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Summary

The mitochondrial F-ATPases make about 90% of cellular ATP. They are multi-protein
assemblies with a membrane extrinsic catalytic domain attached to a membrane embedded
sector. They operate by a mechanical rotary mechanism powered by an electro-chemical
gradient, generated across the inner mitochondrial membrane by respiration. A detailed
molecular description has been provided by X-ray crystallographic studies and “single molecule”
observations of the mechanism of the F1 catalytic domain. Details are known also of the
architecture of the peripheral stalk of part of the stator and the membrane embedded region of
the rotor. However, knowledge of the detailed structure of the rest of the membrane domain,
and the detailed mechanism of generation of rotation is lacking. Recently, studies of the intact
mitochondrial F-ATPases, determined by cryo-electron microscopy (cryo-em), have provided
structural information at intermediate levels of resolution. Whilst these structures have given
insights into the mechanism of generation of rotation, the information required for a molecular
understanding of this mechanism is still lacking. Moreover, the locations and roles of six
supernumerary membrane subunits are unclear. Some of them are likely to be involved in the
formation of dimers of the enzyme which line the edges of mitochondrial cristae. Therefore, in
this thesis, a procedure is described for the purification of dimers of the bovine and yeast FATPases. The structure of the bovine dimer has been determined by cryo-em at a resolution of
ca. 6.9 Å. This structure confirms features concerning the trans-membrane spans of the a-,
A6L- and b-subunits observed in the monomeric complex. In addition, the single transmembrane α-helix of the f-subunit has been located, and the subunit appears to mediate dimer
formation. The structure of A6L has been extended, and the α-helices of subunits e- and ghave been located. Another novel feature has been assigned to the DAPIT subunit, and may
provide links between dimers in forming larger oligomers. Further improvement in the
vi

resolution of the structure is hampered by the extreme conformational heterogeneity of the FATPase. To this end, the simpler Fo membrane domain has been isolated and characterized
initially by electron microscopy in negative stain.
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Chapter 1
–
INTRODUCTION

1.1 Mitochondria

1.1.1 The canonical view

Aptly described as the power houses of the cell, mitochondria perform processes central to
energy transduction in most eukaryotic cells. The protein machinery found within them
constitutes a highly efficient system that couples energy release from metabolites cycling around
the tricarboxylic acid cycle to the production of adenosine triphosphate (ATP), life's ubiquitous
energy currency. Oxidation of organic molecules (primarily acetyl-CoA but also fats and amino
acids) results in the transfer of high-potential electrons to carriers such as the nicotinamide and
flavin co-factors producing their reduced forms (see Fig. 1.1.1). These reducing equivalents
then drive activity of the electron transport chain. The concerted effort of the protein complexes
within this respiratory chain results in the oxidation of molecular oxygen to water, concomitant
with translocation of protons from the mitochondrial matrix to the inter membrane space (see
Fig. 1.1.1). This builds, and maintains, an electro-chemical gradient across the inner
mitochondrial membrane that represents a significant energetic potential. This potential,
referred to as the proton motive force, is required for the production of ATP by F-ATPase and
is the crux of Mitchells' chemiosmotic theory [Mitchell 1961].
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Figure 1.1.1 – The mitochondrial respiratory complexes. The electron transport chain comprises Complex I,
Complex II, Complex III and Complex IV. NADH is oxidised to NAD+ by Complex I resulting in the
translocation of 4 protons. Ubiquinol is oxidised by Complex III via a Q-cycle mechanism translocating 4
protons and reducing two cytochrome c molecules (per 2 QH2). Cytochrome c acts as a soluble 1 electron carrier
that shuttles an electron to Complex IV which oxidises molecular oxygen to water concomitant with the
translocation of two protons (two are consumed from the matrix to produce water). The net pumping of
protons from the matrix establishes and maintains the proton motive force. Protons flow back toward the
matrix, via ATP synthase, driving rotation of the c-ring and subsequent conformational changes in the F1
domain to produce ATP from ADP and phosphate. ATP is shuttled out to the cytosol via the adenine
nucleotide translocase whilst the Pi transporter co-transports orthophosphate and a proton. Complex II
provides a direct link to the tricarboxylic acid cycle and can oxidise succinate to fumarate to provide electrons
to the chain in absence of NADH. Inside the mitochondrion, NADH is produced by the tricarboxylic acid
cycle (TCA) and during β-oxidation of fats that are transported into the matrix as palmitoyl-CoA via the
carnitine shuttle. Alternatively, NADH produced during glycolysis can be imported via the aspartate/malate
shuttle. β-oxidation also provides electrons to the electron transfer flavoprotein (ETF) which reduces quinone
via ETF:Q oxidoreductase. (Original figure by M. G. Montgomery, adapted according to [Kunji 2012])

3

The mitochondria are sub-cellular organelles that vary in size and cellular distribution, though
are typically on the order of microns in length and can number in the hundreds to thousands
per cell depending on the energetic needs of the cell type, and physiological conditions. While
commonly represented as granular structures, it is well known that the mitochondria are highly
dynamic entities capable of gross structural changes, including fission [James 2003] and fusion
[Chen 2003; Cipolat 2004] events, that can create large reticular networks of interconnected
mitochondria or highly fragmented, localised structures dependent on specific cellular
conditions [Bereiter-Hahn 1994; Chen 2009; Youle 2012]. Their subcellular location and
spatial arrangement is also controlled by cellular conditions and cell type. This trafficking is
mediated by association with members of the kinesin and dynein molecular motor family of
proteins via specific cargo adaptors that couple the organelle to the cytoskeleton of the cell,
specifically the microtubule network [Aufderheide 1979; Aufderheide 1980; Anesti 2006]. This
is notably important for the function of certain cells, such as neurons [Chan 1978, Schwartz
2013], which require the presence of mitochondria along the axon and in the synapse where
ATP consumption is highest. Redistribution of mitochondria via the microtubule network can
provide additional functions such as localised Ca2+ buffering [Duchen 2000], and is also
required during mitochondrial fission and fusion events [Anesti 2006].

Despite these differences, all mitochondria display common key ultrastructural features that are
integral to their function as the sites of energy transduction (see Fig. 1.1.2). The organelle
comprises a highly invaginated, water impermeable inner membrane (IMM) bounded by an
outer membrane (OMM) [Palade 1952; Mannella 1997; Frey 2000; Frey 2002] that is freely
permeable to most solutes and metabolites due to the presence of transmembrane porins. The
mitochondrial matrix contained by the IMM hosts a large number of proteins including the
metabolic enzymes of the citric acid cycle and their regulators, proteins involved in the
4

Figure 1.1.2 – The morphology and ultrastructure of mitochondria. a) Left, stylised diagram of a typical
mitochondrion with its key features labelled. Right, cross-section of a mitochondrion in negative stain imaged
by electron microscopy showing the presentation of the features labelled in a). b) A segmented wholemitochondrion tomogram obtained by electron microscopy showing the ultrastructure of the cristae. The
OMM is coloured blue, the IMM turquoise and the cristae yellow. c) displays a few representative cristae. [Frey
2000]. d) A similar whole-mitochondrion tomogram detailing the locations of the nucleoids in which the
mtDNA is stored. The cristae are light grey and the nucleoids are green. [Kukat 2015]
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catabolism of fatty acids by β-oxidation, and additionally the proteins required for the
replication, transcription and expression of mitochondrially encoded proteins. The OMM, in
addition to the porins, contains the protein complexes associated with protein import into the
IMS and various membrane and peripheral proteins involved in tethering mitochondria to the
cytoskeleton. There are also examples of proteins which associate with the OMM under certain
circumstances either to target other factors to the mitochondria, or to tag mitochondria
themselves for a variety of cellular processes such as mitophagy – a principal mechanism for
mitochondrial quality control [Kim 2007; Youle 2011]. The IMM adopts a highly convoluted
shape, forming large invaginations called cristae which are the major sites of oxidative
phosphorylation. The protein complexes comprising the electron transport chain are localised
to these regions of the IMM and at their apices is found the rotary F-ATPase. This close
association/localisation of electron transport machinery and the F-ATPase has been suggested
to facilitate highly efficient electron transfer within the chain and also to closely couple the
proton motive force that it generates to the rotation of the F-ATPase [Zick 2009; Davies 2011;
Cogliati 2016]. However, this is not the case [Ferguson 1985]. As this process of energy
transduction is intrinsically linked to biochemical processes that occur outside of the
mitochondria (specifically, those of glycolysis), and indeed, its products (including ATP) are
predominantly required outside of the organelle, the IMM also contains a substantial diversity
of transport proteins for the movement of metabolites into the matrix and out to the IMS and
cytosol [Saraste and Walker 1998; Palmeiri 2004; Robinson 2006; Kunji 2012]. For example,
the aspartate and malate transporters that facilitate the cycling of NAD+ and NADH via the
aspartate/malate shuttle, and also the adenine nucleotide carrier to facilitate the cycling of ADP
and ATP which ensures continual supply of substrate for the F-ATPase. The IMM also
contains machinery for the import of nuclear proteins (delivered across the OMM) into the
matrix, or into the IMM itself. An additional region of the IMM, which contacts the OMM,
6

and is denoted as the inner boundary membrane, joins the cristae via narrow junctions and
contains proteins to tether the cristae to the OMM (e.g. OPA1). These regions can also act as
sites for cristae remodelling, and are involved during fusion or fission via interactions with
OMM proteins (such as the mitofusins) [Chen 2003; Cipolat 2004].

A unique feature of mitochondria is that they contain their own genome, which is maternally
inherited. The mammalian mtDNA encodes 13 different protein subunits of the respiratory
chain enzymes, 2 ribosomal RNAs and 22 transfer RNAs, and multiple copies of this circular,
plasmid-like genome are stored within IMM-associated structures called nucleoids [Anderson
1981; Anderson 1982; Kukat 2015]. It is generally accepted that an early endosymbiotic event,
in which an α-proteobacterium was engulfed by an archaea, explains the origins of the
mitochondria in eukaryotic cells and that this was most likely a critical event in the evolution
of multicellular organisms - the mtDNA being an evolutionary relic of those early αproteobacteria from which the vast majority genes have been transferred to the nuclear genome
or otherwise lost over time [Sagan 1967; Cavalier-Smith 1987]. The genes that do remain
encode highly hydrophobic proteins, such as the F-ATPase a-subunit and some subunits of
Complex I, the expression and successful folding of which likely benefit from proximity to the
IMM and exclusive expression by the mitoribosome [Fearnley and Walker 1992].

1.1.2 The electron transport chain

Chemiosmosis is the mechanistic basis for the coupling of oxidative metabolism to the
generation of ATP via any impermeable, energy transducing membrane. It explains how an
energetic potential is created across such a membrane, by one or a series of primary proton
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pumps, and how this is subsequently harnessed by a secondary pump, operating in reverse, to
store the energetic potential in chemical form as ATP [Mitchell 1961; Nicholls 2013].

In mitochondria, the primary proton pumps are Complex I, Complex III and Complex IV and
are located in the cristae of the inner mitochondrial membrane. Together with Complex II and
the lipid-soluble ubiquinone pool, which allows for fast electron shuttling between the
respiratory complexes via the membrane, they form the electron transport chain. The secondary
pump is the F-ATPase, which in this context acts in reverse as a synthase rather than a
hydrolase. As shown in Fig. 1.1.1, the oxidation of organic molecules (such as acetyl-CoA, fats
and amino acids) drives the transfer of high-potential electrons to NADH and FADH2 via
several reactions, including, but not limited to, those of the TCA cycle. These reducing
equivalents then deliver the high-potential electrons into the electron transport chain. First,
NADH is oxidised to NAD+ by Complex I, which results in the reduction of ubiquinone to
ubiquinol and the translocation of 4 protons into the IMS. Then, ubiquinol is oxidised by
Complex III, via a Q-cycle mechanism, translocating 4 protons and reducing two cytochrome
c molecules (per 2 QH2) that are located in the IMS. The cytochrome c acts as a soluble 1
electron carrier that shuttles an electron to Complex IV. Finally, Complex IV oxidises molecular
oxygen to water concomitant with the translocation of two protons (two are consumed from
the matrix to produce water). Complex II does not directly pump protons, however, it acts as
an additional entry point for electrons from the TCA cycle and contributes to the reduced
quinone pool as part of its mechanism. The net pumping of protons into the IMS by the
sequential action of these protein complexes establishes and maintains the proton motive force.
The protons flow back toward the matrix via the F-ATPase, driving rotation of the c-ring and
associated conformational changes in the F1 domain to produce ATP from ADP and
phosphate.
8

The pmf comprises both chemical (∆pH) and electrical (∆!) energy components and is defined
by:
∆#$% = −(∆! + 2.3-.∆/0
/12 = −(∆#$% )/(
∴ /12 = ∆! − (2.3-.∆/0)/(

where F is the Faraday constant, R is the gas constant and T is the temperature in Kelvin
[Nicholls 2013].

The pmf in mitochondria is primarily composed of the electrical component, with a typical
∆pH of 0.5 units. In contrast, the pmf of the thylakoid membrane in chloroplasts is primarily
composed of chemical component, with ∆pH reaching as high as 4.0 units [Nicholls 2013].

1.1.2a Complex I

Mammalian Complex I (NADH:ubiquinone oxidoreducrase) is a large multi-subunit assembly
of 45 individual protein subunits and has a combined molecular mass of nearly 1 MDa [Fearnley
and Walker 1992; Carroll 2003], making it one of the largest membrane bound complexes in
the cell [Zhu 2016]. Its overall architecture consists of a transmembrane hydrophobic arm and
a hydrophilic peripheral extension which faces the matrix and is attached at one end of the
elongated membrane arm to form an L-shape. Of the 45 subunits present in the mammalian
enzyme, 14 are conserved across all prokaryotes and thus constitute the core functional
components of the enzyme, with 7 of these each in the membrane and peripheral arms,
respectively [Walker 1992]. The additional subunits in the mammalian enzyme have largely
uncharacterised functions and are not considered to be necessary for the primary catalytic
9

Figure 1.1.3 – Structures of respiratory Complex I. a) The structure of the bovine mitochondrial Complex I
determined by cryo-electron microscopy showing the locations of the core (blue) and supernumerary (red)
subunits of the enzyme. NADH binds at the top of the hydrophilic redox domain, which protrudes into the
mitochondrial matrix, and contains the FMN cofactor and the iron-sulphur clusters that transfer the electron
to the quinone binding site. [Zhu 2016] b) Structure of the hydrophilic domain of Complex I from Thermus
thermophilus showing the molecular detail of the chain of iron-sulphur clusters. [Sazanov and Hinchliffe 2006]-
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function of Complex I. They are therefore denoted as supernumerary subunits, a convention
that also extends to the additional subunits in Complexes II, III and IV and the F-ATPase. At
least in the case of Complex I, some of the supernumerary subunits are probably involved in the
assembly of the complex [Andrews 2013].

Complex I catalyses the transfer of two electrons from NADH to ubiquinone as the first step
in the electron transport chain. A covalently bound flavin mononucleotide (FMN) acts as the
initial electron acceptor which then funnels electrons through a series of iron-sulphur clusters.
The electrons arrive at the Q-site where they are donated to ubiquinone to produce ubiquinol
[Hirst 2010]. The chain of iron-sulphur clusters acts like a biological wire to mitigate the large
spatial separation between the two cofactors. During the redox cycle of the peripheral arm, and
the concomitant reduction of ubiquinone, it is thought that conformational changes are
transmitted to the membrane domain, which contains a series of antiporter-like subunits, to
facilitate the transfer of 4 protons into the IMS. Indeed, recent structural studies of the bovine
and orvine complexes by cryo-EM and image processing revealed distinct conformational states
of the enzyme, particularly of the loop regions of ND1, ND3 and 49 kDa subunits that form
the Q-site, that may represent part of this mechanism [Fiedorczuk 2016; Zhu 2016].

1.1.2b Complex II

Complex II (succinate dehydrogenase) is a TCA cycle enzyme that catalyses the oxidation of
succinate. The mitochondrial complex is a four-subunit assembly composed of a peripheral
hydrophilic domain that contains a flavin nucleotide cofactor, a succinate binding site and three
iron-sulphur clusters, that is tethered to the membrane by a hydrophobic domain [Iverson et
al. 1999; Lancaster et al. 1999]. The hydrophobic domain contains a haem cofactor and a
11

quinone binding site. The conversion of succinate to fumarate transfers electrons, through the
chain of iron-sulphur clusters, to the quinone binding site where quinone is reduced, thus the
enzyme not only serves to catalyse a metabolic step in the TCA cycle but also provides an
additional entry point, and direct link, to the electron transport chain that supplies the reduced
quinone pool.

1.1.2c Complex III

Complex III (ubiquinol:cytochrome c oxidoreductase) catalyses the oxidation of ubiquinol from
the quinone pool and subsequent reduction of the soluble one electron carrier, cytochrome c,
via a Q-cycle mechanism. The reaction is associated with the translocation of two protons from
the mitochondrial matrix and the release of a further two from the quinone pool into the IMS.
First, a molecule of ubiquinol binds to the Q

p

site and transfers one electron, via an iron-

sulphur cluster in the Rieske iron-sulphur protein, to the c1-haem and finally to cytochrome c.
The second electron is transferred to the bL-haem producing quinone at the Q p site (from the
bound semiquinone). This bifurcated electron transfer is associated with the release of two
protons to the IMS. The electron bound to haem-bL is then transferred to another, haem-bH,
allowing for the binding of quinone to a second site, Q n, which is reduced to semiquinone.
Simultaneously, a second molecule of ubiquinol is bound to the Q p site, allowing for the transfer
of an additional electron, via the bL and bH haems, to fully reduce the semiquinone at the Q n
site to ubiquinol, sequestering two protons from the matrix in the process. The Q cycle
mechanism was first proposed by Peter Mitchell and has since been validated with a variety of
crystal structures [Xia et al. 1997; Iwata et al. 1998].
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Figure 1.1.4 – The Q cycle mechanism. a) A bound ubiquinol at the Q p site transfers one electron to quinone
at the Q n site via the bL and bH haems, respectively, and a second electron to cytochrome c, via the Rieske ironsulphur protein leaving b), quinone bound to the Q p site and semiquinone at the Q n site. Two protons are
transferred to the IMS. c) another ubiquinol is bound to the Q p site and transfers two further electrons, one
to the semiquinone at the Q n site, and the other to cytochrome c leaving d), ubiquinol bound to the Q n site
which diffuses into the quinone pool. Two protons are transferred from the second bound ubiquinol at the Qp

site, into the IMS, and a further two protons are sequestered from the matrix in the ubiquinol formed at the

Qn site. Figure by Matthew Bowler.
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1.1.2d Complex IV

Complex IV (cytochrome c oxidase) is the final enzyme complex of the electron transport chain
and catalyses the transfer of an electron from four cytochrome c molecules to the terminal
electron acceptor, molecular oxygen, to produce water. The flow of incoming electrons from
cytochrome c is first to a binuclear copper site, CuA, to haem-a3 via haem-a, and finally to the
terminal copper centre, CuB, and molecular oxygen. A total of 8 protons are sequestered from
the matrix by the overall reaction, 4 of which are involved in the production of water, resulting
in the net translocation of 4 protons into the IMS for every four donated electrons from
cytochrome c. The core complex consists of three main subunits, I-III, which provide the
catalytic function and coordination of the co-factors. The structure of the bovine enzyme was
solved in 1998 [Yoshikawa et al. 1998a, Yoshikawa et al. 1998b].
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1.2 ATP synthase

1.2.1 F-ATPases – an overview

Considering the ubiquity of ATP as an intermediate for energy transfer and storage in all
kingdoms of life it is unsurprising that the ATP synthase (F-ATPase) is similarly universal. In
addition to the mitochondrial enzymes of all protozoans and multicellular eukaryotes, there are
F-ATPases in the thylakoid membranes of chloroplasts, in other autotrophs such as
photosynthetic bacteria and algae, and in both aerobic and anaerobic bacteria. All examples
display a common general structural architecture comprising a hydrophilic, membrane-extrinsic
catalytic domain (F1) that is attached to a hydrophobic, membrane-intrinsic domain (Fo) via a
central stalk [Kagawa and Racker 1966a, b, c]. The interaction of the two domains is
additionally reinforced by a peripheral stalk [Collinson 1994b, Collinson 1996, Karrasch and
Walker 1999, Walker and Dickson 2006]. As with other enzymes in the respiratory chain, these
core functional components are generally highly conserved. However, a wide diversity of
supernumerary subunits has been identified from a range of organisms.

The bovine F-ATPase is a multi-subunit protein complex made of 17 different subunits
[Walker 1984; Walker 1985; Chen 2007] (see Fig. 1.2.1 and Table 1.2.1) and, along with the
mitochondrial enzymes from other higher eukaryotes such as pigs, sheep and humans it is one
of the most complex F-ATPases. The soluble F1 domain has the subunit stoichiometry α3β3γδε
[Walker 1985] and consists of an α3β3 hexamer with an asymmetry imposed by the central stalk
(single copies of subunits γ, δ, and ε). The hydrophobic membrane domain, Fo, contains
subunits a, b, c, e, f, g, A6L, 6.8kDa PL and DAPIT [Walker 1985; Walker 1991; Collinson
1994a; Chen 2007]. The two domains are coupled via a peripheral stalk made from single copies
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Figure 1.2.1 – The subunit organisation and structure of the bovine F-ATPase monomer. a) Schematic of the
monomeric F-ATPase complex representing the known localisation and organisation of subunits. At present,
there is no published structural evidence for the locations of subunits DAPIT and 6.8 kDa PL. Subunits α, β,
γ, δ, ε, OSCP, a, b, c, A6L, d, f and F6 are coloured red, yellow, dark blue, forest green, magenta, deep teal,
cornflower blue, pink, grey, brick red, orange, pale yellow, and purple, respectively. Subunits e, g, DAPIT and
6.8 kDa PL are grouped together to reflect uncertainty in their localisation and are coloured light orange.
Figure by M. G. Montgomery. b) An atomic model, PDB: 5ARA, fitted into a cryo-em density, solved for
rotational state 1, at a resolution of 6.7 Å. The subunits are coloured according to a). Subunits e, f, g, A6L,
DAPIT and 6.8 kDa PL were not modelled. [Zhou 2015].
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of subunits b, d, OSCP and F6 [Collinson 1994b; Collinson 1996; Rees 2009]. ATP synthesis
occurs in the F1 domain at nucleotide binding sites situated at the three catalytic interfaces
between subunits α and β, driven by a rotation of the c-ring and the central stalk assembly that
is powered by the translocation of protons via the c-ring/a-subunit interface. The α3β3 domain,
peripheral stalk and the a-subunit constitute the stator against which the rotor turns
[Rubinstein 2003; Rees 2009]. The S. cerevisiae enzyme has the same architecture as the bovine
enzyme, except that subunits A6L and F6 are replaced by the homologous subunits, aap1
(subunit 8) and h, respectively and additionally contain novel subunits i/j and k which have no
sequence similarity with any of the bovine proteins [Liu 2015]. It is possible that they share
some structural or functional homology with the 6.8 kDa PL and DAPIT subunits, but little is
known about these subunits at present.
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S. cerevisiae

B. taurus

H. sapiens

Stoichiometry

ATP5A1

Identity (%)
(bov. vs.
human)
98.4

α/Atp1p

α

β/Atp2p

β

ATP5B

98.6

3

γ/Atp3p

γ

ATP5C1

91.6

1

δ/Atp16p

δ

ATP5D

92.5

1

ε/Atp15p

ε

ATP5E

94.0

1

OSCP/Atp5p

OSCP

ATP5O

87.4

1

a/Atp6p

a

MT-ATP6

77.9

1

b/Atp4p

b

ATP5F1

86.4

1

c/Atp9p

c

ATP5G1

100.0

8

3

ATP5G2
ATP5G3
8/Atp8p

A6L

MT-ATP8

50.0

1

d/Atp7p

d

ATP5H

88.1

1

e/Atp21p

e

ATP5I

84.3

1

f/Atp17p

f

ATP5J2

73.4

1

g/Atp20p

g

ATP5L

92.2

1

i/j/Atp18p

-

-

k/Atp19p

-

-

h/Atp14p

F6

ATP5J

82.9

1

-

6.8 kDa PL

MP68

73.3

?

-

DAPIT

USMG5

94.8

?

Table 1.2.1 – Subunit composition and nomenclature of the mitochondrial F-ATPases. Subunit names are
given for the bovine complex, which are used throughout this thesis, and compared with the S. cerevisiae and
H. sapiens enzymes. The gene, and/or, alternate names, are given for the S. cerevisae and H. sapiens proteins.
The sequence similarity for the bovine and H. sapiens proteins is also given. The subunit stoichiometries are
given for the bovine enzyme, and are assumed to be equivalent in the H. sapiens complex. The S. cereviaise FATPase contains 10 c-subunits but otherwise shares the same subunit stoichiometry.
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1.2.2 Rotary catalysis and the binding change mechanism

A rotary mechanism had been proposed to operate in the F-ATPase prior to any highresolution description of the molecules structure [Boyer 1993]. However, it was not until the
structure of an F1 domain had been solved to atomic resolution that a detailed molecular
explanation of the binding change mechanism was possible. The structure of bovine F1-ATPase
was determined to 2.8 Å by X-ray crystallography and was, at that time, the largest protein
structure ever solved [Abrahams et al. 1994]. This structure, now referred to as the reference or
ground state, shows alternating α- and β-subunits arranged in a hexamer around the α-helical
central γ-subunit. Each of the catalytic β-subunits were observed in different conformational
states, imposed by the asymmetry of the central stalk, which are now known to have different
nucleotide binding affinities and catalytic properties. Two of these states adopt broadly similar
closed conformations whilst a third adopts an open conformation in which the β-subunit is
displaced away from the central rotary axis of the enzyme by the curved, asymmetric helices of
the γ-subunit. As a result of this open conformation the β-subunit is unable to bind nucleotide
and is therefore referred to as βE, for empty. Later structures of the ADP inhibited enzyme
confirmed that of the two closed conformations, one bound ADP-Mg whilst the other bound
the non-hydrolysable ATP analogue, AMP-PNP and these subunit conformations were
designated as βDP and βTP, respectively, reflecting their nucleotide occupancy. It was therefore
proposed that a rotary mechanism, in which the asymmetric central stalk induced each
conformation, representing tight, loose and open states, in a sequential manner, was responsible
for the hydrolysis of ATP at each catalytic site. Each catalytic site is cycled through each
conformational state once per revolution of the central stalk, resulting in the hydrolysis of three
molecules of ATP. During synthesis of ATP, the rotational direction of the central stalk is
reversed and ATP is produced from bound ADP and inorganic phosphate by a reversal of the
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Figure 1.2.2 – Crystal structure of the bovine F1-ATPase, in the reference, or ground, catalytic state. a) the
entire F1 domain, with a hexamer of α- and β-subunits, arranged in alternation, and the γ-, δ- and ε-subunits
forming the asymmetric central stalk. b), c) and d) show the catalytic β -subunit in each of its conformational
states, representing the βTP, βDP and βE sites respectively. The structure showed how the curved, coiled-coil of
the γ -subunit imposed each conformer as it rotated through 360°, driven by proton translocation in the
presence of a pmf, providing evidence of a rotary mechanism. During ATP hydrolysis, the conformational
changes in the β-subunit, in response to nucleotide binding, phosphate cleavage and phosphate release, cause
the central talk to rotate in the opposite direction. In the intact ATP synthase, the energy released by ATP
hydrolysis is used to generate the pmf. The α-, β-, γ-, δ- and ε-subunits are coloured red, yellow, dark blue,
forest green and magenta, respectively. [Abrahams 1994]
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hydrolytic mechanism. Other X-ray crystallographic structures that have been solved for the
bovine and yeast enzymes with a range of inhibitors, nucleotides or phosphate analogues have
confirmed this mechanism and provided additional molecular detail [Abrahams 1996; van Raaji
1996; Oriss 1998; Stock 1999; Braig 2000; Gibbons 2000; Menz 2001a; Menz 2001b; Cabezon
2003; Kagawa 2004; Bowler 2006; Kabaleeswaran 2006; Dickson 2006; Bowler 2007; Gledhill
2007a; Gledhill 2007b; Kabalesswaran 2009; Rees 2009; Watt 2010; Rees 2012; Robinson
2013; Bason 2014; Bason 2015].

