermediates in a
variety of cellular transport pathways (Simunovic et al, 2019). They usually are able to achieve
this by responding to particular lipids on the membrane surface (Itoh et al, Dev Cell, 2005, Wu
and Baumgart, 2014). Given that DAG is produced on the mitochondria during mitophagy and
Endophilin B has prior literature suggesting it is able to interact with the general autophagic
machinery, we wondered how would Endophilin B1/2 respond to the generation of DAG on
the mitochondrial surface. Our efforts went into understanding the effect of DAG incorporation
on EndoB1/2’s activity. Our results show that Endophilin B1/2 both responds to the presence
of DAG on a planar membrane. Both these proteins are able to bind to CL-containing planar
membranes only in the presence of DAG. Upon binding, the proteins are able to oligomerize
as seen by the formation of self-limited clusters in the protein channel. These clusters are
associated with enhanced membrane fluorescence, as well, indicating remodelling of the
underlying membrane. A closer look at the reaction showed us that the membrane remodelling
reaction starts with the formation of thin spindly tubes on the bilayer which over time attains
varicosities and finally coils with other tubes to form stub-like structures on the membrane. In
our assays, EndoB1 was better in membrane binding and tubulation than EndoB2 indicating
the subtle differences that these proteins have in terms of their ability to recognise and bind
membranes, oligomerize on the membrane and finally remodel the membrane in spite of having
a high degree of sequence identity.

On pre-formed membrane tubes, EndoB1 bound both DAG- and PI-containing tubes
equally well suggesting that two criteria govern the recruitment of EndoB1 to a membrane
surface: lipid specificity and curvature. These properties can be brought about in a temporally
separated manner during the time course of a membrane remodelling reaction. Generation of
DAG on the mitochondrial surface can lead to the recruitment of EndoB1 on the planar
organelle surface and help generate tubes. These tubes can, in turn, recruit more EndoB1 from
the cytosol to feed this process forward making it a DAG-dependent feed forward loop for
tubulation reactions on organellar surface.

Endophilins have previously been reported to work in concert with Dynamin family
proteins during endocytosis (Sundborger et al, 2011). Endophilin B1-generated tubes on the
bilayer, however, were resistant to Drpl-mediated fission. The same was true for pre-firmed

tubes as well. This was not surprising considering that Endophilins have previously been shown
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to negatively regulate dynamin catalysed fission both in vitro and in cells in SH3-PRD
dependent manner (Hohendahl et al, 2017). However, unlike dynamins, Drp1 does not have a
PRD domain that can directly bind to Endophilin SH3. Given that Endophilin B1 does not
impose a bulk lipid diffusion barrier in the membrane, the tubes generated must have 15%CL
and 5%DAG in them and their dimension were also compliant with Drp1’s ability to cause
fission. This suggest that EndoB1 and Drp1 probably competes for the same binding sites on
the membrane. Thus, Drp1’s inability to cause fission probably reflects on the availability of
membrane surface for Drpl to bind and oligomerize after EndoB1 binding. Also, given that
10-fold excess of Drpl could not hinder EndoB1’s ability to tubulate the bilayer, but Drp1’s
ability to cause fission was severely compromised, indicates that EndoB1, likely, has a much
higher binding affinity for these membranes as compared to Drpl.

BAR domain containing proteins have been suggested to bind to negatively charged
lipids on the membrane surface (Itoh et al, Dev Cell, 2005, Wu and Baumgart, 2014). However,
DAG is not a charged lipid. DAG is thought to be a conical lipid which imposes a negative
spontaneous curvature on the membrane (Leikin et al, 1996). This leads to the generation of
packing defects in the membrane (Vamparys et al, 2013). Endophilin B1 has two amphipathic
helices in the vicinity of the of BAR domain which has been shown to be important for
membrane binding and tubulation (Bhatt et al, 2021). On the other hand, amphipathic helices
has been shown to be sensors of membrane packing defects (Vanni et al, 2013, Campelo and
Kozlov, 2014). Whether Endophilin B can sense curvature through its amphipathic helices,

however, remains to be tested.
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Chapter 5:

A screen for Cardiolipin-dependent
membrane fission catalysts identifies alpha-

synuclein
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5.1  Introduction:

Biological membranes are made up of lipids that in polar environments spontaneously
associate together in the form of a bilayer. They are easily bendable but resists rupture, part of
the reason why they were selected to serve the barrier function in cells. Membrane fission is
the process by which two membrane-bound compartments are created from one. Membrane
fission is required in multiple cellular processes like generation of transport carriers, division
of an organelle or the cell itself. The process of fission requires the application of force on a
tube-like membrane intermediate which causes it to constrict because of the radial curvature
stress finally causing fission (Kozlovsky and Kozlov, 2003). Theoretically, it requires lipids to
take up non-bilayer conformations which are thermodynamically unfavourable and hence the
idea of ‘catalysts’ that manage this process (Chernomordik and Kozlov, 2003).

Finding proteins that manage the process of membrane fission has been a challenge in
cell biology. The screens carried out in the 90’s that looked at molecular players involved in
the formation, transport and fusion of vesicular carriers did not yield a single gene involved in
membrane fission (Schekman and Novick, 2004). The reason might be do with the essential
nature of these genes in cellular physiology and mutations in these genes can, likely, lead to
lethality. The most well established fission apparatus, dynamin, came from a genetic screen in
Drosophila (Kelly and Suzuki, 1974). Research over years has led to the discovery of dynamin
superfamily of proteins, soluble members of which have been implicated in membrane fission
at different locations in the cell (Ramchandran and Schmid, 2018). However, dynamin family
proteins have also been shown to not have any role in other fission reactions in the cell like
fluid phase endocytosis and generation of VSVG carriers from Golgi bodies (Bonazzi et al,
2005). Moreover, cells lacking dynamin genes survives in culture from days to weeks
suggesting that there are multiple other fission catalysts that are, likely, present in the cell
(Ferguson et al, 2009, Park et al, JCS, 2013).

Mitochondria are double-membrane bound organelles which are not thought to be a
part of secretory or endocytic pathways in the cell. Hence, the only kind of mitochondria-
associated fission reactions that have been talked about in literature is that of division of the
organelle. Mitochondrial fission is brought about by a dynamin family protein, Drpl
(Kamerkar and Krauss et al, 2019). However, recent insights into mitochondrial biology
suggests that mitochondria actually cross-talk with multiple other organelles in the cell via the
formation of mitochondria-derived vesicles (MDVs). MDVs are small transport carriers (~75-
200nm in diameter) that transport mitochondrial proteins to different locations in the cell like

peroxisomes, lysosomes and the plasma membrane (Neuspiel et al, 2008, Soubannier et al,
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2012, Matheoud et al, 2016). Interestingly, however, formation of these transport carriers are
generally considered Drpl-independent (Neuspiel et al, 2008, Soubannier et al, 2012). These
led us to design a screen to look for novel membrane fission catalysts that might be involved
in the formation of MDVs.

Assays systems that enable us to look at membrane fission reactions have been scarce.
Experiments in cells are have helped us understand the functional implications of the fission
catalysts, although, the resolution of imaging does not help us visualize the mechanical steps
involved in the process. Reconstitution studies, on the other hand, have shed significant light
on the abilities of protein/s to manage particular membrane remodelling reactions by defining
the minimum machinery required for a particular process (Takei et al, Cell, 1998, Matsuoka et
al, Cell, 1998). Traditionally, liposomes have been used to monitor membrane fission reactions
in vitro (Lee et al, Cell, 2005, Boucrot et al, Cell, 2012). Although, liposome-based studies
have been very insightful in discerning membrane binding properties of a protein, they are
often limited by several drawbacks. Liposome-based assays are usually end-point read out and
lack any real-time analysis of the steps involved in fission. Membrane templates with excess
reservoir has also been used to study fission reactions but are limited by the planar nature of
the membrane template (Pucadyil and Schmidt, 2008). Supported membrane templates (SMrT)
have been previously used to monitor membrane fission reactions in real time (Dar et al, 2015,
Kamerkar and Krauss et al, 2019). The templates provide unique advantages over other model
membrane systems like, tube-like intermediates to assay for fission reactions, real-time analysis
of the pathway to fission and are also robust and facile. These led us to design a screen for

novel membrane fission catalysts using SMrT as an assay system.

5.2 Material and Methods:
5.2.1 Brain lysate preparation:

Goat brain lysate was prepared as previously described (Kamerkar et al, 2018). Briefly,
goat brains were washed extensively using PBS and suspended in lysis buffer ((25 mM Tris
pH 8.0, 500 mM KCI, 250 mM sucrose, 2 mM EGTA, and 1 mM DTT with EDTA-free
protease inhibitor cocktail (Roche)). Lysis was done using an Waring blender and the lysate
was spun at 160,000g for 2 hours to get a soluble fraction in the supernatant. The supernatant
was subsequently loaded on a Hi-Trap 26/10 desalting column (GE Lifesciences) and desalted
in assay buffer (20mM HEPES, 150mM KCI, ImM DTT). The protein containing fractions
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were pooled, flash frozen in liquid N2 and stored in -80°C for future use. Protein estimation

was done using BCA reagent kit (Takara).

5.2.2 Supported Membrane template assay and tube size estimation:

Supported Membrane template assay and tube size estimation were done exactly as is
mentioned in Chapter 2 of this thesis. Proteins were flown in at 0.1mg/ml final concentration
on templates made of different lipids and images were taken 5 minutes after protein was flown

in without washing off excess unbound protein.

5.2.3  Pull-down using chelator beads:

0.1mg/ml of the brain lysate (400ul) was incubated with 5ul of bed volume of Co?*-
charged chelator beads (Takara), incubated for 30 minutes on a rotor to allow for uniform
mixing and then spun at 3000g on a benchtop centrifuge for 5 minutes at RT. The supernatant
was separated and used in SMrT assay. The pellet was washed thrice with assay buffer and
subsequently processed for mass spectrometry. For incubation with uncharged beads, the same

experiment was done in the presence of 10mM EDTA.

5.2.4 Depletion using antibody:

Purified o-Syn was used to generate a standard curve of protein amount to
chemiluminescence signal on a blot. This was used to quantify the amount of a-Syn present in
brain lysate which came up to ~50nM. To deplete a-Syn function from the lysate, the lysate
was incubated with 3x monoclonal a-Syn antibody (Abcam 138501) for 30 minutes following
which it was flown in on templates and images were recorded after 5 minutes without washing

out excess unbound protein.

