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Abstract

The macromolecular protein translocation machinery of the outer mitochondrial membrane,
TOM, mediates the import of nuclear-encoded mitochondria-bound precursor proteins.
Moreover, a demonstrated role in importing pathogenic polypeptides signifies its medical
relevance as a potential therapeutic target. Structural investigations of TOM have to date been
limited to lower eukaryotic fungi from which the components can be purified in reasonable
quantities. The underlying objective of this thesis is to seek and interrogate the structure of a
metazoan TOM complex in order to unravel features of greater relevance to the human TOM
complex. To this end, the fruit fly Drosophila melanogaster was evaluated as an in vivo system
for transgenic expression of the translocase components for production of purified TOM
amenable to structural analysis by cryo-EM. The capacity for targeted, tuneable expression in
specific tissues and developmental stages and a provision for phenotypic readouts in
Drosophila flies holds particular advantages over cell culture systems for investigation of

structure-function and wider interactions of TOM in the context of human biology and disease.

Chapter 1 offers an introduction to the mitochondrial import system with particular focus on
the organisation of TOM, functional and structural attributes of subunits of the translocase and

reported involvement in human diseases.

Chapter 2 describes the homologous expression of epitope-tagged Tom40 and Tom22 in
Drosophila followed by an account of the characterization and successful isolation of the
Drosophila TOM assembly suitable for single particle EM analysis. Tryptic-digest mass
spectrometric analysis of purified TOM, has identified the potential Drosophila orthologues of
Tom5 and Tom6 and, point to novel associations of TOM with other mitochondrial proteins

namely, VDAC and ANT.

Chapter 3 presents preliminary cryo-EM data of purified Drosophila TOM. 2D class averaging
has revealed the presence of three-pore particles, albeit, certain detergent related issues remain
to be addressed. Further sample optimization strategies for prospective cryo-EM studies are

discussed.

Chapter 4 details an investigation of a defective eye phenotype that manifests in the Drosophila
eye as a consequence of elevated Tom40 expression. Analysis of active caspase levels has

demonstrated a cell death basis for the observed phenotype.



Lastly, in Chapter 5, results and findings of the thesis are discussed in the context of reported
biochemical and structural data, with emphasis on the organisation and stoichiometry of TOM.
A hypothetical model that likely explains the interaction of VDAC with TOM is presented

followed by some concluding remarks on the significance and future directions of the project.
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Preface

This thesis consists of work carried out in collaboration with the laboratories of Dr. Leonie

Quinn (Department of Anatomy and Neuroscience, The University of Melbourne; currently at

The John Curtin School of Medical Research, The Australian National University, Canberra)

and Professor Werner Kiihlbrandt (Max Planck Institute of Biophysics, Frankfurt, Germany).
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either by Arjun Singh Chalal or Naomi Mitchell. Additionally, Arjun Singh Chalal
helped me with the quantification of caspase staining (Chapter 4, Section 4.3.2, Fig.
2.B). Generation of a stable fly line expressing Tom40 and the Tom40 RNAi
experiment (Chapter 4, Fig. 2.F) was done by Arjun Singh Chalal. Leonie Quinn helped

with interpretation of the data for all of these experiments and prepared Figure 8.

Initial negative stain EM screening experiments with digitonin samples and the first set
of 2D classifications (Chapter 2, Section 2.4.6, Fig. 16.A and 16.B) were performed
with the help of Wilson Wong, The Walter and Eliza Hall Institute, at the BIO21

microscopy facility.

All cryo-EM experiments (Chapter 3) and one of the negative stain EM experiment
pertaining to the LMNG sample (Chapter 2, Section 2.4.6, Fig. 17) were performed and
analysed, solely, by Thomas Bausewein, Kiihlbrandt Laboratory, Max Planck Institute
of Biophysics.

All other experimentation comprises of my original work
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Chapter 1

Chapter 1

Introduction to the mitochondrial import system

1.1 Mitochondria and their origin

Intracellular compartmentalisation is a defining feature of all eukaryotic cells. A network of
membranes divides the cytoplasm into organelles, each with a unique biochemical environment
that is optimal for its specialised role in cellular function and metabolism. Each eukaryotic cell
has a nucleus where genomic DNA replication and RNA synthesis occur, an endoplasmic
reticulum (ER) that is the site of protein translation, protein assembly and lipid synthesis, Golgi
apparatus for post-translational processing and transport of nascent membrane proteins and
mitochondria that produce energy in a form the cell can utilise. Although serving as hubs for
specialised functions, the organelles within a cell do not behave as isolated entities and
extensive communication and co-operation between organelles is an important factor in

eliciting appropriate cellular responses (Lebiedzinska et al., 2009).

Mitochondria, often termed the ‘energy powerhouses’ of eukaryotic cells, are both
indispensable and ubiquitous, the only known exception being Monocercomonoides sp., a
flagellate gut microbe, which lacks mitochondria (Karnkowska et al., 2016). They are
production sites for most of the cellular ATP via the process of oxidative phosphorylation
(OXPHOS). In addition to this important role, mitochondria are involved in fundamental
cellular processes such as metabolism of amino acids and lipids, calcium signalling, and the
biosynthesis of haem and iron-sulfur clusters critical for cellular homeostasis (Rizzuto et al.,
2012, Bhola and Letai, 2016, Wang, 2016). Some mitochondrial activities require the
collaboration of other organelles; for example, contact sites between the ER and mitochondria
act as regulatory centres of calcium signalling and sites of lipid synthesis, trafficking and
exchange (Vance, 1990, Csordas et al., 1999, de Brito and Scorrano, 2010). Their key role in
apoptosis has earned mitochondria the title “death centre of the cell” (Tait and Green, 2010).
In humans, mitochondria are implicated in tumorigenicity, the innate immune response, and
neurodegenerative disorders, amongst others (Cali et al., 2012, Weinberg et al., 2015). This
chapter aims to give an overview of the origins and cellular integration of mitochondria, with

a focus on how they import the proteins required for the many functions they carry out in cells.
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1.1.1 Evolution of mitochondria

While the origins of mitochondria remain speculative, a widely accepted theory is that they
evolved from an endosymbiotic event approximately two billion years ago, the engulfment of
a gram-negative a-proteobacterium by a primitive eukaryotic host cell (Yang et al., 1985, Lang
et al., 1999). Several features of present day mitochondria seem to reflect bacterial ancestry.
These include a double-membrane boundary, rich in cardiolipin, and an oxidizing
intermembrane environment, analogous to the bacterial periplasm, separating the outer and
inner membranes. Also akin to bacteria, an aqueous matrix bounded by the inner membrane
houses a circular genome. During the evolutionary transition from endosymbiont to integrated
organelle, the mitochondrial proteome has undergone extensive retailoring and has reduced
significantly in size. Most proto-mitochondrial genes have been lost or laterally transferred to
the host nucleus and assimilated into the genome. Additional genes required for mitochondrial
function have been acquired, invented or ‘stitched’ together during evolution (Dolezal et al.,
2006, Lithgow and Schneider, 2010, Gray, 2015), enabling the vestigial symbiote to
progressively integrate its functions with the host cell. Indeed, phylogenetic analysis indicates
that only about 10 to 20 percent of present day mitochondrial proteomes have a.-proteobacterial
origins (Gray et al.,2001). The remainder have diverse origins, curiously including proteins of
prokaryotic origins with no clear homologues in either bacterial or archaeal groups (Karlberg

et al., 2000, Marcotte et al., 2000, Szklarczyk and Huynen, 2010).

1.1.2 Structure of mitochondria

Mitochondria are both dynamic and mobile, taking forms ranging from long filamentous
structures to rod-shaped or ovoid forms and assuming function-specific shapes and intracellular
positions. Morphological changes are associated with the mitochondrial fission and fusion

events occurring in response to cellular requirements such as mitosis (Scott and Youle, 2010).

Mitochondria are compartmentalised into distinct microenvironments with differing protein
requirements. These correspond to an outer membrane (OM), an inner membrane (IM), an

intermembrane space (IMS) and an aqueous matrix.

The outer mitochondrial membrane is unique in containing several pore-forming [B-barrel
proteins involved in transport of ions, metabolites, and proteins in and out of mitochondria.
The inner membrane is protein-rich and structured, with deep invaginations that protrude into

the internal matrix affording a vast increase in surface area over the enveloping outer
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membrane. These crypt-like membrane structures are known as cristae, and most of the
respiratory super-complexes and ATP synthases are found here (Davies et al., 2011). The
viscous aqueous environment of the matrix houses more than half of all mitochondrial proteins
and the mitochondrial genome. It is the site of DNA replication, transcription, synthesis of
proteins encoded by the mitochondrial genome and numerous enzymatic reactions including
aerobic respiration by the tricarboxylic acid (TCA) cycle, from which energy production is

initiated.

1.2 Protein import into mitochondria: An overview

An estimate of the total number of mitochondrial proteins in humans comes from data curated
from large-scale mass spectrometry and green fluorescent protein (GFP)-based localization
studies (Calvo et al., 2016, Smith and Robinson, 2016). Considering differential expression in
various tissues, the range lies between 1,100 and 1,900 proteins. In humans, the mitochondrial
genome encodes two rRNAs, 22 tRNAs and 13 polypeptides, all of which are essential
components of oxidative phosphorylation. The residual, approximately 99 % of total
mitochondrial proteins, require trafficking into mitochondria after synthesis on cytosolic

ribosomes.

Over the last three decades, two ascomycete fungal models, Saccharomyces cerevisiae and
Neurospora crassa, have been employed in detailed investigations into mitochondrial protein
import, a field pioneered by Walter Neupert, Gottfried Schatz and Nikolaus Pfanner. Import is
thought to occur mainly in a post-translational manner (Reid and Schatz, 1982, Wienhues et
al., 1991, Neupert, 1997, Pfanner and Geissler, 2001), although there is also some evidence for
co-translational import and localised translation of precursors near the mitochondrial surface
(Fujiki and Verner, 1993, Garciaet al., 2007, Lesnik et al., 2015, Gold et al., 2017). In all cases,
proteins to be imported are referred to as precursors or ‘preproteins’ meaning that they have
yet to fully fold and adopt a tertiary or quaternary structure. After synthesis on cytoplasmic
ribosomes, specific classes of preproteins are engaged by molecular chaperones in the cytosol,
including Hsp90 and Hsp70/Hsp40, to prevent aggregation or irreparable misfolding
(Murakami et al., 1988, Young et al., 2003b, Bhangoo et al., 2007). They are thus maintained
in an import-competent state and targeted to the mitochondrial surface by means of molecular
interactions between chaperones and mitochondrial surface receptors. The downstream import
process is mediated by dynamic macromolecular protein assemblies in the mitochondria,

known as translocases. These modular machines recognise mitochondria-bound precursors and
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accept them into a general import pore from where they are directed into appropriate pathways
for assembly in their final destination (detailed in section 1.2.3). Recent studies suggest that
the import process is regulated by specific phosphorylation events. In Saccharomyces,
cytosolic kinases, casein kinase 2 (CK2), protein kinase A (PKA) and cyclin-dependent kinase
(Cdkl) have been shown to phosphorylate both incoming precursors and assembled
translocases, resulting in stimulation or inhibition of import (Rao et al., 2011, Schmidt et al.,

2011, Harbauer et al., 2014).

1.2.1 The mitochondrial translocation machinery

Integration of primitive mitochondria as central players in the working environment of
eukaryotic cells has necessitated co-evolution of machinery that facilitates import of proteins
required for host cells to benefit from the association. It has thus been speculated that the
mitochondrial protein translocation machinery has its origins as early as the mitochondria
(Fukasawa et al., 2017). Extensive genetic and biochemical studies in Saccharomyces and
Neurospora, combined with the development of precursor import assays, successfully led to
the identification of the principal protein components of translocase complexes and elucidation
of major protein assembly routes, as reviewed in Chacinska et al. (2009), Wiedemann and
Pfanner (2017). These studies paint a complex picture, as each unique precursor type has
specific requirements with respect to reaching its final destination, which may include
controlling the propensity to aggregate en route, formation of intramolecular disulfides, or co-
assembly with other proteins. The need for a variety of translocase components to meet these
specific needs has resulted in the genesis of multiple co-operating ‘pathways’. The
translocation machinery has been classified into four major membrane embedded modular

assemblies, two in the outer membrane and two in the inner membrane (Fig. 1), as listed below:

e Translocase of the Outer membrane (TOM)

e Sorting and Assembly Machinery (SAM)

e Translocase of the Inner Membrane 23 (TIM23)
e Translocase of Inner Membrane 22 (TIM22)

Each assembly is a multi-protein complex with a central translocase unit accompanied by
accessory subunits involved in recognition of precursors or stabilisation and organisation of
the translocase scaffold. Additionally, the IMS region contains hexameric TIM9.10 and
TIMS.13 chaperone complexes that facilitate carriage of membrane-bound precursors (Curran

et al., 2002, Hoppins and Nargang, 2004, Webb et al., 2006) and a Mitochondrial
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Intermembrane Space Assembly (MIA) complex, involved in the oxidative folding and

assembly of cysteine-rich IMS-bound precursors (Chacinska et al., 2004, Stojanovski et al.,

2008).
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Figure 1: A schematic illustration of major translocases and import pathways in
mitochondria. The translocase complex of the outer membrane (TOM) is the main entry portal
into mitochondria. After channelling into mitochondria via TOM, the precursor proteins follow
different pathways, depending on the nature of the precursor and the destination compartment.
Subsequent transfer of the precursor to SAM, TIM22, TIM23, MIA, TIM9.10 or TIMS8.13 is
governed by targeting signal(s) in the precursor. A presequence-carrying precursor is

coloured in blue, while a precursor with internal targeting signals is shown in red.

1.2.2 Diverse types of precursor signal sequences

The fidelity of import into mitochondria is ensured by the presence of targeting sequences or
‘signals’ present within the mitochondrial precursors. These versatile signals are utilised at

many stages of the import process, including initial recognition, translocation, transfer and final
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assembly, determining which of the pathways a precursor will navigate. The signals have been
classified into two groups (Fig. 1). The first and best characterised class contains N-terminal
amphipathic helices rich in arginine and lysine, which occur in matrix-targeted proteins as
either cleavable ‘presequences’ or non-cleavable signals (Roise and Schatz, 1988, von Heijne
et al., 1989). In contrast, all precursors of outer membrane proteins and selected precursors of
intermembrane space and inner membrane proteins contain internal targeting sequences that
are non-cleavable (Diekert ef al., 1999, Chacinska et al., 2009). Notably, multi-spanning inner
membrane precursors contain multiple internal targeting signals (Brix et al., 1999, Wiedemann

et al., 2001), although the consensus binding motifs have not yet been defined.

123 Overview of major pathways

To date, four different major import pathways have been described (Fig. 1). The TOM complex
is common to every pathway and serves as a portal for nearly all incoming precursors.
Receptor-like proteins with soluble domains, which are part of the TOM complex, serve as the
first point of contact for precursors, before translocation into the organelle. Beyond TOM, the
pathways diverge, and precursors are sorted to one of the following assemblies: i) TIM23, a
general pore in the inner membrane for soluble precursors with presequences, targeting them
to the matrix compartment; a ATP-driven presequence translocase-associated import motor
motor (PAM) complex in the matrix drives the process, ii) TIM22, also found in the inner
membrane, is implicated in the assembly of multispanning (or polytopic) precursors with
internal targeting sequences into the inner membrane in a membrane potential-dependent
manner (Sirrenberg et al., 1996), iii) SAM in the outer mitochondrial membrane is involved in
the folding and assembly of B-barrels (Wiedemann et al., 2003), and iv) MIA carries out redox-

active preprotein import to the intermembrane space (Stojanovski et al., 2008)

Association of translocase complexes into supramolecular assemblies has been reported in
recent years. Using immuno-precipitation and cross-linking approaches, super-complexes
between TOM-SAM (Qiu et al., 2013), TOM-TIM23 (Waegemann et al., 2015) and TOM-
TIM22 (Kang et al., 2016) have been reported, indicating some functional co-operation

between the import and assembly machineries.

1.3 TOM complex — components and stoichiometry

The common insertion site for incoming precursors, termed the general import pore (GIP), and

an associated receptor complex of the outer mitochondrial membrane (Pfaller et al., 1988,
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Kiebler et al., 1990) came to be referred to collectively as the TOM complex (Pfanner et al.,
1996). Following this, further investigations into the assembly, organisation and function of
the complex were carried out using Saccharomyces and Neurospora as the subjects (Dekker et
al., 1998, Kunkele et al., 1998a, Kunkele et al., 1998b, Rapaport et al., 1998a, Meisinger et al.,
2001). Mammalian counterparts were subsequently identified and characterized (Saeki et al.,

2000, Suzuki et al., 2000, Johnston et al., 2002, Kato and Mihara, 2008).

TOM is composed of seven protein subunits, Tom40 being the central pore-forming subunit.
Tom40 is a B-barrel and forms a stable association with Tom22. When the small TOM
components, Tom5, Tom6 and Tom?7, are also present, a ‘core’ complex (GIP) of 148 kDa is
formed. The precise stoichiometry of the core complex of Neurospora,
Tom40:Tom22:Tom5:Tom6:Tom7, was recently determined by native mass spectrometry to
be 1:1:1:1:1 (Bausewein et al., 2017). Tom20 and Tom70 associate with the core complex to
form a ‘holo-complex’ (Fig. 2), of as yet indeterminate stoichiometry, with an apparent

molecular mass of approximately 500 kDa, based on blue-native PAGE (BN-PAGE) analysis.
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Figure 2: Membrane organisation of TOM. A schematic representation of membrane
organization of TOM complex. Tom40 assembled in a dimeric state (left) associates with
Tom22, Tom5, Tom6 and Tom?7 to form a 'core' complex (middle). Two other subunits namely,
Tom20 and Tom70 interact more loosely with the core complex into an ensemble that is
referred to as a 'holo' complex (right). The stoichiometry and interactions between components

are uncertain.

The core components, Tom40 and Tom?22, are essential for survival (Baker et al., 1990,

Lithgow et al., 1994). In general, the other subunits are not; however specific deletions of
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certain subunits, in combination, can lead to lethality (Sherman et al., 2005). The components
of the TOM complex are broadly conserved from yeast to humans; although comparison of the

yeast and human components show some significant differences (Table 1).

13.1 Tom40, the pore-forming subunit

Tom40 was first identified in yeast, as an outer membrane protein component of the import
machinery specifically cross-linked to a precursor in transit (Vestweber et al., 1989). Tom40
accepts precursors from the surface receptor proteins on the cis side of the membrane and
passes them to downstream components present on the trans side (Rapaport et al., 1998b).
Electrophysiological analysis of refolded and reconstituted Saccharomyces Tom40 (expressed
in Escherichia coli), showed that it formed a cation selective channel, capable of interacting
with presequence peptides, with a pore width of approximately 22 A (Hill et al., 1998). A
recent study based on interpreting chemical crosslinking data in the context of a topological
model, showed that the interior of the pore contains distinct hydrophilic and hydrophobic
patches that respectively interact with sequence stretches of presequence-containing and
hydrophobic precursors. It was proposed that this denoted separate transport paths for different

precursor types (Shiota et al., 2015).