Direct observations of the rotation of the central stalk in several studies of bacterial F-ATPases
have shown discrete rotational steps of 120° which have provided strong corroboration of the
rotary mechanism. Each of these steps are referred to as the catalytic dwells in which the
catalytic interface is ready to hydrolyse ATP. At lower ATP concentrations, an additional substep, within each 120° catalytic dwell, of 40° in bacteria and 30° in the human enzyme, can be
observed. These represent the ATP binding dwell. Reconciliation of these data with relevant
crystal structures is providing a structural description of most of the rotary mechanism. For
example, when the human enzyme is inhibited with the bovine inhibitor protein, rotation is
stalled at the catalytic dwell position, thus, the crystal structure of the bovine F1-ATPase
complexed with the inhibitor protein can be considered an accurate structural representation of
this dwell. If the enzyme is inhibited with chemical inhibitors, such as AMP-PNP or
thiophosphate, an additional sub-step 25° before each catalytic dwell is observed. This is
referred to as the phosphate release dwell, and a structure of the bovine complex inhibited with
thiophosphate showed a thiophosphate ion in the βE interface representative of the sub-step
associated with the release of phosphate after hydrolysis.
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1.2.3 The a-c interface and mechanisms of proton translocation

The rotor of the F-ATPase consists of a ring of c-subunits firmly attached via protein-protein
interactions to the γ-subunit of the central stalk. The interaction is supported by the δ-subunit,
which is conserved in bacteria and chloroplasts (though it is called the ε-subunit), and the stalk
assembly of mitochondrial enzymes contains an additional protein, ε. The c-subunit is a two
trans-membrane α-helical protein with the C-terminal and N-terminal α-helices forming an
outer and inner annulus, respectively. All known c-subunits have a conserved acidic amino acid
residue (aspartate or glutamate) at the mid-point of the membrane that is essential for the
generation of rotation by the pmf. The c-ring acts as a turbine, driven by the translocation of
protons across the membrane and rotates against the a-subunit which is held in place by the
peripheral stalk. The a-subunit has a strictly conserved arginine residue that is also essential for
rotation of the c-ring. The two half-channel model describes how this interaction between the
a- and c-subunits provides an entry and exit pathway for protons that allow access to the
conserved acidic amino acid on the outer surface of the c-subunit [Junge 1997]. When a proton
enters the channel, and neutralises the negatively charged carboxylate of the acidic amino acid,
movement of the residue into the more hydrophobic environment of the lipid membrane by
Brownian motion rotates the c-ring. The rotation presents another negatively charged
carboxylate which is then also neutralised by an incoming proton, continuing the cycle of
Brownian motion and rotation. On the other side of the half-channel, the neutralised residue
is re-ionised and delivers the released proton, via the channel, to the opposite side of the
membrane. Each proton is cycled around the c-ring before it is released and the number of
protons required for one complete rotation therefore matches the number of c-subunits in the
ring. For this reason, the bioenergetic cost of making a molecule of ATP is the number of ATP
molecules produced, per 360° turnover of the enzyme, divided by the number of subunits in the
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Figure 1.2.3 – The structure of the F-ATPase from P. angusta, determined by cryo electron microscopy, at a
resolution of ca. 7 Å. a) An atomic model built into the cryo-em density corresponding to rotational state-1,
showing the complete enzyme (left), and views of the rotor and stator, in isolation (middle and right). The
rotor is composed of the c-ring, firmly attached to the central stalk, bolstered by interactions with the δ- and
ε-subunits. It rotates within the motor, comprised of the α- and β-subunit hexamer, the rotation of which is
countered by the stator. The stator additionally couples the a-subunit to the rotating c-ring, and consists of the
peripheral stalk, a-subunit, and subunits A6L and f, in this model. b), c) and d) show the arrangement of the
resolved membrane domain helices, and the unique topology of the a-subunit. e) shows molecular detail of the
two-channel model of proton translocation, and the positon of the essential arginine residue (pink sphere).
Subunits α, β, γ, δ, ε, OSCP, a, b, c, A6L (8), d, f and F6 (h) are coloured red, yellow, dark blue, forest green,
magenta, deep teal, cornflower blue, pink, grey, brick red, orange, pale yellow, and purple, respectively.
[Vinothkumar 2016]
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c-ring. In the bovine case, this is 2.7 protons [Watt 2010]. The number of subunits in the cring has been observed to vary between eight, for all known metazoans, and 10-15, in fungi,
eubacteria and chloroplasts. The consequence of this is that the bioenergetic cost of making a
molecule of ATP is higher in those organisms which have c-rings containing more than eight
subunits. In a sense, the size of the c-ring dictates the “gear-ratio” of the F-ATPase.

Several recent structures of intact F-ATPases [Morales-Rios 2015; Allegretti 2015; Zhou 2015;
Vinothkumar 2016; Hahn 2016] have provided the initial structural evidence for this model,
though an atomic level description is still lacking. These structures highlighted the unique
arrangement of the transmembrane helices in the a-subunit and provided evidence of two polar
half channels [Allegretti 2016; Vinothkumar 2016]. The fitting of a-subunit sequences localised
the conserved arginine residue at the interface with the c-ring in close proximity to the midpoint c-subunit carboxyl group, consistent with its role in the process of proton translocation
[Vinothkumar 2016]. The a-subunit contains a four-helix bundle that presents a curved surface
to interface with the c-ring and these helices are tilted, inclined at 30° to the plane of the
membrane. This surprising trans-membrane topology arranges two of the α-helices (αH5 and
αH6) in close contact with four of the c-subunits in the ring, and allows these α-helices to form
the entry pathway, position the essential arginine, and form the exit pathway, simultaneously.

These structures also resolved α-helices in the membrane domain assigned to subunits b-, A6Land f- and also assigned novel density to the e- and g- subunits, if they were present in the
enzyme preparation studied. The b-subunit extends down into the membrane clamping the asubunit against the c-ring whilst the transmembrane α-helix of A6L is thought to provide an
additional brace for this interaction. The density assigned to the e- and g-subunits sits distal
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from the a-c interface and forms an interesting IMS membrane protrusion that extends toward,
and probably contacts, the bottom of the c-ring [Zhou 2015].

1.2.4 ATP synthase dimers

It has been shown that in mitochondrial membranes F-ATPase forms dimers [Strauss 2008;
Dudkina 2009; Davies 2011; Davies 2012; Dudkina 2006; Daum 2013]. Dimers of F-ATPase,
which have been shown to have ATP hydrolytic activity, have been observed and studied by
BN-PAGE from a range of eukaryotes [Zibetto 1997; Schagger 2000; Krause 2005; Bisetto
2005; Wittig 2006]. Low resolution structures have been determined by electron microscopy,
either by two-dimensionsal classification of single particles, or by in-situ cryo-tomography,
from several species [Dudkina 2005; Minauro-Sanmiguel 2005; Couoh-Cardel 2010; Davies
2011]. In addition, electron tomography of whole mitochondria has shown “dimer ribbons”;
higher order oligomers of F-ATPase observed to line the edges of the inner membrane
convolutions known as cristae (see Fig. 1.2.4a, b). It has been proposed that the assembly of
these ribbons can actively drive the formation of cristae and thus contribute to the morphology
of the mitochondria. Indeed, structures of the monomeric bovine complex resolved by cryoelectron microscopy of frozen hydrated samples exhibited density for a detergent micelle that
displays a significant curvature [Baker 2012; Zhou 2015]. Modelling of this structure as a dimer
showed a combined curvature of roughly 86o which is in good agreement with previous
tomography data. A structure of the dimer from a fungal species, Y. lipolytica, has been solved
to ca. 7 Å by cryo-electron microscopy [Hahn 2016]. The monomer-monomer angle in this
structure is significantly wider than 86°, however, a range of angles have been observed by insitu tomography of whole mitochondria and this angle appears to be species specific [Davies
2011].
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Figure 1.2.4 – The mitochondrial F-ATPase is dimeric, in vivo, and is localised to the apices of the cristae of
the inner mitochondrial membrane. a) Whole mitochondrion tomogram from P. anserina [Davies 2011]. The
F-ATPase complexes, identified by their distinctive presentation in electron micrographs, are indicated with
yellow spheres. The organisation of the dimers into oligomeric rows is evident. b) A similar tomogram of a
circular cristae from S. cerevisiase [Davies 2012]. The locations of the dimers are marked with low a resolution
map of the complex generated by sub-tomogram averaging. c) The structure of the isolated dimer from Y.
lipolytica, determined by cryo-electron microscopy, shows the arrangement of each monomer in more detail
[Hahn 2016].
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1.2.5 Sequence and structural divergence in novel and unusual F-ATPases (insights from algal and
parasitic trypsanosome F-ATPases)

Whilst the majority of F-ATPases studied to date support the notion of a highly conserved core
functional complex that has acquired supernumerary decorations during the course of evolution,
there are also examples which demonstrate significant structural and sequence divergence, even
within those core subunits. This includes sequence insertions in key catalytic subunits [Zikova
2009] and, remarkably, an entirely novel structural solution for the peripheral stalk consisting
of several proteins with no similarity in sequence to their counterparts in canonical enzymes
[Lapaille 2010; Alegretti 2015]. Similarly, there are examples of well-studied F-ATPases that
do have close structural homologues for certain subunits yet bear no sequence similarity. For
example, components of the eubacterial and mitochondrial peripheral stalks [Walker 1991]. A
variety of recently studied F-ATPases from parasitic species, and other organisms, have shown
a remarkable variety of novel F-ATPase associated subunits in addition to the core catalytic
proteins. These include the parasitic trypanasoma [Zikova 2009; Subrtova 2015], several
chlorophycean algae such as Chlamydomonas reinhardtii [Cardol 2005; Lapaille 2010] and
Polytomella sp. [Alegretti 2015], and also the malaria parasite, Plasmodium falciparum [Vaidya
and Mather 2009].

The trypanosoma are a genus of parasitic kinetoplastids that are the cause of African sleeping
sickness. The disease is vector-borne and transmitted by the tsetse fly, in which the parasite
spends part of its life cycle. The disease can cause serious neurological symptoms and is fatal if
untreated. Studies of the T. brucei F-ATPase have shown that, whilst it contains six protein
orthologues in the F1 domain (those of α, β, γ, δ, ε, and OSCP), and a further two in the Fo
domain (those of a and c), it contains an additional fourteen subunits that have no obvious
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homology to other F-ATPase subunits, or even to any other proteins from outside the
kinetoplastid class [Zikova 2009; Subrtova 2015]. The same studies demonstrated that two of
these kinetoplastid-specific proteins were explicitly required for proper structural organisation,
catalytic function and regulation of the trypanosome F-ATPase and are therefore not simply
supernumerary subunits with ancillary roles. The authors suggest that these novel proteins may
represent early evolutionary minima in the development of supernumerary subunits of
eukaryotic F-ATPases, which ultimately remained confined to T. brucei, and perhaps others
members of the trypanosoma. In addition, the α-subunit, which is normally highly conserved
across all species, contains several sequence insertions and extensions. An in-situ tomography
study of the trypanosome F-ATPase proposed a highly non-canonical α-subunit architecture;
apparently explained by these insertions, and the observation that the α-subunit is
proteolytically cleaved. However, recent crystallographic studies have shown that, despite these
changes, the F1 domain displays a canonical architecture, overall [Gahura 2017; Gahura 2017
unpublished results]. In fact, these structures also showed that the P18 subunit, a trypanosome
specific protein, binds to the α-subunit with three-fold symmetry, and is responsible for the
altered appearance of the F1 domain in low resolution reconstructions. The function of this
auxiliary protein, and of the sequence insertions, is currently unclear, though it has been
suggested that P18 plays a role in assembly of the F1 domain [Gahura 2017].

The F-ATPases from the chlorophycean algae, C. reinhardtii, Polytomella sp., and probably
other members of this clade, are examples of complexes that display both highly divergent
sequences and structural features. Specifically, these complexes represent a novel evolutionary
solution to the coupling of the F1 domain to Fo, via an atypical peripheral stalk, that additionally
appears to be involved in dimerisation [Vazquez-Acevedo 2006]. These enzymes lack
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homologues of the classical peripheral stalk proteins from eukaryotic species, and also do not
contain any proteins similar to the supernumerary subunits that mediate dimerisation. Instead,
these species possess nine proteins, ASA1-9 (ATP synthase associated 1-9), that replace this
functionality. A recent structure of the Polytomella sp. F-ATPase, determined by cryo-electron
microscopy (as well as indications from previous two-dimensional classification of negatively
stained images [Cano-Estrada 2010]), showed that these novel proteins arrange to form a
unique stator complex that subrogates the function of peripheral stalk proteins found in other
organisms [Allegretti 2015]. Thus, “The algal enzyme seems to have modified the structural
features of its surrounding scaffold, while conserving almost intact the structure of its catalytic
subunits.” [Vazquez-Acevedo 2006]. The structure of this alternative peripheral stalk is
substantially bulkier; containing more protein mass, and more helical structure. It is interesting
to note that dimeric complexes of these species are preserved in the presence of DDM. Most,
if not all, of the dimeric complexes isolated from higher eukaryotes require much milder
detergents for this, with DDM resolving the complex into a monomeric species. This could be
taken to suggest that the alternate peripheral stalk of the chlorophycean algae confers added
stability to the dimeric complex. Indeed, [Allegretti et al. 2015] show that membrane-extrinsic
ASA proteins directly link the monomers of the complex, via a helix-turn-helix motif and an
armadillo-like repeat domain. Dimerisation in the classical F-ATPases is mediated solely by
membrane-intrinsic subunits, which is probably why these dimeric complexes are more sensitive
to detergent.

A recent analysis of the malaria parasite, P. facilparum, and related P. yoelii genomes indicated
the presence of all F1 sequences and some of those from Fo (subunit c). However, no sequence
matches were found for the a- or b-subunits, both crucial components of the enzyme [Vaidya
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Figure 1.2.5 – The structure of the F-ATPase dimer, from Polytomella sp., determined by cryo-electron
microscopy. The algal F-ATPase complexes shows a large degree of structural diversity in the peripheral stalk,
which is composed of subunits entirely unrelated to their canonical counterparts. Note the overall size of the
peripheral stalk with respect to the catalytic core of the enzyme, and to the bovine peripheral stalk, for example.
Arrows labelled i and ii indicated direct, membrane extrinsic linkages of the two monomers via unique domains.
No such features are found in the other eukaryotic enzymes. Reproduced from [Allegretti 2015].

and Mather 2009; Balabaskaran 2011]. Similar results were reported for other members of the
apicomplexan clade suggesting that these organisms may have lost their ability to synthesise
ATP via a rotary F-ATPase. However, sequences for the a- and b-subunits are also absent from
the ciliate protozoa Tetrahymena thermophila, phylogenetically related to the apicomplexans,
and these organisms do possess ATP synthetic activity [Balabaskaran 2010]. Whilst the absence
of sequences similar to either eubacterial or eukaryotic b-subunits may suggest an alternative
method of bracing the enzyme with a different peripheral stalk structure, as in the chloropycean
F-ATPases, the absence of any a-subunit sequence similarity is particularly striking. Its function
in the enzyme is highly specific and is thought to be conserved in all metazoans. It is even
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conserved in species that have been found to display significant sequence divergence for other
parts of the enzyme. The a-subunit must interface with the c-ring in a similar manner, which
these organisms do possess homologues of, so it is surprising that such strong sequence
divergence would be apparent for this subunit in particular. This is likely to suggest that these
organisms evolved novel ways to fulfil the functions of these subunits. How the structure of
such a divergent sequence in the P. falciparum enzyme compares with current structural
information about the a-subunit remains to be seen. It is interesting to note that the homology
of the T. brucei a-subunit (NCBI: AAA97428) with its mitochondrial counterpart was not
detectable at the sequence level rather was established based on its predicted hydropathic profile
[Zikova 2009]. This could be taken to suggest that whilst the sequences share no similarity,
their structure in the membrane might show resemblance to typical a-subunits. Like the
chlorophyceans, which appear to have acquired an oligomycin insensitivity via the Asa7 subunit
[Lapaille 2010], T. thermophila is also insensitive to some classical ATPase inhibitors including
oligomycin and perhaps this represents an evolutionary driving force for the maintenance of
these highly divergent sequences.

It seems then, that F-ATPase proteins that possess chemical catalytic activity or are directly
involved with it - specifically, subunits of the F1 domain, and the c-subunit - are probably
conserved across all F-ATPases, even though the overall architecture of the domain may not be
(see above re: P18). Conversely, those subunits and architectural features that play mechanical
or structural roles, though crucial to the enzymes function as a rotary ion pump or synthase,
have been modified by different evolutionary pressures, over time and in different kingdoms of
life, such that a variety of solutions can be seen in nature. The functional constraints for these
features are less restrictive and therefore a much wider divergence is unsurprising, perhaps even
expected. Considering the process of evolution as a local optimiser for some fitness function; in
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the space of oxidative phosphorylation, the specific requirements for the interconversion of
ADP and ATP quickly directed convergence to the sequences of the F1 domain. The
evolutionary search space for the more mechanical features was larger, containing many other
alternative local minima early in the history of life that adequately performed analogous
functions (e.g. the alternative peripheral stalk of the chlorophyceans or the divergent b-subunit
sequences in eubacteria versus eukaryota). Certain organisms remained in these minima over
time, perhaps due to some conferred advantage such as an insensitivity to inhibitors of canonical
F-ATPases or simply an absence of a conferred disadvantage, maintaining the divergent
separation of these sequences that we see today.

1.3 Emerging roles in cell death pathways – the mitochondrial permeability transition

1.3.1 mPTP

It is becoming increasingly clear that mitochondria function in a wide range of important
cellular processes beyond energy transduction and often act as hubs for their regulation [Whelan
2014]. For example, the role of mitochondria in regulation of cellular Ca2+ homeostasis is well
established [Duchen 2000; Demaurex 2009] and their responses, both physiological and
pathological, to reactive oxygen species are being shown to have important biological
consequences [Andreyev 2005; Hamanaka 2010]. They are additionally the sites of ironsulphur cluster synthesis [Rouault 2012].

Mitochondria also function as key mediators of apoptotic and necrotic cell death by controlling
the release of pro-apoptotic factors such as cytochrome c and apoptosis inducing factor
[Crompton 1999; Halestrap 2002; Rasola 2007]. One mechanism for this release is a rupturing
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of the outer mitochondrial membrane (OMM) that results during prolonged opening of the
mitochondrial permeability transition pore (mPTP) under conditions of cellular stress
[Halestrap 2004].

The mitochondrial permeability transition (mPT) is characterised by a significant increase in
permeability of the inner mitochondrial membrane (IMM) to non-specific solutes up to
~1.5kDa suggested to result from the opening of a voltage dependant, Ca2+ dependent,
cyclosporin A (CsA) sensitive protein pore (the mPTP) [Haworth and Hunter 1979; Zoratti
1995; Tsujimoto 2007]. Pore opening permeabilises the IMM to protons, thus, dissipating the
proton motive force and uncoupling respiration from ATP production. In the absence of a pmf,
the F-ATPase can become a powerful consumer of both mitochondrial and cytosolic ATP (if
the extent of depolarisation reaches the reversal potential for the adenine nucleotide translocase)
[Chinopoulos 2011]. Further, the high concentration of matrix proteins is thought to exert a
significant osmotic pressure that causes the mitochondria to swell as solutes redistribute via the
open pore [Halestrap 2004; Tsujimoto 2007]. During prolonged pore opening, expansion of
the highly convoluted IMM against the outer membrane leads to outer membrane rupture and
release of intermembrane space components, including cytochrome c, into the cytosol
[Crompton 1999; Tsujimoto 2007].

The open frequency of the pore shows a strict dependence on matrix Ca2+, though Ca2+ alone
is not sufficient to cause pore opening and, as such, is viewed as a permissive factor [Azzolin
2010]. Rather, opening is triggered by a specific set of conditions that typically co-occur with
prolonged Ca2+ overload. These conditions include high phosphate or peroxide levels,
low/absent exogenous adenine nucleotides and predominantly oxidised pyridine nucleotides
such as is typical during anoxia or other respiratory inhibition. mPT has additionally been
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linked to necrotic cell death following re-perfusion after ischaemic insult in the heart and, as
such, is likely to be a viable target for cardioprotection following infarct [Halestrap 2004; Rasola
2007]. Indeed, CsA (which desensitises the pore to opening) has been successful in mitigating
damage caused to cardiovascular tissue during re-purfusion, however, its therapeutic window is
small and is additionally associated with a range of non-specific side-effects [Halestrap 2004].

Although pore opening can be considered a response to pathological Ca2+ overload, that arises
during conditions such as ischaemia (oxidative stress), or respiratory inhibition, it has been
suggested that it may open transiently under physiological conditions as a general mechanism
to release excess metabolites from the matrix [Crompton 1999], and that it is sustained opening
across the majority of a mitochondrial population which triggers cell death pathways. Such
transient openings, or flickers, have been reported in isolated mitochondria and could represent
the pores' normal function [Huser 1998].

1.3.2 Molecular identity of the mPTP

The molecular identify of the mPTP has been a subject of investigation in many laboratories
for several decades. Though reports have suggested the pore forms at contact sites between the
IMM and OMM from a complex of the voltage-dependent anion channel, the adenine
nucleotide translocase and cyclophilin D (with additional recruitment of apoptotic proteins),
studies have demonstrated that genetic ablation of either the voltage-dependent anion channel
[Krauskopf 2006], or the adenine nucleotide translocase [Kokoszka 2004], had no effect on
mPT. Similarly, knock-out of cyclophilin D did not prevent the occurrence of mPT in mice
although larger Ca2+ loads were required to trigger opening, suggestive of a regulatory role
[Baines 2005; Basso 2005]. Recent electrophysiological measurements of planar lipid bilayers
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reconstituted with dimeric F-ATPase purified by BN-PAGE demonstrated a highconductance channel activity with the characteristics of the mitochondrial mega-channel (the
electrophysiological equivalent of the mPTP) [Giorgio 2013]. This channel activity was
dependent on Ca2+ for activation and responded to a range of known mPT effectors including
CsA, Bz-423 and Mg2+. It was also proposed that cyclophilin D interacts with the peripheral
stalk of F-ATPase and further that inhibition of this interaction with CsA had modulatory
effects on the activity of the enzyme [Giorgio 2005; Giorgio 2009]. It was suggested that these
striking results indicated an involvement of the F-ATPase in the mPT, that the pore itself
requires the enzyme to be dimerised [Bernadi 2013], and is formed from F-ATPase membrane
subunits at the dimer interface [Carraro 2014], or alternatively from the c-ring [Alavian 2014].
Following the initial observations, the involvement of F-ATPase in the mPTP has been
extensively studied in the ATPase group at the MBU. The expression of individual subunits of
the enzyme have been disrupted in human cell lines and the impact of this on the mPT has
been assessed. Cell lines which lack all three human genes encoding the c-subunit, generated
by CRIPSR-Cas9 mediated gene disruption, retain mPTP activity, thus this subunit is not the
pore forming moiety [He 2017a]. Further experiments with human ρ-zero cells, which lack the
mitochondrial genome and therefore do not assemble an F-ATPase complex containing
subunit A6L (ATP6) or subunit a (ATP8), have demonstrated that these subunits are not
involved in mPT either [He 2017a]. Similarly, mPT activity persisted in cell lines devoid of the
b- and OSCP-subunits of the peripheral stalk [He 2017b]. Continued work in the laboratory
has focussed on the analysis of gene disruption in the remaining subunits (these include subunits
e, f, g, DAPIT and 6.8 kDa PL) and conclude that it is increasingly unlikely that the mPTP is
associated with the F-ATPase [He 2017; unpublished results].
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1.4 Cryo-electron microscopy – the resolution revolution

As can be demonstrated by the intermediate to high resolution structures discussed in the
introduction to this thesis alone, single-particle analysis by cryo-electron microscopy has been,
and is currently, undergoing somewhat of an explosion in interest and technological
development. These are examples of large, multi-subunit, conformationally heterogeneous and
labile protein complexes, some of which are yet, if ever, to yield well diffracting crystals. They
have presented challenges to structural characterisation for decades, and they are not the only
ones. A flurry of ribosome structures have been solved at near-atomic resolution, some testbench specimens such as β-galactosidase have breached the 3 Å mark, tens of millions of pounds
have been invested in development and equipment, and everybody is scrambling to the
microscope. How has this happened?

Although the theoretical basis for atomic resolution structure determination of proteins by
electron microscopy had been outlined some time ago [Henderson 1995], only the most wellbehaved specimens came anywhere close to the expected resolutions using the equipment of the
time. However, a series of continued developments over the last 10-20 years have enabled
considerable improvement to the attainable resolution in typical, and more challenging, singleparticle analysis cases, and has placed cryo-electron microscopy at the forefront of structural
biology in the present day [Cheng 2015; Vinothkumar 2015; Fernandez-Leior and Scheres
2016]. Principal among those was the development of back-thinned, complementary metal
oxide semi-conductor (CMOS)-based direct electron detectors [Faruqi 2007a]. Previous
detector technologies were based on charge coupled device (CCD) sensors that are used in a
wide variety of imaging applications. However, these detectors are designed to respond to
photons. Adaptation of CCD detectors for imaging electron events requires conversion of
36

incoming electron energy, via a phosphor scintillator, into photons for detection. This greatly
reduces the quantum efficiency of the detector (DQE), and is particularly detrimental to the
spatial resolution achievable (the signal-to-noise ratio at high resolution is poor) [Faruqi 2007b;
McMullan 2009a]. In contrast, the CMOS based direct detectors maintain high DQEs at high
spatial frequencies, with good signal to noise ratios, and therefore greatly improve the quality
and information content of the electron micrographs acquired with them. Secondary to this
development, but perhaps almost as important, was the implementation of high frame rate
read-out with direct electron detection. High detector frame rates allow for the acquisition of
“movies” during the course of the exposure, which can then be processed to account for beaminduced motion and microscope stage drift, and also to determine the resolution-dependent
fall-off in signal caused by radiation damage, all of which can severely affect the resolution of
cryo-em reconstructions. In addition, a high detector read-out rate, coupled with a very low
electron dose and discretisation of individual electron detection events into counts, enables
practically noiseless single electron detection [Li 2013; McMullan 2009b]. Normally, CCD
and direct electron detectors would capture an exposure on the order of a few seconds,
integrating the charges generated by the electrons as they arrive at the detector over time to
produce an image. In so called counting-mode detection, the dose-rate is substantially reduced
per unit time such that individual electron events can be captured with single-pixel accuracy
across a large number of image frames, instead of integrating all detected electrons over the
entire exposure. Whilst this currently requires much longer exposures in order to image the
specimen with sufficient accumulated electron dosages, the increase in DQE in this mode of
electron detection outweighs the increased acquisition time. The processing techniques that
have been developed for micrograph motion correction from dose-fractionated, or “movie”,
exposures can accurately account for the specimen movement and stage drift during the long
exposure [Li 2013]. In tandem with the advances in detector technology, many improvements
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have been made to the microscopes that house them, also. Microscopes are more stable than
ever, maintaining cryo-temperatures and vacuums, isolating vibrations and reducing stage and
lens drift to very low levels for days on end. This allows for the extended, automated data
acquisition that is often required to obtain sufficient numbers of images for subsequent
processing. These developments in instrumentation have, naturally, been mirrored by
significant improvements to the software implementation of image processing algorithms,
concepts and techniques, so that they are now much more widely accessible to the general
user/scientist and are also a lot faster. Of particular relevance is the application of GPUaccelerated parallelisation to some of the more computationally demanding steps in image
processing pipe-lines such that cryo-em density maps can be calculated from raw image data in
days to weeks instead of weeks to months, for streamlined cases [Kimanius 2016]. For all of
these reasons, and considering the fact that, to date, the intact, bovine F-ATPase complex has
never been successfully crystallised, single-particle analysis by cryo-electron microscopy is a
cornerstone of this thesis.

1.5 Aims of this work

The aims of this work are to biochemically and structurally characterise dimers of mitochondrial
F-ATPases. The main aim is to resolve the structure of the membrane components of the
enzyme, at least to intermediate resolution, by cryo-electron microscopy and image processing
to provide insights into the dimer interface, the interaction of the a- and c-subunits and the
possible functions of supernumerary subunits. Focus is put on the bovine enzyme, as a surrogate
model of the structure of the human enzyme, due to its high sequence similarity, and potential
involvement in mitochondrial permeability transition.
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Chapter 2
MATERIALS & METHODS

2.1 Materials

2.1.1 Chemicals

n-Dodecyl β-D-maltoside (DDM) was purchased from Glycon Bioch. GmbH. Digitonin and
ATP powder were procured from Calbiochem (Merck Millipore). Glyco-diosgenin (GDN)
and

n-decyl

β-D-maltose

neopentyl

glycol

(2,2-dioctylpropane-1,3-bis-β-D-

maltopyranoside)(DMNG) were acquired from Anatrace Inc. All lipids were supplied by
Avanti Polar Lipids Inc. as chloroform solutions. 30% acrylamide stock solution was obtained
from Severn Biotech Ltd. Restriction endonucleases, DNA polymerase and associated cloning
enzymes were purchased from New England Biolabs (Hitchin, U.K.).

Carbon support films on 400 mesh copper grids and uranyl acetate were supplied by Agar
Scientific.

Aqueous solutions were prepared with ultra-pure water from a Milli-Q Academic water
purification system (Millipore Ltd, Watford, U.K.).

All other chemicals, general laboratory reagents and solvents were supplied by Sigma-Aldrich
or Fischer Scientific, U.K., unless otherwise stated.

2.1.1 Chromatography

Pre-packed chromatography columns, chromatography resins and associated column apparatus
were purchased from GE Healthcare Life Sciences (Uppsala, Sweden). They include 1 ml and
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5 ml HisTrap nickel-Sepharose HP, HiTrap GST HP and HiTrap Q-Sepharose affinity
columns, Superose 6, Superose 6 Increase, Superdex 200 and Superdex 200 Increase size
exclusion columns (300 x 10 mm i.d.), Q-Sepharose HP resin and an XK50 column (1000 x 50
mm i.d.) and packing apparatus. In-house columns were packed upside-down with a Gilson
preparative HPLC system operated at a column pressure drop of 0.3 MPa to ensure a tightly
packed bed. Chromatography was performed on an AKTAprime, AKTAmicro (GE
Healthcare, AKTA, Uppsala, Sweden), or a Gilson preparative HPLC system (Gilson
Scientific, U.K.).

