Studies of the assembly pathway of human ATP synthase

Corsten Perrie Louise Claire Douglas

Medical Research Council
Mitochondrial Biology Unit
University of Cambridge, Murray Edwards College

A thesis submitted to the University of Cambridge for the

degree of Doctor of Philosophy
March 2017






Declaration
The work presented in this thesis was carried out at the Mitochondrial Biology Unit
between December 2012 and March 2017, and is the result of my own work, except where
stated. This thesis has not been submitted to any other institution. The word limit has been
adhered to.

Corsten Douglas

March 2017



i



Acknowledgements

First and foremost, I thank my supervisor, Professor Sir John Walker, for giving me the
opportunity to study one of the most fascinating enzymes discovered, and for his guidance
with the writing of this thesis.

I would also like to give thanks to all the past and present members of the proteomics and
ATP synthase labs, who have helped my understanding of ATP synthase, and enjoyment
of research, grow over the years. Specifically, I thank to Dr. Joe Carroll and Dr. Ian
Fearnley for investing time and effort to discuss both the technical and practical aspects of
research. Thanks is also given to other members of the lab: Holly, Tobias, Byron, Tom,
Shujing, Mike, lan W, Martin, Virginie, Leo and Jay for their help.

Appreciation is also given to the administrators, IT support, research support staff and
custodians of the MBU for their hard work ensuring that staff and students are cared for
and fully equipped to carry out their work.

Dan Douglas also deserves commendation, for the tremendous effort he has made to keep
me safe and healthy throughout my time at the University of Cambridge.

I am also grateful to my close and distant relatives for their love and support.

There are many others whom I owe a great deal to for supporting me over the years, and

the list is so long that I wish to thank them all anonymously.

il



v



Abstract

Human mitochondrial ATP synthase is an enzyme containing 18 unlike subunits located in
the inner mitochondrial membrane (IMM), where the catalytic F; domain extends into the
mitochondrial matrix and the Fo domain, which contains the cs-ring rotor, the a-subunit
and the supernumerary subunits, is anchored in the IMM. All the subunits, apart from the
a- and A6L-subunits, are encoded in the nucleus and require transport into the mitochondria
before being assembled. The a- and A6L-subunits are encoded on the mitochondrial
genome. The respiratory complexes generate the proton motive force (PMF), which ATP
synthase uses to generate ATP from ADP and P;. Rotation of the a- and B-subunits with the
central stalk y-, - and e-subunits is prevented by coupling the F; domain to the Fo domain
via the peripheral stalk (the OSCP-, F¢-, d- and b-subunits). ATP hydrolysis is prevented
by the natural inhibitor of the enzyme, IF;, binding to the F; domain. In addition to the a-
and, b-subunits, the Fo domain contains the cs-ring and six supernumerary subunits not
involved in the catalytic activity of ATP synthase. The roles of five of these subunits in the
assembly of ATP synthase, the e-, f-, g-, DAPIT- and 6.8 kDa proteolipid-subunits, were
investigated by suppressing or disrupting their expression individually. The e-subunit is the
first of the supernumerary subunits to assemble, then the g-subunit followed by the f-, 6.8
kDa proteolipid- and DAPIT-subunits. All five supernumerary subunits investigated were
required to facilitate the dimerisation and oligomerisation of ATP synthase. The e-, f- and

g-subunits were found to be important for maintaining mitochondrial respiratory capacity.
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1. Introduction






1.1. Bioenergetics

All living things require a mechanism to convert the energy they consume as food into
chemical energy to do useful work for the organism, such as growth and reproduction.
Energy conversion can be in the form of photophosphorylation for plants and
photosynthetic bacteria during photosynthesis, and oxidative phosphorylation for respiring
organisms [1]. Most of the energy consumed by eukaryotes is converted to adenosine
triphosphate (ATP) in mitochondria by the ATP synthase using the proton motive force
(PMF) generated by enzymes in the respiratory chain. The remaining ATP is produced by
glycolysis [2] and other substrate-level phosphorylation events including those catalysed
by succinyl-coA synthetase [3], and creatine kinase [4]. The bioenergetic cost of making
an ATP molecule in the mitochondria of mammals is 2.7 protons translocated through ATP
synthase /ATP molecule. When the transport of phosphate through the phosphate/H"
symporter is considered, the cost increases to 3.7 protons/ATP synthesised [5].
Furthermore, there is the requirement to transport one proton to the IMS to replace the loss
of membrane potential when ATP* is exchanged for ADP” by the adenine nucleotide

transporter [1].

The action of respiratory chains can be explained by chemiosmosis, which describes the

coupling between the proton translocating and electron transferring respiratory complexes

and the reversible ATP synthase, which catalyses the reaction in Equation 1 [6].

Equation 1. ADP + Pi + HO <> ATP

According to chemiosmosis, the components required for ATP synthesis are the reversible

ATP synthase, the respiratory chain complexes in bacteria and mitochondria, or



photophosphorylation complexes in chloroplasts, the mitochondrial transporters and a
solute and ion impermeable inner mitochondrial membrane, (1, 2, 3 and 4 in Fig. 1.1,

respectively) [1, 6, 7].

0!

Membrane ADP + POH

(D Reversible | - ATP + HOH
(~H*/PH* — ATPase —(=H* /P

g
T TR il

@ Respiratory
[~H*/2e=jHt =— | OF photoredox | _ (~H* /26— )H*
chain @

High protonic | i ..] Low protonic
potential (@) set of potential
H*—= | anion and cation | ——H*

J\'/ H*.linked porters | \\,q—
ct S \C*

Stimulation by
H*-conducting
uncouplers

Fig. 1.1 The chemiosmotic hypothesis. ADP: adenosine diphosphate, POH: inorganic phosphate, ATP:

adenosine triphosphate, A: anions, C': cations, H': protons. Figure adapted from ref. [6].
phosp p g p

The ability of an organism to use ATP to do useful work requires the ATP:ADP ratio to be
large, indicating that the reaction in Equation 1 is displaced far from equilibrium in the
direction of ATP synthesis. In mitochondria, the ADP/ATP translocator and the phosphate
transporter continuously supply and remove the reactants and products of ATP synthesis,
while the respiratory chain provides the proton motive force (PMF) that ATP synthase
requires to synthesise ATP via rotary catalysis. This is related to the Gibbs free energy

change as shown in Equations 2 and 3:

Equation 2. AG = -FAY + 2.3RT log;o ([H mauix/[H vs])

Equation 3. Apy+= -FAY + 2.3RTApH



Where AG is the Gibbs free energy change, F = the Faraday constant, AY = the electrical
gradient (membrane potential), R = the universal gas constant, T = the temperature at
atmospheric pressure measured in Kelvin and ApH is [H mawic)/[H mvs]. IMS =
intermembrane space [1].

1.2.Mitochondria

Mitochondria are essential for aerobic respiration in eukaryotic life and are also involved
in many important cellular processes including regulation of the cell cycle [8], apoptosis
[9], the permeability transition [10], amino acid and fatty acid metabolism [1], and are the
site of essential processes such as iron-sulphur cluster (Fe-S) [11] and haem biosynthesis

[12], and the citric acid cycle [13].

The evolution of eukaryotic life is a controversial subject, and there are many different
theories which try to explain it [14]. One theory, the hydrogen hypothesis for eukaryotic
evolution, suggests that an a-proteobacterial cell capable of facultative anaerobic
respiration was the symbiont for an obligate anaerobic methanosome host that used
geologically available hydrogen as a substrate for methanogenesis and ATP synthesis. The
theory suggests that the geological hydrogen source became unavailable to the host
methanosome and that the host obtained its hydrogen from the symbiont instead. This event
may have resulted in the host engulfing the symbiont (endocytosis) and the subsequent
transfer of genes from the symbiont to the host [15]. From this point, it is hypothesised that
the first eukaryote began to evolve, leading to the transfer of genes from the mitochondria
to the host cell nucleus. This event resulted in the requirement to translate nuclear encoded
mitochondrial proteins in the cytosol and then to transfer the proteins into mitochondria
through the outer and/or inner membrane of the organelle. The process of protein import

into mitochondria is carried out by the TOM-TIM twin-pore translocase complex [16, 17],



which uses the membrane potential generated by the respiratory complexes to insert
proteins into the inter-membrane space (IMS), inner mitochondrial membrane (IMM) or
the mitochondrial matrix. Mitochondrial import sequences are recognised by subunits of
the twin-pore translocase and this sequence determines which compartment of the
mitochondrion the protein will eventually reside in. In human mitochondria, the genes that
remain on the mitochondrial genome encode 13 hydrophobic proteins, all of them
components of the respiratory chain complexes, 22 transfer RNA (tRNA) molecules and 2
ribosomal RNA (rRNA) molecules that are used during the translation of the
mitochondrially encoded proteins. [18]. The organisation of genes on the human
mitochondrial genome is present in Fig. 1.2.
control

rRNA  region polypeptide
:___genes (x13)

tRNA .-

Fig. 1.2 The human mitochondrial genome. Control region in dark grey, ribosomal RNA in medium grey,
transfer RNA in light grey, complex III gene CYB in green, complex I genes ND6, ND5, ND4, ND4L, ND3,
ND2 and ND1 in purple, ATP synthase genes ATP8 and ATP6 in yellow, complex IV genes COX1, COX2
and COX3 in blue. Figure supplied by Martin Montgomery, MRC-MBU.

Mitochondria are the site of many metabolic processes that require substrates including
fatty acids, keto acids, amino acids, nucleotides and vitamins. These molecules need to be
transported from or to the cytoplasm or mitochondrial matrix through the mitochondrial

carriers [19-21]. Mitochondria require substrates to carry out their functions, and are the



site of synthesis of many enzyme co-factors and substrates including ATP, iron-sulphur
clusters and haem groups that are required by enzymes outside of the mitochondrion [22,
23]. In addition, active transport of substrates across the IMM is needed because the IMM
is impermeable to molecules such as fatty acids, keto acids, amino acids, nucleotides and
vitamins. Therefore, a mechanism of transport between the mitochondrial matrix and cell
cytoplasm is required. Members of the mitochondrial carrier family [24] function as
monomers and contain three points of contact that mediate binding between the carrier and
substrate [25]. The carriers exist in one of three states at any one time, open to the

cytoplasm, substrate occluded or open to the mitochondrial matrix [25].

1.3. Dynamics and morphology of mitochondria

Mitochondria are dynamic organelles that are constantly changing shape or size [26] via
different mechanisms, including swelling and shrinking, fusion of numerous mitochondria
into a larger reticulated mitochondrial network, and fission of mitochondria into multiple
smaller punctate organelles [27]. The number of mitochondria in cells ranges from zero in
red blood cells to around 2000/cell in liver, heart and skeletal muscle cells [1].
Mitochondria possess two membranes, the IMM surrounded by the outer mitochondrial
membrane (OMM) with the intermembrane space in between the two, and the
mitochondrial matrix contained inside the IMM [1]. During each cell cycle, the cell’s
mitochondrial population needs to double, so that each daughter cell is endowed with a
mitochondrial population akin to that of the parent cell, highlighting the requirement for
mitochondrial dynamics to be tuned to the cell cycle. Mitochondria are motile within the
cell, interacting with microtubules that transport the organelles predominantly to areas of
the cell with high energy usage [27]. The entire mitochondrial network interacts with the

cellular actin network, where association of mitochondria with actin filaments is linked to



rapid Drpl-mediated fission of the mitochondrial network, followed by immediate fusion
once the interaction is abolished. It is thought that interaction of actin with mitochondria is
one of the factors that regulates the homeostasis of mitochondrial morphology [28]. Fission
is the process of mitochondria dividing and becoming smaller punctate structures, where
larger, elongated mitochondria have split into multiple smaller organelles. Fission is
regulated by the dynamin-related GTPase Drpl [29]. Monomers of Drpl form helical
multimers around mitochondria in response to recruitment by a number of factors including
Fisl, Mff, MiD49 and MiD51 [30], followed by GTP dependent division of the
mitochondrion into a punctate network consisting of small dot-like mitochondria. Fusion
of mitochondria results from two or more mitochondria integrating with each other to
become a larger reticulated mitochondrial network [26]. Fusion relies on the coordination
of separate events involving the fusion of the OMM and IMM, and allows exchange of
matrix contents [31]. Proteins known to mediate mitochondrial fusion include the
mitofusins Mfnl and Mfn2, and OPA1, which are GTPases. Outer membrane fusion is
mediated by Mfnl and Mfn2, and precedes inner membrane fusion, resulting from the
action of OPA1 [32]. The IMM contains the mitochondrial carriers and respiratory
complexes and displays two notable structural features: numerous tubular or lamellar
cristae which increase the surface area, and, therefore, the space available for the membrane
bound proteins, and a boundary membrane (Fig. 1.3). Cristaec display a range of
morphologies depending on factors including the stage of the cell cycle, cell type and
disease status of the mitochondrion [33]. The morphology of the cristae in mitochondria is
linked to the presence of rows of ATP synthase dimers at the apices of the cristae in a range
of species including cows, potatoes, fungi [34, 35] and the alga Polytomella spp [36]. When
the gene encoding the e-subunit of ATP synthase is deleted in yeast, the cristae display

onion-like concentric ring structures [37], which may indicate that the cristae have become



disrupted. In Saccharomyces cerevisiae, the e-subunit and also the g-subunit are required
for dimerisation of ATP synthase [37]. Mgmlp, the yeast homologue of human OPAL, is

also involved in mitochondrial fusion and is thought to regulate the stabilisation of ATP

synthase dimers by the e-subunit [38].

Fig. 1.3 Electron microscopic tomograph of mitochondria from chicken cerebellum. The IMM is shown with
two structural features, the cristae (yellow), the boundary membrane (light blue) which is surrounded by the
OMM (dark blue). At the interfaces between the cristae and the boundary membrane are cristae junctions.

Figure adapted from Frey, 2000 [33].

1.4. The respiratory chain enzymes

For ATP synthase to synthesise ATP, a PMF across the inner mitochondrial membrane is
required, which is generated when protons are pumped from the mitochondrial matrix into
the intermembrane space by respiratory complexes I, III and IV using redox energy.
Complexes I, II, IIT and the electron transferring flavoprotein (ETF) contribute to the QH,
pool in the IMM, (Fig. 1.4). The quinone pool facilitates the mobility of electrons from
complex I, complex II and the ETF oxidoreductase. The QH, pool is utilised by complex

III in the Q cycle [39]. Electrons are transferred from complex III to complex IV by



cytochrome c¢ [1]. The mechanisms of proton pumping differ between respiratory
complexes. They result in the transport of electrons from low potential redox couples, such
as the NAD'/NADH couple through higher potential redox couples to the final electron
acceptor O, (comprising the O,/2H,0 redox couple) [1].

The electrons transported through the respiratory chain are donated by substrates including
NADH and succinate, which are generated by the citric acid cycle. Electron transfer and
proton translocation by the respiratory chain enzymes is depicted in Fig. 1.4. The electrons
transferred by complex I (NADH:ubiquinone oxidoreductase) come from NADH generated
from pyruvate reduction during the citric acid cycle. The stoichiometry of proton pumping
and electron transfer in mitochondrial complex I is 2 ¢ transferred from NADH for every
4 protons pumped into the IMS. Two protons are also taken up from the matrix by complex
I to reduce Q to QH; [40, 41].

Complex II is the only membrane bound enzyme of the citric acid cycle and does not pump
protons. It catalyses the reduction of succinate to fumarate and electrons are donated to the
Q-pool. [42]. The electron transferring flavoprotein (ETF) has a flavin adenine
dinucleotide (FAD) molecule that can be reduced by accepting electrons from many
dehydrogenases including those involved in fatty acid oxidation. The electrons are
transferred to membrane bound ETF-Q oxidoreductase, which reduces quinone (Q) to
ubiquinone (QH>), adding to the QH, pool in the mitochondrial inner membrane [43].

The QH; pool provides electrons for complex III, the cytochrome bc; complex. The Q-
cycle is central to the mechanism of complex III, where electrons are transported by the
enzyme from the Q-pool to cytochrome ¢ coupled to proton pumping and contribution to
the PMF. Complex III is shown in Fig. 1.4 reducing Q to QH, on one side (Qn), and

oxidising 2QH; to Q on the other (Qp). Oxidation QH, to Q at the Qp site represents a

10



bifurcated electron transfer process, where two electrons are passed down different routes

in the enzyme [44].

phosphate  adenine nucleotide
carrier translocase

intermembrane space A A pH~7.2
mitochondrial inner membrane i
‘matrix control
TRNA  regjon
x2)... R
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-
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\5—‘} ETF
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by m

Fig. 1.4 The respiratory chain enzymes and ATP synthase. Complex I, complex II, ETF:Q oxidoreductase,
complex III, complex IV and ATP synthase shown in lilac, orange, turquoise, green, dark blue and yellow,
respectively. The total number of subunits each respiratory complex contains is presented, including the
number of subunits from each enzyme that are encoded on the mitochondrial genome. The adenine nucleotide
translocase and phosphate carrier are presented in the upper part of the diagram of the inner mitochondrial
membrane, other mitochondrial carriers are not shown. The number of protons required to synthesise one
ATP molecule (2.7 protons in ATP synthases with 8 c-subunits) is represented by the solid arrow pointing
from the IMS to the matrix. The number of protons translocated by each proton pumping respiratory chain
enzyme is denoted by arrows pointing through the respiratory complexes from the matrix to the IMS. Large
curly arrows in the matrix represent the reduction of the reducing equivalents NADH, succinate and ETF.
Small curly arrows represent the reduction or oxidation of the quinone pool in the IMM. Red lightning bolts
show sites of ROS (reactive oxygen species) production in the electron transport chain. Figure supplied by

Martin Montgomery, MRC-MBU.

The Q-cycle is central to the mechanism of complex I1I, where electrons are transported by
the enzyme from the Q-pool to cytochrome ¢ coupled to proton pumping and contribution
to the PMF. Complex III is shown in Fig. 1.4 reducing Q to QH; on one side (Qn), and
oxidising 2QH; to Q on the other (Qp). Oxidation QH, to Q at the Qp site represents a
bifurcated electron transfer process, where two electrons are passed down different routes

in the enzyme [44]. One electron is transferred to an iron sulphur cluster in the Reiske

11



protein and then to haem c;, followed by transfer to cytochrome c, resulting in translocation
of 2 protons to the intermembrane space (IMS) and the production of semiquinone (SQ) at
Qp. The other electron passes from SQ and is delivered to two heme groups in cytochrome
b, by and by. Q binds at Qn near the second heme in cytochrome b and accepts an electron,
which results in its reduction to SQ. The first part of the Q-cycle (oxidation of QH, to Q)
is repeated and provides the electrons to reduce Q to QH; at Qn, with 2 protons taken up
from the matrix, completing the Q-cycle.

Cytochrome c¢ shuttles 4 electrons from the quinone pool to complex IV to reduce one
oxygen molecule to two water molecules. A copper centre (Cua) is the entry point of
electrons, which are then transferred to the nearby haem a followed by haem a3, and finally
to another copper centre (Cug) which is adjacent to the oxygen binding site. A single
oxygen molecule binds in the oxygen binding site, accepts the electrons channelled from
the copper and haem centres and two protons are taken up from the matrix via two different
channels in complex IV, which provide the protons for reduction of O, to 2H,O and also
pumps 4 protons from the matrix to the IMS. Complex IV is the terminal enzyme in the
electron transport pathway [45].

The fluid mosaic model of membrane proteins suggests that the respiratory chain
complexes and ATP synthase would move freely and randomly throughout the IMM.
However, there is evidence that complexes I, III and IV can form supercomplexes [46].
The function of supercomplexes is not understood at present, but there are many
hypotheses. For example, they may allow generation of a local ApH, where protons are
utilised directly by ATP synthase, rather than entering the bulk phase and diffusing
throughout the IMS and cell cytoplasm [47]. They could also facilitate the efficient transfer
of electrons from respiratory complexes to the quinone and cytochrome ¢ pools [48], or to

reduce the formation of reactive oxygen species [49]. It has been shown that
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supercomplexes exist in the form CI:CIII;:CIV¢ [50] and that these can be either in a “tight”

or “loose” conformation, where tight is defined as fully assembled and loose may represent

a partially assembled supercomplex [49].

1.5. Mitochondrial diseases

Mitochondria are associated with many pathologies, owing to their involvement in a wide

range of processes in the cell (section 1.2). As mitochondria are central to energy

metabolism, it is not surprising that many of the diseases with mitochondrial origin display

neurological phenotypes. A summary of some of these diseases, the proteins known to be

involved and the symptoms are presented in Table 1.1.

Table 1.1 Mitochondrial diseases with both nuclear and mitochondrial origins

Disease

Characteristics

Autosomal

dominant

optic atrophy [51]

Alzheimer’s [52, 53]

Charcot-Marie-Tooth

[54]

Freidreich’s

[55]

GRACILE

[56]

ataxia

syndrome

Defects in OPA1, involved in controlling mitochondrial cristac morphology.
Results in loss of vision and chromatopsia in the first two decades of life.
Possible defects in complex I and ATP synthase. Brains of AD patients show
increased oxidative stress, protein oxidation and lipid peroxidation. Results in
decreased cognitive function, confusion, difficulty with speech and movement.
Mutations in the mitofusin 2 (Mfn2) gene. Mfn2 is involved in mitochondrial
fusion. Patients exhibit demyelination of peripheral neuronal axons and present
with muscle weakness and/or numbness in extremities and awkward gait.
Mutations in the frataxin (Fxn) gene. Fxn is essential for iron-sulphur cluster
biogenesis. Patients may suffer from ataxia, hypertrophic cardiomyopathy,
diabetes, muscle weakness and skeletal deformation.

Mutations in the complex III assembly factor BCSIL results in growth
retardation, aminoaciduria, cholestasis, iron overload, lactic acidosis and early

death.
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Disease

Characteristics

Hereditary

paraganglioma [57]

Leigh syndrome [56,

58, 59]

Leber’s hereditary

optic neuropathy [51]

MELAS [60, 61]

Parkinson’s [62]

Mutations in complex II assembly factor SDHAFI, results in impaired iron-
sulphur cluster incorporation into the enzyme. Patients are affected by cancer of
the neuroendocrine system.

Mutations in complex I subunits-NDUFS8 and -NDUFA2, complex IV
assembly factors SURF-1, COX10, COX15, LPPRC and TACOI, and ATP
synthase subunits-a and -A6L. Symptoms include decreased membrane potential
and decreased capacity for ATP synthesis. Patients suffer from progressive
demyelination of spinal neurons, glial hypertrophy, ataxia, breathing difficulties,
optic atrophy, dystonia and often early death.

Mutations in complex I subunits MT-ND1, MT-ND4 and MT-ND6 result in loss
of vision in the second or third decade of life with blurred or cloudy with retinal
nerve degeneration.

Mutations in complex I subunit ND5 and complex II assembly factor SDHAF2,
affecting the capacity of the electron transport chain to generate the membrane
potential and decreased ATP synthesis. Patients are affected by strokes,
hypertrophic cardiomyopathy, lactic acidosis, seizures and myopathy.

PINK1 and parkin mutations have been found in PD patients, as well as a
decrease in the OSCP-subunit of ATP synthase. Parkin is a mitochondrial E3
ubiquitin ligase recruited by PINKI1 to promote autophagy of damaged
mitochondria. PD symptoms include progressive loss of dopaminergic neurons

in the brain resulting in tremors, slow movement and muscle stiffness.