Sequence analysis of Tom40 predicts an N-terminal a-helical region (Zeth, 2010, Gessmann
et al., 2011, Kuszak et al., 2015), which has been shown to engage with Tim10 (Shiota et al.,
2015), a subunit of the intermembrane space TIM9.10 chaperone complex. This suggests that
TIM9.10 may be involved in the recruitment of precursors for downstream transfer to SAM
and/or TIM22. It has also been proposed that, in the membrane, Tom40 exists in a dynamic
equilibrium between a dimeric assembly intermediate and the mature three-pore TOM complex

(Rapaport et al., 1998a, Model et al., 2001, Shiota et al., 2015), as depicted in Fig. 2.

The evolutionary origins of Tom40 are not very clear. While no direct bacterial homologues
for Tom40 have been identified so far, phylogenetic analysis suggests that Tom40 is distantly
related to the voltage-dependent anion channel (VDAC) of the mitochondrial outer membrane
(Bayrhuber et al., 2008, Bay et al., 2012). In the absence of crystal structures of Tom40,
homology models have been based on the three-dimensional structure of VDAC (Gessmann et
al., 2011, Lackey et al., 2014). Molecular 3D structures of refolded VDAC protein determined
by X-ray crystallography and Nuclear Magnetic Resonance (NMR) Spectroscopy, determined
simultaneously by three independent groups, show an atypical (-barrel with 19 uneven f3-

strands (Bayrhuber et al., 2008, Hiller et al., 2008, Ujwal et al., 2008). There has been some
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contention as to whether this represents the native conformation of VDAC (Hiller et al., 2010,
Colombini, 2012), since a 13 B-strand structural model had been proposed on the basis of

biochemical and functional data (Thomas ef al., 1993).

1.3.2 Tom22, the central organiser and receptor subunit

Tom?22 is central to the organisation of the TOM complex. Genetic deletion studies on yeast
strains revealed Tom?22 as a key determinant of the higher order organisation of TOM. Deletion
of Tom22 results in the absence of the higher order TOM with only a small complex (~100
kDa on BN-PAGE) containing Tom40 (Model et al., 2002). Tom22 also functions as a receptor

for incoming precursors, in cooperation with Tom20 and Tom70 (van Wilpe et al., 2000).

Tom22 has a single pass transmembrane helix that anchors its soluble domains, which are
exposed in both cytosol and IMS. The cytosolic domain is conserved across fungal and animal
species and its preponderance of acidic residues formed the basis of early hypotheses regarding
binding of precursors with complementary charged surfaces (Kiebler et al., 1993, Bolliger et
al., 1995, Macasev et al., 2004). A later study, however, showed that negatively charged
residues in the cytosolic domain of Tom22 were not critical for binding and import (Nargang
et al., 1998). Sequence conservation in the IMS domain is poor in comparison; a negatively-
charged domain in fungi is replaced by a neutral glutamine-rich domain in mammals (Yano et

al., 2000).

1.3.3 Small Toms, the assembly subunits

The small Tom proteins, namely Tom5, Tom6 and Tom?7, have single-pass transmembrane
helices and are thought to function in assembly and structural integrity of the TOM complex.
A review of their reported roles suggests functional differences between the small Toms in
fungi and humans. In the former, experiments using strains devoid of single small Toms
indicate that the TOM complex is stabilized by Tom6 and destabilized by Tom7 (Alconada et
al., 1995, Sherman et al., 2005). In humans, by comparison, Tom?7 appears critical for stability
of the TOM complex; siRNA knockdown of hTom7 strongly disrupts the complex, whereas
knocking down of Tom5 and Tom6 has only slight effects (Kato and Mihara, 2008).

134 Tom20 and Tom?70, the peripheral receptor subunits

Although not a constituent of the core TOM complex, Tom20 appears to be an important

structural component of three-pore TOM complexes, first observed in negative stain electron
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micrographs (Kunkele et al., 1998a). Negative stain EM on purified yeast TOM correlates the
presence of Tom20 with a third pore. Genetic deletion of Tom20 in yeast gives rise exclusively
to two-pore complexes that exhibit slightly higher mobility on BN-PAGE in comparison to the
wild-type strain (Model et al., 2002). Tom70 was absent in the purified two/three-pore
complexes, thus demonstrating that the presence of Tom?70 is not critical for the integrity of

either of these complexes.

Tom20 and Tom70 are best known as membrane-anchored surface receptors with hydrophilic
domains exposed to the cytosol. These translocase receptors serve as initial contact sites that
must recognise and accept incoming precursors before they can be translocated. Tom70
contains a docking site for molecular chaperones, Hsp90 and Hsp70 (Young et al., 2003b),
which maintain hydrophobic precursors in an import-competent, non-aggregated state for
transfer to Tom70. An early view in the field was that Tom70 and Tom20 operated
independently in two separate pathways, with Tom70 binding hydrophobic precursors and
Tom?20 binding presequence-containing soluble precursors (Brix et al., 1997, Brix et al., 1999).
However, this view has changed and there are indications that human Tom70 and Tom20 might
form a hetero-dimeric receptor where they act in tandem or sequentially (Fan et al., 2011).
Also, it was recently shown, using a cross-linking approach, that Tom70, once thought to be
solely dedicated to binding hydrophobic precursors, engages a soluble presequence peptide of

Mdl1, an ABC transporter protein, in a dedicated groove (Melin et al., 2015).

Tom70 and Tom20 both have tetratricopeptide repeat (TPR)-based folds, in common with the
cytosolic chaperones and co-chaperones that deliver precursors to them. This is suggestive of
an evolutionary relationship with TPR co-chaperones like Hop (Hsp70-Hsp90 Organizing
Protein) (Young et al., 2003a). TPR domains have from three to 16 tandem 34-amino acid
motifs that fold into super-helical scaffolds with prominent surface grooves that mediate a wide

range of protein-protein interactions (D'andrea and Regan, 2003).

Two structures of truncated Saccharomyces Tom70/Tom71 (a homologue of Tom70 that is
absent in humans) showed a total of 11 TPR repeats organised into two domains (Wu and Sha,
2006, Li et al., 2009), as previously predicted by Chan et al. (2006). These structures were
enlightening, but insufficient to illuminate the molecular basis of precursor interaction with

Tom70 or Tom71.

Tom?20, by contrast, has only a single TPR motif. When the cytoplasmic domain of rat Tom20

was analysed by NMR, the chemical shift data was modified significantly when a presequence
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peptide derived from aldehyde dehydrogenase (ALDH) was also present. The data implicated
a LSRLL amino acid sequence motif on the presequence as the region interacting with Tom?20,
primarily via three hydrophobic residues, with the motif adopting the anticipated amphiphilic
a-helical conformation. The TPR region of Tom20 constituted a part of the recognition motif
(Abe et al., 2000). Crystallographic snapshots were later obtained of a shorter Tom20
construct, representing the ‘core’ region, with a nine residue presequence fragment tethered
through formation of an intermolecular disulphide. Two structures differing in the relative
orientation of the peptide prompted the interpretation of a dynamic equilibrium between

multiple bound states (Saitoh et al., 2007), although this remains to be verified.

1.4 Structural analysis of the TOM complex

Early low-resolution single particle EM reconstructions of TOM complexes purified from
Saccharomyces and Neurospora has provided a first glimpse of the overall shape and
appearance. Two- and three-pore complexes revealed single pore dimensions of approximately
20 A, sufficient to accommodate an unfolded or partially folded precursor protein (Kunkele et
al., 1998a, Ahting et al., 1999). A cryo-EM model of Saccharomyces TOM containing Tom?20,
referred to as the ‘“Tom20-core complex’ later reported at a resolution of 18 A (Model et al.,
2008) showed the three-pore arrangement was triangular in cross-section. Gold-labelling
studies with His-tagged Tom?22 indicated that up to three molecules of Tom22 were present at
the periphery of the complex. No labelling was observed at the centre of the complex. Based
on this observation, the cytosolic domain of Tom20 was assigned to the centrally located
protrusion by default. The stoichiometry and architectural detail of the complex could not be

determined at the resolution of the study.

Very recently, a cryo-EM structure of a 148 kDa Neurospora TOM core complex was
published (Bausewein et al., 2017). With a significant gain in resolution to 6.8 A, the model
shows the two-pore complex (Fig. 3A) has overall dimensions of 130 A by 100 A, and that
each pore is a stoichiometric complex of five subunits - Tom40, Tom22, TomS, Tom6 and
Tom?7 - with a two-fold axis of symmetry generating the second pore. A homology model of
Tom40 (Gessmann et al., 2011), based on the monomeric structure of VDAC (Ujwal et al.,
2008) is an excellent fit to the density envelope of a single pore (Fig. 3B and 3C), although the
finer molecular details are unclear at the moderate resolution. Density corresponding to Tom?22
was identified in a cleft formed at the periphery between the two Tom40 B-barrel pores,

consistent with a role in stabilisation of the complex. Other subunits, Tom5, Tom6 and Tom?7
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were assigned to cohesive density external to the -barrel, with the help of reported cross-
linking, biochemical and mutational analysis data, and secondary structure predictions. Apart
from a 20 A protrusion of the Tom22 IMS domain, the structural model indicates the core
complex would be almost completely embedded in a lipid bilayer, with minimal extra-

membraneous features (Fig. 3).
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Figure 3: Cryo-EM structure of the Neurospora core TOM complex from Bausewein et al.
(2017). A) A surface model of the overall structure of core TOM contoured at a high-density
threshold sigma level of 0.0684 and viewed from within the plane of the membrane. The
identities of the individual TOM subunits, as reported, are indicated in red. The heteromeric
complex is two-fold symmetrical and almost entirely membrane-embedded. Only the Tom22
subunit extends significantly out of the plane of the membrane. B) A comparable view and C)
A view from the IMS of the cryo-EM map and a refined model of the Tom40 p-barrel depicted
as a ribbon diagram (PDB:5080). Tom40 was initially placed using a homology model
derived from a VDACI structure (PDB: 3EMN). Each pore is formed by a single Tom40
molecule, with the top view showing an N-terminal a-helix (coloured in blue) located inside

the pore.
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An overlay of the Saccharomyces and the Neurospora TOM complexes presented in
Bausewein et al. (2017) showed that the two and three-pore structures do not superimpose well,
indicating differences in quaternary architecture. On this basis, the authors suggested that the
three-pore complex, which also contains Tom20, may adopt an alternative subunit

arrangement.

In summary, despite significant progress in structural characterization of the TOM complexes,
there are many open questions with respect to the details of membrane organisation of the TOM

machinery and the mechanistic basis of precursor translocation.

1.5 Import of polytopic inner membrane proteins

The structural basis of translocation of the polytopic precursors that utilize the TIM22 pathway
is a long-standing interest of our group. As described earlier, these hydrophobic precursors do
not possess the classical N-terminal presequence signal and instead contain internal ‘cryptic’
targeting motifs. The main clients of this pathway are the members of the mitochondrial carrier
protein (MCF) family that transport metabolites, including nucleotides, amino acids, and
inorganic ions across the inner membrane and play a supporting role in mitochondrial

bioenergetics.

The MCF carriers are characterized by six transmembrane helices corresponding to three
internal two-helix repeats, or modules, connected by hydrophilic loops (Palmieri, 2004). The
ATP/ADP carrier protein (AAC), also known as the adenine nucleotide translocase (ANT), is
representative of the carrier protein family and has served as an experimental model precursor

in a number of studies (Pfaller et al., 1988, Sollner et al., 1990, Ryan et al., 1999).

General features of the pathway by which these proteins are imported have been elucidated,
although not to the same level of detail as the TIM23 pathway for soluble precursors.
Translocation of ANT has been characterised by experiments in Saccharomyces where
precursors are arrested at specific points during import (Ryan et al., 1999). This has provided
a convenient frame of reference for dissecting the process of import. Conceptually, the process
has been divided into stages (I - V) (Fig. 4). After synthesis on ribosomes, the precursor protein
is guided to the surface of mitochondria by cytosolic chaperones (Stage I) and targeted to the
surface receptor Tom70 (Stage II). The precursor is then translocated through the TOM
complex to the intermembrane space with the three partially folded modules sequentially
translocating (Wiedemann et al., 2001). There, it interacts with the hexameric Tim9-Tim10

complex (TIM9.10) (Truscott et al., 2002) (Stage IIla). In the aqueous environment of the IMS,
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TIMO.10 acts as a chaperone for the precursor, shielding the hydrophobic regions (in an as yet
undefined manner) until the precursor is transferred to TIM22 (Translocase of the Inner
membrane) complex (Stage I1Ib). Insertion of the precursor into the inner membrane via TIM22
is contingent on an intact membrane potential (Stage IV) followed by functional assembly in

the inner membrane (Stage V).
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Figure 4: Schematic illustration of steps involved in translocation of carrier proteins. The
hydrophobic precursor is targeted to the mitochondrial surface by cytosolic chaperones
(Hsp90 and Hsc70; Stage 1), engages with Tom70 (Stage 1), and is translocated through the
TOM complex partially folded. In the aqueous IMS, the TIM9.10 complex acts as a chaperone
and binds to the precursor (Stage Illa) until the precursor is transferred to the TIM22
translocase (Stage IIIb). Translocation occurs in a membrane potential dependent manner

(Stage IV), followed by integration and assembly in the inner membrane (Stage V).

Despite extensive cellular characterisation of the pathway and identification of several transient
precursor-translocase complexes along the way, none of the complexes have been captured by
biochemical means using purified proteins. Structures of the complexes would help to address

the issue of how precursors engage with the translocase components, the nature of the binding
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interfaces and the mode of binding and transfer. Some of the challenges inherent in such studies

are discussed in the following section.

1.6 Underlying problems in obtaining a complete picture of translocase function

Despite an enormous amount of information gained from identification and characterization of

individual translocase components and some elements of translocation pathways, a complete

picture of how mitochondrial translocases operate is still elusive. Dissecting out the molecular

mechanisms of targeting and translocation has been largely difficult due to the following

reasons:

Dynamics and complexity of translocation — Interactions between translocase
components and precursors, especially involving hydrophobic precursors, reported
in whole cells or isolated mitochondria are difficult to reproduce in vitro with
purified proteins; a general lack of reports in the literature is indicative. Our own
attempts to capture a stable complex between human ANT, a hydrophobic precursor
protein with hTIM9.10 or hTom70 were only partially successful. This may be due
to the absence of unknown/unidentified co-factors, co-chaperones or regulatory
mechanisms. It may be possible to capture precursor-translocase transient
complexes with the reconstitution of a near complete system providing multiple
translocase/chaperone components acting concertedly to mediate the process, but
this approach is prohibitive with respect to time, cost, and likelihood of success.

Purified and validated translocases complexes are required for high-resolution
structural studies — In general, high-resolution structural studies using X-ray
crystallography, NMR spectroscopy and more recently, cryo-EM contribute
significantly to the elucidation of fundamental molecular mechanisms. High-
resolution structures of mitochondrial translocases have not yet been achieved, with
the recent cryo-EM structure of core TOM coming closest. Structure determination
has been limited by the ability to obtain sufficient amounts of purified homogeneous
material. The main challenges lie in the low abundance of translocases in native
membranes, precluding direct purification from native sources. Problems in
heterologous overexpression in E. coli include toxicity, misfolding, and the
requirement for several subunits per complex. So far, the most successful approach
reported has been the isolation of endogenous membrane translocase complexes

from engineered strains of Saccharomyces and Neurospora with epitope tagged
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sub-units, TOM via tagged Tom22 (Ahting et al., 1999, Model et al., 2008) and
TIM22 via Tim18 (Rehling et al., 2003). High-resolution structures of soluble
domains of individual translocase components have been determined, including
those of Saccharomyces Tom70/71 (Wu and Sha, 2006, Li et al., 2009), rat Tom20
(Abe et al., 2000, Saitoh et al., 2007), TIM9.10 (Webb et al., 2006, Baker et al.,
2009) and Saccharomyces Tim21 (Albrecht et al., 2006). Available crystal
structures of the cytoplasmic receptor domains of Tom70/71 and the IMS TIM9.10
chaperone complex offer some insight into the precursor binding interfaces, but
crystallising co-complexes or validating models experimentally has thus far proved
intractable. While presequence peptide binding to the soluble receptor domain of
Tom20 has been demonstrated, the important question of how the mature regions

of precursors engage with the receptor and facilitate transfer remains unanswered.

1.7 Translocases in human health and diseases

Many of the translocase components are essential for survival, and loss-of-function mutations
typically lead to neonatal lethality. For this reason, mutations in translocase components
directly causing disease are rarely reported. Nevertheless, the indirect roles of some
components in various pathological disorders have been documented. Up- or down-regulation
of translocases and their involvement in import of pathogenic proteins and peptides play major

roles in mitochondrial dysfunction.

Deafness dystopia and infantile autosomal recessive myopathy (ARM) are two rare genetically
inherited syndromes that are caused by direct mutations in translocase components. Deafness
dystopia, leading to hearing loss, mental retardation and blindness, is caused by X-
chromosome-linked recessive mutations in the CX3C motif of TIMMS gene, a component of
TIMS8.13 complex in the IMS. The mutations impair folding and assembly of TIMS.13
(Koehler et al., 1999, Tranebjaerg et al., 2000). Patients diagnosed with ARM contain a
homozygous single-point mutation in sulthydryl oxidase Ervl/ALR, a component of the MIA
pathway (D1 Fonzo et al., 2009, Daithankar et al., 2010). This syndrome is characterized by

congenital cataracts, muscle hypotonia, hearing loss and developmental delay.

Translocase components have been implicated in various other disorders including cancer and
neurodegenerative diseases. Overexpression of several human translocase components namely,
Mia40, Tim17 and Tim50 have been reported as having a direct bearing on several cancer types

(Wadhwa et al., 2006, Xu et al., 2010, Sankala et al., 2011).
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1.71 TOM components implicated in diseases

Several human pathologies have been linked to components of the TOM complex. The core
subunit, Tom40 has been linked to neurodegenerative disorders such as Alzheimer’s,
Parkinson’s and Huntington’s diseases. Polymorphisms in Tom40, along with apolipoproteinE
(apoE), are classified as a primary genetic risk factor for Late-onset, sporadic Alzheimer’s
disease (LOAD) (Mise et al., 2017, Zeitlow et al., 2017). The import of the pathogenic
amyloid-f peptide (Hansson Petersen et al., 2008) or accumulation of a-synuclein through
binding to Tom40 (Bender et al., 2013) or Tom20 (Di Maio et al., 2016), lead to mitochondrial
dysfunction. Moreover, there is accumulating evidence that up- or down-regulation of Tom40
expression levels affects mitochondrial function and underlies neurodegenerative disease
states. Tom40 mRNA expression was found to be significantly lower in the blood samples of
Alzheimer’s Disease (AD) patients in comparison to age-matched control patients (Goh et al.,
2015, Mise et al., 2017). Similarly, Tom40 protein levels were found reduced in neuronal
tissues of a murine model of Parkinson’s disease (PD) against wild-type controls (Bender et
al.,2013). Also, Tom40 has been demonstrated to translocate influenza A viral protein leading
to impairment of innate immunity (Yoshizumi et al., 2014). Tom70 mediates the import of
PINK1 (PTEN induced kinase 1), a mitochondrial kinase that recruits Parkin, both being
involved in Parkinson’s disease (Kato et al., 2013). A truncation mutant of Tom?22, identified

in zebrafish, is causal in hepatocyte apoptosis (Curado et al., 2010).