5.2.5 Mass spectrometry for identification of proteins:

For protein identification using mass spectrometry, the chelator beads bound to the
protein of interest in 20mM HEPES, 150mM KCl was reduced with DTT (10mM) at 60 °C
for 30 minutes. This was followed by addition of 20mM iodoacetamide (IAA) in dark at room
temperature for 15mins for alkylation. Proteins were digested on-bead using lpg trypsin
(Sequencing grade modified trypsin, Promega V5111) in 100mM TEAB buffer at 37 °C for 16
hours (overnight). Next day, the solution was spun at 3000g for 10 mins to separate the

supernatant containing peptides, desalted using C18 resin (Empore, 66883-U), dried and stored
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in -80 °C. The stored peptides were resuspended in 0.1% formic acid (FA) and analyzed in a
Sciex Triple-TOF6600 mass spectrometer interfaced with an Eksigent nano-LC 425. The
trypsin-digested peptides (~3ug) were first flown thorough a Eksigent C18 trap column (to get
rid of any common contaminants) and eluted onto an Eksigent C18 analytical column in a linear
acetonitrile gradient. A typical LC run was of 120 mins at a flow rate of 300nL/min in the
presence of a gradient of acetonitrile (0-100%) in 0.1% formic acid. The gradient for the run
was kept as 5% acetonitrile for 10mins, followed by a linear gradient of 0-30% acetonitrile for
80 mins, 80 acetonitrile for 15mins and re-equilibration with 5% acetonitrile for 15mins. All
proteomic data acquisition was done in an information-dependent acquisition (IDA) mode over
a selected and specified mass range of 300-2000 m/z. Each MS survey was followed by a
MS/MS scan of 10 peptides with the highest intensity. Peptide identification and quantitation
was done using Protein Pilot software. A Refseq goat (Capra hircus) protein database (release
no. 210) was used for peptide identification. In Protein Pilot, iodoacetamide was specified as
the alkylating agent and identification was performed on peptides filtered with <1% FDR. For
identification of the protein of interest, first, proteins were sorted based on the number of
peptides (>1 peptides were taken for further analysis). The list of common proteins from all
four independent runs were then collated and added to UNIPROT ID mapping to look for
proteins that had) ‘lipid-binding’ (GO: 0008289) as a GO annotation (molecular function).

5.2.6 Cell culture and CRISPR-Cas9 mediated knock-out (KO) cell line generation:

SH-SYS5Y cells were maintained in DMEM/F12 (1:1) media (Gibco) supplemented
with Fetal bovine serum (FBS) (Gibco) at 10% final concentration and 100units/ml
penicillin/streptomycin (Invitrogen) in a 5% CO2 incubator maintained at 37°C. For routine
maintenance and passaging, the existing media was first discarded and the cells were washed
once with DPBS. 1xTrypsin-EDTA was added to cells and incubated at 37°C for 1 minute.
Complete media was added to trypsinized cells and spun at 1000g for 5 minutes at 10°C. The
pellet was further resuspended in complete media and 1/4% of the total volume was re-seeded
in a new flask.

a-Syn KO cell lines were generated using CRISPR-Cas9 mediated gene knockout
technology. Briefly, wild-type SH-SYSY cells were grown in 35mm dishes and transfected
with two gRNAs specific to a-Syn (5’-GTGGTGCATGGTGTGGCAAC-3* and 5’-
AATTCTGGAAGATATTGCCTG-3’cloned in pLentiCRISPR v2) along with a co-

transfection marker pEGFP-N1. The cells were grown for 72 hours post-transfection and sorted
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for EGFP positive cells using a cell sorter (BD Aria Fusion Sorter). The EGFP-positive cells
were sorted into 96-well plates having 5 cells in each well. The clones were grown further and

KO lines were tested for using western blotting.

5.2.7 Cell lysis and Western Blotting:

Cells pellets were lysed in lysis buffer (20mM HEPES, 500mM KCI, 0.1% Triton X-
100) in the presence of ImM PMSF. Lysis was done by sonication and lysates were spun down
at 1000g to get rid of un-lysed cells. Total protein estimation was done using BCA reagent kit
(Takara). Equal amounts (15pg) of cell lysate were were boiled at 99°C for 10 minutes in the
presence of 1x Laemmli’s buffer and run on an 15% SDS-PAGE. The proteins were transferred
to a PVDF membrane overnight and blotted using primary antibodies according to the
manufacturer’s protocol. Beta-actin was used as a loading control (Santa Cruz Biotechnology,

47778).

5.3  Results:
5.3.1 Brain lysate shows a CL-specific membrane fission activity:

Based on the rationale that narrow tube-like intermediates mimic the late stages of any
fission reaction, we employed SMrT to assay for novel fission catalysts in the brain cytosol.
Goat brains were lysed, centrifuged to get rid of membrane fractions and desalted to get rid of
any soluble small molecules or nucleotides. This soluble pool of proteins was used for further
assays (Fig 5.1 A). Cardiolipin (CL) is a lipid that is present in the mitochondria and
peroxisomes and have been shown to be important for multiple functions of the mitochondria
including fission of the organelle (Kamerkar and Krauss et al, 2019, Macdonald et al, 2014,
Bustilo-Zabalbeitia et al, 2014). Membrane templates were made of 15%CL (or any other
phospholipid of choice for control experiments) in a background of dioleoylphosphatidyl
choline (DOPC). Templates contained a small amount (1%) of a fluorescent lipid-probe (Texas
red DHPE) that helped us visualize the templates by fluorescent microscopy. Brain lysate
having a concentration of 0.1mg/ml was flown on to templates, incubated for 5 minutes and
fission was scored as a fraction of the starting number of tubes that showed at least one cut.
Remarkably, flowing in brain lysate on 15%CL tubes showed robust fission within 5 minutes
of flowing in 0.1mg/ml protein (200pul) (Fig 5.1 B). Fission was CL-specific as tubes made of
different other phospholipids did not show similar activity. Interestingly, fission happened
without the requirement of any externally added nucleotides suggesting that dynamin super-

family proteins are, likely, not involved in this activity. Fission was curvature-sensitive;
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narrower tubes showed an increased tendency of undergoing fission that thicker tubes (Fig 5.1
C). Together, these results indicate the presence of a CL-specific, nucleotide-independent

membrane fission catalyst in the brain cytosol.

5.3.2 Biochemical analysis and mass spectrometry identified the active component in
brain lysate to be alpha-synuclein

Next, we wanted to know the protein/s in the brain lysate that are involved in this
activity. We tried to biochemically fractionate the lysate but that did not yield fruitful results.
Serendipitously we encountered that incubating the brain lysate with chelator beads
functionalized with a metal ion (Co?") depleted the lysate of the membrane fission activity (Fig
5.1 D). The soluble fraction after incubation and pelleting down the beads did not show any
membrane fission activity. As a control, beads not functionalized with the metal ion did not
deplete the lysate of the activity (Fig 5.1 D). Subsequently, mass spectrometric analysis of the
beads functionalized with Co?* led to identification of 240 proteins of the brain lysate being
bound to these beads. Membrane binding is a pre-requisite for membrane fission. Hence, we
sorted the list based on proteins that have been reported to bind the membrane. Bioinformatic
analysis of the list of proteins based on Gene Ontology (GO) annotations showed 8 proteins
from the list to be ‘lipid-binding’ proteins (GO:0008289) (Table 5.1). Based on previous
reports on membrane binding, membrane remodeling and association with cardiolipin and the
mitochondria, we narrowed down our protein of interest to be alpha-synuclein (a-Syn). In order
to test if a-Syn is actually necessary for the activity of the brain lysate, we incubated the lysate
with a a-Syn monoclonal antibody and flowed in onto 15%CL-containing tubes. Remarkably,
addition of the antibody dramatically hindered the robust fission that was otherwise seen with
the brain lysate. If a-Syn in the brain lysate was responsible for causing fission, we argued, any
other source of native a-Syn should also show a similar nucleotide-independent, CL-dependent
membrane fission reaction. The human neuroblastoma cell line, SH-SY5Y, have been used
extensively in looking at a-Syn functions (Xicoy et al, 2017). Lysates made from wildtype
(WT) SH-SYSY cells showed a similar membrane fission activity on CL tubes. Notably, the
fission activity was not as robust as brain lysate, likely, because of the expression level of the
protein in these cells. Next, we generated a a-Syn knock-out (KO) cell line using CRISPR-
Cas9. Lysates from the KO cell line showed significantly reduced membrane fission activity

cementing the idea that a-Syn is necessary for the CL-specific fission activity in lysates.
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Figure 5.1. A screen for cardiolipin-dependent membrane fission catalysts identifies alpha-synuclein (o-
Syn). (A) Schematic of steps involved in brain lysate preparation and use Supported Membrane Tubes
(SMrT) assay system as a read-out for the biochemical screen. (B) Plot showing quantitation of tubes
showing at least one cut represented as a fraction of starting number of tubes. Tubes were made of 15% of
the indicated lipid in a background of DOPC (84%) and pTxR (1%). Data represents mean = SD of 2
independent experiments. The number on top of each bar represents the number of tubes analysed for each
lipid. (C) Quantitation showing 15%CL tubes cut as a function of tube radii. Data represents mean across all
tubes analysed (numbers on top of each point) in that bin. (D) Quantitation showing 15%CL tubes
undergoing fission when incubated with lysate (L), unbound fraction of Lysate + Chelating beads (Co*") and
Lysate + Chelating beads (Co*") + EDTA. Data represents mean = SD of 2 independent experiments while
the number at the top of each bin represents the number of tubes analysed for that particular condition. (E)
Plot showing 15%CL tubes cut as a fraction of starting number of tubes when incubated with Lysate and
Lysate + Anti a-Syn Ab. Data represents mean + SD of 2 independent experiments with number of tubes
analysed indicated on top of each bar. (F) Representative Western Blot showing CRSIPR-Cas9-mediated
knock-out (KO) of a-Syn in SHSY-5Y cells as probed with Anti-a-Syn Ab. Beta-actin is used as a loading
control. (G) Plot showing number of tubes cut as a fraction of starting number of tubes upon incubation of
15%CL tubes with WT or a-Syn KO SHSY-5Y lysate. The number at the top of each bar represents the total
number of tubes analyzed in that condition. Data represents mean + SD of 2 independent experiments.
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Table 5.1 Lipid-binding proteins in the brain lysate:

Table 5.1 GI accession Official Gene Symbol ‘Lipid-binding’ proteins (GO:0008289)
1 1062948079 SPTBN2 spectrin beta, non-erythrocytic 2(SPTBN2)
2 1062910850 MAPI1B microtubule associated protein IB(MAP1B)
3 1062941066 MBP myelin basic protein(MBP)
4 1062990226 SPTBNI1 spectrin beta, non-erythrocytic 1(SPTBN1)
5 1062881117 SNAP91 synaptosome associated protein 91(SNAP91)
6 1062980096 SH3GL2 SH3 dzﬁfgh‘;ﬁﬁti?i(‘;%ggg)hke 2
7 926693681 SNCA synuclein alpha(SNCA)
8 1062947650 SF1 splicing factor 1(SF1)

5.4 Discussion:

Membrane fission is a central theme in cellular physiology implicated in diverse
cellular processes. However, deciphering proteins that are involved in membrane fission has
been a challenge. This is, in part, due to a lack of assay systems that directly look at membrane
fission reactions. Here, using a system of polyethylene glycol (PEG)-cushioned supported
membrane templates (SMrT), we assayed for proteins that are involved in fission of cardiolipin
tubes. Our results show that brain lysate has a robust cardiolipin-specific membrane fission
activity. Furthermore, the fission activity was nucleotide-independent negating the
involvement of any dynamin superfamily proteins, all of which have been shown to use
nucleotide hydrolysis for their activities. The activity was curvature-sensitive indicating a
bona-fide concerted membrane fission activity as has been reported for canonical fission
catalysts and not just random rupture of membrane tubes (Dar et al, 2015, Kamerkar and Krauss
et al, 2019). Biochemical analyses followed by mass spectrometry-based proteomics identified
the active component to be alpha synuclein (a-Syn). We further confirmed this finding using
antibodies and cell lines that express the protein.