There are a number of mitochondrial diseases that are thought to arise from mutations in

ATP synthase subunits of mitochondrial or nuclear origin, or proteins involved in the

assembly of ATP synthase [63]. Mutations affecting ATP synthase are known to affect the

a- and A6L- [64, 65], c- [66] and e-subunits [67], as well as assembly factors for ATP

synthase [68]. The severity of the phenotype resulting from the mutation depends on the
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mutational load for the a-subunit and A6L-subunit, which are encoded in the mitochondrial
genome. Mutational load defines the percentage of the mitochondrial DNA population that
carries the mutation. Heteroplasmy is defined by the percentage of mitochondrial DNA
nucleoids carrying a mutation in a mixed population of healthy and mutated DNA
nucleoids, [69]. Higher mutational load leads to worse prognosis and increased disease
severity. Pathological ATP synthase depletion can be linked to mitochondrial mutations
involving ATP synthase a- and A6L-subunits in the Fo membrane domain of the enzyme.
The point mutation T8993G occurring in the a-subunit gene ATP6 results in neuropathy,
ataxia and retinitis pigmentosa (NARP) when 90-95% of DNA nucleoids are mutated, or
Leigh syndrome if more than 95% of DNA nucleoids are affected by the mutation [64].
There are numerous other mutations that affect the a-subunit, many of which result in a
spectrum of disease phenotypes with varying severity between NARP and Leigh syndrome
symptoms, and other diseases that result in seizures, lactic acidosis, or familial bilateral
striatal necrosis (FBSN) [63]. The diseases associated with a-subunit mutations share the
underlying biochemical origin of proton transport deficiency through ATP synthase,
because the physiological role of the a-subunit is to carry protons to and from the c-ring
[70]. Mutations in the A6L-subunit have been described and are linked to hypertrophic
cardiomyopathy and congestive heart disease [65]. The single mutation T8528C in the
ATP6 gene affects both ATP6 and ATPS. ATP8 (A6L) is a supernumerary subunit of ATP
synthase and there is evidence that this subunit acts as a strut to improve the coupling of
the F; domain to Fo via contacts with the b-subunit and the a-subunit [71]. It is reported
that mutations in the nuclear encoded &-subunit are associated with ATP synthase
deficiency [67]. The defective protein is incorporated into ATP synthase and ATP synthase
is assembled correctly, but ATP synthesis and the amount of ATP synthase are reduced.

This mutation results in a cysteine residue replacing Tyr12 in the e-subunit, and associated
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phenotypes of lactic acidosis, 3-methylglutaconic aciduria, mental retardation and delayed
onset peripheral neuropathy [67].

Batten disease is a neurodegenerative disease associated with excessive storage of the c-
subunit of ATP synthase in lysosomes [72, 73] but there is no difference between c-subunits
contained in storage bodies and c-subunits contained in normal mitochondrial ATP
synthase including in the trimethylation status of lysine 43 of the c-subunit [72]. The

disease affects the paediatric population and results in early death.

A mutation affecting the ATP synthase assembly factor ATP12 in yeast has been reported
[74], and results in reduced activity of ATP synthase due to an assembly defect affecting
the incorporation of the a- and B-subunits into the F; domain of the enzyme. A yeast model
of ATP synthase assembly suggests that ATP12 acts as a chaperone to place the a- and j3-
subunits in the correct orientation and proximity to prevent the monomers from forming

insoluble aggregates. The human homologue of ATP12 is ATPAF2. [75].

The ATP synthase may provide the components of the mitochondrial permeability
transition pore (mPTP), which is involved in cell death. The damage to heart tissue
associated with congestive heart failure and associated reperfusion injury upon treatment
are not necessarily caused by inherited defective genes, rather the opening of the (mPTP)
[76]. During a heart attack, the blood vessels that supply blood and nutrients to the heart
may become blocked by a blood clot, resulting in ischemia. The respiratory complexes
cannot transfer electrons due to the lack of the final electron acceptor (O,), and are in a
reduced state when oxygen flow is restored. The restoration of blood flow and infusion of
oxygen to the ischemic heart tissue produces reactive oxygen species that damage the

respiratory chain enzymes and other mitochondrial residents (proteins, lipids) and results
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in the opening of the PTP [77]. Triggers of pore opening include mitochondrial calcium
overload, oxidative stress mediated by the increased production of reactive oxygen species
(ROS), depleted ATP levels and increased P; concentration in mitochondria [78, 79]. The
accumulation of succinate has been reported in ischemic heart tissue [80], and levels of
ROS production are linked to the amount of succinate accumulated at the point of
reperfusion, as a result of ROS generation by reverse electron transfer (RET) mediated by
complex II. The amount of succinate accumulated in heart tissue during ischemia-
reperfusion injury is correlated with PTP-inducing ROS levels [81]. Modulating the
amount of succinate in-vitro in human cardiomyocytes, and in-vivo, mouse heart tissue
showed a significantly reduced amount of ROS and the infarct region was much smaller

compared to control hearts [81].

1.6. ATP synthase

ATP synthase or F;Fo-ATP synthase is present in all forms of life, from the inner
membrane of mitochondria and chloroplasts [82] to the cell membranes of eubacteria and
archaea [83]. ATP synthase is the mitochondrial enzyme responsible for synthesising the
ATP generated by oxidative phosphorylation [5]. The human enzyme contains 18 different
subunits [82, 84], shown in Fig. 1.5 and Table 1.2, that make up the catalytic F; domain
and the central stalk, the peripheral stalk and the membrane bound Fo domain which
contains the proton channel, the b-subunit and the supernumerary subunits, shown in Fig.
1.5. The subunit compositions of the ATP synthases from cows, sheep, pigs and S.
cerevisiae and other fungal mitochondrial ATP synthases that have been determined [85,
86].

IF, is the natural inhibitor of mitochondrial ATP synthase and prevents ATP hydrolysis in

the event of the PMF being insufficient for ATP synthesis, where ATP is hydrolysed in
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order to maintain the PMF. IF; binds to one of the three catalytic interfaces of the enzyme

and the y-subunit [88, 89].

1.6.1. The structure and mechanism of ATP synthase
ATP synthase consists of three structural domains, which are F;, Fo and the peripheral
stalk. Most of the structural features of mammalian ATP synthase were established in the

bovine enzyme.

Fig 1.5 Mitochondrial ATP synthase. The stoichiometry of subunits in bovine ATP synthase F; is o33361€171.
The remaining subunits are present at one copy per enzyme, including the DAPIT- and 6.8 kDa PL subunits,
which have been measured by quantitative mass spectrometry to be present in sub-stoichiometric amounts,
but are assumed to be present at one copy each subunit per monomeric enzyme [82, 87], [Joe Carroll,

unpublished data].
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The bovine F; domain contains the a-, B-, y-, 8- and &- subunits [90]. The Fo domain
contains a ring of eight c-subunits, and the a-, A6L-, e-, f-, g-, DAPIT- and 6.8 kDa

proteolipid-subunits.

Table 1.2 Genes encoding subunits of ATP synthase in humans, cows, S. cerevisiae and E.

coli.
Subunit Human Bovine Yeast Bacteria
o ATP5A ATP5A ATPI AtpA
B ATP5B ATP5B ATP2 AtpD
Y ATP5CI ATP5C1 ATP3 AtpG
&% ATP5D ATP5D ATPI6 AtpC
€ ATPSE ATPSE ATPI5 -
C ATP5G1 ATP5G1 ATPY AtpE
ATP5G2 ATP5G2
ATP5G3 ATP5G3
a MT-ATP6 MT-ATP6 ATP6 AtpB
OSCP** ATP50 ATP50 ATPS5 AtpC
b ATPS5F1 ATPS5F1 ATP4 AtpF
d ATP5SH ATP5SH ATP7 -
Fet** ATP5J ATP5J ATP14 -
1j - - ATPI8 -
e ATPS5I ATPS5I TIMI11 -
f ATP5J2 ATP5J2 ATP17 -
g ATPSL ATPSL ATP20 -
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Subunit Human Bovine Yeast Bacteria

DAPIT USMGS5 USMG5 - -
6.8 PL MP68 MP68 - -
A6L MT-ATPS MT-ATPS ATPS -
IF; ATPIF, ATPIF, INHI -

* 3 is € in bacteria, ** OSCP is d in bacteria, *** F¢ is h in yeast.

The peripheral stalk consists of the OSCP-, F¢-, d- and b-subunits (the b-subunit extends
down into the Fo membrane domain via two membrane spanning a helices) and in bacteria,
the peripheral stalk consists of the 6-subunit and two b-subunits [91-97]. The A6L- and e-
subunits were the first membrane bound supernumerary subunits to be identified [98, 99],
followed by the f- and g-subunits [87], then the DAPIT- and 6.8 kDa proteolipid-subunits
[100]. The arrangement of the membrane bound nuclear encoded supernumerary subunits
are presented in Fig. 1.6, based upon experiments using cross-linking of lysine residues
between subunits. Mammalian and probably all metazoan ATP synthases contain eight c-
subunits [5, 101]. Non-metazoan species such as bacteria and fungi possess ATP synthase
containing between 10 and 15 c-subunits. Common to all species is the symmetry mismatch
between the number of catalytic B-subunits and the number of c-subunits in the c-ring.
Symmetry mismatch occurs as a result of the number of c-subunits being indivisible by the
number of catalytic sites in ATP synthase, and is thought to confer a bioenergetics
advantage by preventing the enzyme entering a state where additional energy would be

required for rotation of the rotor [102, 103].
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Fig. 1.6 The locations of the nuclear encoded supernumerary subunits e, f, g, DAPIT and 6.8 kDa proteolipid
in the inner mitochondrial membrane, as determined by chemical cross-linking of lysine residues. Figure

taken from [91].

The structures of the Pichia angusta, bovine and Paracoccus denitrificans ATP synthase
are presented in Fig. 1.7. There are many structural similarities and some differences
between ATP synthases from these three organisms. The three enzymes have the same
basic structural features. They all contain the globular asf; catalytic domain, which is
connected by the peripheral stalk OSCP-subunit to all three o-subunits [71, 93]. The
peripheral stalks of the ATP synthases extend down into the membrane domain to contact
the a-subunit via the b-subunit. The peripheral stalks of some bacterial ATP synthases
contain two related but not identical b-subunits, b and b’. The b’-subunit is homologous to
the bovine b-subunit but is unrelated in sequence, and extends into the membrane. Bacterial
ATP synthase does not possess either the F¢- or d-subunits. All three enzymes contain a
bundle of five a-helices in the a-subunit that traverse the membrane tilted at 30°. In the
bovine and Pichia enzymes, the a-subunit is contacted by the peripheral stalk and A6L,

which helps to hold the a-subunit against the c-ring [71]. In the Paracoccus enzyme, A6L
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is not present. The models of the bovine and Pichia ATP synthases possess the A6L- and
f-subunits, and the putative locations of these subunits has been added to the fungal enzyme

(A in Fig. 1.7). For a comparison of subunits contained in each enzyme, see Table 1.2.

Fig. 1.7 The structures of ATP synthase from Pichia angusta, cows and Paracoccus denitrificans in A, B and
C, respectively. For fungal and cow ATP synthase: a. (red), B (yellow), y (royal blue),  (green), € (magenta),
OSCP (sea green), F¢ (purple) (h in the fungal enzyme), d (orange), b (pink), c-rings (grey), a (corn flower
blue). In panel A, the A6L- and f-subunits are brick red and pale yellow, respectively. In the bacterial enzyme,
the b- and b’-subunits are shown in pink and orange, respectively. The bacterial 3-subunit is orthologous to
the cow and fungal OSCP-subunit and is in sea-green. The figure was taken from [71], and contains structures

from [104] (bovine ATP synthase) and [105] (bacterial Paracoccus denitrificans).

The peripheral stalk of ATP synthase is essential for coupling ATP synthesis to the rotation
of the c-ring and prevents the catalytic domain of F; from rotating along with the y-subunit
and the rotor [106]. The binding interface between the OSCP-subunit and the a-subunit
buries hydrophobic residues in the N-terminal domain of subunit-OSCP by interacting with
hydrophobic residues in the N-terminal regions of the three a-subunits [93, 107]. The F,

domain is linked to Fo by OSCP and by the other peripheral stalk subunits Fg, b and d, and

also by the central stalk subunits y, 6 and € [93, 108].
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The F; domain houses the three catalytic sites of the enzyme, located at the interfaces
between the a-subunits and the catalytic B-subunits. The three B-subunits are each in
different conformational states at any one time [109, 110]. A number of related high
resolution structures of the F; domain from bovine or yeast mitochondria have been solved,
which have allowed the elucidation of the mechanism of ATP hydrolysis [5, 111-115]. The
catalytic states of the enzyme are termed Bg, Brp and Bpp, which correspond the to the open,
loose and tight states in a binding change mechanism of ATP hydrolysis. The mechanism
of ATP hydrolysis requires ATP to bind at the Pg-site, which induces a conformational
change in the B-subunit. This results in the active site converting to the Bpp-state, during a
120° rotation of the catalytic domain. During ATP hydrolysis, a water molecule is utilised
for the nucleophilic attack of the y-phosphate of ATP, which is accompanied by another
120° rotation and conversion of the PBpp-state to the PBrp-state. The final 120° rotation is
associated with the Brp-state reverting to the Bg-state, and the products of ATP hydrolysis,
ADP and P;, are released. During ATP synthesis, rotation of the catalytic domain is
powered by translocation of protons through the ATP synthase from the IMS to the matrix
[5]. The mechanism of ATP synthesis is presumed to be a direct reversal of the hydrolytic

chemical reaction.

1.6.2. The assembly of ATP synthase

The assembly of the F; domain of S. cerevisiae ATP synthase is thought to rely on two
assembly factors, ATP11 and ATP12 [116]. In yeast, when these two assembly factors are
inactivated by mutation, the a- and B-subunits fail to assemble onto the central stalk, but

are folded correctly, suggesting an assembly role rather than a chaperone role for ATP11
and ATP12 [116]. The F¢-subunit is presumably assembled after the b-, OSCP- and d-

subunits. The peripheral stalk subunits are assembled sequentially in Saccharomyces
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cerevisiae, with the order b-subunit first, then the OSCP-subunit followed by the d-subunit
[117, 118]. The assembly of the Fo domain in yeast involves the activity of the
metalloprotease ATP23 which fulfils two known functional roles. ATP23 mediates the
processing of the a-subunit to form the mature protein, and also acts as a chaperone with
ATP10 to coordinate the association of the a-subunit with the c-ring [119].

The current understanding of the yeast ATP synthase assembly pathway is presented in Fig.

1.8.
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Fig. 1.8. The assembly of yeast ATP synthase via two distinct modular pathways. The figure was taken from
[120]. The 8- and 6-subunits are the equivalent of the human A6L- and a-subunits, respectively. The 4- and
7-subunits are the yeast orthologs of the human b- and d-subunits respectively, and subunit-14 is the ortholog

of the human F¢-subunit. Human subunit-g is ATP20 in yeast and its incorporation is not shown.

The two yeast assembly factors have orthologs in humans, ATPAF1 and ATPAF2 [68].
There are no known human assembly factors that function in the assembly of the peripheral
stalk or Fo membrane domain, nor in the assembly of the central stalk onto the c-ring. The
assembly of ATP synthase in human cells must differ from the yeast assembly pathway
because subunit-c is encoded on the mitochondrial genome in yeast, unlike in mammals,
where it is encoded in the nucleus and requires transport into mitochondria. It has been

shown that ATPAF1 and ATPAF2 interact with the a- and B-subunits of human ATP
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synthase, respectively, preventing these subunits from forming insoluble aggregates during

the assembly of the catalytic domain [68].

It has been proposed that the human ATP synthase F; domain is assembled separately from
the c-ring, and that the F cg subcomplex assembles separately from the peripheral stalk
[121]. It has also been proposed that the b-, e- and g-subunits form a complex that links the
peripheral stalk to Fo, and that the d-subunit is then assembled with the b-subunit. It has
been suggested that when the peripheral stalk assembly docks into the IMM via the b-, e-
and g-subunits, this sub-complex is recruited to the c-ring in the Fo domain. Next, it is
proposed that the OSCP- and Fs-subunits are recruited to the peripheral stalk followed by
the remaining supernumerary subunits and finally the a-subunit is assembled [118, 120].
There is evidence suggesting that the a- and A6L-subunits are recruited to the Fo domain
after the other Fo subunits because in p0 cells, which lack mitochondrial DNA (and
therefore lack the a- and A6L-subunits), the vestigial ATP synthase is assembled [122].
The advantage of assembling the a-subunit onto the c-ring last is to prevent the Ficsa
subcomplex from hydrolysing ATP [121]. The c-ring is probably the first structure of Fo
to form [121], and this may be mediated by the correct folding of the c-subunit without the
necessity for additional assembly factors, because in E. coli, c-rings can form
spontaneously in-vitro and without other ATP synthase subunits being present [103]. A
mutation in the a-subunit has been shown to affect assembly of ATP synthase, where two
sub-complexes of ATP synthase accumulated, one containing the soluble o333 F; domain

and the other containing Fcg [123].
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1.7. Aims of this work

The supernumerary subunits e, f, g, DAPIT, A6L and 6.8 kDa proteolipid of human ATP
synthase have no well-defined functions in the mitochondrial enzyme [82, 87, 100, 124].
In this work, the roles of subunits e, f, g, DAPIT and 6.8 kDa proteolipid will be
investigated by suppression of the individual expression either with siRNA molecules or

by gene disruption.
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2. Materials and Methods
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2.1. Materials and reagents

2.1.1. Chemicals

All the reagents and chemicals used in this work are listed in Appendix I. Solutions were
made with Milli-Q water (resistance 18.2 mega Q/cm’) supplied by a Millipore Academic
water purification system (ThermoFisher Scientific, Hemel Hempstead, UK), or nuclease

free water (Qiagen, Manchester, UK). The constituents of buffers are listed in Appendix II.

2.2. Cell culture

2.2.1. Human cell culture

Two human cell lines were used for this work. For siRNA mediated depletion of ATP
synthase subunits, 143B osteosarcoma cells were used (American Type Culture Collection,
VA, USA). 143B cells are immortal due to transformation during cancer development and
lack thymidine kinase. For CRISPR-Cas9 mediated gene deletion, HAP1 chronic
myelogenous leukaemia cells were used (Horizon Discovery, Cambridge, UK). HAP1 cells
are haploid and immortal due to cancerous transformation and contain a reciprocal
translocation of chromosomes 9 and 22. 143B cells were grown in Dulbecco’s modified
eagle medium (DMEM), supplemented with 10% v/v FBS, 100 U/mL penicillin, 100
pg/mL streptomycin and 45 pg/mL uridine, referred to as complete DMEM throughout the
text. HAP1 cells were grown in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% v/v FBS, 100 U/mL penicillin and 100 pg/mL streptomycin,
referred to as complete IMDM throughout the text. Cells were washed with warm
Dulbecco’s PBS (dPBS) and 0.1% w/v trypsin-EDTA dissociation reagent in Hanks
balanced saline solution (HBSS) was used to dissociate adherent cells from cell culture
plates. The trypsin was quenched with 10 volumes of growth media, the cells diluted ten-

fold and re-plated. Cells were grown at 37°C under 5% CO; gas and 95% relative humidity.
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2.2.2. siRNA transfection of cells

Cells were dissociated with trypsin-EDTA, plated at 50% or 30% confluence for 143B cells
or HAPI1 cells, respectively, in 10 cm tissue culture plates and incubated for 2 h at 37°C,
5% CO,. Plasmids or siRNA oligonucleotides were diluted to achieve a final delivery of
either 1 pg or 50-100 nM, respectively to the cells. A list of sequences of siRNA molecules
is presented in Table 2.1.

Table 2.1 Oligonucleotide siRNA sequences

Target siRNA Sequence 5'-3'
ATPSI €6 sense GCAGGUCUCUCCGCUCAUCAA
e6 antisense UUGAUGAGCGGAGAGACCUGC
ATP5J2 f7 sense GGAUCUUGAUGCGGGACUU
f7 antisense AAGUCCCGCAUCAAGAUCC
ATPSL g8 sense GCCUCGAUUGGCCACAUUU
g8 antisense AAAUGUGGCCAAUCGAGGC
USMGS5 DAPIT 10 sense UCCCAUGCCUGGAGAAGCUAA

DAPIT10 antisense UUAGCUUCUCCAGGCAUGGGA

Cl4orf2 6.8k1 sense AUGCUUCAAAGUAUUAUUAAA

6.8k1 antisense UUUAAUAAUACUUUGAAGCAU

Oligonucleotides for siRNA were added to a solution containing Lipofectamine-2000
transfection reagent (12 pL/ mL OptiMEM) and left at room temperature for 20 minutes to

allow the formation of liposome complexes containing siRNA. Transfection with

pSpCas9(BB)2A-GFP plasmids containing gRNA (guide RNA) is described in section
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2.6.6. The transfection solution was applied to the cells ensuring complete coverage of the

plate with transfection solution.

2.2.3. Seeding plates with cells for extracellular flux analysis

Cells suspensions were counted using a NucleoCounter NC-3000 (Chemometec,
Denmark). Solution 13 (2.5 uL) containing 30 pg/mL acridine orange stain and 100 pg/mL
DAPI stain was added to 47.5 uL trypsinised cell suspension. Acridine orange stains both
live and dead cells and DAPI stains only dead cells, allowing estimation of cell quantity
and viability. The total number of cells minus the number of dead cells gives the number
of live cells. Samples (12 pL) were placed onto A8 NC slides (Chemometec) in duplicate.
Cells were counted and diluted to 250,000 cells/mL in complete DMEM for 143B cells or
complete IMDM for HAP1 cells. Cells (100 puL) were added to 20 wells of an XF24
Seahorse cell culture plate in a randomised order. Four of the 24 wells were left empty as
background controls. The plate was incubated for 2 h at 37°C under 5% CO; before a
further portion of complete DMEM (150 puL) was added to each well and the plate was

incubated at 37°C overnight.

2.2.4. Stable isotope labelling of amino acids in cell culture

Cells were grown in SILAC DMEM or IMDM supplemented with 10% v/v dialysed FBS,
1.737 mM proline, 100 U/mL penicillin, 100 pg/mL streptomycin and 45 pg/mL uridine
for 8 days to ensure complete labelling of proteins with heavy isotopic amino acids. Heavy
and light isotopic variants of L-lysine and L-arginine were added separately to two separate
bottles of media, with concentrations of 0.798 mM and 0.398 mM of L-lysine and L-
arginine, respectively. Heavy isotopic variants of L-lysine and L-arginine contained 8 or

10 stable isotopes of °C and "N in the amino acids, respectively. Cells were harvested
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(section 2.2.5) and protein content estimated (section 2.4.1.1). Cells containing heavy
isotopic variants of lysine and arginine were mixed in a 1:1 ratio with cells containing '*C
and '*N isotopic forms of lysine and arginine [125]. Samples were analysed by mass

spectrometry as described in section 2.5.4.

2.2.5. Harvesting cells

Cells were washed with dPBS (10 mL per 15 cm diameter plate) at 37°C and 2 mL of ice
cold PBS containing Complete protease inhibitors was added. Cells were scraped off the
plate and transferred to a 50 mL tube on ice. Cells were centrifuged at 100 x g, 20°C for 3
min, the supernatant was aspirated and the cells resuspended with the required volume of

ice cold PBS with inhibitors and stored on ice before processing.

2.2.6. Freezing cells

Cells which had grown to confluence in a 15 cm tissue culture plate were dissociated with
trypsin-EDTA and collected by centrifugation at 100 x g, 20°C, 3 min. The supernatant
was removed under sterile conditions. Freezing media solution (3 mL) was added to the
cells which were resuspended by gently pipetting. 143B cells required 10% v/v DMSO,
30% v/v FBS, 60% v/v DMEM freezing solution and HAP1 cells required 10% v/v DMSO,
50% v/v FBS and 40% v/v IMDM freezing solution. Portions (1 mL) of resuspended cells
were added to individual 2 mL cryovials and placed in a cell freezing container surrounded

by propan-2-ol and were immediately placed at -80°C.

2.2.7. Extracellular flux analysis to measure oxygen consumption rate (OCR)
The oxygen consumption rate of cells was measured using an XF24 Seahorse Biosciences

extracellular flux analyser (Seahorse Bioscience, MA, USA) [126]. Cells were seeded at a
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density of approximately 25,000 cells/well (section 2.2.3). The complete DMEM was
removed from wells and replaced with 37°C XF DMEM assay medium (supplemented with
2 mM glucose and 1 mM sodium pyruvate). The cell plate was incubated for 1 h at 37°C,
under atmospheric CO; to allow the cells to stabilise. The assay measured oxygen
consumption rate (OCR) in 3 min bursts followed by a period of re-oxygenation (3 min).
This was repeated four times before adding inhibitors and repeating the OCR
measurements. Four ports in the assay plate facilitated the separate addition of respiratory
inhibitors into each well of the cell culture plate. These were added in the order 2-deoxy-
D-glucose, oligomycin A, FCCP, antimycin A/rotenone to achieve final concentrations of
20 mM, 100 nM, 500 nM and 600 nM, respectively. Protein amount was estimated using

the SRB assay [127] (section 2.4.1.2).