Some of the above-mentioned associations of TOM components with disease related
polypeptides, as characterised by genetic, cellular and biochemical studies have led to
suggestions they could serve as therapeutic targets (Gottschalk et al., 2014, Yoshizumi et al.,
2014). While this may be possible, targeting any of these events for potential therapeutic or
prevention strategies requires a detailed understanding of the molecular mechanism of

translocation and factors influencing translocase activity.

1.8 Variability between translocases of yveast and higher eukaryotes

For over 30 years, ascomycetes Saccharomyces and Neurospora have served as excellent
model organisms to study mitochondrial translocation, contributing significantly to a
fundamental understanding of the processes. Similar studies undertaken in mammalian cell
lines in recent years have highlighted commonalities and unique features, as well as
differences. While the fundamental processes of translocation are essentially conserved from

yeast to humans, considerable evolutionary distance between eukaryotic kingdoms shows up
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in translocases as variability in topology, structure and function, as found by a number of
studies, reviewed in Sokol et al. (2014) . Moreover, some subunits present in humans (and
other higher eukaryotes) lack homologues in yeast and vice versa. Key phylogenetic
differences in TOM components are summarised in Table 1. Notable examples are also found
in the IMS translocases and the TIM22 complex. In humans, TIM9.10 is exclusively found
associated with the inner membrane, whereas in yeast it is present in the aqueous IMS region
(Muhlenbein et al., 2004). Mia40 is a soluble protein in humans, lacking the N-terminal
transmembrane anchor characterising yeast Mia40 (Hofmann et al., 2005, Chacinska et al.,
2008). There is significant difference in the subunit composition of TIM22 translocase between
yeast and humans. Tim18 and Tim54 identified in yeast (Kerscher et al., 1997, Kerscher et al.,
2000) have no homologues in humans. Two recently identified human TIM22 subunits, Tim29
(Callegari et al., 2016, Kang et al., 2016) and acylglycerol kinase (AGK) (Kang et al., 2017,

Vukotic et al., 2017), appear not to have counterparts in yeasts.

Other features unique to higher eukaryotic organisms, including mammals, plants, worms and
insects is the presence of multiple isoforms of several translocase components, such as Tom40,
Tom20 and Tim17, and differences in tissue-specific expression patterns (Hwa et al., 2004,
Likic et al., 2005, Kinoshita et al., 2007). Although the functional relevance of having multiple
isoforms is yet to be identified, it underscores the complexity of the mitochondrial import
system in metazoans. In humans, three distinct TIM23 complexes, based on variations in
subunit composition, have been identified (Sinha et al., 2014), with one of these complexes
specifically containing a Tim17a isoform that has been implicated in the import of oncoproteins
lacking a presequence. Saccharomyces and Neurospora on the other hand, contain only a single

TIM23 translocase.
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Table 1: Differences in TOM subunits of fungi and humans

TOM Reported variations References
sub-unit .
Fungi Human
Tom40 Absence of multiple Two isoforms present (Kinoshita et al.,
isoforms 2007)
Shorter N-terminus The ubiquitous isoform has an | (Mager ez al.,
region, not proline-rich  extended N-terminal region, 2010)
rich in proline residues
An a-helix is predicted ~ Shorter C-terminus with no
at the C-terminus a-helix predicted
Tom22 A highly positively No highly positively charged (Yano et al.,
charged IMS domain IMS domain, instead has a 2000)
glutamine-rich motif
Tom20 Absence of multiple Two isoforms present (Liki€ et al.,
isoforms 2005)
Tom70 Low sequence identity =~ Human Tom70 does not (Young et al.,
(20 %) to human substitute for yeast Tom70 2003b)
Tom70
Small Tomb6 stabilizes Tom?7 stabilizes TOM (Alconada et al.,
Toms TOM assembly & assembly, with Tom6 1995)
Tom?7 destabilizes displaying little effect (Sherman et al.,
TOM 2005)
(Kato and
Mihara, 2008)
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1.9 Thesis outline

A major challenge to high-resolution structural analysis of TOM from higher eukaryotic
animals has been the requirement of adequate amounts of functional purified complex, for
which, appropriate means have not been established yet. Consequently, structure and
organisation of metazoan TOM (of human, or of other higher eukaryotic organisms) has not

been investigated so far.

In this thesis, as a new approach, Drosophila melanogaster is investigated as a host system for
in vivo homologous expression of TOM core components, in an effort to isolate TOM for cryo-
EM analysis and perform further structure-function correlation studies by exploiting the

versatility of fly genetics.
The experimental aims of the thesis are as follows:

i.  assessment of Drosophila flies as a host system for functional expression of epitope-

tagged Tom40 and Tom?22
ii.  preparative-scale purification of Drosophila TOM from native fly membranes

iii.  preliminary structural analysis of purified translocase complex by cryo-EM
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Chapter 2

Transgenic expression of TOM components in Drosophila and biochemical

evaluation of purified TOM complex

2.1 Introduction

This chapter offers an introduction to Drosophila as an in vivo expression system and discusses
its significant advantages for the study of mitochondrial translocases. It provides an account of
optimisation of expression conditions for the core TOM components, Tom40 and Tom22, and
their characterization. It also describes development of an efficient purification method for
isolation of mitochondria-localised Drosophila TOM generated in vivo, and biochemical

evaluation of the purified complexes to determine their suitability for cryo-EM analysis.

21



Chapter 2

2.1.1 Production of eukaryotic membrane protein complexes for structural biology

Integral membrane proteins (IMPs) generally exist as homo- or hetero-oligomeric complexes
rather than as isolated subunits. To obtain a clear understanding of how they function in a
biological context, the determination of stoichiometry, subunit organization and the molecular
structure of intact membrane protein complexes (MPCs) are prerequisites. A major bottleneck
for such studies is the requirement of substantial amounts of purified material, with the
difficulty increasing for recombinant hetero-oligomeric and/or eukaryotic MPCs. Select MPCs,
like respiratory and photosynthetic complexes, by virtue of their natural abundance and
biochemical stability, have been directly purified from native membranes and utilised for high-
resolution structure determination by X-ray crystallography (Zouni et al., 2001), X-ray free
electron laser (XFEL) serial femtosecond crystallography (Suga et al., 2015) and by cryo-EM
in recent years (Vinothkumar et al., 2014, Allegretti et al., 2015). However, the majority of
MPCs are sparse in native membranes and recombinant material has been the preferred option,
in part for ease of expressing truncation or point mutants of the protein of interest. A variety of
approaches have been taken to obtain sufficient quantities of purified MPC for structural

analysis.

Specifically, for most hetero-oligomeric MPCs, two strategies are applicable as follows:
e Replacing an endogenous subunit with an affinity-tagged version, followed by
affinity-based purification of an entire MPC, or
e Individual expression/co-expression of subunits in a heterologous host system of

choice, followed by in vitro assembly

Although heterologous expression systems for production of membrane proteins have
improved significantly over the years, overexpression and purification of eukaryotic hetero-
oligomeric MPCs remains challenging. E. coli is the most widely employed host system for
protein expression. While useful for the expression of many prokaryotic IMPs, it has not been
as successful in the production of functional eukaryotic IMPs. Cytotoxicity, poor expression
and/or misfolding of proteins are common owing to differences in membrane lipids and lack
of appropriate folding and assembly machinery (Sahdev et al., 2008). In addition, our
observation is that many eukaryotic proteins typically undergo appreciable degradation or
clipping in E. coli, possibly during growth, that is not significantly ameliorated by the presence

of protease inhibitors during processing. As a result of one or more of the above-mentioned
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issues, few structures of eukaryotic IMPs expressed in E. coli have been obtained (He et al.,

2014).

Various Tom40 constructs based on the sequences of a diversity of species, from yeast to
human, have been attempted for expression in E. coli; but the protein is invariably found in
inclusion bodies (Suzuki et al., 2000, Mager et al., 2011, Kuszak et al., 2015). Inclusion bodies
are insoluble aggregates of misfolded or partially folded protein molecules and may also
contain other E. coli proteins such as chaperones. Non-integration into E. coli cell membranes
could be due to the absence of export and membrane targeting signals in Tom40, or of host
specific assembly factors. Refolded Saccharomyces Tom40 has been shown to differ in its
electrophysiological and spectral properties from Neurospora Tom40 purified from native
membranes (Hill et al., 1998, Ahting et al., 2001), which may indicate that refolded Tom40
does not form a native higher order structure, although this difference may also be due to

species variation.

Eukaryotic expression systems such as yeast, baculovirus-infected insect cell culture and
mammalian cell cultures are increasingly popular as a means of eukaryotic IMP expression.
Proper post-translational modifications and the presence of right lipids, binding partners and
assembly machineries are some of the benefits. Another is the ability to express point or
truncation mutants for testing hypotheses. Baculovirus-infected insect cell cultures, in
particular, have been highly successful for expression and purification of human G-protein
coupled receptors (GPCRs) for structure determination (Rasmussen et al., 2007, Haga et al.,
2012). Some disadvantages of insect and mammalian cell culture systems are the high cost and
batch-to-batch variability in yields (Sunley and Butler, 2010, He et al., 2014) and in some
cases, build-up of immature proteins that are non-functional (Petaja-Repo et al., 2000,

Massotte, 2003).

With any eukaryotic expression systems, production of soluble, purified, recombinant Tom40,
either by itself or co-expressed with associated TOM components, in amounts required for
structural biology studies, has not been reported in the literature. Isolation of the entire native

TOM complex from any higher eukaryotic source has not been reported.

2.1.2 Drosophila as an expression system for mitochondrial translocases

Drosophila melanogaster, commonly known as the vinegar- or fruit-fly, is a leading model
organism for investigating metazoan biology, being widely employed in genetic and

developmental biology studies for more than a century. Its tractability as an experimental
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organism, combined with genetic homology to humans, ease of genetic manipulation and a
short lifecycle, has placed it as a useful experimental model for investigating gene function and
initial hypothesis testing. Notably, almost 75 % of disease-associated human genes have
orthologues in Drosophila (Reiter et al., 2001) allowing for human cancers, neurodegenerative
and cardiovascular diseases to be modelled in Drosophila (Pandey and Nichols, 2011, Prussing

et al., 2013).

Drosophila offers several advantages for investigating a higher eukaryotic TOM complex, as
presented in the following sub-sections. Most importantly, Drosophila offers the
unprecedented potential of performing tandem structure-function studies in vivo in a multi-

cellular organism and, including provision of phenotypic readouts.
2.1.2.1 Drosophila TOM subunits have high homology to human orthologues

At the start of this venture, an important point of consideration was the homology between
Drosophila and human TOM components. Global pair-wise sequence alignments of human
Tom40 and Tom22 performed against Drosophila and Saccharomyces orthologues
demonstrated a high degree of conservation between Drosophila and humans (Fig. 1 and 2).
Percentage identity/similarity calculations demonstrate that human TOM core components
have higher homology to Drosophila orthologues than the Saccharomyces and Neurospora

orthologues (Table 1.).

Table 1: Percentage of similarity/identity of TOM components between different species

% ldentity/Similarity to human orthologs

Species
Tom40 Tom22 Tom7
Drosophila 51.8/65.5 38.3/54.5 49.1/63.6
Saccharomyces 23.5/40.1 18.2/32.4 25.0/45.3
Neurospora 22.6/39.3 20.6/37.5 33.3/63.2

It is to be noted that there are two paralogues of Tom40 identified in Drosophila namely,
Tom40-1 and Tom40-2. Both these protein forms have high sequence identity, in all but the N-

terminal region (see Appendix B). Tom40-2 (also known as Tomboy40) is expressed
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predominantly in the male germ line (Hwa et al., 2004). Tom40-1 is ubiquitously expressed
and was thus selected for sequence alignments and homology calculations. Two isoforms of
Tom40 have also been reported in mammalian systems; in the rat genome, in addition to the
ubiquitous isoform, a shorter isoform, ‘Tom40B’ is expressed in all tissues except the testis.
The Tom40B gene was found to be present in human, monkey, mouse and dog DNA databases
as well (Kinoshita et al., 2007). The potential physiological relevance of the tissue specific

expression of Tom40 paralogues in higher eukaryotes is currently unclear.

There is only one orthologue of Tom22 in Drosophila, known as Maggie. Loss-of-function
mutations in Drosophila Tom22 arrest development in the larval stage (Vaskova et al., 2000).
Two shorter alternate splice variants of Drosophila Tom22 have been annotated in the Uniprot
protein database (primary accession numbers, Q917TS5 and MOPEJ). RNA sequencing data
presented in FlyBase, a Drosophila data repository, indicate that the QO9I7TS variant is

expressed mostly in pupal stages and adult males (Graveley et al., 2010).
2.1.2.2 An established UAS-GAL4 based in vivo protein expression system

In Drosophila, a targeted protein expression system based on the bipartite UAS-GAL4
transcriptional switch in yeast, was developed by Brand and Perrimon (1993). This highly
versatile and powerful tool, described as a ‘fly geneticist’s Swiss Army knife’ (Duffy, 2002)
has been primarily employed to investigate gene function during animal development
(Rodriguez et al., 2011, Rodal et al., 2015). This system allows for controlled or tuneable
expression of any cloned homologous or heterologous gene not only in desired tissues, but also
during specific developmental stages and/or in a temperature-sensitive manner. GAL4 strains
with a variety of promoter elements have been generated and made available in the Drosophila

research community for this purpose (e.g., The Bloomington Stock Center, Indiana).

In this system, the UAS-transgene and promoter-driven GAL4 (a yeast transcriptional activator
binding upstream activating sequences (UAS) sites), are brought together by crossing paternal
fly strains (Fig. 3). GAL4 expression is dictated by the promotor elements derived from the
particular endogenous gene, enabling cell and developmental time point specific expression.
Thus, when the ‘UAS-responder’ and ‘GAL4-driver’ strains are mated, GAL4 binds to the
Upstream Activating Sequence (UAS) and induces expression of the downstream gene of
interest in specific tissues of the progeny that are defined by the GAL4 promoter element. This
can be selected to drive expression in a particular tissue or at a specific stage of larval or fly

development. For example, a Tubulin promoter drives expression in all tissues in a ubiquitous
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Figure 1. Sequence alignments of Tom40. Pair-wise sequence alignment of Homo sapiens (Hs) Tom40 sequence against A) Drosophila

melanogaster (Dm) and B) Saccharomyces cerevisiae (Sc) homologues. Alignments were performed using EMBOSS Needle program (EMBL-
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EBI). Primary accession numbers of Hs, Dm and Sc Tom40 sequences used are 096008, Q9U4L6 and P23644 respectively.
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Figure 2. Sequence alignments of Tom22. Pair-wise sequence alignment of Homo sapiens (Hs) Tom22 sequence against A) Drosophila
melanogaster (Dm) and B) Saccharomyces cerevisiae (Sc) homologues. Alignments were performed using EMBOSS Needle program (EMBL-
EBI). Primary accession numbers of Hs, Dm and Sc Tom22 sequences used are QINS69, Q9VZLI and P49334 respectively.
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manner, whereas a Glass Multiple Reporter (GMR) promoter directs expression specifically in
the developing eye, in the photoreceptor and surrounding cells posterior to the morphogenetic

furrow (Freeman, 1996).

Genomic
— enhancer — 1 GAL4 Seese @_

UAS
Tissue-specific expression Transcriptional activation
of GAL4 of gene X

Figure 3. UAS-GALA4 protein expression system in Drosophila. Image adapted from St
Johnston (2002). In one parental fly strain, promoter regions for a particular gene drive
expression of the yeast transcription factor GAL4 in defined tissues. In the other fly strain,
GALA4 response elements (UAS) are upstream of the desired transgenic element. When the two
strains are mated, the progeny express the transgene in specific tissues, directed by a GAL4

promoter element.

Experimental trials for genetic and cell biology studies require only small-scale cultures in the
order of a few hundred flies. On the other hand, utilization of this system for obtaining the
milligram amounts of purified protein required for structural biology studies demands a
significant scale-up. Although this kind of approach is uncommon, it has been applied
previously. Histidine-tagged version of skeletal muscle myosin II isoforms were expressed in
flies and purified in mg quantities sufficient for production of crystals (Caldwell et al., 2012).
More significantly, expression of membrane proteins has been achieved; by targeting protein
expression to the rhabdomere membranes of fly eyes, the Sinning laboratory (Panneels et al.,
2011) demonstrated expression of GFP fusions of human G-protein coupled receptors
(GPCRs), transporters and channels to a level comparable to the native fly rhodopsin and were
able to purify these to homogeneity in quantities sufficient for crystallography, albeit crystals

were not reported subsequently. An earlier study by the same group found that the yield of
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Drosophila metabotropic glutamate receptor, a member of the GPCR family from fly heads

was at least 3-fold higher than from baculoviral culture (Eroglu et al., 2002).

2.1.3 Overview of Drosophila biology and genetics

This section provides a brief introduction to fly biology and will describe elements of fly

genetics, definitions, uses and applicability, of relevance to the thesis.
2.13.1 Life cycle and physiology

Drosophila undergo a four-stage life cycle comprising embryo, larvae, pupae, and adult, over
a period of approximately ten days (at 25 °C) (Fig. 4). Once fertilized, each embryo develops
in the eggshell for approximately 24 hours before hatching as a larva. The larva eats, grows
and goes through three molts over five days before pupating. Metamorphosis into an adult fly
occurs over the course of five days. During metamorphosis, larval tissue no longer required for
adult life cycle is removed through histolysis. The adult tissues (e.g., wing, leg, eye, brain) are

remodelled from “imaginal discs” present since early embryonic development.

In the laboratory, all these stages take place in a culture vial containing a solidified food source

(shown in Fig. 4), made up of basic ingredients including cornmeal, sugar and yeast.
2.13.2 Drosophila chromosomes

The Drosophila genome contains four sets of chromosomes. Chromosome 1 is the heterosomal
sex chromosome (X/X or X/Y) and chromosomes 2, 3 and 4 are autosomes. Chromosome 4 is
extremely small, containing very few genes. Thus, chromosomes 1, 2 and 3 are the focus of
genetic manipulation and research. Standard nomenclature in fly genetics utilises a “+” for wild

6,9

type with the four chromosomes separated by a ““;” (i.e., a wild-type fly would be represented

9

as +;+;+;+). The two alleles of sister chromosomes are separated by a bar, either “/” or
The ‘+’ sign is substituted by descriptions of any genetic modifications. Usually, for ease of
writing, only chromosomes that have been modified or are the focus for a particular experiment

are denoted.
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Life cycle
Embryos
Day 1

(Mating)

? d
Day 10 sﬁ

Adults

Days 6-10

Figure 4. Life cycle of Drosophila. In the laboratory, Drosophila are reared in vials with
solidified food in the bottom and closed with a cotton plug at the top. The vial in the image
shows each major stage of the life cycle, which is completed in approximately ten days when
flies are maintained at 25 C. Embryos hatch from the egg laid on the food after ~I day and
spend ~4 days growing as larvae in the food. Around day 5, third instar larvae crawl out of
the food and pupate on the sides of the vial. During days 5 - 10, metamorphosis occurs, and

adult flies emerge from pupal cases around days 9 - 10. Image reproduced from Hales et al.