Interestingly, a-Syn bound to chelator beads functionalized with a metal ion that helped
us pull down the protein and identify it through mass spectrometry. Previous reports have
showed that a-Syn binds to different divalent metal cations (Binolfi et al, JACS, 2006). Thus,

in hindsight, a-Syn from the brain lysate binding to the chelator beads is not surprising.
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Moreover, the same report narrowed down the site of binding to these metal ions as
9PDNEA'?* residues. Coincidentally, the monoclonal antibody that we used for depletion
studies recognises almost the same epitope (11*VDPDNEA!2%). A possible explanation for the
antibody-mediated depletion of activity is that the antibody competed out the bound metal
cations in the protein which resulted in drastic reduction of fission. However, whether metal
ions have a definitive role to play in fission caused by a-Syn remains to be systematically
tested.

a-Syn has mostly been studied in the context of Parkinson’s Disease (PD)-associated
neurodegeneration. a-Syn is the active component of Lewy bodies found in patients suffering
from PD. Although, a lot is known about the mechanisms by which a-Syn aggregates in a cell
under different conditions, very little is known about the function of the protein in a non-disease
scenario. Given the unbiased nature of the biochemical screen carried out, our results, likely,

indicate a native function of the protein which for a long time has remained elusive.
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Chapter 6:

Alpha-synuclein binds to and causes fission

of CL-containing membrane tubes
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6.1  Introduction:

Alpha-synuclein (a-Syn) is a vertebrate-specific small 140 amino acids-containing
protein abundantly present in the presynaptic terminals. It is both genetically and
physiologically linked to a diverse range of neurodegenerative diseases called
‘synucleopathies’. Parkinson’s Disease (PD) is one such condition characterized by misfolded
aggregation of the protein in different regions of the brain. Although, a lot is known about how
the protein misfolds leading to accumulation and aggregation, relatively little is understood

about the function of the protein in a cell in a no-disease condition.

6.1.1. History:

a-Syn was discovered as neuron-specific protein that is localized both in the nucleus
and the pre-synaptic terminal from the Torpedo electric organ (Maroteaux et al, 1988). A few
years later a-Syn was identified as a non-amyloid- component (NAC) present in the neuronal
plaques of patients suffering from Alzheimer’s disease (Ueda et al, 1993). The discovery of a-
Syn was closely followed by the discovery of two other genes of the synuclein family: [-
synuclein and y-synuclein (Jakes et al, 1994, Lavedan et al, 1998). Subsequently, a-Syn was
reported to be present in Lewy bodies of patients suffering from PD (Spillantini et al, 1998). A
genome-wide association study revealed the genetic risk of mutations in the a-Syn gene being
causally linked to pathogenesis of PD (Simon-Sanchez et al, 2009). Over years a-Syn has been
associated with multiple other neurodegenerative diseases as well like Lewy body-associated
dementia, multiple system atrophy, amyotrophic lateral sclerosis, Krabbe disease among others

(Burre, 2015).

6.1.2. Expression pattern:

a-Syn has been shown to be present ubiquitously in different parts of the central nervous
system including neocortex, hippocampus, cerebellum and thalamus among others (Iwai et al,
1995). Although, initially thought to be a protein associated with only the nervous system, later
studies indicated that a-Syn is actually present in most cell and tissue types in the human body.
a-Syn has been reported to be present in abundance in red blood cells, in hematopoietic cells,
in fetal liver, lungs, kidney, heart, muscles, adrenal gland and testes (Baltic et al, 2004, Shin et
al, 2000). Thus, a-Syn expression is ubiquitous across multiple tissues and organs in humans.

Expression of a-Syn is developmentally regulated. a-Syn mRNA expression starts in
late embryonic stages in rats, reaching a peak in the first few weeks postnatally and then is

reduced again (Petersen et al, 1999). In humans, a-Syn proteins levels increase during the time
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course of development and remains high during throughout adulthood (Chu et al, 2007). This
suggests post-transcriptional regulation of a-Syn mRNA to produce desired quantities of the

protein during different time points in development.

6.1.3 Structure:

a-Syn is thought to be an intrinsically disordered protein (IDP) in solution. It does not
fold into any domain architecture. However, it is broadly classified to have three regions: N-
terminal region (residues 1-60), non-amyloid- component (NAC) (residues 61-95) and the C-
terminal region (residues 96-140). The N-terminus of the protein is thought to interact with
membranes whereby it adopts an a-helical conformation in the presence of lipids (Davidson et
al, 1998). Furthermore, the N-terminus contain seven 11 residue repeats (KTKGEV) which
helps in the formation of a-helix upon membrane binding (Bussels et al, 2003). In this context
a-Syn is thought to be quite similar to apo-lipoproteins (Varkey et al, 2010). Interestingly, all
known familial mutations associated with PD have been reported to be present in the N-
terminus of the protein. The N-terminus of a-Syn has also been reported to undergo post-
translational modifications like acetylation. Acetylation is thought to modulate several
functions of the protein including membrane binding, protein-protein interactions and
aggregation (Bartels et al, 2014). The amphipathic helix traverses not only the N-terminus but
also covers the NAC region which has been reported to be important for aggregation of a-Syn
in multiple diseased conditions (Ueda et al, 1993). The C-terminus of the protein has a lot of
negatively charged residues which have been shown to be mobile both in a-Syn oligomeric
species and in fibrils (Paslawski et al, 2014, Tuttle et al, 2016). a-Syn has been reported to bind
to divalent metal cations through particular residues in the C-terminus (Binolfi et al, 2006).
Moreover, phosphorylation of the serine at 129" position (S129) in the C-terminus of the
protein is considered a dominant pathological modification of the protein in familial and
sporadic PD. Thus, a-Syn has three distinct regions all of which perform unique functions for

the proteins.

6.1.4. Reported functions:

Since its discovery a-Syn has been considered to be important for neuronal functions.
However, knock-out of all three synuclein genes did not cause any drastic phenotypic change
in mice. The mice had slightly lesser life span and along with some morphological changes in
synapse and axonal structure (Greten-Harrison et al, 2010). a-Syn has been implicated to

participate in multiple different processes in the cell. a-Syn is widely regarded as a protein that
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can interact with membranes. Hence, it has been looked at in diverse processes that necessitate
membrane binding and remodelling. /n vitro, a-Syn has been shown to bind to vesicles
containing anionic lipids (Jo et al, 2000). Moreover, a-Syn’s interaction with membrane has
been reported to be curvature-sensitive (Davidson et al, 1998, Pranke et al, 2011). Upon
membrane binding, a-Syn has been shown to cause morphological changes to the membrane
architecture. Incubation with high amounts of a-Syn transforms negatively charged vesicles
into much smaller entities (Varkey et al, 2010). Moreover, depending on the protein to lipid
ratio, a-Syn has been shown to induce extensive tubulation of negatively charged membranes.
a-Syn has also been suggested to disrupt the integrity of membranes. Vesicle-leakage
experiments confirm that o-Syn is able to cause leaks in highly anionic small unilamellar
vesicles by its ability to form pores in the membrane (Volles et al, 2002, Jao et al, 2008, Tosatto
et al, 2012). a-Syn binding to remodelling activity is dependent on the membrane binding
affinity, the insertion depth of the protein into the bilayer and the interleaflet asymmetry of
lipids in the membrane (Braun et al, 2017). a-Syn has also been suggested to impart and
recognize membrane packing defects in bilayers (Kamp et al, 2006, Ouberai et al, 2013).

In neurons, a-Syn has been suggested to be involved in SNARE-mediated synaptic
vesicle fusion. a-Syn has been shown to promote SNARE complex assembly during different
steps like docking and fusion of transport carriers (Yoo et al, 2023). It has also been shown to
be associated with synaptic vesicles, release of neurotransmitters and lipid metabolism.
Furthermore, over-expression of a-Syn has been associated with basal and stimulated synaptic
vesicle endocytosis in hippocampal neurons (Gedalya et al, 2009). Over-expression of
synuclein has been shown to be disruptive for multiple organelles in cells like Golgi,
mitochondria, lysosomes and nuclear membranes (Gosavi et al, 2002, Martin et al, 2006,
Meredith et al, 2002, Stichel et al, 2007).

Extensive research have also suggested a-Syn to be associated with the mitochondria.
a-Syn is mostly cytosolic in the cell but does associate with mitochondria minimally under
basal conditions which goes up upon induction of stress (Cole et al, 2008). In fact, a-Syn has
been suggested to be associated with both the inner and outer membranes of the mitochondria.
(Cole et al, 2008, Devi et al, JBC, 2008). FRET-based biochemical assays show that a-Syn
interacts with the mitochondria much better than other organelles including the ER, plasma
membrane and vesicle fractions (Nakamura et al, 2008). Over-expression of a-Syn has been
shown to cause fission of the mitochondria as well (Nakamura et al, JBC, 2011). Additionally,

mitochondrial dysfunction is considered one of the earliest hallmarks of PD.
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Our results from a biochemical screen suggested that a-Syn is necessary to cause fission
of CL templates in a nucleotide-independent manner. Although, a-Syn has been reported to be
associated with a wide variety of cellular functions, its molecular role in a cell still remains

elusive. This led us to test the biochemical properties of synuclein in isolation.