2.3. Molecular Biology

2.3.1. Quantitative real time PCR

cDNA was produced from mRNA using a proprietary cells-to-CT kit (ThermoFisher
Scientific, Hemel Hempstead, UK) and used according to the manufacturer’s instructions.
Oligonucleotide sequences were used as primers and probes (Table 2.2). 6-
carboxyfluoroscein (FAM) and tetramethylrhodamine (TAMRA) were bound to the 5’ and
3’ ends of the probes, respectively. The relative abundance of specific cDNA targets was
estimated by qPCR. The reaction mixture contained 0.75 puM forward and reverse primers,
0.16 uM probe and a proprietary master mix of Taq polymerase and appropriate buffer was
used according to the manufacturer’s instructions. A 7900 HT Fast Real-Time PCR
thermocycler was used to perform the qPCR. The temperature profile was 50°C for 2 min,
95°C for 10 min, 60°C for 1 min, repeated 30 times. The sequences of oligonucleotide

qPCR primers and probes are shown in Table 2.2.
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Table 2.2 Oligonucleotide sequences of qPCR primers and probes used to quantify the

relative amounts of ATP synthase subunit mRNA and -actin mRNA.

Target Forward primer 5'-3' Reverse primer 5'-3' Probe 5'-3'

e GCGGAGGTCAGGGACAAGA GTAGGCCACACCGAGGAACA CGCTCATCAAGCTCGGCCGC

f CTGGCATGCTACGTGCTCTTT CAGAGTGTGTCCTCTTCAGTGGTATT CTACAAGCATCTCAAGCACGAGCGGC

g CCGTAACCTTGTGGAGAAGACC AGCTCAACCTTGGCGTAGTACC AGTAAGTCACAGCAGCGTTCACCAGCG
DAPIT GATGCGCAATACCAGTTCACTG AAGACAATCAATGCAATGCTTCC TGTGGCCAGTACACAGTTCATTCTACCTGTGA

6.8kDaPL CAGATTTGTGGTGCGTTCTGA GGTAAACTTTGGTGTAGTAGGGCTTC TGTCCTGCGCCAAGATGCTTCAAAGTATTA

B-actin CCTGGCACCCAGCACAAT GCCGATCCACACGGACTACT ATCAAGATCATTGCTCCTCCTGAGCGC

2.3.2. Agarose gel DNA electrophoresis

Plasmid DNA (15 ng) was mixed with DNA loading buffer (10% v/v glycerol, 20 mM Tris
pH 7.4, 5 mM EDTA, 0.01% w/v bromophenol blue and 0.2% w/v SDS) and loaded onto
a 1% w/v agarose gel containing 100 ng/mL ethidium bromide made with TBE buffer (90
mM Tris-boric acid, 1 mM EDTA, pH 8.3). DNA was electrophoresed at 40 V for 4 h.
Visualisation of DNA bands was carried out by detection of light emitted by ethidium
bromide during excitation at 302 nm using a Chemi-Doc XRS" UV transilluminator

(Biorad, Hemel Hempstead, UK).

2.4. Protein biochemistry

2.4.1. Protein estimation

2.4.1.1. Bicinchoninic acid assay

Protein concentrations were estimated using the bicinchoninic acid assay kit [ 128]. Samples
were diluted appropriately and bovine serum albumin (BSA) was used as the reference
standard. The 96 well plate assay format was used according to the manufacturer’s
instructions and absorbance at 562 nm was measured with a Molecular Devices

SpectraMax 384 plus spectrophotometer.
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2.4.1.2. Sulphorhodamine B assay

Following an extracellular flux assay, the Sulphorhodamine B (SRB) assay was used to
estimate cell number [127]. Cells were fixed to the assay plate by adding 9% w/v (final
concentration) trichloroacetic acid (TCA) to each well with incubation at 4°C for 1 h. The
TCA solution was removed and each well washed with milliQ water (200 pL) three times.
The plate was air dried for at 4°C for 48 h. Sulphorhodamine B solution (50 puL/well) was
added to each well of the assay plate and left at room temperature for 20 min. The solution
was removed and each well washed quickly 3 times with 1% v/v acetic acid (200 uL). The
assay plate was air-dried for 1 h at room temperature then 10 mM unbuffered Tris (100 pL)
was added to each well of the assay plate and triturated. This solution was diluted 2-fold
with 10 mM unbuffered Tris and the absorbance of the solution was measured at 565 nm
using a Molecular Devices SpectraMax 384 plus spectrophotometer. A standard curve of
Ases versus cell number was determined and used to estimate cell numbers in each well of

the assay plate.

2.4.2. Mitoplast and mitochondrial membrane preparation

Cells obtained from tissue culture were collected by centrifugation at 2300 x g for 5 min at
4°C and the supernatant was removed. Mitoplasts were prepared by the addition of
digitonin (to 0.5 mg/mL) in PBS with Complete protease inhibitor solution containing 1
mM EDTA to the cell pellet, to a protein concentration of 5 mg/mL then incubated on ice
for 15 min [129]. Mitoplast material was collected by centrifugation at 11200 x g, 5 min,
4°C. The supernatant was removed and the pellet washed with PBS solution containing
protease inhibitors. Enriched mitochondrial membranes were prepared using the same

method, but addition of digitonin was to 2 mg/mL.
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2.4.3. Purification of ATP synthase

Mitoplasts were prepared (section 2.4.2) from cell pellets containing 15 mg protein (section
2.4.1.1) and were resuspended to a volume of 500 uL with 0.1 M Tris-HCI pH 8, 0.15 M
sodium chloride, 10% v/v glycerol, Complete protease inhibitors without EDTA, 90 pg/mL
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 30 pg/mL 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine, 30  pg/mL 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol and 2 mM DTT. Digitonin (9 grams of detergent per gram of protein) was
added to the samples and they were placed on ice for 15 min, with thorough mixing using
a vortex mixer every 3 min. Insoluble material was pelleted by centrifugation at 10500 x g,
4°C for 10 min. The supernatant was collected and was clarified by centrifugation through
Spin-X micro cellulose filter tubes at 3300 x g, 4°C, 15 min. For quantitative mass
spectrometry analysis of mitoplasts, a portion (10 uL) of the clarified sample was removed
and the proteins reduced and alkylated (section 2.5.1). A slurry of ATP synthase
immunocapture resin (100 pL) was added to the remaining material and samples were
mixed by rotation overnight at 4°C. The immunocapture resin was pelleted by
centrifugation, then the supernatant containing unbound material was removed and stored
at -20°C. The beads were washed four times with wash buffer (20 mM Tris-HCI pH 8.0,
0.15 M NaCl, 10% v/v glycerol, 90 pg/mL1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, 30 ug/mL1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, 30
pg/mL1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol and 0.05% w/v digitonin). The
immunocapture slurry was transferred to a micro-spin column using 100 uL of wash buffer.
A syringe was used to displace the buffer from the column with air pressure. Wash buffer
(200 pL) was added to the beads and displaced with the syringe. Elution of the sample was
performed by adding 30 puL 0.2 M glycine-HCI, pH 2.5 containing 0.05% w/v digitonin to

the beads. The samples were left at room temperature for 5 min and then centrifugation at
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1400 x g to elute purified ATP synthase. Unbuffered Tris (1M) was added to the eluted
sample at a final concentration of 150 mM to neutralise the pH. The proteins were reduced
and alkylated, then the purity of the sample was examined by SDS-PAGE (sections 2.5.1
and 2.4.6), followed by either MALDI mass spectrometry (section 2.5.3) or LC-MS mass

spectrometry (section 2.5.4).

2.4.4. Blue native-PAGE

Protein complexes were fractionated by electrophoresis at 75 V, 4°C for 1 h using
proprietary electrophoresis buffers (Appendix II). The cathode buffer contained 0.02% w/v
Coomassie G250 blue dye (Appendix I) diluted according to the manufacturer’s
instructions. After 1 h, the cathode buffer was exchanged with a buffer that contained
0.002% w/v Coomassie G250 blue dye. Proteins were then electrophoresed at 150 V, 4°C
for 2 h with a X-cell Surelock electrophoresis tank, followed by transfer from the gel onto
PVDF membrane using Western blotting (section 2.4.7). Samples were prepared by
solubilising mitochondrial membranes (50 pg) with 3 and 6 mg digitonin (separately) per
mg of protein in 11.25 pL of 1x Native sample buffer. Samples were incubated on ice for
15 min and centrifuged at 10500 x g for 20 min at 4°C. The supernatant (10 uL) was
removed and treated for 30 min at room temperature with 150 units of Benzonase to remove
DNA. The Benzonase solution contained 1 mM magnesium chloride and 1% w/v digitonin
in native sample buffer. Insoluble material was removed by centrifugation (10,500 x g, 4°C,
20 min). Samples (approximately 5 pg) were loaded onto a commercial 3-12% acrylamide
gradient bis-Tris Native-PAGE gel [130]. Native Mark protein standards and bovine heart

mitochondria were used as molecular size markers.
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2.4.5. Self-poured 12-22% acrylamide Tris-glycine SDS-PAGE gels

Tris-glycine SDS-PAGE gels with an acrylamide gradient of 12-22% were made in-house
using a 10 cm x 10 cm x 0.05 cm format [131]. Gels were composed of stacking and
separating gel components. The stacking gel contained 4% acrylamide in 65 mM Tris-HCI
pH 6.8, 0.05% w/v SDS, 0.0007% v/v N,N,N’,N’-tetramethylethylenediamine (TEMED)
and 0.0003% w/v ammonium persulphate and the separating gel contained a 12-22%
acrylamide gradient in 375 mM Tris-HCI pH 8.8, 0.1% w/v SDS, 0.0007% v/v TEMED

and 0.0003% w/v ammonium persulphate.

2.4.6. SDS-PAGE

Proteins were fractionated using commercial 10-20% w/v or self-poured 12-22%
acrylamide gradient Tris-glycine SDS-PAGE gels with Laemmli electrophoresis buffer
(Appendix IT) [131]. A mix of known protein standards were used to estimate the molecular
size of migrating bands. Proteins loaded onto commercial 10-20% acrylamide gradient
Tris-glycine gels were electrophoresed at 15 mA for 1 h, then 25 mA for 30 min, or until
the dye front reached the bottom of the gel, using a X-cell Surelock electrophoresis tank.
Proteins loaded onto self-poured 12-22% acrylamide gradient Tris-glycine gels were
electrophoresed at 30 mA for 30 min. Gels containing samples to be analysed by immuno-
detection of proteins were equilibrated in carbonate transfer buffer (Appendix II). Gels
containing samples to be analysed by mass spectrometry were stained with Coomassie blue
gel stain (0.2% w/v Coomassie-R250 blue dye, 50% v/v methanol and 7% v/v acetic acid),
and incubated at room temperature for 20 min. The gel was destained with 50% v/v
methanol and 7% v/v acetic acid at room temperature with rocking. Silver staining of SDS-
PAGE gels containing immunopurified ATP synthase (section 2.4.3) was performed

according to [132]. Samples that were to be analysed by Western blotting and immuno-
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detection of proteins (section 2.4.7) or prepared into mitoplasts or mitochondrial
membranes (section 2.4.2) containing approximately 0.1 mg protein (section 2.4.1) were
solubilised on ice for 15 min using 3 mg DDM per 1 mg of protein and 1x native sample
buffer (19.5 pL) was used according to the manufacturer’s instructions. A centrifugation
step at 10500 x g, 4°C for 20 min was used to separate insoluble material from solubilised
membrane proteins. Proteins in the supernatant (5 plL) were precipitated with 20 volumes
of cold ethanol and incubation at -20°C overnight to remove detergent. The sample was
centrifuged at 10500 x g, 4°C for 10 min and the ethanol was removed and samples left at
room temperature for 10 min to allow the residual ethanol to evaporate. Samples were
resuspended in SDS-PAGE loading buffer (20% v/v glycerol, 2 mM EDTA, 100 mM Tris
pH 6.8, 2% w/v SDS, 50 mM DTT and a trace of bromophenol blue). Samples that were to
be electrophoresed by SDS-PAGE and analysed by mass spectrometry were reduced and

alkylated as described in section 2.5.1.

2.4.7. Western blotting and immuno-detection of proteins

After electrophoretic separation of proteins, the proteins were transferred to a
polyvinylidene difluoride membrane using Western blotting [133]. The SDS-PAGE gel or
native-PAGE gel was equilibrated in carbonate transfer buffer (10 mM sodium hydrogen
carbonate, 3 mM sodium carbonate and 0.025% w/v SDS, pH 9.9) for 10 min. The SDS
was omitted for native gel transfer. Proteins were transferred to a PVDF membrane by
electrophoreses with ice-cold carbonate transfer buffer at 300 mA, 60 V for 1 h, using a
Biorad Western blotting tank. After transfer, protein binding sites on the PVDF membrane
were blocked by incubation for 30 min on a rocker with a solution of Marvel skimmed milk
prepared with 5 g milk powder in 50 mL PBS with 0.1% v/v Tween 20. The antibodies

used to detect proteins are listed in Table 2.3. Sections of membrane were incubated with
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the antibody in milk solution for 1 h, on a roller at room temperature, followed by washes

(3 x 5 min) with PBS containing 0.1% v/v Tween-20, then incubation with a secondary

antibody for 1 h at room temperature. The proteins on the membrane were visualised by

the addition of enhanced chemiluminescence reagent (ECL). The membrane was pre-

incubated with the ECL reagent in the dark at room temperature for 5 min, and then signals

developed on X-ray film in a dark room using a range of exposure times.

Table 2.3 Antibodies used to detect subunits of ATP synthase and cellular proteins.

Antibody Dilution Species Catalogue Source

number
ATP synthase e-subunit 1:2000 Rabbit HPA035010 Sigma-Aldrich
ATP synthase f-subunit 1:2000 Chicken - In-house
ATP synthase g-subunit 1:10,000 Rabbit - In-house
ATP synthase DAPIT-subunit 1:2000 Rabbit 177161AP ProteinTech Europe
ATP synthase 6.8 kDa PL-subunit 1:2000 Rabbit 147041AP ProteinTech Europe
ATP synthase B-subunit 1:2000 Rabbit Sc-33618 Sigma-Aldrich
B-actin 1:20,000 Mouse A2228 Sigma-Aldrich
Succinate dehydrogenase chain B 1:3000 Rabbit A002868 Atlas Antibodies
NDUFSI1 1:10,000 Rabbit 12444-1-AP  ProteinTech Europe
HRP-conjugated chicken secondary 1:20,000 Rabbit A9046 Sigma-Aldrich
HRP-conjugated rabbit secondary 1:10,000 Goat 31460 Thermo-Fisher
HRP-conjugated mouse secondary 1:10,000 Sheep NXA931 GE Healthcare

2.5 Mass spectrometry

2.5.1. Reduction and alkylation of protein samples

Immunopurified ATP synthase and digitonin solubilised mitoplasts (section 2.4.3) were

mixed with gel sample buffer (20% v/v glycerol, 2 mM EDTA, 100 mM Tris-HCI pH 8,

2% w/v SDS and a trace of bromophenol blue) and were reduced with 20 mM TCEP at

37°C for 30 min and left at room temperature for 5 min. Alkylation was performed by
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adding 15 mM (final concentration) iodoacetamide to the sample and incubation in the dark
for 30 min. DTT (final concentration 16 mM) was added to the sample to quench unreacted
iodoacetamide. Proteins were separated by SDS-PAGE using 12-22% or 10-20%
acrylamide gradient Tris-glycine gels (sections 2.4.5 and 2.4.6). The gel was immediately
stained with Coomassie stain (Appendix II) for 30 min and de-stained (Appendix II) for 4

h.

2.5.2. In-gel trypsin digestion of proteins

Individual Coomassie stained protein bands or individual Coomassie stained lanes
contained in SDS-PAGE gels were cut out of the gel using a clean razor blade and divided
into approximately 4 pieces or 12 equal sized sections, respectively. The 12 gel sections
were further divided into approximately 1mm® pieces. Gel slices or sections were placed in
a clean 1.5 mL tube; 50% v/v methanol was used to clean the tubes. Gel pieces were stored
at -20°C until performing in-gel digestion. In-gel trypsin digestion was performed as
described by Shevchenko et al, 1996 [134] with the following modifications: ammonium
bicarbonate was replaced with 20 mM Tris-HCI pH 8.0, iodoacetamide was not added
because the proteins had been alkylated before the electrophoresis step (section 2.5.1).
Trypsin (12.5 ng/pL) in 20 mM Tris-HCI pH 8.0 and 5 mM calcium chloride was added to
cover the gel pieces and digested overnight at 37°C. Peptides were extracted from the gel
using a solution of 60% v/v acetonitrile and 4% v/v formic acid (extraction solution) to
cover the gel pieces at room temperature for 1 h. The extraction solution was removed and
placed into a clean 1.5 mL tube. Tryptic peptide mixtures (0.35 pL) were applied to a
MALDI plate and air dried before adding matrix solution (0.35 pL) containing a.-cyano-4-
hydroxy-trans-cinnamic acid (10 mg/mL) in 60% v/v acetonitrile and 0.1% w/v

trifluoroacetic acid to the dried peptide spot. Extraction of peptides was carried out a second
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time for peptides that were to be analysed by LC-MS. The extraction solutions were
combined and insoluble material removed by a centrifugation step at 10,500 x g. 1/3 of the
volume was removed and dried in a Thermo Savant SpeedVac SP121P concentrator at
30°C for 30 min. The dried peptides were re-dissolved in 0.1% v/v trifluoroacetic acid and

2% v/v acetonitrile before being separated on a nano-LC column.

2.5.3. MALDI TOF-TOF mass spectrometry for protein identification

MALDI TOF-TOF analysis was performed using an Applied Biosystems 4800 MALDI-
TOF mass spectrometer (AB Sciex, Warrington, Cheshire). The mass spectra were
calibrated with auto-digested ion products of trypsin (m/z ratios of 2163.057 and 2273.160)
and a calcium ion adduct derived from the matrix solution (m/z ratio of 1060.048).
Identification of proteins was performed using a Mascot search engine and a UniProt

sequence database of human proteins [135].

2.5.4. LC-MS mass spectrometry

Samples containing tryptic peptides that had been labelled by SILAC (section 2.2.4) were
separated by reverse phase HPLC using a Thermo/Proxeon Easy-nanoL.C on a C18 column
(75 pm internal diameter and 100 mm length), using a gradient of 0-40% acetonitrile and
1% formic acid (Nanoseparations, Nieuwkoop, Netherlands). Heavy SILAC labelled
tryptic peptides with either a lysine or arginine at their c-termini contain either eight or ten
stable isotopes of C'* and N, respectively. The heavy labelling of peptides results in a
mass shift of either 10.01 or 8.01 Da for arginine or lysine, respectively, compared to
unlabelled or ‘light’ peptides. Separated peptides were ionised by electrospray and
introduced into a Q-Exactive Plus (Thermo Scientific, Hemel Hempstead, UK) Orbitrap

mass spectrometer, using a gradient of 5% v/v — 95% v/v aqueous acetonitrile containing
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0.1% formic acid. Raw data were analysed by MaxQuant 1.5.0.12 software using a UniProt
human protein sequence database and an Andromeda algorithm which uses the MASCOT
search engine to identify and quantify peptide SILAC isotopic pairs and proteins [135—
137]. The database was modified to include the sequences of the three mature isoforms of
IF; and the IF; precursor protein (Fig. S22 [138]. Perseus version 1.2.0.17 was used to
process the MaxQuant output data. The data were filtered to remove exogenous
contaminant proteins, proteins identified by a decoy database designed to establish the
probability of false positive identification, proteins that were identified using peptide
sequences that were not unique to the parent protein, and protein ratios with peptide counts
less than or equal to 1. Experiments were performed in duplicate with reciprocal labelling
orientations and the ratios from one experiment were inverted and the ratios of both
experiments were converted to a Log, scale (Fig. 2.1). The median of the two values was
calculated and plotted on a bar graph. Statistical significance was calculated with the

Benjamini-Hochberg method to quantify statistical outliers. [139].

2.6. CRISPR-Cas9 mediated gene deletion
2.6.1. Preparation of gRNA

Guide RNAs were designed using the CRISPR design tool (http://www.genome-

engineering.org/crispr/). Phosphorylation and annealing of guide RNAs (gRNAs) was

performed as described by Ran et al, 2013 [140]. The reaction mixture contained 5 uM
sense and antisense gRNA, 0.5 uL T4 ligation buffer and T4 kinase per 10 pL reaction and
10 mM ATP. The oligonucleotides were phosphorylated at 37°C for 30 min followed by a
step of 95°C for 5 min to remove secondary structure and then annealed by cooling to 25°C

at a rate of 5°C/min. A list of gRNA sequences is shown in Table 2.6. The gRNA sequences

used to transfect HAP1 cells were ATP5J2-1 and ATP5J2-5.
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Fig. 2.1 Representation of a SILAC experiment. Cells were reciprocally labelled with ‘heavy’ or ‘light’
amino acids and mixed in a 1:1 ratio. Cells from experiment 1 contained heavy control cells and light treated
and cells from experiment 2 contained light control cells and heavy treated cells. Treatment refers to siRNA
or CRISPR-Cas9 mediated suppression or disruption of the expression of supernumerary subunits of ATP
synthase, respectively. After combination of the cells, mitoplasts were prepared and solubilised with
digitonin. A portion was analysed by SDS-PAGE, and ATP synthase was immunopurified from the remaining
mitoplast material, which was also analysed by SDS-PAGE. Peptides were obtained by trypsin digestion of
the proteins, and protein ratios were calculated from the median peptide ratios. Protein ratios from each
experiment are represented by each axis on the scatter plot. Proteins that are relatively increased or relatively
decreased as a result of treatment with siRNA or CRISPR-Cas9 mediated gene editing are in the top right and
bottom left quadrants of the graph, respectively. Contaminants are in the top left and bottom right quadrants.

Unchanged proteins are within the circled region.

Table 2.6 Guide RNAs and their sequences.
gRNA Sequence 5'-3'

ATP5J2-2 CCTCGCGCGGTCCGGCACAG
ATP5J2-5  GTAAGGCTGTTTGGACTCCG
ATPSL-1 TTCCGGCGGGTGACATTCAGCCGGC

ATPSL-2 AGCGCGATGTGAGACCGCCG
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2.6.2. Ligation of gRNA into the pSpCas9(BB)-2A-GFP plasmid

Single phosphorylated, duplex gRNA oligonucleotides were ligated into the pSpCas9(BB)-
2A-GFP plasmid using T7 DNA ligase. The reaction mixture contained 0.25 pmol gRNA,
26 ng plasmid DNA, 460 Units T7 ligase and 1 pL proprietary ligation buffer per 10 uL
reaction. The reaction was left at room temperature over-night. A map of the pSpCas9(BB)-

2A-GFP plasmid is shown in Fig. 2.2.

20-nt guide
Guide oligo (top) 5’- CACCGGTCACCTCCAATGACTAGGG -3

(bottom) FEEEEEEEEREET e
8- CCAGTGGAGGTTACTGATCCCCAAA -5

v Bbsl Bbsl v sgRNA scaffold
udeago * M T
insertion site
3’-HTTGTGGA GAAGCTCTTCTGG AATCTCGATCTTTATCGTTCAATTTAA—S’
3x
ue CBh FLAG NLS SpCas9 2A GFP NLS bGH pA
pSpCas9(BB)-2A- Bbsl Bbsl

GFP or Puro

Fig. 2.2. Guide RNA insertion into the pSpCas9(BB)-2A-GFP plasmid. The plasmid contains an sgRNA
sequence, which binds Cas9. The gRNA pairs are ligated into the insertion site to guide Cas9 to the DNA
sequence to be disrupted. The plasmid contained GFP as a reporter gene. The GFP element assists with FACS
(fluorescence activated cell sorting), as cells successfully transfected with the plasmid will also express GFP.

The figure is from [140].

