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ABSTRACT

Cytochrome ¢ oxidase (COX) is a component of the mitochondrial oxidative
phosphorylation system (OXPHOS) which is the principal source of ATP for the majority
of human tissues. The COX holo-complex is a homodimer of 13 different subunits,
encoded by both the nuclear and mitochondrial genomes (mtDNA), and contains metal
ions and haem A prosthetic groups. Disrupted biogenesis of the holo-complex is the
most common cause of COX deficiency. As genetic manipulation of human cells is
difficult, cells derived from patients with COX deficiency provide a valuable resource for
improving our understanding of COX biogenesis and COX deficiency.

This thesis is a comparative study of COX deficient fibroblasts derived from seven
patients with mitochondrial disorders of undetermined genetic origin, normal controls and
disease controls carrying mutations in mitochondrial tRNA genes or the COX assembly
factors SCO1 and COX10. The project was designed to answer two questions:

i) What are the molecular mechanisms behind the enzyme deficiency in the
patient cells?

i) What can this tell us about the biogenesis of the COX holo-complex?

Phenotyping of the cultures revealed distinct patterns of OXPHOS subunit expression
and confirmed that the COX defects were caused by disrupted biogenesis of the holo-
complex. Genotyping excluded the involvement of mtDNA and sequencing of the COX
assembly factor SURF1 identified mutations in four of the patients. Blue-native
polyacrylamide gel electrophoresis found that COX sub-complexes, which resembled
known assembly intermediates, accumulated in SURF1 and SCO1 mutant cells but not
those with COX70 mutations. This suggests that SURF1 and SCO1 function at a similar
point in COX biogenesis and supports the view that COX10 functions early in COX
assembly. The results are discussed in the context of our current understanding of COX
biogenesis and the causes of COX deficiency with emphasis on the molecular pathology
of SURF1 mutant cells.
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INTRODUCTION

PREFACE

This thesis deals with the biogenesis of cytochrome ¢ oxidase (COX) and how disruption
of this process leads to COX deficiency. To place COX in a functional context, Section 1
describes the OXPHOS. Section 2 provides an overview of the structure and function of
human COX. The biogenesis of COX is absolutely dependent on mtDNA gene
expression and mitochondrial protein import and these are covered in Sections 3 and 4.
What is known of the assembly of the COX holo-complex is covered in Section 5 along
with a description of control by epistasis of synthesis as a model of protein-complex
assembly. Finally, the causes and incidence of COX deficiency are covered in Section 6.

1 THE OXIDATIVE PHOSPHORYLATION SYSTEM (OXPHOS)

Mitochondria are the major metabolic organelles of eukaryotic cells. Processes which
depend upon them include amino acid synthesis, dNTP synthesis, haem synthesis, Fe-S
synthesis, lipid synthesis and steroid synthesis. In addition they are involved in apoptotic
signalling cascades and Ca** signalling. One of the most important functions of
mitochondria is the synthesis of ATP via an aerobic process called oxidative
phosphorylation which is the major source of ATP for most human cell types. Oxidative
phosphorylation describes the coupling of electron transfer, from NADH and FADH; to
O,, with the phosphorylation of ADP to generate ATP. The oxidative phosphorylation
system (OXPHOS), which carries out this function, is defined as a series of five integral
inner-membrane enzyme complexes and two associated mobile electron carriers (table
1). Under the strictest definition of the OXPHOS, electrons enter from either the matrix
pool of NADH via complex | or from the tricarboxylic acid cycle (TCA) via complex II-
bound FADH,' (figures 1A & 1B). They are then transferred through the redox centres of
these complexes to free co-enzyme Q in the mitochondrial inner membrane. Complex li|
accepts electrons from reduced co-enzyme Q (QH,) and transfers them to free
cytochrome c in the IMS. The oxidation of reduced co-enzyme Q in the inner-membrane
is dependent on complex 1l which couples this activity to proton pumping as part of the
Q-cycle'?. Cytochrome c oxidase (COX, complex IV) oxidises reduced cytochrome ¢ at
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its IMS face and in the final electron transfer step, transfers electrons to O, forming H;O.
The phosphorylation of ADP is coupled to the electron transfer chain via a chemiosmotic
proton circuit’. The free energy (AG) of exergonic electron transfer between redox
centres within complexes |, lll, and COX is harnessed to pump protons “uphill” out of the
mitochondrial matrix creating a proton gradient (ApH) across the inner membrane. In the
physiological environment of the cell, this creates an proton-electrochemical gradient
across the inner-membrane (Afiy,). The electrical potential across the inner-membrane
(Ay) which is a component of Afiy, drives complex V4 that acts as a conduit to allow
proton flow “downhill” back into the matrix. The energy released by the dissipation of
Afiy, is harnessed by complex V to synthesise ATP from ADP and P;.

Table 1 Components of the OXPHOS.

Complex Enzyme name and EC* number Respiratory chain redox centres
Complex | NADH dehydrogenase (EC 1.6.5.3) FMN, 6-8[Fe-S] centres
Complex Il Succinate dehydrogenase (EC FAD, 3[Fe-S] centres

1.3.99.1)
Complex Il Ubiquinol-cytochrome ¢ 2 haem B, Rieske Fe-S centre,
oxidoreductase (EC 1.10.2.2) haem C
Complex IV Cytochrome-c oxidase (EC 1.9.3.1) 2 haem A, 2 copper centres
Complex V F,F,-ATP synthase (EC 3.6.1.34) ---
Mobile carrier Location Respiratory chain redox centre
Co-enzyme Q Mitochondrial inner membrane Quinoid
Cytochrome ¢ Intermembrane space (IMS) Haem C

Key: * Enzyme Commission (International Union of Biochemistry)

The first four complexes and the mobile electron carriers of the OXPHOS constitute the
respiratory chain'. This is a chain of around 20 redox centres distributed between the
various components which transfer electrons from reducing equivalents to O,. The redox
centres of the respiratory chain can be divided into two groups i) quinoid structures such
as protein-bound FMN and FAD moieties and co-enzyme Q, and ii) transition metal
complexes such as haems A, B and C, iron-sulphur clusters and copper ions. The
direction of transfer of electrons through the respiratory chain is determined by the
overall difference in redox potential between centres and the movement of electrons
from one centre to another is described by an aspect of quantum mechanics called
electron tunnelling®. An impertant consequence of electron tunnelling in terms of
OXPHOS structure, is that the distance travelled between redox centres is always less
than 14 A. At distances greater than this, electron transfer rapidly becomes too slow to
sustain the physiological redox reactions which donate electrons to the respiratory chain.

Electron tunnelling is more or less impervious to changes in the intervening protein
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Figure 1A The principal sources of NADH supplying electrons to the OXPHOS via
complex I. Components of the OXPHOS are coloured pale green and denoted using
Roman numerals; C, is cytochrome-c; Q, represents co-enzyme Q and the Q-cycle. The
metabolite-permeant outer-membrane and impermeable inner-membrane are coloured
orange and the matrix in blue. Important membrane translocases and shuttles are
numbered as follows: 1, adenine nucleotide transporter (ANT); 2, phosphate carrier (P,C);
3, pyruvate carrier; 4, carnitine shuttle; 5, malate-aspartate shuttle -simplified to a single
cycle. Electron transfer from NADH to O, is shown in red. Proton pumping out of the matrix
by complexes |, Il and COX is shown in blue as is proton flow into the matrix via complex
V and proton symport by 2, 3 and 5. Important cytosolic sites of NADH oxidation are
highlighted in blue. Mitochondrial P450 systems are denoted in the bottom of the figure,
representing a form of non-respiratory oxygen consumption and a minor source of NAD*.
Abbreviations: PDH, pyruvate dehydrogenase complex; LDH, lactate dehydrogenase
complex; TCA, tricarboxylic acid cycle; B-oxidation, mitochondrial B-oxidation pathway; co-
A, co-enzyme-A.

IMS Cytoplasm

Glycolysis )

4 I NAD*
A P2 | —— _»DHAP
ACADS =3 eTFoH . G3P— 2

ACADM

NADH

Figure 1B Pathways of electron entry into the OXPHOS from FAD-linked sources. Colouring
is as in figure 1A. Pathways of electron transfer from FAD to co-enzyme Q are shown in red.
Cytosolic NADH oxidation by the glycerol phosphate shuttle is highlighted in blue. HGNC
names: ACADM, medium-chain Acyl-coA dehydrogenase; ACADS, short-chain acyl-coA
dehydrogenase; EFT, electron transferring flavoprotein; ETFDH, electron transferring
flavoprotein:quinol-oxidoreductase; GPD2, mitochondrial glycerol-3-phosphate
dehydrogenase; GPD1, soluble glycerol-3-phosphate dehydrogenase. Chemical abbreviations:
DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate.
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structures. Hence this “evolution tolerant” phenomenon has provided a rugged platform

for the diversification of electron transfer systems®.

The classical five complex definition of the OXPHOS is very much a product of the
research style of the 70s and 80s, the object of which was the fragmentation and
subsequent reconstruction of the minimum inner-membrane components of electron
transfer and ATP-synthesis. It provides an incomplete picture of electron transfer in vivo
and fails to take into account physiologically relevant associations between complexes.
Although complex Il is the only FAD-linked source of electrons in the classical definition
of the OXPHQOS, there are two other FAD-linked enzymes which transfer electrons to co-
enzyme Q (figure 1B). These are the electron-transfer flavoprotein dehydrogenase’
(ETFDH, 1.1) and the mitochondrial glycerol-phosphate dehydrogenase (GPDZ2), which
is part of the glycerol phosphate shuttle (1.2).

11 TRANSFER OF ELECTRONS FROM ETF

ETFDH is a 64 kDa protein that localises to the matrix face of the inner membrane. It
contains an FAD and an Fe-S cluster redox centres® and accepts electrons from a free
heterodimeric complex called the electron-transfer flavoprotein (ETF; ETFA, ETFB). ETF
is also FAD-linked and accepts electrons from at least nine FAD-linked dehydrogenases
found in the matrix’. The most notable of these are the medium and short-chain acyl-coA
dehydrogenases involved in B-oxidation (ACADM, ACADS). As each round of the
mitochondrial B-oxidation cycle® results in the production of one NADH which is oxidised
by complex | and an ETF-linked FADH,, ETFDH is a very significant source of electrons
for the OXPHOS. This is especially true in tissues such as cardiac muscle where B-

oxidation is a major source of energy®.

1.2 MAINTENANCE OF THE cYTOPLASMIC NAD*/NADH pooL

NADH generated from glycolysis and other cytosolic pathways cannot be oxidised
directly by complex | because the matrix NAD*/NADH pool is distinct from the cytosolic
pool and there are no mechanisms for transport of NADH across the mitochondrial inner
membrane'®. Two mechanisms exist for maintaining cytosolic NAD*/NADH ratios via
electron transfer to the OXPHOS; the malate-aspartate shuttle and the glycerol-
phosphate shuttle, both of which are linked to glycolysis. The malate-aspartate shuttle is
a complex system composed of a pair of substrate-linked inner-membrane antiporters,
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the a-ketoglutarate/malate antiporter and the aspartate/glutamate antiporter'’ (figure 1A).
Cytosolic and mitochondrial forms of malate dehydrogenase and aspartate-amino
transferase complete two interlinked cycles of oxidation and reduction resulting the
recycling of NAD" in the cytosol and oxidation of NADH in the matrix. The glycerol-
phosphate shuttle transfers electrons from cytosolic NADH to the respiratory chain at co-
enzyme Q"' (figure 1B). The shuttle is composed of two glycerol phosphate
dehydrogenases, one cytosolic (GPD1) and another on the outer-face of the inner-
membrane (GPD2). In most tissues, including brain, liver, skeletal and cardiac muscle,
the glycerol-phosphate shuttle does not play an essential role in ATP synthesis'®™. In
these tissues the malate-aspartate shuttle is the predominant mechanism for maintaining

cytosolic NAD*/NADH ratios.

1.3 MOLECULAR ORGANISATION OF THE OXPHOS

The mitochondrial matrix is extremely protein rich', containing an estimated 800 mg of
protein per ml. Such a crowded molecular environment tends to stabilise protein
associations and decrease the effectiveness of diffusion in protein-protein interactions'>
'8 Large associations between OXPHOS complexes and associations between
OXPHOS complexes and matrix enzymes have both been identified.

1.3.1 Matrix enzyme associations

Saturable and specific binding of the PDH complex, NAD*-linked dehydrogenases from
the TCA cycle and the malate-aspartate shuttle to complex | have been demonstrated
using extracts of pig heart mitochondria'®. Similarly, the saturable binding of enzymes
from B-oxidation to pig heart mitochondrial inner-membrane has also been
demonstrated®. Binding between redox enzymes and the OXPHOS is believed to
increase the kinetics of enzyme turnover by improving the rate of re-oxidation of NADH
and FADH,. This is supported by experiments examining the disruption of mitochondria
on the turnover of enzymes involved in B-oxidation?'. Biochemical and immunological
analysis of ETF-containing complexes isolated using DEAE-cellulose chromatography
has tentatively identified ACADMeETFeETFDHelll' and ETF*ETFDHellelll complexes?.
The ACADM complex clearly fits the electron transfer pathway from B-oxidation to
cytochrome-c (figure 1B).

" Roman numerals denote respective OXPHOS complexes.
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1.3.2 OXPHOS super-complexes

From the early work on the OXPHOS based on a solid state model, supported by some
biochemical studies®, the view of the OXPHOS has shifted to a liquid state model where
individual complexes moved freely in the plane of the inner-membrane independently.
This view in turn has now been challenged by a partially solid state model supported by

the existence of OXPHOS super-complexes composed of multiple OXPHOS complexes.

24- 2
| 26 t27,28 t 9

OXPHOS super-complexes have been identified in bacteria and

28,30

, yeas , plan

mammalian systems.

OXPHOS super-complexes have been primarily characterised using blue-native poly-
acrylamide gel electrophoresis (BN-PAGE), a technique suited to the resolution of
membrane protein complexes®!"®, As with all native separation techniques, the degree of
disruption of samples influences the associations observed. Using BN-PAGE, all
complexes with the exception of complex lll, can be isolated as intact functional
monomers using high detergent concentrations®**. Intermediate solubilisation conditions
enable the isolation of super-complexes containing variable ratios of the OXPHOS
complexes. By examining the spectrum of super-complexes isolated under different
conditions and using a ratio of OXPHOS complexes® of 1:1%4:3:6:3 (l:IL:I11:1V:V), two
major classes of OXPHOS super-complex have been proposed to exist in bovine heart
samples under steady-state conditions, lelll>*IV, and 101V, They are thought to be
present at a ratio of 2:1%. As with the matrix enzyme associations described above,
OXPHOS super-complexes match electron transfer pathways of the OXPHOS, Ielli*IV,
being sufficient for the entire electron transfer from matrix NADH to O, and Ili>*IV, from
the co-enzyme Q to O,. No super-complexes containing either complex Il or complex V
have been identified in any organisms using BN-PAGE®* and while lslll, and Illi, have
been identified in plants they do not contain COX®. The stabilisation of yeast OXPHOS

3738 although super-complexes can still assemble in

super-complexes requires cardiolipin
its absence®. Given that lllelV-type complexes have been isolated from bacteria which
do not have homologues of the mammalian nuclear-encoded subunits®*?® there is
speculation that binding between complex lil and COX may be a feature of the core
subunits of each complex®®. Furthermore, in yeast deletion strains, super-complex
formation is not dependent on the presence of exposed subunits from complex I,
cytochrome ¢ nor COX®®", Supercomplexes may also play a role in stabilising constituent

OXPHOS complexes as complex | appears to be stabilised by the formation of super-

"Human homologues complex Ill: UQCRFS1, UQRCH, HSPC051 and UQCR; COX: COX8A,
COX6B and COX6A1.
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complexes in Paracoccus denitrificans®® and human cells*'. There is also evidence that
mutations affecting the stability of complex Il impact on the stability of complex | in

860

human and murine cells™", an observation that can be explained by a failure to

assemble stable supercomplexes.

1.3.2.1 Substrate channelling and respirasomes

Given the theoretical and empirical of evidence for the existence of both matrix enzyme
associations and OXPHOS super-complexes, it seems very likely that in vivo, massive
respirasomes composed of both types of association exist. A function of respirasomes
may be to enable tight subsirate channelling between the component enzymes. In yeast
neither cytochrome-c nor co-enzyme Q exhibit pool behaviour providing evidence for
tight substrate channelling®. Biochemical evidence also exists for substrate channelling
in mammalian systems between B-oxidation and the OXPHOS?' and between complex |
and complex Il but not complex !l and COX®.

2 HUMAN CYTOCHROME C OXIDASE

Cytochroime-c oxidase' (COX) is the terminal component of the OXPHOS respiratory
chain (figure 1A). It is a member of the haem-copper terminal oxidase superfamily that
are present in all aerobic organisms. COX catalyses the transfer of electrons from

cytochrome-c to O,, producing H,O. The overall reaction of the enzyme is:
4 cyt-c(Fez*) + 02 + 8H+(matrix) — 4 cyt-c(Fe3+) + HZO + 4H+(IMS)
where cyt-c is cytochrome-c. Unlike the majority of the electron transfer events in the

OXPHOS, this reaction is irreversible* and as such serves, in part, to maintain the

overall directionality of transfer by clearing electrons from one end of the system.

2.1 BASIC STRUCTURE

The human COX holo-complex is a homodimer of two 13-subunit heteromers each with
a total M, of ~205 kDa™ (figures 2A & 2B). Each monomer is composed of three mtDNA-
encoded subunits and ten nuclear-encoded subunits (table 2) and contains two haem A
moieties, haem-a and haem-a3, two copper centres, CuA and CuB, a magnesium ion, a

sodium ion, a zinc ion and two cardiolipin molecules. As with the other OXPHOS enzyme
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complexes, comparison of COX crystal structures and biochemical evidence has
demonstrated a high degree of conservation between enzymes from different
organisms*. The following description is based on data from crystal structures of bovine

and bovine-human chimeric’ enzymes**® that are good models of the human enzyme.