6.2 Materials and Methods:

6.2.1 Cloning, expression and purification:

Human a-Syn cloned in pRKI172 vector was a generous gift from Prof. Jayant
Udgaonkar. The construct was transformed in BL21(DE3) competent cells and grown at 37°C
till it reached an O.D. of 0.6 upon which cultures were induced with 100nM IPTG, grown for
5 hours at 37°C and pelleted down at 6000g. 1L bacterial culture pellets were resuspended in
30ml of osmotic shock buffer ((30mM Tris-HCI, 40% w/v sucrose and 2mM EDTA (pH 7.2))
and incubated for 15-20 minutes at RT with occasional vortexing. It was then spun at 15000g
for 20 minutes. The supernatant was discarded and the pellet was further resuspended in ice-
cold 30ml Millipore water containing 37ul of saturated MgCl2 with occasional vortexing. The
solution was then centrifuged at 15000g for 20 minutes at 4°C. The supernatant of this step was
carefully taken out and dialysed against 20mM HEPES pH 7.4, 150mM KCI, 1mM DTT for
12 hours at 4°C. The dialyzed supernatant was loaded on a pre-equilibrated Hi-Trap CaptoQ
column (5ml, GE Lifesciences) and washed extensively with buffer. The protein was eluted in
a gradient of salt (150mM-1000mM KCl) in background of 20mM HEPES and 1mM DTT.
The elutions were run on a gel and the fractions containing pure proteins were pooled together
and dialysed against 20mM HEPES pH 7.4, 150mM KCI and ImM DTT. The pure protein
after dialysis was kept on ice for 2-3 days and all assays were performed within that time. For
all assays the protein was spun down at 100,000g for 30 minutes at 4°C to get rid of any
aggregates. For heat-denatured purification, the bacterial pellet was lysed using sonication,
spun down at 30000g to get rid of the membrane fraction and then the supernatant was
subjected to heat precipitation at 99°C in a water-bath for 10 minutes, followed by another spin
at 30000g and the supernatant from that was used for further anion-exchange purification like
mentioned above. For heat-denaturation of the lysate, 0.1mg/ml of the lysate was incubated in
a water bath at 99°C for 10 minutes followed by a spin at 30000g to get rid of aggregated

proteins. The supernatant was used for assay.
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6.2.2. Liposome preparation and Proximity-based labelling of Membrane Associated
Proteins (PLIiMAP):

Lipids in desired amounts were aliquoted in chloroform stocks and added to the bottom
of a clean glass test tube to a final concentration of 1mM. In addition to lipids of choice, for
PLiMAP, liposomes contained 1 mol% of a bi-functional lipid probe Bodipy-Diazirine
phosphatidyl ethanolamine (BDPE). The chloroform mixture was dried to generate a thin film
in the bottom of the test tube, kept for drying under vacuum for 3 hours. Required amount of
filtered Millipore water was added to the glass test tube and kept for hydrating in a water-bath
for 30 minutes at 50°C. The mixture was then vortexed vigorously and extruded using an
extrusion apparatus through a 50nm polycarbonate filter unless mentioned otherwise.

For experiments, 10uM of purified protein was incubated with 100uM of desired
liposomes in a final volume of 30ul for 30 minutes at RT. The mix was then UV -irradiated for
1 minute using a 365nm UV lamp (Analyticjena, UVP crosslinker CL-1000L) at an intensity
of 200mJ cm. The reaction mixture was boiled in 1x Laemmli’s buffer for 10 minutes at 99°C
and run on a 15% SDS-PAGE. The gels were first imaged for Bodipy fluorescence and then
stained with Coomassie brilliant blue to check for equal sample loading. Images of the

fluorescence channel were analysed exactly as mentioned previously (Jose and Pucadyil,

2020).

6.2.3 SMrT assay and image analysis:

SMrT assay system was made exactly as is stated in Chapter 2 of this thesis. For
experiments with a-Syn, 1uM of the purified protein was flown in assay buffer 20mM HEPES
pH 7.4, 150mM KCI, 1mM DTT), incubated for 10 minutes before acquiring images. For real-
time analysis, the assay buffer was supplemented with oxygen scavenger cocktail and recorded
with 0 sec interval and an exposure of 100ms. All image analysis and statistical analysis was

done as is mentioned in Chapter 2 of this thesis.

6.3  Results:

6.3.1 Alpha-synuclein preferentially binds to CL-containing membrane templates
a-Syn has been reported to bind to membranes containing anionic lipids (Davidson et

al, 1998). However, a systematic investigation of the lipid specificity of a-Syn has been

lacking. We have previously reported Proximity-based Labelling of Membrane-Associated

Proteins (PLIMAP) as an assay system to look at lipid binding specificities of protein. Briefly,
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proteins are incubated with liposomes containing a bifunctional lipid probe (Bodipy-Diazirine
phosphatidylethanolamine (BDPE)) which gets covalently conjugated to any protein molecule
which is in proximity to the membrane upon UV irradiation. This causes proteins to get
covalently fluorescent labelled because of Bodipy attached to the lipid and can be separated on
a gel. Extent of fluorescent signal is an indicator of amount of protein being bound to that
particular liposome. We tested the lipid binding specificity of a-Syn using this assay.
Recombinantly purified a-Syn was added to different liposomes containing 15% of the lipid of
choice in a background of DOPC (84%) and BDPE (1%), incubated for 30 minutes to attain
equilibrium binding, UV irradiated and then run on SDS-PAGE. Fluorescent blot analysis
showed a-Syn bound to CL liposomes better than any other phospholipid (Fig 6.1 A, B). In
fact, a-Syn bound better to CL liposomes even compared to all phosphatidyl inositols (Fig 6.1
C, D). This was quite interesting since a-Syn has been thought to engage with the membrane
based on charge alone (Davidson et al, 1998). Consistent with this, our results does show that
a-Syn engages with membranes having negative charge (PA, PS, PG) better than membranes
made of zwitterionic lipids (PC, SM, PE). However, our results also indicate that a-Syn
recognizes lipid head-groups in addition to charge since most of the phosphoinositides had
similar or higher charge densities than CL (Fig 6.1 E). Next, we wanted to test if this protein
has any curvature preference for membrane binding. Incubation of the protein with CL
liposomes of increasing dimensions (30nm-400nm) suggested that a-Syn preferentially binds
to liposomes having smaller diameter indicating it prefers binding to membranes having high
curvatures (Fig 6.1 F, G). Together, these results suggest that both charge and lipid head-group-

specific binding recruits a-Syn to the membrane surface.
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Figure 6.1. Recombinantly purified a-Syn is sufficient to cause membrane fission. (A, C) Representative
PLiMAP images showing fluorescence (top) and Coomassie Brilliant Blue (CBB) (bottom) staining of a-
Syn incubated with liposomes of the indicated phospholipid composition. (B, D) Quantitation of
fluorescence signal in (A) and (C) respectively. Data has been normalized to the maximal binding condition
(CL). Data represents mean + SD of two independent experiments. (E) Plot showing extent of binding of a-
Syn to liposomes containing indicated anionic lipids normalized to the charge of the lipid. Data represents
mean + SD of two independent experiments. (F) Representative PLIMAP fluorescence and CBB images of
15%CL liposomes of the indicated diameter. (G) Quantitation of fluorescence signal in (F). Data has been
normalized to the highest fluorescence signal for each experiment. Data represents mean + SD of two
independent experiments. (H) Representative fluorescent micrographs showing SMrT made of the indicated
lipid composition in a background of DOPC after incubation for 10mins with purified a-Syn. (I) Plot
showing tubes cut as a function of increasing CL concentration. Data represents mean = SD of at least 2
experiments for each condition and the number of tubes analysed indicated at the top of each bar.

6.3.2. Recombinant alpha-synuclein is sufficient to catalyze fission of CL-containing
membrane tubes:

a-Syn has been implicated in multiple kinds of membrane remodelling reactions
(Varkey et al, 2010, Jao et al, 2008). Our results from a biochemical screen suggested that o-

Syn is necessary for CL-specific fission caused by brain lysate. Moreover, recombinantly
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purified a-Syn preferentially binds to CL-containing liposomes suggesting it does have lipid
specificity. Next, we wanted to test if purified a-Syn is sufficient to cause membrane fission.
Purified a-Syn was added to SMrT containing increasing amounts of CL, incubated for 10
minutes and tubes having at least one cut were scored. Remarkably, purified a-Syn showed
robust fission of tubes containing 30%CL (Fig 6.1 H, I). Tubes containing lesser amounts of
CL (5% and 15%) showed significantly lesser cuts. It is important to mention here that the
screen was done with 15%CL tubes which showed robust fission after 10 minutes of
incubation. However, purified a-Syn showed robust fission only on 30%CL tubes with 15%CL
tubes showing significantly lesser fission. This can be due to the presence of post-translational
modifications in native a-Syn which is lacking in the protein made from heterologous sources
(Zhang et al, 2019). Alternatively, this can also be due to the difference in the oligomeric state
of the native protein as compared to the one purified recombinantly. a-Syn has been reported
to be a tetramer in native state in cells, whereas, recombinant a-Syn is widely regarded as
monomeric in solution (Bartels et al, 2011). Thus, one or a combination of multiple things
mentioned above can render the protein purified from heterologous source lesser active.

Next, we monitored the fission reaction in real-time to understand the mechanism of
fission. Real-time imaging of a-Syn on CL tubes showed that milliseconds before fission
happens, the tube shows a dimming in fluorescence in the membrane channel at the site of
fission (Fig 6.2 A, B). Since these tubes are diffraction limited and imaged under epi-
fluorescence microscope, dimming in fluorescence indicates a reduction in tube dimension.
Thus, the tube constricts before it undergoes fission. Whether a-Syn is localized on the
constriction or adjacent to the constriction remains to be seen since our efforts with a
fluorescently-labelled/tagged protein did not show fission.