2.6.3. Transformation of gRNA plasmids into competent E. coli cells

NEB 5-a competent E. coli cells were transformed according to the manufacturers heat-
shock protocol (C2987). For each gRNA-pSpCas9(BB)-2A-GFP plasmid, 25 uL. NEB 5-
alpha was thawed at 0 °C for 30 min. A final concentration of 0.37 uM plasmid DNA was
added to the thawed cells and mixed gently without pipetting. The mixture was incubated
on ice for 30 min, heat-shocked at 42 °C for 30 s, then placed on ice for 5 min before the

cells were incubated with shaking for 1 h at 37°C in 100 pL SOC outgrowth medium (0.5%
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w/v yeast extract, 2% w/v tryptone, 10 mM NaCl, 2.5 mM potassium chloride, 10 mM
magnesium chloride, and 20 mM glucose). The culture was spread onto LB agar with 100

mg/mL ampicillin and incubated over-night at 37°C.

2.6.4. Purification of pSpCas9(BB)-2A-GFP gRNA plasmids

Single colonies of cells were picked and grown overnight in LB media containing 100
mg/mL ampicillin, at 37°C with shaking. DNA was purified from the cells using a Qiagen
DNA miniprep kit according to the manufacturer’s instructions. Briefly, E. coli cells
(section 2.6.3) were disrupted with the lysis buffers provided and centrifuged at 10500 x g
to obtain a supernatant containing DNA. The supernatant was added to an affinity column
containing a proprietary silica membrane that binds plasmid DNA. A wash step was used
to remove impurities and purified plasmid DNA was eluted in 10 mM Tris-HCI pH 8.5 by
centrifugation. All centrifugation steps were carried out at 10500 x g and room temperature.
The purified plasmid DNA (10 uL) was precipitated with 3 volumes of 100% v/v ethanol,
1 uL Pellet paint co-precipitant and 370 mM sodium acetate. The ethanol was removed
after centrifugation at 10500 x g for 5 min, and left at room temperature for 10 minutes to
allow the residual ethanol to evaporate. The DNA pellet was solubilised in 10 pL nuclease

free water.

2.6.5. In-vitro assay to confirm the ability of gRNAs to cut f-subunit DNA

Plasmid DNA containing the DNA sequence of ATP synthase f-subunit was digested with
gRNA guided Cas9 overnight at 37°C. The reaction contained 1 pL scaffold RNA, 1 uL
Cas9 protein and 1 puL substrate plasmid. The samples were electrophoresed (section 2.3.2)
to resolve circular undigested DNA from linear digested DNA. The sample (in DNA

loading buffer (appendix II) was loaded onto a 1% w/v agarose gel in 90 mM Tris-boric
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acid, 1 mM EDTA and 100 ng/mL ethidium bromide, pH8.3 and was electrophoresed at
100 volts for 20 min. Visualisation of DNA bands was performed using UV light at 302

nm.

2.6.6. Transfection of HAP1 cells with pSpCas9(BB)-2A-GFP plasmids

HAP1 cells were seeded to 15% confluence in a tissue culture plate and placed in an
incubator over-night at 37°C, under 5% CO,, and 95% relative humidity. A transfection
solution (containing plasmid DNA with gRNAs ATP5J2-1 and ATP5J2-5) was made by
combining 750 pL OptiMEM and 22.5 pL Lipofectamine-3000 transfection reagent with
750 uL OptiMEM, 9 pg J2-1-1 plasmid DNA, 9 pg J2-5-2 plasmid DNA and 2 pL/pg
DNA p3000 transfection reagent. The solution was left at room temperature for 20 minutes.
Cells were washed with sterile warm dPBS and 250 pL transfection solution added to each
well. Cells were left for 15 minutes, then OptiMEM (250 uL) was added. The plate was
incubated at 37°C for 4 h before the addition of 20% v/v FBS in IMDM (0.5 mL/well)

without antibiotics was added.

2.6.7. Cell sorting and seeding single cells for colony growth

Two days after transfection, HAP1 cells were displaced from the plate with trypsin-EDTA
dissociation reagent, resuspended in cold IMDM with 10% v/v FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin and centrifuged at 100 x g for 3 min at room temperature.
The supernatant was removed, cells resuspended in IMDM (1 mL) with FBS and
antibiotics, transferred to a sterile vial and placed on ice. Flow cytometry was performed
with a BD Influx cell sorter using FACS software. Cells were counted and sorted based on
the intensity of the fluorescence signal from GFP in the cells then single cells were seeded

into 96 well sterile tissue culture plates. Plates were incubated at 37°C, 5% CO, with
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complete IMDM. The medium was changed once each week and cells from single colonies
were dissociated from the plate, diluted 3-fold and transferred into single wells of a 24 well
plate. Clonal cells were grown to 70% confluence, dissociated from the plate with trypsin-
EDTA dissociation reagent and seeded in triplicate in 24 well plates and incubated until
they reached 70% confluence. Wells in two of the three replicate plates were washed with
0.4 mL PBS and the plates stored at -20°C immediately. Wells in the remaining plate were
trypsinised with 0.1 mL of the dissociation reagent and then 0.1 mL cold freezing solution
was added (20% v/v DMSO, 50% v/v FBS, 30% v/v IMDM), followed by addition of 0.1
mL 10% v/v DMSO, 50% v/v FBS, 40% v/v IMDM. Cell plates were wrapped in two
layers of tissue and were placed on dry ice for ~30 min until the media was frozen, followed

by storage at -80°C.

2.6.8. Characterisation of the gene deletion status of clonal cell populations

Clonal cells in 24 well plates that had been washed with PBS were lysed with 100 pL buffer
(10 mM Tris HCL, pH 7.4, 0.2% w/v SDS, Roche protease inhibitor (1 tablet/50 mL) and
0.5 units of Benzonase). SDS-PAGE loading buffer (section 2.4.6), was added to the lysed
cell solution and 10 pL of each sample was resolved by SDS-PAGE. Proteins were
transferred to a PVDF membrane by electrophoresis and detected with antibodies raised
against the f- and g-subunits and (-actin was used as a loading control (section 2.4.7). The
presence of the truncated f-subunit or g-subunit genes were assessed by amplifying the f-
subunit or g-subunit genes by PCR and analysing the DNA products using agarose gel
electrophoresis. Genomic DNA was purified from clonal HAP1 cells grown in 24 well
plates. Protein was removed by incubation with 0.4 mg/mL of Proteinase K at 50°C for 2
hin 0.2% w/v SDS, 75 mM sodium chloride and 20 mM EDTA. The DNA was transferred

to a 1.5 mL tube and an equal volume of propan-2-ol was added. Samples were kept at 4°C
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overnight then centrifuged at 10500 g at 4°C for 20 min to pellet DNA. The propan-2-ol
was removed and the DNA was washed with 200 pL absolute ethanol followed by a second
centrifugation. The ethanol was removed, samples air-dried and the DNA was re-dissolved
in buffer EB (10 mM Tris pH 8.5). DNA was amplified by PCR using 2.5 uL 10x Hot Start
reaction buffer/25 pL reaction, 1.5 mM magnesium sulphate, 0.2 mM dNTPs, 10% v/v
DMSO, 0.4 uM forward and reverse primers, 0.75 units of Hot Start DNA polymerase and
2 uL genomic DNA template/25 uL reaction. The temperature profile was 94°C for 3 min
then 35 cycles of 94°C for 20 s, 59°C for 20 s and 68°C for 40 s followed by a final step of
72°C for 5 min. Agarose gel electrophoresis was used to separate f- or g-subunit DNA PCR

products (section 2.3.2). The primers for generating the f- and g-subunit PCR products are

presented in Table 2.7.

Table 2.7 Primer sequences for the f- and g-subunit used to amplify the f- and g-genes
from HAP1 genomic DNA. ATP5J2 forward and ATP5J2 reverse are the f-subunit

primers and ATPSL forward and ATP5L reverse are the g-subunit primers.

Primer Sequence (5’-3°)
ATPS5J2 forward CTGCAGGACCCTCGGATTTT
ATPS5J2 reverse TTCACCCTCCACGCCTAAC
ATPSL forward GGTTTTCCGGACCTCTACGA
ATPSL reverse ATCTGCAGGTCAGACGAGTG
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3. Results
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3.1. Investigation of the functions of the supernumerary subunits of human ATP
synthase

The supernumerary subunits e, f, g, DAPIT, A6L and 6.8 kDa proteolipid of human ATP
synthase have no known functions in mitochondria [82, 87, 100, 124]. Human 143B cells
were treated separately for 96 h with siRNAs to deplete the e-, f-, g-, DAPIT- and 6.8 kDa
proteolipid-subunits. The roles of the f- and g-subunits were also investigated by the

disruption of the corresponding genes in human HAP1 cells.

3.2. Structures of the genes for the nuclear encoded supernumerary f- and g-subunits
of ATP synthase

The chromosome locations of the genes encoding the f- and g-subunits and their structures
are summarised in Table 3.1 and Fig. 3.1. The diagrams were constructed with gene and
mRNA sequences from the ‘genome reference consortium human build 38’ (patch release
7, GRCh38.p7) [141]. The gene for the f-subunit contains an alternative 5° donor site at
position 73, which allows the synthesis of the f-2 isoform in addition to the f-1 isoform.

Isoform f-1 has six additional amino acids (GECPAP) near to its N-terminus (Fig. 3.3B.

Table 3.1 Chromosome locations of supernumerary subunits f and g of human ATP

synthase.
Subunit Gene Chromosome, location
f ATP5J2 7,7922.1
g ATPSL 11,11923.3
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Fig. 3.1 Structures of genes encoding supernumerary subunits f and g of ATP synthase. Dashed lines at
the beginning and end of the genes represent the 5” and 3’ UTRs, respectively, and solid lines and black boxes
are introns and exons, respectively. The numbers below and above each box or line correspond to the number

of base pairs in the introns and exons, respectively.

3.2.1. The efficacy of the gRNAs ability to cut DNA

In order to disrupt the f- and g-subunit genes, the CRISPR-Cas9 system was used. To
demonstrate that the Cas9 nuclease could cut the f-subunit gene, a plasmid containing the
f-gene was incubated with RNA guided Cas9 and four gRNA molecules (Fig. 3.2A).
Nicked, linear and supercoiled forms of the plasmid DNA, shown at the top, middle and
bottom of the gel, were produced. The gRNAs in lanes 2 and 4 were the most effective at
generating linear DNA, as the majority of the product DNA was present as the linearised
form. Guides 1 and 3 were less efficient, as some supercoiled DNA remained, plus more
nicked DNA was produced than in lanes 2 and 4. Therefore, guides 2 and 4 were chosen to
transfect HAP1 cells; they correspond to gRNAs ATP5J2-2 and ATP5J2-5 in Table 2.6.
The ATP5L1 and ATP5L2 gRNAs were confirmed by Dr. Jiuya He (MRC-MBU) to cut
the ATPSL gene efficiently, and the HAP1 cells were also transfected by Dr. Jiuya He.
Once the cells had been transfected and clonal populations grown from single cells, the
gene disruption was demonstrated by amplifying the f- and g-genes from genomic DNA

from the clonal populations by PCR followed by analysis of the product by agarose gel
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electrophoresis (Fig. 3.2B and C, respectively). The PCR product from the control f-gene
was 384 bp long, and the PCR product containing the Af-gene deletion was 315 bp (Fig.
3.2B). The PCR product from the control g-gene was 415 bp long and the Ag-gene was 344

bp long (Fig. 3.2C). Both DNA products were analysed by Sanger sequencing (Fig. 3.3A

and 3.4A).
A B C
Con 1 2 3 4 Con Af Con Ag

Nicked B

Linear - . .
- P
Supercoiled u “

Fig. 3.2 Disruption of the f-gene. In panel A, validation of gRNAs for disruption of the f-gene in HAP1
cells. The control contained Cas9 and the plasmid containing the f-gene, but no gRNAs. Lanes 1-4 correspond
to four gRNAs added to the plasmid containing the f-gene with Cas9. Panels B and C, the PCR products from

control and Af-HAP1 cells and Ag-HAP1 cells, respectively. Their sequences were determined.

3.2.2. Disruption of the genes for the f- and g-subunits

The Cas9 nuclease was guided to specific sequences in the f- and g-genes by pairs of guide
RNA molecules with PAM (protospacer adjacent motif) sequences. For the f-subunit gene,
the 5°-3” and 3’-5" PAMS are CCT and GCC, respectively and for the g-subunit gene the
5’-3> PAMS are CGG and CCQG, respectively. The deletions resulted in 69 and 71 base

pairs (bp) of DNA being removed from the f- and g-subunit genes, respectively. Within the
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deleted regions, the 5’ cap of the corresponding mRNA and translational initiator
methionine codon were removed from both the f- and g-subunit genes. In the f-subunit
gene, the entire sequence of exon I was removed, and 17 bp were removed from intron A
(Figs. 3.1 and 3.3A). For the g-subunit gene, 33 bp upstream of exon I were removed and
32 out of 51 bp were removed from the start site of exon I, resulting in a frame shift
mutation. The effects on the DNA and protein sequences are shown in Figs. 3.3 and 3.4,
respectively. The f-subunit gene deletion occurred across an intron-exon boundary,
between exon I and intron A (Fig. 3.1 and 3.3A), which introduced a frame-shift mutation
upstream of intron A. If the ribosome was able to bind to a start site ATG codon upstream
of the f- or g-subunit gene deletions and transcribed the corresponding mRNA, the frame-
shift mutation would probably result in proteins with amino acid sequences did not
resemble those of the WT f- and g-subunit proteins. The predicted theoretically translated
protein sequences after the f- and g-subunits were disrupted are in Fig. 3.3B and 3.4B,

respectively.
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WT  GTGCATTCCCTACCCAGCAGCEETEGEEEGETCEEEEACAGCGGACACCAGGACTCCAAA
Af  GTGCATTCCCTACCCAGCAGCCCTCGCGCGGTCCGGCA- === == ===========----

WT
Af

B
Isoform 1

WT MASVGECPAPVPVKDKKLLEVKLGELPSWILMRDFSPSGIFGAFQRGYYRYYNKYINVKK
Af --c--cccecceee-- KLLEVKLGELPSWILMRDFSPSGIFGAFQRGYYRYYNKYINVKK

WT GSISGITMVLACYVLFSYSFSYKHLKHERLRKYH
Af GSISGITMVLACYVLFSYSFSYKHLKHERLRKYH

Isoform 2

WT MASVVPVKDKKLLEVKLGELPSWILMRDFSPSGIFGAFQRGYYRYYNKYINVKKGSISGI
Af ----cce--- KLLEVKLGELPSWILMRDFSPSGIFGAFQRGYYRYYNKYINVKKGSISGI

WT TMVLACYVLFSYSFSYKHLKHERLRKYH
Af TMVLACYVLFSYSFSYKHLKHERLRKYH

Fig. 3.3 The effect of gene editing on the f-gene and protein. A, A 69 bp deletion in the gene removed the
sequence encoding part of the 5° cap of the corresponding mRNA, the ATG initiator codon (shown in yellow)
and the following 9 codons from exon I and one base pair from intron A (Fig. 3.2). The binding sites of the
gRNAs are grey and the coding region of exon I is surrounded by square brackets. B, The gene disruption
deleted 10 and 6 amino acids from the N-terminus of isoforms 1 and 2, respectively. WT, wildtype; Af,
deletion strain Af-HAP1. There is no evidence that the truncated f-subunit protein is translated or that there

is a transcript.
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WT GGTCCTGCAGCGGGTCC_GGTTCGGGGCGACGGACTCTCCATTCCAGA

Ag GGTCCTGCAGCGGGTCCTTCCGGCGGGTGACATTCAGCCGGC - = == == == === == === == === === m = o
WT AAC(JETGGCCCAATTTGTCCGTAACCTTGTGGAGAAGACCCCGGCGCTGGTGAACGGT

P - S i i e e Rt
WT JACEGEEGCCGAGGCGGGC

Ag - - -GCCGCCGAGGCGGGC

B

WT MAQFVRNLVEKTPALVNAAVTYSKPRLATFWYYAKVELVPPTPAEIPR

Ag e PRLATFWYYAKVELVPPTPAEIPR

WT AIQSLKKIVNSAQTGSFKQLTVKEAVLNGLVATEVLMWFYVGEIIGKR

Ag AIQSLKKIVNSAQTGSFKQLTVKEAVLNGLVATEVLMWFYVGEIIGKR

WT GIIGYDV

Ag GIIGYDV

Fig. 3.4 The effect of gene editing on the gene and protein of the g-subunit. A, A 71 bp deletion in the
gene removed the ribosome binding site, the initiator codon (yellow) an additional 35 bp corresponding to 11
codons and 2 bp in exon I. The binding sites for gRNAs are grey. The coding region of exon I is marked
between square brackets. B, The gene disruption deleted 13 amino acids at the N-terminus of subunit-g. WT,
wildtype; Ag, deletion strain Ag-HAP1. There is no evidence that the truncated gene is transcribed or the

protein translated.

3.3. Suppression of the expression of the e-subunit

The role of the e-subunit of ATP synthase was investigated by suppressing its expression
using siRNA, followed by biochemical characterisation of the enzyme. The subunit
composition of immunopurified ATP synthase depleted of the e-subunit was examined by
SDS PAGE and mass mapping (Fig. 3.5A and B, and Appendix III Table S1). The
identification of subunits was based on peptide mass mapping of a previous sample of

control ATP synthase.
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Fig. 3.5 Analysis by SDS-PAGE of residual ATP synthase complexes from 143B cells where the
expression of the e-subunit had been suppressed with RNAi molecules. Cells were treated with 90 nM
siRNA for 96 h and then mitoplasts were prepared, followed by solubilisation of membrane proteins with
digitonin (13.4g/g protein) and immunopurification of ATP synthase. Proteins were detected with either
Coomassie blue dye in panel A, or by silver staining in panel B. The identities of subunits of the enzyme
identified by peptide mass mapping are indicated on the left-hand side of the gels. The labels f-1 and f-2 are
the two isoforms of the f-subunit. The efficiency of suppression of the e-subunit protein after 96 h is in panel
C, where the complex I subunit NDUFS1 was used as a loading control. The e-subunit transcript level after

treatment with siRNA for 48 h panel D and was normalised to cellular transcript levels of B-actin.

ATP synthase from the control cells contained all eighteen subunits of the enzyme.
Compared to the control, the residual ATP synthase complex from cells with suppression
of the e-subunit contained similar levels of all five subunits from the F,-catalytic domain
of the enzyme (0, B, v, 6 and ¢), plus the peripheral stalk subunits OSCP, F¢, b and d, and
the c-subunit of the enzyme’s rotor from the membrane domain. The level of the Fo domain
a-subunit had also decreased. The amount of the natural inhibitor of ATP synthase, IF,
was increased compared to the control. In e-subunit depleted ATP synthase, depletion of f-
isoform 1 (f-1), f- isoform 2 (f-2), g-, F¢-, DAPIT-, A6L- and 6.8 kDa proteolipid-subunits
is also apparent. The level of suppression of the e-subunit protein and transcript are

presented in Fig. 3.5C and D, respectively.
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To analyse the relative quantity of ATP synthase subunits in the residual ATP synthase
complex with suppression of the e-subunit, SILAC with mass spectrometry was performed
(Fig. 3.6A and B).

The data are presented in scatter plots showing proteins with increased association,
decreased association or unchanged association with ATP synthase, and are represented in
the upper right quadrant, lower left quadrant and middle of the scatter plots, respectively.
See Fig. 2.1 for an explanation of the interpretation of these scatter plots. Proteins contained
in both immunopurifed ATP synthase and mitoplasts were analysed to investigate the
possibility of protein degradation or increased association of proteins with ATP synthase.
As a result of depletion of the e-subunit, the majority of the subunits in the Fo domain of
ATP synthase dissociated from the enzyme. The subunits with a four-fold relative decrease
in association with ATP synthase were the a-subunit, the two isoforms of the f-subunit (f-
1 and f-2), the g-subunit, and the DAPIT- and 6.8 kDa proteolipid-subunits. The A6L-
subunit displayed a three-fold relative decrease in association with ATP synthase. In
contrast, there was a three-fold relative increase of IF;-M1, which corresponds to one of
the mature forms of the IF, protein (Appendix V, Fig. S22), indicating a relative increase
in association of IF; with ATP synthase compared to the control. IF;-M1 contains an N-
terminal Phe-25 residue. The relative abundances of subunits of the F; domain and the

peripheral stalk were unchanged. The mitochondrial
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Fig 3.6 Relative quantitative mass spectrometric analysis of ATP synthase in e-subunit depleted ATP
synthase from mitoplasts. Mitoplasts were prepared from 143B cells which had been labelled with SILAC
and treated for 96 h with 90 nM siRNA. In panel A, ATP synthase was immunopurified from mitoplasts
solubilised with digitonin (13.4g/g protein). Proteins were separated by SDS-PAGE, individual bands were
Coomassie stained, then in-gel digested with trypsin and analysed by quantitative mass spectrometry. Black
squares and grey circles represent ATP synthase subunits and all other proteins identified in the sample,
respectively. Each axis represents data points from experiments 1 and 2. The data points are relative protein
ratios derived from peptide pair ratios calculated using MaxQuant. In panel B, the data points for ATP
synthase in panel A are summarised. The bars represent the median relative ratios from both experiments and
the error bars represent the range of the ratios. In panel C, proteins from a portion of solubilised mitoplast
material was analysed. The portion was ethanol precipitated, and analysed by SDS PAGE as in panel A. In
panel D, the data points for ATP synthase in panel C are summarised. IF; was not identified in the mitoplast

experiment.

proteome was also investigated by analysing mitoplasts (Fig. 3.6C and D). Subunits that
were relatively decreased in the immunopurified ATP synthase (Fig. 3.6A and B) were also

decreased to a similar extent in mitoplasts, indicating that these subunits are degraded when
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they are lost from the enzyme in e-subunit depleted cells. The evidence that these subunits
are degraded is that these subunits do not remain unchanged in mitoplasts. No protein ratios
were obtained for IF; in mitoplasts. Protein ratios for the data points are included in

Appendix IV, Tables S4 and S5.

In order to assess the respiratory capacity of cells with suppression of the e-subunit, the
oxygen consumption rate (OCR) of cells was measured (Fig. 3.7A). The respiratory states
measured were basal respiration, (respiration before the addition of respiratory
modulators), respiration after inhibition of glycolysis with 2-deoxy-D-glucose (2DG),
respiration after inhibition of the catalytic activity of ATP synthase with oligomycin A
(oligo) and accelerated respiration induced by the respiratory uncoupler FCCP. The cellular
OCR during glycolysis inhibited respiration was significantly lower in e-subunit depleted
cells compared to the control cells. Also, ATP-linked respiration (the difference between
glycolysis inhibited respiration and oligomycin sensitive respiration) was also significantly
lower in e-subunit suppressed cells, suggesting that the respiratory chain in subunit-e
depleted mitochondria cannot pump more protons due to the lack of proton transport
through ATP synthase. The mitochondrial OCR (Fig. 3.7B) was calculated by subtracting
non-mitochondrial respiration (measured after the joint addition of antimycin A and
rotenone) from basal, oligomycin sensitive and accelerated respiration. Basal and
accelerated mitochondrial respiration were significantly decreased in cells with e-subunit
depletion. ATP synthase depleted of the e-subunit did not display a significant difference
in oligomycin sensitivity compared to the control, as indicated by the cellular and
mitochondrial OCR after addition of oligomycin. Once the mitochondrial respiration was

calculated, significant differences in the basal and accelerated respiration were observed.

60



25
2DG oligo FCCP AA/Rot
—— Control
20 )
—— e siRNA
8 151
£
£
©
£ 101
o
O
o
5_.
0 ; ; ; ; ; ; .
0 20 40 60 80 100 120 140 160
Time (min)
B C D
1.2
3 0.05 % 104
815 P E
E ] ql) 0 8 4
£ |p<0.05 T e
S |+ 2
510 ’_‘ a 06 -
o kS
®)
o Z 04 Con e
- : -
5 0>0.05 S 0o — NDUFS1
s) © |
§0\\ ﬂ go'OCon e )
%‘b Q’{b'\\qo\\go OQ OQ
PP O, 0 (O
N o(\ e LUK
(-)0 (@) o(\ (]

Fig. 3.7 The OCR of 143B cells depleted of the e-subunit of ATP synthase. 143B cells were analysed 96
h after transfection of the cells with 90 nM siRNA using a Seahorse XF24 instrument. In panel A, the cellular
OCR is measured after the additions of the respiratory modulators 2-deoxy-D-glucose (2-DG), which inhibits
glycolysis, oligomycin A (oligo), which inhibits ATP synthase, FCCP, a protonophore which accelerates
respiration, and antimycin A with rotenone (AA/Rot), which are complex III and complex I inhibitors,
respectively. The concentrations of each modulator added to the cells was 20 mM, 1 uM, 0.5 uM and 0.6 uM
each, respectively. Each data point represents the mean (n=5) +/- the standard deviation. In panel B, the
mitochondrial OCR (the measurement with the AA/Rot residual rate subtracted) is displayed during basal,
ATP synthase inhibited (oligo) and accelerated (FCCP) respiration. The bars represent the mean
mitochondrial OCR of the four time points during each measurement period. A paired Students’ t-test was
used to show statistical significance between control and siRNA treated groups. The efficiency of the siRNA
mediated suppression of the e-subunit transcript level and protein are in panels C and D, respectively. The e-
subunit mRNA level was normalised to transcript levels of cellular B-actin.