2.1.3 E. coli strains

The E. coli strain XL1-Blu (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac) (Strategene)
was employed for the cloning of plasmid DNA. Recombinant proteins were expressed in the
E. coli strain C41 (DE3) (ompT hsdSB (rB- mB-) gal dcm). Cells from a glycerol stock stored at
-80°C were streaked onto 2xTY agar plates and incubated over night at 37°C.

2.1.4 Yeast strains

The Saccharomyces cerevisiae strain W303-1a (MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade21 his3-11,15) was cultured as a source of mitochondria.

2.1.5 Lipid preparation.

Lipid suspensions for addition to chromatography buffers were prepared as follows.
Appropriate volumes of the chloroform/lipid solutions were transferred to a glass tube. The
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solvent was evaporated under a gentle stream of nitrogen, and the dried lipid film was
rehydrated in water with vortexing. Then the resulting suspension was sonicated in a bath
sonicator for 15-20 min, or until the solution had become translucent. Translucency of the
solution indicates a transition from large multilamellar vesicles to small unilamellar vesicles.

2.2 Standard biochemical and analytical methods

2.2.1 SDS-PAGE
Protein samples were fractionated by SDS-polyacrylamide gel electrophoresis according to
[Laemmli 1970].Gels were cast in 10 cm x 10 cm 20-well format, and were prepared with a
12-22% (w/v) acrylamide gradient resolving gel and a 4% (w/v) stacking gel. The resolving gel
was prepared in Anderson's buffer consisting of 375 mM tris(hydroxymethyl)aminoethaneHCl (Tris), pH 8.8, 0.1% (w/v) SDS. Electrophoresis was performed in a protein gel
electrophoresis unit (Cambridge Electrophoresis Ltd, Cambridge, U.K.) in running buffer
comprising 250 mM glycine, 25 mM Tris-HCl, pH 6.8 and 10% (w/v) SDS, at a running
voltage of 550 V (constant) until the dye front had migrated to the bottom of the gel. Protein
standards were supplied by Life Technologies or BioRad (SeeBlue Plus2 or AllBlue,
respectively). Proteins bands were visualised by incubating the gels in a staining solution of 50%
(v/v) methanol, 7% (v/v) acetic acid and 0.02% (w/v) Coomassie R250 for ten minutes followed
by a destaining solution containing 20% (v/v/) methanol and 7% (v/v/) acetic acid. Low
abundance or poorly staining protein bands were visualised by silver staining according to
[Ansorge 1985], if required.
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2.2.2 Native-PAGE

Intact protein complexes were fractionated by blue native-PAGE according to the
manufacturer’s instructions using a 10-fold dilution of the Coomassie G250 cathode buffer
additive (Invitrogen). Samples were mixed with 4X sample application buffer (Invitrogen) and
then loaded onto 3-12% Tris-Glycine NativePAGETM gels (Invitrogen). Gels were run in an
Xcell SureLockTM Mini-Cell electrophoresis system (Invitrogen) first at 60 V for 60 min and
then followed by 150 V for 90 min, or until the dye front had reached the foot of the gel. Gels
were destained in a 20% (v/v) solution of methanol containing 7% (v/v) acetic acid, or they were
re-stained with a 50% (v/v) solution of methanol containing 7% acetic acid and 0.015% (w/v)
Coomassie G250, if necessary. Intact complexes were fractionated by clear native-PAGE as
above except that Coomassie G250 was omitted from the cathode buffer. Protein standards
were supplied by Life Technologies (NativeMARK®), or they were prepared in-house by
detergent extraction of bovine heart mitochondria with 1% (w/v) DDM.

2.2.3 Estimation of protein concentration

Protein concentrations were estimated with the bicinchonic acid (BCA) assay kit supplied by
Pierce Biotechnology Inc (Rockford, IL). Standards consisted of 1.0, 0.8, 0.6, 0.4, 0.2 and 0.0
mg/ml bovine serum albumin (fraction 5), supplemented with an appropriate volume of the
sample buffer and made up with water. Standards and unknown samples were prepared for the
assay according to the manufacturer’s instructions.
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2.2.4 Measurement of ATPase activity

The hydrolytic activities of samples of ATPase were determined spectrophotometrically via an
ATP regenerating coupled assay system [Pullman 1960]. Briefly, the principle is that
hydrolysed ATP is regenerated by transfer of phosphate from phosphoeolpyruvate to ADP (by
pyruvate kinase), producing pyruvate that is reduced to lactate (by lactate dehydrogenase)
concomitant with the oxidation of NADH to NAD+. The decrease in absorbance of UV light
at 340 nm per unit time is directly proportional to the rate of ATP hydrolysis. Assays were
performed in 1 ml cuvettes (1 cm pathlength) containing ATPase assay mix consisting of 80
mM sucrose, 33 mM Tris-HCl pH 8.0, 10 mM KHCO3, 6 mM MgCl2, 5 mM ATP, 0.5 mM
phosphoenolpyruvate, 0.25 mM NADH, and 12-15 U/ml pyruvate kinase and lactate
dehydrogenase.

2.3 Preparation of competent E. coli cells

2.3.1 Heat-shock competent cells

A single colony of E. coli C41 (DE3) from a freshly streaked plate was inoculated into 5 ml of
2xTY broth. The culture was incubated overnight at 37°C. A portion of this culture was added
to 50 ml of fresh 2xTY broth and the culture was incubated at 37°C with shaking until it had
reached an optical density (600 nm) of 0.4. The cells were collected by centrifugation at 3000
xg for 10 mins at 4°C, and then resuspended in 20 ml of an ice-cold solution of 100 mM CaCl2.
The cells were left on ice for 30 mins and then centrifuged at 3000 xg for 10 mins at 4°C.
Finally, the pellet was resuspended in 4 ml of the ice-cold solution of 100 mM CaCl2. These
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cells were either used immediately for transformation or they were aliquoted and stored at 80°C.

2.3.2 Electroporation competent cells

A single colony of E. coli (XL1-Blue) cells from a freshly streaked plate was inoculated into
2xTY broth (5 ml) and the culture was incubated overnight at 37°C. A portion of this culture
was introduced to fresh 2xTY broth (1 L) and then incubated at 37°C with shaking until it had
attained an optical density (600 nm) of ca. 0.5. The culture was cooled on ice for 30 mins and
then the cells were collected by centrifugation at 9000 xg for 10 min at 4°C. The pelleted cells
were resuspended in ice cold sterile water (1 L) and centrifuged at 9000 xg. The pelleted cells
were resuspended in ice cold sterile water (500 ml) and recovered again. The pelleted cells were
resuspended in an ice cold, sterile solution of 10 % (v/v) glycerol (10 ml), re-centrifuged at 7000
xg and resuspended finally in an ice cold, sterile solution of 10% (v/v) glycerol (4 ml). These
cells were used immediately for transformation or they were aliquoted and stored at -80°C.

2.4 Transformation of competent cells

To heat shock competent cells (100 µl) (see section 2.3.1) was added purified plasmid DNA (1
µl) in a sterile culture tube. Cells were left on ice for 30 mins and then heat-shocked for 90
seconds at 42°C. Cells were allowed to recover in an equal volume of 2xTY broth for 30 mins
at 37°C, and then a portion of the cells were spread onto a 2xTY agar plate containing ampicillin
and incubated over night at 37°C to select for successful transformants.

Electrocompetent cells (80 µl) (see section 2.3.2) were mixed gently with plasmid DNA
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dissolved in 10 µl water, on ice. The mixture was transferred to pre-chilled 2 mm
electroporation cuvettes and electroporated at 200 Ohms, 25 µF and 2.5 kV in a BioRad
electroporation device. Cells were transferred to sterile culture tubes and incubated with an
equal volume of 2XTY broth at 37°C for 1 hour to allow the cells to recover. Then, a portion
of the cells was spread onto a 2xTYE agar plate containing ampicillin and the plate was
incubated overnight at 37°C to select for successful transformants.

2.5 Purification of recombinant inhibitor proteins

An expression plasmid, bI1-60His, encodes residues 1-60 of the bovine inhibitor protein, IF1,
followed by a C-terminal decahistidine tag. A second plasmid, bI1-60GSTHis, encodes I1-60
plus a C-terminal glutathione-S-transferase (GST) and hexahistidine tag. Both sequences had
been previously cloned into the pRun expression vector. Plasmids were transformed into E. coli
(XL1-Blue) cells as described above, cultured in small volumes of 2xTY broth, and then the
cloned plasmids were recovered using a Plasmid Mini Prep kit (Qiagen). The recombinant
proteins were then overexpressed in E.Coli C41 (DE3) in 2-4 L of 2XTY broth containing
ampicillin (100 µg/ml) and purified as described before [Runswick 2013]. Briefly, the
transformed cells were inoculated into 2-4 L of 2xTY medium containing ampicillin (100
µg/ml) and incubated with shaking at 37°C until the optical density (600 nm) of the culture
was 0.6. IPTG was added to a final concentration of 1 mM and the culture was incubated at
20°C for a further 18 hours. Then the cells were collected by centrifugation at 3000 xg for 15
mins at 4°C and resuspended in a buffer consisting of 20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 25 mM imidazole and 10% (v/v) glycerol. A tablet of Roche cOmplete EDTA-free
protease inhibitor cocktail was added to each litre of culture, followed by DNase I (New
England Biolabs, Hitchin, U.K) at a final concentration of 10 µg/ml. Cells were homogenised
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with a tightly fitting Potter homogeniser and then disrupted by three passages through a
Constant systems cell disrupter at 15 psi, 30 psi and finally at 15 psi. The cell lysate was
centrifuged at 35,000 xg for 45 mins, filtered through a cellulose acetate membrane (0.22 µm
pore size), and applied to a pre-packed HisTrap nickel-Sepharose affinity column (5 ml, GE
Healthcare), equilibrated in buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 25
mM imidazole and 10% (v/v) glycerol, at a flow-rate of 1 ml/min. The column was washed
extensively in the same buffer and then the bound proteins were eluted with a 0-100% gradient
of a buffer composed of 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 500 mM imidazole and
10% (v/v) glycerol over 50 ml. Eluted proteins were fractionated by SDS-PAGE, and the purest
fractions were pooled, aliquoted and stored at -80°C. Inhibitor proteins were used at a
concentration of 10 mg/ml.

2.6 Purification of mitochondrial F-ATPases

2.6.1 Isolation of bovine mitochondria

All procedures were carried out at 4°C. Bovine hearts were obtained on ice from a local abattoir.
Chopped bovine heart muscle tissue (with fat and connective tissue removed) was minced in a
solution containing 250 mM sucrose, 10 mM Tris-HCl, pH 7.8 and 5 mM 2-mercaptoethanol
and strained through a single layer of muslin. To the minced tissue was added a buffer consisting
of 250 mM sucrose, 10 mM Tris-HCl, pH 7.8, 5 mM 2-mercaptoethanol, 0.2 mM EDTA
and 1 mM Tris-succinate, pH 7.8. The suspension was neutralised with 2 M Tris and then
homogenised in a Waring blender for 30 s. The homogenate was centrifuged at 1,750 xg for 15
min in a Sorvall RC12 centrifuge with a H12000 swinging bucket rotor. The supernatant was
poured through single layer muslin, and then centrifuged at 13,700 xg for 27 min in a Sorvall
47

RC6 centrifuge with an SLA-3000 fixed angle rotor. The pellets were pooled, resuspended in
a solution of 250 mM sucrose, 10 mM Tris-HCl, pH 7.8, 5 mM 2-mercaptoehtanol, 0.2 mM
EDTA and 1 mM Tris-succinate, pH 7.8, and centrifuged at 13,700 xg for 42 min in an Sorvall
RC6 centrifuge with an SLA-3000 fixed angle rotor. The supernatant was decanted carefully
so as to avoid loss of the loosely pelleted mitochondria. The mitochondria were stored at -80°C
until required.

2.6.2 Preparation of phosphate washed bovine mitochondrial membranes

A mitochondrial pellet prepared from approximately 2 hearts was thawed in a solution of 50
mM sodium hydrogen phosphate (pH unadjusted), 100 mM sucrose and 0.5 mM EDTA and
the suspension was homogenised with a loosely fitting Potter homogeniser. The volume of the
solution was made up to 400 ml with the same buffer, and the suspension was stirred on ice for
30 min. The mitochondria were centrifuged for 45 min at 13,700 xg in a Sorvall RC6 centrifuge
with an SLA-1500 rotor, and the supernatant was discarded. This procedure was repeated
twice, and then the mitochondria were resuspended in a buffer composed of 20 mM Tris-HCl,
pH 8.0, and 10% (v/v) glycerol, at a protein concentration of 8.5 mg/ml.

2.6.3 Purification of inhibited dimers of bovine F-ATPase

Phosphate washed membranes (382.5 mg) were solubilised with a solution containing digitonin
and DDM at detergent:protein ratios (w/w) of 1.2 g/g (0.92%, w/v, final concentration) and
1.0 g/g (0.76%, wt/v, final concentration), respectively. The total volume was 50 ml. The
suspension was stirred for 30 min at room temperature. The detergent solutions were made
immediately before use. The mitochondrial extract was centrifuged for 20 min at 24,000 xg.
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Then, to the supernatant was added bI1-60His (1-2 mg) and 750 µl of a solution containing
200 mM ATP, 200 mM MgSO4 and 400 mM Trizma base. The mixture was incubated at
37°C for 15 min, further quantities of the ATP solution being added every 5 min. The inhibited
extract was centrifuged for 10 min at 24,000 xg to remove a small precipitate. Solutions of 5 M
NaCl and 5 M neutralised imidazole were added to the supernatant to final concentrations of
150 mM and 25 mM, respectively. Then the extract was filtered through a cellulose acetate
membrane (0.22 um pore size). The filtered extract was applied to a HisTrapTM HP nickelSepharose affinity column (5 ml; GE Healthcare) equilibrated in a buffer containing 20 mM
Tris, pH 7.4, 150 mM NaCl, 2 mM ATP, 2 mM MgSO4, 10% glycerol, 0.1% (w/v) GDN and
0.1 mg/ml of a solution of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol) (POPG), and bovine heart
cardiolipin (CL) (3:1:1:1 wt ratio). The flow rate was 1 ml/min. The column was installed in
an AKTAprime HPLC instrument (GE Healthcare). The F-ATPase:I1-60His complexes
were eluted with a linear gradient of 25-500 mM imidazole over 50 ml. Peak fractions
containing ATPase were pooled and concentrated to ca. 500 µl in a VivaSpin centrifugal filter
device (molecular weight cut-off 100 kDa; Sartorius). Then this sample was applied to a
Superose 6 Increase size exclusion column (300 x 10 mm i.d.; GE Healthcare) equilibrated in
buffer consisting of 20 mM Tris, pH 7.4, 150 mM NaCl, 2 mM ATP, 2 mM MgSO4, 10%
(w/v) glycerol, 0.1% (w/v) GDN and 0.1 mg/ml of a solution containing POPC, POPE, POPG
and CL (3:1:1:1 wt ratio) at a flow rate of 0.25 ml/min. Fractions of 250 µl were collected. In
samples to be used for cryo-electron microscopy the buffer was supplemented with 2 mM
EDTA (unless otherwise stated) and glycerol was omitted. Chromatography was performed
either with a HPLC instrument (Gilson 321-H; Gilson) equipped with a UV detector
(UV/VIS-155; Gilson) and an automated fraction collection system (FC204; Gilson), or with
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an AKTAprime HPLC system. Fractions were analysed by SDS-PAGE, by BN-PAGE and
by uranyl acetate negative stain transmission electron microscopy to verify the oligomeric state
of the complex.

2.6.4 Purification of active dimers of bovine F-ATPase

The active dimer complexes were prepared as described above, except that the mitochondrial
extract was inhibited with 2-3 mg of bI1-60GSTHis, and, after clarification of the supernatant,
filtration through a cellulose acetate membrane (0.22 µm pore size) and the addition of 150
mM NaCl, the solution was applied to a GSTrapTM GST affinity column (5 ml; GE
Healthcare), equilibrated in a buffer composed of 20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM
dithiothreitol, 10% (v/v) glycerol, 0.1% (w/v) GDN and 0.1 mg/ml of a solution containing
POPC, POPE, POPG and CL (3:1:1:1 wt ratio), at a flow rate of 0.5 ml/min. The column
was washed extensively with the equilibration buffer, and then washed with buffer
supplemented with 10 mM EDTA until the conductance of the eluent reached a new baseline.
Then the HPLC pumps were paused for 17 hours. Active F-ATPase complexes were eluted by
restarting the flow of buffer. Fractions of 1 ml were collected. ATPase containing fractions were
pooled, concentrated to ca. 500 µl in a VivaSpin centrifugal filter device (molecular weight cutoff 100 kDa; Sartorius), and applied to a Superose 6 Increase size exclusion column (300 x 10
mm i.d.; GE Healthcare), as described above (section 2.6.3).

2.6.5 Purification of inactive monomers of bovine F-ATPase

Monomers of the inhibited enzyme complex were purified either as a by-product of the
procedure described in section 2.6.3, or they were isolated as described before [Runswick 2013].
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The procedure is the same as employed for isolation of the dimers except that phosphate washed
mitochondrial membranes were solubilised with 1% (w/v) DDM. Then the monomeric FATPase was inhibited with bI1-60His and purified by nickel-Sepharose affinity
chromatography, with 0.05% DDM substituted in the buffers instead of the milder GDN.

2.6.6 Purification of active bovine ATP synthase monomers.

Active monomers of the enzyme were purified either as a by-product of the procedure described
in section 2.6.4, or they were isolated as described before [Runswick 2013] in the presence of
1% (w/v) DDM. Monomeric F-ATPases were inhibited with I1-60GSTHis, purified by GST
affinity chromatography and eluted by disruption of the F-ATPase:I1-60GSTHis complex
with 10 mM EDTA. GDN was replaced by 0.05% (w/v) DDM in the buffers.

2.6.7 Growth of S. cerevisiae

S. cerevisiae (W303-1a) cells were grown at 30°C in 55 l of medium containing 1% yeast extract,
2% peptone, 3% (v/v) glycerol and 5.5 g/L adenine, pH 5.0, in an Applikon ADI 1075
fermenter. Once the culture had reached late exponential phase the cells were cooled to 18°C
and harvested by continuous flow centrifugation at 18000 xg

2.6.8 Isolation of mitochondria from S. cerevisiae

Cells of S. cerevisiae were prepared as described in section 2.6.7. The pelleted cells were
resuspended in 2 L of breaking buffer consisting of 100mM Tris-HCl pH 8.0, 650 mM
sorbitol, 5 mM EDTA, 5 mM benzamidine, 5 mM 6-aminohexanoic acid and 0.2 % (w/v)
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bovine serum albumin per kg of yeast, and disrupted by passage twice through a Dyno-Mill
bead mill (W.A. Bachofen Machinery, Basel, Switzerland) at a flow rate of 3 L/hr. The pH of
the suspension of broken cells was adjusted to 8.0 with a solution of 3M Trizma base as it
emerged from the mill. Then the suspension was centrifuged at 7500 xg for 30 mins, and
mitochondria were recovered from the supernatant by further centrifugation at 26000 xg for 45
mins. The mitochondria were washed twice with a buffer composed of 100 mM Tris-HCl pH
8.0, 650 mM sorbitol, 1 mM EDTA, 5 mM benzamidine and 5 mM 6-aminohexanoic acid,
and then resuspended in a buffer containing 100 mM Tris-HCl pH 8.0 and 10% (v/v) glycerol
at a protein concentration of 20 mg/ml. Yeast mitochondria were stored at -80°C.

2.6.9 Purification of dimers of inhibited F-ATPase from S. cerevisiae

A 45 ml portion containing 900 mg of S. cerevisiae mitochondria was solubilised with a solution
of 10% (w/v) DMNG at a detergent:protein ratio of 0.56 g/g (1% w/v final concentration), in
a total volume of 50 ml, for 30 min at room temperature, with rotary mixing. The mitochondrial
extract was centrifuged at 220000 xg for 45 min at 4°C. From this point, the fungal F-ATPase
complex was purified from the mitochondrial extract by nickel-Sepharose affinity
chromatography as described above for the inhibited bovine complex (section 2.6.3) except that
the enzyme was inhibited with 4 mg of bI1-60His and 0.05% DMNG and 0.1 mg/ml of a
solution of POPC, POPE, CL, and POPG (10:5:3:2 wt ratio) were substituted in the
chromatography buffers. Size exclusion chromatography of the eluted F-ATPase complex to
yield dimers was performed as described above (see section 2.6.3) except for the mentioned
detergent and lipid substitutions.
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2.7 Purification of the bovine Fo subcomplex

2.7.1 Preparation of bovine heart sub-mitochondrial particles

A mitochondrial pellet prepared from approximately 2 hearts (see section 2.6.1) was thawed
overnight at 4°C in a buffer consisting of 20 mM Tris-HCl, pH 7.5, 250 mM sucrose and 0.5
mM DTT. The suspension was made up to a total volume of 210 ml with the same buffer, and
homogenised with a loosely fitting Potter homogeniser. Then, the suspension was split into
three portions (70 ml), and each was sonicated at 40% power output for 35 seconds on ice. The
sonication procedure was repeated twice. The sub-mitochondrial particles were recovered from
the suspension by centrifugation at 142000 xg for 2 hours, and then resuspended in a solution
of 150 mM K2HPO2 (dibasic), pH 7.5, 1 mM ATP, 25 mM EDTA, 0.5 mM DTT and 5%
(v/v), glycerol at a protein concentration of 15 mg/ml.

2.7.2 Removal of peripheral and membrane extrinsic mitochondrial proteins from bovine submitochondrial particles.

To the sub-mitochondrial particles (see section 2.7.1) was added 4 volumes of a denaturing
buffer containing 3.3 M guanidine-HCl, 150 mM K2HPO4 (dibasic), pH 7.5, 1 mM ATP, 25
mM EDTA, 0.5 mM DTT and 5% (v/v) glycerol. The mixture was stirred on ice for 5 minutes,
and then dialysed against a buffer consisting of 150 mM K2HPO4 (dibasic), pH 7.5, 1 mM
ATP, 25 mM EDTA, 0.5 mM DTT and 5% (v/v) glycerol for 3 hours, using a regenerated
cellulose membrane (24 Å pore size, 12-14,000 MWCO). The suspension was centrifuged at
142000 xg for 1 hour at 4°C, and then resuspended in a storage buffer composed of 20 mM
Tris-HCl pH 7.5, 50 mM sucrose, 10% glycerol, 1 mM EDTA and 0.5 mM TCEP, at a
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protein concentration of 7.5 mg/ml. The treated sub-mitochondrial membranes were aliquoted
and stored at -80°C.

2.7.3 Chromatographic purification of the bovine Fo subcomplex

In the first instance, the Fo subcomplex was purified as described before [Collinson 1994a].
Modifications to this procedure yielded the preparation outlined below.

All procedures were performed at 4°C. An aliquot containing 275 mg of guanidine treated
membranes (see section 2.7.2) was solubilised with 1%, 2% or 4% (w/v final concentration)
DDM by diluting them to 2.5 mg/ml with a buffer containing 20 mM Tris-HCl pH 7.5, 50
mM sucrose, 10% glycerol, 1 mM EDTA and 0.5 mM TCEP, supplemented with an
appropriate weight of detergent. The solution was sonicated at 40% power output for 30
seconds on ice, and stirred for 1 hour. The solution was sonicated once more, and then
centrifuged at 142000 xg for 1 hour. The supernatant was filtered through a cellulose acetate
membrane (0.22 µm pore size) and applied to an XK50/100 (1000 x 50 mm i.d.) column,
packed with Q-Sepharose HP resin to a bed height of 70 mm (ca. 136 ml bed volume),
equilibrated in a loading buffer composed of 20 mM Tris-HCl, pH 7.5, 50 mM sucrose, 10%
glycerol, 1 mM EDTA, 0.5 mM TCEP, 0.1% (w/v) DDM and 50 µg/ml of a lipid suspension
containing POPC, POPE, POPG and CL (3:1:1:1 wt ratio), at a flow rate of 3 ml/min.
Fractions of 14 ml were collected during the breakthrough. The column was washed with the
loading buffer, and then the bound proteins were eluted with a 0-300 mM NaCl gradient over
816 ml (ca. 6 column volumes), at a flow rate of 3 ml/min. Fractions of 10 ml were collected.
Fraction collection was stopped and the column was washed with a solution containing 20 mM
Tris-HCl pH 7.5, 50 mM sucrose, 10% glycerol, 1 mM EDTA, 0.5 mM TCEP, 0.1% (w/v)
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DDM, 50 µg/ml POPC:POPE:POPG:CL (3:1:1:1 wt ratio) and 1M NaCl. The fractions
were analysed by SDS-PAGE, and those containing Fo subunits with minimal contamination
were pooled. Then the pooled fractions were dialysed overnight against a solution of 20 mM
Tris-HCl, pH 7.5, 50 mM sucrose, 10% glycerol, 1 mM EDTA and 0.5 mM TCEP. If
necessary, the pH of the dialysed sample was adjusted to pH 7.5, and then the solution was
filtered through a cellulose acetate membrane (0.22 µm pore size) and applied to a prepacked
Q-Sepharose HP column (1ml; GE Healthcare) equilibrated in a buffer consisting of 20 mM
Tris-HCl, pH 7.5, 50 mM sucrose, 10% glycerol, 1 mM EDTA, 0.5 mM TCEP, 0.1% (w/v)
DDM and 50 µg/ml of a lipid solution containing POPC, POPE, POPG and CL (3:1:1:1 wt
ratio). The flow rate was 1 ml/min. The column was washed with the buffer, and, then the
bound proteins were eluted with a single step gradient of an elution buffer composed of 20 mM
Tris-HCl pH, 7.5, 50 mM sucrose, 10% glycerol, 1 mM EDTA, 0.5 mM TCEP, 0.1% (w/v)
DDM and 50 µg/ml of a solution of POPC, POPE, POPG and CL (3:1:1:1 wt ratio) and 1M
NaCl. Fractions of 500 µl were collected. A sample (500 µl) of the most concentrated fractions
was pooled and applied to a pre-packed Superose 6 Increase or Superdex 200 Increase sizeexclusion column (300 mm x 10 mm i.d) equilibrated in a column buffer containing 20 mM
Tris-HCl, pH 7.5, 50 mM sucrose, 10% glycerol, 1 mM EDTA, 0.5 mM TCEP, 0.1% (w/v)
DDM and 50 µg/ml of a lipid mixture of POPC, POPE, POPG and CL (3:1:1:1 wt ratio), at
a flow rate of 0.2 ml/min. Fractions of 500 µl were collected. The fractions across the eluted
peaks were analysed by SDS-PAGE and by BN-PAGE to assess purity and oligomeric state.
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2.8 Biochemical analysis of mitochondrial F-ATPase dimers

2.8.1 Analysis of subunit composition by mass mapping of tryptic peptides

Purified samples of F-ATPase were fractionated by SDS-PAGE and protein bands were
excised and transferred to methanol rinsed tubes. In-gel proteolysis was performed with trypsin
and the digest was analysed by matrix-assisted laser desorption ionisation time of flight mass
spectrometry (MALDI-TOF/TOF) using a tandem MS capable Applied Biosystems 4700
Proteomics Analyser. Proteins identifications were made by comparison of the peptide masses
and sequences with the NCBI non-redundant peptides database with the MASCOT algorithm
(Matrix Science Ltd., London, U.K.) [Perkins et al. 1999].

2.8.2 Stability of activity and oligomeric state of isolated dimers of bovine F-ATPase

Dimers and monomers of active bovine F-ATPase were purified by GST affinity and size
exclusion chromatography in a single experiment (see section 2.6.4). The peak dimer and
monomer fractions eluted from the size exclusion column were assayed for ATP hydrolysis
activity and oligomycin sensitivity (see section 2.2.4) and were analysed by BN-PAGE and by
SDS-PAGE. Immediately after purification, a portion (ca. 30 µg) of the eluted fractions was
re-introduced to a Superose 6 Increase size exclusion column equilibrated in the purification
buffer at a flow rate 0.25 ml/min using an AKTAmicro low dead volume HPLC instrument.
Following this the samples were aliquoted and stored at 4°C or flash frozen in liquid nitrogen
and stored at -80°C. To assess the stability of activity and enzyme coupling in the 4°C and 80°C conditions, the samples were re-assayed for ATP hydrolysis activity and oligomycin
sensitivity each day for 8 days. The size exclusion, SDS-PAGE and BN-PAGE analyses were
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repeated every second day for 9 days to assess the structural stability of the complexes. An
additional sample was stored at -80°C for 2 weeks, stained with uranyl acetate and analysed by
negative stain electron microscopy (see Section 2.9.1).

2.9 Structural analysis of mitochondrial ATP synthase dimers by negative stain microscopy

2.9.1 Sample preparation

Samples of purified F-ATPase were diluted to 75-100 µg ml-1 in a buffer containing 20 mM
Tris, pH 7.4, 150 mM NaCl, 2 mM ATP, 2 mM MgSO4, 10% (v/v) glycerol and the
appropriate detergent, and the solution was applied to glow discharged 400 mesh copper
supported continuous carbon film (Agar Scientific). After a 30 second adsorption time, excess
liquid was blotted from the side of the grid with Whatman No. 1 filter paper and the grid was
washed with 2 drops of distilled water. Then the grid was stained with 2 drops of 2 % (w/v)
uranyl acetate and allowed to dry in air.