Notably, we also saw differences in fission activity of a-Syn based on the method of
purification. a-Syn has been widely reported to be intrinsically disordered in solution and hence
one method of purifying the protein involves heat denaturation of lysates containing the
protein. Alternatively, a-Syn has been reported to go the periplasm of E. coli making it easier
to isolate the protein and do chromatographic separation (Huang et al, 2005). We purified the
protein using both these methods. Interestingly, a-Syn purified by heat-denaturation showed
significantly reduced fission of CL tubes as compared to the protein purified from periplasmic
space (Fig 6.2 C, D). Moreover, the fission activity of the brain lysate also showed heat
susceptibility since heat denaturation of the lysate rendered it inactive (Fig 6.2 E). Heat
denaturation of the protein has been reported to cause multiple C-terminal truncations of the

protein. Whether truncations contributes to the heat-denatured protein being inactive in assays,

75



however, remains to be tested. Together, these results indicate that, although, multiple methods
are reported in literature for the purification of a-Syn, they may not lead to identical functional

output by the protein in reconstitution assays.
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Figure 6.2 Alpha synuclein mechanism of fission. (A) Representative montage of a tube incubated with
recombinant a-Syn and monitored over time. (B) Representative line profiles drawn on the tube at different
time points during the fission reaction. (C) Representative fluorescent images of 30%CL tubes incubated
with differentially purified a-Syn as indicated. (D) Plot showing number of 30%CL tubes cut as a function
of starting number of tubes (indicated on top of each bar) upon incubation with osmotic shock purified or
heat denatured a-Syn. Data represents mean = SD of at least 2 experiments for each condition. (E) Plot
showing 30%CL tubes cut as a fraction of starting number of tubes (indicated at the top of each bar) upon
incubation with brain lysate or heat-denatured brain lysate. Data represents mean + SD of at least 2
independent experiments. Statistical analyses are done using Mann-Whitney test.

6.4. Discussion:

a-Syn is small, abundant pre-synaptic protein which has been widely studied in the
context of neurodegenerative diseases like PD. Our results from a biochemical screen
suggested that a-Syn is important for CL-specific fission activity of lysates. We wanted to
characterize the protein biochemically to understand what the protein is capable of doing in
isolation. a-Syn has been widely reported to bind to membranes containing anionic lipids

(Davidson et al, 1998, Cholak et al, 2020). However, given the protein is mostly cytosolic in
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the cell, recruitment to a particular organelle/vesicle will be determined by the ability of the
protein to interact with the lipids in that membrane. Biochemical characterization of purified
protein showed that it preferentially binds to membranes having CL. CL is a mitochondria-
specific lipid. Our results show that, given a choice, a-Syn will preferentially bind to
mitochondria than any other member. One thing to consider here is the amount of CL present
usually on the OMM. Lipidomic analysis of isolated OMM has reported a CL content of about
10% of total phospholipid in the membrane (Konig et al, 2021). However, CL has been shown
to externalized under multiple stress-related conditions in the cell (Chu et al, 2013). Thus, o-
Syn can bind to mitochondria, likely, minimally under basal conditions which can go up under
conditions which increases CL-content on the OMM like mitophagy.

CL is an unique anionic phospholipid. It has four acyl chains and a charged head-group.
CL has been shown to be dibasic at physiological pH (Olofsson and Sparr, 2013). Interestingly,
our membrane binding data shows a-Syn has a higher affinity for CL membranes than it has
for other phospholipids and phosphoinositides. All the mono-phosphoinosidites should behave
dibasic at physiological pH with di- and tri-phosphoinositides having one or two more charges,
respectively (Quarteng et al, 2021). Thus, clearly even though some of these phosphoinositides
have higher charge density, a-Syn showed higher affinity to CL membranes indicating binding
is determined by sites which does not solely rely on charge. We speculate, a-Syn can possibly
detect head-group chemistry of different phospholipids once it interacts with the membrane.
CL is, likely, a preferred head-group which lets a-Syn bind these membranes with higher
affinity.

Our results show that a-Syn’s prefers binding to membranes with higher curvature. The
N-terminal of a-Syn is known to form an amphipathic a-helix after binding to the membrane.
The amphipathic helix has a poorly arranged hydrophobic face which gets inserted into the
membrane and has been implicated to be helpful in sensing membrane curvature (Jensen et al,
2011, Pranke et al, 2011). Given these findings, it is likely that a-Syn binds to the parts of the
mitochondria that have higher curvatures. Mitochondria-derived vesicles have been shown to
define a ‘neck’ of a budding vesicle which is about 30-50nm wide (Soubannier et al, 2012). It
1s possible that a-Syn gets recruited to these sites on the mitochondria and help in the release
of these vesicles form the parent membrane.

Our results show that purified a-Syn is able to catalyse fission of CL tubes.
Interestingly, the tubes underwent constriction before fission. a-Syn is known to oligomerize
better in the presence of membranes (Lee et al, JBC, 2002). However, the exact mechanism by

which a-Syn monomers will be able to oligomerize on the membrane to impart forces on the
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membrane to constrict it and finally cause fission remains unclear. Membrane fission is brought
about by forces being imparted on the bilayer circumferentially that leads to constriction of the
tube and subsequently fission (Morlot and Roux, 2013). In all models of fission, there has been
a necessity of an external energy currency that is brought about by nucleotide hydrolysis.
However, unlike, canonical membrane fission catalysts, a-Syn does not have any nucleotide
hydrolysis domain/motif. One possibility is that the nature of oligomerization on the membrane
surface itself causes deformations on the membrane. The energy requirement, in this case, can
be brought about by the propensity of a-Syn to oligomerize and the subsequent bond-energies
released that drive the process forward. However, if this is actually the case remains to

systematically tested.
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Chapter 7:

Parkinsonian mutants of alpha-synuclein

are incapable of causing membrane fission
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7.1  Introduction:

a-Syn has mostly been studied in the context of Parkinson’s Disease (PD). Parkinson’s
Disease is a chronic degenerative disease affecting both motor and non-motor functions
associated with the central nervous system. There is usually a slow build-up of symptoms
which worsens over age and is characterized by disruptive motor neuron functions like tremors,
rigidity and difficulty in walking. Non-motor functions like memory loss or dementia are
associated with the advanced stages of the disease.

Pathologically, PD is characterized by the development of Lewy bodies or Lewy
neurites which are aggregates of proteins, lipids and other molecules at different regions within
the brain of a PD-suffering individual. Interestingly, a-Syn was found to be a key constituent
of the Lewy bodies (Spillantini et al, 1998). Almost at the same time, an Italian kindred was
discovered having a pattern of familial aggregation and associated symptoms (Polymeropoulos
et al, 1997). The family had a mutation in the a-Syn gene providing the first evidence of a
genetic control of the disease. Subsequently, multiple point mutations in the a-Syn have been
reported which causes early-onset familial PD. A few of these mutations are associated with
mild clinical symptoms (A18T, A29S and A30P) whereas others have been shown to cause
rapidly progressing clinical phenotypes (E46K, H50Q, G51D, AS5S3E, A53T) (Guan et al,
Frontier cell neuroscience, 2020).

In vitro, PD-associated a-Syn mutations have been shown to accelerate the aggregation
kinetics of a-Syn and in vivo, induce cell death through apoptosis (Narhi et al, 1998, El-Agnaf
et al, 1998). a-Syn can form aggregates in solution and the aggregation process is faster in the
presence of lipids (Perrin et al, JBC, 2001). However, not all Parkinsonian mutants behave
similarly in cells and in vitro. a-Syn (A30P) has been shown to be defective in binding to
vesicles in rodent brains (Jensen et al, JBC, 1998). In solution NMR data suggests that a-Syn
(WT) and a-Syn (AS53T) have indistinguishable structure and kinetics of aggregation in the
presence of micelles whereas the a-Syn (A30P) seems to be quite different (Ulmer and Bax,
2005). The reason for this difference is suggested to be a break in the extended helix that
happens due to the presence of a proline residue. This results in defective membrane binding
as due to loss of particular contacts between the protein and micelle surface that are present
otherwise. Site-directed spin labelling EPR studies too suggested that a-Syn (A30P) is
defective in membrane binding. However, the same study also suggested that a-Syn (A53T) is
defective in membrane binding too, albeit not to the extent of A30P. Simulation studies have
indicated that a-Syn (A53T) to have multiple stabilizing hydrogen bonds with the membrane

increasing its membrane occupancy (Perlmutter et al, 2009). Our results show that a-Syn (WT)
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can bind to CL. membranes and can cause fission of membrane tubes in a Cl-dependent manner.
We wanted to test how the parkinsonian mutants of a-Syn behave in terms of membrane

binding and fission.

7.2 Materials and Methods:

7.2.1 Expression and Purification
The mutants of a-Syn were expressed and purified exactly like the wild-type protein

mentioned in Chapter 6 of this thesis.

7.2.2  PLiMAP and SMrT assays:
PLiMAP and SMrT assays and subsequent image analyses were done exactly as is

stated in Chapter 6 of this thesis.

7.3 Results:

7.3.1 Parkinsonian mutants of a-Syn show varied membrane binding but are
incapable of causing fission:

The first two mutants in the a-Syn gene reported to cause familial PD were the alanine
to threonine substitution at 53" position (A53T) and an alanine to proline mutation at the 30™
position (A30P) (Fig 7.1 A). We wanted to test their ability to bind CL membranes as compared
to the WT protein using PLIMAP. Both the mutants were purified along with the WT protein
under identical conditions. Further, they were incubated with 15%CL liposomes containing the
bi-functional lipid probe BDPE in a background of DOPC, incubated for 30 minutes to attain
equilibrium binding and then UV irradiated and run on SDS-PAGE. Fluorescence band
intensity measurements showed that as compared to the WT protein, a-Syn (A30P) had
significantly reduced equilibrium binding (Fig 7.1 B, C). Interestingly, a-Syn (A53T) showed
better binding to CL membranes than the WT protein. These results are consistent with
previous simulation studies showing A30P to have reduced membrane binding due to helix-
break caused by proline and A53T to have enhanced membrane binding because of additional
hydrogen bonding due to threonine (Ulmer et al, 2005, Perlmutter et al, 2009).