This may be due to the level of e-subunit depletion, where if the e-subunit had been depleted

more than was observed, the significant differences may have also been observed in Fig.
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3.7 A. The level of suppression of the transcript and e-subunit protein in this experiment
are presented in Fig. 3.7C and D, respectively.

The effect of suppressing the e-subunit on the oligomerisation state of ATP synthase was
examined by blue native (BN)-PAGE (Fig. 3.8A). Mitochondrial membranes were treated
with digitonin (6 g/g protein) to solubilise native protein complexes, which were separated
by BN-PAGE, followed by Western transfer and antibody detection of protein complexes
containing the B-subunit of ATP synthase. Oligomeric ATP synthase and the ATP synthase
dimer were significantly depleted in subunit-e depleted mitochondrial membranes, and sub-
complexes e-S1 and e-S2 accumulated. Oligomers (O) represent two forms of multimers
containing the ATP synthase dimer. The level of the suppression of the e-subunit protein

in this experiment is presented (Fig. 3.8B).
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Fig. 3.8 Analysis of the native state of ATP synthase after depletion of the e-subunit using siRNA.
Mitochondrial membranes were prepared from 143B cells within 3 h of harvesting and membrane proteins
were solubilised with digitonin (6g/g protein). Native protein complexes were separated by BN-PAGE
followed by immunoblotting and detection of ATP synthase complexes with a $-subunit antibody. O refers
to oligomeric forms of ATP synthase, D is dimeric ATP synthase, M is monomeric ATP synthase, e-S1 and
e-S2 are subcomplexes of ATP synthase in order of decreasing size. The SDHA subunit of complex II was
used as a loading control. The efficiency of the siRNA to suppress the expression of the e-subunit is in panel

B.
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3.4. Suppression and disruption of the expression of the f-subunit

The subunit composition of ATP synthase was examined, in 143B cells where the
expression of the f-subunit had been suppressed by siRNA, and in Af-HAP1 cells (Fig.
3.9A and B and Fig. 3.9E and F, respectively). ATP synthase was immunopurified from
mitoplasts, analysed by SDS-PAGE and subunits were identified by peptide mass mapping
(Appendix III, Tables S1 and S2). When the expression of the f-subunit was suppressed,
the subunits that remained unchanged compared to the control were those in the F; domain,
the peripheral stalk and the c-subunit. The a-subunit was depleted compared to the control,
and the band containing IF; was more intense than in the control. Depletion of subunits
was seen in the band containing the f-subunit isoform 1, and there was a slight decrease in
the band containing the f-subunit isoform 2, g- and F¢-subunits, which co-migrate. The
band containing the A6L- and 6.8 kDa proteolipid-subunits was depleted, as well as the
band containing the e- and DAPIT-subunits. The level of suppression of the f-subunit
protein and transcript are presented in Fig. 3.9C and D. The changes in ATP synthase where
the f-subunit had been suppressed with siRNA oligonucleotides (Fig. 3.9A and B) were
reflected, but more severely, in Af-HAP1 ATP synthase (Fig. 3.9E and F). When a protein
is depleted with siRNA, the changes in the level of that protein are only transient and the
protein is not lost completely. In contrast, the disruption of a gene results in sustained,
indefinite loss of the protein, and so the effects of the loss of that protein are usually
amplified, as in the case of Af-HAP1 ATP synthase. In Af-HAP1 ATP synthase, the loss
of the A6L-, 6.8 kDa proteolipid-, DAPIT- and a-subunits is apparent. The band containing
the DAPIT- and e-subunits from Af-HAP1 ATP synthase stains less intensely than the
equivalent band in the control. The DAPIT-subunit was not automatically identified by
mass spectrometry peptide mass mapping, suggesting that the majority of the protein

contained in this band in Af-HAP1 ATP synthase is the e-subunit. The band containing IF;
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stains more intensely than the control in Af-HAP1 ATP synthase. The F; and peripheral
stalk subunits were unchanged. In the Fo domain, the g-, and g-subunits were unchanged.

The level of the f-subunit compared to the control in Af-HAP1 mitoplasts is presented in

Fig. 3.9G.
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Fig. 3.9 Analysis of residual ATP synthase complexes from 143B cells where the expression of the f-
subunit had been suppressed with RNAi molecules, or from Af-HAP1 cells. Mitoplasts from cells
transfected with 90 nM siRNA for 96 h (panels A and B), or mitoplasts from Af-HAP1 cells (panels E and F)
were solubilised with digitonin (13.4g/g mitoplast protein) and ATP synthase was immunopurified. Proteins
were separated by SDS-PAGE and visualised with either Coomassie blue dye in panels A and E, or by silver
staining in panels B or F. The ATP synthase subunits identified by mass mapping are shown to the left of the
gels. The extent of the suppression of the f-subunit protein is in panel C, the complex I subunit NDUFS1 was
used as a loading control. The level of the f-subunit transcript after the cells were exposed to the siRNA for
48 h is in panel D, and was normalised to transcript levels of cellular B-actin. The absence of the subunit-f

protein in mitoplasts from Af-HAP1 cells is in panel G.
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To quantify the relative changes in ATP synthase subunits after the suppression or
disruption of the expression of the f-subunit, ATP synthase was immunopurified from f-
subunit depleted or Af-HAPI mitoplasts, respectively. SILAC labelling and mass
spectrometry were used for relative quantification of the proteins. The pattern of depleted
subunits in Fig. 3.9 was reflected in the analysis of subunit-f depleted ATP synthase after
siRNA treatment, or in Af-HAP1 ATP synthase (Fig. 3.10A and B and Fig. 3.11A and B,
respectively).

After the expression of the f-subunit was suppressed by siRNA, both isoforms of the f-
subunit showed a four-fold relative depletion in immunopurified ATP synthase. Subunits
with a similar level of depletion were the DAPIT-, 6.8 kDa proteolipid-, a- and A6L-
subunits. The e- and g-subunits remained unchanged, along with the peripheral stalk
subunits and F; domain subunits. The IF;-M1 isoform displayed a two-fold increase in
association with immunopurified ATP synthase. In mitoplasts from cells where the f-
subunit had been suppressed, the 6.8 kDa proteolipid-, a- and A6L-subunits were also
depleted, and so was the DAPIT-subunit, to a lesser extent. (Fig. 3.10C and D), indicating
that these subunits apart from DAPIT are turned over either before or after incorporation
into ATP synthase with f-subunit-suppression. The IF;-M1 protein (Appendix V, Fig. S22)
was unchanged in mitoplasts, suggesting that suppressing the f-subunit does not result an
apparent increase in the expression of IF; in mitochondria. The observed increase in
association of IF; with ATP synthase therefore reflects a specific increase in its interaction
with the complex. A list of the protein ratios used to create Figs. 3.10 and 3.11 is in
Appendix IV Tables S6-S10. Peptide ratios used to calculate the y-, 6-, and e-subunits

manually are in Appendix IV Table S22.
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Fig. 3.10 Relative quantitative mass spectrometric analysis of ATP synthase with f-subunit suppression.
Proteins were labelled by SILAC in f-subunit depleted cells. Mitoplasts were prepared and solubilised with
digitonin (13.4g/g mitoplast protein). In panel A, immunopurified ATP synthase was analysed by SDS-PAGE
and relative quantitation of proteins was performed by quantitative mass spectrometry. In panel B, the ATP
synthase subunits in panel A are summarised. Bars represent median ratios from two experiments and the
error bars show the range of the ratios. In panel C, the solubilised mitoplast material was ethanol precipitated,

and analysed as in panel A. In panel D, the data points for ATP synthase in panel C are summarised.

The gene encoding the f-subunit was disrupted (Fig. 3.2), and immunopurified ATP

synthase from Af-HAP1 mitoplasts was analysed by mass spectrometry with SILAC (Fig.
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Fig. 3.11 Characterisation of ATP synthase from Af-HAP1 cells. Af-HAP1 cells were labelled with
SILAC, mitoplasts were prepared and solubilised with digitonin (9g/g mitoplast protein). In panel A, ATP
synthase was immunopurified from mitoplasts and relative quantification of subunits was obtained by mass
spectrometry. In panel B, a summary of ATP synthase subunit ratios in panel A is presented. In panels C and

D, Af-HAP1 mitoplasts that had been solubilised with digitonin and ethanol precipitated were analysed by

mass spectrometry as in panels A and B. The y- and e-subunits were calculated manually from peptide ratios

where less than two unique peptides were identified in one or both experiments.

3.11A and B). This experiment should not provide a protein ratio for the f-subunit as the
proteins should only be present in the wildtype sample. However, both isoforms of the f-

subunit were identified, and were depleted approximately log, 7-fold (a 128-fold
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depletion). The peptide data for the f-subunit in Af immunopurified ATP synthase samples
can be explained by incomplete labelling of the wildtype (WT) sample in experiment 1,
where the WT cells were labelled with heavy isotopes of arginine and lysine, but in
experiment 2, where the WT cells were unlabelled or ‘light’, the identification of the
‘heavy’ f-subunit suggests that the Af-HAP1 sample contained some residual f-subunit
protein. This may have arisen by cross contamination, which could have occurred from the
adjacent lane in the gel on which the samples were loaded. When Af-HAP1 mitoplasts were
analysed (Fig. 3.11C and D), there was no evidence of the two isoforms of the f-subunit.

In Af-HAP1 ATP synthase, the subunits that displayed a 32-fold relative decrease were the
a-, A6L- and 6.8 kDa proteolipid subunits. The DAPIT-subunit displayed an 8-fold relative
decrease. The IF, precursor protein was identified in immunopurified Af-HAP1 ATP
synthase, as well as the IF;-M1 and IF;-M2 isoforms. The IF; precursor was elevated 2-
fold, however, the IF;-M1 and IF;-M2 isoforms remained unchanged. In Af-HAP1
mitoplasts, the relative changes observed in immunopurified ATP synthase were
approximately reflected. The 6.8 kDa proteolipid-, a- and A6L-subunits were decreased
8-, 90- and 22-fold, respectively, but the DAPIT-subunit was unchanged. Only the IF;-M1

isoform was identified in mitoplasts, and was unchanged.

The effect on the OCR of cells after the suppression or disruption of the expression of the
f-subunit was examined in 143B cells or HAP1 cells, and is shown in Figs. 3.12 and 3.13,
respectively. The cellular OCR of cells with suppression of the f-subunit was significantly
lower than the control during basal and glycolysis inhibited respiration (fig. 3.12A). There
was a small but statistically significant decrease in the cellular OCR after the second
measurement following FCCP addition. The oligomycin sensitive OCR of f-subunit

suppressed cells and the mitochondrial OCR was also decreased to a small but statistically
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significant extent (Fig. 3.12A and B). ATP-linked respiration (the difference between basal
respiration and oligomycin sensitive respiration) was significantly lower in cells with f-
subunit suppression. There was no significant difference in cellular OCR of control cells
or cells with f-subunit suppression during accelerated respiration, indicating that the
suppression of the f-subunit did not affect the activity of the respiratory complexes. The
mitochondrial OCR in 143B cells depleted of the f-subunit (Fig. 3.12B) was significantly
decreased during basal and accelerated respiration. The degree of suppression of the
expression of the f-subunit protein and transcript is shown in Fig. 3.12C and D,
respectively.

In contrast to 143B cells with f-subunit suppression, in Af-HAP1 cells, the cellular OCR
was significantly decreased during basal, glycolysis inhibited, oligomycin sensitive and
accelerated respiration (Fig. 3.13A). This suggests ATP synthesis and respiration in Af-
HAPI cells are severely disrupted. Af-HAP1 ATP synthase did not display sensitivity to
oligomycin as indicated by the observation that the OCR did not significantly decrease after
the addition of oligomycin. Also, the respiratory capacity of the electron transport chain
may be decreased, indicated by the significantly lower OCR during accelerated respiration.
When the mitochondrial OCR was calculated (Fig. 3.13B), the significant differences in

cellular OCR were reflected.
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Fig. 3.12 The cellular and mitochondrial OCR in 143B cells depleted of the f-subunit of ATP synthase.
In panel A, the cellular OCR of cells was measured 96 h after transfection of the cells with 90 nM siRNA.
Each data point is the mean of measurements taken from five different wells, error bars are the standard
deviations. In panel B, mitochondrial OCR was calculated during basal, oligomycin sensitive and accelerated
respiration. The non-mitochondrial respiration (after addition ofAA/Rot) was subtracted from these data
points. Details of the assay are described in the Figure legend of Fig. 3.7. The extent of the suppression of
the f-subunit transcript is in panel B, normalised to cellular B-actin mRNA. Panel C shows the extent of the
f-subunit protein suppression, where the complex I subunit NDUFS1 was used as a loading control.
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Fig. 3.13 The cellular and mitochondrial OCR in Af-HAP1 cells. The cellular OCR of Af-HAP1 cells is
shown compared to control HAP1 cells is in panel A. The data points represent the mean values (n=10) +/-
the standard deviation, measured at each time point. In panel B, the mitochondrial OCR was calculated by
subtracting the non-mitochondrial OCR from each of the data points in panel A. Bars represent the mean of
the four values in panel A that represent basal, oligomycin inhibited and accelerated and the error bars show
the standard deviation. Details of the assay are described in the Figure legend of Fig. 3.7 Fig. 3.9G shows the

protein level of the f-subunit in control HAP1 cells and in Af-HAP1 cells.

BN-PAGE was used to examine the effect of suppressing or disrupting the expression of
the f-subunit on the formation of native protein complexes of ATP synthase. The native
state of ATP synthase in mitochondrial membranes from 143B cells treated with siRNA to
deplete the f-subunit is in Fig. 3.14A. The oligomers (O) and the ATP synthase dimer (D)
were diminished. Two subcomplexes accumulated, a predominant f-S1 subcomplex was
observed, and also a less prevalent f-S2 subcomplex was detected. In mitochondrial
membranes and mitoplasts from Af-HAP1 cells, severe depletion of oligomers and the ATP
synthase dimer was observed (Fig. 3.15A and B) and the Af-S1 and Af-S2 subcomplexes

accumulated.
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Fig. 3.14 Analysis of the native state of ATP synthase after depletion of the f-subunit. The f-subunit was
depleted in 143B cells using siRNA, then mitochondrial membranes were prepared from 143B cells and were
solubilised with digitonin (6g/g protein). Native protein complexes were separated by BN-PAGE and ATP
synthase complexes were detected using immunoblotting with an antibody that detects the B-subunit. The f-
S1 and f-S2 are subcomplexes of ATP synthase in order of decreasing size. The SDHA subunit of complex
II was used as a loading control. The level of depletion of the f-subunit is in panel B, where the complex I

subunit NDUFS1 was used to control for loading.
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Fig. 3.15 Effect on the native state of ATP synthase from Af-HAP1 cells. Mitochondrial membranes (A)
or mitoplasts (B) were prepared and proteins solubilised with digitonin (6g/g or 9 g/g protein, respectively).
Native protein complexes were separated by BN-PAGE and ATP synthase complexes were detected using
immunoblotting with an antibody raised against the B-subunit. Subcomplexes of ATP synthase are labelled
Af-HAP1-S1 and Af-HAP1-S2. An antibody that recognises citrate synthase was used as a loading control.
The protein level of the f-subunit is in Fig. 3.9G.
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3.5. Suppression and disruption of the expression of the g-subunit

To assess the effect of disruption of the expression of the g-subunit on the subunit
composition of ATP synthase, mitoplasts were prepared from Ag-HAP1 cells and ATP
synthase was immunopurified. Peptide mass mapping was used to identify the subunits
(Appendix III, Table S3). All subunits were identified in the control, except IF;. The ATP
synthase from Ag-HAP1 cells lacked the band containing the g-, f- and F¢ subunits, and
also all of the bands between the f-1 isoform of the f-subunit down to the band containing
the €- and c-subunits (Fig. 3.16A and B). The missing bands correspond to the bands in the
control that contain the f-1 and f-2 isoforms of the f-subunit, and the g-, Fs-, e-, DAPIT-,
A6L- and 6.8 kDa proteolipid-subunits. The Ag-HAP1 ATP synthase did not appear to have
IF, associated with it. The amount of Ag-HAP1 ATP synthase was reduced compared to
the control, as judged by the intensity of the bands containing the F; domain subunits. The
peripheral stalk subunits b, OSCP, d and F¢ were also reduced, with the Fg-subunit most
severely depleted. The Ag-HAP1 ATP synthase in Fig. 3.16A displayed two bands that
were absent in the control and in Ag-HAP1 ATP synthase that was silver stained (Fig.
3.16B). The band that migrated to the position of the f-2-, g- and Fe-subunits in the control
contained the e-subunit (*). No ATP synthase subunits were identified in the other lower
band (**), only bovine trypsin, which was used to digest proteins prior to peptide mass
mapping. The protein in the band labelled ** may not contain any lysine or arginine
residues that would allow mass spectrometric identification of tryptic peptides, and may
represent a contaminant because approximately 30x more sample was loaded onto the gel

in Fig. 3.16A than in Fig. 3.16B, where the bands were not visible.
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Fig. 3.16. Analysis by SDS-PAGE of residual ATP synthase complexes from Ag-HAP1 cells. Mitoplasts
were prepared and solubilised with digitonin (13.4g/g protein), followed by immunopurification of ATP
synthase. Proteins were stained with either Coomassie blue dye in panel A, or by silver staining in panel B.
Subunits of the ATP synthase identified by peptide mass mapping are designated on the left-hand side of the
gels. The efficiency of disruption of expression of the g-subunit protein is in panel C, where citrate synthase
was used as a loading control. The bands marked * and ** in the residual Ag-HAP1 ATP synthase complex
contained the 3-subunit and bovine trypsin, respectively. The c-subunit and e-subunit were not identified
automatically with the MASCOT search engine.

The subunit composition of immunopurified ATP synthase with suppression and disruption
of expression of the g-subunit was also investigated by SILAC labelling and quantitative
mass spectrometry. After depletion of the g-subunit with 90 nM siRNA for 96 h, a three-
fold relative depletion in the g-subunit was obtained. Other subunits which were decreased
by a similar level were the e-subunit and both isoforms of the f-subunit (Fig. 3.17A and B).
Proteins that displayed a two-fold relative decrease in association with ATP synthase were
the DAPIT-, 6.8 kDa proteolipid-, and a-subunits. The A6L-subunit was 1.5-fold
decreased. IF1-M1 and IF1-M2 (Appendix V, Fig. S22) increased their association with

ATP synthase by four and three-fold, respectively. The IF;-M1 and IF;-M2 mature forms,
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correspond to the IF; protein with N-termini of Phe25 or Gly26, respectively. In an
equivalent experiment, which analyses the mitochondrial proteome, the F; domain subunits
(o, B, v, and 0) were unchanged, except the e-subunit, which decreased by 1.5-fold (Fig.
3.17C and D). The protein ratios used to create Figs. 3.17 and 3.18 are in Appendix IV,
Tables S11-S15. The peptide data used to manually calculate the IF,-M1 and IF;-M2
protein ratios is in Appendix IV Table S23.

The peripheral stalk subunits b, d, and Fs displayed a decrease in association with ATP
synthase. The f-1 isoform of the f-subunit was three-fold decreased. The a-subunit was
decreased to a similar extent in mitoplasts as in immunopurified ATP synthase, indicating
that it was turned over in g-subunit depleted ATP synthase. Both IF;-M1 and IF;-M2
remained unchanged in mitoplasts, suggesting that the total amount of IF; in mitochondria
did not increase when IF; bound to ATP synthase in g-subunit depleted ATP synthase.
The subunit composition of ATP synthase from Ag-HAP1 cells (Fig. 3.18A and B) was
analysed as described for the siRNA mediated suppression of the expression of the g-
subunit (Fig. 3.17). In immunopurified ATP synthase, the g-subunit was identified, despite
evidence that the gene encoding the g-subunit had been disrupted to the extent of losing
part of the DNA encoding for the 5’ cap of the mRNA, the initiator methionine codon and
twelve amino acids at the N-terminus (Fig. 3.4). The g-subunit displayed a relative decrease
of approximately 5-fold. Immunopurified Ag-HAP1 ATP synthase displayed a 90-fold
depletion in the f-1 isoform of the f-subunit. The F; subunits were 3-fold depleted, the
peripheral stalk subunits were 6-fold depleted and the a-, A6L- and DAPIT-subunits were
depleted by 5.5-fold. The e- subunit was not significantly changed, with a 4-fold decrease,

but ranging between 1.5 to -22.6. The IF;-M1 isoform was unchanged.
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Fig 3.17 Relative quantitative mass spectrometric analysis of ATP synthase in g-subunit depleted cells.
Mitoplasts were prepared and solubilised with digitonin (13.4g/g mitoplast protein). In panel A, ATP synthase
was immunopurified and subunits separated by SDS-PAGE followed by quantitative mass spectrometry. In
panel B, a summary of the ratios for ATP synthase subunits in panel A is presented. In panel C, mitoplast
material was analysed as described in panel A. In panel D, a summary of the data points for ATP synthase in
panel C is shown. The IF;-M1 and IF;-M2 isoforms were not identified automatically in neither
immunopurified ATP synthase or mitoplast material because there were two or less unique peptide ratios
present in one or both experiments. The protein ratios for the two IF; isoforms were calculated manually from

the peptide ratios calculated by MaxQuant.
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In Ag-HAP1 mitoplasts (Fig. 3.18C and D), the g-subunit was decreased 16-fold, and the
f-subunit isoform 1, 6.8 kDa proteolipid- and a-subunits were decreased 45-, 16- and 11-
fold, respectively. The e- and DAPIT-subunits were both decreased 5.5-fold. The F,
subunits and peripheral stalk subunits were decreased by approximately 3- and 8-fold. The
IF;-M1 isoform was decreased by approximately 1.5-fold. The changes in the F; domain

subunits were statistically insignificant, as was the change in IF;-M1 in mitoplasts.
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Fig. 3.18. Relative quantitative mass spectrometric analysis of ATP synthase subunits from Ag-HAP1
mitoplasts. Panels A and B show relative quantification of proteins from immunopurified ATP synthase from
mitoplasts solubilised with digitonin (13.4g/g protein). In panel C, solubilised mitoplasts that had been
ethanol precipitated were analysed, and the ATP synthase protein ratios are summarised in panel D. Appendix

IV Tables S14 and S15 contain the protein ratios of all identified subunits used in this Figure.

To assess the effect on the respiratory capacity of Ag-HAP1 cells, the cellular OCR was
measured after the addition of respiratory modulators 2DG, oligomycin A, FCCP,

antimycin A with rotenone (Fig 3.19A). A significant decrease in the cellular OCR was
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observed in Ag-HAPI cells throughout the assay (during basal, glycolysis inhibited,
oligomycin sensitive, and accelerated respiration) albeit with the oligomycin sensitive OCR
exhibiting a smaller, but significant decrease compared to the larger differences at the other
points during the assay. There appeared to be no ATP-linked respiration in Ag-HAP1 cells,

as there was no difference between the basal OCR and the OCR after oligomycin was

added.
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Fig. 3.19 The OCR of HAP1 cells with disruption of the gene encoding the g-subunit. The OCR of Ag-
HAPI1 cells, which lack the g-subunit is compared to control cells. In panel A, the cellular OCR was measured
after the additions of respiratory modulators. Data points represent the mean values (n=10) +/- the standard
deviations. In panel B, the mitochondrial OCR is displayed as bars showing the mean of the four data points
in panel A that represent basal, ATP synthase inhibited (oligo) and accelerated (FCCP) respiration. The error
bars show the standard deviations of the four data points used to generate the bars. Significance values were
calculated with a paired Student’s t-test. The disruption of expression of the g-subunit is in Fig. 3.16C. Full

details of the assay are in the Figure legend of Fig. 3.7.