(2015).

2.1.3.3 Balancers and markers

Drosophila geneticists have developed a useful genetic tool known as ‘balancers’ for
maintenance of an introduced gene of interest or mutation in a fly strain, which work by
preventing meiotic recombination. Balancers for each of the major chromosomes have been
developed (Lindsley and Zimm, 1992). Some of the most commonly used are listed in Table
2. These are engineered chromosomes carrying multiple inversions with significant
rearrangements of genes, meaning that crossing of ‘balanced’ transgenic flies ensures that the
gene of interest is inherited by the offspring. In addition, as all balancer chromosomes contain
recessive lethal mutations i.e., they are not viable when homozygous, genes or mutations will

not be selected out of an inbred population. Thus, balancing enables fly stocks to be maintained
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in a heterozygous state in instances where a gene is homozygous lethal. A major advantage
experimentally, is that one does not need to manually select and mate hundreds of flies each

generation to maintain the introduced gene, enabling mass stock transfer.

Balancers also possess added dominant marker mutations enabling the chromosomes inherited
to be followed during genetic mating schemes (Ashburner et al., 2005). These mutations
manifest as variations in body colour, eye colour and shape, wing shape and bristle length. For
example, rather than the usual round eye the FM7 balancer contains the bar mutation, which
results in a bar-shaped eye. The SM6a balancer contains the CyO marker and has curly wings
unlike straight-winged wild-type flies. TM6B flies have additional bristles on the shoulder due
to the Humeral marker and are distinguished in the larval and pupal stages as being shorter and
fatter than wild-type due to the rubby marker. Other independent markers are also available
and are used in conjunction with balancers during multi-generational crossing schemes for

following chromosomes and genetic selection purposes

Table 2. List of commonly used balancer chromosomes

Chromosome Balancer(s) Examples of associated

phenotype markers

FM7a (1st multiply-inverted 7a) reduced bar-shaped eyes

X FM7c (1st multiply-marked 7c¢) ~ reduced bar-shaped eyes
CyO (Curly derivative of Oster)  curly wings

2 SMé6a (2nd multiply-inverted curly wings
6a)
TM3 (3rd multiply-inverted 3) serrated wing tips

3 TM6B (3rd multiply-inverted additional humeral bristles

6B) shorter and fatter larvae
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2.2 Schematic overview of experimental strategy

Transgenic expression of TOM
components in Drosophila flies

Harvesting of fly heads and
membrane preparation
[E

complexes by mild

xtraction of membrane protein
detergent solubilization

Immuno-affinity purification
of TOM complex

Analysis of purified complex by]

negative stain EM and tryptic
digest MS
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e Tom22 ) Fiac ) HA )

Figure 5. Schematic of Tom40 and Tom22 constructs utilised for expression trials. A set of
Tom40 and Tom22 constructs were designed to accommodate a YFP or CFP fusions
respectively, for potential FRET analysis, alongside affinity tags. Other constructs contained

short affinity tags such as 8x-His, 1D4 or FLAG.HA placed at either the N- or C- terminus.
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2.3 Experimental considerations

At the start of the Drosophila project, the question arose as to whether to use the transgenic
system to express human or Drosophila TOM components. Although it is possible to express
the human components in Drosophila, we opted to use the Drosophila counterparts (which
display very high homology to human TOM) to avoid potential problems with endogenous
components co-assembling into hetero-complexes. Silencing of the Drosophila counterparts
and heterologous expression of human homologues was contemplated, but not taken forward
owing to the greater technical challenges, particularly given the lethality associated with the

loss of TOM function (Vaskova et al., 2000, Peter et al., 2002)

2.3.1 Tag selection for protein expression

Transgenic fly strains containing variously tagged versions of Tom40 and Tom22 (schematic
of constructs in Fig. 5) were tested for expression in larval and adult fly tissues. The first fly
strains tested were UAS-8xHis-YFP-Tom40 and UAS-Tom22-CFP-1D4, which contained
FRET-compatible fluorescent protein fusions alongside affinity tags: an octahistidine tag for
Tom40 and a rhodopsin based antibody epitope tag, 1D4 (Molday and Molday, 2014) with an
amino acid sequence of TETSQVAPA for Tom22 for purification purposes. Fluorescent
protein tags, appropriately positioned, offer advantages in terms of monitoring of protein
expression in vivo and for purification (Hammon et al., 2009) and have been used on Tom40
in cellular experiments (Humphries et al., 2005, Kuzmenko et al., 2011). A FRET compatible
pair was generated for probing inter-subunit interaction and dynamics, both in vivo and in vitro
(Lippincott-Schwartz, 2011, Crivat and Taraska, 2012). However, no expression was detected
in these fly strains when driven with the ubiquitous Tubulin-GAL4 driver, as analysed by SDS-
PAGE and western blotting. It is possible that the addition of bulky fluorescent tags at N or C-
terminus was detrimental to protein expression, post translational processing or folding and

assembly.

In this light, another fly strain, UAS-8xHis-Tom40, lacking a fluorescent tag was tested. In this
case, expression was observed in larval tissues as well as adult tissues when ubiquitously
expressed using the Tubulin-GAL4 driver or specifically expressed in the eye using the GMR-
GALA4 driver. This data indicated that N-terminal tagging of Tom40 was not deleterious for
expression, but that the nature of the tag was critical. However, this fly line was not used for
further studies due to issues encountered during downstream purification. In brief, several

endogenous Drosophila proteins bound non-specifically, to Tom40 and the Ni?* resin used for
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affinity purification, which were difficult to separate away by gradient affinity
chromatography. Moreover, the monoclonal His-antibody employed for western blot analysis

reacted non-specifically with endogenous proteins, complicating further analysis.

Following this, Tom40 and Tom22 fly strains with alternate antibody epitope tags, namely
UAS-Tom40-FLAG.HA and UAS-Tom22-FLAG.HA were trialled. These were obtained from
Bangalore Fly Resource Centre, India, generated as part of a Drosophila Protein interaction
Map (DPiM) project (Guruharsha et al., 2012). Successful expression was achieved with both
fly strains; antibody-based affinity purification methods were developed for subsequent

isolation of Drosophila TOM as discussed below.

2.3.2 Deliberations and issues during purification trials

The purification of TOM complexes was established by empirical means. Using the two strains
UAS-Tom40-FLAG.HA and UAS-Tom22-FLAG.HA, specific issues pertaining to various

stages of the process were investigated as follows:

e Choice of fly strain for pull-down
e Crude purification step: mitochondria or total cellular membranes
e Choice of immuno-affinity resin

e Tolerance to additional wash steps, in lieu of size exclusion

chromatography

2.3.2.1 Fly strain for pull-down: Tom40 or Tom?22

Tagged Tom?22 is invariably used as the bait to isolate TOM complexes from Saccharomyces
and Neurospora membranes (Ahting et al., 1999, Model et al., 2008). In this study, initial
attempts to pull-down TOM were trialled with both tagged core components Tom40 and
Tom?22 for comparison. Both Tom40 and Tom22 were able to pull out a supramolecular TOM
complex (~480 kDa) from a membrane preparation, albeit in varying proportions. The pull-
down via tagged Tom40 gave higher protein yields overall, and hence was chosen to obtain

material for large-scale purifications.
2.3.2.2 Starting material: mitochondria versus total membranes

A differential centrifugation method (refer section 2.6.4.2) for isolation of crude intact
mitochondria (from fly heads) proved inefficient. It was found that only approximately half of

the total amount of epitope tagged Tom40 and Tom?22, as well as a mitochondrial marker
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protein, VDAC, came down with this fraction. The remainder was detected in microsomal
fractions prepared by high speed ultracentrifugation post the mitochondrial fractionation step.
A ‘microsomal’ membrane fraction collected at 100, 000 x g is an inclusive term for plasma
membranes and other organellar membranes such as ER, Golgi, endosomes etc. The presence
of endogenous mitochondrial protein VDAC in this fraction suggested that some mitochondria
were broken or fragmented during the isolation procedure. Since the goal was to enrich the
starting material, we proceeded by pelleting total membranes from lysates, with mitochondrial
fractionation omitted, ensuring the collection of both intact and fragmented mitochondria for

increased yields.

2.3.2.3 Immuno-affinity purification: HA- or FLAG-based antibody resin and stringent

washes

Taking advantage of the tandem FLAG.HA tag, affinity purification was tested using both HA
and FLAG antibody coupled resins. The HA-based purification proved sub-optimal; a
persistent contaminant (identified by mass spectrometry as innexin channel) formed pore-like
structures that were difficult to differentiate from the TOM complex in negative stain EM (data
not shown). Also, poor elution efficiency using HA peptide resulted in low yields of purified

sample.

FLAG-based purification, by comparison, exhibited superior binding and elution efficiencies
translating to higher protein yields. However, some non-specific contaminating proteins eluted
with TOM, as judged by silver staining (data not shown). To address this, inclusion of a size
exclusion chromatography step was explored. However, a substantial loss of protein during
this step adversely impacted on the final yields. Thus, additional on-column urea and high salt
washes were tested as a means of eliminating non-specific contaminants. Successive washes at
concentrations not detrimental for the stability of the complex (section 2.4.4.2) were
incorporated into the protocol prior to elution of the translocase under a non-denaturing excess
of FLAG peptide. The approach was successful in improving the purity of the TOM sample,
which showed clear single particles with only limited aggregation or contaminating particles

when screened by negative stain EM (detailed in Sections 2.4.5 and 2.4.6).
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24 Results

24.1 Expression of FLAG.HA tagged-Tom40 and Tom22 in Drosophila flies

UAS-Tom40-FLAG.HA and UAS-Tom22-FLAG.HA (henceforth referred to as Tom40 and
Tom22) were tested for expression with Tubulin-GAL4 and GMR-GAL4 driver strains,
corresponding to global and eye-specific expression, respectively. Tissue lysates of ten
progeny (whole flies or heads) were subjected to SDS-PAGE and transferred to PVDF
membranes by electrophoresis. Western blot analysis using an anti-HA antibody showed
positive expression for Tom40 and Tom22 with both drivers, in comparison to wild-type
(w1118 strain) controls. Expression of both Tom40 and Tom?22 lines were superior when the
eye-specific driver, GMR-GAL4 was used (Fig. 6). Protein expression was quantitatively
higher, with lower degradation overall, in comparison to global expression using Tubulin-
GALA4; likely a consequence of the relatively higher expression of GMR in the eye. Following

these experiments, GMR-GAL4 based expression was selected for further characterization.

Tubulin-GAL4 GMR-GAL4
Whole fly lysate Head lysate
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Figure 6. Tom40 and Tom22 expression analysis by western blotting. Expression of Tom40
and Tom22 was tested with Tubulin-GAL4 and GMR-GALA4. Tissue lysates of ten progeny
(whole flies or heads) were subjected to SDS-PAGE and immunodetection was performed using
an HA antibody. Protein expression induced by GMR-GALA4, targeted to the eye, yielded

relatively higher expression levels and fewer degradation products.
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24.2 Eye-specific expression of TOM subunits and subcellular localization analysis by

immunofluorescence confocal imaging

Induction of protein expression by GMR-GAL4 occurs specifically in the third in-star larval
stage and continues through the adult lifespan. Thus, we analysed the expression pattern of
Tom40 and Tom22 in larval imaginal eye discs by immuno-staining with HA antibody against
the epitope tag. Both proteins were found to be distributed around the nuclei (Fig. 7), confined

to the region posterior to the morphogenetic furrow where photoreceptor cells differentiate.

The subcellular localisation of Tom40 was further investigated by co-expression with an
enhanced Yellow Fluorescent Protein (eYFP) molecule fused to a signal sequence that directs
it to the mitochondrial matrix (LaJeunesse et al., 2004). Immuno-staining analysis showed
some overlap between Tom40 (red) and mito-eYFP (green) signals (Fig. 8), suggesting
mitochondrial localisation of epitope tagged Tom40. However, while the mito-YFP signal was
distributed evenly around the nuclei (blue), Tom40 appeared in a more restricted punctate
pattern. The reason behind this is unclear, but one interpretation might be that TOM complexes

cluster at mitochondrial cristae junctions (Gold et al., 2017).

243 Integration of tagged TOM subunits into higher order complexes as assessed by
BN-PAGE

To evaluate whether tagged versions of Tom40 and Tom22 assembled into higher order
complexes by association with endogenous TOM subunits, isolated mitochondria were
solubilised with digitonin, a mild detergent well-documented for extraction of intact TOM
complexes (Model et al., 2002). Digitonin-solubilised membranes subjected to BN-PAGE
were analysed by western blot analysis using an HA antibody against the epitope tag. Both
Tom40 and Tom22 co-migrated with higher order complexes of a nominal mass of ~480 kDa
(Fig. 9). Migration of the band on BN-PAGE was consistent with that observed for
Saccharomyces and mammalian TOM complexes (Dekker et al., 1998, Saeki et al., 2000).
Drosophila Tom40 also migrated in bands at ~146 kDa and ~720 kDa, suggesting a sub-
complex and super-complex, respectively. The ~146 kDa assembly is likely to correspond to
an intermediary assembly of dimeric Tom40 (Model et al., 2001, Shiota et al., 2015). The
super-complex, on the other hand, suggests associations with other translocase complexes,
perhaps SAM (Qiu et al., 2013) , TIM23 (Waegemann et al., 2015) or TIM22 (Kang et al.,
2016), as reported.

37



Chapter 2
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Figure 7. In situ expression analysis of Tom40 and Tom22. Immunofluorescence confocal
imaging analysis of Tom40 and Tom22 expression in imaginal eye discs of third instar
Drosophila larvae stained with HA antibody. GMR-GAL4 based expression of Tom40 and
Tom22 (coloured in red) was found to be localized around the nuclei (coloured in blue) in the

posterior region of eye discs.
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‘mito-YFP.

Figure 8. Sub-cellular localisation of epitope-tagged Tom40. Imaginal eye discs from third
instar Drosophila larvae expressing mitochondria targeted eYFP (mito-eYFP) and UAS-
Tom40 were immunostained with HA antibody. Confocal fluorescence microscopy showed

some overlap (yellow) between the eYFP (green) and Tom40 (red).
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Figure 9. Assessment of tagged Tom40 and Tom?22 integration into higher-order complexes.
Digitonin-solubilised mitochondria were separated by BN-PAGE. Western blot analysis
showed that epitope-tagged Tom40 and Tom22 assembled into a higher order complex of ~480
KDa. Additional bands were observed with Tom40, around 146 kDa and 720 kDa indicating

the presence of Tom40 containing sub- and super-complexes
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244 Extraction and stability testing of Tom40 complexes using BN-PAGE

BN-PAGE western blot analysis of tagged Tom40 membranes solubilised with digitonin
reproducibly displayed the characteristic three-band pattern shown previously (Fig. 9). Further,
extraction properties of various detergents and the conditions that the complexes would tolerate

without falling apart were assessed.
244.1 Detergent screening

A selection of detergents with differing qualities were screened to identify candidates able to
extract a ~480 kDa TOM complex while maintaining its structural integrity. Suspensions of
Tom40 membranes in buffer were divided into several aliquots, each solubilised with a high
concentration of detergent (1 % w/v) and analysed by BN-PAGE and western blotting. Figure
10 shows the results from a panel of nine detergents with subtle variations in chain length,
functional groups and micellar properties. Relative to digitonin, glyco-diosgenin (GDN), a
synthetic alternative, was able to extract complexes that migrated similarly to digitonin. LMNG
reproducibly extracted a complex that migrated slightly faster than digitonin, indicative of a
more compact molecule. Other detergents typically used for extraction and stabilisation of
membrane proteins such as DDM and Triton X-100 were unsuccessful in extracting a ~480
kDa complex. Most, irrespective of chain length or headgroup chemistry, showed only a lower
order band just above the 66 kDa standard, suggesting disassociation of the quaternary

translocase complex.
244.2 Effect of salt and urea

The stability of Tom40-containing complexes in digitonin solubilised membranes was
challenged by varying concentrations of sodium chloride (NaCl) and urea. This was done in
order to determine the maximum tolerable concentrations that may serve useful for designing
wash steps during later purification attempts. Urea, a chaotropic agent used as a denaturant at
concentrations of 8 M, is known to disrupt hydrophobic interactions whereas NaCl, drives such
interactions. BN-PAGE and western blot analysis of digitonin-solubilised samples
demonstrated the differential stability of the complexes under the conditions tested (Fig. 11).
Under increasing concentrations of NaCl (up to 2 M), no change in the banding pattern of the
digitonin-only sample was observed, signifying hydrophilic interactions were not important in
maintaining the complex. Lower concentrations of urea (up to 2 M) did not affect the stability
of the complexes, as would be expected. At higher concentrations, however, gradual

dissociation into lower order bands was observed. At 4 M urea, the super-complex was not
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detected and a slight shift in size of the sub-complex was observed, while the ~480 kDa
complex was unaffected. At the higher urea concentration of 6 M, only a single band just above
the 66 kDa standard was observed, similarly sized to Tom40 bands when solubilized with
harsher detergents (Fig. 10 and Fig. 11). The behaviour of the ~480 kDa Tom40 complex
concurs with that of the yeast TOM complex tested under similar salt and urea conditions

(Dekker et al., 1998, Meisinger et al., 2001).
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Figure 10. Detergent screening for extraction of entire putative TOM complex. Tagged
Tom40 membranes were solubilised with various detergent classes, as labelled in the image.
BN-PAGE-western blotting analysis showed that, in addition to digitonin, LMNG and GDN
were capable of extracting higher-order Tom40 containing complexes, while usage of other

classes of detergents resulted in smaller complexes less than 150 kDa.
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Figure 11. Effect of varying concentrations of urea and NaCl salt on the stability of Tom40
containing complexes. Tagged Tom40 membranes were solubilised with digitonin and
subsequently incubated with urea and NaCl, Samples were analysed by BN-PAGE-western
blotting. Lanes 3-6: As the concentration of urea increases the higher order complexes
increasingly dissociate. Lanes 8-11: Concentrations of NaCl up to 2M had no discernible effect

on the integrity of the complexes.

245 Purification of Drosophila TOM complex via tagged Tom40 and mass

spectrometry analysis

Fly heads were isolated from the rest of the body parts and collected in a separate sieve
compartment (Fig. 12.A and B) as described in Chapter 6, Section 6.3.4.4. A total volume of
50 ml of flies (approximately 10, 000 flies), yielding 2.5 ml of fly heads was used per
experiment. Fly heads were homogenised and the resulting lysate (Fig. 12.C) was centrifuged
at high speed (100, 000 x g) and membrane fractions were collected (Fig. 12.D). These high-
speed membranes were used for extraction and purification of the TOM complex. Two
detergents, digitonin and LMNG were selected on the basis of extracting a high molecular

weight complex (Fig. 10). GDN was not used, on the basis of its similarity to digitonin.

Purified TOM samples at ~0.5 mg/ml, (as determined from a silver-stained SDS-PAGE and

measurement of direct absorbance at 280 nm using a UV-Vis spectrophotometer — NanoDrop)
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in a total volume of 50 pl, obtained after immuno-affinity purification (described in Chapter 6,
Section 6.3.4.5) were subjected to SDS-PAGE; gels were silver-stained to detect other proteins
co-eluting with Tom40 and to assess overall purity. A control sample of wild-type fly
membranes purified according to the same protocol was performed to identify non-specific
binding contaminants. Silver-staining revealed the presence of protein bands co-eluting
specifically with Tom40. A few higher molecular weight protein bands were inferred to be

contaminants based on their presence in the control sample (Fig. 13).