Next, we wanted to test how these mutants perform in fission assays. 1uM of the protein
was passed on to tubes made of 30%CL in a background of DOPC, incubated for 10 minutes
and tubes which showed at least one break were scored for cut. As expected, as compared to

the WT protein, a-Syn (A30P) showed significantly reduced membrane fission activity (Fig
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7.1 D, E) . This, likely, is due to the inability of the protein to engage with the membrane.
Remarkably, however, a-Syn (A53T) also displayed inability to cause fission of CL tubes (Fig
7.1 D, E). This was surprising considering a-Syn (A53T) shows good binding to membranes
as reported by us and others previously. a-Syn binds membranes in a curvature-sensitive
manner. We wondered if differences in fission activity across the mutants is due to the size of
tubes. Random tubes from the experiments picked for radius estimation showed no significant
difference between tube radii of experiments indicating difference in tube size cannot be the
reason for diminished fission activity of the mutants (Fig 7.1 F-H). Together, these results show
that the Parkinsonian mutants of a-Syn have varied abilities to bind membranes but are unable

to cause fission of CL-containing membrane tubes.
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Figure 7.1. Parkinsonian mutants of a-Syn are incapable of causing fission of CL-containing membrane
tubes. (A) Domain architecture of a-Syn showing different regions in the protein and the position of
Parkinsonian point mutants (A30P and A53T). (B) Representative PLIMAP fluorescence (top) and CBB
(bottom) images of a-Syn (WT), a-Syn (A30P) and a-Syn (A53T) with 15%CL liposomes in a background
of DOPC (84%) and BDPE (1%). (C) Quantitation of normalized fluorescence signal relative to WT in (B).
Data represents mean + SD of two independent experiments. (D) Representative images of membrane
channel of 30%CL tubes after incubation for 10mins with a-Syn (WT), a-Syn (A30P) and a-Syn (A53T). (E)
Quantitation of 30%CL tubes cut by a-Syn (WT), a-Syn (A30P) and a-Syn (A53T) after 10mins of
incubation. The number at the top of each bin indicates the number of tubes analysed in that bin. Data
represents mean + SD of at least 2 experiments for each condition. (F-H) Estimated tube size distribution for
templates from a combination of two experiments formed of 30%CL in a background of DOPC (84%) and
pTxR (1%) for a-Syn (WT), a-Syn (A30P) and a-Syn (A53T).

7.4 Discussion:

Since their discovery, the Parkinsonian mutants of a-Syn have long been studied for
their effects on aggregation dynamics of the protein. However, very little is known about how
these proteins might affect the native function of the protein. This is, in part, due to a lack of
assays that directly look at a-Syn functions in an isolated setup. Our in vitro data suggests that
a-Syn is able to bind and catalyze fission of CL-containing tubes. Comparative binding analysis
suggested that the two mutants tested have markedly different ability to bind with the
membrane. a-Syn (A30P) showed reduced membrane binding ability whereas, a-Syn (A53T)

showed enhanced membrane binding. a-Syn (A30P) has previously been suggested to have
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reduced membrane binding because of a break in the extended helix that happens because of a
proline substitution (Ulmer et al, 2005, Robotta et al, 2017). Consistent with this, a-Syn (A30P)
also shows binding to native vesicles isolated from rodent brains (Jensen et al, 1998). Since
membrane binding is a pre-requisite for membrane fission, unsurprisingly, a-Syn (A30P) failed
to cause fission of CL-containing membrane tubes.

a-Syn (A53T) was initially discovered from an Italian kindred showing symptoms of
familial PD. Subsequently, a-Syn (A53T) has been shown to bind to large unilamellar vesicles
(LUVs) equally well as that of the WT protein (Narayanan et al, 2001). Our assays confirm the
same that a-Syn (A53T) can bind membranes. Importantly, we do see enhanced equilibrium
binding. Whether that is because of a lower binding constant (K4) or a higher number of binding
sites (Bmax) remains to be investigated. Previously, simulation studies indicated that a threonine
in the 53™ position can increase hydrogen bonds with the membrane which can increase the
residence time of each protein molecule on the membrane showing enhanced binding.

Interestingly, a-Syn (A53T) did not show membrane fission. Although, we do not have
a clear understanding of the mechanism by which this happens, a hypothesis for this would be
that the mutation causes changes to the oligomerization property of the protein on a membrane.
Molecular dynamics simulations along with theoretical predictions suggest a difference in
structure and dynamics of aggregation due to A5S3T mutation (Coskuner et al, 2013). Moreover,
AS53T has been shown to cause defects in site-specific microenvironments leading to
differences in conformational flexibility of the protein (Sahay et al, JBC, 2015). These
variations can lead to a different nature of oligomerization and force transduction on the
membrane causing the inability of the protein to cause membrane fission. However, if this is

actually the case remains to be tested.
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Chapter 8:

Alpha-synuclein is required for normal

mitochondrial respiratory functions
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8.1 Introduction:

Maintenance of mitochondrial health and integrity is central for cell survival and
growth. Mitochondria performs essential cellular functions like ATP generation, maintenance
of redox equilibria, Ca2+ homeostasis and apoptosis. As such, cells have employed dedicated
quality-control (QC) pathways that selectively rid the network of damaged/dysfunctional
mitochondria. However, mitochondrial damage or dysfunction have been associated with
multiple neurodegenerative diseases including PD (Thorne and Tumbarello, 2022). Several
genes involved in recessive parkinsonism is associated with mitochondrial quality control.
These include PINK1 and Parkin which are central players in mitophagy and mutations in these
genes are associated with PD (McCoy and Cookson, 2011). Even though the exact mechanism
by which mutations in specific genes are linked to cell death and neurodegeneration are not
known, defects in mitochondrial QC pathways are usually considered the potential basis for
such dysfunctions.

a-Syn has been shown to be associated with the mitochondria in both tissues derived
from animal models and mammalian cells in culture (Parihar et al, 2008, Devi et al, 2008,
Ludtman et al, 2016). Deletion studies revealed that first 32 residues in the protein are critical
to get associated with the mitochondria (Devi et al, 2008). Moreover, a-Syn has been reported
to regulate several processes at the mitochondria. a-Syn can regulate Ca2+ signalling from the
mitochondria and has been shown to regulate ER-mitochondria contact (Cali et al, 2012,
Guardia-Laguarta et al, 2013). a-Syn has also been reported to regulate the morphological
dynamics of mitochondria. Mitochondrial fragmentation has been observed during over-
expression of the wild-type protein as well as multiple PD-associated mutants like A53T and
E46K (Kamp et al, 2010, Guardia-Laguarta et al, 2013). Moreover, selective targeting of wild-
type a-Syn or a-Syn (AS53T) to the mitochondria has been shown to cause mitochondrial
fragmentation whereas the membrane binding mutant a-Syn (A30P) does not. Additionally,
mitochondrial motility was shown to be reduced in mammalian cell lines and neurons derived
from embryonic stem cells expressing a-Syn (Xie and Chung, 2012). Endogenous a-Syn is
required for the activity of respiratory chain complexes of the mitochondrial inner membrane.
Over-expression of a-Syn has been shown to cause impairment in Complex I activity.
Consistent with this, inhibitors of Complex I of the ETC pathway has been reported to cause
PD (Davies et al, 1979).

There is considerable debate about the localization of a-Syn on the mitochondria. a-
Syn is majorly a cytosolic protein and technically should bind to only the OMM. However,

multiple reports claim that a-Syn does go inside the mitochondria and interact with the IMM.
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a-Syn has been shown to be imported in the mitochondria in a potential-dependent manner
(Devi et al, 2008). Moreover, the TOM40 subunit of the import complex at the OMM is critical
for a-Syn import into the mitochondria. Additionally, post-translationally modified a-Syn has
been shown to affect the dynamics of the mitochondria import complex by regulating the
functions of TOM22.

Together these pieces of evidences suggest that a-Syn is associated with the
mitochondria. However, most of these studies were done in a condition where the wild-type
protein or PD-associated mutants were over-expressed in the cells which itself has been
associated with PD-like symptoms. Our results suggest that a-Syn can bind to and remodel CL-
containing membranes. Given this, we wanted to analyse the effects of a-Syn on mitochondrial

functions.

8.2 Materials and Methods:

8.2.1. Oxygen consumption rate measurements:

Oxygen consumption rates (OCR) were measured in a Seahorse XFp analyser (Agilent
biosciences) using Mito-Stress test kit according to manufacturer’s instructions. Briefly, the
XFp sensor cartridge was hydrated with sterile water and kept in a dehumidified incubator at
37 °C overnight for equilibration overnight. An hour prior to the experiment, the water was
aspirated and the calibrant solution was added to the wells of the chamber, incubated at 37 °C
in a non-CO2 incubator for equilibration. The system was calibrated using this plate before the
start on any experimental run. Each plate had 8 wells out of which three were used for WT
cells and 3 for KO cells. Each well was seeded with 2.5x10* cells and kept for 16 hours in a
CO2 incubator for them to adhere and grow. An hour before the experiment, the existing media
was discarded and new XFp media (phenol red-, serum-, bicarbonate-, glucose-, puruvate- and
L-glutamine-free DMEM) supplemented with 10mM glucose, 1mM pyruvate and 2mM
glutamine was added to the plate and incubated in a non-CO: incubator for 1 hour for
equilibration. Respiratory rates (oxygen consumption and extracellular acidification) were
estimated under basal conditions and upon injection of oligomycin (Complex V inhibitor, 1.5
uM), carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP, Mitochondrial
membrane potential inhibitor, 0.5uM) and Rotenone/Antimycin A (Complex I and III inhibitor
respectively, 0.5uM each) at indicated time points.

8.2.2 Cell viability assays:
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Cell viability was measured using thiazolyl blue tetrazolium bromide reagent
(MTT, Sigma) assay. Briefly, for each experiment 10 wells of a 96-well plate was seeded with
5x10* WT and KO cells respectively. 5 wells were used for glucose and 5 wells for galactose
treatment respectively. 12 hour post seeding, the existing media was discarded and cells were
washed thoroughly before incubating with glucose-free DMEM/F12 (1:1) (Elabsciences)
supplemented with 4.5g/1 glucose or 0.9 g/l galactose respectively for glucose and galactose
conditions additionally supplemented with 10% fetal bovine serum and 100units/ml
Penicillin/Streptomycin. At desired time points, final concentration of 0.5mg/ml of MTT in
DMEM/F12 was added to the cells and left in the incubator for 4 hours for development of
formazan crystals. The media was carefully aspirated out from the top leaving the formazan
crystals at the bottom. 200ul of anhydrous DMSO was added to each well and the plate was
incubated at 37 °C for 5 mins. Absorbance was measured at 570nm using Infinite M200Pro

(Tecan) and analysed using Magellan 7.

8.2.3 Mitochondria isolation:

Mitochondria isolation from wildtype and o-Syn knock-out cells was carried out
according to the protocol published previously (Liao et al., 2020). Briefly, a confluent 10cm
dish of WT and KO SH-SYS5Y cells were harvested by scraping in PBS. The cell suspension
was spun at 3000g for 3 minutes, the existing DPBS discarded and the cells were resuspended
in mitochondria isolation buffer (0.25 M sucrose, 20 mM HEPES-KOH, pH 7.5, 10 mM KCl,
1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, ] mM PMSF, 1x protease
inhibitor cocktail). Homogenization was done using sonication (2 on, 3 off at 25% amplitude,
done 3-5 times with intermittently incubating on ice for 30s before next round). The cell
suspension was centrifuged at 1000g for 10 minutes following which the supernatant was
carefully aspirated without disturbing the pellet and put in a fresh 1.5ml tube. This step was
repeated once more. The pooled supernatant was spun at 10000g for 20mins to pellet down
mitochondria. The pellet was washed 3 times with isolation buffer to get a purer mitochondria
preparation. Protein concentration was estimated using BCA reagent kit (Takara) after
digesting the pellet with PBS containing 1% SDS. Equal amount of WT and KO mitochondria
was then either boiled with 1x Laemmli’s buffer to run on an SDS-PAGE for western blotting

or was processed for quantitative mass spectrometry.