The mitochondrial OCR (Fig. 3.19B) was calculated by subtracting the average non-
mitochondrial OCR from each of the data points in Fig. 3.19A. The mitochondrial OCR of
Ag-HAP1 cells was significantly lower than the mitochondrial OCR of control cells during
basal, oligomycin sensitive and accelerated respiration, suggesting that ATP synthase from

Ag-HAP1 cells is not active and that there is also a respiratory chain defect, because the
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mitochondria did not display an increase in their OCR after the protonophore FCCP was

added.

The oligomerisation state of the ATP synthase with suppression or disruption of the
expression of the g-subunit was investigated by BN-PAGE. In siRNA treated
mitochondrial membranes, oligomers (O) and the ATP synthase dimer were depleted and
subcomplexes g-S1 and g-S2 accumulated (Fig. 3.20A). Monomeric ATP synthase was not

significantly affected.

A B

Con g kDa Con g

anti-NDUFS1| S S

1200

M 600
g-St
g-S2

Complex Il —II]E 120

Fig. 3.20 Analysis of the native state of ATP synthase after depletion of the g-subunit. Mitochondrial
membranes were solubilised with digitonin (6g/g). Subcomplexes of ATP synthase are labelled g-S1 and g-
S2 in order of decreasing size. The SDHA subunit of complex II was used as a loading control. The extent of
the depletion of the g-subunit is in panel B, and the NDUFS1 subunit of complex I was used to control for

loading.

However, when the gene encoding the g-subunit was disrupted, ATP synthase oligomers,
dimers the monomer were not detected in mitochondrial membranes, and two sub-
complexes were observed, denoted Ag-HAPI1-S1 and Ag-HAP1-S2 in Fig. 3.21A.
However, when mitoplasts were prepared from the same batch of cells, only one

subcomplex was observed (Ag-HAP1-S1(mp). There were also no signs of ATP synthase
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oligomers or dimers as was the case in Fig. 3.21A, but there was a small amount of ATP

synthase complex detected at the same position as the control ATP synthase monomer.
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Fig. 3.21 The effect on the native state of ATP synthase in Ag-HAP1 cells. Mitochondrial membranes (A)
or mitoplasts (B) were prepared from Ag-HAP1 cells and proteins were solubilised with digitonin (6g/g or 9
g/g protein, respectively). Native protein complexes were analysed by BN-PAGE and immunoblotting to
detect the B-subunit of ATP synthase. Subcomplexes of ATP synthase are labelled Ag-HAP1-S1 and Ag-
HAP1-S2. The level of the g-subunit protein is in 3.16C.

3.6. Suppression of the expression of the DAPIT-subunit

The subunit composition of residual ATP synthase after suppressing the DAPIT-subunit
with siRNA was investigated. In DAPIT-subunit depleted ATP synthase, the profile of all
ATP synthase subunits was identical to the control, apart from the band which contains the
DAPIT-subunit, which stained less intensely, (Fig. 3.22A and B). The extent of suppression
of the DAPIT-subunit protein and transcript is in Fig. 3.22C and D, respectively. Peptide
mass mapping was used to identify the subunits labelled in Fig. 3.22A and B, and the

peptide data is in Appendix I1I, Table S1.
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Fig. 3.22 Analysis by SDS-PAGE of residual ATP synthase complexes from 143B cells where the
expression of the DAPIT-subunit had been suppressed with RNAi molecules. Cells were treated with 90
nM siRNA for 96 h and then mitoplasts were prepared, and solubilised with digitonin (13.4g/g) followed by
immunopurification of ATP synthase. Proteins were visualised with either Coomassie blue dye in panel A,
or by silver staining in panel B. ATP synthase subunits were identified by peptide mass mapping and are
indicated to the left of the gels. The degree of the suppression of the DAPIT-subunit protein is in panel C,
where the loading control was the complex I subunit NDUFS1. The DAPIT-subunit transcript level was

normalised to cellular B-actin transcripts after treatment with siRNA for 48 h is shown in panel D.

The quantitative mass spectrometry data in Fig.3.23A and B is consistent with the profile
of immunopurified ATP synthase in Fig. 3.22A and B. The DAPIT-subunit was three-fold
decreased (-Log, 1.5=3), and the effect on the ATP synthase complex was negligible. All
of the subunits of ATP synthase remained unchanged after the DAPIT-subunit was
depleted, and IF, did not display any change in association with the enzyme. This result
was reflected in the mitochondrial proteome, which is shown in Fig. 3.23C and D, where
again, the only subunit of ATP synthase that was changed was the DAPIT-subunit.
However, the IF;-M1 protein increased four-fold in mitoplasts, and IF;-M2 was 1.5-fold
increased. However, the protein ratios from mitoplast IF;-M1 and IF;-M2 isoforms (for
their sequences, see Appendix V, Fig. S22) were calculated manually from the available

peptide ratios. There were less than two unique peptides in one or both experiments, the
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protein ratios could not be automatically calculated. This may have increased the median
range as less peptide ratios were used to calculate these ratios than the minimum number
of peptides required by the MaxQuant algorithm used to identify peptide pairs and calculate
protein ratios. The protein ratios of the proteins identified in Fig. 3.23 are listed in Appendix

IV, Tables S16 and S17.
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Fig 3.23 Relative quantitative mass spectrometric analysis of ATP synthase with suppression of the
DAPIT-subunit with siRNA. Proteins were labelled by SILAC in 143B cells. Mitoplasts were prepared and
solubilised with digitonin (13.4g/g protein). In panel A, the subunits of immunopurified ATP synthase
subunits were separated by SDS-PAGE followed by quantitative mass spectrometry. In panel B, the data
points for ATP synthase in panel A are summarised. In panel C, the mitoplast proteome was analysed as in
panel A. In panel D, the data points for ATP synthase in panel C are summarised. The bars show the median

relative ratios from both experiments and the error bars represent the range of the ratios.
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Fig. 3.24 The mitochondrial OCR of 143B cells depleted of the DAPIT-subunit was measured. The
OCR of 143B cells was measured 96 h after transfection of the cells with 90 nM siRNA and is displayed in
panel A. The mitochondrial OCR is in panel B and was calculated by subtracting non-mitochondrial
respiration from the data points in panel A, then the mean of these four data points that represent each
respiratory state was used to generate the bars. The error bars are the standard deviations between the four
data points. A paired Students’ t-test was used to calculate statistical significance. The level of suppression
of the DAPIT-subunit protein is in panel B. NDUSF1 was used as a loading control. Details of the assay are
described in the Figure legend of Fig. 3.7.
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The cellular OCR of 143B cells where the expression of the DAPIT-subunit had been
suppressed (Fig. 3.24A) was investigated. The suppression of the DAPIT-subunit does not
result in any significant defects in cellular OCR during basal respiration, glycolysis
inhibited respiration, oligomycin inhibited respiration, nor during FCCP mediated
accelerated respiration (Fig. 3.24A). The mitochondrial OCR of DAPIT-depleted cells
(Fig. 3.24B) was calculated and the result showed no significant decrease during basal and
oligomycin sensitive respiration, however, a small but statistically significant difference
was reported during accelerated respiration. The extent of the suppression of the DAPIT-

subunit protein is presented in Fig. 3.24C.
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Fig. 3.25 Analysis of the native state of ATP synthase after depletion of the DAPIT-subunit using siRNA
molecules. Mitochondrial membranes solubilised with digitonin (6g/g protein) were analysed by BN-PAGE
to investigate the oligomeric state of ATP synthase. Native ATP synthase complexes were detected using an
antibody that detects the B-subunit of ATP synthase. SDHA was used as a loading control. The efficiency of
the siRNA to suppress the expression of the DAPIT-subunit protein is in panel B. The complex I subunit

NDUFSI was used as a loading control.
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The effect of suppressing the DAPIT-subunit on the native ATP synthase complex was
investigated by BN-PAGE (Fig. 3.25A). Oligomers of ATP synthase (O) were reduced in
subunit-DAPIT depleted mitochondrial membranes.

A band near to the control ATP synthase dimer migrated further in the DAPIT-depleted
sample and the band containing monomeric ATP synthase appeared unchanged, when

loading was controlled for.

3.7. Suppression of expression of the 6.8 kDa proteolipid-subunit
The role of the 6.8 kDa proteolipid-subunit in maintaining the subunit composition of the

ATP synthase was investigated by siRNA (Fig. 3.26A and B).
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Fig. 3.26 Analysis by SDS-PAGE of residual ATP synthase complexes from 143B cells where the
expression of the 6.8 kDa proteolipid-subunit had been suppressed using siRNA. Cells were treated with
90 nM siRNA for 96 h and then mitoplasts were prepared, followed by immunopurification of ATP synthase.
Immunopurified proteins were detected with either Coomassie blue dye in panel A, or by silver staining in
panel B. The identities of immunopurified proteins were identified by peptide mass mapping are shown to
the left of the gels. The level of suppression of the expression of the 6.8 kDa proteolipid-subunit protein is in
panel C, where the complex I subunit NDUFS1 was used as a loading control. The 6.8 kDa proteolipid-

subunit transcript level 48 h after transfection, and normalised to cellular B-actin mRNA is in panel D.
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The subunits that remained unchanged in immunopurified ATP synthase from 6.8 kDa
proteolipid-subunit depleted cells were the F; domain subunits, the peripheral stalk subunits
and all of the Fo subunits, except for bands containing the a-, A6L- and 6.8 kDa proteolipid-
subunits, which co-migrate (Fig. 3.26A and B). The extent of the suppression of the
expression of the 6.8 kDa proteolipid subunit protein and transcript is presented in Fig.
3.26C and D, respectively. Proteins were identified by peptide mass mapping (Appendix

111, Table S1).

In order to determine the relative abundance of ATP synthase subunits in cells depleted of
the 6.8 kDa proteolipid-subunit, SILAC assisted mass spectrometry was performed with
immunopurified ATP synthase (Fig. 3.27A and B). A two-fold depletion of the 6.8 kDa
proteolipid-subunit was achieved. The other subunits that were also decreased by
approximately two-fold were the a- A6L- and DAPIT-subunits. The A6L-subunit was only
identified in experiment 2 and was depleted two-fold. IF;-M1 showed a two-fold increase
in association with ATP synthase. The F; domain and the b-, d- and Fs-subunits were
relatively unchanged. These changes were reflected when the mitochondrial proteome was
investigated, with the exception of IF;-M1, which displayed a 1.5-fold increase in
mitoplasts (Fig. 3.27C and D). In immunopurified ATP synthase, the protein ratios for 6.8
kDa proteolipid and A6L were not identified automatically, and were instead calculated
manually from the available peptide ratios. See Appendix V Fig. S22 for the sequences of
the IF, isoforms and Appendix IV Tables S24 and S25 for protein ratios that were
calculated from peptide evidence. Additionally, in mitoplasts the protein ratios for the e-
subunit were obtained in experiment 2 only. The protein ratio for the IF;-M1 and IF;-M2

isoforms, and the A6L-subunit were manually calculated from peptide ratios. IF;-M2 was
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relatively unchanged in mitoplasts, suggesting that the total amount of IF;-M2 in

mitochondria did not change when the expression of the 6.8 kDa proteolipid-subunit was
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Fig 3.27 Relative quantitative mass spectrometric analysis of ATP synthase subunit composition from
cells with suppression of the 6.8 kDa proteolipid subunit. Subunits were labelled by SILAC in control
cells and in cells where the 6.8 kDa proteolipid-subunit had been depleted from ATP synthase. Mitoplasts
were solubilised with digitonin (13.4g/g protein). In panel A, ATP synthase was immunopurified and the
subunits were separated by SDS-PAGE followed by quantitative mass spectrometry. In panel B, the data
points for ATP synthase in panel A are summarised. In panel C, solubilised mitoplast material was ethanol
precipitated, proteins separated by SDS-PAGE and analysed as in panel A. In panel D, the protein ratios for

ATP synthase shown in panel C are summarised.

suppressed. The proteins identified in this experiment and their ratios are listed in Appendix

IV, Tables S18-S21.

The cellular OCR of 143B cells with suppression of 6.8 kDa proteolipid-subunit was

measured (Fig. 3.28A). There were no significant differences in the cellular OCR of cells
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depleted of the 6.8 kDa proteolipid subunit during basal, glycolysis inhibited, oligomycin

sensitive or accelerated respiration. However, when the mitochondrial OCR was calculated
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Fig. 3.28 The mitochondrial oxygen consumption of 143B cells depleted of the 6.8 kDa proteolipid-
subunit of ATP synthase. In panel A, OCR of cells was measured 96 h after transfection of the cells with
90 nM siRNA. Points are the mean values of measurements taken from ten different wells at different time
points and error bars represent the standard deviations of the values. In panel B, the mitochondrial OCR was
calculated by subtracting the non-mitochondrial OCR from the data points displayed in panel A. The
efficiency of the siRNA mediated suppression of the 6.8 kDa proteolipid-subunit protein is in panel C. Details
of the assay are described in the Figure legend of Fig. 3.7.
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(Fig. 3.28B), a small but statistically significant decrease was observed during basal and
accelerated respiration. A difference in ATP-linked respiration was not observed between
the control cells and the 6.8 kDa proteolipid-subunit depleted cells, suggesting no defect in
the activity of ATP synthase with suppression of this subunit. The extent of the depletion

of the 6.8 kDa proteolipid-subunit protein in this experiment is in Fig. 3.28C.

The effect on oligomerisation of ATP synthase was investigated by BN-PAGE after
depletion of the 6.8 kDa proteolipid subunit with siRNA (Fig. 3.29A). Oligomers (O) were
diminished in 6.8 kDa proteolipid-subunit depleted cells. There was also less dimeric ATP
synthase (D) than in the control, and the 6.8-S1 and 6.8-S2 subcomplexes accumulated.
The level of 6.8 kDa proteolipid depletion is presented in Fig. 3.29B.
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Fig. 3.29 Analysis of the native state of ATP synthase after depletion of the 6.8 kDa proteolipid-subunit
using RNAI. Mitochondrial membranes were prepared from 143B cells treated with 90 nM siRNA for 96 h
to suppress the expression of the 6.8 kDa proteolipid subunit. Native protein complexes were solubilised with
digitonin (6g/g protein) and separated by BN-PAGE. ATP synthase complexes were detected using an
antibody that detects the B-subunit. The SDHA subunit of complex II was used as a loading control. The
efficiency of the siRNA to suppress the expression of the 6.8 kDa proteolipid-subunit is in panel B and the

complex I subunit NDUFS1 was used as a loading control.
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4. Discussion

91



4.1. The pathways of assembly of mitochondrial ATP synthases

A proposed pathway for the assembly of yeast mitochondrial ATP synthase is shown in
Fig. 4.1. In yeast, the F; catalytic domain, consisting of the a- and catalytic B-subunits, is
assembled via a pathway involving the assembly factors Atpl1p and Atp12p [75]. These
assembly factors have homologues in humans (ATPAF1 and ATPAF2), which function
analogously [68]. The a- and B-subunits associate with the central stalk (the y-, 3- and e-
subunits), and this sub-assembly is thought to induce the expression of the mitochondrially
encoded ATP6 and ATPS (the a- and A6L-subunits in mammalian ATP synthases,
respectively) [120]. There is no known assembly factor for the incorporation of the central
stalk into the o333 assembly in yeast or humans. In yeast, the assembly factor Atp25p assists
in the formation of the cjo-ring, and the F; subassembly (o;3B3yd¢) docks onto this ring
[142], but there is no known assembly factor for the cg-ring of human ATP synthase. The
A6L-subunit is then incorporated, followed by the pre-assembled peripheral stalk (subunits
OSCP, b, d and F¢) [120, 143, 144]. The a-subunit is incorporated by the assembly factors
Atp10p and Atp23p, followed by the dimerisation specific subunits e, g and k [144]. There
is currently no information available about the requirement of assembly factors for, or order
of the insertion of, the supernumerary e-, f-, g-, k-, or j-subunits. Yeast ATP synthase lacks
the DAPIT- and 6.8 kDa proteolipid-subunits [145]. In yeast, the INA complex (INAC) has
been identified as an assembly factor for the assembly of the peripheral stalk, linking F;
with Fo [146, 147], but evidence for the INAC in humans has not yet been found. It has
been suggested that the INAC interacts directly with subunits-b, -OSCP and -d of ATP
synthase. The loss of the INAC results in the uncoupling of F; from Fp and subsequent
futile ATP hydrolysis [146]. The c-subunit in yeast is encoded on the mitochondrial
genome, and assembles into a ring with ten subunits [102], whereas in mammals, the c-

subunit is encoded on the nuclear genome, requiring import into the IMM, where it forms
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the cs-ring [5]. These differences point to an intrinsic distinction in the assembly pathways
of mammalian and yeast ATP synthases.

The metazoan c-subunit has a fully trimethylated Lys43 residue, the function of which is
currently unknown [148]. In contrast, the yeast c-subunit contains the conserved lys43
residue, but it is not trimethylated. The c-subunit of yeast is not imported into the
mitochondrion from the cytoplasm because it is encoded on the mitochondrial genome,
unlike the metazoan counterpart, which is encoded in the nucleus. This might point to the
function of the trimethylated Lysine 43 of the c-subunit being important for the assembly
of the c-ring and/or import of c-subunits into the mitochondria from the cytoplasm in

metazoan species.

Inter-membrane space

Atp25p
Inner g
membrane

Matrix space

Central stalk

Peripheral stalk

Fy-head-piece

Fig. 4.1 The assembly model of mitochondrial ATP synthase in yeast. The ring of 10 c-subunits (subunit
9) assembles first, followed by the F; domain subunits and ATP8. The peripheral stalk is then assembled,
followed by ATP6 and e, g and k, which aid the dimerisation of ATP synthase. The Figure was taken from
[144].

93



The order of the assembly of the human ATP synthase complex including the
supernumerary subunits was defined in a recent PhD thesis [138] and is also confirmed and
further delineated in this work (Fig. 4.2). This ATP synthase assembly model [138] states
that the F; domain (a3, B3, 7, 0 and €) assembles with the help of ATPAF1 and ATPAF2,
and the natural inhibitor of ATP synthase, IF, binds to assembly intermediates lacking the
a-subunit. The c-ring assembles either with the F; domain alone, or after the peripheral
stalk. The e-, f- and g-subunits of both of these assembly intermediates associate with the
Fo domain, and are bound by IF, [138]. The binding of IF, to these assembly intermediates
is supported by evidence from this work, which shows that IF; exhibits an increased
association with ATP synthase that had undergone suppression or disruption of the
expression of the e-, f-, g- and 6.8 kDa proteolipid-subunits (Figs 3.6, 3.10, 3.11, 3.17, 3.18
and 3.27). But IF; does not associate with ATP synthase when the expression of the
DAPIT-subunit alone was suppressed (Fig. 3.23), which resulted in the formation of a
completely assembled ATP synthase complex.

The assembly model for ATP synthase [138], is modified by the findings presented in this
thesis. The difference is the addition of a delineation step in the assembly of the e- and g-
subunits of the Fo domain. In the assembly model proposed by Ford [138], F; domain is
assembled then the e- and g-subunits are the first supernumerary subunits to assemble
concurrently with the peripheral stalk subunits, followed by the f-subunit, then the 6.8 kDa
proteolipid-subunit (which is dependent on the assembly of the a- and A6L-subunits),
followed finally by the DAPIT-subunit. All Figures referred to from the Ford thesis [138],
are in Appendix V.

In yeast mitochondrial ATP synthase, Ae and Ag mutants resulted in the loss of dimeric
ATP synthase. The loss of the yeast e-subunit resulted in a loss of the g-subunit, but the

loss of the g-subunit did not result in the loss of the e-subunit [37]. Relative quantitative
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mass spectrometry of the subunit abundances of Ag-HAP1 ATP synthase (Fig. 3.18A and
B) indicated that the e-subunit was unchanged in experiment one. In ATP synthase with
suppression of the e-subunit with siRNA, the g-subunit was depleted four-fold (Figs. 3.5
and 3.6A and B). These observations should, however be interpreted with caution, as the
experiment in Fig. 3.18 was flawed in that it appears that the g-subunit was present but it
is possibly the result of contamination of control g-subunit protein from adjacent lanes on
the gel. It is also difficult to reconcile the differences in the e-subunit protein ratios in Fig.
3.18A and B and it should be said that the data in this experiment are inconclusive due to
the persistence of the g-subunit. However, even if there was a small amount of the g-subunit
protein translated, the level of protein depletion observed was comparable to the level
observed when siRNA was used to deplete the g-subunit (Fig. 3.17A and B). In that case,
the data from these experiments suggest that the e-subunit is assembled first, followed by
the g-subunit because the suppression of the e-subunit resulted in a more consistent
depletion of supernumerary subunits between experiments than in the Ag-HAP1 ATP
synthase. It must also be noted that this comparison is drawn from experiments with
different experimental designs. The proposition that the e-subunit is the first supernumerary
subunit to assemble is based on observations from experiments performed using siRNA to
deplete the e-subunit, and comparing these findings with results from the disruption of the
expression of the g-subunit, which should result in complete removal of the protein. These
results point to the suggested assembly of the e- and g-subunits one after the other, but
further work is needed to clarify the assembly pathway because of the experimental
anomalies found in this work. A more informative comparison could be drawn if the
experiments to investigate the functions of the e- and g-subunits were repeated (and with

Ae-HAPI1 cells, rather than siRNA).
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The next subunit to assemble after the e- and g-subunits is the f-subunit, based on the
finding that the f-S1 and f-S2 subcomplexes of ATP synthase form (Figs. 3.14 and 3.15)
and the complex consists of the ATP synthase monomer lacking the a-, A6L-, DAPIT- and
6.8 kDa proteolipid-subunits (Figs 3.10 and 3.11). It is possible that the larger of the
subcomplexes that accumulate are the result of disruption of the ATP synthase complex by
the BN-PAGE protocol. This claim is supported by evidence from DAPIT-suppressed ATP
synthase, where no effect on the subunit composition of the enzyme is observed (Figs. 3.22
and 3.23A and B).

After the f-subunit, the 6.8 kDa proteolipid-subunit assembles, based on evidence from
BN-PAGE analysis after suppression of the expression of the 6.8 kDa proteolipid subunit
which resulted in the formation of the 6.8-S1 and 6.8-S2 subcomplexes (Fig. 3.29). The
ATP synthase subcomplex in 6.8 kDa proteolipid depleted ATP synthase probably
consisted of ATP synthase lacking the a-, A6L- and DAPIT-subunits (Fig. 3.27A and B).
Interestingly, cells where the expression of the 6.8 kDa proteolipid subunit had been
suppressed with siRNA did not display a significant change in cellular or mitochondrial
OCR (Fig. 3.28), despite the a-, A6L- and DAPIT-subunits being lost from the enzyme.
This observation may cloud interpretation of the results, because the loss of the a-, A6L-
and DAPIT-subunits from 6.8 kDa proteolipid-depleted cells may be the result of the
solubilisation of the mitoplasts or mitochondrial membranes with digitonin (Figs. 3.26,
3.27 and 3.29). This claim could be supported by evidence where the OCR was measured
in whole cells (Fig. 3.28), where membranes are not disrupted with detergent. If the a-,
A6L- and DAPIT-subunits were really lost from the enzyme, the loss of the a-subunit alone
should result in defects in the OCR because ATP synthase becomes uncoupled from
respiration and hydrolyses ATP, and in p° cells, which lack the a- and A6L-subunits, ATP

is hydrolysed by ATP synthase to contribute to the membrane potential [149, 150].
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The lack of any drastic effect on the subunit composition of ATP synthase with suppression
of the DAPIT-subunit (Figs. 3.22 and 3.23A and B), suggests that it is the last of the
supernumerary subunits to assemble, as stated in the assembly model by Ford [138]. The
suppression of the DAPIT-subunit of ATP synthase also did not result in any significant
changes in the OCR of 143B cells (Fig. 3.24), which is consistent with the observation of
the lack of change in the subunit composition of ATP synthase (Figs. 3.22 and 3.23A and
B), and also the lack of observable subcomplexes of ATP synthase (Fig. 3.25). In summary,
the additional steps in the assembly pathway of human ATP synthase identified by the work
in this thesis is the delineation of the assembly of the e- and g-subunits, which do not
assemble concurrently, but instead the tentative conclusion is drawn that e-subunit

assembles first, followed by the g-subunit.