2.9.2 Image acquisition

The prepared specimen grids were imaged at a nominal magnification of either 30,000 x, 42,000
x or 52,000 x in a Tecnai T12 transmission electron microscope (FEI Company) operated at an
accelerating voltage of 120 kV. Images were acquired with the objective aperture inserted at a
nominal defocus of -2 to -5 µm with a Gatan UltraScan 1000XP Model 994 CCD detector
(2k x 2k sensor with 14 µm physical pixels). Small datasets of ca. 100-150 images at a range of
defoci were collected manually. Images were saved in the .dm3 image format and converted
to .mrc with the programme e2proc2d.py (EMAN-2.0) and then processed further.
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2.9.3 2D classification of negatively stained particles by reference free alignment

2180 and 8314 particle coordinates were selected from micrographs of inhibited dimers of FATPases from S. cerevisiae and B. taurus, respectively, using the e2boxer.py programme within
the EMAN 2.0 image processing suite [Tang 2006], or within the RELION image processing
software package. The particles were extracted and normalised and then, 2D class averages were
generated from the normalised particle sets by reference free alignment with the e2refine2d.py
programme, or with relion_refine. For analysis of the bovine Fo subcomplex, ca 30,000 particles
were selected with the RELION autopicking functionality, employing a Gaussian “blob” with
a peak value of 1.1 as a picking reference. Then, the particles were classified to identify and
select a subset of 9725 real particles which were classified further in RELION [Scheres 2012a;
Scheres 2012b].

2.10 Structural analysis of mitochondrial ATP synthase dimers by high-resolution cryoelectron microscopy

2.10.1 Sample preparation

Samples of inhibited dimers of bovine F-ATPase (see section 2.6.3) were supplemented with
0.05% (w/v) Brij-35, unless otherwise stated, and immediately used for grid preparation. Prior
to sample application, all specimen grids were glow discharged (with an EMITECH plasma
cleaner/glow discharge unit) for 2 mins at a plasma current of 25 mA under vacuum. A 3 µl
protein sample at a protein concentration of 5 mg/ml was applied to a Quantifoil R1.0/1.2 holey
carbon specimen support (Agar Scientific), or to an Ultragold R0.6/1.0 support (ref Lori
Passmore, Russo). The grids were blotted manually for 5-15 secs, and then vitrified in liquid
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ethane using a home-made pneumatic cryo-plunge device (MRC LMB, Cambridge). The
vitrified samples were transferred to FEI autoloader clip-ring cassettes, and stored in liquid
nitrogen.

2.10.2 Automated image acquisition

High-resolution data sets were collected on an FEI Titan Krios cryo-electron microscope,
operated at an accelerating voltage of 300 kV, equipped with an FEI Falcon III direct electron
detector, operated in linear integration mode at a sampling rate of 1.4 or 1.78 Å/pixel. Images
were acquired at a dose rate of ca. 27.5 electrons/Å2/s, collecting 17 individual frames per
second, for a total exposure time of 2 seconds, a total dose of approximately 55 electrons/Å2 and
a total of 34 recorded frames. The images were collected with a defocus range of -1.7 µm to -4
µm. The FEI EPU software was used to programme, and control, the microscope during the
automated data collection procedure. Data were collected on microscopes at the following
facilities. The Medical Research Council Laboratory of Molecular Biology, Cambridge, U.K.,
The Nanoscience Centre, University of Cambridge, Cambridge, U.K., and the eBIC (electron
bio-imaging centre) facility at the Diamond Light Source, Harwell Campus, Oxford, U.K.

2.10.3 Image processing

The results of early data collections are not described in detail in this thesis, other than to
highlight some of the initial problems that were overcome to obtain the data that are described
here. The image processing workflow described below concerns data sets and processed cryoEM density maps described in this thesis. However, early data sets were processed in a broadly
similar manner (albeit with older versions of the mentioned programmes). It should be noted
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that 3D refinements of early data sets utilised a map of the F-ATPase dimer from Polytomella
as an initial model. Whilst the overall shape with an applied low-pass filter of 50 A was similar
enough to allow convergence of the data to a reasonable bovine dimer map, it was later discarded
in favour of reference maps generated from the data itself.

Four separate data collections provided the images to obtain the maps described in this work.
Each data set was processed individually to assess its quality and to determine particle
orientations before final particle sets were combined and processed further.

The unaligned image sums were inspected manually and any containing significant
contamination or crystalline ice were discarded. Then, the individual frames for each dosefractionated acquisition were aligned using UNBLUR [Brilot 2012; Campbell 2012] to correct
for global beam induced motion and stage drift. However, dose weighting was not performed
at this stage. These aligned and summed frame images were used to estimate the CTF
parameters with CTFFIND4.0.16 [Rohou 2015]. In the first instance, ca. 5000 particle
coordinates were picked manually with the relion_display programme within the RELION (ver.
2.1-b1, or ver. 2.0.4) cryo-EM image processing suite. Particles were extracted at these
coordinates with a box size of 384 x 384 pixels (1.78 Å/pixel) with relion_preprocess. The contrast
of the images was inverted, and the particle images were normalised using a default background
radius of 75% of the particle box size. Then these manually picked particles were subjected to
reference-free 2D classification, with an algorithm employed in relion_refine, to generate a
selection of references for subsequent auto-picking. GPU accelerated autopicking
(relion_autopick) was performed using these templates (after low-pass filtering to 20 A) with
optimised threshold and inter-particle distance settings [Scheres 2014b]. The auto-picked
particles were extracted as above, and classified again to remove false-positives and particles of
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contaminants. To obtain the particle orientation parameters, in particular the particle origin
offsets, these particles were reconstructed in 3 dimensions with an iterative maximum a posteriori
(MAP) estimation based approached, as implemented in relion_refine. The refinements
employed a gold-standard FSC approach to prevent overfitting. A 40 Å low-pass filtered bovine
dimer map was provided as an initial reference to prevent model bias. Then, particle coordinates
(adjusted by the refined origin offsets) for a given data set processed in this manner were used
to re-extract in a separate project directory. Here, data-sets were merged and processed further.
In some cases, unsupervised 3D classification was used to assess the degree of heterogeneity in
monomer-monomer orientation (i.e. variations in angle and relative rotation). More extensive
classification and/or the use of focussed masks was not carried out at this stage.

First, the final particle selections from two data sets were refined against a low pass filtered
bovine dimer reference to generate an updated consensus 3D map. This refinement was also
repeated with the addition of a third data-set, whilst imposing c2 symmetry. Then, the revised
consensus map was provided as a reference for unsupervised 3D classification of all particles
into a variety of numbers of classes. Each classified subset was refined using gold-standard FSC
approaches to assess conformational differences. As the monomeric enzyme has several distinct
conformational states, and the dimer imposes additional conformational heterogeneity, a
focussed refinement was performed in order to improve the alignment of each particle with
reference to only one monomer in the pair. This was achieved by multiplying the initial
reference with a soft mask, defining the shape of the monomeric enzyme before subsequent
particle alignment. The monomer mask was generated by subtracting the previously determined
cryo-em density for the bovine monomer [Zhou 2015] from the dimer reference map, and then
by subtracting this volume difference from the original dimer reference to yield a mask
enveloping one monomer, aligned with respect to the dimer and sampled on the same 3D
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volume. Additionally, focussed classifications were performed by applying this mask to the
references during unsupervised 3D classification. Typically, 3 classes were specified. Provided
that particles had been through the focussed refinement procedure to determine their optimal
orientations, subsequent masked classification was performed without image alignment to
reduce computation time with large numbers of particles. Similarly, classifications of the
particles against the dimer reference were performed without image alignment if the particle
orientations had already been determined with sufficient angular accuracy. An additional mask
enveloping the membrane domains of each monomer in the dimer, whilst excluding all of the
F1 domain and the majority of the peripheral stalk, was used to similar effect for focussed
refinements and classification of the Fo domain.

To obtain accurate resolution estimates unaffected by solvent noise, and thereby to determine
the optimal FSC filters for the maps, each refined model was masked and processed according
to the relion_postprocess scheme. This procedure also determines the map B-factor [Henderson
and Rosenthal 2003], sharpens the map accordingly and applies a correction for the material
transfer function of the detector/microscope.

2.11 Computation

2.11.1 Hardware

Applications requiring a high-performance computing environment were computed on one of
two groups of Linux HPC nodes. The first comprises HP rack mount server blades in various
configurations/partitions equipped with multi-core AMD Athlon CPUs and up to 256 Gb of
RAM. The second comprises Dell “sled” dual-socket rack mount server blades equipped with
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16-core Intel Xeon CPUs and 256 Gb RAM. A third node comprising a dual-socket rack
mount blade equipped with 8-core Intel Xeon CPUs, 256 Gb RAM and 4 nVidia GTX-1080
GPU co-processors was employed for GPU accelerated applications. All nodes were networked
to a shared filesystem via 1 or 10 GE data links, and were provisioned with the open source
CentOS Linux distribution. Parallel computing, if supported by the application, was
implemented with OpenMPI (ver. 6.0).

2.11.2 Software and scripts

A list of all software utilised for single particle analysis and 3D visualisation, along with
references and source-code repositories (where applicable) is given in Appendix I. Any scripts
used for analysis of metadata, such as particle orientation distributions, are also given there.
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Chapter 3
RESULTS

3.1 Purification of recombinant inhibitor proteins

The bI1-60His and bI1-60GSTHis recombinant inhibitor proteins were indispensable tools
for the purifications of the F-ATPase complexes detailed in this thesis, due to the highly
specific affinity of residues 1-60 of the inhibitor protein, IF1, for the F-ATPase in the presence
of MgATP. Strongly staining bands in whole-cell extracts of recombinant cells expressing each
construct, apparent after induction with IPTG, demonstrated high levels of protein expression.

Fig. 3.1.1 shows the SDS-PAGE profiles of the inhibitor preparations. For the bI1-60His
purification (Fig. 3.1.1a), SDS-PAGE analysis of the material eluted from the nickelSepharose affinity column showed that the preparation was highly pure, containing no
observable contaminants. Typical yields were in excess of 50 mg of purified protein from 4 litres
of bacterial culture. In the bI1-60GSTHis preparation (Fig. 3.1.1b), SDS-PAGE analysis of
the eluted material showed that the protein was also highly pure. A minor contaminant was
observed migrating at ca. 25 kDa. The pooled fractions contained a small amount of this
contaminating material, however, the bI1-60GSTHis protein was employed in the binding of
inhibited F-ATPase complexes to a GST-Sepharose affinity column to which these
contaminants do not bind. This level of contamination was therefore disregarded. As a
consequence of the observed purity of both preparations, subsequent purifications were often
performed with a single step gradient of 500 mM imidazole to improve the yield whilst
maintaining adequate protein concentration.
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Figure 3.1.1 – Purification of the recombinant inhibitor proteins, I1-60His and I1-60GSTHis by Ni-Sepharose
affinity chromatography. a) The expression plasmid, pI1-60His, was overexpressed in E. coli (C41) and the culture
induced by addition of IPTG. Cells were collected by centrifugation, lysed by passage through a cell disrupter and
applied to a Ni-Sepharose affinity column. The bound proteins were eluted with an imidazole gradient and
analysed by SDS-PAGE. Comparison of lanes 2 and 3 demonstrate the expression of I1-60His after induction
with IPTG, comparison of lanes 4 and 5 show complete binding of the recombinant protein to the affinity matrix.
The eluted fractions present as a single, strongly staining band migrating to ca. 10 kDa with no observable
contaminants. b) The plasmid, pI1-60GSTHis, was also expressed in E. coli (C41), induced with IPTG and
similarly purified from the lysed cells by Ni-Sepharose chromatography. The plasmid showed high levels of
expression (compare lanes 2, 3 and 4) and was fully recovered from the cell lysate (lane 5). The eluted fractions
contained I-106GSTHis and one minor contaminant that migrated to ca. 25 kDa.
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3.2 Purification of mitochondrial F-ATP synthases

3.2.1 Purification of the bovine F-ATPase dimer – early trials

There are several reports in the literature that the mild non-ionic, glycoside detergent digitonin
preserves dimeric F-ATPase and a variety of other mitochondrial super-complexes from a range
of species, including bovine [Zibetto 1997; Schagger 2000; Krause 2005; Dudkina 2005;
Minauro-Sanmiguel 2005; Bisetto 2005; Wittig 2006; Dudkina 2006; Couoh-Cardel 2010;
Davies 2012; Daum 2013]. Some of these publications have employed basic purification
strategies to enrich dimer content for subsequent structural analysis by cryo-electron
microscopy, particularly the use of glycerol/sucrose gradient ultracentrifugation. As initial
exploratory tests of membrane protein solubilisation by digitonin, small samples of bovine heart
mitochondria were extracted with varying detergent to protein (w/w) ratios and subjected to
fractionation by blue native page. At 5 g/g, in addition to bands corresponding to the respiratory
Complexes I, II, III and IV and a band corresponding to monomeric F-ATPase, a series of
higher MW species were observed. These species migrated to positions significantly higher
than that of Complex I, suggestive of molecular weights in excess of 1 MDa despite incongruity
with the migrations of the protein standards (which are soluble, globular proteins). These
higher molecular weight species persisted at 2 g/g yet solubilisation of F-ATPase over Complex
I seemed to be favoured. Solubilisation at 1 g/g reduced extraction efficiency. Glycerol gradient
fractionation of these crude extracts was attempted in order to resolve dimeric from monomeric
species. However, with the gradient step size and buffer conditions used no useful separation
was observed (data not shown).
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Figure 3.2.1 – The purification of inactive bovine F-ATPase:I1-60GSTHis complexes by GST affinity
chromatography in the presence of digitonin. a) elution profile monitored at 280 nm (black trace) and
concentration of glutathione elution buffer (green trace). 500 mg of bovine heart mitochondrial membranes were
extracted with 2 g/g digitonin, inhibited with I1-60GSTHis in the presence of MgATP and applied to a GSTrap
affinity column to bind the complexes. The column was washed with the loading buffer and the inhibited FATPase:I1-60GSTHis complexes were eluted with 40 mM reduced glutathione. b) detail of the eluted peak and
the collected fractions. c) SDS-PAGE analysis of the eluted fractions shows good recovery of F-ATPase, with
the expected subunit composition, and the excess I-106GSTHis. The additional bands correspond to
contaminants that remain from the I1-60GSTHis preparation and other mitochondrial proteins. d) BN-PAGE
analysis of the peak fractions (1-6) shows a slight predominance of the monomeric enzyme in addition to a range
of other oligomeric species. The lower bands represent excess I-106GSTHis and other contaminants. Lane 1
includes NativeMARK protein standards, sizes of which are indicated in kDa. Lane 2 includes a sample of the
extracted starting material before application to the column. The running positions of known mitochondrial
complexes are indicated.
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Phosphate washed bovine mitochondrial membranes were therefore solubilised with 2 g/g
digitonin, and were incubated with an inhibitor protein construct (bI1-60GSTHis) and
portions of MgATP. Subsequently, this extract was bound to a GST affinity column. Elution
of the entire F-ATPase:I1-60GSTHis complex from the affinity matrix resulted in recovery of
what appeared to be a range of oligomeric F-ATPase species free from the majority of
contaminating mitochondrial proteins (see Fig. 3.2.1c, d). Analysis by SDS-PAGE of each
excised BN-PAGE band indicated the presence of F-ATPase subunits in each strongly staining
band. This general procedure, variants of it, and the principle of membrane solubilisation by
very mild detergents, form the technical basis of the purifications developed in this work.

3.2.2 Purification of active dimers of bovine F-ATPase

Following the initial observation that extraction with digitonin and subsequent affinity
purification yielded a range of oligomeric F-ATPases with good purity, modifications were
made to: a) attempt to control the presence of undesirable higher order oligomeric species; b)
to improve the yield of the dimer and; c) to separate the various oligomers to obtain the isolated
dimer. Disruption of the F-ATPase:I1-60GSTHis interaction by incubation with 10 mM
EDTA was also employed to elute the F-ATPase as an active complex and additionally improve
the purity of the samples further. Digitonin has poor solution properties, probably arising from
impurities remaining after the complex natural product purification, and tends to precipitate
from solution after around 3-4 hours. This can be ameliorated by heating the solution, but for
the purposes of protein purification by liquid chromatography, the detergent is impractical for
this reason, despite its unique properties for stabilising labile membrane proteins. Therefore,
whilst digitonin remained the extraction detergent of choice, it was replaced by a synthetic
derivative of digitonin, glyco-diosgenin, in the chromatography buffers in all subsequent
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Figure 3.2.2 – Purification of active bovine F-ATPase complexes by GST affinity and size exclusion
chromatography in the presence of digitonin and DDM and the absence of exogenous phospholipids. a)
chromatogram profile monitored at 280 nm (black trace) and the concentration of EDTA elution buffer (green
trace). The mitochondrial extract was inhibited with I1-60GSTHis and applied to a GST affinity column. The
column was left in a solution containing 10 mM EDTA for 17 hrs, and active complexes were eluted by restarting
the column flow (*). b) detail of the eluted peak and the collected fractions. c) SDS-PAGE analysis showed a high
level of purity and the presence of the expected subunits. d) BN-PAGE analysis showed a predominance of the
monomeric enzyme and a significant reduction in the presence of higher oligomers. e) fractionation of the pooled
complexes by size exclusion chromatography with a Superose 6 Increase column showed two major peaks at
retention volumes of ca. 11.5 ml (*) and 13.5 ml (**). f) BN-PAGE analysis of the eluted fractions demonstrated
that the 11.5 ml peak corresponds to the F-ATPase complex that migrates to ca. 1 MDa whilst the 13.5 ml peak
was consistent with the monomeric enzyme.
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purifications. This detergent is chemically pure and is stable in solution. Changing to this
detergent for chromatography yielded the same result as with digitonin but allowed for
extended sample manipulation without risk of detergent precipitation (data not shown).

In an attempt to control the oligomeric state of the extracted F-ATPase complexes and reduce
the presence of higher oligomers whilst retaining the dimer, a mixture of digitonin and the
harsher detergent DDM was used (Figure 3.2.2). In the absence of lipids in the
chromatography buffers, the oligomeric states of the F-ATPase complexes eluted by GSTaffinity chromatography were primarily monomer and dimer, with a substantial reduction in
the presence of higher order oligomers (Fig. 3.2.2d). However, the relative abundance of the
dimer was also reduced. Fractions 1 to 4 (Fig 3.2.2b) were pooled and concentrated.
Fractionation of the pooled sample by size exclusion chromatography on a Superose 6 Increase
column yielded a pure sample of the dimer (Fig. 3.2.2f). The dimer and monomer eluted at
retention volumes of 11.5 ml and 13.5 ml, respectively (Fig. 3.2.2e). Typical yields were low,
on the order of a few hundred micrograms.

Experiments with the mixed digitonin and DDM extraction conditions were then repeated in
the presence of phospholipids (Fig. 3.2.3), which are known to be important for the retention
of some supernumerary subunits such as DAPIT and 6.8 kDa PL. Whilst this improved the
yield of the dimer, it also increased the presence of the higher oligomers, similar to the digitonin
only extraction condition in the absence of lipids (Fig. 3.2.3d). Size exclusion chromatography
of these samples yielded an enriched sample of the dimer (Fig. 3.2.4). Small amounts of the
monomer and the smaller of the higher oligomers, presumed to be a tetramer, were still present.
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Figure 3.2.3 - Purification of active bovine F-ATPase complexes by GST affinity chromatography in the
presence of digitonin and DDM and exogenous phospholipids. a) elution profile monitored at 280 nm (black
trace) and the concentration of EDTA elution buffer (green trace). Phosphate washed mitochondrial membranes
were solubilised with a mixture of digitonin and DDM. The extract was inhibited with I1-60GSTHis and applied
to a GST affinity column in the presence of GDN and exogenous phospholipids. b) detail of the eluted peak and
the collected fractions. c) SDS-PAGE analysis demonstrated that the eluted complexes were of high purity, the
subunits are labelled according to their migration positions. d) fractionation of the eluted samples by BN-PAGE
showed that the oligomeric state of the F-ATPase in this preparation was predominantly monomeric and dimeric,
however, two higher oligomers persisted in the presence of phospholipids. The migration positions of some
mitochondrial complexes are labelled for reference.
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Figure 3.2.4 - Fractionation of different oligomeric states of the active bovine F-ATPase complex by size
exclusion chromatography. a) size exclusion chromatogram monitored at 280 nm. Fractions 1-4, indicated in Fig.
3.2.3b, were concentrated and introduced onto a Superose 6 Increase size exclusion column, at a flow rate of 0.25
ml/min, in the presence of GDN and phospholipids. The peak profile showed two major peaks, eluting at 11.5
ml and 13.5 ml, respectively. The 11.5 ml peak had a slight leading shoulder. b) SDS-PAGE analysis of the
eluted fractions indicated by the dashed grey bar in a). The migration positions of the subunits are labelled. c)
BN-PAGE analysis of the eluted fractions indicated by the solid grey line in a). Regions of the gel corresponding
to the leading shoulder, first and second major peaks are indicated with asterisks.
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However, the overall yields of dimer improved and the samples were suitable for further
analysis. Figures 3.2.3 and 3.2.4 are representative of the procedure outlined in Section 2.6.4.

3.2.3 Specific activity and oligomycin sensitivity of dimers of bovine F-ATPase

Figure 3.2.5 – Assay of ATP hydrolytic activity of the dimeric bovine F-ATPase. Dimers of bovine F-ATPase
were prepared as described in Section 2.6.4 and were assayed for ATP hydrolytic activity by an ATP
regenerating, coupled system (see section 2.2.4). Shown is the decrease in absorbance of 340 nm light in the
absence (black) and presence (red) of oligomycin, a specific inhibitor of the F-ATPase. The graph shows an
average of 3 independent assays and the error bars are plotted in grey. The straight-line curve fits for the activity
regions are shown in black overlay.

Figure 3.2.5 shows the result of an ATP hydrolysis assay of the dimeric enzyme. The assay
couples the hydrolysis of ATP to the oxidation of NADH by lactate dehydrogenase. The
oxidation of NADH to NAD+ is associated with a decrease in absorbance of 340 nm light that
is proportional to the hydrolytic rate. The linear region of the curve was fitted with a straight
line and the slope extrapolated to determine the rate of ATP hydrolysis per unit time. The
specific activity of the enzyme preparation was 16.8 µmol.ATP/min/mg (ca. 336 s-1). In the
presence of oligomycin, the specific activity was reduced to 1.0 µmol.ATP/min/mg
demonstrating an oligomycin sensitivity of 93.8%. Oligomycin bi-directionally inhibits the
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intact F-ATPase complex by preventing the rotation of the c-ring in the membrane domain.
The oligomycin sensitivity therefore represents how well coupled the catalytic activity of the F1
domain is to the rest of the enzyme. If the central stalk is attached to the c-ring rotor, i.e., it is
coupled, inhibition of its rotation by oligomycin will also inhibit ATP hydrolysis in the F1
domain as the enzyme is unable to cycle through the conformational states required for
hydrolysis.

3.2.4 Purification of inhibited dimers of bovine F-ATPase

The recombinant inhibitor construct, bI1-60His, was employed for the purification of inactive
dimers of bovine F-ATPase. As with the active preparation, phosphate washed mitochondrial
membranes were solubilised with a mixture of digitonin and DDM and purified in the presence
of GDN and exogenous phospholipids. After inhibition of the extract with bI1-60His and
recovery of the F-ATPase complexes by nickel affinity chromatography, the complexes were
eluted from the matrix using an imidazole gradient (Fig. 3.2.6). The range and relative
abundance of F-ATPase oligomers was similar to the active preparation; however, it was
interesting to note that the dimers and higher oligomers appeared to elute at slightly elevated
concentrations of imidazole (Fig. 3.2.6d). Eluting the bound proteins over a shallower
imidazole gradient exacerbated this phenomenon, but did not afford any real separation, only
serving to dilute the protein. In comparison to the use of bI1-60GSTHis and a GST affinity
procedure, the total yield of protein pooled in this step was substantially higher, typically
between 30-50 mg.

Samples of the F-ATPase complexes eluting in different regions of the imidazole gradient were
pooled and purified further by size exclusion chromatography. The pooled samples included
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Figure 3.2.6 - Purification of inactive bovine F-ATPase complexes by Ni-Seharose affinity chromatography
in the presence of digitonin and DDM, and exogenous phospholipids. a) elution profile monitored at 280
nm (black trace) and the concentration of elution buffer (green trace). Phosphate washed mitochondrial
membranes were solubilised with a mixture of digitonin and DDM. The extract was inhibited with bI1-60His
and applied to Ni-Sepharose affinity column in the presence of GDN and exogenous phospholipids. b) detail
of the eluted peak and the collected fractions. The different sample pools are indicated in shades of grey. c)
SDS-PAGE analysis demonstrated that the eluted complexes were of high purity, however, some minor
mitochondrial contaminants bound to the Ni-Sepharose matrix and were eluted with the F-ATPase. d)
fractionation of the eluted samples by BN-PAGE showed that the F-ATPase was present as monomers,
dimers and two higher order oligomers, and that the larger complexes eluted at slightly elevated imidazole
concentrations. Fractions representative of the sample pools indicated in b) are labelled. The migration
position of the soluble NativeMARK standards are shown to the left. The inhibited mitochondrial extract
(Input) is included in lane 1 and the column flow through is included in lane 2. Some F-ATPase remains in
the flow through.
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Figure 3.2.7 – Size exclusion chromatography of inactive bovine F-ATPase oligomers eluted from a NiSepharose affinity matrix at different concentrations of imidazole. a) size exclusion profile (black trace) of the
“early” pooled sample, indicated in Fig. 3.2.6b and d. The pooled sample was concentrated and applied to a
Superose 6 Increase column, at a flow rate of 0.25 ml/min, in the presence of GDN and phospholipids. Two
major peaks were observed at ca. 11.5 ml and 13.5 ml, with the 13.5 ml peak predominating. b) BN-PAGE
analysis of the fractions eluted from the column as indicated by the grey bar in a). The 11.5 ml peak
corresponded to the dimer, which was reduced in abundance in comparison to the monomer in this pool. c)
Size exclusion profile (black trace) of the “late” pooled sample, indicated in Fig. 3.2.6b and d. The sample was
fractionated under the same conditions as in a). Two major peaks were also observed at 11.5 ml and 13.5 ml,
however, a significant leading shoulder on the 11.5 ml peak was apparent. d) BN-PAGE analysis demonstrated
that this leading shoulder was caused by the increased abundance of higher oligomers in the late pool sample.
The BN-PAGE gel also indicates that the peak dimer fraction, which was considerably more abundant than
in b), was contaminated with a significant amount of two of the higher oligomers.
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the early peak, mid peak and late peak fractions (Fig. 3.2.6b and d). The elution profiles
monitored at 280 nm showed clear differences in the relative abundance of the different
oligomeric states of the complex (Fig. 3.2.7a and c). Fractions pooled from the early part of the
imidazole gradient contained less dimeric material, and more monomeric material. The
oligomers were effectively absent. However, the peak concentration of the dimeric fractions was
low and was contaminated with monomeric material due to peak overlap. Fractions pooled
from the late part of the imidazole gradient contained predominantly dimer that was well
resolved from the monomer. However, the oligomers were poorly resolved from the dimer and
their increased abundance in the sample significantly contaminated the dimer fractions. In the
mid peak pool, the balance of monomer, dimers and oligomers and their relative abundance
allowed for the most optimal sample, whilst enabling sufficient concentrations of eluted dimeric
material (Fig. 3.2.8). The size exclusion step for this pooled sample provided relatively good
separation of monomers, dimer and oligomers, however, the resolution was not complete. The
sample was highly enriched for the dimer, but did contain small quantities of monomer and
one higher oligomer (Fig. 3.2.8b). As a result of the increased amount of protein pooled from
the affinity step, with respect to the GST affinity preparation, enriched fractions with protein
concentrations up to 5 mg/ml were obtained. These concentrations were necessary for structural
analysis by cryo-electron microscopy.
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Figure 3.2.8 – Size exclusion chromatography of oligomers inactive bovine F-ATPase to yield a highly
enriched dimeric sample in mg quantities. a) size exclusion profile (black trace) of the “mid” pooled sample,
indicated in Fig. 3.2.6b and d. The pooled sample was concentrated and applied to a Superose 6 Increase
column, at a flow rate of 0.25 ml/min, in the presence of GDN and phospholipids. The profile is similar to
that shown in Fig. 3.2.7c for the “late” pool, however, the relative height of the 11.5 ml leading shoulder was
reduced to ca. 1/4th whilst the 13.5 ml peak height was increased. b) BN-PAGE analysis of the fractions eluted
from the column as indicated by the solid grey bar in a). The 11.5 ml peak corresponded to the dimer, which
eluted as a highly enriched fraction at a protein concentration of ca. 5 mg/ml. c) SDS-PAGE analysis of the
eluted fractions indicated by the dashed grey bar in a). The subunits are labelled according to their migration
positions. The gel shows a high level of purity, and successful separation from the minor contaminants observed
to co-elute during the Ni-Sepharose affinity step (see Fig. 3.2.6c).
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3.2.5 Purification of inactive and active monomers of bovine F-ATPase

In general, monomers of bovine ATPase were purified as a by-product of the preparations
described for the dimer. However, the diluting effect of the size exclusion column often meant
that the monomer containing fractions were of low protein concentration. Therefore,
monomers were also purified as described before [Runswick 2013] in the presence of DDM
and phospholipids. The preparations were equivalent to those described in the literature. An
example of the active preparation is shown in Fig. 3.2.9. Active monomers, prepared by release
of the enzyme from the affinity-matrix bound bI1-60GSTHis with 10 mM EDTA, were
completely free of any contaminating proteins and, in the presence of phospholipids, exhibit
ATP

hydrolysis

activities

consistent

with

the

previous

preparations

(ca. 15-20

µmol.ATP/min/mg). Fractionation of the purified sample by BN-PAGE showed a single band
migrating to ca. 720 kDa (w.r.t the soluble MW markers). The preparations of inhibited
monomers were similarly pure and monodisperse (data not shown).
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Figure 3.2.9 – Purification of active monomeric bovine F-ATPase by bI1-60GSTHis affinity
chromatography. a) elution profile monitored at 280 nm (black trace) and concentration of EDTA elution
buffer (green trace). A 1% (w/v) DDM extract of bI1-60GSTHis inhibited mitochondrial membranes were
applied to a GST affinity column to bind the complex. The column was washed and then equilibrated in a
buffer containing 10 mM EDTA. The flow was paused (indicated by *) overnight and restarted to elute the
active enzyme. b) detail of the eluted peak and collected fractions. c) fractions 1-6 were pooled and desalted
on a PD-10 column. SDS-PAGE analysis of the eluted material indicated the presence of the expected
subunits and demonstrated the high purity afforded by the use of the I-106GSTHis protein as an affinity tag.
d) BN-PAGE analysis of the same material showed that the preparation results in monodisperse, monomeric
enzyme. Lanes 1 includes the NativeMARK standards, sizes of which are indicated in kDa. Lane 2 includes
a sample of the starting material before application to the affinity column. The running positions of known
mitochondrial complexes are shown on the right.
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3.2.6 Stability of activity and oligomeric state of isolated dimers of bovine F-ATPase

Samples of monomeric and dimeric bovine F-ATPase were prepared as described in 2.6.4 and
assayed for hydrolytic activity. The samples were then split between 4°C and -80°C conditions.
In the -80°C condition, the samples were flash frozen in liquid N2, equilibrated to -80°C and
thawed on ice before analysis. The specific activities were 14.0 and 16.8 µmol.ATP/min/mg
(140 s-1 and 336 s-1) for the monomer and dimer samples, respectively, for the samples stored
at 4°C, and 12.7 and 19.1 (127 s-1 and 394 s-1) for the samples stored at -80°C. The oligomycin
sensitivity was 78.0 % and 93.8 % for the monomer and dimer, respectively, when stored at 4°C,
and 65.4% and 89.7 % when stored at -80°C. These serve as the baseline activities and
oligomycin sensitivities which were then measured every day for eight days (Fig. 3.2.10). The
oligomycin sensitivity stated for the monomer sample stored at -80°C is for the second day after
storage as the baseline assay result was considered inaccurate and likely implausible, probably
due to an experimenter error. However, the experiment was designed to identify trends rather
than absolute values, and so this did not grossly affect the outcome.