The core of each monomer is made up of single copies of each of the three mtDNA-
encoded subunits MTCO1, MTCO2 and MTCO3. MTCO1 is composed of 12 membrane
spanning helices, the peptide backbones of which are arranged in three arcs. When
viewed along an axis perpendicular to the inner membrane, the space between these
arcs forms three pores which enclose the majority of the functional side chains of the
protein (figure 3B and tables 3A & 3B). Pore A contains the side-chains and trapped
water molecules which form the D-channel, involved in proton translocation (2.3). A
second proton conducting channel, the K-channel (2.3), is located in pore B which also
contains the haem-a;-CuB binuclear centre and a magnesium ion coordinated by ligands
both from MTCO1 and MTCO2. Pore C contains haem-a and a sodium ion, residues
adjacent to which form the putative proton exit channel termed the H-channel (2.3).
Crystal structures have revealed a covalent bond between Tyr244 at the top of the K-
channel, and His240, one of the ligands of CuB. This is believed to be involved the
catalytic activity of the enzyme*’. MTCO2 is composed of a C-terminal B-barrel bound to
the IMS face of MTCO1, and two N-terminal helices which are embedded in the inner-
membrane contacting the side of MTCO1. The B-barrel domain of MTCO2 encloses the
two copper ions of the binuclear CuA centre and the IMS-exposed face of MTCO2 forms
the majority of the cytochrome c¢ binding-patch. The ligand provided by MTCO2 for the
magnesium ion is adjacent to those which coordinate the CuA centre (table 3). MTCO3
also binds MTCO1 but has only minimal contact with MTCO2. It has 7 membrane
spanning helices which are connected by short loops and no major extra-membrane
regions. MTCOBS does not contain any prosthetic groups.

The ten nuclear-encoded subunits form a “cage” around the core of each monomer,
binding to the IMS, matrix and membrane-exposed faces of the mtDNA-encoded
proteins' (figure 2A & table 2). COX6B binds the IMS face of each monomer and there
are extensive contacts between the COX6B subunits of each monomer in the holo-
complex. COX6A1 also makes contact between the intermembrane regions of both
monomers. Biochemical as well as crystallographic studies have shown that these two

" Cytochrome ¢ oxidase purified from Hela cells expressing bovine MTCO1.
T As this thesis is based on observations of human fibroblast COX, ubiquitously expressed
isoforms of the nucelar subunits have be discussed (2.5).
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subunits contribute to the association between the monomers*®. COX5A and COX5B
bind to the matrix face of the complex and do not have any membrane integral domains.
A zinc ion is coordinated by COX5B but it is not believed to be involved in the catalytic
activity of the enzyme. The remaining nuclear-encoded subunits, COX4l1, COX7A2,
COX7B, COX7C and COX8, bind to the exposed face of each monomer, each forming a
single inner membrane-spanning helix. The location of the cardiolipin molecules within
the holo-enzyme remains to be determined although chemical labelling studies place the
hydrocarbon tails in contact with either COX7A2, COX7B, COX7C or COX8°'.

Table 2 Reference table of COX subunits.

M; Mitochondrial Membrane

Subunit (kDa) Description and location localisation signal topology

12 membrane spanning a-
MTCO1 57.0 helices [hemes a and a3, - Natie Ciratic
CuB (Cu®"), Na*, *Mg*']
2 membrane spanning a-
helices, B-barrel IMS

T . ¥ -
Michs e domain [CuA (2Cu'*"), Nivs-Civs
*Mg*]
7 membrane spanning a-
MTCO3 30.0 helices. P g e Nmatrix'Cmatrix

Single membrane spanning
COX411 17.2 a-helix, short IMS and N-terminal, 22aA Nmatric-Cims
matrix domains.

Assumed similar to above
X412 20! " | N-terminal, unknown Nmatrix-C
i o putative internal S-S bond. il L

4 a-helix bundle, matrix

COX5A 12.5
face.

N-terminal , 41aA -

Globular, matrix face.

COX5B 10.6 N-terminal , 31aA -

[Zn*"]

COX6A1 9.5 Slnglg RO RRing N-terminal, 12aA Nmatric-Civs
a-helix.

contsaz-1 gl | IS DETGIEe shdnhing internal Nimatrc-Citas
a-helix.

COX6B | 10.1 3 a-helix bundle, IMS face. | internal | :

COXVIB2 | 10.5 | Assumed similar to above | assumed internal | .

uncleaved N-terminal
O I ) helix Nimatiac Cinas
COX7A1 6.7 Single membrane spanning

a-helix.

‘ Single membrane spanning

N-terminal , 21aA ‘ Nmatrix-Cims
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: M, ey : Mitochondrial Membrane
Subunit Description and location Ly e :
(kDa) localisation signal topology

COx7A2 | 67 | Singlemembranespanning |\ o minal,218A | NiarcCue
a-helix.

COX7B G4 1| SWGIS MAMBIANG SPANNING | i briiing). WA B Gl
a-helix.

COX7C 5.4 Slnglg ity i N-terminal, 16aA Ninatix-Civs
a-helix.

COX8A $o. | RIERTENGERSAPATNIAG | | e Tenk K
a-helix

COX8C 4.7 igg:imembrane g N-terminal, 29aA Nmatric-Civs

Key: *single ion is coordinated by ligands from both subunits; *coding region boundaries

2.2 ELECTRON TRANSFER AND PROTON PUMPING

COX accepts electrons one at a time from cytochrome-c. Evidence from the crystal
structure of yeast complex Il bound by Cyc1p®%; computer modelling of the interaction
between bovine COX and equine cytochrome c**; and biochemical investigation of COX
binding by cytochrome ¢ in Rhodobacter sphaeroides®™ >, has suggested that a common,
ringed binding-patch mediates binding between cytochrome ¢ and its redox partners. A
central region of hydrophobic residues surrounds the haem cleft on cytochrome ¢ and
binding-patches on CYC1 (complex Ill) and MTCO2. These regions are believed to
participate in non-polar planar stacking interactions between each protein. The
hydrophobic patch is in turn surrounded by a ring of weak, long-range, electrostatic
interactions involving conserved lysines on the surface of cytochrome ¢ and acidic

residues present on complex Ill and COX.

Cytochrome-c binding to dimeric COX is cooperative, nevertheless in contrast to
complex 111°%%7, there is currently no evidence of interaction between monomers during

redox cycling or proton pumping. Electron transfer***

proceeds from the haem of
cytochrome-c to the binuclear CuA centre (figures 3A & 3B). From CuA, electrons are
passed to haem-a and finally to the binuclear haem-az-CuB centre which is the site of O,
reduction. Each cycle of the enzyme consumes four electrons from the IMS and four
protons from the matrix side of the enzyme in the reduction of one O,. This is coupled to
the pumping of an additional four protons across the inner-membrane from the matrix
side. There remain uncertainties surrounding proton translocation concerning the
energetic and temporal positioning of the movement of protons during the redox cycle

and with the channels used by protons consumed in O, reduction and those pumped

28



across the inner membrane**“¢%%%2 (2 3). [t should also be noted that the model above

represents an ideal and that slippage (decreased H*/e” stoichiometry) and leakage

(backflow of protons) of occur in vivo®™,

Table 3 MTCO1 and MTCO2 functional residues

Function MTCO1 functional residues
Coordination of haem a Fe** | His61, His378
Coordination of haem a; Fe** | His376

Coordination of CuB

His240, His290, His291

Coordination of Na*

Glu40, Gly45, Ser441

Coordination of Mg**

His368, Asp369 \

Tyr19, Asn80, Asp91, Asn98, Ser101, Ser156,

D-channel Ser1157, Asn163, Thr167, Glu242
K-channel Tyr244, Ser255, Thr316, Lys319
H-channel Lys440, Ser441, Asp51

Function MTCO2 functional residues

Predicted CYCS biding patch

hydrophobic: His102, Gly103,Trp104, Tyr105;

electrostatic: Glu109, Asp119, Asp139, Glu157, Asp158

Coordination of CuA

His161, Cys196, Cys200, His204

Coordination of Mg** Glu198
K-channei - Glu62
H-channel Ser205
2.3 THE D-, K- AND H-CHANNELS

Analysis of crystal structures and mutagenesis studies have identified two channels,

termed the D-channel and the K-channel, extending inwards from the matrix face of the

MTCO1, which are thought to be involved in proton conduction**®*, The D-channel starts
at Glu91 and extends to Glu242 and the K-channel starts at Ser255 and extends to
Tyr244, very close the haem-az-CuB centre (figure 3A; tables 3A & 3B). H-bonded water

molecules and exposed side chains of the helices bounding the channels are believed to

act as conduits for protons*®, A third proton conducting channel, the H-channel extends

from haem-a to the IMS face of the enzyme

#-45_It incorporates Lys440, Ser441 and

Asp51 of MTCO1 and Ser205 of MTCO2. Mutagenesis and crystallographic studies of
human-bovine chimeric COX have implicated the H-channel and in particular shuttling of

Asp51 between an internal and an IMS-exposed position, in redox coupled proton

transfer from haem-a to the IMS*.
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Figure 2A Surface rendered models of COX subunits built from the crystal structure of the bovine heart
enzyme (PDB code 10CC). Surfaces represent 1.4 A radii for all atoms. Colours have been selected
arbitrarily to identify chains. Approximate membrane boundaries are shown in grey. Subunit names are
HGNC names for human heart subunits.
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Figure 2B The structure of the dimeric COX holo-complex. Colouring and nomenclature is as in 2A. The
axis of symmetry of the dimer is indicated along with a circle marking the cytochrome c binding patch.
Surfaces in both figures were generated using Deep View 3.7 and rendered with POV-Ray 3.5.
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Figure 3A A model showing the relative positions of key residues of MTCO1 in pink and MTCO?2 in blue
derived from the crystal structure of the fully oxidised bovine enzyme (PDB code 10CO). Key residues
are labelled using single letter code, see also table 3A and 3B. The a-carbon trace for regions of MTCO1
is shown in dark grey and MTCO2 in light grey. The outline is that of bound MTCO1 and MTCO2. The
pathway of electron transfer is shown in orange and proton movement within the D-, K- and H-channels
in green. The dotted line into the K-channel indicates an alternative start for the channel at MTCO2
Glu62. The cartoon shows the angle of view. 3B A view of the model shown in figure 3A from the IMS
face. All the transmembrane helices of MTCO1 and MTCO?2 are shown. Colouring and labelling as in
figure 3A. Pores A, B and C and associated prosthetic groups are indicated. Models were generated
using Deep View 3.7 and rendered with POV-Ray 3.5.
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2.4 IN VIVO HETEROGENEITY OF COX

Attributing function to the nuclear-encoded subunits of COX has proved difficult. As the
catalytic properties of simple COX from bacteria are similar to those of the more complex
mammalian enzymes, it is assumed that the nuclear-encoded subunits do not play a
significant role in the basic catalytic cycle of the enzyme. Instead they are believed to be
involved in assembly and regulation of enzyme function®. This is supported by the
existence of differentially expressed isoforms of some of the nuclear-encoded subunits
(table 2; 2.5) and the identification of nucleotide-binding sites and phosphorylation sites
on COX (2.6). An important consequence of this is that in vivo the COX pool of a cell is
heterogeneous in terms of both subunit composition and phosphorylation/nucleotide-
binding state.

2.5 ISOFORMS OF THE NUCLEAR-ENCODED SUBUNITS

In humans four COX subunits have differentially expressed isoforms all of which are
encoded by separate genes. COX4/1 is ubiquitously expressed and the COX4/2 isoform
is detectable in foetal muscle and lung and at high levels in adult lung®. COX6A1 is also
ubiquitously expressed, whereas COX6AZ2 is only detectable in heart and skeletal
muscle. Similarly COX7A2 is ubiquitously expressed and COX7A1 is only expressed in
heart and skeletal muscle. Isotype switching from the major species being the
ubiquitously expressed isoform to the major species being heart and skeletal muscle-
specific isoforms, has been observed for both COX6A1/COX6AZ*% and
COX7A1/COX7AZ® in foetal tissue. Genomic evidence suggests that a second isoform
of COXB8A exists®®, termed COX8C and that a testes-specific isoform of COX6B,
COXVIB2is also present™.

2.6 ALLOSTERIC CONTROL VIA NUCLEOTIDE BINDING AND PHOSPHORYLATION

Nucleotide-binding sites and phosphorylation sites have been localised to some COX
subunits. Both functions have been shown to be involved in allosteric control of enzyme
function. Nucleotide-binding sites have only been partially characterised and there is still
debate as to the exact consequences of nucleotide binding. This is primarily due to the
complexities of respiratory control and differences in the characteristics of COX purified
from different tissues and using different procedures. However, it is universally agreed

33



that COX activity responds to changes ATP/ADP levels on both sides of the inner
membrane®. On the IMS face of the complex, nucleotide-binding sites have been
localised to both COX6A1, COX6A2”' and COX4I1% (no data is available for COX4I2).
On the matrix face there is evidence of nucleotide binding to COX4!1 and possibly
COX5A%,

Metabolic labelling studies have demonstrated that MTCO17%, MTCO27%7®, COX411747%,
and COX5B%"3 can be phosphorylated in vivo or when components of purified holo-
complex. Conserved canonical cAMP-dependent phosphorylation sequences are
present in MTCO17® and the COX4I1 N-terminal mitochondrial localisation signal’™’°, A
functional role for cAMP-dependant phosphorylation of COX in the matrix is supported by
the specific binding of the protein kinase A (PKA)) regulatory subunit PRKAR1A to
COX5B”. In addition to cAMP-dependent phosphorylation, COX4l1 may also be
phosphorylated via cAMP-independent mechanisms’. The phosphorylation state of COX
modulates allosteric control by high matrix ATP:ADP ratios”. Phosphorylation of the
solubilised enzyme turns on inhibition of COX activity by high ATP levels. Conversely
Ca**-dependent de-phosphorylation turns off this inhibition. Potential roles for COX
subunit phosphorylation in vivo, include hormonal control of both holo-complex

assembly’ and regulation of COX activity®3"2,

3 MITOCHONDRIAL GENE EXPRESSION

As MTCO1, MTCO2 and MTCOS that form the core of the COX holo-complex are
encoded by mtDNA, mitochondrial gene expression is essential for the biogenesis of the
COX holo-complex.

3.1 MTDNA

3.1.1 Structure and organisation

Human mtDNA (mtDNA) is a closed circular molecule of 16.6 kbp’®. The gene content,
gene order and compact nature of human mtDNA is typical for a mammalian
mitochondrial genome’®. It carries protein coding genes for 13 subunits of four of the five
OXPHOS complexes and the 2 rRNAs and 22 tRNAs’® necessary for mitochondrial

" PKA is regulated by cAMP
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translation (figure 4). In contrast to lower eukaryotes, mammalian mtDNA does not
contain any introns or significant UTRs. The only significant non-coding region of human
mtDNA is a region referred to as the D-loop between MTTF and MTTP which contains
many of the cis-elements including the transcriptional start sites.

Ty & Ty ETAS1
-
4\ ploop MTTT

MTTER Initiation zone
¥ ~ \\
MTTL1 \‘\\
\
\
13 I MTTH
=| MTTS2
o MTTL2
MTTI Iy
MTTQ ,l/
MTTM II
1y -
MTTW
MTTA
MTTN MTTR
MTTC

Figure 4 A map of the human mtDNA. A map of the human mtDNA. HGNC names are given for
all genes. Genes for complex | subunits are coloured blue; complex lll pink; COX green; complex
V cyan and mitochondrial rRNAs orange. tRNAs are shown as circles. Genes transcribed in the L-
strand orientation are on the inner circle, those transcribed in the H-strand orientation on the outer
circle. Initiation (arrows) and termination (blocked arrows) sites for H-strand (red) and L-strand
(blue) transcripts are indicated. The origins of heavy (Oy) and light strand (O,) replication for the
asynchronous model of replication are given in black. The approximate extent of the initiation
zone for the synchronous model of replication is shown as a dashed box. The 18 mitochondrial
mRNAs, abundant processing intermediates and rRNAs are shown as grey bars. RNAs 8 and 10
are low abundance processing intermediates of the rRNAs and are not shown. Transcript
cleavage sites are shown as radial lines at the boundaries of mMRNAs.

All mitochondrial genomes use a genetic code distinct from the respective nuclear
genome. In mammalian mtDNA, TGA is used as a tryptophan codon rather than as a

35



stop codon, AGR and UAR' specify stop codons and AUA codes for methionine instead
of isoleucine®. Mitochondrial translation is achieved with only 22 tRNAs as opposed to
the >50 or so tRNAs expressed as multigene families in the nucleus. This is
accomplished by some tRNAs using a modified tRNA wobble base interaction and others
recognising pairs of codons which differ only in the third position®'. Further reduction is
enabled by the use of the same tRNA for initiating formyl-methionine as well as internal
methionine residues. Early work with CsCl gradient centrifugation of denatured mtDNA
resolved the two strands of the molecule based on nucleotide content. The acronyms H
and L, for heavy and light-strand, are now used as a convention to describe transcript

orientation.

A characteristic of mtDNA recently returned to prominence is the realisation that the
majority, if not all, mtDNAs in mammalian cells are chimeric molecules which contain
regions of RNA/DNA base pairing®®2. Estimates have put the number and size of such
regions between 8-30 regions of at least 4 consecutive RNA/DNA base pairs per
molecule®®®, These regions are believed to originate from the persistence of RNA
primers from synchronous replication however this has not been confirmed and no
function has been attributed to them as yet.