The experiments performed to assess the assembly pathways of ATP synthase were
performed with mitoplast material or mitochondrial membranes that had not been frozen
before solubilisation and were kept on ice during sample preparation and fractionated by
BN-PAGE at 4°C. This experimental set-up reduces experimentally derived artefacts which
may cause structural degradation of the enzyme, allowing the identification of true
assembly intermediates of ATP synthase. However, it is possible that all S-1 subcomplexes
were the breakdown products of ATP synthase complexes due to the BN-PAGE protocol,
because the S-1 subcomplexes showed variability in their levels across experiments done

with cells with f-subunit suppression or disruption (Figs. 3.14 and 3.15).
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B

ATP8

ATP6

Fig. 4.2 The pathway of assembly of monomeric human mitochondrial ATP synthase. The F, domain
subunits and the c-ring assemble first. The F; domain requires the ATPAF1 and ATPAF2 assembly factors
and IF; binds to prevent ATP hydrolysis. F; then associates with the assembled c-ring. On the left, the
peripheral stalk subunits and the e-subunit assemble next, followed by the g- then the f-, ATP8- (A6L), 6.8
kDa proteolipid- and ATP6- (a)-subunits and IF, is released. On the right, the peripheral stalk and e- and g-
subunits can assemble before the addition of the c-ring, followed by the addition of the f, A6L-, 6.8PL and a-

subunits, and release of IF,. The Figure was adapted from Fig. S25 [138].
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The suppression of the e-subunit with siRNA resulted in the depletion of the entire
complement of supernumerary subunits and the a-subunit. There is a similarity in the results
seen in Fig. S23 [138], and this work Fig. 3.8, where two subcomplexes (e-S1 and e-S2)
accumulated when the e-subunit was depleted in mitoplasts or mitochondrial membranes.
In ATP synthase with depletion of the g-subunit with siRNA, the e-, -, 6.8 kDa proteolipid-
, A6L- and DAPIT-supernumerary subunits dissociate from ATP synthase as well as the a-
subunit. In Ag-HAP1 mitochondrial membranes, the ATP synthase was predominantly in
the form of the Ag-S1 and Ag-S2 subcomplexes (Fig. 3.19). These subcomplexes also
accumulated in mitochondrial membranes with suppression of the expression of the g-
subunit (Fig. 3.20). The effects of the suppression of the g-subunit with siRNA on the
native state of ATP synthase are consistent between this work and the results presented in
Fig. S23[138] where bands representing monomeric ATP synthase and the two g-
subcomplexes are present in both sets of results, although the g-S2 subcomplex
accumulated to a greater degree in this work (Fig. 3.21). However, in Ag-HAPI1
mitochondrial membranes and mitoplasts, monomeric ATP synthase is not observed,
and/or was severely depleted, respectively, suggesting that the g-subunit plays a role in the
stability of the entire ATP synthase complex.

The suppression or disruption of the expression of the f-subunit both resulted in the
depletion of the 6.8 kDa proteolipid-, a-, A6L- and DAPIT-subunits from ATP synthase,
suggesting that the f-subunit is assembled after the e- and g-subunits, but before the 6.8
kDa proteolipid subunit. This interpretation is drawn because when 6.8 kDa proteolipid
expression was suppressed with siRNA, the relative levels of the f-subunit were unchanged
(Fig. 3.26 and Fig. 3.27A and B). The results of suppression or disruption of the expression
of the f-subunit on the subunit composition of ATP synthase were consistent, and mass

spectrometric analysis of ATP synthase from both f-subunit suppressed and Af-HAP1 cells
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revealed that the Af-S2 subcomplex (Figs. 3.14 and 3.15) consisted of F;cg + peripheral
stalk + e and g. The results of native analyses of subunit-f depleted ATP synthase
complexes presented by Ford (Fig. S23) [138] are consistent with BN-PAGE analyses of
ATP synthase with suppression of the f-subunit Figs. 3.14. The IF,; precursor protein (see
Appendix V for the sequence) was increased in association with Af-ATP synthase, and it

has been suggested that in p° cells, IF;-P binds preferentially to monomeric ATP synthase
[138].

In BN-PAGE experiments, the a-, A6L- and DAPIT-subunits were probably not associated
with ATP synthase when the 6.8 kDa proteolipid-subunit was suppressed with siRNA (Fig.
3.28A and B) suggesting that the incorporation of the a- and A6L-subunits into the enzyme
depends on the presence of the 6.8 kDa proteolipid subunit. Two subcomplexes of ATP
synthase formed when the 6.8 kDa proteolipid-subunit was suppressed with siRNA in
experimental conditions involving digitonin solubilisation of membrane proteins Fig. S23
[138], but only one subcomplex was observed in Fig. 3.29. However, as mentioned, the
loss of these subunits may be an experimental artefact. The solubilisation of 6.8 kDa
proteolipid depleted mitochondria with digitonin may also result in the loss of subunits
from ATP synthase where there is a possibility that no such effect would be observed in
ATP synthase depleted of the 6.8 kDa proteolipid-subunit before solubilisation. The OCR
of cells depleted of the 6.8 kDa proteolipid-subunit was unchanged (Fig. 3.28), suggesting
that 6.8 kDa proteolipid-subunit may play a role in stabilising the a-, A6L- and DAPIT-
subunits when ATP synthase is solubilised with digitonin.

The depletion of the DAPIT-subunit was inconsequential for the subunit composition of
ATP synthase, as no changes in any of the subunits of ATP synthase were observed when
immunopurified ATP synthase was investigated (Figs. 3.22 and 3.23A and B, respectively).

There was however, a discrepancy between the results of the native analysis of ATP
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synthase with suppression of the DAPIT-subunit presented in Fig. S23 [138] and in this
work (Fig. 3.25), where a large amount of D-S1 subcomplex and also a small amount of D-
S2 subcomplex accumulated, but in this work (Fig. 3.25), the monomeric ATP synthase
band was unchanged compared to the control and the DS-2 subcomplex was not observed
in this work. ATP synthase lacking DAPIT may be less stable under the experimental
conditions used to analyse the native state of the enzyme. However, in DAPIT-depleted
cells that were not treated with digitonin, ATP synthase may be as structurally stable as the
control ATP synthase. DAPIT is the last of the supernumerary subunits to be incorporated
into the Fo domain, based on the evidence in this work, and also the evidence reported in
[138].

A notable observation from analysis of the subunit composition of ATP synthase where the
expression of the e-, f-, g- and 6.8 kDa proteolipid-subunits had been depleted or disrupted,
is that the a- and A6L-subunits were significantly depleted from the enzyme in each case.
This suggests that the e-, f-, g- and 6.8 kDa proteolipid-subunits stabilise the association of

the a- and A6L-subunits in the ATP synthase complex.

4.2. Structural roles of the supernumerary subunits

Out of all the supernumerary subunits investigated in this work, the depletion of the g-
subunit resulted in the highest degree of loss of subunits from ATP synthase (Figs. 3.16
and 3.18A and B), and also resulted in a substantial loss of monomeric and dimeric ATP
synthase (Fig. 3.21). However, to get a clearer picture of the severity of the impact on the
subunit composition of the enzyme, each subunit investigated in this thesis, should be
investigated by disruption of their genes. The data in this thesis suggests that the g-subunit

plays a significant role in stabilising the association of subunits with each other in the Fo
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domain within the membrane domain. However, the stability of the c-ring is not dependent
on any of the supernumerary subunits investigated (Figs. 3.5, 3.9, 3.16 3.22 and 3.26).
The structural role of the e-subunit may be similar to that of the g-subunit, due to the similar
profile of the subunit composition of ATP synthase when the expression of either the e- or
g-subunits was suppressed or disrupted, but the effect observed when the e-subunit was
suppressed was less severe than when the g-subunit was disrupted (Figs. 3.5 and 3.16,
respectively).

A proposed theoretical structural role of the f-subunit, based on the experiments in this
work, is to stabilise a module of subunits in the Fo domain that contain the a-, A6L-, 6.8
kDa proteolipid- and DAPIT-subunits (Figs. 3.10A and B and 3.11A and B). This
suggestion is based upon the finding that suppression or disruption of the expression of the
f-subunit resulted in the subsequent depletion of these subunits and that the OCR of cells
with disruption or suppression of the f-subunit was significantly decreased. The f-subunit
is thought to be in close proximity with the a- and A6L-subunits in the Pichia angusta
enzyme [71], and the experimental evidence in this thesis points to the f-, A6L- and a-
subunits being in a similar arrangement in human ATP synthase.

The structural role of the DAPIT-subunit appears to be minimal for maintaining the
structural integrity and subunit composition of the monomeric enzyme, as indicated in Figs.
3.22 and 3.23A and B, where no other ATP synthase subunits were depleted when the
expression of the DAPIT-subunit was suppressed. This result is reflected in an experiment
where the expression of the DAPIT-subunit was suppressed (Fig. S24) [138]). There are,
however, some differences in the outcomes of the experiments performed to assess native
protein complexes of ATP synthase with suppression of DAPIT (Fig. S23 [138]). In Fig.
S23, suppression of the DAPIT-subunit resulted in accumulation of the D-S2 subcomplex,

but this was not detected in Fig. 3.25. As there was a lack of evidence for the depletion of
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any subunits of ATP synthase lacking the DAPIT-subunit (Figs. 3.22 and 3.23A and B),
the D-S1 and DS2 subcomplexes in Fig. S23 may represent artefactual evidence.

The 6.8 kDa proteolipid-subunit appeared to exert a similar stabilising force on the a-, A6L-
and DAPIT-subunits, as the suppression of this subunit resulted in the depletion of these
three subunits from the enzyme (Fig. 3.28A and B). It is unclear why there is such a
discrepancy between ATP synthase lacking 6.8 kDa proteolipid in cells without added
digitonin, compared to ATP synthase lacking 6.8 kDa proteolipid in ATP synthase that had
been solubilised with digitonin.

Structural information [71] indicates that the A6L-subunit functions as a strut to brace the
a-subunit against the c-ring.

The mitochondrial OCR of cells with suppression or disruption of the expression of the
e-, f- and g-subunits exhibited significant defects in basal respiration and accelerated
respiration (Figs. 3.7, 3.12, 3.13 and 3.19), but this phenotype was not reflected in cells
where the DAPIT- or 6.8 kDa proteolipid-subunits had been suppressed (Figs. 3.24 and
3.28, respectively). This finding may indicate, that the e-, f- and g-subunits act together or
separately to stabilise the association of the a-subunit with A6L and the c-ring because the
disruption or suppression of these subunits resulted in significant decreases in the OCR of
143B cells. Also, the depletion of the e-, f- and g-subunits all resulted in the loss of the a-

and A6L-subunits.

4.3. The roles of the supernumerary subunits in the oligomerisation of ATP synthase
All of the supernumerary subunits investigated in this work are involved in the stabilisation
of oligomeric forms of ATP synthase, because dimeric and oligomeric forms of the enzyme
were depleted when the expression of each of the supernumerary subunits was suppressed

or disrupted individually. Also, DAPIT is primarily involved in the stabilisation of
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oligomeric forms of ATP synthase, as there was little effect on the dimerization of ATP
synthase lacking DAPIT. The proposed model of ATP synthase dimerization and
oligomerisation is presented in Fig. 4.3 and shows that the e-, f- and g-subunits assembled
in the membrane domain before the 6.8 kDa proteolipid-, A6L-, and a-subunits, which
promote the formation of dimerisation competent ATP synthase. Four DAPIT subunits may
mediate the oligomerisation of two dimers of ATP synthase to form a tetramer. The
suppression of the e-subunit resulted in depletion of oligomeric ATP synthase, the ATP
synthase dimer and also the ATP synthase monomer in mitochondrial membranes (Fig.
3.8). This is different to the result seen in Fig. S23 [138], where the suppression of the
expression of the e-subunit resulted in the depletion of the oligomeric forms of ATP
synthase, but the amount of the ATP synthase dimer remained unchanged.

Another difference observed between the two experiments was that monomeric ATP
synthase was more severely depleted in Fig. 3.8 than in Fig. S23 [138]. A possible
explanation for the difference could be that the siRNA used to deplete the e-subunit had a
stronger effect on the cells used in Fig. 3.8 than in Fig. S23, or due to differences involved
in using mitoplasts or mitochondrial membranes to perform the experiment. Ae-HAPI
mitochondrial membranes and mitoplasts should be analysed to assess this discrepancy.
The e- and g-subunits were found to be required for the dimerisation of yeast ATP synthase,
and were also required to form a dimerisation capable ATP synthase monomer [151].
According to Fig. 3.8 in this work, the e-subunit is required for stabilisation of the human
ATP synthase dimer and monomer, consistent with the results in [151].

The oligomerisation capability of ATP synthase in mitochondrial membranes or mitoplasts
from Ag-HAPI cells was severely reduced (Fig. 3.21). Oligomerisation of ATP synthase
with suppression of the g-subunit was affected to a similar degree as ATP synthase with e-

subunit suppression, with oligomeric ATP synthase and the ATP synthase dimer depleted
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Fig. 4.3 Dimerisation and oligomerisation of ATP synthase. The formation of dimeric ATP synthase is

dependent on the association of all the supernumerary subunits. The a-subunit is assembled after the

supernumerary subunits. The Figure was adapted from Fig. S26 [138].

in both Fig. 3.8 (e suppression) and Fig. 3.20 (g suppression). This is different to the result

for g-subunit suppression in Fig. S23 [138], where only ATP synthase oligomers were
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depleted, but not the ATP synthase dimer. The effect upon oligomerisation of ATP synthase
was much more severe in Ag-HAP1 mitochondrial membranes and mitoplasts (Fig. 3.21).
There were no visible signs of the oligomeric forms of ATP synthase in either
mitochondrial membranes or mitoplasts. The ATP synthase monomer was also not
observed in mitochondrial membranes, and in mitoplasts, the monomer was severely
depleted. The depletion of the ATP synthase monomer in Ag-HAP1 mitochondrial
membranes and mitoplasts indicates that the g-subunit is required to stabilise the ATP
synthase monomer and dimer.

In mitochondrial membranes with suppression of the f-subunit, oligomeric ATP synthase
and dimeric ATP synthase were depleted (Fig. 3.14). This result is different to that
presented in Fig. S23 [138], where the oligomers were modestly depleted and there was no
effect observed upon the dimer. The depletion of oligomeric forms of ATP synthase and
dimeric ATP synthase was much more severe in Af-HAP1 mitochondrial membranes and
mitoplasts than depletion of ATP synthase oligomers and dimers in mitochondrial
membranes with suppression of the f-subunit. This is possibly due to the residual f-subunit
protein still present in the siRNA treated sample during the experiment. The e-, f-, g-,
DAPIT- and 6.8 kDa proteolipid-subunits are probably all required to form a ‘dimerisation-
competent, primed’ ATP synthase. The common loss of subunits in the e-, f- and g-subunit
suppressed or disrupted ATP synthase complexes were the a-, A6L-, DAPIT- and 6.8 kDa
proteolipid-subunits (Figs. 3.6A and B, 3.10A and B and, 3.11A and B, 3.17A and B and
3.18A and B).

In ATP synthase where the DAPIT-subunit had been suppressed only the oligomeric forms
of ATP synthase were depleted (Fig. 3.26), which corroborates with the profile of
oligomeric ATP synthase seen in Fig. S23 [138]. However, the ATP synthase dimer was

not separated into two discreet complexes in Fig. 2.25 as was the case in Fig. S23, and
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instead was a more intense band that migrated faster than the ATP synthase dimer in the
control lane. The loss of ATP synthase lacking DAPIT reported previously [152], has not
been confirmed here. The evidence for the involvement of DAPIT in the oligomerisation
of ATP synthase comes from blue native PAGE with immunodetection of the B-subunit. It
is possible that ATP synthase is able to form oligomers, and that this is mediated by the
DAPIT-subunit when ATP synthase has been solubilised from the IMM. However, this
may not be the case in biological inner mitochondrial membranes where the membrane has
not been disrupted with digitonin.

In ATP synthase depleted of the 6.8 kDa proteolipid-subunit, the oligomeric and dimeric
ATP synthase were depleted (Fig. 3.29). The accumulation of monomeric ATP synthase
may be the result of the decomposition of oligomeric and dimeric ATP synthase. This
finding is different to that reported in Fig S23 [138], where the oligomers were not depleted
to the extent they were in Fig. 3.29, and also the ATP synthase dimer appeared to be
unaffected by suppression of the 6.8 kDa proteolipid-subunit (Fig. S23 [138]), whereas the
dimer was depleted in Fig. 3.29. Differences in experimental set up may account for these
discrepancies, as mitochondrial membranes were prepared in Fig. 3.28, whereas mitoplasts

were prepared in Fig. S23.

4.4. The supernumerary subunits and the PTP

The mitochondrial permeability transition is a process that occurs in mammals, fish,
amphibians, plants and fungi [153], suggesting that the physiological role of the
permeability transition is an evolutionary conserved process. During the permeability
transition, a pore is formed in the IMM which induces permeabilisation of the membrane

to metabolites and solutes up to 1.5 kDa in size [154].
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The permeability transition pore in mitochondria was first believed to be the result of Ca**
activated phospholipases and acetyl coA synthetase that caused formation of a pore in the
IMM [154]. It was later shown that pore formation and resealing of the mitochondria could
still occur in the absence of ATP, acetyl-CoA and Mg, which are required to activate the
phospholipase and acetyl coA synthetase enzymes in the phospholipase model of pore
formation [155]. Pore opening was shown to be a reversible, Ca®" dependent phenomenon,
where pore closure could be achieved by chelating Ca>* [156]. The pore opening effect of
Ca®" was only observed in the presence of 2.5 mM P;, and 35 nmol of Ca*" per mg of
protein. The molecular identity of the pore was investigated and assumed to consist of the
voltage dependent anion channel (VDAC) and the adenine nucleotide transporter (ANT).
Cyclophillin D was used to purify these components after it was found that pore opening
could be inhibited by cyclosporin A, which binds to and inhibits cyclophillin D [157]. The
identity of the protein constituents of the pore still remained (and continue to remain)
elusive, after it was discovered that neither the ANT nor the VDAC were necessary
components for establishing a pore [158, 159]. The search for the molecular identity of the
mitochondrial PTP continued and in 2013, it was suggested that dimeric ATP synthase
formed the PTP, after dimeric ATP synthase was purified from blue native gels and
reconstituted into planar lipid bilayers, where -electrophysiological measurements
suggested that a pore was formed with identical electrophysiology to that measured in
mitochondria [160]. It has also been reported that the c-subunit of ATP synthase forms the
pore [161, 162], however, it has been shown that cells engineered with gene deletions for
the three isoforms of subunit-c are still capable of pore formation and permeability
transition [163]. The role of specific ATP synthase subunits in the formation of the mPTP
is being investigated using gene-deletion experiments targeting each subunit of ATP

synthase. Therefore, the Af-HAP1 and Ag-HAP1 cells used in this work to investigate the

108



function of the f- and g-subunits can be used in the permeability transition pore assay to
assess the involvement of the f- and g-subunits of ATP synthase in the formation of the

mPTP.

4.5. Methodological considerations: siRNA versus CRISPR-Cas9

The investigation of protein function in cell biology is often conducted by removal of the
protein of interest either completely or partially in the cases CRISPR-Cas9 genome editing
[140], or siRNA [164], respectively. These processes emerged from the biological
machinery required for the defence of a hosts bacterial DNA from invading viral DNA, in
the case of CRISPR-Cas9 [165, 166], or from the regulation of gene expression by
expressed microRNAs (miRNAs) or small interfering RNAs (siRNAs), in the case of
siRNA [164]. There is a trade-off to be considered when using siRNA to suppress the
expression of a protein. This is the choice between the dose used to suppress the expression
of a protein, where too high a dose can result in undesirable off-target effects, and too little
dose results in inefficient suppression of the protein. Even at doses that will result in off-
target effects, the protein of interest still is not suppressed entirely. That is usually not the
case with disruption of the expression of a gene using CRISPR-Cas9, where the protein of
interest is in theory completely gone from the cell. One of the differences in the two
methods relate to the transfection procedure. When siRNA is used, a plate of cells is
transfected, and the whole population of transfected cells are grown and used for the
experiment. However, with CRISPR-Cas9 mediated gene disruption, the plate of cells is
transfected but then the cells are sorted into single cells by FACS and each cell is grown
into a clonal colony, which is grown and screened to ensure the gene deletion status of the
cell. Only after validation of the gene deletion status of the clonal cell population is the

experiment performed. With siRNA, a high percentage of the mRNA transcripts encoding
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the protein of interest should be degraded, but the remaining transcripts will result in a
small amount of the protein of interest being translated. This consequence may be
responsible for the occasionally differing effects resulting from experiments performed by
siRNA or with Af-HAP1 or Ag-HAP1 cells. For example, in the extracellular flux analysis
of OCR performed with siRNA to suppress the expression of the f-subunit, and in Af-HAP1
cells, the results are different. In siRNA treated cells, the mitochondrial OCR is only
significantly changed during basal respiration and during accelerated respiration, whereas
in Af-HAPI1 cells, the mitochondrial OCR is significantly changed during all three
measurements, including during respiration where ATP synthase had been inhibited by
oligomycin A. This is presumably because the small amount of the f-subunit that remains
in cells treated with siRNA may still be functional and increases the amount of ATP

synthase that is analogous to the control.

4.6. Conclusions and further work

The assembly pathway of ATP synthase has been further characterised by this work, where
a previously presented pathway [138] suggested the assembly of the e- and g-subunits of
ATP synthase were incorporated concurrently, whereas the findings in the present work
point to a putative delineation in the incorporation of these subunits. The e-subunit is
incorporated first, followed by the g-subunit. Subsequent steps are identical to the assembly
pathway presented in [138].

The theoretical locations of the supernumerary subunits were further defined by
characterisation of the subunit composition of ATP synthase after the individual
suppression of expression of the e-, f-, g-, DAPIT- and 6.8 kDa proteolipid-subunits. This

work points to the f-subunit residing near to the a- and A6L-subunits.
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This work has pointed to the roles of all the nuclear encoded supernumerary subunits being
required for the dimerisation of ATP synthase, except DAPIT, which is required for
oligomerisation only. Once the e-, f- and g-subunits assemble, this is followed by the
addition of the A6L-, DAPIT-, 6.8 kDa proteolipid- and a-subunits in order to form a

dimerisation competent ATP synthase monomer.

The experiments conducted to investigate the functions of the supernumerary subunits
using siRNA should be repeated with cells with disruption of the expression of these genes
to investigate the effects on ATP synthase, where the complete removal of the protein
occurs. The quantitative mass spectrometry experiments performed with immunopurified
ATP synthase from cells with gene disruptions should be modified to prevent
contamination of subunits from the control that are disrupted in the experimental condition.
This could be done either by increasing the number of blank wells between experiments on
the SDS-PAGE gel or by analysing each experiment on a different gel.

BN-PAGE coupled with 2 dimensional SDS-PAGE could be used to further characterise
subcomplexes of ATP synthase. Cutting out sections of the BN-PAGE gel corresponding
to the positions where the subcomplexes of ATP synthase migrate to and separating the
subunits by SDS-PAGE with mass mapping would identify the subunit composition of
ATP synthase subcomplexes from cells with disruptions of the supernumerary subunit-
genes.

In order to investigate the roles of the supernumerary subunits of ATP synthase in the
formation of the mitochondrial permeability transition pore, cells where the genes encoding
each nuclear encoded supernumerary subunit individually should be analysed by the

techniques used by He. et al [163].