A portion of each sample was then introduced onto a Superose 6 Increase size exclusion column
to obtain a baseline retention volume and peak shape (Fig. 3.2.11), and additionally fractionated
by BN-PAGE (Fig. 3.2.10) to assess the oligomeric state. This was repeated every second day
for nine days. The monomeric sample eluted as a monodisperse peak with a retention volume
of 13 ml, and presented as a single band of ca. 700 kDa on the BN-PAGE gel, with a small
amount of contaminating dimer. The dimeric sample eluted as a monodisperse peak with a
retention volume of 11.5 ml. As noted in the purification section, small amounts of tetramer
and monomer remain due to the partial resolution of the size exclusion column, and this can be
seen on the BN-PAGE gel also. This was deemed acceptable for the experiment as changes to
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Figure 3.2.10 – The structural stability of monomers and dimers of bovine F-ATPase, stored at 4°C and at 80°C, over the course of 9 days as assessed by SDS-PAGE and BN-PAGE. The initial state of the samples is
shown in the Day 1 panel. The SDS-PAGE gel showed that the protein subunits were intact and free of any
proteolytic products. BN-PAGE analysis showed that the dimer sample contained a small amount of the
monomer, and one higher oligomer, as described in Section 3.2.3, while the monomer sample contained a
small amount of contaminating dimer. The presentation of the samples on SDS-PAGE and BN-PAGE gels
on Day 3, Day 5, Day 7 and Day 9 are shown as separate panels. The monomer and dimer bands remained
largely unaffected, although the appearance of higher oligomers was observed over time. This was most
apparent in the -80°C storage condition. Only the dimer sample, stored at 4°C for 9 days, showed any changes
in the SDS-PAGE profile. High MW products were apparent as was a strongly staining band migrating above
the e subunit.
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the intensity of any of the gel bands would provide useful information, and does not detract
from the aim of assessing the structural stability of the dimer. Finally, the samples were
fractionated by SDS-PAGE. This showed that the samples were free of any cross-linked
products and there was no evidence of proteolysis at the time of purification. The presentation
of gel bands in BN-PAGE gels of the dimeric samples in both storage conditions remained
largely unchanged over seven days. The SDS-PAGE profiles similarly showed no changes. On
the ninth day, a small increase in the intensity of the tetramer band and the appearance of an
additional oligomer was observed, however the dimer and monomer bands were unaffected
during the course of the experiment. The SDS-PAGE profile of the 4°C sample showed
evidence of cross-linking, with additional bands appearing around the 75 kDa markers and at
the foot of the gel well, and a strongly staining band was also observed migrating above the esubunit. These changes were not observed for any other samples. In the monomer samples, the
intensity of the minor higher MW band increased slightly after the third day in both storage
conditions, and an additional oligomeric band was observed on day seven. The intensity of these
bands increased into the ninth day, with the appearance of another high MW oligomer band,
most apparent in the -80°C storage condition. The monomer band remained unchanged
throughout the experiment and no smaller fragments or sub-complexes were observed.
Similarly, the SDS-PAGE profiles of all monomeric samples were unaffected during the
experiment.

The size exclusion profiles of all samples showed that the retention volume of the major peak
for each species remained constant (Fig. 3.2.11). The peak heights varied slightly, but this was
likely due to inconsistencies in sample loading rather than any specific effect on the enzyme. In
the monomer and dimer samples, a low retention volume peak at approximately the exclusion
limit of the column was observed over time and this was most apparent in the -80°C storage
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Figure 3.2.11 – The structural stability of monomers and dimers of bovine F-ATPase, stored at 4°C and at 80 °C, over the course of 9 days as assessed by size exclusion chromatography. a) elution profiles of monomer
and dimer samples reintroduced onto a Superose 6 Increase column immediately after purification. The
profiles show monodisperse peaks at retention volumes of 11.5 ml for the dimer and 13 ml for the monomer,
which are indicated on the chromatogram. b) shows the elution profiles of the dimer, stored at 4°C, over the
course of nine days. d) shows the profiles of the dimer, stored at -80°C. c) and e) shows the profiles of the
monomer over the course of nine days, when stored at 4°C and -80°C, respectively. The traces are coloured in
decreasing greyscales to indicate the passage of time. Chromatography was performed on an AKTAmicro low
dead volume HPLC system, operated at 4°C, in the presence of the purification buffer which contained GDN
and a solution of phospholipids.
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condition, occurring only by the ninth day when the samples were stored at 4°C. This may
represent the appearance of the highest molecular weight oligomers in the samples, as observed
on BN-PAGE gels. No other major changes to the profiles were observed, except that the
leading edge of the dimer peak in the -80°C condition developed a slight shoulder. This was
consistent with the increased abundance of the tetramer band and appearance of additional
oligomers, although this effect was minor. The signal in these traces was low due to the small
sample load (ca. 30 µg) and the baseline shows significant noise such that these minor changes
are difficult to correlate with the BN-PAGE gels. The primary observation of the size exclusion
experiment was that no significant changes to the oligomeric state of each sample occurred over
this time course and no breakdown products or sub-complexes were formed.

Despite the apparent structural stability of the complexes in the presence of GDN and
phospholipids, significant changes in the enzymatic activity and coupling of the enzyme were
observed. Stored at 4°C, the dimer maintained specific activity at near baseline levels for five
days, after which it quickly decreased (Fig. 3.2.12a). Storage at -80°C delayed this reduction in
activity until day six. However, comparison of the normalised activities shows this to be a
relatively small difference (Fig. 3.2.12d and e). The same effect was observed for the monomeric
samples. When stored at -80°C, the reduction in normalised activity was limited to 40-50%,
whereas in the 4°C condition the reduction in activity was more significant. It is likely that the
activities would continue to decrease with extended storage. The sensitivity of the activity to
oligomycin also decreased over time, although the changes were less pronounced, decreasing by
roughly 10-20% across the samples over eight days (Fig. 3.2.12b and c).
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Figure 3.2.12 – The stability of the ATP hydrolysis activity and oligomycin sensitivity of monomers and
dimers of bovine F-ATPase, when stored at 4°C and -80°C, over the course of eight days. a) the specific
activity of ATP hydrolysis versus time. The dimeric samples, at 4°C and -80°C, are represented by open and
closed circles, respectively. The monomeric samples, at 4°C and -80°C, are represented by open and closed
triangles, respectively. Storage temperature is delineated by colour. d) and e) show the specific activities
measured in a) as percentages normalized with respect to the maximal specific activity. b) the specific activity
of the F-ATPase samples assayed in the presence of the specific inhibitor, oligomycin. The data points are
fitted with a straight-line curve. c) the oligomycin sensitivity of the samples verses time. Points are fitted with
a polynomial curve to visualise the trend.
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3.2.7 Purification of dimers of inhibited F-ATPase from S. cerevisiae

In addition to the bovine enzyme, oligomeric complexes were isolated from S. cerevisiae.
Monomers of the enzyme from S. cerevisiae have been well characterised biochemically, and a
variety of structures of different parts of the enzyme are already available. Their mitochondrial
membrane cristae are known to harbour oligomeric rows of the F-ATPase. The purification
strategies and principles for isolation of the bovine dimer were therefore applied to the
mitochondria of S. cerevisiae. Extraction of the F-ATPase complex in the presence of digitonin,
and subsequent affinity purification with the bI1-60His recombinant protein yielded a
predominantly dimeric enzyme. However, a significant number of higher oligomers were also
present (data not shown). It was assumed that the dimers of the yeast enzyme would be less
sensitive to detergent. Thus, DMNG was employed as an extraction detergent, even though its
use yields only the monomer for the bovine enzyme.

Mitochondria of S. cerevisiae were extracted in the presence of DMNG and inhibited with the
bI1-60His protein. The inhibited complexes were applied to a Ni-Sepharose affinity column
and subsequently eluted with an imidazole gradient (Fig. 3.2.13). Fractionation of the eluted
samples by Tricine SDS-PAGE showed the expected subunits and good purity. Clear native
PAGE showed that the complexes were predominantly dimeric, with a reduced abundance of
the monomer and no apparent higher oligomers. This was corroborated by the size exclusion
profile of material pooled from the Ni-Sepharose step. The F-ATPase eluted from the Superose
6 Increase column as two major peaks at retention volumes of ca. 11.7 and 13.8 ml (Fig.
3.2.13c). Fractionation of the material eluted from the size exchange column by clear native
PAGE showed that these peaks corresponded to the dimer and monomer, respectively. The
native gel also reflected the increased relative abundance of the dimer with respect to the
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Figure 3.2.13 – purification of dimers of F-ATPase from the mitochondria of S. cerevisiae. a) yeast
mitochondria were extracted with DMNG, inhibited with bI1-60His and applied to a Ni-Sepharose affinity
column and eluted with imidazole. The SDS-PAGE gel shows the protein content of the eluted fractions and
demonstrates a high level of purity with the expected subunit composition. A sample of the bI1-60His protein
is include in lane 15 for reference. b) the eluted samples migrated as two bands on clear native PAGE gels.
The higher MW band was present in higher abundance based on staining intensity. c) the pooled and
concentrated sample was applied to a Superose 6 Increase column in the presence of DMNG and
phospholipids. Two peaks were observed which corresponded to dimers and monomers of the F-ATPase as
shown by d) clear native analysis of the sized fractionated samples. A sample of the column input is included
in lane 2 and the running position of dimer and monomer are annotated by d and m, respectively.
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monomer observed from the peak heights in the size exclusion chromatogram. However, the
native gel also showed that, as with the bovine preparations, the separation of monomers and
dimers by Superose 6 Increase size exclusion chromatography was not complete. Traces of
monomeric enzyme remained in the peak dimer fractions. Comparisons of the native gels
indicated that the yeast preparation is slightly more enriched for the dimer.

3.3 Purification of the bovine Fo subcomplex

3.3.1 Removal of peripheral and membrane extrinsic mitochondrial proteins from bovine submitochondrial particles

Sub-mitochondrial particles were prepared from bovine heart mitochondria as described in
Section 2.7.1 and treated with guanidine as described in section 2.7.2. Guanidine treatment
removes peripheral membrane proteins by denaturation or by disruption of protein-protein
contacts with integral membrane proteins. In the case of F-ATPase the procedure removes all
F1 subunits, including α, β, γ, ε and OSCP, leaving all membrane subunits intact and the
peripheral stalk subunits b, d and F6 tethered to the membrane via the b subunit transmembrane
helices [Collinson 1994a]. The gel in Figure 3.3.1 compares the protein contents of bovine
SMPs, SDS and DDM extracts of the guanidine treated membrane and the soluble proteins
removed from SMPs, with purified bovine F-ATPase. The soluble fraction after guanidine
treatment clearly showed the presence of F-ATPase F1 subunits α, β, and γ and comparison
with DDM extracts, and whole membrane extracts of the treated membranes demonstrated
that they had been successfully removed from the SMPs by this process. The procedure yielded
ca. 950 mg, based on protein content, of treated membranes.
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Figure 3.3.1 – Treatment of bovine sub-mitochondrial particles with guanidine hydrochloride to remove
peripheral membrane proteins. The presence of the F1 domain of F-ATPase in SMPs is indicated by the
strong staining of the α- and β-subunits in lanes 2 and 3. After treatment with guanidine hydrochloride and
total membrane extraction with SDS, the membranes show a substantially reduced abundance of these
subunits (lane 8). The α- and β-subunit proteins were found in the supernatant of the treated membranes
indicating the successful removal of F1 (lane 9). Further, the solubilised material, after extraction of the treated
membranes with DDM or digitonin (lanes 10-12), contained no observable F1 domain proteins. Comparison
of the protein content of the detergent extracted, guanidine treated membranes with a purified sample of
bovine F-ATPase showed the presence of some of the membrane and peripheral stalk subunits that remain
after this treatment.

3.3.2 Chromatographic purification of the bovine Fo subcomplex

In the first instance, the bovine Fo subcomplex was purified from guanidine treated membranes
as described before [Collinson 1994a], except that the amount of starting material and affinity
matrix bed volume was 275 mg and ca. 65 ml, respectively. The elution profile of the bound
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Figure 3.3.2 – Chromatographic purification of the bovine Fo subcomplex isolated from guanidine treated
sub-mitochondrial particles according to [Collinson 1994a]. Treated SMPs were extracted in the presence of
1% (w/v) DDM and applied to a Q-Sepharose affinity matrix. The bound proteins were eluted with a gradient
of 0-200mM NaCl, 20-30% NaCl, 30-50% NaCl followed by washing into 1 M NaCl. a) chromatogram
monitored at 280 nm (black trace). The gradient of elution buffer (%B) is shown in green whilst the
conductivity in mS/cm of the eluted solution is shown in red. Because of the large volume of the column, the
green trace effectively represents the salt concentration at the top of the column whilst the conductivity trace
represents the salt concentration as the sample is eluted from the bottom of the column. b) SDS-PAGE
analysis of the eluted fractions. Lane 2 includes a sample of purified, intact bovine F-ATPase, and lane 3
shows the extracted guanidine treated membranes. Flow through (F.T.) samples from the beginning, middle
and end of the breakthrough are shown in lanes 4, 5 and 6, respectively, demonstrating the appearance of Fo
subunits later in the break through. The protein eluted in the regions denoted by the solid grey bars in a) are
indicated by the black bars labelled with the concentration of elution buffer.
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proteins monitored at 280 nm was in good agreement with the published result. However,
analysis of the eluted fractions by SDS-PAGE showed that, although the Fo subunits eluted
from the column at a comparable salt concentration, the purity of these fractions was
significantly worse. It was also observed that a large quantity of the Fo subcomplex was eluted
in the later fractions of the flow/breakthrough, suggesting that the dynamic binding capacity of
the matrix had been exceeded at this scale. The Fo containing fractions were pooled into two
samples and applied to a S-Sepharose affinity column, as described in the published procedure.
This failed to clean up the preparation to any significant extent.

The procedure was then repeated with the following modifications. Firstly, the column bed
volume was increased to ca. 136 ml and a shallower gradient was employed in the 0-300 mM
NaCl region (see Section 2.7.3). The Fo subcomplex eluted over a narrower volume range and
the relative abundance was increased with respect to the contaminating proteins. A significant
fraction of the subcomplex eluted slightly earlier than the previous experiment, and was well
resolved, both from of the major high MW contaminants, and also from the coloured fractions
containing a fragment of the cytochrome c complex. In the initial preparation, the peak Fo
fraction co-eluted with these contaminants. However, two significant low MW contaminants,
identified as components of the cytochrome c oxidase complex, a significant high MW protein
and some other minor contaminants remained. Pooling the purest fractions and re-fractionating
on Q-Sepharose did not provide any improvement. However, analysis of the breakthrough
fractions in this preparation showed an absence of Fo subunits suggesting that the matrix was
operating within its maximum dynamic binding capacity as this scale.

93

Figure 3.3.3 – Development of the chromatographic purification of the bovine Fo subcomplex. Left panel
shows the elution profile (black) monitored at 280 nm in the 0-18% B (green) range. The conductivity of the
eluate in mS/cm is shown in red. Right panel shows the SDS-PAGE profile of the eluted fractions as indicated
by the solid grey bars on the chromatograms. The column input, flow through fractions, and bovine F-ATPase
are labelled. a) 1% (w/v) DDM, 136 ml column volume. b) 1% (w/v) DDM with phospholipids, 136 ml
column volume. c) 2% (w/v) DDM with phospholipids, 136 ml column volume. d) 4% (w/v) DDM with
phospholipids, 136 ml column volume.
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Since the original analysis in 1994, the bovine F-ATPase membrane domain was shown to
contain two additional subunits, DAPIT and 6.8 kDa PL. The association of these subunits
with the F-ATPase was shown to have a dependence of the presence of exogenous
phospholipids. As a result, all standard F-ATPase preparations in this laboratory, including
those described here, are now performed in the presence of phospholipids to retain the full
complement of subunits. The modified procedure for the purification of the Fo subcomplex was
therefore repeated in the presence of 50 µg/ml of a phospholipid mixture containing POPC,
POPE, POPG and CL. In comparison to the preparation in the absence of phospholipids, the
Fo subcomplex appeared to elute over a larger volume range. However, the earlier of these
fractions showed a similar level of purity, and were well resolved from the majority of
contaminants. The same low MW cytochrome c oxidase fragments were still present, as were
the noted high MW contaminants. In addition, a contaminating protein of ca. 40 kDa
migrating just below the F-ATPase β-subunit, and above the fuzzy band of cytochrome c
oxidase aa3, appeared to also elute earlier and over a wider volume range, such that it was no
longer possible to pool Fo fractions without the presence of this contaminant. Later size
exclusion experiments showed removal of this contaminant was possible.

Finally, the procedures were repeated with extraction of the treated membranes in the presence
of 3% (w/v) and 4% (w/v) DDM. In both cases, the majority of the Fo subcomplex eluted from
the Q-Sepharose matrix at a significantly lower salt concentration which afforded complete
resolution from the higher MW contaminants, including the additional 40 kDa component
that was introduced in the presence of lipids. Only the previously identified cytochrome c
oxidase fragment contaminants remained. Approximately 60 ml of the Fo containing fractions
were pooled from the experiment conducted in the presence of 4% DDM, and reapplied to a 1
ml Q-Sepharose column to concentrate the sample. The pool deliberately included a range of
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contaminants, even though it was possible to choose earlier fractions to remove them, so that
their behaviour on a Superose 6 Increase size exclusion column could be assessed. This extended
pool also contained significantly more Fo proteins in an attempt to improve the final yield. The
elution profile monitored at 280 nm showed a major peak at retention volume of ca. 14 ml,
which displayed evidence of a minor trailing shoulder and a minor secondary trailing peak. An
additional minor peak at a retention volume of ca. 20 ml was also observed. In the peak fraction
eluting at ca. 14 ml, the Fo subcomplex was separated from all contaminants except for one high
MW protein and one of the cytochrome c oxidase proteins. The high MW species appeared to
co-elute with the Fo complex, whereas the cytochrome c subunit appeared to elute roughly 1 ml
later. However, the cytochrome c fragment eluted over a wide retention range, and therefore it
significantly contaminated the peak Fo fraction. The trailing, and secondary, minor peaks
correspond to the 40 kDa contaminant mentioned earlier and some other minor contaminants.
The final 20 ml peak appeared to correspond to dissociated subunit c and possibly other
dissociated Fo subunits. Fractionation of the eluted samples by BN-PAGE showed that the Fo
subcomplex was heterogeneous. The predominant component of the Fo peak migrated as a
doublet band of ca. 300 kDa (w.r.t. the soluble molecular weight markers). A second, less
abundant, doublet migrated with a mass roughly twice the size. Additionally, a faster migrating
band of ca. 80 kDa was also present. This same band is also found in the later fractions. Seconddimension SDS-PAGE of excised bands showed that the doublet bands migrating at 300 kDa
and 600 kDa contained all Fo subunits, whereas the band migrating to around 80 kDa contained
the c-subunit (data not shown). Imaging of the peak dimer fraction by uranyl acetate negative
stain electron microscopy predominantly showed circular to slightly oblong projections on the
order of 10 nm in size. A range of both smaller and larger objects were also observed, and a
small number of what appeared to be paired, circular projections ca. 20 nm in length along the
longest axis.
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Figure 3.3.4 – Size exclusion chromatography of the bovine Fo subcomplex. a) Chromatogram profile
monitored at 280 nm. The pooled sample was applied to a Superose 6 Increase column, in the presence of
DDM and phospholipids. b) SDS-PAGE analysis of the fractions indicated by the grey bar in a). The
positions of the F o subunits are labelled, where they were identified by mass mapping of tryptic peptides.
DAPIT was not identified in this analysis. A sample of intact bovine F-ATPase is shown in lane 2, for
reference. c) BN-PAGE analysis of the same fractions. Lane 1 includes the NativeMARK protein standards,
the sizes of which are indicated in kDa. The major product migrated as a doublet band of approximately 300
kDa, whilst bands twice the size, and of smaller complexes were also observed. A lower MW band running at
approximately 80 kDa, identified as the c-subunit by second-dimension SDS-PAGE, was observed eluting at
ca. 20ml, but also co-eluting with the intact F o subcomplex.
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3.4 Structural analysis of mitochondrial F-ATPase dimers by negative stain electron
microscopy

3.4.1 Presentation of dimers of F-ATP synthase in negative stain

Uranyl acetate negative stain electron microscopy was employed to determine the oligomeric
states of the F-ATPase complexes described above, in addition to the analyses by BN-PAGE
and size exclusion chromatography, and later by cryo-electron microscopy. A sample of the
inhibited bovine F-ATPase complex was purified by the procedure outlined in Section 2.6.3,
described in Section 3.2.4, and prepared for negative stain electron microscopy as detailed in
Section 2.9.1. Fig. 3.4.1 shows electron micrographs of the stained sample, on copper supported
continuous carbon films, imaged at a nominal magnification of 30,000 x. The protein envelope
excludes the high scattering potential, heavy metal stain. Thus, particles appear as white objects
contrasted against a dark background. Comparison of the particles with negative stain or cryoEM micrographs of the monomeric complex show that they are consistent with a dimeric
structure; with two monomer molecules are joined by the Fo domains, at an angle of
approximately 90° (See Fig. 3.4.1, black boxes). There appeared to be a range of particle
orientations; side views in which the 90° angle between monomers is visible, top views, and a
variety of orientations in between. A small number of monomeric particles were present (Fig.
3.4.1, blue boxes), as were a small number of what appeared to be trimeric complexes (Fig.
3.4.1, red boxes) in which three monomers were associated via their Fo domains.

Figure 3.4.1 shows the same analysis of different samples eluting from a Superose 6 Increase
column during size fractionation of the affinity purified F-ATPase complexes. This showed
that the leading shoulder of the 11.5 ml retention volume peak (see Fig. 3.2.8) consisted
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Figure 3.4.1 – Negative stain electron microscopy of dimers of bovine F-ATPase. A sample of inactive,
dimeric F-ATPase (see Section 3.2.4) was applied to a glow discharged 400 mesh copper supported continuous
carbon film and stained with 2% (w/v) uranyl acetate. The prepared specimen was imaged in a Tecnai T12
transmission electron microscope, operated at an accelerating voltage of 120 kV, at 30,000 x nominal
magnification, and a defocus of -2.5 µm. Some examples of the dimeric complex are shown in black boxes.
Some monomer particles are shown in small blue boxes. The lower micrograph shows two examples, in red
boxes, of the oligomers identified in the sample. Scale bar = 100 nm.
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Figure 3.4.2 – Negative stain electron microscopy of different bovine F-ATPase oligomers. Inactive bovine
F-ATPase complexes were purified by affinity chromatography and size exclusion chromatography in the
presence of GDN and phospholipids. Various samples (as indicated by the arrows), eluted from a Superose 6
Increase column as described in Section 3.2.4 and Figure 3.2.8, were applied to continuous carbon films and
stained with 2% (w/v) uranyl acetate. The prepared specimens were imaged in a Tecnai T12 transmission
electron microscope, operated at an accelerating voltage of 120 kV, at 30,000 x nominal magnification, and a
defocus of -2.5 µm. The top left, top right and lower right micrographs represent samples from the leading
shoulder, 11.5 ml and 13.5 ml retention volume peaks, respectively, of the elution profile shown in the lower
left. Examples of trimeric, dimeric and monomeric complexes are indicated by red, black and blue boxes,
respectively.
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predominantly of the trimeric complexes seen in Fig. 3.4.1, with a small number of dimeric
complexes. The 11.5 ml peak fraction contained the dimeric complex, with some monomers
and contaminating trimers, whilst the 13.5ml peak consisted of the monomeric complex.

Analysis of dimers of S. cerevisiae F-ATPase purified by the procedures outlined in Section
2.6.9, and described in section 3.2.7, showed a broadly similar result. The peak fraction eluting
from the size exclusion column, as shown in Fig. 3.2.13c, was applied to a continuous carbon
film, stained with 2% (w/v) uranyl acetate, and imaged at a nominal magnification of 30,000 x.
The complexes were predominantly dimeric, with a few contaminating molecules of the
monomer observed in the micrographs. However, the only observed higher oligomer appeared
to correspond to a tetrameric complex in which two dimers were associated side by side, as they
would be in the inner mitochondrial membrane cristae. Similar objects were not seen in the
bovine preparations. Additionally, the S. cerevisiae complex demonstrated a preference for top
views when adsorbed to the continuous carbon film. Examples of micrographs are shown in
Figure 3.4.5, which also includes a highly diluted sample to better image isolated, individual
complexes.
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Figure 3.4.3 – Negative stain electron microscopy of dimers of F-ATPase isolated from S. cerevisiae. A sample
of inactive, dimeric F-ATPase (see Section 3.2.7) was applied to a glow discharged 400 mesh copper supported
continuous carbon film and stained with 2% (w/v) uranyl acetate. The prepared specimen was imaged in a
Tecnai T12 transmission electron microscope operated at an accelerating voltage of 120 kV, at 30,000 x
nominal magnification, and a defocus of -2.5 µm. Some examples of the dimeric complex are shown in black
boxes. Some monomer particles are shown in blue boxes, whilst examples of the tetramer are indicated by red
boxes. The lower micrograph is of a highly diluted sample and shows the individual complexes more clearly.
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3.4.2 Classification of negatively stained particles

Several hundred micrographs of the bovine dimeric complex in negative stain were collected
with a Tecnai T12 transmission electron microscope and, then, particles picked from these
micrographs were subjected to reference free 2D classification. Initially, around 300 particles
were selected manually and classified to generate a series of reference images that were used to
automatically pick particles in the remaining micrographs. These particles were extracted and
classified further into 200 classes using the RELION image processing software. A large
majority of classes contained poorly averging particles, or contaminants on the carbon and were
discarded. The remaining classes showed the F-ATPase dimer in a range of orientations.
Classification and image averaging revealed signal for the peripheral stalk in some side-view
classes, which was not generally visible in the single particle images. In the side-views, the
monomer-monomer angle was approximately 80-100 degrees. In certain classes, this angle
appeared to be much wider. However, it was not possible to unambiguously differentiate
between differences in monomer-monomer angle and differences in particle orientation,
particularly if the peripheral stalk was not visible. Three-dimensional reconstruction or
classification is required to do this confidently. Representative classes are shown in Fig. 3.4.4.
Although, classification and averaging was not able to demonstrate the pseudo symmetry of the
F1 domain, as is possible with the monomeric enzyme imaged in negative stain, a small channel
could be observed through the central axis of the F1 domain. F1 can accommodate stain
molecules in the internal cavities between the α/β pairs and the central stalk assembly. In
addition to the intact complexes, a number of classes were observed in which a single F1 domain
appeared to be missing. There was no biochemical evidence that such a structure was present
in the sample prior to grid preparation (see Fig. 3.2.8).
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Figure 3.4.4 – 2D image classification of bovine dimer particles in negative stain. 8314 particles were selected
from micrographs, exemplified by Fig. 3.4.1, and subjected to reference free 2D classification with RELION.
The image shows 18 representative classes of the dimer in different orientations. Several side-views are
highlighted in green, and some top views in blue. Three classes in which a single F1 domain appeared to be
missing are highlighted in red. In certain side-view classes, signal for the peripheral stalk can be resolved.