3.1.1.1 The polymorphic nature of mtDNA

Loci or populations of hypothetically identical mtDNA are referred to as homoplasmic and
mixed loci or populations as heteroplasmic. Despite persistent use of the term
homoplasmic to describe non-pathological mtDNA populations, evidence suggests that
mtDNA is highly polymorphic and that in vivo, wild-type mtDNA populations are rarely, if
ever, homoplasmic. mtDNA varies in both structure and sequence within individuals to a
far higher degree than nuclear DNA. Between 1-10% of mtDNA within cells appears to
exist as non-clonal, deleted, circular forms termed sublimons®. The abundance of
sublimons varies between tissues with skeletal and cardiac muscle having the highest
levels. It is unclear whether sublimons are transcriptionally active or not, although they
do not appear to be associated with disease or aging®®'. Single cell PCR has shown
that low levels of mtDNA recombination occur in human cells®. The high copy number
and polyclonal nature of mtDNA replication also means that sequence variation exists
within cells and tissues. Up to 6% of the mtDNAs from normal human synaptosomes
have been found to carry D-loop sequence polymorphisms®. The existence of clonal

"R =purine
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expansion of somatic polymorphisms in vivo has also been clearly demonstated™.
Intercellular differences in clonal expansion of background sequence variation creates
distinct patterns of polymorphisms between wild-type cells and it is thought that in vivo

normal cells may contain hundreds of different mtDNA sequences®*,

The creation of cells without mtDNA has played an important role in mitochondrial
genetics. Cells without mtDNA are referred to as p° and those with mtDNA as p*. p° cells
can be created using chemical inhibitors of mtDNA replication such as ethidium
bromide®” or genetically, via ectopic overexpression of dominant negative POLG, the
catalytic subunit of mitochondrial DNA polymerase®. When fused with sources of p*
mitochondria, such as whole cells, énucleated cells or platelets, p° cells can be
repopulated with novel p* mitochondria.

3.1.1.2 Mitochondrial nucleoids and mtDNA-binding proteins

Cells from most human tissues contain between 10° and 10* copies of mtDNA although
over 10° are found in oocytes®'. mtDNA resides within the matrix of the organelle as
negatively supercoiled, protein-coated, membrane-anchored nucleoids. Nucleoids have
an abundance in the region of 2.3+0.4 per mitochondria in cultured simian cells®",
although the diversity of mitochondrial morphology suggests this figure varies widely.
Human nucleoids contain 6-10 copies of mtDNA'® """ in accordance with their role as
part of the minimal heritable unit of mitochondria that is lower than the abundance of
MtDNA'021%4,

The principle DNA-binding protein found in nucleoids®'® is the HMG' protein'® TFAM

which is present at sufficiently high quantities to coat mtDNA'®, binds mtDNA non-

%7 and has characteristics similar to the bacterial histone HU'%, suggesting a

t99, 100

specifically
similar role in mitochondria. An ssDNA-binding protein, SSBP1, is also presen and
is likely to be important for the protection of replicating mtDNA and the maintenance of
structural isoforms of the D-loop region'®. Proteins required for replication, repair and
transcription are also components of mitochondrial nucleoids. The mitochondrial DNA
polymerase y and the helicase PEO1* are both present® and the mtDNA repair protein
Mgm101p has been detected in yeast'®®'%, The hsp60 chaperonin''®'!" (4.3.1.2), the

112,113 114

yeast hsp70 Ecm10p (4.3.1.1) and the Lon protease’' " (4.3.2.4) are also present,

" COS7, Cercopithecus aethiops, African green monkey kidney cells (SV40 transformed).
t High mobility group.
* non-HGNC name TWINKLE.
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consistent with the role of chaperones and proteases in modulation of mtDNA-binding
proteins. In this respect, direct interaction between Lon and both the mitochondrial DNA
.polymerase” and PEO1 have been demonstrated in vivo''*''®, TCA cycle enzymes have

also been found in nucleoids although their function remains unknown'"°.

Nucleoids appear to be anchored to both mitochondrial membranes via proteins which
are intimately linked with the mitochondrial fission/fusion apparatus which is in turn
required for nucleoid transfer during cell division'""'"¢"'® (figure 5). In yeast, the
membrane-bound, DNA-binding protein Yhm2p is likely to act as an anchor along with
Mmm2p''® and Mmm1p'®'2%'2" that is inserted into both mitochondrial membranes and
spans the IMS. Two-membrane-structures (TMS) have been visualised in yeast and
have been found to persist in the absence of associated mtDNA'®. The non-random
distribution of nucleoids and their association with mitochondrial kinesin and tubulin''
has confirmed that their distribution is key to the segregation of the mitochondrial mass

t'%010! f nucleoids has been

of cells during division. Fusion, fission® and movemen
observed in vivo. The intimate association of nucleoids with nascent mitochondrial RNA,
the mitochondrial protein import machinery and cytosolic ribosomes in human cells
provides a basis for models coupling mitochondrial protein import, transcription and

translation'?"'22,

3.1.1.3 7S mtDNA and the D-loop

In vivo, a minority of mtDNA molecules(<1-10%) contain displaced loops of DNA in the
D-loop region. In these molecules the H-strand is displaced by an 800 base pair chimeric
RNA/DNA called the 7S mtDNA which is bound to the L-strand. Very little is known about
the role played by this structure, although a connection with replication is generally
accepted. The RNA component of the 7S mtDNA, termed the R-loop RNA, originates
from the initiation site of transcription of the L-strand transcripts’®. The RNA/DNA duplex
formed is a highly structured species. It is thought to contain Holliday junctions'® and

124 The position of the switch

only a very short region forms a linear RNA/DNA duplex
from RNA to DNA within the 7S mtDNA varies over a short conserved region of the D-
loop and processing is mediated via RNase-MRP’®, The 3’ boundary of the 7S mtDNA is
also variable but lies in close proximity to a conserved region called ETAS1'® which is
believed to be important for processing. It is not known whether any of the cis-elements

in the D-loop region require triplex formation for function. While the cis-acting elements

" POLG and POLG2 subunits.
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are conserved, the remainder of the D-loop region is the most variable region of the

human mitochondrial genome’.

3.1.2 Transcription

3.1.2.1  Mitochondrial RNA polymerase and transcription factors

Despite the fact that mtDNA is smaller than many nuclear genes our understanding of
mitochondrial transcription remains somewhat cloudy. Transcription is carried out by the
mitochondrial RNA polymerase POLRMT which shows homology to single subunit
bacteriophage RNA polymerases'?® and contains'? two N-terminal PPR domains'?.
Transcription requires the mtDNA packaging protein TFAM and either of the transcription
factors TFB1M and TFB2M'%'2, TFB1M and TFB2M interact directly with TFAM'*° and
POLRMT but with differing abilities to promote transcription?® (TFB2M>TFB1M) and they
both show homology to bacterial RNA methyltransferases'?®'?°. TFB1M binds S-
adenosylmethionine'® and is believed to methylate the mitochondrial 12S rRNA™'.
Following their discovery, a recombinant in vitro transcription system can now be
reconstituted with POLRMT, TFAM and TFB1M or TFB2M as minimum components ‘%%,

3.1.2.2 Transcripts and transcript processing

mtDNA is transcribed from two promoters which are located tail-tail within 150 bp of each
other in the D-loop region’®®'. One directs transcription in the H-strand orientation the
other in the L-strand orientation (figure 4). They both contain a pentadecamer consensus
sequence and have been shown to function independently'2. Four primary transcripts
are constitutively expressed in human cells”®®'. Two long transcripts which encompass
almost the entire molecule in each orientation, a short H-strand transcript terminating
after the mt-rBNA genes and a short L-strand transcript providing the R-loop RNA. With
the exception of the R-loop RNA, transcripts are processed to provide the mature mRNA,
tRNA and rRNA pools.

Detailed examination of the kinetics of transcript turnover has suggested that the two H-
strand transcripts have different initiation sites'® separated by MTTF. IT; acts as an
initiation site for the long H-strand transcript which includes MTTF, while a downstream
initiation site, Ty, is the start site for the short H-strand transcript. Transcription of the
short H-strand transcript terminates around a cis-element called MTTER and
transcription of the long transcript is thought to terminate around ETAS1 in the D-loop
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125 The short H-strand transcript is transcribed at around 50-fold higher levels than

region
the long transcript and constitutes the source of the mt-rRNA pool'**'%, The long H-
strand transcript is in turn processed to provide 10 mRNAs and 14 tRNAs. The long L-
strand transcript is transcribed at levels ~20-30 fold higher than the long H-strand

t'*. The vast majority of this transcript is turned over. It encodes only a single

transcrip
mRNA, MTND6 which is present at extremely low steady-state levels'®*'¥ and the
remaining 8 mt-tRNAs. The transcription start site for the long L-strand transcript (IT,.) is
the same as that used for the R-loop RNA and L-strand transcription terminates at
MTTER which functions bi-directionally’®. The relative rates of synthesis of mtDNA

134 and stimuli such

transcripts is to a certain extent dynamic and responds to ATP levels
as thyroid hormone'®. There is evidence that this may be due to both alterations in the
relative rates of transcription initiation at the various start sites'*® and via modulation of
MTTER-binding complexes'¥®'*2, Therefore, like nuclear and prokaryotic gene

expression, mitochondrial gene expression is regulated at multiple points.

3.1.2.3 mRNA and rRNA processing

Excluding the two rRNAs, 16 abundant RNAs can be resolved from mitochondria under
steady-state conditions, most of which correspond to mature mRNAs'* (figure 4).
Despite originating from a single transcript the steady-state levels of H-strand mRNAs
vary over a 6-fold range and although transcribed at far higher levels than the H-strand
mRNAs, steady-state levels of the single L-strand mRNA are around 20-fold less than
the most abundant H-strand mRNAs'®. Thus, in common with nuclear RNA turnover',

136

there is a high degree of degradation of transcripts during processing'°. The majority of

mRNA boundaries correspond to tRNA genes'* and a model of mitochondrial transcript

processing, termed the tRNA punctuation model, has emerged whereby mRNA

%3 Mitochondrial RNA processing is rapid in

146

processing is dependent on tRNA excision
vivo and occurs co-transcriptionally in a similar fashion to nuclear RNA processing
Mitochondrial mRNAs are not 5’ capped' and they do not contain conventional poly-A
signals. Mammalian mitochondrial mRNAs are poly-adenylated with about 55
nucleotides'*® in a process which is not dependent on the presence of stop codons'“.
Poly-adenylation appears to increase the stability of human mitochondrial mMRNAs as is

also the case in the cytosol'**'®

although is not known whether mitochondrial mMRNAs
adopt a circular conformation enabling communication between 3’ and 5’ as occurs with
cytosolic mRNAs''. Mitochondrial rRNAs are methylated'®? and also adenylated during
processing, the 16S rRNA receives 10 residues and the 12S rRNA is mono-

adenylated',
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3.1.2.4 tRNA excision , processing and charging

Following the tRNA punctuation model of mMRNA processing tRNA excision is an
important process in mitochondrial gene expression. 5’-excision is carried out by a
multimeric RNase-P which also functions in 5’-cleavage of nuclear mMRNAs and is related
to RNase-MRP'**. 3'-cleavage of mitochondrial tRNAs is carried out by an RNase Z
encoded by ELAC2 which like RNase P is also found in the nucleus'®®. 3'-cieavage of
mt-tRNAs is dependent on prior 5’-cleavage'*>'°. Following 3’-cleavage a CCA triplet
that will receive the charging amino acid is added to the 3’ end of the tRNA by
TRNT1'"¥", Before becoming fully active, up to 10% of tRNA bases are modified. In
particular, modification often occurs in the wobble position of the tRNA with the addition
of taurinomethyl and thio-groups'*®. tRNA charging is carried out by a complex and
diverse set of around 20 mitochondrial tRNA-aminoacy! transferases’>*'®2, Formylation
of initiator f-Met-tRNA® occurs after tRNA charging and is mediated via the recognition
of the charging methionine which enables the use of a single MTTM gene for both

initiator and internal codons®?,

3.1.2.5 mRNA-binding proteins

Numerous mRNA species-specific, mitochondrial mRNA-binding proteins have been
identified in yeast and counterparts of some of these have been identified in humans
(5.2.3.3). Such proteins are not well conserved'® and it is likely that many orthologues of
yeast mRNA-binding proteins remain to be identified'??. In accordance with the
membrane localisation of nucleoids énd mitochondrial ribosomes, many mitochondrial
mRNA-binding proteins are membrane bound’®. A set of proteins which bind MTCO2
mRNA have been identified in bovine samples, although none of them appear to be
specific for MTCO2 mRNA'®*. Among them a high-affinity, 15 kDa, inner-membrane
protein and a novel 74 kDa, PPR motif protein* (5.2.3.2) were identified. The identities of
the other proteins remain to be confirmed, however, based upon molecular weight,
mitochondrial localisation and proven mRNA binding capability, the following are thought
to be candidates: the DNA/RNA helicase SUPV3L1'%, glutamate dehydrogenase
(GLUD1) which also binds cytosolic COX subunit mRNAs'%®'®® and the B-oxidation
pathway enzyme enoyl-CoA hydratase'® (ECH?).

" Drosophila homologue JHI-1.
T Mitochondrial ATP(CTP)-tRNA-specific nucleotidyltransferase.
* Matching hypothetical protein FLJ20758.
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Two mitochondrial mRNA-binding proteins, LRPPRC and HNRNPK, have been
positively identified both of which are also components of nuclear/cytosolic mRNP’
particles. LRPPRC (5.2.3.3) binds mitochondrial mMRNAs non-specifically in vivo'”®,
although mutation analysis suggests a specific role in COX biogenesis'”'. HNRNPK is an
hnRNP' which interacts with many proteins, DNA and RNAs'?""3, A pool of HNRNPK
has been identified in mitochondria and it binds most human mtDNA transcripts in

vivo'’®

. Based on known cytosolic and nuclear functions, HNRNPK has been proposed
to function widely in signal transduction as a interface between diverse stimuli and
nucleic acid processes regulating gene expression'’?'"4, Central among these, HNRNPK

act as a phosphorylation-dependent translational silencer'”®

. Although interaction has not
been investigated in mitochondria, LRPPRC is a component of certain HNRNPK-

containing mRNP particles'’®.

3.1.2.6  Steady-state patterns of OXPHOS subunit gene expression*

The range of expression of 14 OXPHOS subunit genes has been found to vary over at
least two orders of magnitude in murine tissues with mtDNA-encoded genes consistently

expressed at higher levels than nuclear genes'’

. However, the ratios of expression of
mitochondrial mMRNAs to each other and those of nuclear mRNAs to each other, are
more or less constant'¥. As mitochondrial mRNAs originate from only two transcripts this
implies that the relative rates of mitochondrial RNA processing and turnover are
invariant. When compared between different tissues, the abundance of mitochondrial
mRNAs is more variable than that of nuclear mRNAs and cultured cells have consistently

lower levels mitochondrial mMRNAs than tissues'®’

. Over the physiological range of
mtDNA:nDNA ratios, there does not appear to be a correlation between mtDNA

abundance and mitochondrial mRNA abundance'?’.

3.1.2.7 OXPHOS gene expression levels do not respond to stress

While evidence from the function of OXPHOS-related transcription factors such as the
nuclear respiratory factors® and co-regulators such as PGC-1 proteins”, demonstrates
coordination between increases in expression of nuclear and mitochondrial OXPHOS

" mRNA-ribonucleoprotein.
T Heterogeneous ribonucleoprotein.
¥ Throughout this thesis “gene expression” refers to steady-state mMRNA expression levels and not
rotein levels.
> NRF1 (NRF1) and NRF-2 (GABPA, GABPB1 and GABPB2).
PPARG [Peroxisome proliferator-activated receptor-y] co-activator-1a (PPARGC1A), PPARG
co-activator-1B (PPARGC1B) and PPARGC1-related co-activator (PPRC1).
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177,178

genes , chemically or genetically induced mtDNA depletion does not lead to

alterations in steady-state expression of nuclear-encoded OXPHOS genes'®'7%'®! This

implies that while signalling pathways 22184

and expression levels of mitochondrial
chaperones'® respond to mitochondrial insult (4.3.4), there is no associated
compensatory increase in OXPHOS subunit gene expression. The independence of
nuclear and mitochondrial gene expression has also been demonstrated in cells treated
with thiamphenicol (TAP) which dysregulates mitochondrial gene expression by inhibiting
mitochondrial translation and increasing the abundance of mitochondrial mRNAs. In cells
treated with TAP the increase in mitochondrial mRNAs is not coupled to any alteration in
the abundance of nuclear OXPHOS mRNAs'®. Similarly, in a mouse cell genetic model
with a heteroplasmic premature termination codon in MTNDS5, no alterations in total
MTND5 mRNA (RNA 5) were seen in response to decreases in the proportion of wild-

87 Analysis of the RNA 5 pool in these cells found

type mtDNA to <10% normal levels
that the proportion of wild-type RNA 5 correlated exactly with the proportion of wild-type
mtDNA'®, indicating that there was no difference in stability between wild-type and

mutant transcripts.

3.1.3 Turnover and replication

mtDNA turnover is a relatively slow process. In cultured murine tumour cells, mtDNA

molecules turnover in around 10 days'® and in vivo rat muscle mtDNA has a half-life (ty,)

190

of 12-24 months'®®. Replication is independent of the cell cycle'® and occurs in both

91 As such, the cellular mass of mtDNA remains

192

quiescent and enucleated cells

constant in replicating and non-replicating cells ™. mtDNAs appear to be selected for

1% and DNA synthesis has been visualised throughout the

replication randomly
mitochondrial network of cells'®"'%, |t is estimated that replication of an entire mtDNA
takes 1.5-2 hours'®'%, Recent work with yeast has shown that mtDNA replication

199 ' A minimal, mammalian, in vitro dsDNA

occurs only in membrane bound nucleoids
replication system requires the mitochondrial DNA polymerase y (POLG & POLG2

subunits), the ssDNA-binding protein SSBP1 and the helicase PEO1'%.