High-speed
membrane fraction

Fly head lysate

Figure 12. Preparation of fly head membranes. A) Image of a metal sieve stack consisting of
individual sieves with decreasing pore diameters from top to bottom. B) shows the inside of
the metal sieves. Decapitated flies are transferred to the top of the stack and fly heads are
collected in the second sieve compartment (500 um) from top, while the fly bodies are retained
in the top compartment. C) Isolated fly heads are homogenised to obtain a lysate. D) Lysates
are centrifuged and a high-speed membrane fraction is obtained. The red colour of the

membrane is caused by the eye pigment present in Drosophila eyes.
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Figure 13. Purification of TOM complex and identification of protein bands. 10 ul of each

sample after FLAG based immuno-affinity purification equivalent to 800 fly heads (left:
Digitonin-purified TOM, middle: LMNG-purified TOM and right: LMNG-purified willl8

control) was subjected to SDS-PAGE and visualised by silver staining. Visible protein bands

were excised and analysed by tryptic digest mass spectrometry. Identified bands are labelled

in the image. A separate band for Tom20 was not readily visible on a 15 % Tris-Glycine gel;

Tom22 (molecular weight of 18.7 kDa) co-migrates with Tom20, which has a molecular weight

of 16.1 kDa, under the electrophoresis resolving conditions.
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Samples were analysed by BN-PAGE and western blotting to ensure the integrity of the
complex after purification. Both digitonin and LMNG purified samples contained higher order
bands in the ~480 kDa range as well as smaller complexes in the ~100-150 kDa range (Fig.
13).
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Figure 14. Analysis of molecular mass of purified TOM complex by BN-PAGE. 5 ul of
digitonin and LMNG purified samples were analysed by BN-PAGE-western blotting. Both
samples contained a prominent intact complex of ~480-450 kDa. Additional smaller complexes
were also seen: ~146 kDa in the digitonin sample and ~100 kDa and ~ 230 kDa (faint band)
in the LMNG sample.

245.1 Observed differential extractions with digitonin and LMNG

Visual comparison of eluate banding pattern of digitonin and LMNG samples by silver staining
showed apparent variations (Fig. 13), suggesting differential extraction properties of the
detergents. The main protein bands were subject to tryptic digest MS to identify co-eluting
partners of Tom40. Identified proteins are labelled with an asterisk (*) in Figure 13 and listed
alongside their primary accession numbers in Table 3. While this is by no means an exhaustive
list, these are the major protein bands with significant peptide matches that were not excluded

as non-specific background proteins.
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Some of the identified proteins were common to both digitonin and LMNG samples and
included known components of the TOM complex namely Tom22 and Tom7 plus two
previously unannotated Drosophila proteins (Uniprot primary accession numbers: Q8IRDO

and Q6IGW6) of estimated molecular weights of 5.5 kDa and 5.8 kDa, respectively.

In the experiments, Tom20 was visible only under digitonin extraction conditions. It was not

detected by MS in the LMNG purified sample.

Table 3. Tryptic digest MS identification of proteins co-eluting with Tom40

Proteins pulled down via Tom40 identified by tryptic digest
MS
Uniprot Detergent used
primary
accession no. Digitonin LMNG
QoU4L6 Tom40 Tom40
QI9VZLI1 Tom?22 Tom22
Q7KO036 Tom?7 Tom?7
Q6IGW6 Tom6-like Tom6-like
Q8IRDO Tom5-like Tom5-like
Q94920 VDAC VDAC
Q95RF6 Tom?20 -
Q26365 - ATP/ADP carrier
(ANT)
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2.4.5.2 Possible Drosophila orthologues of human Tom5 and Tom6 identified by

sequence alignment

Tom5 and Tom6 have not hitherto been identified in Drosophila. Two low molecular weight
proteins (5.5 kDa and 5.8 kDa) co-eluting with Tom40 were investigated for their possible
orthology with Tom5 and Tom6. Pair-wise sequence alignments against human orthologues
(Fig. 15) show that Q8IRDO has significant homology to human Tom5 with 35 % sequence
identity (and a similarity of 58.9 %) whereas Q6IGW6 has a 26.7 % sequence identity (and a
similarity of 41.3 %) to Tom6. While this is promising, protein import assays would be required

to verify that these small proteins co-eluting with Tom40 are Drosophila Tom5 and Tom6.

TOM5_Hs TEGL. KMREDMISS LIY---VRLLRVTRET DST
Q8IRDO_Dm LQQSQ ————— ILFGAVI LART HENTA
HH HEO R S

TOM6_Hs SETV| GSANETPEIPDNVGDWL RFATD TILNL RNLSDID -
Q6IGW6_Dm SNgrgl-----—-—-—-—-—-——————-VRSTRg----- KSY FL R KEFVGVE PA
)

Figure 15. Protein sequence alignments of unannotated Drosophila proteins against human
TomS5 and Tomé6. Previously unannotated proteins, Q8IRDO and Q6IGW6, that were observed
in the Tom40 pull-down experiment, as identified by MS, were aligned against human Tom5

and Tom6 respectively using the EMBOSS Needle program (EMBL-EBI). In both cases, despite

some gaps, there are extended sequence stretches that display significant homology.

24.5.3 Co-elution of VDAC and ANT with Tom40

The voltage-dependent anion channel (VDAC, or mitochondrial porin) and the Adenine
Nucleotide Translocase (ANT, or AAC), with molecular weights of 30.5 kDa and 34.2 kDa
respectively, represent the two most abundant proteins in mitochondria (Wang, 2001). Mass
spectrometry analysis of prominent silver stained bands identified VDAC co-eluting with
Tom40 extracted in either LMNG or digitonin. Another significant match corresponded to
ANT, but this was found only in LMNG-extracted samples. In contrast, protein bands
corresponding to VDAC and ANT are conspicuously absent (Fig. 13) in the control sample,
indicating that pull down of the two proteins is occurring through direct interaction with Tom40

or indirectly via other associated TOM components identified in the eluate. A caveat is that the
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relationship does not appear to be stoichiometric, something that will be discussed further in

Chapter 5.

The significance of this observation is yet to be determined and we seek to interrogate this by
native mass spectrometry for qualitative and quantitative assessment of molecular composition
of complexes. To this end, we have established a collaboration with Prof. Carol Robinson
(University of Oxford, UK), and provided digitonin-solubilised TOM complexes for native

mass spectrometry analysis.

24.6 Negative stain EM analysis showed three-pore complexes

Negative stain EM was employed as a screening tool for preliminary assessment of purified
samples at a single particle level to determine suitability of the samples for structure
determination by cryo-EM. Assessment of the EM micrographs of digitonin-purified sample
definitively showed three-pore particles (Fig 16.A, denoted by red circles) with clear
resemblance in overall appearance to early EM images of Saccharomyces and Neurospora holo
complexes (Kunkele et al., 1998a, Model et al., 2002). There were also some two-pore

particles.

Reference-free 2D class averaging was performed on manually picked particles from a set of
75 micrographs. Several classes of three-pore particles with face-on views were visible (Fig.
16.B). While other particle classes of disparate morphology were seen to a lesser extent, it is
not unusual to observe such classes during initial 2D classifications, either from negative stain
EM or cryo-EM. On this basis, digitonin-purified TOM appeared was adjudged to be a good
candidate for further analysis by cryo-EM.

The LMNG-purified TOM, on the other hand, did not behave well under negative stain EM
conditions. Although analysis of purified sample by BN-PAGE showed a band at a nominal
mass of ~450 kDa, the micrographs revealed low particle density accompanied by aggregation
(Fig. 17.A). The 2D class-averaged particles were small relative to those observed in digitonin-
purified TOM (Fig.17.B), more resembling the two-pore structure. On this basis, LMNG-

purified TOM was deemed unsuitable for further analysis.
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Figure 16. Negative stain EM of a digitonin-purified TOM sample shows 3-pore complexes.
A) A representative micrograph showing single particles of TOM. Some three-pore particles
are denoted with a red circle around them. The scale bar is 100 nm. B) 2D classes obtained by
averaging using RELION. The classes shown in panel I are from an initial trial with 1,652
manually picked particles. Panel Il contains classes from a larger dataset from which particles
were auto-picked. Apart from classes with three-pore particles, other classes with smaller

particle sizes can also be seen.
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B

Figure 17. Negative stain EM of a LMNG-purified TOM sample A) A representative negative

stain EM micrograph showing single particles of a LMNG purified TOM sample. Smaller
particles alongside some larger aggregates are visible. Scale bar is 100 nm. B) 2D classes

obtained by averaging using RELION.
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2.5 Discussion

Traditionally, study of mitochondrial translocases and import processes has focussed on the
Neurospora and Saccharomyces systems in which the machineries were first identified. Of late,
these studies have been extended to higher eukaryotes by utilizing mammalian cell culture
model systems by several laboratories, with additional translocase components and a few
variations in assembly pathways being identified (Humphries et al., 2005, Kang et al., 2016).

These efforts have not yet resulted in published structures of eukaryotic TOM complexes.

2.5.1 A novel strategy for isolation of metazoan TOM from native membranes

We undertook an innovative approach to investigate a higher eukaryotic TOM from
Drosophila, which has components with high sequence homology to the human system.
Drosophila flies were exploited for homologous transgenic expression of core TOM
components, namely, Tom40 and Tom22. The highest protein expression achieved occurred
when expression was targeted to photoreceptor cells of fly eyes which, notably, contain densely
packed mitochondria (Eakin, 1972) to support high energy requirements of photoreceptor cell
processes; in particular, transduction (Tinbergen and Stavenga, 1987, Laughlin et al., 1998). In
vivo localisation analysis by immunofluorescence microscopy and the assembly of FLAG.HA
tagged versions of both Tom40 and Tom22 into higher order complexes suggested successful
trafficking to the mitochondria. This was independently confirmed during reciprocal pull-down
experiments via tagged Tom40 or Tom22 where known endogenous subunits of TOM were
effectively pulled out. For large-scale purification purposes, tagged Tom40 was utilised since

it provided higher final yields of purified TOM.

2.5.2 Effect of detergents on TOM complex extraction and stability

The choice of detergent was found to be crucial for extraction of the three-pore Drosophila
TOM. While the steroidal glycoside-based detergent, digitonin, was successful, LMNG was
not. Extraction with LMNG results in complex with slightly higher mobility on BN-PAGE (in
comparison to digitonin; Fig. 10), and tryptic-digest mass-spectrometry analysis showed that
LMNG-purified complex did not contain any Tom20 (Fig. 13). In a similar case, when the
maltoside detergent, DDM is employed for extraction, only the core TOM complex is pulled
out (Ahting et al., 1999, Bausewein et al., 2017). LMNG, used in this study, has two maltoside
ring structures and thus may possess similar extraction properties to DDM, explaining the loss
of Tom20. Tom?20 is a key factor for the occurrence of three-pore TOM in yeast; yeast strains

lacking Tom20 produce only two-pore complexes (Model et al., 2002). Tom20 is known to be
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loosely associated with the core TOM complex; thus far only digitonin has been used
successfully to extract a yeast Tom20 bound core TOM complex, showing the presence of
three-pore complexes (Model et al., 2008). This is in agreement with our results, where Tom20
co-elution occurs only with digitonin. Tom70, a loosely associated TOM receptor, was not
observed under any extraction conditions tested in this study. While the newly developed
synthetic alternative of GDN was tested in the screening stage, time limitations precluded more

extensive purification trials with this detergent.

253 Implications of VDAC and ANT association with TOM

The pull-down of VDAC with digitonin extraction and VDAC and ANT, with LMNG
extraction, was unexpected. VDAC did not pull down in the absence of tagged Tom40,
indicating that co-elution occurred by direct interaction with Tom40 or via other TOM
subunits. To determine whether VDAC and ANT form a part of the higher order TOM
complexes, preliminary western blot analysis on samples resolved on a BN-PAGE was carried
out with the aid of antibodies (albeit against human orthologues) of respective proteins. Faint
bands observed for VDAC and ANT at ~450-480 kDa by BN-PAGE western, require cross-

validation by other techniques (native mass spectrometry).

While interaction of TOM with other membrane translocase and assembly complexes has been
documented by several studies, an association with VDAC was only recently noted in the
literature. A novel assembly of TOM-VDAC was identified in adult rat brain mitochondria
(Muller et al., 2016) using a novel high resolution cryo-slicing Blue Native-Mass Spectrometry
technique coupled with correlation analysis. They further extended the study to yeast
mitochondria and demonstrated association of Tom40 and Tom22 in a 440-kDa complex with
Porinl (VDAC ortholog in yeast) by BN-PAGE and pull-down experiments. This association
has not previously been observed in yeast, but differences in experimental conditions might
possibly account for the discrepancy. The identification of the inner membrane protein, ANT,
under LMNG extraction conditions is a novel finding that has not been previously reported. It
suggests an interaction at the outer and inner membrane contact junctions. Given that both
digitonin and LMNG extraction experiments utilised fly eyes of the same genotype and
expression conditions, the disparity is puzzling. It is possible that digitonin does not preserve

the interaction between the TOM complex and ANT by virtue of its extraction properties.

It will be of interest to determine the molecular basis of these protein interactions with TOM

and their significance. Native mass spectrometry would enable characterization and determine
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if there is more than one distinct complex present in the purified samples, i.e., a standard TOM
complex and another with VDAC/ANT as additional components. As VDAC and ANT are
known regulators of apoptosis (Brenner et al., 2010, Trindade et al., 2016), this raises the

interesting issue of whether these associations are exclusive to specific physiological states of

the mitochondria or the cell.
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Chapter 3

Preliminary structural investigation of Drosophila TOM by single

particle cryo-EM

3.1 Introduction

Following an introduction to cryo-EM, this chapter focusses on a preliminary structural
analysis of the three-pore Drosophila TOM complex, extracted and purified in digitonin by

cryo-EM for potential structure determination.

Cryo-EM trials were performed using different grid types and other variables to assess the
behaviour of the sample under cryogenic conditions. In this chapter, two-dimensional (2D)
reference-free class averages obtained from initial screening are presented, followed by

discussion of what has been accomplished to date, and the challenges still to be met.
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3.1.1 High-resolution structure determination by single-particle cryo-EM

Single particle electron microscopy under cryogenic conditions (cryo-EM) involves imaging
monolayers of randomly oriented macromolecules embedded in a thin layer of vitreous ice.
The images take the form of projections viewed along an axis parallel to the electron beam,
where each particle represents a specific orientation of the macromolecule in question. By
classifying the particles according to their orientation and combining the resultant class-
averaged views of particles, a three-dimensional (3D) structure of the macromolecule can be
reconstructed computationally. Cryo-EM was first developed thirty years ago (Dubochet et al.
(1988), but for many years its use was largely restricted to analysis of symmetrical and/or large
particles like viruses, ribosomes etc.; smaller macromolecules suffered from low signal to noise

ratios at the dose and defocus ranges that were commonly used.
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Figure 1. Bar graph of number of EM maps released annually from 2002-2017. The
proportion of maps with a resolution of < 6A and < 4A are coloured in green and blue,
respectively. An exponential increase in map numbers is seen with respect to the total annual

maps as well as maps of < 6A and < 44 being deposited in the Electron Microscopy Data Bank
(EMDB).

This changed in the early 2010s as single particle cryo-EM emerged as a mainstream method

of structural analysis, with structures of relatively smaller protein assemblies being determined
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without the need to enforce symmetry. Data from the Electron Microscopy Data Bank (EMDB)
show an exponential increase in the total number of maps released annually, with more than
3000 deposited maps in 2017 (Fig. 1). More significantly, the proportion of high resolution
maps has increased exponentially over the years. While maps at a resolution higher than 6 A
made up approximately 4 % of the total in the year 2012, this increased to 25 % of the total

maps deposited per year, on average, in the period from 2014 - 2017.

This rapid progression, dubbed a ‘revolution’ (Kiihlbrandt, 2014), has principally been
attributed to the development of direct electron detectors (DEDs) (Milazzo et al., 2011,
Bammes et al., 2012, Veesler et al., 2013) and concomitant availability of better microscopes
and superior image processing algorithms (Scheres, 2012, Punjani ez al., 2017). Direct electron
detectors offer increased detective quantum efficiency over the photographic films and charge-
coupled device (CCD) cameras previously used, thus significantly improving the resolution of
recorded images. They also offer a much faster read-out, with many images recorded per
second, resulting in movies which can be processed to correct for beam-induced sample
movements. Other ongoing technological improvements in the imaging process include the
introduction of phase plates (Nagayama and Danev, 2009) to enhance image contrast, spherical
aberration (Cs) and chromatic aberration (Cc) correctors of the objective lens for higher
effective resolution (Kabius et al., 2009, Fischer et al., 2015) and gold support grids for
possible minimization of beam-induced particle movement (Russo and Passmore, 2014). Very
recently, a structure of human haemoglobin molecule was determined at a resolution of 3.2 A
using volta phase plate technology (Khoshouei et al., 2017). At 64 kDa, the structure
demonstrates the potential applicability of cryo-EM for particles less than 100 kDa,
substantiating Henderson’s theoretical prediction that structures of 100 kDa proteins can be

determined at a 3 A resolution by cryo-EM (Henderson, 1995).
3.1.1.1 Membrane protein structures

Since the widespread adoption of these new technologies, structure determination of membrane
protein assemblies by single particle cryo-EM has rapidly progressed and has become the
method of choice for structural candidates refractory to conventional techniques such as X-ray
crystallography and Nuclear Magnetic Resonance (NMR) spectroscopy. X-ray
crystallography, which to date has been the most successful method for structure determination
of membrane proteins, suffers from a series of bottlenecks in the process to a structure, of
which the most serious are discussed here. Crystallization screening and optimisation requires

substantial quantities (of the order of mg) of homogenous protein, which can be limiting for
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many eukaryotic membrane proteins. Detergent micelles typically mediate a proportion of the
lattice contacts in crystals of detergent-solubilised membrane proteins, which can adversely
impact on diffraction quality, limiting the attainable resolution of the data (Iwata, 2003). Cryo-
EM, on the other hand, requires significantly less material (ug quantities of pure protein), and
accommodates some conformational heterogeneity and any inherent flexibility, both of which
feature highly in membrane proteins. Classification and reconstruction of different molecular
conformations in a single image is feasible using newly developed computational algorithms

(Scheres, 2016).

Selected examples of membrane protein structures representing landmarks in the field are
discussed as follows. The mammalian TRPV1 ion channel was the first membrane protein
structure determined at 34 A (Liao e al., 2013) using DEDs and new image processing
algorithms to correct motion-induced image blurring. Other membrane protein structures of
varying sizes quickly followed this. The first structures of human y-secretase, a 170 kDa
asymmetric four component heteromer were determined de novo at two resolutions of 4.5 A
and 34 A (Lu et al., 2014, Bai et al., 2015); this complex had never yielded to crystallography
due to challenges in expression and purification of the intact complex in sufficient quantities
combined with inherent flexibility and heterogeneity (Rawson et al., 2016). At the other end
of the molecular mass spectrum, several structures of large protein complexes include the
ryanodine receptors of ~2.2 MDa (Zalk et al., 2014, Yan et al., 2015), the mitochondrial
respiratory Complex 1 of ~1 MDa comprising 45 different subunits in different conformational
states (Vinothkumar et al., 2014, Blaza et al., 2018) and the Sec61-ribosome complex captured
in both idle and translating states (Voorhees et al., 2014); all have been recently reported at

resolutions of 5 A or better.