Figure 3.4.4 – 2D image classification of yeast dimer particles in negative stain. 2180 particles were selected
from micrographs, exemplified by Fig. 3.4.3, and subjected to reference free 2D classification with EMAN
2.0. 12 representative classes of the dimer in different orientations are shown. The top view shown at the
bottom left displays increased protein signal and less background noise, indicative of the higher relative
abundance of this orientation in the data.
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Approximately 100 micrographs of the F-ATPase complex purified form S. cerevisiae were also
subjected to this analysis. 2180 particles were selected manually from the micrographs and
processed by reference free 2D classification with the EMAN 2.0 software package. Although
the number of particles was lower, significant improvement to the signal-to-noise ratio of the
reference images was achieved. The yeast enzyme seemed to present a higher proportion of top
views, and the angle in the side-views appeared to be slightly wider than that of the bovine
complex. However, as stated above, it is difficult to unambiguously separate the contributions
of dimer angle and particle orientation to the projection image in the micrograph without 3dimensional reconstruction. The peripheral stalk was not as well resolved in these averages.

3.5 Structural analysis of the bovine Fo subcomplex by negative stain electron microscopy

3.5.1 Presentation of the bovine Fo subcomplex in negative stain

A sample of the bovine Fo subcomplex preparation, extracted in the presence of 4% (w/v) DDM
and isolated in the presence of phospholipids, described in Figures 3.3.3d and 3.3.4, was applied
to a continuous carbon film and stained with 2% (w/v) uranyl acetate. The sample was purified
by size exclusion chromatography and the peak fraction was chosen for analysis. Imaging of the
prepared specimen by transmission electron microscopy showed predominantly circular objects
of ca. 8-10 nm in diameter. Other slightly oblong, or less regular, objects with dimensions of
approximately 8 nm x >10 nm were also abundant. Larger objects were identified, some of
which displayed a slightly bi-lobed appearance and were ca. 20 nm on the longest axis. Figure
3.4.4 shows example micrographs and highlights some of these objects. The micrographs were
collected at 30,000 x and 52,000 x nominal magnifications.
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Figure 3.5.1 – Negative stain electron microscopy of the bovine Fo subcomplex purified by affinity and size
exclusion chromatography. A sample of the F o subcomplex was purified as described in Section 3.3.2, Figs.
3.3.3 and 3.3.4., applied to a continuous carbon film and stained with 2% (w/v) uranyl acetate. The prepared
specimen was imaged in a Tecnai T12 transmission electron microscope, operated at an acceleration voltage
of 120 kV, at nominal magnifications of 30,000x (top) and 52,000 x (lower), and a defocus of -2 µm. Examples
of the 10 nm oblong objects are indicated with black boxes. Larger and smaller, circular objects identified in
the field of view are indicated with red and blue boxes, respectively. Scale bars are 100 nm (top) and 50 nm
(lower)
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3.5.2 Classification of negatively stained particles

Approximately 100 negatively stained micrographs of the bovine Fo subcomplex were collected
with a Tecnai T12 electron microscope, at a nominal magnification of 30,000 x. Particles in the
images were picked automatically, employing a Gaussian “blob” with a peak value of 1.1 as a
reference, which yielded a highly crude set of ca. 30,000 particle images. The particle mask
diameter for picking was set to 15 nm to bias the picking toward monomeric objects. These
particles were subjected to rounds of 2D classification to remove the false positives. The cleaned
set of 9,725 particle images was then classified into 60 classes by reference free 2D classification
with RELION. Figure 3.5.2 shows the results of this classification, which yielded averages of
generally lower quality than those of the intact enzyme. The subcomplex preparation was clearly
quite heterogeneous, as evidenced by the range of shapes and sizes of the images in the 2D
averages. A few class averages were identified that had 8 x >10 nm approximate dimensions that
are consistent with top or bottom views of the Fo domain (Fig. 3.5.2, green boxes). Other classes,
presenting as smaller, more spherical or circular objects, were fairly abundant, as well (red
boxes). In addition, a few classes were identified with a low signal projection emerging from an
oblong main central body (blue boxes). However, the interpretation of this projection as signal,
rather than over fitted noise is tentative at these resolutions despite the fact that such a structure
is expected to be present in the data.
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Figure 3.5.2 – 2D image classification of the bovine Fo subcomplex preparation in negative stain. 9,725
particles were subjected to reference free image classification into 60 classes using RELION. The various
classes are heterogeneous and a range of object shapes and sizes can be observed. Indicated in green boxes, are
examples of those classes displaying approximate dimensions consistent with an intact F o subcomplex. In red
boxes, are examples of the abundant, circular 10 nm objects. Classes displaying a low signal projection away
from the central object are highlighted in blue boxes. The class averages are sorted according to their class
distribution, with the most populated classes in the top left, decreasing row by row, towards the right.
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3.6 Structural analysis of bovine mitochondrial F-ATPase dimers by high-resolution cryoelectron microscopy

3.6.1 Initial data sets – presentation of dimers of bovine F-ATPase in vitreous ice

Samples of the dimeric bovine F-ATPase were prepared for, and imaged by, cryo-electron
microscopy in the absence of EDTA and the co-detergent, Brij-35. The prepared specimens
were imaged in an FEI Titan Krios G2 cryo-electron microscope, equipped with a Falcon II
direct electron detector, operated in linear-integration mode, at a sampling rate of 1.4 Å/pixel.
Although particles were observed with the characteristic presentation of the dimeric enzyme,
as seen when imaged in negative stain, the particles displayed significant levels of non-specific
aggregation, or “clumping”, when prepared in vitreous ice, that did not seem to correlate with
protein concentration. Though this was particularly apparent when imaging grid regions with
high particle density, to the point that only a very small number of particles could be successfully
extracted for processing, the clumping effect also reduced the number of suitable particles
extracted from less dense regions. This is highlighted by Figure 3.6.1, which shows two typical
micrographs from an automated data collection run with this sample. It was also observed that
the particle distribution between, and even within, the grid squares, was highly non-uniform.
The micrographs shown in Figure 2.6.1, for example, were collected from the same grid square,
within a few grid holes of one another. Overall, these factors led to inefficient data collection,
in terms of useful particles per image, and prevented accurate programming of the automated
data acquisition strategy based on ice thickness (i.e. the typical protein concentration in each
grid square) because it seemed to vary so drastically regardless of this parameter. Even for a
membrane protein, prepared in the presence of detergent and phospholipids, this was unusual
behaviour.
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Figure 3.6.1 – Cryo-electron microscopy of dimers of bovine F-ATPase prepared in vitreous ice, in the
absence of EDTA and Brij-35. The prepared specimens were imaged in a Titan Krios cryo-electron
microscope, equipped with a Falcon II detector, operated in linear integration mode, at a sampling rate of 1.4
Å/pix. Examples of isolated dimeric particles are highlighted in black boxes. The upper micrograph exhibits a
lower particle density, but still displayed significant non-specific aggregation, some examples of which are
highlighted with red ellipses. The lower image, from the same grid square, shows that almost no particles could
be successfully extracted, due to this clumping effect, if the particle density was too high.
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Nevertheless, several thousands of micrographs were collected of this sample, over the course
of 4 days, to attempt a brute force solution to the low numbers of suitable particles that were
expected to yield from the data.

3.6.2 Initial cryo-electron density maps - the structure of the bovine dimer at ca. 13 Å resolution by
cryo-electron microscopy and image processing

A set of ca. 60,000 particles was extracted from this large data-set, after several rounds of 2D
reference free image classification to remove false positives identified by the auto-picking
procedure and also coordinates with neighbouring particles encroaching into the box. These
particles were refined, initially, against a low-pass filtered map of the dimeric F-ATPase from
Polytomella, to produce a cryo-em density map of approximately 13 Å resolution. The data was
then subjected to 3D classification, using the consensus map as reference, into three classes
which were subsequently refined. Though the resolution improved to 11.5 Å in one case, this
classification highlighted significant heterogeneity in the samples. Firstly, the consensus map,
and the refined classes, represent average structures in which each of the three known rotational
states of the central stalk are not resolved. Secondly, each of the classes displayed a varying
monomer-monomer angle. Further 3D classification of the data yielded maps with additional
angles suggestive of a continuous heterogeneity. This kind of heterogeneity can be incredibly
difficult to resolve computationally, and substantially increases the number of particles required
to facilitate classification into ever larger numbers of discrete subsets.

To reduce the impact of the continuous heterogeneity demonstrated by the whole molecule
refinements, a focussed refinement procedure was employed in which the initial reference is
multiplied by a soft mask, defining the shape of the monomeric enzyme, before subsequent
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Figure 3.6.2 - Structures of the bovine dimeric F-ATPase complex determined by electron cryo-microscopy.
Dimers in vitreous ice on holey carbon were imaged in a Titan Krios transmission electron microscope equipped
with a Falcon II detector, operated in linear integration mode at a sampling rate of 1.4 Å/pix. An initial set of
particle images were subjected to several rounds of 2D classification using RELION-1.4 in order to clean the
data. 58,984 particles were subsequently refined to produce a map at ca. 13.3 Å. This consensus map represents
an average structure, consisting not only of particles in different catalytic conformations/rotational substeps but
also an ensemble of monomer-monomer angles. a), b) and c) 3D classification of this particle set and
refinement of each distinct class demonstrates this variation in angle. Rotational sub-steps of the central stalk
were not resolved in this classification, resulting in averaged density for its 3 rotational positions. Further 3D
classification similarly yielded maps with varying angles, suggesting a continuous conformational heterogeneity.
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Figure 3.6.3 - Focussed masks help to reduce the averaging effect of varying monomer-monomer angle. a) A
second dataset of 51,736 particle images collected on a separate date were processed as described in Section
3.6.2 and Fig. 3.6.2 to yield a class that was reconstructed to 11.8 Å (left). In a second refinement of the same
particles a soft mask following the shape of one monomer was applied at each iteration (right). The average
map resolution was increased to 10.3 Å. The above example shows greater detail in cross-sections of the F1
domain (lower) as well as enhanced density for some of the α-helices in the peripheral stalk (red arrow). b)
Additionally, the use of similar masks in 3D classifications of this data allowed observation of two of the three
major rotational substeps of the central stalk at low resolution.
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particle alignment and reconstruction. This allows for alignment with greater accuracy
regardless of monomer-monomer angle and had the effect of improving the density and map
quality for those regions, as shown in Fig. 3.6.4. Similar application of this focussed mask
during 3D classifications allowed partial resolution of two of the three rotational substeps.
Although the resolution improvements were modest for this data, the results described here
acted as proof of concept for the technique, which was later instrumental in achieving higher
resolution detail in the membrane domain of the enzyme.

3.6.3 Optimised sample preparation and improved data sets - presentation of dimers of bovine FATPase in the presence of EDTA and Brij-35, in vitreous ice

Following from the initial observations, changes were made to the sample preparation of
dimeric F-ATPases for cryo-electron microscopy. Communications in the CCPEM forum had
noted that preparations of β-galactosidase, an enzyme, like the F-ATPase, that requires
magnesium ions for its function, presented as filamentous objects when imaged in vitreous ice
when free magnesium ions were included in the buffer. These filaments bore a strong
resemblance to the non-specific aggregates of dimeric F-ATPase described above. The
suggested, and successful, solution to this problem was to include EDTA in the purification
buffer to sequester excess magnesium ions, which were thought to be responsible for this effect.
Therefore, the dimeric F-ATPase enzyme was purified in the presence of 5 mM EDTA. This
showed some improvement in particle distribution (data not shown). It was then considered
that transient interactions of the F-ATPase membrane domains, in the mild detergent
environment, could be responsible for the residual non-specific aggregation observed in the
presence of EDTA. Therefore samples were supplemented with 0.05% Brij-35 (w/v), prior to
preparation for cryo-electron microscopy. As shown in Fig. 3.6.5, this resulted in a more
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Figure 3.6.4 – Cryo-electron microscopy of dimers of bovine F-ATPase prepared in vitreous ice, in the
presence of EDTA and Brij-35. The prepared specimens were imaged in a Titan Krios cryo-electron
microscope, equipped with a Falcon III detector, operated in linear integration mode, at a sampling rate of
1.78 Å/pix. Examples of isolated dimeric particles are highlighted in black boxes. Non-specific aggregation
was greatly ameliorated by the addition of EDTA and Brij-35. Even in regions where non-specific aggregation
was observed (e.g. the red ellipse), it was still possible to extract isolated particles, as shown in the lower
micrograph. The dashed box illustrates the approximate field of view at the higher sampling rate of 1.4 Å/pix.

115

uniform distribution of F-ATPase particles, and seemed to reduce “clumping”. The particles
were more evenly spread across the field of view and were well isolated from one another,
facilitating extraction of suitable particles from the micrographs. The presence of Brij-35 also
appeared to regularise the particle distribution within grid squares of a particular ice thickness.
The micrographs shown in Fig. 3.6.4 were imaged from the same grid square, within a few
acquisitions of one another (2-3 µm apart), and show comparable protein concentrations. In
addition, the sampling rate (i.e. magnification) was reduced for the imaging of these samples
in order to maximise the number of suitable particles per field of view. Whilst reducing the
sampling rate limits the maximum theoretical resolution of a cryo-em reconstruction, the
increase in the expected number of particles collected in a typical automated data collection
outweighed this benefit, especially considering that reconstructions were not expected to
approach the Nyquist limit, in any case. Regardless, as is demonstrated in Fig. 3.6.4 (lower),
the improvements to overall particle distribution, by the addition of EDTA and Brij-35, meant
that, even at an increased sampling rate of 1.4 Å/pix, an acceptable number of particles could
have been extracted per field of view.

Given these improvements to the presentation of dimeric bovine F-ATPase complexes in
vitreous ice, a series of data collections on capable microscopes were made. Since the acquisition
of the initial datasets, technological improvements to the FEI Falcon series of direct electron
detectors were implemented in the Titan Krios microscopes used to capture these data.
Therefore, these images not only benefitted from improved particle distributions, and a gridsquare to grid-square uniformity that permitted efficient automated data collection, but also
the significantly improved detector quantum efficiency of the Falcon III camera. The following
data sets were collected, over a 5-6 month period in 2017. They represent the raw data used to
obtain the cryo-em density maps described hereafter. The data were collected using the same
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microscope and electron dose parameters, despite being acquired on different instruments.
Firstly, ca. 1,600 images were recorded using a Titan Krios G2 cryo-electron microscope,
equipped with a Falcon III detector, at the MRC Laboratory of Molecular Biology, Cambridge,
U.K. Two subsequent data sets, of ca. 2,300 and 1,700 images, were recorded using a Titan
Krios G2 cryo-electron microscope, equipped with the same detector, at The Nanoscience
Centre, University of Cambridge, Cambridge, U.K. A final data set, of ca. 2,600 images, was
collected using a Titan Krios G3 cryo-electron microscope, equipped with a Falcon III detector,
at the Diamond Light Source, eBIC facility, Oxford, U.K. These data sets are referred to as
the LMB, NanoS, NanoS02 and DLS datasets, various combinations of which were processed
to yield the cryo-em density maps described below.

Data set

No. of images

No. of final particles

Particles/image

LMB

1,633

54,547

33.4

NanoS

2,336

115,210

49.3

NanoS02

1,699

89,884

52.9

DLS

2,660

100,080

37.6

Table 3.6.1 – Summary of data sets collected for this work. The number of images represents all micrographs
collected on the microscope (some were later discarded), whereas the number of final particles represents the
particle sets, after cleaning and sorting by 2D classification, that were used for subsequent 3D refinements.
The number of particles per image is therefore a measure of the efficiency of the data collection, reflecting, in
a sense, the number of useful particles per unit time on the microscope.
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3.6.4 The structure of the bovine dimer by electron microscopy and image processing

After each data set had been collected, it was auto-picked using the same procedure and
reference templates. These auto-picked particles were subjected to several rounds of 2D
classification and removal of particles in poorly averaging classes to yield the particle sets
outlined in Table 3.6.1. Then, the particles were refined to generate a consensus map, which
typically achieved resolutions of ca. 10 Å, before they were re-extracted in a separate project
directory, using coordinates that had been adjusted by the refined x and y origin offsets. This
has the effect of centering the particles based on the relative translation with respect to the
overall map. In the first instance, a whole molecule refinement, with imposed C2 symmetry,
was performed using the combined particles from the LMB and the NanoS data sets. The
resolution of this map was 8.7 Å. However, it displayed severe signs of heterogeneity, consistent
with previous refinements described in Section 3.6.2. The density in the F1 regions was
significantly “smeared”, which was expected considering that such a consensus map represents
an average of all three rotational states. This was also true for the peripheral stalk regions.
Whilst this was not ideal, promising α-helical density could be distinguished in the membrane
domain. A similar consensus refinement, with the addition of the particles extracted from the
NanoS02 data set, produced a map, without the imposition of C2 symmetry, of the same
resolution. These maps are shown in the top right, and top left of Fig. 3.6.7, but are not explored
in more detail. To investigate this whole molecule heterogeneity further, these data (LMBNanoS-NanoS02) were subjected to 3D classification into 5 classes.

Figure 3.6.5 shows the results of this classification. Inspection of the maps, and overlaying them
with one another, displayed two broad types of overall heterogeneity, that were likely to be
continuous. Firstly, as already observed in initial classifications of dimer particles (see Fig.
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Figure 3.6.5 – Global structural heterogeneity of the bovine F-ATPase dimer complex at the whole molecule
level. a)-e) Class-001-005, showing side, top and bottom views of the complex.
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3.6.2), the angle between the two monomers appeared to vary, with some classes exhibiting the
86° angle between F1 domains that is consistent with tomographic reconstructions of bovine
mitochondria, and others exhibiting wider angles. In the most extreme case, which is
highlighted in Fig. 3.6.6a, one of the F1 domains was displaced by approximately 40 Å, at an
angle of greater than 90°. The Fo domain in this class was also slightly narrower suggestive of
some rearrangement of the membrane subunits, associated with the change in angle. This is
reflected in relative movements of the IMS protrusion which can be seen when viewing the
complex from the underside. Secondly, the relative orientations of each monomer appeared to
vary also, even when the angle between them was similar. This was represented by a twisting
of the monomer, which is shown in Fig. 3.6.6b. In some cases, this probably represents the
rocking motion of the F1 domain, and peripheral stalk, that can be observed when the enzyme
changes its rotational state [Zhou 2015]. However, in others, it also correlated with additional
relative motions of the membrane domain. Considering these kinds of movements in the intact
dimeric complex, in addition to catalytic conformational heterogeneity which is probably
independent in each monomer, it is unlikely that whole molecule refinements would achieve
resolutions higher than those stated here. However, these maps are useful in that they describe
the overall shape and protein envelope of the whole molecule and partially describe some of its
dynamics, which were unexpected at the onset of this project, but are nevertheless interesting.
Higher resolution maps, describing different regions of the complex, can be docked into these
lower resolution envelopes. It should be noted that it is possible to sharpen these maps, with
larger negative B-factors than those shown in Fig. 3.6.5, to reveal more detail for certain regions
(an example of this, for the consensus whole molecule refinement, is shown in Fig. 3.6.7). In
fact, the B-factors used for map sharpening in the cryo-em densities in Fig. 3.6.5 were initially
estimated using an automated procedure [Henderson 2003], and then deliberately
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Figure 3.6.6 – Detail of the global structural heterogeneity of the bovine F-ATPase dimer complex at the
whole molecule level. a) The cryo-em density for class-004 was approximately aligned with one monomer of
class-002 and the density for class-002 was subtracted from class-004 to produce a kind of difference map
(light grey transparency). This emphasises the variety in monomer-monomer angle observed in the data. b) A
similar difference map between class-002 and class-001 shows that there was also difference in the relative
orientations of each monomer, even when the angle between them was similar. This is represented by a twisting
of each monomer, highlighted by the red arrows. This was also observed by movements of the IMS protrusion
relative to one another, when viewed from the underside of the molecule.
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reduced by ca. 250 Å2 to smoothen the maps, and more clearly represent the overall shape of
the molecule without unnecessary, over-sharpened detail.

Based on the earlier noted improvements to resolution and map quality, and the ability to
resolve rotational states, with the use of focussed masked refinement and classification
procedures, a workflow was developed for the optimised data, with a particular focus on
resolving clearer density in the membrane domain. The principle being, that sorting the
particles according to their catalytic states, aided by the presence of the bI1-60His protein,
which binds to one of the three catalytic sites and is visible as a protruding α-helical density,
would resolve sufficiently homogeneous subsets of particles that could be refined to higher
resolutions. Similarly, the use of a focussed monomer mask reduces the averaging effect of
varying monomer-monomer angles, which were not likely to be fully resolved into rotational
states at the whole molecule level. This is due to the fact that: a) this heterogeneity is
continuous, and; b) the catalytic states in each monomer are likely to be independent of one
another and therefore, the molecule contains only a pseudo-symmetry. Even assuming C2
symmetry, which may obscure any asymmetric information at the dimer interface, at least 9
distinct states would be expected for a given monomer-monomer angle, of which at least 4 were
definitively identified. At least 18 states, per monomer-monomer angle, would be expected
assuming asymmetry. Even given a relatively large data set of over 350,000 particles, this degree
of classification was not feasible, and masked refinements were the only way to make efficient
use of the data.

The overall processing workflow is outlined in Fig. 3.6.7, and resulted in three maps, of
rotational state-1, state-2 and state-3, for one monomer in the pair, at resolutions of 6.67, 6.90
and 7.42 Å, respectively, which are shown in more detail in Fig. 3.6.8. It also produced a map,
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Figure 3.6.7 – Overall image processing workflow to resolve conformational heterogeneity with monomer
focussed masks and focussed classification schemes. See main text for details.

123

representing an average of all three states, at a resolution of 7.40 Å, that demonstrated improved
density and map quality in the membrane domain. Firstly, the combined LMB and NanoS data
sets were refined against a previous map of the bovine dimer, whilst imposing C2 symmetry.
This map had an average resolution of 8.7 Å. Then, these same particles were refined using a
soft mask, defining the shape of the monomeric enzyme, on the reference. This map provided
a good level of detail in the membrane domain, which is described in Fig. 3.6.9. As this map
was an average of all three rotational states, a focussed 3D classification was performed. This
yielded 3 classes (001-003) which refined to resolutions of 8.24 Å, 7.85 Å and 8.20 Å,
respectively. Whilst classes -001 and -002 appeared to correspond to rotational states-1 and 2, based on the position of the protruding density of the inhibitor protein, the rotational state
of class 3 was ambiguous. It was therefore considered that the classification had not fully
resolved the data into homogeneous subsets, hence, each class was further classified, this time
into 2 classes each. Although the resolutions of the maps decreased at this stage, it became
apparent that particles from each rotational state were still present in all classes. Assessing the
rotational state, again, based on the position of the inhibitor protein, allowed these classes to
be regrouped, refined once more, and unambiguously assigned to state-1, state-2 and state-3.
These maps showed resolution improvements to 7.76 Å (from 8.24 Å), 7.4 Å (from 7.85 Å)
and 8.1 Å (from 8.2 Å), respectively, which, in addition to good density for the inhibitor protein
and improved density for the asymmetric central stalk assembly, signified successful
classification. At this point, two further data set were collected. To incorporate these particles
into the classification pipe-line, each was first refined in combination with the LMB and
NanoS data sets whilst employing the same focussed monomer mask. This provided the refined,
optimal orientations of the particles from each data set. These orientations, provided in the
form of a _data.star file, were then combined with the orientations previously determined for
the LMB and NanoS particles. All of these particles were then classified to sort them into the
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Figure 3.6.8 – The structure of the intact bovine F-ATPase, isolated as a dimeric complex, resolved into each
of its three rotational sub-states, at a resolution of ca. 7 Å. States were assigned based on the position of bI160His relative to the peripheral stalk. a) State-1, with the inhibitor to the right, b) state-2, with the inhibitor
opposite and c) state-3, with the inhibitor to the left of the peripheral stalk. The inhibitor is indicated with a
red arrow, where it is visible. To the right is shown a slice through the F1 domain, and highlights the 120°
rotations of the asymmetric, coiled-coil central stalk.
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rotational states, as before. Because the optimal orientations of the particles, at least with respect
to the overall position of one monomer, had been previously determined, it was possible to
perform this classification without particle alignment and reconstruction at each iteration. This
greatly reduced the computation time required, which was estimated to be on the order of 1012 days, even on a multi-GPU equipped computing node. Finally, these classified subsets,
representing all of the particles across all four data collections, were refined to produce maps of
rotational state-1, -2 and -3 at ca. 7 Å (Fig. 3.6.5).

3.6.5 The bovine F-ATPase membrane domain

Analysis of the cryo-em maps showed that densities corresponding to the following, previously
identified membrane domain subunits of the bovine complex had been resolved. Firstly, all six
α-helices of the a-subunit were visible, with improved density for the loop region connecting
α-helices 4 and 5. As were the two trans-membrane α-helices of the b-subunit, and the single
trans-membrane α-helix A6L-subunit. In addition, improved density, that was previously
proposed to be the e- and g-subunits together [Zhou 2015; Hahn 2016], was resolved into a
single trans-membrane span and additional membrane intrinsic density that was connected to
the IMS protrusion. These maps also resolved density for the f-subunit, which was not present
in the maps of the monomeric bovine complex, but could be assigned by comparison with the
structure of the monomeric complex from P. angusta, where the f-subunit had been assigned
tentatively [Vinothkumar 2016]. The trans-membrane spanning α-helix, and the membraneextrinsic matrix-side extension, were both visible, although the density for the latter was less
well resolved. The trans-membrane α-helix was observed to extend out into the IMS-side
slightly, where it appeared to contact its protomer in the adjacent monomer. Finally, a novel
density was observed adjacent to the loop regions of the a-subunit that connects α-H4 and 5,
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Figure 3.6.9 – The structure of the bovine F-ATPase membrane domain at ca. 7 Å. Centre, segmented regions
are shown overlaid onto the cryo-em density map of the bovine F-ATPase complex in rotational state-2. The
identified subunits are coloured as follows: a- (cornflower blue), A6L (brick red), b- (pink), d- (orange), e-/g(forest green and coral orange), f- (straw) F6 (purple), OSCP (teal). a) detail of the novel trans-membrane
density, indicated with the red box, located adjacent to the f-subunit. A vertical map slice is shown for clarity,
also. b) detail of the narrow density observed for the membrane extrinsic region of the A6L-subunit, which
extends to the bottom of the F6-subunit, nestled between the α-helices of subunits d- and b-. c) The membrane
domain, as viewed through the c-subunit, which is visible in light grey transparency. The location of the novel
trans-membrane density shown in a) is indicated with a red box. d) the membrane domain, as viewed from the
centre of the membrane, showing the improved resolution of α-helices in subunits e- and g-, and the IMS
protrusion. A rotated view is shown in e).
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and to the trans-membrane span of the f-subunit. The density seemed to represent a single
trans-membrane α-helix, though there may be additional secondary structure on the matrix
side. Low map rendering thresholds were required to adequately visualise this density, which
may suggest that it is highly dynamic, or that it is present at lower than stoichiometric levels.
However, it was observed in in all three of the masked maps representing the rotational states,
and also in both of the consensus, whole molecule refinements, with and without C2 symmetry.
This density has not previously been observed in the bovine complex. These findings are
summarised in Fig. 3.6.9. The cryo-em density for rotational state-2 was segmented, using the
Segger [Pintilie 2009] wrapper in USCF Chimera, into 65 watershed regions. These regions
were then grouped based on connectivity in the density, or by comparison to existing maps and
models of F-ATPase membrane domains. The segmented regions include; subunits a, A6L, b,
d, e/g, f, F6 and OSCP.

3.6.6 The membrane-extrinsic, matrix extension of subunit A6L

Density for the A6L-subunit was observed to extend beyond the transmembrane α-helix,
toward the matrix side of the protein, which had not been previously modelled. The density
threads underneath the membrane-extrinsic region of the f-subunit and extends along the axis
of the peripheral stalk toward the bottom of the F6 subunit density. The density significantly
narrows after it exits the membrane, and terminates in a larger region of density that would be
consistent with a short α-helix, or turn. This is shown in Fig. 3.6.8b. On the IMS side, the
density appeared to extend underneath α-H6 of the a-subunit. That said, interpretation of this
density is tenuous at this resolution. However, this would be consistent with its proposed
function as an additional brace, acting to clamp the a-subunit to the c-ring rotor in concert with
the b-subunit and the peripheral stalk.
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3.6.7 Subunits e, g and f

Comparison of the density identified for the e- and g- subunits with the same in the cryo-em
map of the monomeric bovine complex showed that it was better resolved. A single transmembrane α-helix was evident, the IMS-side of which may share interactions with the
transmembrane spans of the b-subunit. This α-helix is inclined with respect to the α-helices of
b-, A6L- and f-, but nonetheless displays a canonical topology, considering the curvature of the
membrane in this region. It appears to interact with the density associated with the membrane
intrinsic region of the IMS protrusion. It is possible that the α-helix is part of a subunit in this
membrane intrinsic region, but this distinction is not possible with the level of detail observed.
However, it is segmented separately for clarity and is shown in Fig. 3.6.9d and e.