111



There is also a need for a high-resolution structure of the subunits in the Fo domain in order
to corroborate biochemical functional characterisation of the supernumerary subunits with

structural features of each subunit in the Fo domain.
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Appendix I — Reagents and chemicals

Reagent

Product code

Source

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

10-20% acrylamide gradient Tris-glycine SDS PAGE gel

143B osteosarcoma cells

2-Deoxy-D-glucose

3-12 % acrylamide gradient bis-Tris native PAGE gel

A8 NC slide

Acetic acid

Acetonitrile

Acrylamide/bis-acrylamide 20% w/v 37.5:1 solution

All blue prestained precision plus protein standards

AllStars negative control siRNA
alpha-cyano-4-hydroxy-trans-cinnamic acid

Ammonium persulfate

Antimycin A

ATP

ATP synthase immunocapture kit

ATP synthase subunit 6.8 kDa antibody

ATP synthase subunit-6.8 kDa PL qPCR forward primer

ATP synthase subunit-6.8 kDa PL qPCR probe

ATP synthase subunit-6.8 kDa PL qPCR reverse primer

ATP synthase subunit-DAPIT antibody

ATP synthase subunit-DAPIT qPCR forward primer

ATP synthase subunit-DAPIT qPCR probe

ATP synthase subunit-DAPIT qPCR reverse primer

ATP synthase subunit-e antibody

ATP synthase subunit-e qPCR forward primer

ATP synthase subunit-e qPCR probe

ATP synthase subunit-e qPCR reverse primer

ATP synthase subunit-f antibody

ATP synthase subunit-f gPCR forward primer

ATP synthase subunit-f gPCR probe

ATP synthase subunit-f gPCR reverse primer

ATP synthase subunit-f synthetic oligonucleotide guide RNA1-bottom
ATP synthase subunit-f synthetic oligonucleotide guide RNA1-top
ATP synthase subunit-f synthetic oligonucleotide guide RNA2-bottom
ATP synthase subunit-f synthetic oligonucleotide guide RNA2-top

ATP synthase subunit-f synthetic oligonucleotide guide RNA5-bottom

840051C

850757C

840457C
EC61355BOX
CRL-8303
1001469905
BN1003BOX
942-0003

20104334

H33387

20-2100-10

161-0373

1027281

476870-2G
A3678-25G

B16715

1191-50GM
abl09715

147041AP
8002836950-003*
8002836900-002*
8002836950-006*
177161AP
8002836950-001*
8002836900-001*
8002836950-002*
HPA035010
8003294134-003*
8003294101-001*
8003294134-004*
In-House
8003294134-001*
8003294101-002*
8003294134-002*
8021207207-000140%*
8021207207-000130%*
8021207207-000160*
8021207207-000150%*
8021207207-000180%*

Avanti Polar Lipids, AL, USA
Avanti Polar Lipids, AL, USA

Avanti Polar Lipids, AL, USA

ThermoFisher Scientific, Hemel Hempstead, UK

ATCC, Teddington, UK

ThermoFisher Scientific, Hemel Hempstead, UK

ThermoFisher Scientific, Hemel Hempstead, UK

ChemoMetec, Lillerod, Denmark
VWR Chemicals, Lutterworth, UK
Alfa Aesar, Heysham, UK

Severn Biotech, Kidderminster, UK
Biorad, Hemel Hempstead, UK
QIAGEN, Manchester, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Seahorse Bioscience, MA, USA
Millipore, MA, USA

AbCam, Cambridge, UK
ProteinTech Europe, Manchester, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
ProteinTech Europe, Manchester, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
MRC-MBU, Cambridge, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
Sigma-Aldrich, Poole, UK
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Reagent

Product code

Source

ATP synthase subunit-f synthetic oligonucleotide guide RNA6-bottom
ATP synthase subunit-f synthetic oligonucleotide guide RNA6-top
ATP synthase subunit-f synthetic oligonucleotide guide RNA9-bottom
ATP synthase subunit-f synthetic oligonucleotide guide RNA9-top
ATP synthase subunit-g antibody

ATP synthase subunit-g qPCR forward primer

ATP synthase subunit-g qPCR prone

ATP synthase subunit-g qPCR reverse primer

BCA assay kit

Benzonase

Beta actin antibody

Beta actin qPCR forward primer

Beta actin qPCR probe

Beta actin qPCR reverse primer

Boric acid

Bromophenol blue

BSA

Calcium chloride

Cas9

Cell scraper

Cells to CT kit

Chicken secondary antibody

Complete protease inhibitor tablets

Coomassie R-250

Cryovial

D-glucose

DDM

Dialised FBS

Digitonin

DMEM

DMSO

DNA ladder

DNAse I buffer

dPBS

DTT

ECL reagent

EDTA

Ethanol

FBS

FCCP

Freezing container

Fuji Super RX-N X-ray film

8021207207-000200%*
8021207207-000190%*
8021207207-000220%*
8021207207-000210%*
In-House
8003684726-007*
8003684775-002*
8003684726-008*
23228

D00146087

A2228
HA04346403-010*
HA04346405-002*
HA04346404-002*
31146-500G
B/P620/44

23288

100704Y

MO0386S

83.183

AM1729

A9046

11844600

C/P540/46

377267

G0/500/53

09003-C
F0392-500ML
300410

41966-052
D2438-5X10ML
15613-029

B0303S

14190-094

DTTO010

RPN2232
EDTA6000
02875-2.5L

F0392

B16715

5100-0001

47410 19289

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

MRC-MBU, Cambridge, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
EMD Chemicals, Darmstadt, Germany
Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma Aldrich UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
VWR Chemicals, Lutterworth, UK

New England Biolabs, MA, USA

Sarstedt, Numbrecht, Germany

ThermoFisher Scientific, Hemel Hempstead, UK
Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
Glycon Biochemicals, Luckenwalde, Germany
Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
GE Healthcare, Amersham, UK

Formedium, Norfolk, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Seahorse Bioscience, MA, USA

ThermoFisher Scientific, Hemel Hempstead, UK

FUJIFILM, Bedford, UK
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Reagent Product code Source

Glycerol 24388320 VWR Chemicals, Lutterworth, UK

Glycine 30-21-60 Severn Biotech, Kidderminster, UK

HAP1 chronic myelogenous leukemia cells C665 Horizon Discovery, Cambridge, UK

HBSS 14170088 ThermoFisher Scientific, Hemel Hempstead, UK

Heavy L-arginine

Heavy L-lysine

HPLC water

Hydrochloric acid
Iodoacetamide

KOD hot start DNA polymerase
L-Proline

LB ampicillin agar plates

LB medium

Light L-Arginine

Light L-Lysine
Lipofectamine-2000
Lipofectamine-3000
Magnesium chloride

Marvel skimmed milk powder
Methanol

Micro-Spin column

Mouse secondary antibody
Native mark

Native PAGE cathode buffer additive
Native PAGE electrophoresis buffer
Native sample buffer

NDUFSI antibody

NEB 5-alpha high efficency competent E. coli cells
Nuclease free water
Oligomycin A

OptiMEM

PBS

Pellet paint co-precipitant
Penicillin/Streptomycin
Phosphate buffered saline
Propan-2-ol
pSpCas9(BB)-2A-GFP plasmid
PVDF membrane

QIAGEN DNA miniprep kit
Rabbit secondary antibody

RNAse free DNAse I

CNLM-539-H-PK
CNLM-291-H-PK
W/0106/17
SG.1.18
RPN6302
71086-4
88430
LMMO0202
LMMO0102
A8094
L8662
11668019
L3000008
101494V
3021601
M/4000/17
89879
NXA931
LCO0725
BN2002
BN2001
BN20032
12444-1-AP
C2987P
129114
942-003
51985-026
PBS100L
69049-3
15140122
PBS100L
20842.323
PX458
IPVH00010
27104
31460
AM2222

Cambridge Isotope Laboratories, MA, USA
Cambridge Isotope Laboratories, MA, USA
ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
GE Healthcare, Amersham, UK

Millipore, Darmstadt, Germany

ThermoFisher Scientific, Hemel Hempstead, UK
Formedium, Norfolk, UK

Formedium, Norfolk, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
VWR Chemicals, Lutterworth, UK
Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
GE Healthcare, Amersham, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
ProteinTech Europe, Manchester, UK

New England Biolabs, MA, USA

QIAGEN, Manchester, UK

Seahorse Bioscence, MA, USA

ThermoFisher Scientific, Hemel Hempstead, UK
Formedium, Norfolk, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
Formedium, Norfolk, UK

VWR Chemicals, Lutterworth, UK

Addgene, Teddington, UK

Millipore, MA, USA

QIAGEN, Manchester, UK

ThermoFisher Scientific, Hemel Hempstead, UK

ThermoFisher Scientific, Hemel Hempstead, UK
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Reagent name

Product code

Source

Rotenone

SDS

Sequencing grade trypsin

SILAC DMEM

SILAC IMDM

SOC outgrowth medium

Sodium acetate

Sodium carbonate decahydrate

Sodium chloride

Sodium hydrogen carbonate

Sodium pyruvate

Solution 13

Spin-X microcellulose filter tubes

Succinate dehydrogenase chain B antibody
Sulforhodamine B

Synthetic oligonucleotide scaffold RNA plasmid

Synthetic oligonucleotide siRNA (ATP synthase subunit-6.8 kDa)
Synthetic oligonucleotide siRNA (ATP synthase subunit-DAPIT)
Synthetic oligonucleotide siRNA (ATP synthase subunit-e)
Synthetic oligonucleotide siRNA (ATP synthase subunit-f)
Synthetic oligonucleotide siRNA (ATP synthase subunit-g)
T4 kinase

T4 kinase buffer

T7 ligase

T7 ligation buffer

TCEP

TEMED

Tissue culture plates 10 cm

Tissue culture plates 15 cm

Tissue culture plates 6 well

Tissue culture plates 96 well

Trichloroacetic acid

Trifluoroacetic acid

Tris base

Trypsin-EDTA dissociation reagent

Tween-20

Uridine

Western blotting tank

XCell SureLock electrophoresis tank

XF assay medium

XF Callibration buffer pH 7.4

XFe24 cell culture plate

101706-100
S/P530/53
11418475001
12132410
88423
B9020S
27649.297
S/2760/53
NACO02
S/4240/53
58636
910-3013
8163
A002868
1367499
66565
S100319585*
S100758079*
1027415%*
S103211054*
8017355335%*
M5201S
B0201S
MO03185
E26215
1001240154
1000862779
353003
2021-01
3526

3595
T4885-2KG
74564-10ML-F
T15031KG
15400-054
17767-B
U3003-5G
1703930
EI0001
102365-100
100840-100

100777-004

Seahorse Bioscence, MA, USA

ThermoFisher Scientific, Hemel Hempstead, UK
Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
ThermoFisher Scientific, Hemel Hempstead, UK
New England Biolabs, MA, USA

VWR Chemicals, Lutterworth, UK
ThermoFisher Scientific, Hemel Hempstead, UK
Formedium, Norfolk, UK

ThermoFisher Scientific, Hemel Hempstead, UK
Sigma-Aldrich, Poole, UK

ChemoMetec, Lillerod, Denmark
Sigma-Aldrich, Poole, UK

Atlas Antibodies, Stockholm, Sweden

Kodak, Watford, UK

Addgene, Teddington, UK

QIAGEN, Manchester, UK

QIAGEN, Manchester, UK

QIAGEN, Manchester, UK

QIAGEN, Manchester, UK

Sigma-Aldrich, Poole, UK

New England Biolabs, MA, USA

New England Biolabs, MA, USA

New England Biolabs, MA, USA

New England Biolabs, MA, USA
Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

VWR Chemicals, Lutterworth, UK
ThermoFisher Scientific, Hemel Hempstead, UK
Corning Inc. NY, USA

Corning Inc. NY, USA

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

ThermoFisher Scientific, Hemel Hempstead, UK
Sigma-Aldrich, Poole, UK

Sigma-Aldrich, Poole, UK

Biorad, Hemel Helpstead, UK

ThermoFisher Scientific, Hemel Hempstead, UK
Seahorse Bioscence, MA, USA

Seahorse Bioscence, MA, USA

Seahorse Bioscence, MA, USA
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Reagent name Product code Source

XFe24 extracellular flux assay kit (probe plate) 102340-100 Seahorse Bioscence, MA, USA

Reagents with a “*’ were custom products
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Appendix II — Constituents of buffers

Buffer Constituents Section

Cell lysis buffer 10 mM Tris HCI pH 7.4, 0.2% w/v SDS, Roche protease 2.6.8
inhibitors (1 tablet/50 mL) contains phenylmethane sulphonyl
fluoride, Pefabloc SC, Pefabloc SC plus, E-64, aprotinin,
leupeptin, a-,-macroglobulin

Coomassie blue gel stain 0.2% w/v Coomassie R-250, 50% v/v methanol, 7% v/v acetic 2.4.6,2.5.1
acid

Destain 50% v/v methanol, 7% v/v acetic acid 2.4.6,2.5.1

DNA loading buffer 10% v/v glycerol, 20 mM Tris HC1 pH 7.4, 5 mM EDTA, 2.3.2,2.6.5
0.01% w/v bromophenol blue, 0.2% w/v SDS

Freezing solution 40% v/v DMEM or IMDM, 50% v/v FBS, 10% v/v DMSO 2.2.6,2.6.7

Laemmli SDS PAGE electrophoresis buffer (10X)  3.84 M glycine, 0.5 M Tris base, 69.3 mM SDS, pH 6.8 2.4.6,2.6.8

Matrix solution (MALDI TOF) 10 mg/mL a-cyano-4-hydroxy-trans-cinnamic acid, 60% v/v 252
acetonitrile, 1% v/v trifluoroacetic acid

Milk/PBS Tween solution 5% w/v Marvel skimmed milk powder, 140 mM NaCl, 0.2 mM  2.4.7
PO437,0.1% v/v Tween 20, pH 7.4

Native PAGE cathode buffer 1:20 aqueous dilution of cathode buffer additive, 1:20 aqueous 244
dilution of electrophoresis buffer, pH 8.3

Native PAGE anode buffer 1:20 aqueous dilution of electrophoresis buffer, pH 8.3 244

PBS 140 mM NaCl, 0.2 mM PO4*, pH 7.4 22.1,2.6.6,

225

PBS Tween 140 mM NaCl, 0.2 mM PO43", 0.1% v/v Tween 20, pH 7.4 2.4.7,2.6.7

PBS with protease inhibitors 140 mM NacCl, 0.2 mM PO43", 0.1% v/v Tween 20, Roche 2.25,2.4.1,
protease inhibitors (1 tablet/50 mL) contains phenylmethane 242
sulfonyl fluoride, Pefabloc SC, Pefabloc SC plus, E-64,
Aprotinin, leupeptin, o-,-macroglobulin, pH 7.4

Peptide extraction solution 60% v/v acetonitrile, 4% v/v formic acid 252,253

SDS PAGE gel loading buffer pH 6.8 (4X) 40% v/v glycerol, 4 mM EDTA, 200 mM Tris-HCl pH 6.8, 4%  2.4.6,2.6.8
w/v SDS

SDS PAGE gel loading buffer pH 8 (4X) 40% v/v glycerol, 4 mM EDTA, 200 mM Tris-HCI pH 8, 4% 2.5.1
w/v SDS

SDS PAGE separating gel 12-22% w/v acrylamide (gradient), 375 mM Tris-HC1 pH 8.8, 245

0.1% w/v SDS, 0.0007% TEMED, 0.0003% ammonium

persulphate
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Buffer Constituents Section

SDS PAGE stacking gel 4% w/v acrylamide, 65 mM Tris-HCI pH 6.8, 0.05% w/v SDS, 2.4.5
0.0007% TMED, 0.0003% w/v ammonium persulphate

Sulforhodamine B solution 0.4% w/v sulphorhodamine B, 1% v/v acetic acid 2.2.7

TBE electrophoresis buffer 90 mM Tris-boric acid, | mM EDTA, pH 8.0 23.2,2.6.5

Trypsin digestion buffer 20 mM Tris-HCI pH 8.0, 5 mM CaCl, 252,253

Trypsin digestion solution 12.5 ng/pL sequencing grade trypsin in trypsin digestion buffer ~ 2.5.2,2.5.3

Western blotting SDS carbonate buffer 10 mM sodium hydrogen carbonate, 3 mM sodium carbonate, 2.4.7
0.025% w/v SDS, pH 9.9

Western blotting native carbonate buffer 10 mM sodium hydrogen carbonate, 3 mM sodium carbonate, 2.4.7

pH 9.9
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Appendix IIT — Peptide mass mapping
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Appendix IV — SILAC data

The data Tables containing the data that were used to make Figs. 3.6,3.10. 3.11, 3.17, 3.18,

323 and 224 are provided with this web link. https:/lighthouse.mrc-

mbu.cam.ac.uk/cplcj2/thesis

The password is corstenthesis. The titles of the Tables are listed below.

Table S4. Proteins identified in immunopurified ATP synthase depleted of the e-
subunit using siRNA.

Table S5. Proteins identified in mitoplasts of cells depleted of the e-subunit with
siRNA.

Table S6. Proteins identified in immunopurified ATP synthase depleted of the f-
subunit using siRNA.

Table S7. Proteins identified mitoplasts depleted of the f-subunit using siRNA.

Table S8. Protein ratios of ATP synthase subunits from mitoplasts depleted of the f-
subunit in Fig. 3.10D that were calculated manually.

Table S9. Proteins identified in immunopurified Af-HAP1 ATP synthase.

Table S10. Proteins identified in mitoplasts from Af-HAP1 cells.

Table S11. Proteins identified in immunopurified ATP synthase depleted of the g-
subunit using siRNA.

Table S12. Protein ratios from immunopurified ATP synthase depleted of the g-
subunit that were calculated manually from peptide data.

Table S13. Proteins identified in mitoplasts from 143B cells depleted of the g-subunit.

Table S14. Proteins identified in immunopurified Ag-HAP1 ATP synthase.

Table S15. Proteins identified in mitoplasts from Ag-HAP1 cells.
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Table S16. Proteins identified in immunopurified ATP synthase depleted of the
DAPIT-subunit using siRNA.

Table S17. Proteins identified in mitoplasts from 143B cells depleted of the DAPIT-
subunit were analysed by mass spectrometry and SILAC.

Table S18. Proteins identified in immunopurified ATP synthase depleted of the 6.8
kDa proteolipid-subunit using siRNA.

Table S19. Protein ratios in immunocaptured ATP synthase depleted of the 6.8 kDa
proteolipid-subunit that were manually calculated from peptide data.

Table S20. Proteins identified in mitoplast material from 143B cells with suppression
of the 6.8 kDa proteolipid-subunit.

Table S21. Protein ratios from 6.8 kDa proteolipid depleted mitoplasts that were
calculated manually from peptide data.

Table S22. Peptide data from the MaxQuant evidence file used to manually calculate
protein ratios from f-subunit suppressed mitoplasts.

Table S23. Peptide data from the MaxQuant evidence file used to manually calculate
protein ratios from g-subunit suppressed immunopurified ATP synthase.

Table S24. Peptide data from the MaxQuant evidence file used to manually calculate
protein ratios from 6.8 kDa proteolipid-subunit suppressed immunopurified ATP
synthase.

Table S25. Peptide data from the MaxQuant evidence file used to manually calculate

protein ratios from 6.8 kDa proteolipid-subunit suppressed mitoplasts.
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Appendix V — Reference Figures

The Figures in Appendix V were created by Holly Ford, and were part of their thesis [138].

The Figures below were referred to in this thesis.

Fig. S22. Sequence alignment of the isoforms of IF;. The amino acid sequences of the different IF; isoforms
that were variously identified in quantitative mass spectrometry Figures (Figs. 3.6, 3.10, 3.11, 3.17, 3.18,

3.23 and 3.27). The Figure is referred also to as Fig. S22 in [138].

IF,-P MAVTALAARTWLGVWGVRTMQARGFGSDQSENVDRGAGSIREAGGAFGKREQA

IF,-Ml1 -————————————— FGSDQSENVDRGAGSIREAGGAFGKREQA
IF -M2 -————————————————————————— GSDQSENVDRGAGSIREAGGAFGKREQA
IF -M3 -——————————— e SDQSENVDRGAGS IREAGGAFGKREQA

d g g e ok e g ke ok ok e e ok ok e e e ok ke e e ok ok ke e ke ok

IF -P EEERYFRAQSREQLAALKKHHEEEIVHHKKEIERLQKEIERHKQKIKMLKHDD
IF -M1 EEERYFRAQSREQLAALKKHHEEEIVHHKKEIERLQKEIERHKQKIKMLKHDD
IF,-M2 EEERYFRAQSREQLAALKKHHEEEIVHHKKEIERLQKEIERHKQKIKMLKHDD
IF -M3 EEERYFRAQSREQLAALKKHHEEEIVHHKKEIERLQKEIERHKQKIKMLKHDD

e % e % de o de ok g ok gk e e v gk v ok vk o e ok ke ok e o ok de e ok ok v o e gk v ok e g o ok e e ok ke e ek ek e e e ok
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Fig. S23. Analysis of native protein complexes of ATP synthase from 143B cells depleted of the e-, f-,
g-, DAPIT- and 6.8 kDa proteolipid-subunits. Mitoplasts were prepared and solubilised with digitonin then

analysed by BN-PAGE. The Figure legend was written by [138] and is included at the bottom of the Figure.

& S Q QP > L
siRNA ¢ o [N & o & o S
ol § ‘o ' ) ‘
d- 4 » LR ] LR ‘e .,
- . - —6.8-51 W
m- . , UL L _g-s B 6551 Al
-e-s2 , -f-s2 § -g-s2 -6.8-s2 -D-s2

Figure 3.31 The effect of depletion of the supernumerary subunits on the assembly of ATP synthase.
143B cells were transfected with 100 nM siRNA targeting e, f, g, 6.8PL and DAPIT or a scrambled control
sequence. Mitoplasts were prepared 96 h later, then fractionated by BN-PAGE and ATP synthase
complexes detected with an antibody against the a-subunit; o, d and m denote oligomers, dimers and
monomers of ATP synthase respectively. Subcomplexes are denoted e-sl, e-s2, f-s1, f-s2, g-s1, g-s2, 6.8-s1,

6.8-s2, D-s1 and D-s2. Citrate synthase (CS) was employed as a loading control.
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Fig. S24. Relative quantitation of proteins using SILAC and mass spectrometry in 143B cells that
were depleted of the DAPIT- and 6.8 kDa proteolipid-subunits with siRNA. ATP synthase was
immunopurified, subunits separated by SDS-PAGE followed by in-gel digestion of proteins, which were
analysed by LC-MS/MS mass spectrometry. The Figure was referred to as Figure 3.33 in [138] and in this
thesis. The Figure legend written by [138] is included at the bottom of the Figure.
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Figure 3.33 Relative quantitation of SILAC labelled samples analogous to those in Figure 3.32. A and
B, 6.8PL depletion; C and D, DAPIT depletion. In panels A and C, ATP synthase was immunopurified
from mitoplasts from SILAC labelled control and subunit-depleted cells. Samples were fractionated by
SDS-PAGE and analysed by quantitative mass spectrometry. ATP synthase subunits (17 and 18, in parts A
and C respectively) are black, IF1-M1 is green, IF1-M2 is orange and all other proteins (63 and 104, in
parts A and C respectively) are grey. 6 and 8 proteins are outside the limits of the axes in the upper left
quadrants of A and C respectively. Parts B and D show summaries of the relative changes in levels of ATP
synthase subunits in parts A and C respectively. Bars represent median values of both relative abundance

ratios of subunits. Error bars show the range of the two values.
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Fig. S25. The new assembly model of human ATP synthase [138]. The Figure legend was written by

[138] and is at the bottom of the Figure.

Figure 4.1 New model of the assembly of human ATP synthase. The c subunits can assemble with either

F1 domain subunits alone, forming an F1-c8+IF] intermediate, or with a subcomplex comprising the F
domain, the peripheral stalk, and subunits e, f and g, forming an ATP synthase lacking subunits ATP6,

ATPS, 6.8PL and DAPIT. This is alternatively formed by the association of peripheral stalk subunits b, d,
OSCP and Fg, and subunits e, g and f with the F1-c§ subcomplex, with subunit f likely to be incorporated

last (indicated by dotted arrows). Subunits ATP6, ATP8 and 6.8PL are incorporated co-dependently to form

a monomer lacking only DAPIT. IF] is highly associated with all F] domains in sub-assemblies, but

dissociates once subunits ATP6, ATP8 and 6.8PL join the enzyme which is then coupled to the pmf.
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