Notably, all of the large assemblies mentioned above were purified from the endogenous
mammalian tissues. All of them have large structured soluble domains, which is advantageous
for particle picking, resulting in higher signal to noise in class averages and thus higher
resolution maps. These domains also serve as markers in building a protein model.
Complexation with antigen binding fragments (Fab) is being explored as an avenue to
increasing mass, classifying particles and aiding in map interpretation for proteins lacking large
ectodomains or intracellular assemblies (Wu et al., 2012). This is not the only route to success,
however, and in a recent example Huynh et al. (2018) reported the structure of a eukaryotic
Na*-coupled homodimeric transporter (NBCel) at 3.9 A. Despite very minimal extra-

membraneous regions present, an atomic model was built using bulky amino acid side-chains
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that were well-resolved in the density as markers to locate the sequence register, with

promising prospects for other small integral membrane proteins.

3.2 Results

3.2.1 Preparation of samples for cryo-EM analysis

Negative stain EM analysis of a Drosophila TOM complex containing Tom40, Tom22, Tom5,
Tom6, Tom7 and Tom20, with a nominal mass on blue native PAGE of ~480 kDa, revealed
predominantly three-pore complexes, as elaborated in the previous chapter. On the basis of the
negative stain data, we entered into a collaboration with Prof. Werner Kiihlbrandt (Max Planck
Institute of Biophysics, Frankfurt) to carry out cryo-EM analysis with the aim of structure

determination.

Protein samples for cryo-EM analysis are required at a concentration approximately ten-fold
higher than is needed for negative stain EM assessment, since sample preparation includes a
step involving particle incorporation into the ice layer. To this end, a significant scale-up of fly
cultures was engineered to produce sufficient purified complex for visualization on cryo-EM

grids. Digitonin-purified TOM at ~0.25 mg/ml was utilised for the experiments.

3.2.2 Visualization of three-pore particles in preliminary cryo-EM trials

Glow-discharged holey carbon grids of varying hole diameter, untreated or treated with
graphene oxide were screened for good particle distribution and incorporation into vitrified ice.
Graphene oxide is hydrophilic by nature and is used as a support layer to promote particle
adsorption onto the grids (Pantelic et al., 2010). Of the conditions tested, the C-Flat 1/1 grid
with a hole diameter of 1.0 um x 1.0 um had an acceptable number of particles embedded in
the vitreous ice layer (Fig. 2A), albeit only when the grids had been pre-treated with graphene
oxide. The graphene oxide layer was discontinuous in this instance and empty regions/holes
with only an ice layer could be distinguished in the micrographs. Preliminary 2D classification
of 14,000 particles selected from micrographs of the ice layer showed several classes of three-
pore complexes, albeit all oriented face-on or in a slightly tilted plane (Fig. 3). No side views
were noted, indicating a strong preferential orientation for these macromolecules in the ice

layer.

In micrograph images from samples in a continuous layer of graphene oxide, a substantially

higher number of particles was observed (Fig. 2.B). Here, 2D class averages showed a few
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classes with three-pore complexes (marked with a red box; Fig. 4). The three-pore complexes
were outnumbered by classes corresponding to large spherical blobs (of varying size), with
some similarly sized to the three-pore particles. These classes were interpreted as digitonin
micelles. These empty micelles sometimes overlapped the three-pore particles (Fig. 4),

complicating further analysis.

Particles on graphene oxide layer Particles in ice layer

Figure 2. Representative micrographs showing distribution of particles. A) Particles are
shown on a continuous layer of graphene oxide, or B) embedded within a layer of ice. The
scale bar is 100 nm. Considerably fewer particles incorporated into the empty ice layers in

comparison to the layer of graphene oxide.
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Figure 3. 2D class averages of three-pore particles in ice. 14,000 particles (out of 159,717 in
total) were selected, aligned and classified in 2D with Relion2.1. Particle averages displayed

preferential orientation, limited to face-on views.
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Figure 4. A selection of 2D class averages of particles distributed on a graphene oxide layer.
Two classes representing three-pore particles are marked with red boxes. The large roundish

rings seen in many of the other classes are likely to be digitonin micelles.
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3.3 Discussion

Information regarding the structural organisation and stoichiometry of the three-pore TOM
complex from any species is limited. While a ~7 A structure of a two-pore TOM core complex
from Neurospora was recently determined by cryo-EM, the only available 3D structural model
of a three-pore complex is that of one from Saccharomyces reported prior to the development
of DEDs (Model et al., 2008). At an effective resolution of 18 A, this structure is a little more
than a molecular envelope revealing a triangular complex with near-three-fold symmetry but
offers little insight into the arrangement of subunits or translocation mechanism. The
underlying objective of this thesis was thus to better understand the architecture and molecular
organisation of the TOM complex of a higher eukaryote. The relatively small quantity of
purified Drosophila three-pore complex that we obtain precludes crystallographic structure

determination and instead we have directed our efforts towards cryo-EM analysis.

Several membrane protein structures solubilised in digitonin have now been determined by
cryo-EM at resolutions better than 5 A (Voorhees et al., 2014, Sun et al., 2015, Twomey et al.,
2017). However, digitonin is not without issue. Extracted from natural sources it suffers batch-
to-batch variability, which can be problematic for reproducibility at all steps. In our preliminary
cryo-EM trails, three-pore complexes incorporated into ice were visible but the efficiency of
was quite low and not very reproducible. The large circular particles frequently observed (Fig.
4), are likely to be excess digitonin micelles that build up in the sample during post-purification
concentration. These particles dominate the micrographs, making it harder to identify and
classify TOM particles. Some other issues with detergent are that its presence in cryo-EM
specimens can affect particle incorporation (Rawson et al., 2016), and the presence of excess
detergent in our case might possibly explain its low incorporation efficiency into ice. In order
to proceed further using digitonin, a reduction of the effective concentration would be required.
By avoiding the final filter-concentration step during purification, issues related to particle
incorporation or detergent background might be alleviated but would require an alternative
means of achieving the desired final protein concentrations. Avenues we are exploring include

stepping off an anion exchanger or using a density gradient (Hauer et al., 2015).

Another issue is the preferential orientation of three-pore particles with face-on views during
our limited trials, which may be due to the attraction of the polar faces of the TOM complex
for the graphene-oxide treated grid. This behaviour was previously observed for the yeast TOM

complex (Model et al., 2002). Random orientation might be achieved on grids with more
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hydrophobic surfaces, for example rendered by treatment with amyl amine (Miyazawa et al.,
1999, da Fonseca and Morris, 2015). A tilt-based approach during imaging is another option,
albeit with limited scope (Tan et al., 2017).

Other strategies for consideration to improve the quality of cryo-EM micrographs include,
testing new detergent combinations for extraction and stabilisation, complete replacement of
digitonin with other model membrane bilayer systems by reconstitution of digitonin purified
TOM into amphipols (Tribet et al., 1996, Flotenmeyer et al., 2007), tailored nanodiscs (Ritchie
et al., 2009) or saposin-lipoprotein nanoparticles (Frauenfeld et al., 2016). A bilayer
environment is likely to improve stability of the complex and prevent conformational artefact
that could potentially result from solubilisation. Of late, several cryo-EM structures of
membrane proteins have been obtained by exchanging into amphipols or nanodiscs after
solubilisation with mild detergents (Liao et al., 2013, Mi et al., 2017, Huynh et al., 2018).
Emerging systems like styrene-maleic acid (SMA)-lipid particles (SMALP) (Lee et al., 2016),
diisobutylene/maleic acid copolymer (DIBMA) (Oluwole et al., 2017) which provide the
capacity for direct extraction of intact protein complexes in native membranes are other options

for investigation.
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Chapter 4

Investigation of an eye phenotype caused by Tom40 expression

and its implications

4.1 Introduction

This chapter describes the discovery of a phenotype associated with increased expression of
Tom40 in Drosophila eyes. Following a serendipitous observation of an aberrant eye
morphology in a Tom40 expressing fly strain, studies were carried out to understand its
significance. The expression levels of Tom40 were modulated in a temperature and dose
dependent manner and the resulting eye phenotypes were characterized, revealing a basis in

cell death.
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4.2 Experimental considerations

Purification of the TOM complexes, as dealt with in the preceding chapters, utilised flies that
contained a single copy of tagged UAS-Tom40 and GMR-GAL4, brought together by genetic
crossing of the two fly strains. These flies, raised at the standard experimental temperature of

25 °C exhibited normal eye morphology.

In the latter stages of the project, in order to bypass the laborious step of setting up crosses to
obtain Tom40 expressing flies, a stable fly strain carrying both UAS-Tom40 and GMR-GAL4
was established. The homozygous flies of this strain (i.e., carrying two copies of UAS-Tom40
and GMR-GALA4) displayed an aberrant glossy eye morphology, characterized by fused
ommatidia accompanied by pigment loss when maintained at 25 °C. The observed phenotype
was distinct from the phenotype of homozygous GMR-GALA4 driver flies, which display rough
eyes with no regular patterning as a result of developmental defects and apoptosis caused by
ectopic GAL4 expression in the tissue (Kramer and Staveley, 2003); heterozygous GMR-GAL4
driver flies, on the other hand, tend to have normal eye morphology. The difference in
phenotype in the presence and absence of Tom40 expression suggested that the targeted
expression of Tom40 in eyes might have an effect on the eye morphology that is independent

of GALA4, leading us to investigate it further.

43 Results

43.1 GMR-GAL4 driven Tom40 expression causes glossy eye phenotypes in a dose-

dependent manner

GAL4 protein displays a temperature-dependent activity in Drosophila, showing higher
activity levels at 29 °C and, consequently, higher expression of UAS-responder gene (Duffy,
2002), Tom40 in this case. Thus, experiments were carried out at the higher temperature of
29°C to study the effect of Tom40 expression by analysis at two dosages, represented by flies
with single or double copies of the Tom40 gene. A control experiment with wild-type flies was

also carried out to account for any effects caused by GAL4 alone.

In comparison to eye morphologies of control flies (Fig. 1.A and 1.B), progeny flies expressing
Tom40 had distinctive morphologies. A single copy expression of Tom40 exhibited a glossy
eye phenotype characterized by fused ommatidia and pigment loss (Fig. 1.C), whereas flies
homozygous for Tom40, i.e., a double copy expression led to a more severe morphology

showing a reduction in eye size accompanied by necrotic black spots (Fig. 1.D), indicating a
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Figure 1. Tom40 associated Drosophila adult eye phenotypes. Representative images of A)
UAS-Tom40 only (no GMR-GALA4 driver), effectively equivalent to a normal compound eye
morphology with regular arrays of individual ommatidia B) GMR-GALA4 only (no UAS-Tom40
responder) control displaying a rough eye phenotype. C) GMR-GAL4 with one copy of UAS-
Tom40 (heterozygous) showing a glossy eye phenotype, characterized by pigment loss and
fusion of ommatidial arrays D) GMR-GAL4 with two copies of UAS-Tom40 (homozygous)
displaying a more severe phenotype with reduced eye size and necrotic spots. E) GMR-GAL4
with one copy of UAS-Tom40 plus Tom40-RNAi, showing near complete reversal of the Tom40
eye phenotype F) GMR-GAL4 with targeted co-expression of Tom40 RNAi, showing an
alleviation of the rough eye phenotype.
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correlation between the amount of Tom40 expressed and severity of the eye phenotype. In both
of these cases, only a single copy of GMR-GAL4 was present to drive the expression, ruling
out GAL4 as the causative factor. Control progeny flies with a single copy of GMR-GAL4 had
a rough eye texture as expected (Fig. 1.B), compared to flies without GMR-GAL4 which had
normal eye morphology characterized by a regular ommatidial lattice (Fig. 1.A). As another
independent control, flies expressing a single copy of Tom22 were of similar eye morphology
to GMR-GALA4 only flies (data not shown), indicating that Tom40 is solely responsible for the
glossy eye phenotype. To test this further, targeted co-expression of Tom40 RNA! in the eyes
was utilised to knockdown Tom40 expression. This strategy resulted in near complete rescue
of the phenotype (Fig. 1.E), substantiating the direct involvement of Tom40. Unexpectedly,
the Tom40-RNAIi co-expression in GMR-GALA4 flies also appeared to slightly diminish the
impact of the GMR-GAL4 rough eye phenotype (Fig. 1.F), which could mean that Tom40-
RNAI directly suppresses the GMR-GAL4 phenotype or, alternatively, may indicate non-
specific effects of Tom40-RNAi expression on free GAL4 levels in the tissue, thereby

influencing the associated phenotype.

4.3.2 Increased cell death activity correlates with increase in Tom4(0 expression

Disorganised ommatidial array and pigment loss are recognized features of programmed cell
death, or apoptosis in Drosophila eyes (Ye and Fortini, 1999, Quinn et al., 2003, Choi et al.,
2017). To confirm that the observed phenotypes occurs as a result of this phenomenon, third
instar larval eye discs were immuno-stained with an antibody against cleaved caspase-1, which
is selective for an active processed form of caspase found in cells undergoing apoptosis.
Confocal imaging followed by 3D volume-based quantification of caspase levels relative to
DAPI (nuclei) levels, showed that both single copy and double copy Tom40 expression at 29°C
led to significant increase in cleaved caspase levels, in comparison to a GMR-GAL4 only

control (Fig. 2). This corresponded to the severity of eye phenotype severity in adult eyes.
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Figure 2. Expression of Tom40 mediates apoptosis in the developing Drosophila eye. A)
Representative larval eye discs images of control GMR-GAL4 (left), 1x UAS-Tom40 (middle)
and 2x UAS-Tom40 (right) immuno-stained with cleaved caspase-1, visible as bright green
spots in the posterior region of the disc. An increase in levels of caspase staining is observed,
in a dose-dependent manner, when UAS-Tom40 is expressed B) A bar graph shows a
significant increase in proportional caspase/DAPI (nuclei) intensity corresponding to
expression of 1x UAS-Tom40 compared to GMR-GAL4 only control. Statistical significance
was calculated using unpaired t-test. n = 8 per fly genotype and * denotes p = 0.0262 (< 0.05).
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4.4 Discussion

The intrinsic pathway of programmed cell death or apoptosis in cells is triggered by
intracellular stress signals, such as oxidative stress (Roos and Kaina, 2006) and DNA damage
(Orrenius et al., 2007) and the role of mitochondria in this process is widely recognized (Green
and Reed, 1998, Wang and Youle, 2009). A transition in mitochondrial permeability state is
thought to cause mitochondrial outer membrane permeabilization (MOMP) and release of pro-
apoptotic IMS proteins, including cytochrome C, eventually leading to caspase activation and
cell death. The mechanisms by which MOMP and release of apoptosis initiator molecules occur
remains controversial, and currently several proposed models exist. These include i) osmotic
swelling and rupture of the mitochondrial membrane (Vander Heiden et al., 2001, Lemasters
and Holmuhamedov, 2006) (ii) opening of a membrane permeability transition pore (Petronilli
et al., 2001, Biasutto et al., 2016), the molecular components of which remain ill-defined iii)
formation of large channels by oligomers of the pro-apoptotic proteins, Bax/Bak on the outer
membrane (Antignani and Youle, 2006, Westphal et al., 2014, Uren et al., 2017) or iv) hetero-
oligomers of VDACI1 and Bax (Shimizu et al., 1999, Banerjee and Ghosh, 2004) or VDACI

oligomers (Shoshan-Barmatz et al., 2013).

There could be several explanations for the observed cell death phenotype caused by Tom40
transgenic expression in the eyes. One scenario could be that overexpression causes integration
of too much Tom40 into the outer membrane leading to increased porosity and permeability of
the outer membrane, ultimately resulting in permeabilization and eventual cell death.
Alternatively, the phenotype could be a consequence of mitochondrial stress and mitophagy
caused by perturbation of the outer membrane by overexpression, indirectly causing apoptosis.
Yet another plausible explanation is that excess Tom40-containing complexes associate with

pro-apoptotic regulators, thereby promoting apoptosis.

On the last point, it has been demonstrated that exogenous overexpression of VDACI causes
apoptosis in several cellular model systems, accompanied by proposals that overexpression
induces oligomerization of VDACI, leading to the release of IMS apoptotic factors and
apoptosis (Godbole et al., 2003, Zaid et al., 2005, Ghosh et al., 2007, Weisthal et al., 2014).
Conversely, several apoptotic stimuli have been shown to induce up-regulation of VDACI in
various cancerous cell lines (Nawarak et al., 2009, Keinan et al., 2013). Similar up-regulation
of Tom40 as a mechanism for triggering apoptosis could be envisioned, given that Tom40 and

VDACT share common structural features. On a related note, upregulation of Tom40 observed

68



Chapter 4

in nine human ovarian cancer cell lines has been correlated to cause an inhibitory effect on the
proliferation, invasion and migration capabilities of cancerous cells, suggesting a tumour

suppressive effect of Tom40 (Kim ez al., 2014).

As yet, there is little information pointing to a functional overlap of the TOM and apoptotic
machineries, and arguments for and against can be found. For instance, Tom40 and Tom22
have been implicated as receptors for pro-apoptotic proteins of the Bcl-2 family, like Bax/tBid,
to facilitate insertion into the outer membrane (Ahting et al., 2005, Bellot et al., 2006).
Antibodies against Tom40 and Tom?22 inhibit Bax/tBid integration into isolated rat liver
mitochondria (Cartron et al., 2008) and immuno-precipitation experiments appear to show
direct interaction of Bax/tBid with Tom40 and Tom22 (Bellot et al., 2006). Loss-of-function
mutants of Drosophila Tom22 and Tom70 suppress an aberrant wing phenotype induced by
heterologous expression of full-length murine Bax in flies, tentatively indicating a role in cell
death (Colin et al., 2009). Moreover, functional expression of murine Bax in Drosophila
suggests that the apoptotic mechanisms between flies and humans are at least partially
conserved, although this is still being debated (Mollereau, 2009). The reason for the
suppression effect noted above is not yet known. It could be due to disruption of the process
for mitochondrial localization of Bax, given that Tom22 is a putative receptor for Bax import
(Bellot et al., 2006) or, alternatively, the phenotype may be caused by depleting the number of
functional TOM complexes available for potential association with Bax and/or other pro-
apoptotic proteins during apoptotic events. TOM is not essential for apoptosis, however, as
other studies have demonstrated TOM-independent apoptotic mechanisms. For instance, the
absence of TOM subunits in mammalian mitochondria (i.e., via individual sShRNA knockdown
of Tom40, Tom22 and Tom70) does not affect either translocation of Bax or formation of
Bak/Bax complexes (Ross et al., 2009), while in yeast, mutant strains of Tom40 and deletions
of Tom22 or other components does not significantly impair Bax-induced release of
cytochrome C (Sanjuan Szklarz et al., 2007). Overall, while there is evidence for crosstalk
between the protein import and apoptosis machinery, the level of overlap between the two

processes has not yet been ascertained.