8.2.4 Quantitative proteomics of isolated mitochondria:
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Quantitative proteomics was done exactly as is mentioned for identification proteomics
in Chapter 5 of this thesis except with the following modifications. For quantitative mass
spectrometry, equal amounts of mitochondria (20pg each of WT and KO) were first
precipitated using chloroform/methanol to get rid of all non-polar components like lipids. The
supernatant after precipitation was carefully aspirated and the pellet was resuspended into
100mM TEAB buffer containing 8M urea. Reduction, alkylation and trypsin digestion was
done exactly as is mentioned previously. After overnight trypsin digestion, the peptides were
labelled with heavy (CD20) (WT mitochondria) and light (CH20) (KO mitochondria)
formaldehyde in the presence of sodium cyanoborohydride (NaBH3CN) as described
previously (Kamat et al, NCB 2015). Desalting, drying and running of the samples was done
exactly as is mentioned previously. For quantification of WT and KO proteins, proteins were
first sorted based on number of peptides detected across all 6 runs (>1 peptides) and then
common proteins from all 6 runs were analyzed using gene ontology (GO) annotation to sort
them into mitochondrial proteins and non-mitochondrial proteins. The proteins were then
sorted based on their Heavy: Light (H:L) score to identify proteins enriched (H:L value less
than 1) or depleted in KO mitochondria (H:L value more than 1). The mitochondrial proteins
enriched in KO were further clustered using STRING database based on biological function to

annotate proteins involved in particular biochemical pathways.

8.3  Results:
8.3.1 Alpha synuclein KO cells show reduced mitochondrial respiration and over-
dependence on glycolysis:

Mitochondria produces ATP through oxidative phosphorylation which involves the
transport of electrons through multiple multi-protein complexes in the IMM. The electron
transport starts from Complex I and ends in Complex IV where molecular oxygen is reduced
to form water. All these complexes, except complex II, drive protons across the IMM from the
matrix to the inter-membrane space. Finally, Complex V uses this proton gradient to
phosphorylate ADP to form ATP.

Previously, a-Syn has been suggested to inhibit complex I function (Reeve et al, 2015).
Given the propensity of a-Syn to bind to CL membranes, we wanted to analyse the effects of
the loss of a-Syn on mitochondrial respiratory functions. We used SH-SYS5Y cells which
express a-Syn endogenously and has been used extensively in a-Syn research (Xicoy et al,
2017). We used wild-type (WT) and a-Syn knock-out (KO) cell line to test the effects of loss

of a-Syn in mitochondrial functions. Seahorse is an instrument that helps analyse mitochondrial
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respiratory function by detecting oxygen consumption under basal and different drug-treatment
conditions. Measurement of oxygen consumption rates (OCR) showed that under basal
conditions KO cells show significantly reduced oxygen consumption (Fig 8.1 A-D). Addition
of oligomycin to cells, which inhibits complex V showed a smaller drop in OCR in KO cells
indicating ATP production-linked respiration is much lower in these cells. Addition of FCCP,
which is an uncoupler of the proton gradient across IMM, showed much higher maximal rate
of respiration for WT cells as compared to KO cells. Thus, under conditions of stress, the KO
cells have significantly lesser spare capacity of respiration. Addition of Rotenone/Antimycin
A which blocks complex I and III showed that both cells have similar non-mitochondrial
oxygen consumption. Together these data suggest that OCR is significantly reduced in cells
not having synuclein both under basal and stimulated conditions indicating severe defects in
respiratory functions of the mitochondria.

In addition to oxygen consumption, Seahorse experiments also monitors the
extracellular acidification rates (ECAR) of the media where the cells are grown. Plotting OCR
vs ECAR generates an energy map of the cell which helps us understand the biological
processes from which the cells derive energy. The energy plot of WT cells showed that it is
reliant on both mitochondrial oxidative phosphorylation and glycolysis for its energy output
(energetic quadrant) (Fig 8.1 E) . However, the KO cells were dependent more on glycolysis
than oxidative phosphorylation in the mitochondria compared to WT cells (glycolytic
quadrant). This, likely, suggests how the KO cells utilise glycolysis as a compensation
mechanism to generate energy because of a sub-optimally functioning mitochondria. To
confirm this, we grew WT and KO cells in media containing galactose as a carbon-source
instead of glucose. Galactose in the cells gets converted into glucose which further gets
processed by glycolytic enzymes. However, the energy that is required to convert galactose to
glucose is exactly the same that is generated from glucose through glycolysis. Hence, upon
using galactose, the net energy output from glycolysis becomes zero necessitating the cells to
depend on mitochondria for energy output. Cells grown on glucose media showed an increase
in viable cell mass over time (Fig 8.1 F) however, WT cells fared better than the KO cells.
Interestingly, WT cells grown on galactose media showed an initial bout of cell death but over
time got used to the media and survived fine as determined by measuring the extent of formazan
production from MTT. However, unsurprisingly, the KO cells were highly susceptible to
galactose-containing media and all cells died within 72 hours of treatment (Fig 8.1 G). Thus,
indeed, the KO cells are reliant on glycolysis and not mitochondrial energy generation for

survival.
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8.3.2 AS KO cells have an altered mitochondrial proteome:

We wondered if lesser OCR in cells lacking a-Syn is due to lesser mitochondrial mass.
We analyzed bulk mitochondrial mass in WT and KO cells using western blotting. Probing
lysates with antibodies against mitochondrial proteins (ATP5A for IMM and Mid51 for OMM)
suggested that these proteins are not significantly altered in KO cells (Fig 8.1 H). Thus, steady-
state number of mitochondria cannot be the reason for reduced mitochondrial activity. This led
us to do a quantitative proteomic analysis of isolated mitochondria from both WT and KO cells
to figure out why the KO mitochondria perform sub-optimally. Proteins were isolated from
purified mitochondria, digested with trypsin and labelled with heavy or light formaldehyde
before running on LC-MS/MS (Fig 8.1 I). Our MS analyses resulted in identifying 1132
proteins out of which 372 were mitochondrial (Fig 8.1 J). Interestingly, analyzing the
mitochondrial proteins showed that out of the 372 proteins, 250 were enriched in mitochondria
(Fig 8.1 K). This was quite surprising given that OCR analyses suggested a loss of function of
KO mitochondria whereas MS analyses showed most of the mitochondrial proteins are more
in KO compared to WT mitochondria. This led us to look at the identity of these proteins which
are enriched in the KO mitochondria.

Since our in vitro assays suggested that a-Syn is required for fission, we wondered if
loss of a-Syn leads to the accumulation of unwanted proteins in the mitochondria. STRING
analysis of the list of protein enriched in the KO mitochondria showed that proteins involved
in a diverse array of biochemical pathways were enriched (Fig 8.1 L). The gene ontology (GO)
network based on biological processes classified the proteins majorly in four distinct clusters.
This included proteins involved in aerobic respiration (electron transport chain and TCA cycle)
(GO:0009060), mitochondrial gene expression (GO:0140053), fatty acid beta oxidation
(GO:0006635) and proteins involved in mitochondrial transport (GO: 0006839). The first
cluster was especially interesting. Proteins involved in aerobic respiration were enriched in the
KO cells compared to WT, however, the oxygen consumption rate of the cells were lower than
WT. This apparent discrepancy can be because of a build-up of non-functional proteins in the
KO cells which otherwise would have been evicted from the mitochondria in a a-Syn-
dependent manner. The build-up of non-functional mitochondrial proteins can be because of
variety of stress like aggregation and oxidation in the absence of a-Syn. Mitochondria are
known to have multiple internal quality control mechanisms to rid the organelle of these
stresses. These include upregulation of multiple quality control proteins within the

mitochondria which act both as chaperones and proteases. Consistent with these, our MS
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analysis shows the upregulation of multiple quality control proteases in the mitochondria
(LONP1, CLPP, YMEILI1, PITRM1 and PMPCB) together with proteins that are involved in
regulating their activities (PMPCA and UQCRC1) (Quiros et al, 2015) (Table 8.1). Moreover,
we also detected multiple proteins involved in mitophagy to be upregulated in the KO cells
indicating again that the improper functioning of the mitochondria targets them for mitophagy.
Another pathway of getting rid of the oxidised cargo has been shown to be via the formation
of mitochondria-derived vesicles (MDVs) (Soubannier et al, 2012, Vasam et al, 2021).
Interestingly, our MS analyses showed the build-up of multiple proteins within the KO
mitochondria that have been shown to be cargos of oxidised MDVs. Together, these results
show that a-Syn is necessary for normal mitochondrial respiratory functions in absence of
which there is a, likely, build-up of non-functional proteins within the mitochondria which

leads to upregulated quality control surveillance mechanisms.
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Figure 8.1. a-Syn is required for normal mitochondrial respiratory functions. (A) Oxygen consumption rate
(OCR) measurements using Seahorse xFp Analyzer under basal or different stress conditions like
Oligomycin, FCCP and Rotenone/Antimycin A. Data represents mean + SD of two independent experiments
(B-D) Basal, ATP-linked and maximal respiration as calculated from the OCR data in (A). Data represents
mean £ SD of two independent experiments each. (E) Energy profile of WT and KO cells based on OCR and
extracellular acidification rate (ECAR) measured. (F) Viable cell mass measured as a function of formazan
absorbance at 570nm for cells grown in glucose (F) or galactose (G)-containing media as the primary carbon
source. Data represents mean = SD of two independent experiments. (H) Western blot analysis of WT and
KO SH-SYS5Y lysate blotted for ATPSA (Inner mitochondrial membrane; IMM), Mid51 (Outer
mitochondrial membrane; OMM) and a-Syn. -Actin is used as a loading control. (I) Flow chart showing the
steps involved in quantitative proteomics of isolated mitochondria. (J) Pie chart showing the number of
mitochondrial proteins detected as compared to non-mitochondrial proteins from 6 independent MS/MS
runs. (K) Plot showing fold enrichment of different mitochondrial proteins detected across 6 runs. WT and
KO peptides were labelled with heavy (H) and light (L) formaldehyde, respectively. (L) Pie chart showing
distribution of proteins enriched in KO cells functioning in different biological pathways based on Gene
Ontology (GO) : Biological processes.