Transmembrane density was also observed for the f-subunit, which was not present in the
monomeric bovine map. It sits next to the A6L-subunit and extends slightly out of the
membrane into the IMS side, where it can be observed to contact the equivalent extension of
its pair in the adjacent monomer. It is interesting then, that this subunit has interactions with
the matrix-side membrane-extrinsic α-helices of the peripheral stalk, via its own membraneextrinsic regions, interactions with the A6L-subunit within the membrane domain and
additionally on the other side of the membrane in the IMS, with its partner in the adjacent
monomer. These IMS interactions can be seen in the underside views of the whole molecule
classes shown in Fig. 3.6.5, and in an example showing more detail in Fig 3.6.10.
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Figure 3.6.10 – The IMS-side extension of the f-subunit. a) an underside view of the whole molecule, class002 map of the intact dimer shows two short, protruding densities that contact one another. b) a more detailed
view, showing the segmented map fitted into the whole molecule density, demonstrates that this IMS-side
density is attributed to the f-subunit. The IMS protrusion of the e-/g-subunits can also be seen, which
terminates at the approximate location of the c-ring in the membrane. The f-subunit is coloured straw yellow
and the IMS protrusion of the e-/g- subunit is coloured coral orange. The a-subunit is also visible, and is
coloured cornflower blue.

3.6.8 The last α- helix?

Via a combination of efforts, represented in the structural models of the F-ATPase membrane
domain from the monomeric bovine complex, the monomeric complex from P. angusta, the
dimeric complex from the closely related Y. lipolytica, and finally the maps derived in this work,
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Figure 3.6.11 – Small, matrix-side “humps”, observed on the membrane domain of the bovine F-ATPase
dimer. Two examples of this feature are shown; a) whole molecule class-005, at a resolution of ca. 9 Å and b)
whole molecule class-002, at a similar resolution. The location of this unusual feature is shown at the centre of
the red ellipses.

almost all of the expected trans-membrane α-helices of the membrane domain of the bovine
complex have been identified, albeit at low resolution, in most cases. Following from the
monomeric bovine structure, those of the f-subunit, and subunits DAPIT- and 6.8 kDaremained. This work has identified the density for subunit f-, by comparison with other
structural models, resolved an additional α-helix in the density ascribed to the e- and g-subunits,
and has identified one further, apparently novel, trans-membrane span. Presumably then, one
α-helix remains. Whilst no other trans-membrane α-helices were distinguished in the maps, an
interesting feature was noted in the whole molecule cryo-em densities of the bovine dimer. It
is observed as a small hump of density, apparently sitting on top of the matrix-side of the
membrane, near to the location of the e- and g-subunit density, which is highlighted in Fig.
3.6.11. Though it is possible that this is not protein, or simply some artefact of the refinement,
its consistent presence in several of the whole molecule classes, and the symmetry of its location
in asymmetric refinements, do suggest that it is a genuine feature of the assembly. It is also
observed in the monomer masked refinements. Whether this feature turns out to be the missing
α-helix, or some feature of one of the currently identified subunits, remains to be seen.
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Figure 3.6.11 – The mosaic structure of the bovine F-ATPase dimer. a) The focussed refinements
representing rotational state-2 (left monomer) and state-1 (right monomer) (dark grey) were fitted into the
whole molecule, class-002 cryo-em map (light grey transparency). The segmented map of the membrane
domain and peripheral stalk subunits was overlaid onto each structure. b) a top-view of the dimer shows the
overall membrane organisation of subunits a- (cornflower blue), A6L- (brick red), b- (pink), e-/g- (forest green
and coral orange) and f- (straw yellow).
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Chapter 4
DISCUSSION

4.1 The membrane domain of the F-ATPase – subunit assignments

Figure 4.1.1 – The organisation and subunit assignments in the bovine F-ATPase membrane domain. The
segmented densities in the membrane domain are labelled according to their proposed subunit assignments.
The location of the novel transmembrane density, though not visible at the map thresholds used for
segmentation, is indicated by the red box. See Fig. 3.6.9 for details. The α-helices 4 and 5 of the a-subunit are
indicated to highlight the proximity of the loop that connects them to this novel density.

Figure 4.1.1 details the subunit assignments proposed for the membrane domain subunits of
the bovine F-ATPase. These assignments were made based on previous structural models, on
information gleaned from the primary sequences, from cross-linking data and the resolution of
novel features in the maps, which are discussed in the following sections.
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4.1.1 The A6L-subunit – bracing the a-c interface

The transmembrane α-helix of the A6L-subunit was initially assigned based on comparison
with models of the F-ATPase membrane domain from B. taurus and P. angusta, which had
been determined previously by cryo-electron microscopy [Zhou 2015; Vinothkumar 2016].
The bovine protein has a predicted α-helix from residues 7-29, that additionally has high transmembrane probabilities. This N-terminal region is therefore assigned as the membrane span.
Comparison of the sequences of the A6L- and orthologous ATP8-subunits (P. angusta) (Fig.
4.1.2; upper panel), shows that the bovine protein contains an additional C-terminal extension,
beyond the predicted transmembrane span, that is not present in the ATP8- sequence. This
additional sequence contains an extended (non-β) run of approximately 20 residues (30-52)
that terminates in a predicted short α-helix (residues 53-58), followed by a leucine and proline
rich sequence. In the map of the bovine complex described above, additional density was
observed exiting the membrane on the matrix-side, that appeared to connect to the
transmembrane span of A6L. Inspection of this density showed that it narrowed, consistent
with an extended run of residues, before terminating at the C-terminus of the F6-subunit,
nestled between two of the α-helices of the d-subunit and the α-helix of the b-subunit. The
density in this region was wider, consistent with the presence of the predicted six residue αhelix. Further, chemical cross-linking studies of the isolated monomeric bovine complex
identified three cross-links between the C-terminus of the A6L-subunit and the F6-, d- and bsubunits [Lee 2015], that map to this region (Fig. 4.1.2; lower panel). These data improve the
confidence with which the A6L-subunit had been assigned, in previous models and those
described here. Additionally, it adds some structural information for the C-terminal, membrane
extrinsic extension of the A6L-subunit, and it may be possible to adequately model the A6Lsequence into this density. Due to the proximity of the trans-membrane span of the A6L135

Figure 4.1.2 – Sequence analysis of the A6L-subunit, comparison with the fungal ATP8-subunit and
reconciliation of cross-linking data with the cryo-em map of the bovine complex. Top, alignment of the bovine
and P. angusta A6L (or ATP8) sequences, secondary structure predictions and the locations of membrane
extrinsic cross-links. The predicted transmembrane α-helix of the A6L-subunit is highlighted by the red box.
Note also the extra C-terminal sequence. The amino acid positions of the cross-links identified in [Lee 2015]
are indicated. Lower left, the membrane topology and C-terminus of the A6L subunit proposed in [Lee 2015]
shows the locations of the cross-links mapped to a crystal structure of the peripheral stalk. Lower right, the
segmented densities of the peripheral stalk determined by cryo-em shows good agreement with the positions of
the cross-links, and the predicted secondary structure. Note, the subunit colour scheme was changed so as to
match that of the previous publication. The A6L-subunit is shown in dark blue, the d-subunit in orange, the F6
subunit in light blue, the b-subunit in pink and the OSCP-subunit in grey.
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subunit to the a-subunit, it had been proposed that A6L- provided bracing to support the
interaction of the a-subunit with the c-ring. This is also the purpose of the peripheral stalk,
which is tethered to the membrane via its two trans-membrane α-helices. It is suggested then,
that the C-terminal extension of the A6L-subunit serves to support this bracing function by
interacting directly with the peripheral stalk, extrinsic to the membrane domain. Interestingly,
the ATP8-subunit in P. angusta does not possess this extension, although it has a significantly
longer predicted trans-membrane α-helix, which had been modelled to extend above the asubunit. However, comparison of the d-subunit sequences in these species shows that the P.
angusta enzyme contains an additional α-helix, which was modelled in a similar location to the
extra density of the A6L subunit. It is possible then, that the A6L subunit also serves to bolster
the single α-helix of the b-subunit in this region, and that this function has been replaced by
the additional d-subunit sequence in the fungal enzyme. However, an extended run of sequence
might not be expected to provide much structural support and it is therefore more likely that
the function of the C-terminal extension is simply to connect the trans-membrane α-helix,
interacting with the a-subunit, to the subunits of the peripheral stalk, as described above.

4.1.2 The f-subunit – roles in dimerisation of the bovine complex

Similarly, the f-subunit transmembrane span was assigned based on the previous model of the
membrane domain from P. angusta, where it had been tentatively assigned considering its
secondary structure predictions (and the absence of other supernumerary subunits, such as eand g-, in the preparation studied). It was also assigned to the same density in the cryo-em map
of the dimeric F-ATPase from Y. lipolytica. In this map, as with those described here, the N-
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Figure 4.1.3 – The secondary structure and predicted transmembrane α-helix of the f-subunit. The sequence
of the f-subunit, annotated with the transmembrane span (red box) and the predicted secondary structure above
the sequence. The positions of cross-links [Lee 2015] to other membrane subunits are indicated. The Nterminus of the protein contains mixed secondary structure that is on the matrix-side of the protein, whilst the
C-terminal transmembrane α-helix extends into the IMS-side, projecting a sequence of residues that crosslink with the e-subunit and 6.8 kDa PL.

terminal sequence, preceding the transmembrane α-helix, is suggested to exit the membrane on
the matrix side where it interacts with the peripheral stalk, running parallel to the plane of the
membrane before terminating near to the transmembrane α-helices of the b-subunit. This
positions residue K15 in proximity to the proposed location of the g-subunit, with which a
cross-link had been identified, to residue K65, also on the matrix-side (Fig. 4.1.3). Further
inspection of the f-subunit transmembrane density showed that it extends, on the C-terminal
side, into the IMS. In maps of the whole dimer complex, this region of density could be
observed to contact its protomer in the adjacent monomer, which is consistent with the 15 or
so additional amino acids C-terminal to the predicted transmembrane span. This sequence
contains several charged residues (2 glutamates, 3 lysines and 3 arginines) that could support a
strong interaction between the two proteins. A second cross-link to the C-terminal region of
the e-subunit provides additional evidence that the proposed location of the f-subunit is correct.
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It is likely that the e-subunit forms the IMS protrusion, discussed below, that is observed in
cryo-em maps of the bovine monomer, and the dimeric complex from Y. lipolytica. This
positions residue K47 of the e-subunit, observed to cross-link with residue K85 of the f-subunit,
in proximity to the short IMS extension of the f-subunit.

Considering these structural features, it is proposed that the function of the f-subunit in the
bovine complex is to support dimerisation, probably in concert with other supernumerary
subunits. The subunit interacts with the peripheral stalk, on the matrix-side of the complex,
threads through the membrane in close proximity to the A6L- and a-subunits, and additionally
interacts directly with the adjacent monomer via the short IMS-side extension, serving to link
the two monomers at several contact points (see Figs. 3.6.10, 3.6.11 and 4.1.1). It is possible
that the IMS-side extension and/or the f-subunit to f-subunit contact point is flexible, acting
more like a hinge, or a tether, and this could explain why there are variations in the monomermonomer angle, at the intersection of the central axes of the rotor. Whilst this global structural
variation might result from extraction of the complex with detergent, it might also provide a
mechanism by which the F-ATPase dimer can react to the fluid nature of the membrane,
particularly in the highly curved regions at the apices of the inner membrane cristae. The
mitochondria are highly dynamic organelles, and it could be considered advantageous for the
complex to more easily accommodate transient changes in the structure of the cristae, rather
than to resist them.

4.1.3 The e- and g-subunits and the possible role of the IMS protrusion

The locations of the e- and g-subunits were originally proposed by comparing the models of
the P. angusta membrane domain, in which the orthologous e- and g-subunits were absent,
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with the map of the monomeric bovine complex. The additional density sits distal to the c-ring,
and other membrane subunits, in the highly curved region of the membrane/micelle (Fig.
3.6.9). In the bovine complexes, part of this density extends significantly into the IMS, toward
the bottom of the c-ring, which it probably contacts. The maps described above showed
improved resolution in this region, and it was possible to identify a single trans-membrane span
located between the membrane α-helices of the b-subunit, and the rest of the density attached
to the IMS protrusion in the curved membrane region. It was not possible to confidently
distinguish whether the two densities belong to the separate proteins, or whether they represent
some combination of both. However, they were segmented separately for clarity, and to
highlight the trans membrane span (see Fig. 3.6.9). It is proposed that this newly identified
transmembrane span belongs to the g-subunit, though a structural description of the rest of the
protein is lacking. As noted above, it is possible that part of the membrane intrinsic density
assigned to the e-subunit, which was less resolved, also contains g-subunit sequence, that,
presumably, re-enters the membrane to form some other structure that is associated with the
trans-membrane span of the e-subunit, if such an assignment is correct. However, secondary
structure prediction for the g-subunit predicted only a single membrane span, near to the Cterminus, preceded by three membrane-extrinsic α-helices. A cross-link, identified between
residue K65 of the g-subunit and residue K15 in the N-terminal extension of the f-subunit,
similarly places this additional N-terminal sequence on the matrix-side. Therefore, another
possibility is that the N-terminal regions of the g-subunit are also membrane extrinsic, and
form amphipathic helices that rest on top of the membrane. The first and third of the
membrane-extrinsic α-helices show potential to form amphipathic helices, presenting a
predominantly hydrophobic surface to the membrane (see helical wheel diagrams shown in
Appendix V). The matrix-side “hump”, shown in Fig. 3.6.11, could represent such a structure.
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Figure 4.1.4 – The secondary structure and predicted transmembrane α-helix of the g-subunit. The sequence
of the g-subunit, annotated with the transmembrane span (red box) and the predicted secondary structure
above the sequence. The positions of a cross-link [Lee 2015] to subunit f- is indicated. The N-terminus of the
protein contains mostly α-helical secondary structure that is on the matrix-side of the protein. It is proposed
that the transmembrane α-helix of this protein corresponds to the transmembrane density that is coloured
forest-green in the models of the F-ATPase membrane domain shown in Fig. 4.1.1.

Any model must accommodate the observed cross-link between the N-termini of the f- and gsubunits. It is also possible that the e- and/or g-subunit sequences in the highly curved region
may form non-canonical inner membrane secondary structures, as was observed for the asubunit, given the unique membrane environment that harbours them.

It is suggested that the IMS protrusion is formed by the e-subunit. Secondary structure
predictions for the e-subunit show that it contains a 61 residue, continuous α-helical structure,
that represents almost the entire protein, with a transmembrane span in its N-terminal region.
Though the probabilities for this trans-membrane span are low (ca. 0.2), assigning the
membrane extrinsic density of the IMS protrusion to the C-terminus of the e-subunit, with an
N-terminal, single transmembrane span anchoring it to the membrane, is consistent with a
cross-link observed between residue K47 to K85 in the C-terminal region of subunit f. The
K47 residue of the e-subunit is approximately 20 amino acids C-terminal to the predicted
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Figure 4.1.5 – The secondary structure and predicted transmembrane α-helix of the e-subunits from B. taurus,
P. angusta and Y. lipolytica. The sequence of the e-subunits, annotated with the transmembrane span (red box)
and the predicted secondary structure above the sequence. The positions of cross-links [Lee 2015] to other
membrane subunits are indicated, for the bovine sequence. The bovine protein is almost entirely α-helical, with
an N-terminal transmembrane span, and an elongated α-helical structure that extends out into the IMS, where
it is able to cross-link to the f- and 6.8 kDa PL-subunits, towards the c-ring. The fungal sequences do not
appear to contain a continuous α-helical structure like the bovine protein.

transmembrane span, and assigning the e-subunit to the IMS protrusion places its location
close to the membrane extension of the f-subunit. Based on the intermediate resolution
information concerning the IMS protrusion, it is proposed, tentatively, that its function is to
make contact with the bottom of the c-ring, at the axis of rotation, and that it may provide an
axel around which the c-ring rotates. Also, it might help keep the c-ring in contact with the a142

subunit and prevent it from wandering under the inertial force of its own rotation thereby
helping to ensure that the pmf remains coupled to ATP synthesis. A few possibilities present
themselves from the secondary structure predictions. Firstly, that the two residue, non-helical
overlap that is closest to the c-ring, forms a kind of turn or loop structure that would sit just
inside, or under, the inner annulus of the ring of c-subunits somewhat like spherical bearings
designed for high misalignment applications. The second is that this sequence actually inserts
into the cavity, and the c-ring rotates around it, possibly facilitated by the presence of lipids. It
is interesting to note that the IMS protrusion of the Y. lipotlyica complex does not appear to
extend directly toward the c-ring, rather it extends straight down into the IMS. This could
suggest that the proposed bearing and locator function is incorrect, as it might be expected to
persist in all enzymes that possess orthologues of the e-subunit. However, a similar analysis of
the secondary structure of the e-subunit in P. angusta, and the related Y. lipolytica, shows that a
slightly modified structure in the IMS protrusion of these enzymes could still perform the same
function. The α-helical content of the fungal e-subunits is not continuous, as it is in the bovine
case, and instead is interrupted by an unstructured sequence of 10-15 amino acids. In the Y.
lipolytica sequence, there is a short β-strand predicted in the centre of this interrupting sequence.
Therefore, it is possible that the distal α-helix folds back on its self, with the extended loop and
central β-strand structures situating under the c-ring. This is supported by the cryo-em density
of the IMS protrusion in the Y. lipolytica enzyme, which is wider at its end, and appears to show
a narrow density connected to the c-ring, though it must be stressed that interpreting this
density is tenuous at the stated resolutions. It is possible that the alternate structures of the esubunit and IMS protrusion are related to the different numbers of c-subunits in the fungal
enzymes, which possess c10 rings, whereas the bovine and other vertebrates have c8 rings
[Walpole 2015].
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4.1.4 Newly identified α-helical density in the membrane domain – DAPIT and 6.8 kDa PL

With the above attributions made, only two F-ATPase membrane proteins remain to be
assigned; DAPIT and 6.8 kDa PL. They are both relatively small proteins (57 and 60 amino
acids, respectively) each containing a single predicted transmembrane span (Fig. 4.1.6). The Cterminal regions have been observed to cross-link to one another, and the 6.8 kDa PL
additionally cross-links to the C-terminal region of the f-subunit and the e-subunit IMS-side
extensions. These cross-links define their topology in the membrane (i.e. with their N-termini
on the matrix-side). It is also consistent with either being assigned to the region of the newly
identified transmembrane density in the maps, described in Fig. 3.6.9. However, a closer
inspection of their sequences, and a comparison with the fungal i/j-subunit, which was
previously assigned to a similar density in the cryo-em map of the Y. lipolytica dimer, in addition
to other biochemical evidence garnered in the laboratory, allows for a more satisfying proposal.
Whilst the global sequence similarity between the DAPIT and i/j proteins is low, both contain
a similar motif in the N-terminus, that is situated just before, or around the point of entry of,
the predicted transmembrane span (Fig. 4.1.6). This region of sequence is located close to the
loop connecting α-helices 4 and 5 of the a-subunit (indicted in Fig. 4.1.1), with which it
probably interacts. The motifs are not identical, but they are both characterised by bulky, nonpolar side chains and lysine residues in the pattern of; shorter, non-polar (V/I)-charged (one or
two K)-large, aromatic (YF/YYW) before continuing into predicted transmembrane α-helices
that are unrelated in sequence. It is therefore suggested that this novel density can be assigned
to the DAPIT-subunit, and that, whilst the fungal i/j-subunit and mammalian DAPIT
sequences are divergent, they may perform similar functions related to their location in the
membrane and their proximity with the mentioned loop in the a-subunit. Additionally,
experiments in which the DAPIT gene has been disrupted in human cell lines and the residual
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Figure 4.1.6 – The secondary structure, predicted transmembrane α-helix and sequence alignment of the
DAPIT-subunit from B. taurus and the i/j-subunit from P. angusta, and the sequence an secondary structure
prediction of the 6.8 kDa PL-subunit. The sequence of the subunits, annotated with the transmembrane span
(red box) and the predicted secondary structure above and below the sequence. The positions of cross-links
[Lee 2015] to other membrane subunits are indicated, for the bovine sequence. The DAPIT and i/j-subunits
have predicted transmembrane spans in similar positions, that include, or are bridged by, a similar pattern of
amino acids, indicated with a black box, that would be in contact with the loop region connecting α-helices 4
and 5 of the a-subunit if assigned to the novel density in the bovine cryo-em map.

F-ATPase characterised, showed that the only subunit affected was DAPIT itself, and the full
complement of other subunits was found to be associated with the residual enzyme complex
[He, Carroll, Ford, James, Ding, Fearnley, and Walker; unpublished results]. This suggests
that DAPITs membrane location is likely to be peripheral, and this is consistent with the
localisation proposed here [He et al.; unpublished work]. It is also easily lost during
solubilisation of the F-ATPase with detergents. These experiments showed that the oligomeric
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state of the F-ATPase complexes in DAPIT-null cell lines was significantly altered. First,
higher oligomers were observed in wild type cells but they were absent when DAPIT had been
removed. Second, only a small amount of dimer, of the residual F-ATPase, was observed, and
these migrated slightly faster on BN-PAGE gels. This is suggestive of a role in dimerization of
the complex, though the level of detail in the current maps of the membrane domain are not
sufficient to adequately explain how this would occur. A further, speculative, function is that it
may help to pin the curved a-subunit against the c-ring at a point distal to the bracing
interactions of A6L-, of the f-subunit and of the membrane-intrinsic α-helices of the peripheral
stalk. This suggestion might explain the presence of similar motifs in the fungal and bovine i/j
and DAPIT proteins, that may interact in a similar way with the a-subunit at this distal point.

The role of the 6.8 kDa PL-subunit is less clear. Though no additional, unaccounted for
densities were observed in the maps, it is likely, based on the cross-linking data, that the 6.8
kDa PL-subunit is located near to DAPIT, to the C-terminal region of the f-subunit and to
the end of the IMS protrusion of the e-subunit, in the “wedge” of apparently empty membrane
at the interface between monomers. This region could support/harbour interactions between
DAPIT, 6.8 kDa PL and the e- and g-subunits of the adjacent monomer, if 6.8 kDa PL is
located there. This proposed localisation is shown in Fig 4.1.7, although this is only an
indication of the general region that could accommodate the observed cross-links. Unlike gene
disruption of the DAPIT-subunit, loss of 6.8 kDa PL in human cell lines leads to the formation
of an F-ATPase complex that has lowered levels of the a-, A6L- and DAPIT-subunits. Loss
of the DAPIT-subunit would be expected, if its assignment here is correct, but the loss of the
a- and A6L-subunits is more puzzling considering that they are not peripherally located in the
membrane and also share interactions with many other subunits. Further, subunits DAPIT-
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Table 4.1.1 – Disruptive effect of Fo domain supernumerary subunit ablation on human F-ATPase subunit
composition and oligomeric state. The subunit composition of F-ATPase immuno-purified from mutant
HAP1 cells was determined by a combination of quantitative mass spectrometry and qualitative examination
of SDS/PAGE subunit profiles. The oligomeric state was visualised by BN-PAGE and Western blotting.
[He, Carroll, Ford, James, Ding, Fearnley and Walker; unpublished data]

Gene disrupted
ATP5I

Subunit Monomer Dimer Oligomer
e

Yes2,3

None

None

Subunits lost1
e, f, g, 6.8PL, DAPIT, a,
A6L

ATP5J2

f

Yes3

Faint

None

f, 6.8PL, a, A6L,
(DAPIT)

ATP5L

g

Yes2,3

None

None

e, f, g, 6.8PL, DAPIT, a,
A6L

C14orf2

6.8PL

Yes3

Faint

None

6.8PL, (DAPIT), (a),
(A6L)

USMG5

DAPIT

Yes

Faint4

1

subunits in parentheses are only partially lost.

2

monomer appears smaller than the normal monomer band.

3

significant levels of F1-c8 subcomplex also observed.

4

DAPIT dimer appears smaller than the normal dimer band.

None

DAPIT

and 6.8 kDa PL- were unlikely to be present in the complex when the monomeric bovine
enzyme was studied by cryo-em, as it was prepared in the absence of phospholipids. Yet, the aand A6L-subunits are clearly present in the maps. This could be taken to suggest that the 6.8
kDa PL-subunit is somehow required for the integration of the a- and A6L-subunits into the
complex during its biogenesis, but that once full assembly has occurred (and, for example, the
enzyme is purified chromatographically), loss of the 6.8 kDa PL-subunit, by some biochemical
effect, is possible without further consequence, other than to also cause dissociation of the
DAPIT subunit. Analysis of the residual F-ATPase complexes in 6.8 kDa PL-null cell lines
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showed that the complex was predominantly monomeric, with only a small amount of the dimer
remaining. Significant levels of the F1-c8 subcomplex were also observed, suggesting that the
peripheral stalk is partially disrupted in the absence of 6.8 kDa PL-, A6L- and a-subunits. This
effect is probably also consistent with a role in assembly, and possibly dimer stability, though
this could be explained by the concomitant reduction in the DAPIT-subunit in the residual FATPase complex. Table 4.1 summarises the effect of gene disruption of subunits e-, g-, f-, 6.8
kDa PL- and DAPIT-, in human cell lines, on the oligomeric state of the complex, the presence
of subcomplexes and the subunit composition.

Untangling the specific contributions of subunits such as DAPIT-, 6.8 kDa PL-, f-, e- and gto functions of dimerisation, oligomerisation, order of assembly and stability in the membrane
domain will require more work, and it must also be considered that some of these functions
could involve any or all of these subunits in tandem, relying on their specific relative
organisation in the membrane. At present, the current information regarding the subunit
arrangement in the F-ATPase membrane domain, and the architecture of the dimer interface,
is not sufficient to confidently explain the result of the gene knock outs and their effects on the
F-ATPase complex, in a structural sense. The simplest corollary is, that disruption of any
protein, whether that is associated with, or caused by, the loss of other subunits, in the region
of the membrane that encompasses the e-, g-, 6.8 kDa PL and DAPIT-subunits in the dimer,
will severely affect the architecture of the enzyme, which these proteins probably play significant
roles in maintaining, whatever those may be. By extension, this also affects the presence of
oligomers and the structure of the inner membrane cristae, as has been observed in the
mitochondria of yeast that lack the e- and g-subunit genes. The subunit compositions of the
F-ATPases were not characterised in these cells. However, they are likely to have contained
residual F-ATPase complexes that had additionally lost other subunits as a result of the gene
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Figure 4.1.7 – Mapping cross-linking data to the current model of the membrane domain of the bovine FATPase and the proposed locations of the DAPIT- and 6.8 kDa PL-subunits. Subunits are labelled according
to their proposed assignments, and cross-links, predicted transmembrane spans and membrane topology are
shown according to [Lee 2015]. Where subunit assignments are less confident, i.e. for the DAPIT- and 6.8
kDa PL-subunits, the cross-links are shown as dashed lines. The schematic N- or C-terminal extensions, as
well as the indicated cross-links are not positionally accurate, or to scale w.r.t. the maximum length of the
cross-linker, but help to visualise the spatial relationship between the observed cross-links given the current
model of the membrane domain. Subunits are coloured as follows: a- (cornflower blue), A6L-, (brick red), b(pink), e-, (coral orange) and g- (forest green). The location of the novel transmembrane density assigned to
DAPIT is indicated with a red box (see Fig. 3.6.9 for details).
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disruptions, as is observed in the human enzyme. A more complete picture of the unresolved
regions in the membrane domain, particularly the precise locations, topologies and interactions,
including any membrane extrinsic sequences, of the DAPIT- and 6.8 kDa PL-subunits will
help to clarify their specific functions.

4.2 Barriers to high-resolution structure determination of dimers of F-ATPase and possible
solutions to overcome them

Although the cryo-em maps and models described in this thesis represent a significant effort of
single particle analysis, and indeed, required several thousands of gigabytes of image data,
representing hundreds of thousands of particles and considerable processing time, the final
resolution remains stubbornly in the region of 6-7 Å. Despite the new information afforded by
these maps and their analysis, the majority of the conclusions derived from them are still
tentative, and it cannot be excluded that some of them may be incorrect. Considering the
amount of data required just to reach this point, and the fact that many high-resolution
structures have been reconstructed from many fewer particles, it is germane to consider why
this may be so.