3.1.3.1  Mechanisms of mtDNA replication

The mechanism of mtDNA replication is currently the focus of fierce debate'*'*8, During
the 70’s and 80’s, Vinograd and Clayton proposed a strand asynchronous mechanism of
replication in which the origins of replication of the H- and L-strands were separated both
temporally and spacially'®'°, According to this model, replication of the H-strand
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originates at Oy and only when replication had progressed to O, does synthesis of the L-
strand commence (figure 4). Thus, in this model, both stands are synthesised
continuously, requiring maintenance of a huge loop of ssDNA. Recently work by Holt and
co-workers®2°%2%! has seriously questioned the strand asynchronous model. They have
proposed a strand-synchronous model in which replication proceeds through the
advancement of standard “Y” shaped replication forks, similar to the mode of
chromosomal DNA replication, in which the leading strand is synthesised continuously
and the lagging strand is synthesised discontinuously®**?*', According to Holt’srmodrel,
replication starts at any point within an initiation zone between MTND4 and MTCYB, and

initially proceeds bi-directionally producing a theta replication bubble®®. Progression of
the D-loop proximal replication fork then arrests within ~500 bp of Oy which acts as a
replication fork barrier. Subsequently replication proceeds only in the D-loop distal
direction until the complete mtDNA has been replicated.

Discussion of the basis for each model is beyond the scope of this thesis although it is
worth noting that the synchronous model proposed by Holt and co-workers fits well with
known mechanisms of DNA replication, unlike the asynchronous model which appears to
be restricted to mammalian mtDNA. Prior to Holt’s work, standard mtDNA replication
forks, as required for synchronous replication, had been identified in yeast’?, sea
urchins®? and Plasmodiun?®. In addition, Holt's model is tolerant of, and possibly
accounts for, the presence of RNA tracts and the D-loop®?®. During the early 1970s
prior to the cementing of the asynchronous model of replication in the field, evidence for
synchronous mtDNA replication had been presented®” and RNA tracts in mtDNA had
been examined using exactly the same sets of RNases®® as employed by Holt.
Interestingly, the overwhelming majority of clinically relevant mtDNA deletions result in
molecules that remove the initiation zone from retain both Oy and O,*"°. Prior to Holt's
work this was taken as evidence for the importance of Oy and O in mtDNA
maintenance'”. Holt has interpreted the loss of the initiation zone as evidence that cis
elements within the initiation zone are not required for mtDNA replication and that
molecules with stalled replication forks at the replication fork barrier at Oy and the partial
barrier at O_ are favoured substrates for recombination or deletion®®.

3.2 MITOCHONDRIAL PROTEIN SYNTHESIS

3.2.1.1 Mitochondrial ribosomes

Mitochondrial ribosomes are found in the matrix of the organelle. They are related to
prokaryotic ribosomes although they have diverged considerably during evolution.
Mammalian mitochondrial rRNAs are around 40-50% shorter and have fewer
modifications'®? than their prokaryotic counterparts. Proteomic studies have identified
what is thought to be the full complement of bovine mitochondrial ribsomal proteins®*®2%
(MRPs) and many human homologues®'®?"!. Homologues of around 30 prokaryotic
ribsomal proteins are absent from mammalian ribosomes which contain 34 novel,
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eukaryote-specific proteins’™. As a result of the divergence in protein and RNA content,
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mammalian mitochondrial ribosomes are larger, heavier but less dense than prokaryotic
ribosomes. Although the structure of essential domains are conserved, the overall
organisation of mitochondrial ribosomes is distinct from that of prokaryotic and cytosolic
ribosomes and it does not appear that eukaryotic MRPs have physically replaced absent

RNA structures?'®

. Many protein-protein and protein-RNA bridges are present in
mammalian mitochondrial ribosomes which are absent in prokaryotic ribosomes?'°.

These are proposed to function in binding and communication between subunits.

Proteomic studies have identified novel characteristics for certain MRPs. In particular
three homologues of prokaryotic S18 are present in mammals, MRPS18A, MRPS18B
and MRPS18C?%2'3, As only a single copy is present per small subunit, mammalian
mitochondrial ribosome pools may be heterogeneous. Moreover bacterial S18 is
changes conformation upon mRNA binding, suggesting that differences in the kinetics of
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mRNA handling may exist®®®. Cardiac-specific isoforms of other MRPs?'* have been

identified along with others that also function in apoptotic signalling®'®.

At least half the mammalian MTRNR1 pool of is bound to the inner membrane-
independent of the presence of nascent chains®'®. In yeast, mitochondrial translation
appears to be exclusively associated with the inner membrane?®'72'®, As all mtDNA-
encoded proteins are inner-membrane proteins, mitochondrial translation is generally
accepted as occurring concurrent with membrane insertion. Both translating and inactive
ribosomes bind the OXA1 membrane insertion complex (4.2.6.2) and the identification of
membrane-resident chaperones (4.3.1.3) and mRNA-binding proteins (5.2.3.2;5.2.3.4)
supports models whereby the entire mitochondrial gene expression process, from
transcription to translation, occurs at the inner membrane'®""' (figure 5).

3.2.1.2 Translation

The components and cycle of mammalian mitochondrial translation are homologous to
those of prokaryotes?'®, although there are some important differences possibly related
to alterations in ribosomal structure. In contrast to prokaryotes, mammalian mitochondrial
start codons are thought to be located by non-specific mRNA binding followed by 5
scanning®®??' without the need for auxiliary factors®?2. In prokaryotes, three initiation
factors IF1, IF2 and IF3 are required for assembly of an initiation complex composed of
the ribosomal small subunit, mMRNA and {-Met-tRNAM®'. Human mitochondrial
homologues of IF2 and IF3 have been identified (MTIF2%>%2°, MTIF3**°) while functional
homologues of IF1 appear not to be required in mammals??®. Following large subunit
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binding, three elongation factors EF-Tu, EF-Ts and EF-G, are required in prokaryotes for
correct recruitment of charged tRNAs, tRNA transfer between the ribsomal A-, P- and E-
sites and displacement of uncharged-tRNAs during chain elongation. Homologues of all
three are present in human mitochondria, including two constitutively expressed isoforms
of EF-G, (TUFM?, TSFMP?®, EFG17*°, EFGZ**). In common with prokaryotic EF-Tu,
there is evidence that the phosphorylation state of TUFM is a regulator of mitochondrial
translation®'. Structural®® and kinetic®* data from bovine mitochondrial elongation
factors suggests that the mechanics of elongation in mitochondria is similar to that in
prokaryotes. Termination of translation and ribosome recycling in prokaryotes requires
four termination factors, RF1, RF2, RF3 and RRF. To date homologues of RF1 and RRF
(MTRF1, MRRF) are the only termination factors identified in humans®*,

3.2.1.3 mRNA turnover

There is evidence that similar to cytosolic mMRNAs, concentric rounds of mitochondrial
translation lead to shortening of mRNA poly-A tails which marks mRNAs for

degradation'*®

(<A14). In yeast mitochondria, a 160 kDa ribosome-associated RNA
degradosome has been identified composed of a helicase, Suv3p, and an RNase I,
Msu1p’. A homologue of Suv3p, SUPV3L1, has been identified in humans yet it appears
to be a matrix protein with a preference for dsDNA substrates'®®. No homologue of
Msu1p has been found. Yeast mitochondrial MRNAs are not poly-adenylated thus

1% The RNases involved in turnover of

different systems may well operate in mammals
mammalian mitochondrial mRNAs and processing intermediates remain to be identified
experimentally'>'%'%_|n prokaryotes and chloroplasts, PNPases' are components of
RNA degradosomes'® and it has been speculated that in humans the mitochondrial
PNPase, PNPT1%%2% may be involved in mRNA turnover. No PNPase-like proteins are

present in yeast genomes which may account for the differnce'®*?%,

4 PROTEIN TARGETING TO MITOCHONDRIA AND BIOGENESIS OF THE
MITOCHONDRIAL PROTEOME

237238 are encoded

Only 13 of the ~1000 proteins of the human mitochondrial proteome
by mtDNA, corresponding to around 10% of mitochondrial protein mass®?°. Hence, a vast

array of proteins with widely varying physical characteristics and expression profiles are

" ssRNA 3'-5’ exoribonuclease, also known as Dss1p.
1 Polynucleotide phosphorylase, in vivo 3'-5’ exonuclease.
* Non-HGNC name hPNPase®*®,
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imported into the mitochondrial compartments. The following section provides a
summary of the mechanisms of protein targeting to mitochondria and the biogenesis of
the mitochondrial proteome.

4.1 CYTOSOLIC EVENTS

There are two principal routes for protein import to mitochondria, co-translational import,
which predominates for prokaryotic components®? of the mitochondrial proteome, and
post-translational import, which predominates for proteins of eukaryotic origin®*'.

41.1 The localisation RNCs to mitochondria for co-translational import

Mitochondrial protein targeting is absolutely dependent on the global gene expression
machinery (figure 5). Many of the cytosolic events that influence mitochondrial targeting
are indistinguishable from those of nhon-mitochondrial proteins. In particular many
ubiquitous cytosolic chaperones are required for mitochondrial protein targeting.

Translationally active ribosome-mRNP complexes (RNCs) encoding proteins destined for
mitochondrial compartments have long been know to associate with mitochondria®#?
(figure 5). It is also clear that certain proteins can only be imported co-translationally®,
Verification of the extent of the association of RNCs with mitochondria has been
provided by genomic screens of yeast in which around 500 mRNAs were identified as
components of RNCs predominantly localised to mitochondria®"', a figure that represents
at least half the predicted yeast mitochondrial proteome. The only common feature
among the proteins encoded by the localised mMRNAs was that they tended to be
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prokaryotic in nature“™”. Contrary to previous assumptions, there was no evidence that

co-translational import favoured hydrophobic proteins®'.

Under steady-state conditions, whether or not particular RNCs accumulate on the outer
membrane is thought to be dependent on regulation of the window during which the
emerging nascent chain can interact with TOM complex receptors (4.2.1), while still a
component of the RNC***?°, This in turn is dependent on the stability of the RNC, the
kinetics of translation and the presentation of the emerging nascent chain®**2*®, Control
of the kinetics of translation, including stalling, is likely to be mediated via cis elements in
mRNAs. There is good evidence of a role for 3UTRs in mitochondrial localisation?*® and
for the binding of translational inhibitors to mRNAs localised to mitochondria®’.
Attachment of RNCs to the outer membrane is via electrostatic interaction between
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ribsomal components and outer membrane proteins®®. It requires GTP and intact
ribosomes and is stabilised by the presence of an emerging mitochondrial localisation
signal®*®. Whether or not the mitochondrial proteins involved in RNC attachment are

known components of the TOM complex (4.2.1; 4.2.2) remains to be determined.

Examples of proteins known to influence the association of RNCs with mitochondria

250251 which are components of

include yeast homologues of mammalian SR proteins
mRNPs?*? and homologues of B-karyopherins®? which function as nucleo-cytosolic
shuttles®?. Both have been implicated in RNC localisation to mitochondria though their
direct and indirect ability to control the stability of RNCs in the cytosol. In vitro studies
have also shown that two ribosome-associated chaperone complexes, the ribosome-
associated complex®® (RAC) which is an hsp70/hsp40 pairt present only in yeast, and
the nascent polypeptide-associated complex®>2%” (NAC), promote the interaction of
RNCs with mitochondria. Both complexes are required for correct presentation of
emerging mitochondrial targeting signals. A role for free cytosolic hsp70s in presentation
of emerging targeting signals from mitochondria-localised RNCs can also be inferred
from early work examining the import of proteins such as ATP2p®®*®* in yeast which is

now known to be imported co-translationally®*'.

4.1.2 The role of cytosolic chaperones in post-transiational import

The primary role of cytosolic chaperones in post-translational mitochondrial protein
import is to maintain nascent proteins in an import competent state, i.e. to block collapse
of the protein into stably folded forms, and to facilitate reading of targeting signals®**#*°
(figure 5). The cytosolic chaperones involved in this process are components of the
global gene expression machinery which is designed to enable the correct reading of
multiple cellular localisation signals and to facilitate the entrance of nascent proteins into
appropriate assembly pathways®**?*®, The interaction of mitochondria-targeted proteins
with cytosolic chaperones is dependent on the intrinsic properties'of the cargo protein
and varies according to the availability of cytosolic chaperones. Studies of the ubiquitous
hsp70 HSPA82%°26%, 14-3-3 proteins 25?5 and hsp90s?*° have shown that different

proteins rely on specific chaperones to different extents and that certain proteins require

" serine-argenine rich.
T Ssz1p and Zuo1p.
* human homologue, ATP5B, non-HGNC name F4-B.
i Non-HGNC names, Hsc70, Heat shock cognate 70, Hsp73.

The 14-3-3 dimer YWHAE*YWHAZ has previously been referred to as mitochondrial import
stimulating factor (MSF). This titla has not been used here as 14-3-3 proteins, including YWHAE
and YWHAZ function in many aspects of cell biology®®' 2%,
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members of multiple chaperone families for mitochondrial import®®. Alterations in the
abundance of different chaperones leads to import of cargo proteins via different
cytosolic chaperones as has been demonstrated for HSPA8 and 14-3-35?°>. Neither
HSPAB8 nor 14-3-3s show any preference for interaction with cargo proteins containing
internal targeting sequences or N-terminal presequences®*?®*, however, the phospho-
serine-binding characteristics of 14-3-3s may play a part in regulation of import of
proteins with phosphorylation sites within mammalian mitochondrial import séquences".
In support of this, pre-sequence phosphorylation-dependent trafficking by 14-3-3 dimers
complexed with hsp70 has been confirmed in plants for both mitochondrial and
chloroplast localisation®®”. Hsp90 has primarily been associated with the import of

%, The PPlase AIP has recently been shown

proteins with internal targeting sequences
to be required for the import of a model protein with an N-terminal import pre-sequence

via binding close to the import sequence?®.

HSPAB8 and 14-3-3s?%42552%9 are required for the ATP-dependent transfer of certain
mitochondrial cargo proteins to outer membrane TOM complex receptors (figure 5;
4.2.1). Transfer of cargo proteins from these chaperones has been demonstrated to both
TOMM70A and TOMM20?%426%289 AIP s also involved in the delivery of cargo proteins to
TOMM20 and may cooperate with HSPA82%®, When bound to cargo proteins, HSPA8?®,
14-3-35*®** and hsp90%%%2™ can all bind TOMM70A, providing an interface between the
TOM receptors and cargo proteins. The same may be true for AIP which contains TPR
domains that interact with TOMM20 and possibly also HSPA8?%®, TOMM70A also
contains TPR domains®”' and these are proposed to be involved in HSPA8 and hsp90
binding®®®. As TOMM70A does not have any chaperone-like activity?’?, an important
function of hsp70 and hsp90 chaperones in respect to TOMM70A binding, is that they
probably facilitate both the reading of internal targeting signals by the TOM receptors
and cargo transfer to binding-patches within the TOM complex by maintaining cargo
proteins in a quasi-unfolded state while attached to the outer membrane?®,

It should be noted that hsp70%”® and hsp90%* chaperones are dependent on zone-
specific co-factors and co-chaperones for function and that these proteins are therefore
also involved in mitochondrial protein import. As would be expected given the prominent
role of hsp70s in mitochondrial import, the cytosolic hsp40 co-chaperone Ydj1p is
required for mitochondrial import in yeast®’®. Interestingly, Ydj1p contains a C-terminal

" Peptidyl-propy! cis-trans isomerases (syn. cyclophilins) catalyse the isomerisation of propyl
peptide bonds enabling twisting of peptide backbones at proline residues.
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farnesyl moiety that has been speculated to be involved in anchoring the it to the
mitochondrial outer membrane?%%”?, Of the few human hsp40s that have been studied,
DNAJA1" and DNAJA2' appear to be required for mitochondrial import as cytosolic
partners of HSPA8?®,

413 The role of proteolysis in mitochondrial localisation

An important backdrop to the import of mitochondrial proteins is that accurate
mitochondrial localisation is achieved in part by the constant degradation of unimported
or mis-localised proteins. Un-imported mitochondrial proteins, for instance cytosolic
forms with intact presequences, are notoriously unstable in vivo. Under conditions where

mitochondrial protein import is inhibited, cytosol-resident mitochondrial proteins are

d279,280 1 181 ,

rapidly degrade as has been confirmed specifically for nascent COX4l

although proteins which are imported co-translationally are somewhat spared®®.
Furthermore, ectopic overexpression of mitochondrial genes which can be detected at
the mRNA level, is generally not manifest as increased cytosolic forms of the

proteins?®'2%2,

The direct transfer of chaperone-bound cargo proteins to the proteasome* as a function
of either kinetic partitioning? or cradle to grave’® models of nascent protein turnover™®,
provides an explanation for the extremely low steady-state levels of mitochondrial
‘proteins in the cytosol. Without the constant clearing of cytosolic pools of mitochondrial
proteins, the accurate localisation of the mitochondrial proteome necessitates an
unrealistic, hyperefficient, error-free model of import. Consideration of the role of
proteolysis in protein localisation is especially important given the wide spectrum of
proteins which are imported into mitochondria in vivo, variations in the strength of
mitochondrial import signals and the cell-type specific variation in expression of
components of the global gene expression machinery required for mitochondrial import.

" Non-HGNC name dj2.

T Non-HGNC names dj3, cpr3.

¥ In the context of this thesis, proteasome refers to the total protease component of the proteome
and is not a specific reference to the 26S proteasome.
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Figure 5 Pathways of mitochondrial protein import. Cytosolic aspects of mRNA export, the
nucleus, mRNP protein re-cycling and translational control are shown in grey. Cytosolic
chaperones such as hsp70s and hsp90s are shown in orange as is the cytosolic proteasome. N-
terminal mitochondrial import signals are depicted as grey boxes. The TOM machinery, including
GIP complex and TOMM70A and TOMM20 receptors are in pink. The TIM23 complex and TIM22
complex are coloured green along with a membrane associated Tiny-TIM complex. The
mitochondrial matrix is coloured blue and matrix proteins involved in handling of the nascent
mitochondrial proteome in white. OXA1, OXA1 complex; MPP, matrix processing peptidase; MIP,
mitochondrial intermediate peptidase; IMP, mitochondrial IMS peptidase.