Table 8.1:
List of proteins involved in quality control of the mitochondria that are significantly enriched

in the mitochondria of KO cells:

Mitochondrial Mitophagy-
Proteases associated proteins 8.4. Discussion:
PMPCA PARK7 a-Syn has long been implicated to be regulating
PMPCB PHBI different mitochondrial functions. However, a
direct molecular mechanism by which a-Syn might
LONP1 PHB2 . ' . .
be doing these remained elusive. Here, using SH-
CLPP NIPSNAPI SYSY cells which have been knocked out for the
CLPX NIPSNAP2 a-Syn gene using CRISPR, we show that
YMEIL TOM?22 mitochondrial respiratory functions are defective in
these cells lacking a-Syn. The cells consume lesser
UQCRCI PGAMS
oxygen as compared to their WT counterparts
PITRM1 NIPSNAP3A ..
under both basal and drug-treated conditions. Our
TOM70 respiratory analyses also showed that the cells
MFN]1 utilize  glycolysis more than  oxidative

phosphorylation within the mitochondria to derive
energy. This begged us to question the reason for such differences in the KO cells in absence
of a-Syn. Bulk mitochondrial mass analysis showed that none of the proteins tested are
significantly lower in KO cells indicating that lower mitochondrial mass cannot be the reason
for sub-optimal functioning or lower oxygen consumption of the mitochondria. Quantitative

proteomic analysis showed that most of the proteins associated with mitochondrial respiration
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are actually enriched in the KO cells. Thus, the KO cells have more of the proteins that are
required for oxidative phosphorylation, yet their functional output is lower compared to the
WT cells. Moreover, the mitochondria in KO cells showed upregulation of multiple proteins
associated with quality control of the organelles (proteases and mitophagy-related proteins).
Mitochondria has ~1500 proteins most of which are made from nuclear DNA and
imported post-translation into the mitochondria. Imported proteins are usually proteolytically
processed in the mitochondria to form functional proteins. Moreover, they undergo folding and
maturation within the mitochondria with the help of multiple chaperones and proteases.
Subsequently, mis-folded or aggregated proteins are selectively processed within the
mitochondria by multiple proteases and are thought to be taken out of the mitochondria. A very
likely cause of such mis-folding and aggregation is oxidation of the proteins (Mirzaei and
Regnier, 2008). Mitochondria performs several redox reactions which generate reactive oxygen
species (ROS) as a by-product. ROS can covalently modify different biomolecules and lead to
the formation of aggregates or a build-up of non-functional proteins and lipids within the
mitochondria. How these proteins are selectively gotten rid of from the mitochondria is not
well understood. Ubiquitin-proteasome system takes care of majority of these mis-folded
proteins from the OMM. However, how proteins from the IMS and matrix are gotten rid of
remains elusive. One possible mechanism of removal of oxidised biomolecules is through the
formation of mitochondria-derived vesicles (MDVs). MDVs are small 75-200nm vesicles that
are released from the mitochondria in a Drp1-independent manner. MDVs are generated from
the mitochondria in response to oxidative stress (Soubannier et al, 2012). These MDVs have
been shown to contain multiple cargos which are proteins prone to oxidation like Fe-S cluster
containing proteins (Vasam et al, 2021). Our MS analysis indicated a build-up of these proteins
in the mitochondria of the KO cells. Thus, one possible molecular mechanism of a-Syn
function is that it helps in the release of damaged cargo (proteins/lipids) from the mitochondria
in response to oxidative stress. In the absence of a-Syn, these damaged components are not
taken out of the mitochondria which leads to the build-up of non-functional proteins ultimately

leading to respiratory defects of the mitochondria.
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Summary and Future Perspectives
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Mitochondria serve a crucial role in cellular homeostasis and as such are needed to
maintain in an optimally functional form. Different stressors affect mitochondrial health and
function and hence non-functional mitochondria need to be degraded by the cell to maintain a
heathy functional network. Cells have multiple ways to get rid of such non-functional
mitochondria. Mitophagy is the most well-known pathway that helps rid the network of
damaged mitochondria and targets it to the lysosome for degradation. Drp1 has been implicated
to have a crucial role in mitophagy whereby it helps to detach the dysfunctional parts from the
entire network. However, how exactly Drpl manages that was unclear. The data in this thesis
suggests that the phospholipid diacylglycerol (DAG) helps Drpl to cause fission of cardiolipin
(CL)-containing tubes. DAG has previously been shown to be critical for mitophagy, however,
the exact role it plays during mitophagy remained unclear (Lin et al, 2022). . Our data suggests
that formation of DAG on the mitochondrial surface by Lipinl during mitophagy is, likely, to
recruit DAG-dependent effector molecules to the mitochondria. DAG helps recruit Drpl to
cardiolipin tubes, in vitro. Moreover, it simulates the mechanochemical activity of Drpl post
membrane binding leading to fission. Together, this enhances the bulk fission rate catalysed by
Drpl on CL tubes. Drpl has been shown to exist in the form of puncta on the mitochondria.
However, not all the puncta undergo fission all the time. These, likely, represent pre-assembled
Drpl on the mitochondria which are waiting to receive the final cue for fission which might
come in the form of a lipid modification.

Drpl is known to get recruited to the membrane surface based on membrane charge
whereby lysine residues in the V-domain is thought to interact with negatively charged lipid
head-groups (Bustillo-Zabalbeitia et al., 2014). DAG is a non-ionic lipid. This poses an
interesting question regarding how DAG manages to recruit Drpl efficiently on the membrane
surface. A possible explanation for that is DAG causes the formation of packing defects in the
membrane which helps Drpl insert its unstructured membrane binding domain into the
membrane. Thus, according to this hypothesis, DAG does not increase the kon of protein but
rather lowers the kofr rate of the protein on the membrane leading to enhanced equilibrium
binding. The same can be the reason for uniform stable scaffolds of Drpl on DAG tubes which
can efficiently transduce forces leading to lesser fission time. One interesting avenue of
research in future would be to systematically monitor fission reaction on membrane templates
containing other known packing-defect inducing lipids to see if indeed packing defects is the
only thing DAG contributes in Drpl catalysed membrane fission.

DAG also helps Endophilin B1/2 (EndoB1/2) recruitment on CL-containing planar

bilayers. Upon recruitment they show a DAG-dependent membrane tubulation reaction from
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planar bilayers. In our understanding, this is the first report of real-time analysis of EndoB1-
mediated tubulation from a planar bilayer. However, what is the need for the tubulation reaction
which likely happens on the mitochondria in response to DAG generation remains elusive.
Analysis of binding on curved membrane tubes suggested that EndoB1 gets recruited to tubes
irrespective of DAG or PI being present. Thus, EndoB1, likely gets recruited to a membrane in
response to two factors: lipid specificity and membrane curvature. This is interesting given that
mitochondria usually never exists in the form of tubes which are about 20-50 nm in diameter.
Hence, one possible way this manifests in the cell is that upon tubulation from the planar bilayer
in a DAG-dependent manner, more EndoB1 from the cytosol can get recruited to these nascent
tubules in a cooperative manner. Endo B1/2 have been shown to bind to UVRAG, an
autophagic scaffolding protein, through its SH3 domain. Our data suggests Endophilin B1/2
are thus, likely, to recruit the general autophagic machinery to the mitochondria in response to
DAG generation.

DAG has been shown to be generated by Lipin 1 from dephosphorylation of
phosphatidic acid on the mitochondrial surface (Lin et al, 2022). Lipin 1 can directly get
recruited through Parkin and hence will, likely, be clustered around the non-functional regions
of the mitochondria. Thus, DAG production happens only on the non-functional part of the
mitochondria which then can recruit Drpl and Endophilin B1/2 to the mitochondria.

Mitochondria-derived vesicles is another way by which cells get rid of damaged
products from the mitochondria. MDVs are generated by the mitochondria under different
conditions, however, the membrane fission catalyst that helps in the release of these vesicles
remained unknown. Electron micrographs suggested that the buds of MDV defined a neck
about 30-50 nm which matches really well with the size of tubes in a SMrT assay. Hence, using
SMrT, we screened brain lysate for a possible membrane fission catalyst. Brain lysate showed
the presence of a CL-specific membrane fission reaction. Biochemical fractionation and
subsequent proteomic analyses revealed the active component of the brain lysate to be alpha-
synuclein (a-Syn). Recombinantly purified a-Syn bound CL-containing liposomes better than
any other phospholipid or phosphoinositide tested suggesting a lipid-binding preference.
Moreover, purified a-Syn was able to catalyse fission of tubes in a CL-dependent manner
indicating it is sufficient for fission. One interesting avenue of research would be to model the
structural changes that monomeric a-Syn undergoes on the membrane surface to oligomerize
and transduce forces on a tube to bring about fission. From the modelling studies, specific
regions/residues that are important can be tested in in vitro assays for membrane binding and

fission which will help postulate the mechanistic pathway to fission.

98



Interestingly, mutants of a-Syn which are known to cause early-onset Parkinson’s
Disease (PD) showed varied affinity for CL liposomes but were defective in catalysing fission.
In this context, a-Syn (AS53T) is particularly interesting. The mutant binds CL membranes
better than the wild-type protein, however, is incapable of causing fission. Thus, the mutant is
a naturally occurring defective protein modelling which on a CL membrane can provide
insights into the pathway to oligomerization to finally undergoing fission. Independently, the
disease-associated mutants are considered to be more likely to aggregate and hence there is an
early onset of the disease in such patients. However, our data suggests that these mutants are
essentially loss-of-function derivatives thus linking inability to cause membrane fission to
neurodegeneration.

Mammalian cells lacking a-Syn showed significantly reduced respiratory functions of
the mitochondria under basal and stressed conditions. The cells were also over-dependent on
glycolysis for their energy generation as compared to the wild-type cells. Proteomic analysis
revealed markedly altered proteome of the a-Syn KO cells with an increase in levels of proteins
involved in aerobic respiration and other biochemical pathways. Lesser functional output but
higher protein amount can be due to accumulation of non-functional proteins in the
mitochondria which otherwise would have been evicted out in a-Syn-dependent manner. Our
proteomic analyses hints at possible cargos that are likely taken out by a-Syn. This involves
multiple proteins involved in aerobic respiration/proteins having Fe-S clusters. One possible
line of enquiry could be to follow such cargos and monitor if they are taken out of the cell

through MDYV formation in a a-Syn dependent manner.
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