Of the fly eyes used for purification of TOM complex, those in which Tom40 was expressed
as a single copy, did not exhibit an apparent eye phenotype, although one cannot rule out that
the level of cell death was higher than normal. We do not yet know if proportionally more
VDAC associates with Tom40 in the flies with a severe eye phenotype linked to increased

Tom40 expression. This would point to a more direct link between TOM and apoptosis than
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has been supposed and is a point to be addressed in the short term. It would also be interesting
to understand whether this cell death phenomenon we observe is restricted to the eye tissues of
Drosophila or is applicable to other tissue types such as muscle, brain etc. This could be tested
by targeting expression to specific tissue types and studying the phenotypes displayed by flies.
Further, the glossy eye phenotype associated with double-copy Tom40 expression can be used
in a genetic screen to identify interaction partners that are capable of enhancing or supressing
the phenotype. In particular, it will be very interesting to explore potential links between Bcl-
2 pro-apoptotic family members, VDAC/ANT and Tom40 during apoptosis and obtain insights

into the mode of action.

70



Chapter 5

Chapter 5

General discussion

5.1 Introduction

The aim of this chapter is to place the findings of the project in the context of the mitochondrial
import field. The stoichiometry and estimated mass of TOM complexes are considered in the
light of cryo-EM data, followed by a discussion of VDAC-TOM association in the
mitochondrial outer membrane. A model that may explain some of the more unexpected
findings is presented. The chapter concludes with an overview of the significance and future

directions of the project.
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5.1.1 Architecture and stoichiometry of TOM complexes

The precise stoichiometry, molecular mass and quaternary organisation of the three-pore TOM
import complex is uncertain. However, previous structural studies have lent important insights,
for example, establishing that the three-pore complex contains the Tom20 subunit in addition
to the core TOM subunits (Model et al., 2002) and that, in contrast, Tom70 does not appear to
be an essential requirement (Model ez al., 2008). Unexpectedly, comparison of two recent cryo-
EM structures revealed that superposition of the Neurospora two-pore TOM onto the
Saccharomyces three-pore complex map is not straightforward (Bausewein et al., 2017).
Merely adding a third core heteromeric unit (i.e. Tom40, Tom22, Tom5, Tom6, Tom7), or even
a Tom40 B-barrel alone, to the two-pore structure does not explain regions of cohesive density
in the three-pore maps, implying some rearrangement of quaternary structure in transitioning

between two- and three-pore complexes.

The molecular mass of the purified three-pore TOM complex has been estimated to be in the
broad range of 400-550 kDa, based on blue-native PAGE analysis (Model et al., 2002, Model
et al., 2008). This estimate, more than three times the mass of the two-pore core TOM complex,
must be viewed with caution; the molecular mass of the two-pore TOM core complex was
similarly estimated at approximately 400 kDa based on blue-native PAGE and gel filtration
chromatography analyses (Ahting et al., 1999), but the exact mass of this complex, as later
determined by laser-induced liquid bead ion desorption (LILBID) native mass spectroscopy,
turned out to be significantly smaller, at 148 kDa (Mager et al., 2010, Bausewein et al., 2017).
Association of lipid, detergent or Coomassie blue molecules, commonly observed for
membrane proteins (Crichton et al., 2013) could partly explain the discrepancy, but it is likely
that a better explanation lies in the flattened shape and hydrodynamic radii of both protein
complexes retarding migration through the polyacrylamide matrix (Wittig et al., 2006). The
longest dimensions of the two-pore and three-pore complexes, determined from cryo-EM
models, are very close at 135 Aand 145 A, respectively (Table. 1), consistent with their similar
migration through the gel. On this basis, it seems possible that the true mass of the three-pore
complex will also prove less than expected. A smaller than predicted molecular mass for the
three-pore complex also makes sense from the perspective of structural organisation. In the
core TOM structure both pores in the complex are -barrels, each corresponding to a single
Tom40 subunit. The cryo-EM model of the yeast three-pore complex (Model et al., 2008) is
approximately 50 % larger and has imprecise three-fold symmetry. The subunit stoichiometry

of the three-pore complex is unknown, but an approximate calculation of its mass can be made
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by assuming the addition of one heteromeric unit of the core complex (mass 74 kDa) and one
copy of Tom20 per Tom40 (60 kDa total). Using the mass of the core two-pore complex as a

starting point, the total mass of the three-pore complex would be less than 300 kDa.

Table 1. Comparison of dimensions, molecular mass and stoichiometry of TOM complexes

Core complex Tom20 - Core complex
~1 35A ~145 A
~1 00 A
<
N
(Bausewein et al., 2017) (Model et al., 2008)
Molecular mass estimation
by BN-PAGE ~400 kDa ~400 - 550 kDa
by Native Mass 148 kDa Not determined
Spectrometry
Subunit stoichiometry Two molecules each of Not determined
Tom40, Tom22, Tom)5,
Tom6 and Tom7

5.1.2 Tom40 does not exclusively associate with translocase subunits

An interesting finding was the co-elution of VDAC and ANT with Tom40. While these are the
most abundant of mitochondrial membrane proteins, they remain attached to Tom40 after
affinity purification with stringent salt and urea wash steps (see Chapter 2, section 2.4.5.3).
The protein bands are absent in a control pull down on wild type flies, clarifying that their

presence is not artefactual due to non-specific binding to the affinity resin.

The association of Tom40 with VDAC and ANT is thus robust, but may be direct, indirect or,

conceivably, VDAC and ANT may be present only in the form of arrested import
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intermediates. Assuming the VDAC/ANT/TOM association exists within a quaternary
assembly, it remains to determine whether VDAC preferentially associates with two- or three-
pore TOM complexes. It could incorporate as a ‘third pore’, but its strong presence in LMNG
extractions, where we observed only two-pore complexes by negative stain EM, consistent
with the absence of Tom20, does not endorse this. Alternatively, it may indicate that binding
of Tom20 and VDAC is mutually exclusive, perhaps due to a common binding interface. If it
exists, a three-pore TOM complex containing VDAC may not be sufficiently robust to survive
on the cryo-EM grid. Extractions in digitonin show a pattern of protein bands that vary
somewhat in relative intensity between extractions. We presently interpret this as a mix of
populations of Tom20-core TOM (three-pore), core TOM (two-pore), and TOM-VDAC
complexes (that may also contain ANT). These are by no means the only possibilities and
VDAC association might also be mediated via another TOM subunit or a specific lipid. The
interpretation takes into account western blot analyses of the digitonin and LMNG-solubilised
membranes on blue-native PAGE indicating Tom40 is present in at least three different
complexes, 146 kDa, 450/480 kDa and 720 kDa (Fig. 10, Chapter 2). Finding which of the

three complexes contains VDAC is now a priority.

5.1.3 Context for a three-pore TOM complex

It is not intuitively obvious why a third pore would be required for general import, but structural
evidence supports its presence. It has been widely assumed that the third pore in the TOM holo-
complex is another Tom40 molecule, although no direct evidence specifically supports this

over other options.

Other major pore-forming proteins in the metazoan mitochondrial outer membrane that might
be candidates for a third pore are VDAC and Sam50, the central B-barrel component of the
SAM complex. It has been suggested that Sam50 might account for the third pore (Bausewein
et al.,2017), consistent with identification of a TOM-SAM super-complex in yeast (Qiu et al.,
2013). In the study, co-enrichment of TOM components with SAM was recognized using the
quantitative approach of stable isotope labelling of amino acids in cell culture (SILAC)-based
mass spectrometry. However, inspection of the SILAC data reveals that Porl, the yeast
homologue of VDACI, is also significantly enriched to levels comparable to the TOM
subunits, suggesting it also as a candidate. Indeed, a supramolecular assembly of TOM and
VDAC was discovered in rat brain mitochondria, and later corroborated in yeast (Muller et al.,

2016); Porl was found in a 440 kDa complex containing Tom40, Tom22 with immuno-
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precipitation experiments confirming the interaction. Other possible candidates are the
mitochondrial distribution and morphology protein Mdm10, (Meisinger et al., 2004, Flinner et
al., 2013) and newly identified outer membrane channels in yeast, Mim1 and Ayrl (Kriiger et
al., 2017), although homologues have not yet been identified in the genomes of higher

eukaryotes.

5.14 A model for VDAC interaction with TOM

Based on the preceding discussion, a hypothetical model that represents a possible explanation
for our findings is presented in Figure 1. In this proposal, the core TOM complex (two-pore)
acts as a scaffold that, in response to cellular signals/requirements, is recruited either i) to the
holo-TOM complex or ii) to an apoptotic complex, by associating with either Tom20 (+ third
pore) or VDAC (+ANT) respectively. Inclusion of a third pore is likely to involve some

remodelling of the interfaces within the core complex, as suggested by Bausewein et al. (2017).
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A model for formation of a three-pore complex containing Tom20 (or) VDAC

core TOM complex

+ Tom20 + VDAC

under normal conditions under stress conditions

Third pore ‘X’
e.g., Tom40, VDAC
Sam50

AN

S
é
w
Tom20 + core TOM complex;
role in protein import pathway

VDAC + core TOM complex
potential role in a cell death pathway

Figure 1. A hypothetical model to explain VDAC association with Tom40/TOM. Under
normal cellular conditions (left panel), TOM exists as a two- and three-pore species, with the
three-pore structure forming exclusively in the presence of Tom20 (left panel) (Model et al.,
2002). These depicted complexes might exist in equilibrium with one another in the outer
membrane (Model et al., 2001, Rapaport et al., 2001, Shiota et al., 2015). Upon a stress
stimulus (this might be the overexpression of Tom40, in our case), the association with VDAC
may be promoted at the expense of association with Tom20 (right panel). VDAC-TOM
complexes may exist alongside the standard TOM complexes and may recruit ANT in the inner
membrane. Oligomerization of TOM-VDAC complexes might subsequently mediate

mitochondrial outer membrane permeabilization (MOMP), inducing cellular apoptosis.
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5.2 Concluding remarks and future directions

The general import pore of TOM is the gateway for protein entry into mitochondria, for
nuclear-encoded mitochondrial proteins as well as for pathogenic peptides and proteins
implicated in human diseases. In the work presented in this thesis, Drosophila has served as a
novel platform for structure-function analysis of the mitochondrial translocase, which include
functional in vivo expression of Tom40 and preparative scale purification of TOM for
biochemical and structural analysis. Phenotypic read-outs can be utilised to interrogate the role
of TOM in an organism that has components highly homologous to human TOM, with
implications for understanding more about the impact of mitochondria on disease. This is
illustrated by our novel discovery of a cell death eye phenotype linked to elevated Tom40
expression, which we were able to investigate using fly genetics and other tools. Further, this
system may prove invaluable in illuminating the cross-talk between TOM and other proteins
in mitochondrial membranes. Importantly, it may help to identify novel interacting components
in the context of a living metazoan organism. It is possible that Tom40 plays a regulatory role
in mitochondrial and cellular function by maintaining a balance between mitochondrial growth
and cell death. Apart from its known function of import of mitochondrial proteins,
Tom40/TOM complex might possess additional roles, that have so far remained largely
unexplored. The interesting result that VDAC and ANT pull-down with Tom40, both

implicated in the cell death process, might be an indicator for other such roles.

The next step in this project is structure determination of a three-pore TOM assembly, with and
without a precursor molecule engaged, offering unprecedented possibilities for probing the
assembly of translocase complexes, mechanisms of precursor import into mitochondria, and

the functional overlap of translocases and other mitochondrial machinery.
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Chapter 6

Materials and Methods

6.1 Materials and Reagents

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (MO, USA). Metal
sieves used for sorting of fly heads were purchased from Impact Test Equipment Ltd.
(Scotland, UK). Dounce tissue grinders (1 ml and 40 ml) were from WHEATON Industries
Inc., (NJ, USA). ANTI-FLAG® M2 Affinity Gel was from Sigma-Aldrich (MO, USA). 3.5
mm diameter glass beads were from BioSpec Products (OK, USA). Pierce™ Anti-HA Agarose
beads, Silver Staining kit and components of the Native PAGE system including 4-16 % Native
PAGE gels were from ThermoFischer Scientific (MA, USA). 100 kDa microcentrifuge filter
units, Immobilon Western Chemiluminescent HRP Substrate and 0.2 um PVDF membrane
were from Merck Millipore (MA, USA). Holey carbon EM grids were from Quantifoil Micro
Tools GmbH (GroBlobichau, Germany). FLAG peptide (DYKDDDDK) was from GenScript
(NJ, USA). 10 ml plastic purification columns, Precision Plus Protein™ Dual Color Standards,
glass plates and acrylamide for preparation of hand poured gels, western transfer thick blot
paper were from Bio-Rad Laboratories (CA, USA). DNAse I and protease inhibitor cocktail
tablets were from Roche, Merck Millipore (MA, USA). Digitonin detergent was from Biosynth
AG (Staad, Switzerland) and all other detergents that were used in the study were from

Anatrace (OH, USA).
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6.2 General fly handling procedures

6.2.1 Fly food

Strains are reared on molasses-based Drosophila medium made using the following protocol
and the reagents listed in Table 1. Briefly, 1.4 kg of molasses is mixed in 3 L of water and 900
g of yeast was mixed with 3 L of water before pouring into a 30 L metal pot and placing on a
gas burner. The mixture is brought to 100°C with occasional stirring. 630 g of semolina is
mixed with 3 L of water and added to the pot. Upon the mixture obtaining a homogeneous
consistency, the gas was turned off and the mixture cooled to 80°C prior to the addition of the
Acid mix and Tegosept. The mixture is then dispensed into trays of polypropylene Drosophila

culture vials using the "drosofiller" automated fly food dispenser (Flystuff, CA).

Table 1. List of ingredients in Drosophila culture medium

Name Amount

Molasses 1400 g
Agar 60 g
Glucose 160 g
Fresh yeast 900 g

Semolina 1260 g

138 mL (546 mL H,O + 412 mL Propionic acid + 42 mL
Phosphoric acid)

Acid mix

262 mL (1000 mL 95 % ethanol+100 g hydrobenzoic

Tegosept
acid methyl ester)

6.2.2 Fly rearing and maintenance

Flies are reared in vials plugged with a cotton ball containing solidified food (Fig. 4, Chapter
2). Fly stocks are maintained at room temperature (21°C) and turned into fresh vials every 3-4

weeks to avoid mite contamination.
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6.2.3 Setting up of genotype crosses/genetic mating schemes

Male and unmated female (virgin) flies from two different genotypes were crossed. To select
flies for gender, virginity and phenotypic markers, freshly eclosed flies were tipped from their
vial onto a porous pad dispensing CO,. CO, acts as an anaesthetic and flies can be inspected

on this pad under a dissection microscope.

6.3 Experimental procedures

6.3.1 Establishment of Drosophila fly strains

6.3.1.1 Cloning and generation of new transgenic fly strains

pUASTattb vector was a kind gift from Dr. Michael Murray (The University of Melbourne).
DNA constructs of Drosophila Tom40 (isoform 2) and Tom?22 (schematic of constructs
presented in Fig. 5) were designed and purchased as genomic blocks (Integrated DNA
Technologies, Singapore). Constructs were ligated into restrictively digested pUASTattb
vector between ECoRI and Xhol sites. 20 pg of each sequence-verified plasmid was utilised
for generation of transgenic fly lines. BestGene (Chino Hills, USA) carried out microinjection
of plasmids into Drosophila embryos for site-specific chromosome recombination using the
Phi31 integrase system (Bischof et al., 2007). Transformant flies were selected and were

shipped to Australian quarantine and importation facility before delivery.
6.3.1.2 Other fly strains

Other fly lines used in the project were obtained from various Drosophila stock centres as

tabulated in Table 2.
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Table 2. List of fly strains used in the study

Stock
Genotype Number Chromosome Source
UAS-Tom40-FLAGHA  DP0631 3 Bangalore Fly Resource
Centre, India
UAS-Tom22-FLAGHA  DP1045 3 o iy Resemies
Centre, India
UAS-Tom20-3xHA F003545 3 FlyORF, Switzerland
will8 BL39831 1 glg)omngton Stock Centre,
Tubulin-GAL4/Tm6B ~ BL5138 3 Bioomington Stock Centre,
GMR-GALA BL9416 s glg)omngton Stock Centre,
eYFP-mito BL7194 3 Gary Hime, AUS
P[lacW]Tom40%21FM7c ~ BL11859 1 5ls"onnngt°“ e O,
Tom40 TRiP (RNA) BL26005 3 5ls"on““gt°“ Stock Centre,

6.3.2 Immunostaining and confocal microscopy

6.3.2.1 Tissue dissection and fixation

Wandering third instar larvae were collected and placed in a glass cavity block, containing
Phosphate Buffered Saline (PBS) (Table 3), on ice. Unless otherwise stated, larval heads were
dissected in PBS and then fixed in 4 % para-formaldehyde (PFA, Table 3) in PBS for 20 min,
followed by three quick rinses and three 20 min washes in PBS with 0.1 % Triton-X (PBT)
(Table 3). Fixation, washes and rinses were done on a tabletop nutator (BD Adams) at room

temperature (RT).

6.3.2.2 Antibody staining

Larval heads were blocked in 5 mg/ml Goat Serum in PBT (Table 3) for at least 1 hour at room
temperature, followed by primary antibody incubation with appropriate antibodies (1:100
dilution) overnight at 4°C. Larval heads were then subjected to three 20 min washes in PBT
and incubated with the appropriate fluorescently-tagged secondary antibody (1:1000 dilution)
for at least 1 hour at RT. Subsequently, tissues were incubated in DAPI solution (Table 3) for

10 min and washed in PBS three times 10 min each. Finally, tissues were stored in 80 %
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glycerol at 4°C prior to dissection. Antibodies were diluted in Blocking Solution (Table 3) and
are listed in Table 4.

6.3.2.3 Mounting of larval eye discs

Eye imaginal discs were dissected away from the other larval tissues under an Olympus SZ
microscope and mounted in 80 % glycerol on a glass microscope slide. Eye discs were then

placed under a glass coverslip and sealed with clear nail polish for imaging.
6.3.24 Microscopy imaging

A Zeiss LSM 800 running Zen Blue software was used to visualize and analyze the eye
imaginal discs. Serial Z-series were captured in 1 wm sections at 40x magnification.
Fluorophores were imaged using band-pass filters to remove cross-detection between channels

and pseudo-coloured for image preparation.
6.3.2.5 Image analysis

Confocal images were saved in . czi format and processed using Image J 1.48v, and Adobe
Photoshop CS5 Version 12.0.4.1. For caspase pixel intensity quantification, Imaris software
was utilised. For quantification of caspase staining, images were imported into Imaris software
and caspase signal was set to basal level. The posterior region of the eye discs was selected and
a 3D volume-based measurement of caspase and DAPI signals was carried out. Proportional

caspase staining (to DAPI) was calculated and a graph was plotted in Prism 7.