4.2 MITOCHONDRIAL PROTEIN IMPORT

Whether imported co-translationally or post-translationally, proteins destined for the
mitochondrial compartments appear to translocate the outer membrane via a single
outer-membrane translocase called the TOM complex. For IMS-resident proteins, import
halts at this point. However, for the majority of the mitochondrial proteome, import
continues across the inner-membrane via one of two translocases, the TIM22 complex or
the TIM23 complex. Subsequently, cleavable targeting signals are removed by
peptidases and export of matrix-resident proteins destined for the inner-membrane is
mediated by inner-membrane complexes, including the OXA1 complex. Details of these

events are given below.

421 The TOM complex receptors

The outer membrane translocase (TOM) complex can be functionally divided into two
parts, the general import pore (GIP) complex and the receptor proteins®®¢2% (figure 5).
The receptor proteins recruit mitochondrial targeted proteins at the cytosolic face of the
outer membrane and direct them to the GIP complex for membrane translocation. In
yeast Tom70p, Tom20p and Tom22p are the principle receptors of the TOM complex®®®'.
Studies of Tom70p and TOMM70A have shown that it forms homodimers and primarily

290

recognises chaperone bound cargo proteins with internal targeting sequences®". Upon

cargo delivery, multiple TOMM70A dimers bind a single cargo protein®®. Mitochondrial
proteins with internal targeting sequences are generally hydrophobic inner-membrane
proteins and it is believed that multimerisation of TOMM70A and retention of cytosolic

chaperones precludes aggregation in an environment containing an abundance of

290

unfolded proteins™". Cargo proteins with N-terminal presequences and certain proteins

0290

without, are recognised by Tom20p/TOMM20™. It contains a hydrophobic grove in its

cytosolic domain that interacts with the hydrophobic face of amphipathic mitochondrial

" Human homologues, TOMM70A, TOMM20 and TOMM22.
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targeting sequences®’

. Tom22p is the universal receptor and forms part of the GIP
complex. It accepts cargo proteins from the other TOM receptors and directs them
through the translocation pores. In contrast to TOMM70A, TOMM20 and TOMM22 have
a degree of intrinsic chaperone-like activity which probably contributes to maintaining

cargo proteins in an import competent state during interaction with the TOM complex®”.

4.2.2 The TOM complex general import pore (GIP)

The yeast GIP complex component of the TOM complex has a molecular weight of
around 400 kDa and is formed by a non-stoichiometric assembly of Tom40p, Tom22p
and Tom7p and a number of smaller proteins?®®?®, Cargo bound receptor proteins are
also transiently recruited to the GIP complex during cargo transfer. The core of the GIP
complex is composed of Tom40p and Tom22p which from a triple pore structure®®. The
pores have a diameter of around 20 A and are capable of accommodating a-helices or
loops of unfolded cargo proteins. This enables the transfer of proteins with internal
targeting sequences mid-section first as opposed to linearly. Cargo proteins are
transferred through the pores via a series of interactions of increasing affinity with
receptor protein binding-patches on both the cytosolic and IMS faces of the GIP
complex, in particular the universal receptor Tom22p. This mechanism of transfer is
described as the binding chain theory of translocation®*. Human homologues of most
components of the yeast TOM complex have been identified and functional studies in
mammalian cells suggest that the general mechanisms of the TOM complex are the
same in humans and yeast®®*. Cargo proteins remain bound to TOM receptors on both
faces of the outer membrane during translocation. Before translocation is complete,
cargo proteins destined for the matrix and inner-membrane are bound by components of
either of the two inner-membrane translocases the TIM22 complex and the TIM23
complex®7288,

423 The TIM22 complex and the tiny-TIMS

The TIM22 complex is required for the import of polytopic inner-membrane proteins with
hydrophobic, internal mitochondrial targeting sequences that are principally components
of the eukaryotic component of the mitochondrial proteome®”?%, |t requires AW for
function but not matrix ATP. Following import of matrix resident domains, all cargo
proteins imported via the TIM22 complex are transferred laterally into the inner-
membrane without fully entering the matrix (figure 5).

" Human homologues, TOMM40, TOMM22 and TOMM?7.
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The transfer of cargo proteins between the TOM complex and the inner-membrane
components of TIM22 complex is mediated by multimeric complexes of 8-13kDa proteins
referred to as the tiny-TIMS. All tiny-TIMs contain conserved CX3CX11.16CX3C motifs®®®.
These residues are required for function and structural integrity, although discussion
remains as to whether they are required for Zn**-binding or S-S formation. In yeast, free
tiny-TIM complexes bind cargo proteins at hydrophobic transmembrane regions as they
emerge from the TOM complex®®. Binding to TOM complex-resident cargo proteins is
dependent on Ay and is necessary and sufficient to stimulate release of the cargo
proteins from the TOM complex binding-chain?®"?®, In human cells, all tiny-TIMs appear
to be attached to the inner-membrane and to be components of two complexes, one of
70 kDa which is thought to be a hetero-hexameric tiny-TIM complex and another of 450
kDa which appears not to contain any other components of the TIM22 complex®®’.
Although the mechanism of transfer of cargo proteins from the TOM complex to the tiny-
TIMs is unknown in human cells, they are also believed to function as chaperones
binding hydrophobic regions of cargo proteins prior to transfer to the TIM22 complex.

There are three principle membrane components of the TIM22 complex (300 kDa) in
yeast, Tim22p, Tim18p and Tim54p. Homologues of Tim18p and Tim54p do not appear
to be present in mammalian genomes®’?%82%_The yeast TIM22 complex contains two
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import pores®® formed by Tim22p®*. Gating of the pores is dependent on Ay, is

stimulated by internal mitochondrial targeting signals and is unresponsive to N-terminal

targeting signals which stimulate the TIM23p complex®*®

. The two pores of each complex
function cooperatively and gating of one pore induces closure of the unoccupied pore®%,
Each pore is 18A in diameter and is wide enough to accommodate two a-helices,
enabling the import of internal loops of cargo proteins into the matrix prior to lateral
transfer into the inner membrane. While there are likely to be structural difference
between the TIM22 complex in yeast and human cells, the overall function of the

complex is believed to be conserved.

4.2.4 The TIM23 complex

The import of proteins via the TIM23 complex is the best characterised of the
mitochondrial import systems®®?% (figure 5). The majority of proteins imported via this
pathway carry amphipathic a-helical import signals which are predominantly N-terminal
and cleaved on import but can also be internal or C-terminal. Cargo proteins for the
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TIM23 complex are both eukaryotic and prokaryotic in origin. Import requires both AW
and ATP on the matrix side of the inner membrane.

The yeast TIM23 complex is around 400 kDa in size and is composed of approximately
equimolar associations of Tim23p, Tim17p, Tim44p and Tim50p®"?®, The core of the
complex is formed by two subunits of Tim23p and two of Tim17p. The C-termini of
Tim23p form the import pore®*® and the N-terminal section extends across the IMS and
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through the outer membrane™'. This structure is believed to restrict the TIM23 complex

to the inner boundary membrane. The TIM23 import pore is 14 A in diameter®®

which is
very similar to the diameter of the ribosomal exit pore. It is able to accommodate a single
a-helix and an extended chain. The gating of the pore is very fast and is stimulated by
the binding of positively charged peptides to the IMS face of Tim23 in the presence of
AW, If a membrane potential is maintained across the channel for extended periods it
closes, this mechanism is expected to act in vivo to stop the collapse of AW. Tim17p
shares some homology with Tim23p and is involved in stimulation of channel gating by

signal peptides®®

. Itis not known whether Tim17p is also able to form pores. Tim50p
extends into the IMS and binds TOM complex resident cargo proteins®2°®, |t is believed
to act as a receptor for the TIM23 complex and to direct cargo proteins to binding-
patches on Tim23p. As with transfer to the TIM22 complex, cargo proteins remain bound
to the TOM complex during initial interaction with the TIM23 complex and careful
disruption of cells enables isolation of 600 kDa, cargo-bound TOMeTIM23 complexes®*.
The binding of cargo proteins to Tim23p causes opening of the conductance channel
which leads to passage of the positively charged cargo protein presequence through the
inner-membrane into the negatively charged matrix. Once cargo proteins begin to
emerge into the matrix, they are either bound by the matrix import motor which facilitates
transfer into the matrix®537 (4.2.4.1) or, if “stop transfer” signals are present, they are
transferred laterally into the inner-membrane without transfer into the matrix (4.2.6.1). As
with the TOM complex, homologues of most of the components of the yeast TIM23
complex have been identified in the human genome and there is no evidence of major

functional differences.

4.2.4.1 Membrane translocation and the matrix import motor

The translocation of proteins into the matrix via the TIM23 complex requires unfolding of
cytosol-resident domains of cargo proteins and pulling of the protein into the matrix. This
is achieved by the electrophoretic effect of AW and the activity of the matrix import motor
(figure 5). The extent to which each is involved is dependent on the intrinsic properties of
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the cargo protein and the characteristics of its N-terminal presequence®®*®. Proteins
with short presequences which only marginally enter the matrix prior to protein unfolding
are dependent on AW to catalyse unfolding until a sufficient portion of the protein is
inside the matrix to interact with the matrix import motor*®. Proteins with long
presequences are able to recruit the assistance of the import motor earlier and are to a

certain extent free from the requirement of AW for unfolding and pulling®”

. Conversely
cargo proteins with high positive charges can rely more on AW in the initial stages of
import®®. Both AW and the matrix import motor act to trap the unfolding of the external
domains of cargo proteins as they are imported®®3%, Although there has been much
debate®'?, it is now accepted that the matrix import motor acts as a Brownian
ratchet®"'*'2, trapping positive moment of cargo proteins into the matrix, rather than

using a “power stroke” to pull cargo proteins into the matrix.

The matrix import motor is composed of mitochondrial hsp70 and specific co-factors
which function in tandem with the TIM23 complex during import®®”?%%3'3_|n yeast the
matrix hsp70 chaperone Ssc1p is precisely positioned to receive emerging cargo
proteins via interaction with Tim44p®'“, It functions in concert with the hsp40 co-

chaperone Pam18p®'®, the scaffold protein Pam16p*'®
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and the GrpE nucleotide
exchange factor Mge1p®'‘. The concerted action of these proteins enables ATP-
dependent cycling of Ssc1p binding to Tim44p and repeat interaction with cargo proteins
during membrane translocation®*”?%83'313 Homologues of all the components of the

294,315,316

matrix import motor are found in human cells , although in contrast to yeast, a
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pool of soluble TIMM44 also exists in the mammalian matrix”"™. To date no function has

been attributed to this pool.

The rate of import of fully translated, prefolded matrix proteins through the TIM23
complex is estimated to be 9-13 amino acids per second®'®. Nascent proteins emerge
from ribosomes at around 4 amino acids per second, thus whether they do so post-
translationally or co-translationally, cargo proteins entering the matrix face the same
disparity between the slow rate of emergence of unfolded domains and the rapid rate of
protein folding. For this reason mitochondrial chaperones (4.3.1) are extremely important
for the maturation of imported mitochondrial proteins.

4.2.5 Mitochondrial processing peptidases

Mitochondria contain three processing peptidases responsible for the removal of the

majority of cleavable mitochondrial import signals (figure 5).
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4.25.1 MPP

The mitochondrial processing peptidase (MPP) is the matrix resident, Zn?*-dependent
peptidase responsible for the cleavage of canonical N-terminal import signals recognised
by the TIM23 complex®?°. It is a heterodimer of PMPCA which is thought to be required
for substrate recognition and PMPCB which is the catalytic subunit. Both subunits have
homclogy to the complex Il CORE subunits, UQCRC1 and UQCRC2. Prediction of MPP
cleavage sites remains rather inaccurate. Currently only about 65% of sites fall into
predictable motifs which have the following characteristics: an overall positive charge, a
predicted amphipathic a-helix structure and one of four motifs specified by the position of
argenine residues relative to the cleavage site (R-2, R-3, R-10 and R-none). There is
also evidence that the structural characteristics of substrate proteins in the region of N-
terminal import sequences contribute to substrate recognition and the complexity of MPP
substrate interaction.

4.2.5.2 MIPEP

The mitochondrial intermediate peptidase (M/PEP) is a monomeric matrix peptidase
required for N-terminal cleavage of certain proteins following cleavage by MPP3%,
MIPEP activity is Mn?* and thiol-dependent and MIPEP sequences show homology to
thiol-dependent TOP" family metalloproteases. Predicable substrates for MIPEP all have
R-10 MPP cleavage sites and cleavage by MIPEP removes an octa-peptide. As with
MPP, structural features C-terminal to MIPEP cleavage sites may influence substrate
specificity. MIPEP expression is highest in heart, skeletal muscle and brain.

4.25.3 IMP

The mitochondrial IMS peptidase (IMP) cleaves IMS resident substrates including those
exported from the matrix®*®. In yeast IMP is composed of two subunits Imp1p and Imp2p
which are anchored to the IMS face of the inner-membrane via N-terminal anchors.
Another potential subunit, Som1p, has also been identified. Catalytic domains of Imp1p
and Imp2p are C-terminal Ser/Lys dyads and activity is dependent on the presence of
acidic phospholipids. Som1p does not have any homology with either Imp1p or Imp2p.
Determinants of IMP substrate specificity remain unclear. In humans only a single IMP
subunit gene has been identified®", IMMP2L, which retains the N-terminal
transmembrane topology of yeast IMP subunits.

" Thimet oligopeptidase, IRP001567.
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4.2.6 Inner-membrane insertion

As mentioned above, insertion of TIM22 complex cargo proteins always occurs laterally
directly into the membrane. Insertion of TIM23 complex cargo proteins and those
encoded by mtDNA occurs via different pathways.

4.2.6.1 “Stop-transfer” insertion

Like the TIM22 complex, import via the TIM23 complex can lead to lateral transfer via a

mechanism called “stop-transfer” insertion®

(figure 5). Proteins inserted in this way are
transferred laterally between the protein domains forming the import pores of the
complex. Stop-transfer can either result in a conventional Ny.iix-Civs topology or the
reverse Nius-Cnatrix topology. This second form is achieved via import of a single internal
loop mediated by an internal amphipathic import signal which is directly C-terminal to the
eventual transmembrane domain®®®**, A defining marker for all stop-transfer inserted
proteins is that they have a single transmembrane domain. Cleavable N-terminal
targeting signals are processed normally. Proteins inserted into the inner-membrane

using stop-transfer are thought to be exclusively the eukaryotic in origin.

4.2.6.2 The OXA1 complex

The OXA1 complex is required for the export of matrix proteins into the inner
membrane®??# (figures 5 & 6). It has been best studied in yeast and Neurospora crassa
and in both organisms it is a homo-oligomeric complex, most likely a tetramer, of

329.330 and are

Oxa1p®®328 OXA1 complex cargo proteins are bound directly by Oxa1p
exclusively prokaryotic in origin including mtDNA-encoded proteins and nuclear-encoded
proteins imported via TIM23%2, All nuclear-encoded OXA1 cargo proteins achieve a final
Nims-Cmatrix topology?2. mtDNA-encoded cargo proteins achieve either Njs-Cims O Nimarix-
Crmarix topologies®®, although the OXA1 complex is not thought to be necessary for C-
terminal tail export of mitochondrial Nys-Ciws proteins®'3%, Export of N-terminal tails by
the OXA1 complex for Nys- topologies is dependant on the presence of Ay®??. There
remain some questions as to the role of the OXA1 complex in export of internal loops of
polytopic proteins and it seems that the complex may play a redundant role, serving to
optimise efficient export®23%, Whether or not Ay is required for export of internal loops
is also uncertain®2%%33_As with many of the questions regarding localisation of the
mitochondrial proteome, these uncertainties are a reflection of the extremely small

number of model cargo proteins which have been studied.
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Mature Oxa1p is a 36 kDa protein which has 5 predicted transmembrane domains®*. It

is well conserved and the human homologue, OXA1L, is able to complement Aoxa1
yeast®*®, Homology between OXA1L and bacterial and chloroplast proteins involved in
transmembrane export suggests it represents an evolutionarily conserved membrane
translocation mechanism®¥®3%®, The C-terminal region of Oxa1p forms a basic, coiled-coil
domain. This domain is required for interaction with ribosomes®® and ribosomal large

339

subunits™ in the region of the ribosomal exit pore. Although binding is higher in the

presence of nascent chains, it is not dependent on their presence®®%

, suggesting that
the OXA1 complex might be involved in the steady-state attachment of ribosomes or
ribosomal large subunits to the inner membrane?'® (figure 5). The binding of ribosomes
to the OXA1 complex clearly functions in co-translational export of mtDNA-encoded
subunits. Oxa1p binding to mitochondrial nascent chains occurs prior to the completion
of translation®* and is maintained for between 30-60 minutes following translation®*°.
Whether the C-terminal domain of Oxa1p also interacts with chaperones involved in the
export nuclear-encoded proteins remains to be clarified although there is some evidence
that this might be the case®®. OXA1L is located at 14q11.2, it is composed of 10 exons

spanning ~5 kb, A single 2 kb transcript is expressed.

4.2.6.3 The OXA2 complex

An OXA1 homologue has also been identified in N. crassa and humans termed
OXAZ*Y, It appears to be an orthologue of yeast COX18 which is required for C-terminal
tail export of Cox2p®'**2 put is not present in most genomes including N. crassa and
humans. Indeed, human OXA2 can compliment yeast Acox18 strains®°. Oxa2p forms
homo-oligomeric complexes that are similar to but distinct from the OXA1 complex.
Homology between Oxa1p and OxaZ2p is restricted to the central region and the
presence of five predicted transmembrane domains. Oxa2p does not contain the C-
terminal ribosome-binding domain present in Oxalp and it associates with nascent
Cox2p and Cox3p (but not Cox1p) for around 1 hour following translation which suggests
it functions downstream of the OXA1 complex. Disruption of the OXA2 complex appears
to have a specific effect on the assembly of COX and it may represent a COX assembly
factor as opposed to a general export complex.