4.2.1 Extreme conformational heterogeneity

First, and probably most significant, is the large degree of conformational heterogeneity
associated with the F-ATPase, which is intrinsic to the functioning of this enzyme. Its very
nature requires many moving parts, which cannot always be discretised into neatly separate
structures, particularly when those parts move continuously. Considering only the monomeric
case, at least three rotational states are expected, and, as has been demonstrated [Zhou 2015,
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Vinothkumar 2016], each of them contains several substates. Even those may not fully represent
all of the nuanced conformational heterogeneity that is apparent as the F-ATPase cycles
through its catalytic substeps. Considering the dimeric molecule, at least nine states, and each
of their substates, would be expected assuming that the assembly demonstrates true C2
symmetry. This level of heterogeneity represents a substantial challenge for single-particle
analysis, despite the fact that many advances have been made for dealing with this
computationally. Then, consider the fact that the rotational state is likely to be independent in
each monomer, and the dimer is therefore not truly rotationally symmetric; the number of
expected states, each with their own substates, increases again to 18. Also, the monomermonomer angle, measured at the intersection of the 3-fold axes of pseudo-symmetry in the F1
domain, varies, as this work has shown, over a range of up to 10°, in an apparently continuous
fashion. Thus, it was unlikely that whole molecule refinements of the dimer, with this kind of
data, would achieve a resolution higher than those demonstrated here. It was for this reason,
that focussed refinements and classifications were employed, and proved to be absolutely
necessary, during the image processing work-flow that led to the described maps. Despite the
focussed classification schemes, and apparently sorting the data into homogeneous subsets, to
some degree at least, a second effect was also observed that changed the prospective outcome
of the processing efforts. That is, as more particles were collected and were introduced to the
processing work-flow, the cumulative gain in resolution began to diminish, eventually
plateauing. This effect has been observed for other membrane proteins of similar, and smaller,
sizes [Kutti R. Vinothkumar, James Blaza, Chanievan Thangaratnarajah; personal
communication] and is currently not well explained. In this case at least, it is likely that
heterogeneity is still apparent in the particle subsets, and additional classification may improve
the maps. This is evidenced by the high B-factors associated with each of the final
reconstructions. If the B-factors fail to improve with more thorough classifications, at a given
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resolution, then it could be concluded that the images themselves are faulty. For example,
because global micrograph motion had not been adequately corrected, or the electron dose was
too low. If the resolution-dependent fall-off in signal in the micrographs is too severe, then
subsequent processing will suffer as a result, failing to accurately restore the high-resolution
information in the micrographs. This envelope is affected by several factors, including the
properties of the microscope and its detector, but also stage-drift and beam induced particle
motion. Whilst the global motion was corrected in the micrographs used for this work, it has
not yet been investigated at a per-particle level due to time and computational resource
constraints.

4.2.2 Accurate modelling of particle motion and B-factor weighting for increased signal-to-noise ratio

Therefore, additional processing is required to determine what the precise resolution limit of
these data are, by accounting for per-particle motion and additionally by applying resolutiondependent weightings to each of the dose-fractionated frames in the data. This can be achieved
by calculating individual frame reconstructions to assess relative particle motions between each
frame, assessing the B-factors in each reconstruction to model radiation damage and other
beam exposure effects, and correcting for them. This process has the effect of improving the
signal-to-noise ratio in the particle images, which can improve alignment accuracy during
refinement, and also improve classifications. In the RELION software package, the procedure
is called “movie refinement” and “particle polishing”, and, at the time of writing, this procedure
is being applied [Scheres 2014a]. For large numbers of particles, the processing time is
considerable, and additional constraints are imposed by the need to expand particle stacks from
a single, averaged particle image, out to each of the unaligned dose-fractionated frames. This
frame-stack expansion has the effect of increasing the necessary storage space of the particle
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data by a factor equal to the number of movie frames. Each of the four particle sets, representing
the average monomer, and three rotational states are being processed in sequence, rather than
in parallel, to accommodate this storage requirement. It is likely that this procedure will improve
the quality of the maps, and may allow additional detail to be resolved in the membrane domain.

4.2.3 Electron-counting detection modes for improved DQE

As it is unlikely that collecting yet more data will help, due to the observed plateau in resolution,
a second approach has been to change the data collection methodology to take advantage of
further advancements to direct electron detectors and, specifically, the electron-counting mode
of the Falcon III camera. Given that modifications to grid preparation, i.e. the presence of
EDTA and Brij-35, improved the particle distribution and density, the sampling rate can also
be increased to 1.4 Å/pix without severely impacting the number of useful particles per image.
It is hoped that the improved DQE of the detector in electron-counting mode will reduce the
number of particles required, per individual state of the complex, for a higher resolution
structure. Whilst classification schemes to sort the data, and the use of focussed masks, will still
be necessary, dealing with smaller data-sets should be faster, and less cumbersome, also. It is
possible that, provided stage-drift and other movements during the longer exposure times
required for electron counting are accurately corrected for, particles and reconstructions
calculated from counting-mode data will not be subject to the mentioned plateau effect. A data
set of ca. 800 images of the bovine dimer prepared in vitreous ice, imaged with a Titan Krios
electron-microscope, equipped with a Falcon III direct electron detector, operated in electroncounting mode, at a sampling rate of 1.4Å/pix, has been collected and is awaiting processing.
If the data are promising, larger data sets will be collected.
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4.2.4 Simplify the problem by removing sources of heterogeneity biochemically

Biochemical techniques have been employed as an attempt to remove sources of heterogeneity
in the complex by focussing in on the membrane domain. The F1 domain has been removed by
treating sub-mitochondrial particles with guanidine hydrochloride, and the remaining
membrane embedded Fo domain has been purified, as described in Section 3.3.2. This
simplification should reduce the number of conformations and focus classifications on
conformational difference in the membrane domain itself, which are likely to be subtler. This
approach has been successful the Vo domain of yeast, which can be prepared by altering the
growth conditions of the media before extraction and chromatographic purification of the
vacuolar proteins [Mazhab-Jafari 2017]. The authors claim a resolution of 3.9 Å. However,
despite improvement of the chromatographic purification, preliminary studies of the negatively
stained Fo complex showed that the preparation is heterogeneous. It appears that the c-ring has
dissociated in some particles. Also, the major product migrates as a doublet in BN-PAGE gels,
and only a small fraction migrates to the estimated position of dimeric Fo. Further biochemical
investigation is needed, as is investigation of frozen hydrated particles to confirm the findings
of the negative stain microscopy. These investigations include screening of detergent conditions
to minimise or prevent the loss of the c-ring. It is possible that the use of inhibitors that bind
to the c-ring, such as oligomycin and DCCD, may also help to stabilise it. Additionally, the
use of inhibitors could act to reduce the impact of small rotations of the c-ring that have been
observed in cryo-em reconstructions, allowing it to settle into a single conformer that is not
influenced by the central stalk and catalytic state of F1. Secondly, as part of this detergent
screening, it may be possible to identify conditions in which the dimeric Fo subcomplex can be
purified. This approach serves two purposes. First, it helps to ensure that the complement of
membrane subunits remains intact, and that their organisation in the membrane is unaffected
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by loss of dimer contacts, as in monomeric Fo. Second, it increases the size of the overall
molecule for study by cryo-electron microscopy. Whilst the monomeric Fo subcomplex is
probably within the current limits of size for reconstruction by single particle analysis, studying
the complex as a dimer mitigates some of the problems associated with the reconstruction of
small particles. In particular, it should make particle alignment more robust, due to the distinct
low-resolution shape of the bi-lobed membrane domain of the dimer. It would also have the
benefit that, in the event that the resolution of the reconstructions improves, information
concerning the dimer interface is maintained. However, it is obviously worth noting, that doing
so may reintroduce some of the variation in monomer-monomer angle that has hindered
progress so far. For this reason, it will also be investigated whether the use of phospholipidcontaining nanoparticle systems, in particular the saposin-A lipoprotein particle systems
described in [Frauenfeld 2016], will help to; a) reduce the variation in monomer-monomer
angle by providing a more native-like lipid membrane environment, without the presence of
detergent, and b), improve the overall stability of the complex, particularly the association of
the c-ring, for the same reason.

To facilitate the successful purification of the Fo subcomplex, and identification of suitable
conditions for its stability in solution, an affinity-style purification procedure, similar to that
used for purifications of the intact complex with the inhibitor protein, is proposed. Experiments
with the peripheral stalk subunits of the F-ATPase complex demonstrated that it was possible
to reconstitute a subcomplex composed of peripheral stalk subunits b-, d- and F6 with the F1
moiety, provided that the OSCP-subunit was present [Collinson 1994]. Considering this, and
the fact that OSCP is mostly removed from the intact complex during guanidine treatment, it
is possible that a recombinant, affinity-tagged, OSCP protein could be used to isolate the Fo
subcomplex, from partially pure Q-Sepharose eluates like those described in Section 3.3.2, or
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even directly from detergent extracts of guanidine treated membranes, with high specificity. A
recombinant sequence has been designed for this purpose, and its construction, expression,
purification and testing as an appropriate affinity tag, is underway.

4.3 Perspectives

Although a picture of the structure of the membrane domain of the F-ATPase is slowly
building, high resolution information, apart from the c-ring, is still lacking, as is definitive
evidence of the location of some supernumerary subunits, as described here, and their functions.
Clearly, there is still much work to be done. In the first instance, it is possible that the additional
processing steps to account for particle motion and radiation damage in the current data, and
perhaps some further classification of the rotational substates, will help to extract any remaining
information in these data. It remains also to assess the utility of electron-counting data
collection modes for this sample. Additionally, efforts toward cryo-electron microscopy of the
bovine Fo subcomplex are progressing and this alternate approach may prove to be fruitful. The
quickly advancing pace of the field of single particle analysis by cryo-electron microscopy should
not be discounted either. Continued improvements to detector technologies are highly likely,
as are computational techniques for processing extremely heterogeneous data. It may one day
be possible to resolve all of the states of the F-ATPase complex in a single experiment, and
even reveal details of transient or continuous conformations of the enzyme during its rotary
cycle that would otherwise be inaccessible by a crystallographic approach. Separately, work is
being carried out that assesses the impact of gene disruption of each of the F-ATPase subunits
on the subunit composition and oligomeric state of the complex in human cell lines, some of
which have been described briefly here. These data, in combination with current structural
information, have been useful for proposing a variety of functions for the supernumerary
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subunits, and some of their complex interactions, and will likely continue to do so. Similarly,
the cross-linking data that had helped to improve the confidence of several of the subunit
assignments described here, was also highly useful. Given that it is now possible to purify a
variety of oligomeric complexes of the bovine F-ATPase, cross-linking studies of the dimer,
and of the higher oligomers, have been carried out by the author and the data are awaiting
processing. It is hoped that this approach will identify cross-links specific to the dimeric
complex, and to the oligomeric complex, that will provide valuable information about the spatial
relationships of the membrane subunits in each of these oligomeric states. As these strands of
enquiry progress together, a comprehensive understanding of this intricate and fascinating
complex should emerge.

157

4.4 Addendum

Subsequent to the submission of this thesis a paper entitled “Atomic model for the dimeric Fo
region of mitochondrial ATP synthase” was published by the research group of John L.
Rubinstein in which a structure of the membrane domain of the dimeric Fo-subcomplex isolated
from S. cerevisiae, determined by cryo-electron microscopy and image processing at a resolution
of ca. 3.6 Å, was described [Guo 2017]. Considering the presence of some side chain details,
the resolution of the published maps allowed the authors to assign all of the subunits of the
fungal enzyme with a relatively high degree of confidence. After analysis of the newly proposed
subunit assignments for the fungal enzyme within the context of the work described in this
thesis it is pertinent to acknowledge that some incorrect subunit assignments were made for the
bovine complex. Though the assignments proposed in this thesis were the best logical
candidates considering the data available at the time, the newly published structure allows for
a reinterpretation of the organisation of the membrane domain of the bovine enzyme. This
reinterpretation is described in the following figures, which include a re-segmented map,
guided by the model of the F-ATPase membrane domain from S. cerevisiae, which details what
are now considered to be the correct subunit assignments for the F-ATPase.

Briefly, the first transmembrane α-helix of the b-subunit was reassigned to the density ascribed
to the g-subunit in this work. Re-segmentation of the density in this region, i.e. the region
previously assigned to the e-subunit, highlighted the presence of an additional α-helix that was
poorly defined in the density. This α-helix was identified as the single transmembrane span of
the g-subunit, leaving the rest of the helical density in this region attributed to the e-subunit,
which had been correctly assigned. In addition, the membrane extrinsic regions of the gsubunit, which, whilst not modelled previously, but were suggested to form amphipathic helices
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Figure 4.1.8 – The organisation and subunit assignments in the bovine F-ATPase membrane domain. a) the
left panel details the subunit assignments made in this work, which are compared with a re-segmented map,
guided by newly published data, that details the reinterpreted subunit assignments as per [Guo 2017] (right
panel). b) shows a cut-away view of the membrane domain that highlights the role of the first transmembrane
α-helix of the a-subunit in mediating dimerisation of the complex. This had not originally been appreciated.
The additional density included in the 6.8 kDa PL-subunit assignment is also shown, which is likely to make
contact with its protomer in the adjacent dimer, and therefore may also provide interactions that stabilise the
interface between them. The subunits are labelled according to their assignments and are coloured as follows:
a- (cornflower blue), A6L- (brick red), b- (pink), c8- (grey), d- (orange), DAPIT- (red box), e- (coral orange),
g- (forest green) and 6.8 kDa PL- (deep teal).

159

Figure 4.1.9 – The organisation and subunit assignments in the bovine F-ATPase dimer. The segmented
densities in the membrane domain are labelled according to their newly proposed subunit assignments, where
appropriate, to highlight the relative organisation of the membrane domain subunits in the dimer. Subunits
are coloured as follows: a- (cornflower blue), A6L- (brick red), b- (pink), c8- (grey), d- (orange), e- (coral
orange), g- (forest green) and 6.8 kDa PL- (deep teal).
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that situated in the plane of the membrane, were indeed shown to do so in the S. cerevisiae
model. Whilst the density for this region is poor in the maps described here, and was originally
disregarded as part of the detergent micelle, it can be included as part of the g-subunit by
comparison with the fungal structure. The density originally described as the first
transmembrane α-helix of the b-subunit was reassigned as the f-subunit. In the yeast structure,
this assignment was made based on sequence comparisons with patterns of side chain density
and is therefore likely to be the correct assignment, however, it is worth noting that the observed
crosslink (detailed in Figure 4.1.7) between the N-terminal, matrix extension of the f-subunit,
to the matrix extrinsic region of the g-subunit immediately as the protein exits the membrane
cannot be reconciled with this assignment. Finally, the 6.8 kDa PL-subunit was assigned to the
region previously described as the f-subunit. Re-segmentation of this destiny also included a
short amphipathic helix on top of the membrane on the matrix side that, similar to the gsubunit membrane extrinsic density, was disregarded as part of the detergent micelle. Inclusion
of this additional density is consistent with the secondary structure predictions for the 6.8 kDa
PL-subunit, which are detailed in Figure 4.1.6.
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Appendix I
Software and scripts

163

Software
Software

Version

Use

Reference

URL

RELION

1.4,
2.0.6,
2.1-betab1

Single
particle
analysis

[Scheres
2012a: Scheres
2012b]

https://www2.mrclmb.cam.ac.uk/relion
/index.php/Main_Page

CTFFIND4

4.0.16

CTF
estimation

[Rohou 2015]

http://grigoriefflab.
janelia.org/ctffind4

UNBLUR

1.0.2

Micrograph
motion
correction

[Brilot 2012;
Campbell
2012]

http://grigoriefflab.
janelia.org/unblur

Chimera

1.11.2

Molecular
graphics

[Petterson
2004]

https://www.cgl.
ucsf.edu/chimera/

MacPyMOL

1.8.4.0

Molecular
graphics

-

https://pymol.org/2/

SeggeR

1.2

Map
segmentation

[Pintilie 2009]

https://www.cgl.ucsf.edu
/chimera/data/segger2010/
seggerweb/home.php

EMAN

2.0

Single
particle
analysis

[Tang 2007]

http://blake.bcm.edu
/emanwiki/EMAN2/

Table I.1 – List of software used in this thesis. References are given, where applicable. URLs are given to direct
the reader to download sources and are online as of Sept 2017.
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Scripts
star_file_orientation_plotter.py
-------------------------------------------------------------# This is a little script for making a nice heat graph of the orientations
of a particle
# after 3D classification or 3D autorefinement in Relion.
# It requires Python-3 and matploblib to function.
# Typically it should automatically find the relevent headers in the star
file
# It is currently set up to show tilt and rotation, psi (in-plane rotation)
should not
# have a strong correlation in most cases, but may be worth checking.
import matplotlib.pyplot as plt
# Inputting data #
# Put in the full file path to be sure that python can find it, unless you
are running
# from the folder that the .star file is in
# e.g. /data/complex_ib/jnb31/Pier_Mouse_30Jan17/Refine3D/Pol_fr415_2_5_100_ref/run_ct25_data.star
file_name = 'name_of_file.star'
raw = open(file_name, 'r')
input_data = raw.readlines()
raw.close()
headers = []
loops = []
data = []
for line in input_data:
if line[0:3] in '_rln':
tup = (line.split()[0], line.split()[1]);
headers.append(tup)
elif line[0:5] in ['data_','loop_']:
loops.append(line)
elif line[0] in ['\n']:
pass
else:
data.append(line)
AngleRot = '_rlnAngleRot'
AngleTilt= '_rlnAngleTilt'
AnglePsi = '_rlnAnglePsi'
# This returns the ***pythonic*** column number (ie starting at 0)
def get_header_number(list_of_headers, column):
for header in list_of_headers:
if header[0] in column:
return (
int( (header[1])[1:] ) -1 )
rot_number = get_header_number(headers, AngleRot)
tilt_number = get_header_number(headers, AngleTilt)
psi_number = get_header_number(headers, AnglePsi)
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values_Rot = []
values_Tilt = []
values_Psi = []
for line in data:
try:
values_Rot.append(float(line.split()[rot_number]))
values_Tilt.append(float(line.split()[tilt_number]))
values_Psi.append(float(line.split()[psi_number]))
except:
print ('This line didnt work, it may just be a blank space. The
line is:' + line)
# Change the values here if you want to plot something else, such as psi.
# You can also change how the data is binned here.
plt.hist2d(values_Rot, values_Tilt, bins=25,)
plt.colorbar()
plt.show()
plt.savefig('name_of_output.png')

---------------------------------------------------------------------------------------------
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Appendix II
Orientation distributions
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Figure II.1 - Orientation distribution of particles in state1. The lower right shows a heat-plot of the
correlation between the Tilt and Rotational angles in the refined particle orientations, and the number of
particles with those orientations. The figure was created using the star_file_orientation_plotter.py script given
in Appendix II. In plane rotation, psi, is not plotted. The other panels map the numbers of particles in each
orientation to the structure. The Z-axis is oriented, in the top panels, vertically in the plane of the page. It is
oriented into the plane of the page in the lower left.
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Figure II.2 - Orientation distribution of particles in state2. The lower right shows a heat-plot of the
correlation between the Tilt and Rotational angles in the refined particle orientations, and the number of
particles with those orientations. The figure was created using the star_file_orientation_plotter.py script given
in Appendix II. In plane rotation, psi, is not plotted. The other panels map the numbers of particles in each
orientation to the structure. The Z-axis is oriented, in the top panels, vertically in the plane of the page. It is
oriented into the plane of the page in the lower left.
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Figure II.3 - Orientation distribution of particles in state3. The lower right shows a heat-plot of the
correlation between the Tilt and Rotational angles in the refined particle orientations, and the number of
particles with those orientations. The figure was created using the star_file_orientation_plotter.py script given
in Appendix II. In plane rotation, psi, is not plotted. The other panels map the numbers of particles in each
orientation to the structure. The Z-axis is oriented, in the top panels, vertically in the plane of the page. It is
oriented into the plane of the page in the lower left.
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Figure II.4 - Orientation distribution of particles in the whole molecule, c1 symmetry, refinement. The lower
right shows a heat-plot of the correlation between the Tilt and Rotational angles in the refined particle
orientations, and the number of particles with those orientations. The figure was created using the
star_file_orientation_plotter.py script given in Appendix II. In plane rotation, psi, is not plotted. The other
panels map the numbers of particles in each orientation to the structure. The Z-axis is oriented, in the top
panels, vertically in the plane of the page. It is oriented into the plane of the page in the lower left.
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Appendix III
Fourier Shell Correlation plots
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Figure III.1 – Fourier Shell Correlation plots for the state1, state2, state3 and whole molecule c1 maps. Plots
are of correlation between two independently refined half-maps according to gold standard procedures. The
plots show the FSC corrected for the effects of the solvent mask, for the masked and unmasked maps, and the
phase randomised maps used to deconvolute the effects of the solvent mask.
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Appendix IV
Transmembrane secondary structure predictions
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Figure IV.1 – Transmembrane HMM posterior probabilities for the DAPIT-, 6.8 kDa PL- and A6Lsubunits of the bovine F-ATPAse. Predictions were made using the TMHMM Server v. 2.0 hosted at
www.cbs.dtu.dk/services.TMHMM/ . Protein sequences can be found in Appendix VI.
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Figure IV.2 – Transmembrane HMM posterior probabilities for e-, f- and g-subunits of the bovine FATPAse.
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www.cbs.dtu.dk/services.TMHMM/ . Protein sequences can be found in Appendix VI.
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Appendix V
Helical wheel plots
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Figure V.1 – Helical wheel plots for the predicted α-helices of the g-subunit. a), b) and c) are the plots for αhelices 1, 2 and 3, respectively. Hydrophobic residues are red, hydrophilic are blue. Plots were generated using
the tool at www.kael.net/helical.html, created by Kael Fischer.
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Appendix VI
Bovine F-ATPase protein sequences
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>generic|P19483|ATP0_BOVIN ATP SYNTHASE ALPHA CHAIN HEART ISOFORM (subunitalpha)
QKTGTAEVSSILEERILGADTSVDLEETGRVLSIGDGIARVHGLRNVQAEEMVEFSSGLKGMSLNLEPDNV
GVVVFGNDKLIKEGDIVKRTGAIVDVPVGEELLGRVVDALGNAIDGKGPIGSKARRRVGLKAPGIIPRISVR
EPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTSIAIDTIINQKRFNDGTDEKKKLYCIYVAIGQKRSTVAQL
VKRLTDADAMKYTIVVSATASDAAPLQYLAPYSGCSMGEYFRDNGKHALIIYDDLSKQAVAYRQMSLLLR
RPPGREAYPGDVFYLHSRLLERAAKMNDAFGGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLETELFY
KGIRPAINVGLSVSRVGSAAQTRAMKQVAGTMKLELAQYREVAAFAQFGSDLDAATQQLLSRGVRLTEL
LKQGQYSPMAIEEQVAVIYAGVRGYLDKLEPSKITKFENAFLSHVISQHQALLSKIRTDGKISEESDAKLKEIV
TNFLAGFEA

>generic|P00829|ATPB_BOVIN ATP SYNTHASE BETA CHAIN (subunit-beta)
AAQASPSPKAGATTGRIVAVIGAVVDVQFDEGLPPILNALEVQGRETRLVLEVAQHLGESTVRTIAMDGT
EGLVRGQKVLDSGAPIRIPVGPETLGRIMNVIGEPIDERGPIKTKQFAAIHAEAPEFVEMSVEQEILVTGIKV
VDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGNDLYHEMIESGVINLK
DATSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIPSAV
GYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRAIAELGIYPAVDPL
DSTSRIMDPNIVGSEHYDVARGVQKILQDYKSLQDIIAILGMDELSEEDKLTVSRARKIQRFLSQPFQVAEV
FTGHLGKLVPLKETIKGFQQILAGEYDHLPEQAFYMVGPIEEAVAKADKLAEEHS

>generic|P05631|ATPG_BOVIN ATP SYNTHASE GAMMA CHAIN (subunit-gamma)
ATLKDITRRLKSIKNIQKITKSMKMVAAAKYARAERELKPARVYGVGSLALYEKADIKTPEDKKKHLIIGVSS
DRGLCGAIHSSVAKQMKSEAANLAAAGKEVKIIGVGDKIRSILHRTHSDQFLVTFKEVGRRPPTFGDASVI
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ALELLNSGYEFDEGSIIFNRFRSVISYKTEEKPIFSLDTISSAESMSIYDDIDADVLRNYQEYSLANIIYYSLKEST
TSEQSARMTAMDNASKNASEMIDKLTLTFNRTRQAVITKELIEIISGAAALD

>generic|P05632|ATPE_BOVIN ATP SYNTHASE EPSILON CHAIN (subunit-epsilon)
VAYWRQAGLSYIRYSQICAKAVRDALKTEFKANAMKTSGSTIKIVKVKKE

>generic|P05630|ATPD_BOVIN ATP SYNTHASE DELTA CHAIN (subunit-delta)
AEAAAAQAPAAGPGQMSFTFASPTQVFFNSANVRQVDVPTQTGAFGILAAHVPTLQVLRPGLVVVHAE
DGTTSKYFVSSGSVTVNADSSVQLLAEEAVTLDMLDLGAAKANLEKAQSELLGAADEATRAEIQIRIEANE
ALVKALE

>generic|P13621|ATPO_BOVIN ATP SYNTHASE (subunit-OSCP)
FAKLVRPPVQIYGIEGRYATALYSAASKQNKLEQVEKELLRVGQILKEPKMAASLLNPYVKRSVKVKSLSDM
TAKEKFSPLTSNLINLLAENGRLTNTPAVISAFSTMMSVHRGEVPCTVTTASALDETTLTELKTVLKSFLSKG
QVLKLEVKIDPSIMGGMIVRIGEKYVDMSAKTKIQKLSRAMREIL

>generic|P02721|ATPR_BOVIN ATP SYNTHASE COUPLING FACTOR 6 (subunit-F6)
NKELDPVQKLFVDKIREYRTKRQTSGGPVDAGPEYQQDLDRELFKLKQMYGKADMNTFPNFTFEDPKFE
VVEKPQS

>generic|P13620|ATPQ_BOVIN ATP SYNTHASE D CHAIN (subunit-d)
AGRKLALKTIDWVAFGEIIPRNQKAVANSLKSWNETLTSRLATLPEKPPAIDWAYYKANVAKAGLVDDFE
KKFNALKVPIPEDKYTAQVDAEEKEDVKSCAEFLTQSKTRIQEYEKELEKMRNIIPFDQMTIEDLNEVFPET
KLDKKKYPYWPHRPIETL
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>generic|P13619|ATPF_BOVIN ATP SYNTHASE B CHAIN, MITOCHONDRIAL (subunit-b)
PVPPLPEHGGKVRFGLIPEEFFQFLYPKTGVTGPYVLGTGLILYLLSKEIYVITPETFSAISTIGFLVYIVKKYGA
SVGEFADKLNEQKIAQLEEVKQASIKQIQDAIDMEKSQQALVQKRHYLFDVQRNNIAMALEVTYRERLHR
VYREVKNRLDYHISVQNMMRQKEQEHMINWVEKRVVQSISAQQEKETIAKCIADLKLLSKKAQAQPVM

>generic|P00847|ATP6_BOVIN ATP SYNTHASE A CHAIN (subunit-a)
MNENLFTSFITPVILGLPLVTLIVLFPSLLFPTSNRLVSNRFVTLQQWMLQLVSKQMMSIHNSKGQTWTL
MLMSLILFIGSTNLLGLLPHSFTPTTQLSMNLGMAIPLWAGAVITGFRNKTKASLAHFLPQGTPTPLIPML
VIIETISLFIQPMALAVRLTANITAGHLLIHLIGGATLALMSISTTTALITFTILILLTILEFAVAMIQAYVFTLLVS
LYLHDNT

>generic|P32876| ATP SYNTHASE C SUBUNIT (subunit-c)
DIDTAAKFIGAGAATVGVAGSGAGIGTVFGSLIIGYARNPSLKQQLFSYAILGFALSEAMGLFCLMVAFLILF
AM

>generic|Q28852|ATPN_BOVIN ATP SYNTHASE G CHAIN (subunit-g)
AEFVRNLAEKAPALVNAAVTYSKPRLATFWYYAKVELVPPTPAEIPTAIQSLKKIINSAKTGSFKQLTVKEAL
LNGLVATEVWMWFYVGEIIGKRGIIGYDV

>generic|Q28851|ATPK_BOVIN ATP SYNTHASE F CHAIN (subunit-f)
ASVVPLKEKKLLEVKLGELPSWILMRDFTPSGIAGAFQRGYYRYYNKYVNVKKGSIAGLSMVLAAYVFLNY
CRSYKELKHERLRKYH
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>generic|Q00361|ATPJ_BOVIN ATP SYNTHASE E CHAIN (subunit-e)
VPPVQVSPLIKLGRYSALFLGMAYGAKRYNYLKPRAEEERRLAAEEKKKRDEQKRIERELAEAQEDTILK

>generic|P03929|ATP8_BOVIN ATP SYNTHASE PROTEIN 8 (subunit-A6L)
MPQLDTSTWLTMILSMFLTLFIIFQLKVSKHNFYHNPELTPTKMLKQNTPWETKWTKIYLPLLLPL

>generic|P14790|6.8 kDa mitochondrial proteolipid Bovine (subunit-68PL)
MLQSLIKKVWIPMKPYYTQAYQEIWVGTGLMAYIVYKIRSADKRSKALKASSAAPAHGHH

>generic|Q3ZBI7|USMG5 – DAPIT Bovine (subunit-DAPIT)
AGPEADAQFHFTGIKKYFNSYTLTGRMNCVLATYGSIALIVLYFKLRS

>generic|P01096|IATP_BOVIN ATPASE INHIBITOR (IF1)
GSESGDNVRSSAGAVRDAGGAFGKREQAEEERYFRARAKEQLAALKKHHENEISHHAKEIERLQKEIERH
KQSIKKLKQSEDDD
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