6.3.3 Imaging of adult Drosophila eyes

Flies were anesthetized under CO, under an Olympus SZ microscope Dissecting Microscope,
with a KL 1500 LCD light source (Carl Zeiss, Germany) and imaged at the highest possible

magnification.
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Table 3. List of immunohistochemistry reagents

Name Preparation Supplier
One Sachet (Sodium Phosphate
1X Phosphate Buffered : .
10 mM, NaCl 150 mM) in 500 CLP Direct
Saline (PBS) ; NaCl 150 mM) in
Phosphate Buffered
Saline with 0.1 % Triton-
X 100 (PBT)

Blocking Solution
Bovine Serum Albumin
(BSA)

DAPI

80 % Glycerol

4 9% paraformaldehyde

mL distilled water
500 pl of Triton X-100 in 50ml of
PBS

5 mg/ml BSA/Goat Serum in PBT

1’ 4’ 6-Diamidino-2-
Phenylindole diluted 1:1000 in
distilled water

80 % Glycerol in PBT

1:4 dilution of 16 % PFA in PBS

Triton-X Sigma

Roche

Sigma

Sigma

Electron Microscopy

Sciences
Table 4. List of antibodies
. . Catalogue
Antibody name Type Supplier number
Anti-HA Rat monoclonal Roche 11867423001
. Aviva Systems
Anti-FLAG Mouse monoclonal . OAEA00002
Biology
Human VDAC Mouse monoclonal ~Abcam 14734
Human ANT1 Mouse monoclonal ~ Mitosciences 110322
. . Cell Signalling
Drosophila caspase-1 Rabbit polyclonal Technologies 9578
Anti-rat HRP Rabbit polyclonal  LocrmoFisher ¢ o590
Scientific
Anti-mouse HRP Rabbit polyclonal ~ Sigma-Aldrich ~ A9044
Anti-rat rhodamine Goat polyclonal Invitrogen 31680
Anti-rat 647 Chicken polyclonal Invitrogen 21472
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6.3.4 Protein expression, purification and detection
Buffers used in the following procedures are listed in Table 5.
6.34.1 Protein expression trials

UAS-GALA4 based protein expression was carried out by setting up genetic crosses between
male flies harbouring UAS-transgenes and virgin female flies with promoter-GAL4 driver
sequence. Tubulin-GAL4 (ubiquitous expression) and GMR-GALA4 (eye-specific expression)
driver strains were used for experiments. For generation of experimental flies, approximately
5 - 8 virgin females and 2 - 4 males were added to fresh vials for mating. All crossings were
carried out at 25°C unless otherwise stated. Parents were cleared from the vial before eclosion
of progeny flies. 24 hrs after eclosion, ten flies were collected from each vial and tissue
homogenates were prepared in Lysis Buffer (Table 5) using a plastic Eppendorf pestle.
Depending on the type of expression, either whole fly lysates or fly head lysates were analysed
by SDS-PAGE and western blotting. Heads were decapitated from bodies under CO,

anaesthesia using a razor blade.
6.3.4.2 Isolation of mitochondria

Mitochondria were isolated from adult Drosophila (whole flies or heads) with existing
protocols (Schwarze et al., 1998, Miwa et al., 2003) with some modifications. Fifty flies were
gently crushed, in 300 pl of chilled Mitochondrial Isolation Buffer (Table 5) supplemented
with protease inhibitor cocktail, using a plastic homogeniser. Lysates were filtered using a 100
pm filter unit to remove debris and made up to 1000 pl with the same buffer. The sample was
centrifuged at 10, 000 x g for 10 min at 4°C to sediment intact mitochondria. The supernatant
was discarded without disturbing the pellet and the mitochondrial pellet was resuspended in a
small volume (30 pl) of 20 mM Tris-HCI pH 8.0, 50 mM NacCl, 5 % glycerol and 0.1 mM

EDTA and snap-frozen in liquid nitrogen and stored at -80°C until further use.
6.3.4.3 Large-scale harvesting of fly heads

Approximately 10 ml of frozen flies were placed in a 50 ml Falcon tube with 5 ml of glass
beads pre-cooled with liquid nitrogen. The mixture was briefly vortexed on a high setting
followed by vigorous manual agitation. The mixture of flies and glass beads was then
transferred to the top of a pre-cooled stack of stainless-steel sieves with decreasing pore
diameters of 710, 500, 355 and 250 um top to bottom, respectively. The stack was shaken

vigorously to separate the fractionated body parts based on size. Fly heads collected in the 500
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pum sieve compartment were transferred to Eppendorf tubes using a pre-cooled funnel. 10 ml
of flies provide approximately 0.5 ml of fly heads. A total volume of 50 ml or 100 ml flies per
session were processed, based on requirements for downstream experiments. Harvested fly

heads were used immediately for membrane preparation or stored at -80°C for further use.
6.3.4.4 Isolation of membranes and detergent solubilisation

For analytical purposes, membranes were prepared from approximately 100 whole flies or
heads. Flies were placed in an Eppendorf and homogenised using a plastic pestle in Lysis
Buffer supplemented with DNAse I and protease inhibitor cocktail. Crude lysates were filtered
using a 100 pum filter unit to remove debris and subjected to ultracentrifugation at 100,000 x g
for 1 hour at 4 °C. Supernatant was removed and the entire pellet comprising of mitochondrial
and other cellular membranes was collected. Membranes were resuspended in Solubilisation
Buffer (Table 5) containing 1 % (w/v) detergent of choice and incubated at 4 °C for 30 min.
Samples were centrifuged at 20, 000 x g for 30 min at 4 °C and supernatant containing

solubilised membranes was collected and immediately used for further analysis.

For large scale isolations, fly heads collected in eppendorf tubes, corresponding to 10 ml of
flies were pressed firmly using a plastic pestle for crude homogenisation with 500 pl of Lysis
Buffer. Homogenates from multiple tubes were pooled together and added to a glass dounce
homogeniser. Three strokes were performed to maximize tissue disruption and lysates were
then filtered using a 100 um cap filter to remove debris. Membranes were pelleted by
ultracentrifugation at 100,000 x g for 1 hr at 4 °C. Typically, 50 ml of fly heads provide
approximately 0.5 g of membranes. Membranes were snap-frozen in liquid nitrogen and stored

at -80°C until further use.

Membranes were thawed out rapidly in Lysis Buffer and re-homogenised using a Dounce
homogeniser with 10 ml of buffer per 0.1 g of membranes. For membrane solubilisation,
lysates were supplemented with 1 % final concentration of detergent (digitonin or LMNG) and
incubated under mixing for 45 min at 4 °C. A centrifugation at 20,000 x g was performed to

clear out insolubilized material. Supernatant was filtered using a 0.45 um syringe filter unit.
6.3.4.5 Purification of TOM complex by immuno-affinity methods

Filtered supernatant was applied to a gravity drip column packed with FLAG antibody
conjugated beads pre-equilibrated with Lysis Buffer containing 0.1 % digitonin or 0.005 %

LMNG. In case of digitonin, detergent concentration of lysate was brought down to 0.2 %
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with a 1:5 dilution with lysis buffer before application. Flowthrough was collected and re-
applied once again to maximize binding. Column was washed with 5 column volumes (CV) of
lysis buffer containing 0.1 % digitonin or 0.005 % LMNG (Wash Buffer 1), followed by two
washing steps of 5 CV of 1M urea containing buffer (Wash Buffer 2) and SCV of 500 mM
NaCl containing buffer (Wash Buffer 3), which were performed to remove non-specific
binding contaminants. The sample was reequilibrated by washing with 10 CV of Wash Buffer

1 prior to elution.

For elution under non-denaturing conditions, one CV of Wash Buffer supplemented with
FLAG peptide at 0.5 mg/ml (Elution Buffer) was added. The column was incubated at room
temperature for one hour. The eluate was collected, and elution was repeated once. Eluates
were pooled together, concentrated using a 100 kDa centrifugal filter and snap frozen using

liquid nitrogen and stored at -80°C until further use.

6.3.5 Protein detection methods
6.3.5.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was carried out under denaturing conditions, as described (Laemmili, 1970). Tris-
Glycine hand-poured gels were prepared as follows: To make 15 % gels, a resolving gel
composed of 15 % (w/v) polyacrylamide, 375 mM Tris-HCI pH 8.8, 0.1 % (w/v) SDS, 0.05 %
(w/v) APS and 0.05 % (w/v) TEMED comprised the lower 80 %. The upper 20 % stacking gel
layer was prepared with 5 % (w/v) Polyacrylamide, 375 nM Tris-HCI pH 6.8, 0.1 % (w/v)
SDS, 0.05 % (w/v) APS and 0.05 % (w/v) TEMED.

Sample Loading buffer was added to samples before prior to loading. Dual colour Precision
Plus Prestained Protein Standard (5 ul) was loaded concurrently to identify band sizes. Gels
were run in a mini-gel apparatus (Bio-Rad), using Tris-Glycine Running Buffer at a constant

voltage of up to 200 mV for 45 minutes.

Proteins were stained using a Silver Stain kit (ThermoFischer Scientific) according to

manufacturer’s instructions.

6.3.5.2 Blue Native PAGE (BN-PAGE)

BN-PAGE was performed using the Native PAGE Bis-Tris Gel System (Invitrogen). Protein
samples containing detergents were combined with Native PAGE Sample Buffer. Immediately
prior to loading, 5 % G-250 Sample Additive was added to the samples and gently mixed until

combined. NativeMark unstained protein standards were loaded alongside. Precast 4-16 % Bis-
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Tris Native gels were run with Native PAGE Running Buffer (1X) and Dark Blue Cathode
Buffer (1X) for 2 hours at 150 V in a NOVEX tank at 4°C. In the case of a downstream western
blotting application, after an initial 40 min, the run was paused and the Dark Blue Cathode
Buffer was removed after the dye front migrated to one-third of the gel. It was replaced with a

Light Blue Cathode Buffer before the run was resumed.
6.3.5.3 Western blotting and immunodetection

Proteins bands from SDS-PAGE and BN-PAGE were transferred to methanol-activated PVDF
membranes (Millipore) using the semidry transfer method (Towbin et al., 1979; Kyhse-
Anderson, 1984). Gels and thick blot filter papers (Bio-Rad) were soaked in Western Transfer
Buffer for 5 min and electroblotting was performed with the voltage limited to 20 V for either

1 hr or 2 hrs and 30 min for SDS-PAGE and BN-PAGE gels, respectively.

After blotting, PVDF membranes were incubated in Western Blocking Solution for 1 hr at RT
on a rolling platform. In the case of BN-PAGE gels, blotted membrane was de-stained with
methanol before the blocking step. Immunodetection was performed with an anti-HA
monoclonal antibody (1:1000) in blocking solution and incubated at RT for 1 hr. The
membrane was washed three times (10 min each) with Western Wash Buffer and goat anti-rat
secondary antibody conjugated to horseradish peroxidase (1:5000) was added and incubated
for 30 min at RT. The membrane was washed again as above and treated with 5 ml of
Immobilon Western Chemiluminescent HRP Substrate (Merck) for 5 min and excess substrate
was removed. Chemiluminescent protein bands were detected using a ChemiDoc system (Bio-

Rad).
6.3.54 In-gel tryptic digestion and mass spectrometry

Identification of proteins by mass spectrometry was carried out at Monash proteomics facility.
Briefly, protein bands were excised from a silver stained SDS-PAGE gel and proteolysed by
trypsin to generate a peptide digest. The peptide fragments were analysed using nano-liquid
chromatography coupled with electrospray ionization mass spectrometry (nano-LC-ESI
MS/MS). Mass spectra were recorded on a QExactive Plus 1 machine (Thermo Scientific).
Data were analysed using Mascot software V2.4 (Matrix Science) and searched against protein

sequence databases namely, Uniprot and Swissprot.
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Table 5. Miscellaneous buffers and solutions

Name

Components

Lysis Buffer

Solubilisation Buffer

Wash Buffer 2

Wash Buffer 3

Elution Buffer

Mitochondria Isolation Buffer

Mitochondria Resuspension Buffer

4X Sample Loading buffer

Tris-Glycine Running Buffer

Phosphate Buffered Saline (PBS)

Western Transfer Buffer

Western Blocking Solution

Western Wash Buffer

20 mM Tris-HC1 pH 7.4, 150 mM NaCl

Lysis Buffer + 1 % (w/v) detergent

Wash Buffer 1 + 1M urea

Wash Buffer 1 + 500 mM NaCl

Wash Buffer 1 + 0.5 mg/ml FLAG peptide

250 mM sucrose, 10 mM Tris pH 8.0 and
0.15 mM MgCl,

20 mM Tris-HCI pH 8.0, 50 mM NaCl, 5 % glycerol
and 0.1 mM EDTA

250 mM Tris-HCI pH 6.8, 8 % (w/v) SDS, 50 %

glycerol, 5 % (v/v) B-mercaptoethanol and 0.2 pg
bromo-phenol blue

25 mM Tris-HCI pH 8.3,250 mM glycine, 0.1 % SDS

16 mM disodium hydrogen phosphate, 4 mM sodium
dihydrogen phosphate, 120 mM sodium chloride

25 mM Tris-HCI pH 8.3, 192 mM glycine, 10 % (v/v)
methanol, 0.05 % (w/v) SDS

5 % (w/v) skim milk powder, 0.05 % TWEEN-20,
made up with PBS

PBS + 0.05 % TWEEN-20
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6.3.6 Electron microscopy (EM) and image processing

6.3.6.1 Negative stain EM imaging

A sample comprising 3 pl of purified protein was added on top of a glow-discharged holey
carbon coated copper grid with a 5 nm carbon layer (Quantifoil, Germany) and incubated for
30 secs to promote sample adsorption. Excess sample was blotted from edge of the grid with
filter paper, followed by two quick washes where grids (sample side down) were placed over
the top of a droplet of MilliQ water, blotting the excess in between washes. Subsequent staining
with a 1 % aqueous solution of uranyl acetate was performed in a similar manner by placing
the grid over the liquid droplet. The grids were air dried and imaged at magnifications of x
27,500 or x 78,000 using a Tecnai F30 transmission electron microscope at the Bio2l

Advanced Microscopy Facility (The University of Melbourne).
6.3.6.2 Particle selection and 2D classification of particles

Micrographs were converted from .tif to .mrc using EMAN2 and particles were manually
picked and extracted from the micrographs and 2D classification was performed using

RELION3.1.

6.3.7 Cryo-EM methods

These were carried out on purified TOM samples provided to Prof. Werner Kiihlbrandt

(Frankfurt, Germany).
6.3.7.1 Preparation of graphene oxide covered holey carbon grids

C-Flat 1/1 grids were glow discharged with 30 mA for 60 seconds. A 1:10 dilution of a 2 mg/ml
graphene oxide solution was prepared and 3 pl of the solution was applied on grid and

incubated for 25 seconds. The grid was blotted, washed with water and dried for storage.

6.3.7.2 Cryo-EM specimen preparation

3 wl of protein solution was applied on holey carbon grid (glow discharged), attached to
tweezers. Solution was blotted in Vitrobot chamber for 9 seconds maintained at 100 %
humidity and 10 °C. and rapidly frozen in liquid ethane. Afterwards transferred to liquid

nitrogen for storage and further use.
6.3.7.3 Data acquisition

Movies were acquired with a JEOL JEM-3200 FSC with 0.2 seconds per frame within 9

seconds, equivalent to 45 frames. Beam-induced motion correction was done with MotionCor2
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using a dose filter of 1.5 electrons per frame. Contrast Transfer Function (CTF) values were

estimated with Getf-v1.06.

6.3.74 Microscopy information

Electron JEOL JEM-3200 FSC with Energy
microscope filter

Voltage 300 kV

Direct Detector K2 Summit

Magnification 30.000 x

Pixel size 1.12 A/px

Electron dose ~60 electrons/A2

Grid type C-Flat 1/1

6.3.7.5 Image processing

Particles were auto-picked and extracted with Relion2.1 with a box size of 200x200 pixels.

Particle images were aligned and classified in 2D with Relion2.1.
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A. Amino acid sequences of Tom40 and Tom22 of Drosophila

> Drosophila melanogaster |Q9UA4L6|Tom40 homolog 1 (Tom40-1)
MGNVLAASSGAPGSGASNLGLGLQEPAPLPSNSGSLTESSSSAEGLDSLAAAKDAALENP
GTVEELHKKCKDIQAITFEGAKIMLNKGLSNHFQVSHTINMSNVVPSGYRFGATYVGTKE
FSPTEAFPVLLGDIDPAGNLNANVIHQFSARLRCKFASQIQESKVVASQLTTDYRGSDYT
LSLTVANPSIFTNSGVVVGQYLQSVTPALALGSELAYQFGPNVPGRQIAIMSVVGRYTAG
SSVWSGTLGQSGLHVCYYQKASDQLQIGAEVETSLRMQESVATLAYQIDLPKANLVFRGG
IDSNWQIFGVLEKRLAPLPFTLALSGRMNHVKNNFRLGCGLMIG

> |Al1Z6L1| Drosophila melanogaster Tom40 homolog 2 (Tom40-2)
MGNVMASTADAESSRGRGHLSAGLRLPEAPQYSGGVPPOMVEALKAEAKKPELTNPGTLE
ELHSRCRDIQANTFEGAKIMVNKGLSNHFQVTHTINMNSAGPSGYRFGATYVGTKQYGPT
EAFPVLLGEIDPMGNLNANVIHQLTSRLRCKFASQFQODSKLVGTQLTGDYRGRDYTLTLT
MGNPGFFTSSGVFVCQYLQSVTKRLALGSEFAYHYGPNVPGRQVAVLSAVGRYAFGDTVW
SCTLGPAGFHLSYYQKASDQLQIGVEVETNIRQQESTATVAYQIDLPKADLVFRGSLDSN
WLISGVLEKRLQPLPFSLAISGRMNHQKNSFRLGCGLMIG

>|Q9VzZL1l| Drosophila melanogaster Tom22 (Maggie)
MDSDPEIEFIEKDSGMSSLGGSKDETPERRAVAATSNDPQRENYDDEPDETASERFWGLT
EMFPEPVRNAVGAVSSATVKSVKGFYSFSCNASWIFFTSAVILFAPVIFETERAQMEELH
KSQOKQVLLGPGSAMGPGGPSPSLPLIR
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Appendix

B. Sequence alignment of Tom40 paralogues of Drosophila. Pair-wise sequence alignment of Drosophila melanogaster (Dm) Tom40-1 and
Tom40-2 (Tomboy40) sequences with primary accession numbers of Q9U4L6 and AI1Z6LI respectively. Alignments were performed using
EMBOSS Needle program (EMBL-EBI).

Dm_TOM40-1 ASN| QE SLTESSSS DSL
Dm_TOM40-2 S RGH GV——PPQM K——
* %

kkkkokeos K JHRFIhkKk o kkhk d kkkkkhkkghhhhhhkhhhkk g hxkx

Dm_TOM40-1 SNV EFS D AI IN.VIG
Dm_TOM40-2 SA 0YG E s MG SEErlC
**::__**************::_**********:***_********** sekkkkkkkkk kokhks skkk kkkk hhkkkgkk *koekkk Kk,
el & o fBN O NE % -3ISLI”I¥IH-
Dm_TOM40-2 AF INIRO
khkhkhhkhk _Khhkhkhkhk dkh oskhkkhkkhkkhhkok PR R ko R R R N o I R

Dm_TOM40-1  GI ol
Dm_TOM40-2 S S 0 Sl T S

Lok hkk Sk hhkkhhhkk hhkkkokkokhhkhhkk Kdhkghkkhkhkhkhkkhkkk
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