" NCBI hypothetical protein FLJ38991.
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4.2.6.4 Other membrane insertion mechanisms

Despite the important role of the OXA1 and OXA2 complexes in export of inner-
membrane proteins, this aspect of mitochondrial biology remains poorly understood. For
instance, it is still unknown whether Oxa1p is actually a receptor, a chaperone or a pore
forming protein®®. Genetic studies in yeast have indicated that the OXA1 and OXA2
complexes may not be the only means by which matrix proteins are exported into the
inner membrane. While some proteins such as Cox2p are dependent on the OXA1
complex for export, other model cargo proteins appear to show variable degrees of
dependence upon it**2. OXA1 appears to be dispensable for the insertion of some

polytopic nuclear-encoded Npayix-Crmatix OFientated proteins®?

. Analysis of polytopic
TIM23 cargo proteins has shown that they have an abundance of negatively charged
amino acids in IMS-resident loops not seen in TIM22 cargo proteins®®. Export of these
proteins is dependent on the presence of Ay thus spontaneous insertion of some
proteins may occur. Furthermore, as many proteins including Oxa2p require Oxa1p for
membrane insertion*°, Aoxa? strains are complex pleiotropic models of disrupted matrix
export that may not provide clear evidence on the role of Oxa1p. In yeast, additional
proteins involved in membrane insertion starting to be uncovered such as MBA1%25:%7:3¢

but no homologues have yet been identified in mammals.

4.3 MITOCHONDRIAL CHAPERONES AND PROTEASES

4.3.1 Mitochondrial chaperones required for OXPHOS subunit expression

The nascent mitochondrial proteome contains two pools of unfolded proteins, those
emerging from mitochondrial ribosomes and those entering the mitochondrial
compartments from the membrane translocation complexes. Both pools of proteins need
to fold vectorally and require protection from the crowded molecular environment of the
matrix. This protection is provided by the chaperones comprising the mitochondrial
foldasome’, members of which handle both pools of unfolded proteins.

4.3.1.1  Mitochondrial hsp70, hsp40 and GrpE systems

Mitochondrial hsp70s, hsp40s and GrpE nucleotide exchange factors are best studied in
yeast in which a number of distinct systems have been described, typical of the discreet

" In the context of this thesis foldasome refers to the entire chaperone system of mitochondria
required for handling proteins prior to their maturation.
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zones of function apparent for cytosolic chaperone systems®®. The matrix import motor,
described above (4.2.4.1), is a prominent role for these proteins. It comprises pools of
the hsp70 Ssc1p®"’, the GrpE Mge1p®'** and the hsp40, Pam18p*'®. Ssc1p has also
been demonstrated to be important for correct folding and maturation of newly imported
proteins®* in a similar manner to cytosolic hsp70 chaperones. In this context, it functions
with Mge1p** and a different hsp40 called Mdj1p®"’. Two other mitochondrial hsp70s
have been identified in yeast, Ssq1p  and Ecm10p. Ssq1p is present at levels around
1000-fold lower than Ssc1p and appears to have a specific function in Fe-S
formation®¢3¥’, Like Ssc1p, it is also thought to use Mge1p as a GrpE, although it utilises
a distinct hsp40, Jac1p®*”. Ecm10p has a very high degree of homology to Ssc1p yet is
unable to compensate in Assc1 strains®?, It has been identified as a component of

nucleoids''?"

inferring a role in modulation of mtDNA-binding proteins.

To date only a single mitochondrial hsp70, termed HSPA9B' has been identified in
humans. This is likely to change however, as many Hsp70s are present in the human
genome and cellular localisation data tends to lag genomic and proteomic data. Also, in
rodents two isoforms of HSPAYB are expressed®®. In common with much of the
mitochondrial proteome, HSPASB is also present outside the mitochondria. Detailed
analysis has localised it to the plasma membrane, cytoplasmic vesicles®® and the ER*'
and it has been implicated in cytoplasmic events during transformation®*°. Three putative
mitochondrial hsp40s have been identified DNAJA1, DNAJA2%"8, DNAJA3%? although
only DNAJA3 has been confirmed as an interacting partner of HSPA9B®**2, Extra-
mitochondrial functions have been identified for DNAJA13°3, DNAJA2%%* and DNAJA33%,
Splice variants of DNAJA2%** and DNAJA3>* are expressed leading to very complex
patterns of expression for these proteins and, as with mitochondrial hsp70s, it is possible
that more hsp40s will be localised to mitochondria. In contrast to the large ndmbers of
hsp70s and hsp40s in the human genome, only two GrpE homologues, GRPEL 1°* and
GRPELZ*| have been identified, both of which appear to be mitochondrial*?3*%®, The
lack of cytosolic GrpE proteins reflects differences the reaction cycles of cytosolic and
mitochondrial hsp70s. All GrpEs interact with hsp70s as dimers?®®%°3%°_ The complex
patterns of hsp70, hsp40 and GrpE expression and localisation evident from what little is
known about these systems in mammalian mitochondria suggest that the roles of these
proteins in humans are much more complex than those in yeast. While homologous roles
in the formation of the matrix import motor and folding of imported proteins can safely be

" Also called Ssc2p and Ssc3p respectively.
' Non-HGNC names mt-Hsp70, mHsp70, mortalin.
* GrpE Interpro domain IPR000740.
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inferred, the well defined roles of these proteins in apoptosis, proliferation and
differentiation creates a more complicated picture of their biology in humans.

4.3.1.2  The Hsp60 chaperonin

The mitochondrial hsp60 chaperonin is a member of the group | chaperonin family which
includes the bacterial GroEL/GroES complex and is related to the cytosolic group I
chaperonin TRiC'. hsp60 is composed of two stacked, heptameric rings of HSPD1*
which interacts with a heptameric cap of HSPE15273%'.362 The heptameric rings of group
I chaperonins form barrel-like structures which provide protective lumens that enable and
enhance the of folding of substrate proteins®3%'3%3 The function of the hsp60s is ATP-
dependent and ATP binding and hydrolysis influences interaction with HSPE1

cap 3273.361 ,362.

Like cytosolic chaperones mitochondrial chaperones are highly processive®*. In yeast,
hsp60 acts sequentially with newly imported proteins after their interaction with
Ssc1p?**®5, Other work in yeast has shown that only a subset of the mitochondrial
proteome requires hsp60 for folding®® and that substrates have molecular weights of
between 15-90 kDa**’. The substrate proteins identified for yeast hsp60 can be classified
into two main groups, those that require only Hsp60p for folding and those that require
both Hsp60p and Hsp10p for folding®®’, establishing that there are diverse modes of
interaction with hsp60 in vivo. Aside from roles in protein maturation and stress

110,111

responses®® (4.3.4) and as a component of nucleoids in the matrix, hsp60 is

%372 and as with HSPA9B, in human fibroblasts around

involved in apoptotic signalling
15-20% of the total cellular HSPD1 pool is present in the cytosol*’. The human HSPD1
and HSPET1 genes are aligned head to head at 2q33.1 and share a single bidirectional
promoter®’®. Basal expression of HSPD1 is around twice that of HSPE1 and following

heat shock expression of both genes raises around 12-fold®*.

4.3.1.3 Prohibitins

375-377

The yeast prohibitins, Phb1p and Phb2p, form a large 1-2 MDa complex in the

mitochondrial inner boundary membrane®®%? (figure 5). A homologous complex has

" E. coli Cpn60 and Cpn10 gene products.

T TCP-1 [tailless complex polypeptide-1] ring complex.
* Non-HGNC name HSP60.

$ Non-HGNC name HSP10.
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also been identified in human cell extracts®®, composed of PHB and REA the human
Phb1p and Phb2p homologues. Sequence analysis has identified a low level homology
between Phb1p and Phb2p and E. coli GroEL*"®, suggesting a possible structural model
for the prohibitin (PHB) complex, in agreement with functional data. The PHB complex is

375-377

not thought to contain any other proteins and cross-linking studies indicate an

380

alternating structure of Phb1p and Phb2p™". One model which would satisfy these

380 reminiscent of the

observations is that of an alternating barrel of Phb1p and Phb2p
Anfinsen cage formed by group | chaperonins and the ring structures proposed for AAA+
proteases (4.3.2.2;4.3.2.4). Assuming a of 1 MDa this would require at least 14 copies of
each subunit per complex. The structural association of both proteins has been
confirmed genetically whereby deletion strains for one prohibitin gene result in extremely
low steady-state levels of the remaining prohibitin protein without alteration in mRNA
levels®**"®, Protease digestion of mitoplasts has indicated that the PHB complex is

tightly folded and extends from the IMS face of the inner membrane®®,

A role for the PHB complex in COX biogenesis was determined following the discovery
of a molecular association between the PHB complex and the m-AAA protease but not

375, Using strains overexpressing [PHB1/PHB2] or a Acox4' model of

the /-AAA protease
aberrant COX assembly, it was demonstrated that the PHB complex stabilises proteins
digested by the m-AAA such as Cobp and Cox3p and therefore may act as a chaperone

for such proteins®®

. This is supported by evidence of transient interaction between
nascent, unincorporated Cox3p and the PHB complex®’® and an increase in steady-state
levels of the PHB complex in both mss1 mutants®® (5.2.3.2) and Ashy7 mutants®’
(5.2.3.1) which have aberrant COX assembly. The presence of the PBH complex had no
effect on the stability of Cox2p in Acox4 cells®”® despite evidence that it does bind
Cox2p®®. No data are available regarding interaction between Cox1p and the PHB
complex, although nascent Cox1p levels are not increased in [PHB1/PHB2]
overexpressing cells which have in increased levels of nascent Cobp and
Cox3p/Atp6p**”®. Evidence for a wide ranging role for the PHB complex in OXPHOS
biogenesis comes from recent work with human cells which identified a sub-complex of

complex | containing PHB®%2,

" PHB s the HGNC name for the human PHB1 homologue. REA (repressor of oestrogen receptor
activity) is the HGNC interim name for the human PHB2/BAP37 homolo%ue. To avoid confusion
the alternative nomenclature proposed independently by Nijtmans et a””” will not be used.

" Homologue of human COX5B.

* Cox3p and Atp6p signals were not resolved.
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4.3.1.4  Other mitochondrial chaperones

In yeast and N. crassa mitochondrial PPlases’ are required for optimal protein folding in
mitochondria®® and interact with hsp60®* and hsp70s%°. Due to their specific function in
catalysing conformational change, human PPIéses are probably required for optimal
biogenesis of the OXPHOS. To date the most prominent human mitochondrial PPlase,
PPID', has principally been studied in terms of its role in conformational change of ANT
in formation of the mitochondrial permeability transition pore and intermembrane

junctions in apoptosis®*®.

A single hsp90, TRAP1, has been identified in human mitochondria®*"*%8, As with other
mitochondrial chaperones it localises to cytosolic locations®®® and specific roles in
regulating cytosolic signalling cascades have been demonstrated®®. TRAP1 is dimeric
and appears structurally similar to other hsp90s, although turnover of its ATPase is
around 100-fold higher than cytosolic hsp90s®**. In common with cytosolic hsp90s and
hsp60, it is likely to be involved in the folding of imported proteins after their initial
interaction with HSPA9B.

4.3.2 Mitochondrial proteases required for OXPHOS subunit expression

Proteases are essential for the assembly of the OXPHOS and mitochondrial biogenesis.
They are involved in the turnover of assembly-intermediates of many complexes,
maintenance of the appropriate steady-state levels of mitochondrial proteins and in the
proteolytic activation or deactivation of specific substrates. As with mitochondrial

chaperones members of many different protease families are present in mitochondria.

4.3.2.1 The AAA+ super family

The somewhat loosely titted AAA domain (ATPases associated with a number of cellular
activities) is an ancient domain present in a large number of proteins in most forms of
life*'*%2, There are currently at least 49 AAA domain proteins identified in the human
genome*. The AAA domain is about 220 residues long and contains Walker A and
Walker B ATPase motifs. It is believed to function as a Zn**-binding, ATP-dependent,

391

protein clamp™’. Hence AAA domains are found in proteins with chaperone and/or

protease activities. The AAA+ super family encompasses conserved AAA domain

" Cpr3and CyP20 genes respectively.
T Non-HGNC name cyclophilin D.
* Interpro Domain IPR003959, AAA domain central region.
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proteins and the related Clp/hsp100 family which contain more degenerate AAA
domains. AAA+ family members are classified on the basis of the number of AAA
domains present. Class | proteins contain two distinct AAA domains, separated by a
variable linker and a undefined N-terminal region, related to the specific functions of the
protein. Class |l AAA+ proteins only have a single AAA domain. Many AAA+ proteins

form hepta- or hexameric ring complexes which often associate as larger complexes.

4.3.2.2 Biology of the m-AAA and i-AAA in yeast

In yeast, two inner membrane-anchored class |1l AAA+ protease complexes, the m-AAA
protease which faces the matrix and the ~AAA protease which faces the IMS, are

involved in degradation of OXPHOS subunits®**%%, Both complexes have been shown to

397,398

degrade unfolded proteins®®, unincorporated subunits and to be involved in the

cleavage and activation of specific substrates®**%®, The m-AAA protease is believed to

393401 and the -AAA a homomer of Yme1p ™%,

x402

be a heteromer of Afg3p and Rcailp
although other proteins may be required for function of this complex™-. The exact
stoichiometry of the m-AAA and i-AAA complexes remains to be established®*.
Structural data is available for the related membrane AAA-protease FtsH from E. coli

which forms flexible, hexameric ring-like structures®®4*

, although chromatographic data
suggests that yeast m-AAA*" and i-AAA*® complexes may be larger at around 1 MDa
corresponding to 12-14 subunits. In common with other AAA+ proteins, oligomerisation

of FtsH is essential for function*®®.

Little is currently known about the mechanism of action of the m-AAA and i-AAA
complexes. Deletion mutants have confirmed that the transmembrane domains of Afg3p
and Rcalp are required for the extraction of membrane embedded substrates by the m-
AAA*® Langer and co-workers have suggested that both complexes are able to extract
proteins from the inner-membrane irrespective of the presence of substrate domains on
the opposing side of the membrane®®. However, this work was based on the naive
assumption that the m-AAA and /-AAA protease are the only proteases present in the
inner-membrane and that in m-AAA or j-AAA loss of function strains no other proteases

would digest model substrates®®®

. An expanding number of proteases have been shown
to have substrate specificities which overlap those of the m-AAA and i-AAA*?74%8,

Moreover, recent work by Langer’s group has demonstrated that in m-AAA loss of

" Also referred to as Yta1 Op, Yta12p and Yta11p respectively.
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function strains Oma1p (4.3.2.7) is able to compensate for m-AAA loss of function®®

seriously questioning their original work.

Chaperone activity has also been attributed to the m-AAA*’" and i-AAA*'® complexes.
While there is no doubt that expression of these complexes is required for OXPHOS

complex assembly*®!#411412

, evidence for actual chaperone activity, in the sense of aiding
protein folding, remains elusive. In vitro studies of the chaperone-like activity of activity of
the Yme1p AAA domain by Langer’s group*'® are somewhat questionable. The assay for
chaperone activity used in this study was based on the prevention of aggregation of
unfolded, solubilised substrate proteins. The “chaperone-like” activity of Yme1p AAA
domain was only detectable with at least a 3-fold molar excess of AAA domain in the
absence of ATP*'°, In the same paper, depletion of ATP was shown to enable to stable

binding to unfolded substrate but to inhibit proteolysis*'°

. Given the recent identification
of a role for the m-AAA in import signal clipping of the ROS-scavenger Ccp1p*®” and the
confirmation of a role of the m-AAA complex in mitochondrial mMRNA maturase

maturation*3'

, it is entirely possible that roles in OXPHOS assembly attributed to the m-
AAA and i-AAA complexes may simply reflect the wider roles in the activation of
essential OXPHOS assembly factors. A wide role for the FAAA in mitochondrial
biogenesis is clear from the morphological phenotypes of Ayme1 strains which are
unable to maintain a reticular mitochondrial network*'* resulting in increased autophagy

of abnormal mitochondria*'®.

The first evidence that AAA+ proteases might be involved in the degradation of COX
subunits came from work looking at the effect of Zn** and ATP depletion on turnover of

metabolically labelled mtDNA-encoded proteins*'®

. Since their discovery the m-AAA and
i-AAA proteases have been shown to preferentially degrade particular substrates. Loss
of Afg3p function led to reduced turnover of in vitro translated nascent Cox1p, Cox3p,
Cobp, Atp6p and Atp8p in an isolated mitochondria model of aberrant OXPHOS

biogenesis®”’

. Cox2p turnover was not significantly affected in this model. In a Acox4
model of aberrant COX assembly, turnover of nascent Cox2p was dependent on three
genes, one of which was identified as YMET*®, A role for Yme1p in nascent Cox2p
turnover has also been demonstrated in Acyc1/Acyc7* model of aberrant COX

assembly**. The redundancy of the m-AAA and the i-AAA proteases in terms of steady-

" Cytochrome ¢ peroxidase. No human homologue.

t Mitochondrial mMRNA maturases are involved in removal of introns from mitochondrial
transcripts. Introns are not present in mammalian mtDNA.

* Cytochrome c is required for cytochrome ¢ oxidase assembly in yeast*"’.
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state COX subunit turnover has been demonstrated using an Aoxa7 model of aberrant
OXPHOS biogenesis*'®. While Aoxa1/Ayme1 double deletion strains had increased
steady-state levels of complex V subunits compared to Aoxa? strains, steady-state levels
of COX subunits were not increased in Aoxa1/Ayme1, Aoxa1/Aafg3 or Aoxa1/Arcatl

double deletion strains relative to Aoxa? strains.

4.3.2.3 The m-AAA and i-AAA proteases in humans

Mitochondrial AAA+ proteases are highly conserved. Both the human*'® and N. crassa*®
homologues of YMET are able to rescue Ayme1 yeast and the pea’ m-AAA subunit
homologue is able to complement afg3p, rca? and afg3/rcal yeast strains**'. The human
homologues of the AFG3 and RCA1 pair are AFG3L2** and SPG7*®, although based
on sequence data alone it is not possible to assign individual homology. Co-expression
of [AFG3L2/SPG7] restores respiratory competence to Aafg3/Arcat yeast and
immunoprecipitation has confirmed that SPG7 and AFG3L2 form part of the same ~1
MDa complex confirming that they are homologous to the yeast m-AAA subunits®?*,
Expression patterns for AFG3L 12 and SPG7*%**% are very similar with highest
expression in heart and skeletal muscle. A second AFG3-like gene, AFG3L 1% is also
expressed in many human tissues, although the ubiquitously expressed form of AFG3L1
does not contain an ORF and is therefore thought to be translationally silent*?. A clearer
homology exists for Yme1 than the m-AAA subunits and a single human homologue
encoding a mitochondrial protein has been identified termed YME1L*¥. YME1L1
expression is typical of for an OXPHOS-related protein with highest expression in heart,
liver, kidney and skeletal muscle*?’. All human m-AAA*2%* and j-AAA*?" subunits have

been localised to mitochondria.

The high degree of conservation mentioned above and the fact that mutations in SPG7
are a cause of hereditéry spastic paraplegia (HSP) with OXPHOS dysfunction*®® (6.1.3)
indicate that the m-AAA and /-AAA are intimately involved in OXPHOS biogenesis in
humans. Fibroblasts from patients with mutations in SPG7 are sensitive to oxidative
stress, have reduced growth in galactose-based medium and reduced complex | activity,
although activities of complexes II, Ill, V and COX are normal*®. In keeping with a role
for the m-AAA in OXPHOS biogenesis, the reduction of complex | activity was caused by

424
X

reduced abundance of the complex*?*. Spg7’ mice have provided a model of SPG7-

associated HSP and have shown that disrupted synaptic mitochondrial morphology is

" Pisum sativum,
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early feature of the disease*?®

. YME1L1 has been found to interact with the presenilins
PSEN1 and PSEN2 suggesting an involvement in neuronal development®®’. These
functions underline the role of m-AAA and j-AAA in a far wider sphere of human biology

than simply OXPHOS biogenesis.

4.3.2.4  The biology of the Lon protease in yeast

The matrix-localised Lon protease is highly conserved class || AAA+ protease with a C-
terminal peptidase domain and an N-terminal coiled-coil domain required for substrate
recognition. Based on work with the yeast Lon subunit, Pim1p*?®, Lon is believed to be a
flexible, heptameric, ring-like structure in vivo*®. Lon assembly in yeast is a multi-step
process which requires autocatalytic processing of Pim1p subunits following assembly of
“the Lon complex*'.

A number of findings have implicated Lon in OXPHOS biogenesis. At the simplest level
the proteolytic and ATPase functions of Pim1p are required for respiration®*'*32, More
specifically, overexpression of proteolytically active Pim1p can rescue Aafg3, Arcal,
Aafg3/Arcal yeast strains®’! suggesting some overlap of function with the m-AAA
complex. As with the m-AAA protease, Lon has been implicated in the activation of
mitochondrial mMRNA maturases, however, proteolytically active Lon is also required for

the translation of Cox1p-independent of this function®®,

4.3.2.5 Mammalian mitochondrial Lon protease

Lon protease subunits are highly conserved and proteolytically active murine Lon subunit
PRSS15 is able to complement Apim1 yeast***. Metabolic labelling studies of murine
PRSS15 suggest that it follows a maturation pathway similar to that described for yeast
Pim1p and has a ty, of around 24 hours**. Human PRSS15* contains a conserved N-
terminal Lon domain®, a C-terminal Lon-C™ domain and a central AAA domain.

d** and oxidatively damaged**

Mitochondrial Lon has been shown to degrade mis-folde
mitochondrial proteins and the high degree of conservation of PRSS15 suggest that

these are universal substrates relevant for human Lon. Overexpression of PRSS15

" YME1L1 referred to by the authors as PAMP.
' Subsequent work by Langer et al**' suggests that the form of Pim1p used in this study*”” may
have been proteolytically active when fully processed in vivo.
* Protease, serine-15. Non-HGNC name hLON.
ilnterpro domain IPR003111.
Interpro domain IPR008269.
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increases association of MTCO1 and MTCO?2 in vivo, implying a role for Lon in
A37

promoting COX assembly™".

Expression of PRSS15 in mice is highest in liver with significant expression also seen in
heart and kidney, expression in skeletal muscle is surprisingly low*®, In rat liver,
expression of PRSS15 and steady-state levels of PRSS15 increase following

administration of thyroid hormone (T3)**

which induces mitochondrial biogenesis.
PRSS15 expression is also raised in rat hepatoma cells relative to normal liver and
PRSS15 is constitutively expressed during murine embryogenesis suggesting that Lon
protease expression is increased under conditions of rapid mitochondrial biogenesis and
increased cell division***. PRSS15 is component of mitochondrial nucleoids''* and binds
single-stranded DNA''**** and RNA'"* at GT and GU rich sequences in a protein
substrate-stimulated, ATP-inhibited manner'"*. PRSS15 may bind mtDNA near the L-
strand and H-strand promoters in the D-loop region“® or alternatively at G-rich tracts
which occur around once every 100 bp''**%. It has been proposed that such interactions
may be involved in the regulation of mtDNA/RNA-binding proteins which is a known

function of bacterial Lon''“.

4.3.2.6 The mammalian mitochondrial CIpXP protease

The CIpXP protease is a1.2 MDa', barrel shaped mitochondrial protease which is
structurally homologous to many prokaryotic proteases and the cytosolic 26S

2443 and

proteasome. It is composed of multiple copies of two subunits, CLP.
CLPX**4 CLPP is a serine peptidase which is unrelated to other Clp proteins. CLPX is
Clp/hsp100, class Il AAA+ chaperone. Two stacked, hexameric rings of CLPP form the
central barrel of the complex*®**°, Heptameric rings of CLPX bind both ends of this via
their N-terminal domains. They determine substrate specificity for the peptidase and
unfold substrate proteins**®. Thus unlike Lon, in which the AAA and protease domains
are part of the same subunit, in ClpXP these domains are resident in two separate
subunits. The in vivo substrates of mammalian CLPX remain to be determined but are
known to have different characteristics from those of bacterial ClpX**. The steady-state
expression profiles of CLPP*? and CLPX** are the same with highest expression in
skeletal muscle, heart and liver in good agreement with roles in mitochondrial function. A
single CLPP mRNA is expressed where as two CLPX mRNAs are ubiquitously

expressed.

" Calculated mature protein molecular weigh based on 26 kDa CLPP*° and 62.5 kDa CLPX*'.
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Homologues of the prokaryotic ClpXP protease are present in the chloroplasts and/or
mitochondria of many organisms with the exception of fungi which only contain a CLPX
homologue (Mcx1p), hence this protease has been very much overlooked relation to
mitochondrial biogenesis. Like Lon, ClpXP appears to be predominantly a matrix resident
complex. However, immuno-localisation has determined that a significant proportion of
ClpXP is associated with the inner membrane*®°. Chloroplast ClpXP has been implicated
in degradation of the cytochrome bsf holo-complex and assembly-intermediates (5.3.1)
but not unassembled subunits, suggesting it may play a role in the latter stages of
complex assembly and maintenance of holo-complex levels*®. Although the majority of
known substrates for prokaryotic ClpXP are soluble proteins, it has also been implicated
in the degradation of some membrane proteins*¥’. Similarly the 26S proteasome is
involved in degradation of ER proteins following retrograde transport and the AAA+
chaperones of the complex are thought to provide the driving force for membrane export
of some substrates*®*°°, Adaptor proteins which modify the substrate specificity of AAA+
proteins, including ClpX, have been identified for a number of AAA+ proteins in different

451

organisms including eukaryotes™'. Whether such proteins exist in mitochondria remains

to be determined.

4.3.2.7  Other mitochondrial proteases

Studies of Aafg3 yeast recently lead to the discovery of Oma1p a mitochondrial
metalloprotease with substrate specificity overlapping that of the m-AAA*®, Like the m-
AAA the proteolytic centre of Oma1p is matrix exposed and it forms large complexes in
the inner membrane®®. However, Oma1p shows no homology to Afg3p or Rac1p, it does
not contain a AAA domain and proteolysis is ATP independent*®. A role for Omaip in
OXPHOS biogenesis has not yet been examined, however, it can be implied from the
overlapping substrate specificity and redundant nature of many protease-substrate
interactions, that Omaip is very likely to be involved. Prior to the discovery of OMAT1, the
human homologue MPRP-1" had been identified in database screens for metalloprotease
motifs**2. Expression of MPRP-1 is typical for that of a mitochondrial protein and
matches that of the m-AAA subunit genes with highest expression in heart, muscle

I,452

kidney and live
ER452.

. To date, immuno-localisation indicates MPRP-1 is present in the

"HGNC interim name.
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Another IMS protease, PRSS25', has recently been described which shows homology to

453-455
s

bacterial HtrA2 proteases involved in removal of unfolded and misfolded proteins a

substrate specificity which would suggest an involvement in OXPHOS biogenesis.

PRSS25 is widely expressed in human tissues with highest expression found in kidney

456

and liver™". Mutations in PRSS25 have recently been found in the murine motor neurone

457

disease-2 loci (mnd2)™" and the crystal structures of PRSS25 homologues are well

defined*>**%*, To date much of the work regarding PRSS25 has concentrated on its

458,459

interaction with caspases following release from mitochondria during apoptosis and

there is no data relating to OXPHOS components.

4.3.3 Kinetic partitioning of the nascent mitochondrial proteome

Based on the close relationships between mitochondrial chaperones and proteases,
kinetic partitioning of the nascent mitochondrial proteome (which includes un-folded
imported proteins and those translated in situ) has been proposed by a number of

groups®®4®_|n yeast, the m-AAA*® and Lon?*%84%

proteases require Ssc1p, Mdj1p and
Mge1p for activity indicating that these systems are functionally associated. In addition,
optimal degradation of newly imported proteins by Lon requires the chaperone
Hsp78p™®' and as mentioned above, the PHB complex associates with the m-AAA¥S,
Studies using mammalian mitochondria have demonstrated that mutant ACADM*®? and
ACADS*® interact transiently with HSPA9B during import but are subsequently retained
in complex with hsp60. Retention of ACADM in complex with hsp60 can also be induced
by limiting the abundance of FAD which is a component of mature ACADM?*4,
Subsequent transfer of hsp60-retained ACADS to the mitochondrial proteasome has

63 These associations mirror the functional

been confirmed using metabolic labelling
relationship between the cytosolic foldasome and the proteasome and draw further
parallel between the handling of nascent proteins emerging from cytosolic ribosomes
and the handing of “nascent” mitochondrial proteins emerging from both mitochondrial
import pathways and mitochondrial ribosomes. Accordingly, proteins which are able to
transit the mitochondrial foldasome rapidly are thought to avoid transfer to the
mitochondrial proteasome whereas proteins which are retained within the foldasome due
to repeated misfolding or lack of stable binding-partners have a higher likelihood of being

transferred to the mitochondrial proteasome*®6°,

" Non-HGNC names Omi, HtrA2.
1 Hsp78p is a ClpB homologue and a member of the hsp100 class | AAA+ super family. There do
not appear to be any ClpB homolgues in mammalian mitochondria.
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4.3.4 Mitochondrial stress response (MSR)

Hoogenraad and co-workers*® coined the term MSR as an extension of the cytosolic
and ER stress responses to describe the upregulation of mitochondrial chaperones and
proteases in response to disruption of nascent mitochondrial proteome. They found that
in response to expression of a mutant, aggregation-prone form of OTC’, expression of
the chaperones HSPD1, HSPE1 and DNAJA3 and the proteases CLPP and PRSS15
were upregulated in simian cells’. Importantly in this model, HSPA9B and CLPX were
not upregulated and neither were specific cytosolic (HSPA1A*, HSPAS) and ER
(HSPAS®) stress-response chaperones. A similar disparity between the involvement of
HSPD1 and HSPE1 and the absence of a HSPA9B response has also been seen in

comparisons of p° and p* cells*®®

. However, other groups have found different patterns of
chaperone and protease involvement in similar forms of mitochondrial stress. Levels of
mitochondrial chaperones are upregulated in Caenorhabditis elegans in an MSR caused
by RNAi-induced reduction in expression of subunits from complex | (NDUFB?7), complex
Il (UQCRB,CYC1) and COX (COX5B)'®. In each case, subunit loss can safely be
assumed to lead to aberrant biogenesis of the respective OXPHOS complex.
Chaperones involved in this response include homologues of HSPA8 and HSPA9B'®®
(hsp60 was not investigated). The involvement of cytosolic and mitochondrial hsp70s in
this MSR show it is distinct from that described by Hoogenraad. MSR can also be
induced by blockage of cytosolic protein synthesis caused by either direct inhibition or
secondary to ER stress which itself causes a reduction in cytosolic protein synthesis.
Components involved in this response include HSPA9B, PRSS15, YME1L and HSPAS
but not HSPD1*¥" which is also different to the response described by Hoogenraad. In
addition, murine cells expressing mutant PRSS25 have increased sensitivity to ER
stress*’ suggesting it may also be involved in this form of MSR. These examples
demonstrate that cells respond to disruption of the mitochondrial proteome and that the

spectrum of involvement in such responses appears to stimulus-specific.

" Ornithine carbamoyltransferase.

T COS7, C. aethiops, African green monkey kidney cells (SV40 transformed).
* Non-HGNC name Hsp72.

$ Non-HGNC names BiP, GRP78.
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5 ASSEMBLY AND MAINTENANCE OF CYTOCHROME C OXIDASE

5.1 FEATURES OF COX HOLO-COMPLEX ASSEMBLY

Over the past 30 years progress has been made in defining a pathway of assembly for
the COX holo-complex. The following sections contain a summary of some of the key
findings.

5.1.1 Nascent subunits associate with the holo-complex at different rates

5.1.1.1 mtDNA-encoded subunits

Metabolic labelling combined with immuno-precipitation or enzyme purification have
demonstrated that nascent MTCO1 is incorporated into the holo-complex more slowly
than nascent MTCO2 and MTCOS3. In 1972 Weiss*® noted that in N. crassa, labelled
Cox3p could be precipitated as a component of the purified holo-complex following 5
minutes of labelling and that both nascent Cox3p and Cox2p could be precipitated
following 10 minutes of labelling. Significant incorporation of labelled Cox1p required
around 40 minutes of labelling. Subsequently, Nelson et a*®*®° demonstrated that a
staggered association of the mtDNA-encoded subunits also occurred in rat hepatocytes,
implying that this pattern of association of subunits is a universal feature of COX
assembly. In whole cells, only labelled MTCO2 and MTCO3 could be immuno-
precipitated as components of the holo-complex following 60 minutes of labelling in the
presence of cycloheximide™ despite the presence of labelled MTCO1 in mitochondrial
membranes derived from the same cells*®, Following 120 minutes of labelling under the
same conditions, MTCO1 could be immuno-precipitated along with MTCO2 and MTCO3,
indicating that significant quantities of the nascent protein had associated with nascent
MTCO2 and MTCO3*®, Similar results were also achieved in the absence of
cycloheximide with nascent MTCO1 detectable in all complete samples but absent from
the holo-complex at 30*° or 60*%® minute time points yet present at 120%® or 180%°
minutes. Using well characterised polyclonal antibodies against the N- and C-termini of
MTCO2 which precipitate un-incorporated and total MTCO2 respectively, Attardi et a/'”
confirmed the previous work of Weiss and Nelson using metabolic labelling of human
tumour cells! in the presence of emetine®.

" Reversible inhibitor of cytosolic protein synthesis.
T Hela, cervical carcinoma.
* Irreversible inhibitor of cytosolic protein synthesis.
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5.1.1.2 Nuclear-encoded subunits

Data on the association of the nuclear-encoded subunits of COX is rather sparse. This is
no doubt due in part to the very small size and hence low methionine content of many of
the small COX subunits’. Nelson et al found that in samples from rat hepatocytes
antibodies against MTCO2 could immuno-precipitate nascent subunit VI' with nascent
MTCO2 and MTCOS3 following 30 minutes of labelling*®. As mentioned above, nascent
MTCO1 does not immuno-precipitate with MTCO2 and MTCOS at this time point. This
suggests therefore that subunits composing the subunit VI signal, associate with nascent
MTCO2 and MTCO3 faster than the incorporation of nascent MTCO1 into the holo-
complex pool. This result correlates well with crystallographic data in that COX6C
predominantly binds MTCO2 while COX6A1 and COX6B predominantly bind MTCO3.

In addition, it can be inferred from work with yeast, that Cox7p* probably binds Cox3p

prior to its association with Cox1p and Cox2p. Under aerobic conditions when COX

biogenesis is elevated, specific antisera raised against Cox6p® and Cox7p*”"

472

or antisera
against the small COX subunits ™', precipitate nascent Cox1p, Cox2p and Cox3p.
Under anaerobic conditions when COX biogenesis is restricted, the same antisera only
precipitate nascent Cox3p*’*’? despite nascent Cox1p and Cox2p being present in

whole mitochondria*”’

. This provides strong evidence that under anaerobic conditions in
yeast, COX biogenesis is restricted at a point downstream of association of nascent

Cox3p with Cox7p but upstream of association of Cox3p*Cox7p with Cox1p and Cox2p.

Although somewhat limited, these examples provide a foundation for the following
assumptions, nascent nuclear-encoded subunits probably associate with nascent
MTCO2 and MTCOB3 faster than nascent MTCO1 associates with nascent MTCO2 and
MTCOS and nascent nuclear-encoded subunits probably associate with nascent MTCO2
and MTCOS before these two subunits associate to form the holo-complex.

" Number of methionine residues in mature subunits: Rat: MTCO1 30; MTCO2 14; MTCO3 7;
COX4l1 5; COX5A 1; COX5B 4; COX6A1 3; COX6B unknown; COX6C 3; COX7A2 4, COX7B 0;
COX7C unknown; COX8L unknown. Human: MTCO1 32; MTCO2 10; MTCO3 11; COX4l1 7;
COX5A 1; COX5B 3; COX6A1 3; COX6B 3; COX6C 5; COX7A2 1; COX7B 1; COX7C 1; COX8A
1.
' Nomenclature as in original paper.
* Homologue of human COX7A2.
¥ Homologue of human COX5A.

Subunit bands IV, V and VI, potentially composed of COX4i1, COX5A, COX5B, COX6A1,
COXeB, COXeC.
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5.1.2 The availability of haem A influences COX assembly

The availability of haem A has been found to influence holo-complex assembly in a
number of studies. In 1978 Saltzgaber-Miiller and Schatz*’® demonstrated that hem1’
yeast, deficient in global haem synthesis, have normal Cox2p and Cox3p synthesis but
reduced synthesis of Cox1p. Despite the presence of significant quantities of the mtDNA-
encoded subunits, antibody against Cox6p (which was detectable in the hem1 cells?**"®)
failed to immuno-precipitate labelled mitochondrial translation products, indicating that
residual subunits were not assembled in these mutants. Steady-state levels of the
nuclear-encoded subunits Cox4p', Cox5ap* and Cox7p were very low in hem1 cells.
Cox4 and Cox7 mRNA levels were also reduced”®, suggesting that feedback systems
are present which suppress expression of certain subunit genes when holo-complex
biogenesis is suppressed and/or that non-COX haem is required for the optimal

expression of certain subunits.

A subsequent classic work by Wielburski and Nelson** examined the effects of addition
of haems A or B to isolated, radiolabelled rat liver mitochondria. Immuno-precipitation
with antibody against Cox1p precipitated nascent Cox1p, Cox2p and Cox3p following
addition of haem A but only Cox1p in samples treated with haem B or controls. Antibody
against Cox2p immuno-precipitated nascent Cox1p, Cox2p and Cox3p following addition
of haem A and both Cox2p and Cox3p in samples treated with haem B and controls. As
the samples were pulsed, chased and incubated with haem over a total period of 90
minutes the lack of association of Cox1p with Cox2p and Cox3p in the absence of haem
A was in agreement with previous work characterising the staggered association of
nascent mtDNA-encoded subunits. The association of Cox1p with the other subunits in
the presence of haem A within 90 minutes proved that haem A can stimulate the
association of pools of unassembled nascent Cox1p with nascent Cox2p*Cox3p and is
therefore likely to be rate-limiting for the incorporation of nascent MTCO1 into the holo-

complex.

513 The composition of COX assembly-intermediates

In 1972 metabolic labelling studies by Weiss et al suggested the presence of at least two
pools of nascent Cox1p in N. crassa*® on the basis of a sigmoid pattern of *S-Met

" Hem1p is 5-aminoluvelinate synthase, homologue of human ALAS1. Original work was with
strain GL1-38 which is 5-aminoluvelinate synthase deficient.

" Homologue of human COX5B.

* Homologue of human COX4lI1.
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incorporation. A similar pattern was later identified in rat hepatocytes*’>. By 1990 it was

generally accepted that stable assembly-intermediates, sub-complexes composed of

nascent subunits, were present in the COX assembly pathway*’®.

MTCO1 MTCO2/MTCO3
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haem a, COX7B

(MTCO1) S1 %‘ S2 %— S3 L—» S4 (holo-complex)

COX4 MTCO2
MTCO3

Figure 6A A summary of the 2D BN-PAGE data from Nijtmans et a*’’. The figure shows the

relative abundance of MTCO1 and MTCO2/MTCO3 signal (arbitrary units) in spots corresponding

to assembly intermediates S1-S4 in MOLT-4 human leukemic cells. 6B The scheme of

cytochrome c oxidase assembly proposed by Nijtmans.

The seminal work defining COX assembly-intermediates was published in 1998 by

Nijtmans et al*’” (figures 7A & 7B). In this work the COX holo-complex monomer, termed

S4, and three sub-complexes, termed S1-S3, present in LM-solubilised samples were

resolved using blue-native PAGE. Western blotting indicated that S1 contained at /east

MTCO1 and S2 was composed of at least MTCO1 and COX4. S3 was found to be
composed of many subunits but was nevertheless smaller than the holo-complex
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monomer. Using metabolic labelling in the presence of cycloheximide, MTCO1 signal
was detectable in S1 and S2 following 1 hour of labelling and persisted during a chase of
around 4 hours. MTCO1 signal was clearly detectable in S3 following 1 hour of labelling
and a 1 hour chase and then declined slowly over the following 3 hours.
MTCO2/MTCOS3' signal was detectable in S3 following 1 hour of labelling and peaked
following an additional 1 hour chase and subsequently declined over the following 24
hours. MTCO2/MTCO3 signal was also detectable in S4 following 1 hour of labelling and
this signal continued to increase over the following 24 hours (figure 6A). The results of
Nijtmans study led to the scheme of COX assembly shown below in figure 6B. It is worth
noting that none of the assembly-intermediates identified by Nijtmans correspond directly
to a complex of nascent MTCO2 and MTCOS3 predicted by Nelson and co-workers*®.

514 Nascent COX subunits turnover during assembly

Metabolic labelling studies have demonstrated that the mtDNA-encoded subunits of COX
are subject to high levels of turnover in the first few hours following synthesis. This time
period corresponds to the maturation of subunits and assembly-intermediates and their
incorporation into the final pool of holo-complex. In yeast, large reductions in the nascent
MTCO2 and MTCOS3 signal(s) and smaller reductions in nascent MTCO1 signal can be
seen in the first 1.5-2 hours following synthesis in respiratory competent cells*%4!7478-480,
Decay of the nascent MTCO2 signal during the window between synthesis and
incorporation into the holo-complex has also been noted in normal human tumour
cells™”. Quantification of the decay of nascent MTCO1, MTCO2 and MTCOS3 signals in
normal human tumour cells* indicates that MTCO2 and MTCO3 signals fall by around
50% in the first 2 hours following synthesis and then decay more slowly, stabilising at
around 25% of the t=0 intensity by 20 hours*®'. Concurrent with the drop in MTCO2 and
MTCOg3 signals, the MTCO1 signal drops by around 10% in the first 2 hours and
continues to decay at the same rate, stabilising at around 50% of the t=0 value by 20
hours. The high level of turnover of mtDNA-encoded subunits during maturation is not
surprising given the requirement of AAA+ proteases for normal COX biogenesis.
Turnover of nascent subunits during synthesis is also entirely compatible with kinetic
partitioning of the nascent mitochondrial proteome (4.3.3).

" These subunits are not resolved using the tris-tricine second dimension employed by Nijtmans.
" HeLa, cervical carcinoma.
*143B, osteosarcoma.
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5.1.5 The half-life of the COX holo-complex

Surprisingly, there is very little data regarding the t,, of the COX holo-complex. **S-Met
labelling studies by Kurup*®?*® have calculated a t,, of 5.4 days corrected for methionine
reuptake from an absolute ty, of 10.8 days. A similar t,, of 5.7 days was also determined
by Ip and co-workers*®* using ['“C]-NaHCO; which is incorporated into arginine, an
amino acid with low levels of re-cycling. In the same study Ip also determined a t,, for
COX-associated haem of 5.7 days indicating that haem A is turned over with the holo-
complex and is not recycled*®. This is in agreement with previous work by
Aschenbrenner et al which established a t,, for haem A of 5.6 days*®®.

A study using 2D electrophoresis of labelled extracts from non-proliferating” hepatocytes
established that inner-membrane proteins turnover at different rates*®®. Using dual
isotope labelling separated by a 44 hour chase period, subunits from COX and complex
V were found to be the most persistent proteins with a t,, in excess of 100 hours,
whereas some components of other complexes turned over with a t,, as short as 24

hours*®

. This demonstrates that OXPHOS complexes are differentially targeted for
proteasomal turnover in normal cells and that COX is one of the longest lived OXPHOS
complexes. The above values are thought to primarily represent proteasomal turnover of
mitochondrial components*®. In addition to this process, lysosomal autophagy of whole
mitochondria also occurs, although it is thought not to play a significant role in
mitochondrial turnover in normal cell cultures. No data is available regarding the t,, of the
holo-complex in COX deficient patient cells or any models of defective OXPHOS

biogenesis.

5.2 FACTORS REQUIRED FOR THE BIOGENESIS OF COX

Genetic analysis of yeast mutants and patient-derived cells has enabled the identification
of an expanding number of COX assembly factors required for haem A synthesis,
construction of the copper centres and expression and maturation of the subunits.

5.2.1 Factors required for haem A synthesis

Haem synthesis and breakdown are highly controlled aspects of cellular metabolism due
to the potential oxidant properties of haems and their derivates*®’. Synthesis of haem B,
which is a component of many proteins, takes place in all cell types. Porphyrin rings are

" Serum deprived.
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synthesised via six enzymatic steps from 5-aminolevulinic acid which is principally
synthesised in liver mitochondria and exported. The terminal stages of haem synthesis,
closing of the porphyrin ring and incorporation of Fe?* by ferrochelatase (FECH), take
place in mitochondria of all cells. Haem A differs from haem B, in that it has a farnesyl
group in place of a vinyl group at C2 and a formyl instead of a methyl group at C8 (figure
7, page 86). Haem A is synthesised from haem B via a stable intermediate, haem O,
which is farnesylated but retains a methyl group at C8.

5.2.1.1 COX10

The farnesylation of haem A is carried out by COX10 which is a haem A:farnesyl
transferase (EC 2.5.1.-)*%*%°_ Farnesyl diphosphate is used as a substrate which is
synthesised by farnesyl diphosphate synthase (FDPS), a component of the isoprene
synthetic pathway responsible for the synthesis of cholesterol, ubiquinone and other non-
sterol metabolites. COX10 sequences show homology to other prenyltransferases
involved in isoprene synthesis and conservation of COX10 is high. Human COX10 can

490

compliment yeast Acox10 strains™". Comparison with the related E.coli enzyme (cyoE)

suggests that the active sites reside in hydrophilic loops on the matrix equivalent face of

the protein*'.

Human COX10 is 443 amino acids long. It is predicted to contain 7-9 transmembrane

490492 and is assumed to be an integral inner-membrane protein’. The human

b493

domains
COX10 gene is located at 17p11.2-p12, it contains seven exons spread over 135 k
The promoter region has the characteristics of a house-keeping gene*® and a single
mRNA is ubiquitously expressed with highest expression is seen in heart, skeletal

muscle and testis.

5.2.1.2 COX15

COX15 is essential for the conversion of haem O to haem A. Yeast Cox15p localises to

the inner-membrane and proteolysis indicates a substantial portion of the protein is

d494

membrane embedded™ . COX15 sequences are well conserved, although they do not

have any clear homology to other protein families. Differences in the sedimentation

behaviour of native Cox10p and Cox15p have ruled out the possibility of these proteins

495

acting as part of a single complex™”. Genetic and biochemical screens in yeast have

" HMMTOP, http://www.enzim.hu/hmmtop/index.html
T There is currently no published data on the localisation of COX10.
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confirmed that Cox15p functions in association with the Arh1p-Yah1p electron transport

496,497

chain which acts as an electron carrier for several mitochondrial cytochrome P450

systems*®®

. Yah1p contains an Fe,-S, centre and accepts electrons from Arh1p, an FAD-
linked inner-membrane protein which in turn accepts electrons from NADH or
NADPH,*®, The Arh1p-Yah1p system’ is also known to be involved in Fe-S synthesis,
although the terminal electron acceptor has not yet been identified****®. In Bacillus
subtilis the ctaA gene product is required for the conversion of haem O to haem A*®,
CtaA contains a haem B redox centre and has a low level of homology to COX15. Three
histidine residues are conserved among all known COX15 sequences and these have

4% The reaction mechanism of

501

been proposed as potential haem coordinating ligands
COX15 is unknown but is thought to proceed via electron transfer”" analogous to P450
systems. Formylation of haem O by CtaA is O, dependent®® yet the oxygen of the

resulting haem A formyl group is derived from H,0'.

Human COX15 is located at 10g25°%, it contains 9 exons extending over 22 kb. Three
splice variants have been identified, termed COX15.1 COX15.2 and COX15.3°%,
COX15.1 contains a different terminal exon to COX75.2 and COX15.3. COX15.2 and
COX15.3 differ in the use of alternative poly-adenylation signals for the terminal exon®®
resulting in mMRNAs with 3'UTRs of 462, 163 and 1570 bases, respectively. All three
splice-variants are ubiquitously expressed with highest expression in heart and skeletal
muscle®®. COX15.2 and COX15.3 encode identical proteins of 388 amino acids. The
COX15.1 ORF diverges at residue 367 and encodes a protein of 410 amino acids>®.
Both human isoforms of COX15 are predicted to contain five transmembrane regions.
Electrophoretic mobility-shift assays predict a cleaved N-terminal import sequence of 31-
32 amino acids and in vitro import assays of an unspecified human COX15 isoform has
confirmed mitochondrial localisation®®,

5.2.1.3  Control of haem A synthesis in yeast

Examination of yeast Cox-assembly mutants by Tzagoloff and co-workers has provided
evidence that haem A synthesis may be regulated by downstream events at two stages.
With the exception of Acox10 strains, yeast Cox-assembly mutants accumulate haem O
relative to controls but have very low levels of haem A*8495% However, [COX15] or

495,497

[COX15/YHA1] overexpressing cyc3' null strains and COX15 overexpressing

human fibroblasts®® can accumulate haem A. Haem spectra and the very low levels of

" Human homologues: FDX7 and FDXR respectively.
T Cytochrome ¢ haem lyase. Cytochrome c is required for cytochrome ¢ oxidase assembly*"’.
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Cox1p in cyc3/[COX15] strains confirm that the predominant haem A environments in

these cells are not native holo-enzyme*®

. Tzagoloff and co-workers propose that this
capacity to accumulate haem A, not associated with Cox1p, implies that the low levels of
haem A in Cox-assembly mutants are unlikely to be caused by haem A degradation and

%, They propose that

instead may be caused by a down-regulation of haem A synthesis
as most Cox-assembly mutants accumulate haem O, a component of the down-

regulation of haem A synthesis acts at the level of conversion of haem O to haem A*%,

Despite accumulating haem O, Acox15 yeast strains have lower haem O levels than

495497 |f strains deleted for single COX assembly factors are

most Cox-assembly mutants
also made Acox15, haem O levels drop close to that of single deletion Acox15 strains*®®.
Generally, overexpression of [COX10]in COX-assembly mutants increases haem O

levels, the exceptions being strains with a Acox15 background where no increase haem

O levels is seen*®

. The dominant negative effect of Acox15 on haem O levels suggests
that Cox15p or a haem O-A intermediate is required for optimal activity of the preceding
farnesylation of haem B***. In addition, based on the observation that imp2/p® mutants

accumulate less haem O than imp2/p* mutants, Tzagoloff has also suggested that haem

A synthesis may be regulated by COX assembly-intermediates*®*®

. These findings imply
that haem A synthesis is very tightly controlled and that synthesis and incorporation are

a single interlaced system.

5.2.2 Factors required for assimilation of copper

Being a potent oxidant, copper ions are extremely toxic and their movement within cells
is very restricted. Eukaryotic cells have a massive overcapacity to bind copper which
ensures that the existence of free copper is minimised>*®>%”. Copper is generally
transported bound to proteins in its reduced state, Cu®, as opposed to the more
catalytically active, oxidised state, Cu®*, generally present in reaction centres. Studies
have indicated that there is less than one free copper ion per cell in the cytosol*®,. In
contrast, a large pool of non-proteinaceous copper has recently been found in yeast

mitochondria®®®

. The identity of the copper ligand remains to be determined although the
copper pool is accessible to matrix metalloproteins and responds to the abundance of
cytosolic Cu®. It is unknown whether such a pool exists in mammalian cells. Copper entry
into human cells is mediated by the ubiquitous plasma membrane carrier SLC31A1%%6:507,
Cu* bound by SLC31A1 is transferred to specialised metallochaperones in the cytoplasm
for transport to target proteins and from the proteins currently identified, it seems that

cytoplasmic metallochaperones are dedicated to specific cellular targets.
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5.22.1 COX17

COX17 is a soluble 8 kDa protein which localises to the IMS and cytosol®'®. COX17
sequences are well conserved in their central regions and do not show homology to any
other protein families. Yeast Cox17p exists a tetrameric complex within the IMS and

"' The cytosolic form is thought to be

tetramerisation appears to be required for function
dimeric®'". Binding studies have indicated a stoichiometry of 3 Cu* per Cox17p
monomer®'2 which is unaltered by oligomerisation®''. Poly-Cu* binding is via a conserved
CCXC motif which is also required for oligomerisation®"*'2, An amphipathic C-terminal
helix is also required for function, possibly through oligomerisation or interaction with

other proteins®'®

. Cox17p-bound Cu" is not solvent exposed, consistent with the role of
metallochaperones in shielding copper from interaction with other proteins®''. The dual
localisation of COX17 had previously suggested that it may act as a Cu* shuttle between
the cytosol and the IMS, however recent work demonstrating that Cox17p function is
only required in the IMS®'® and is not required for accumulation of mitochondrial
copper®®, has dispelled this hypothesis. Recently, direct transfer of Cu* from Cox17p to

514
t

Cox11p and Sco1p has been confirmed in yeast® demonstrating that Cox17p is

probably involved in the synthesis of both CuA and CuB.

COX17 is located at 3q13.33 and has three exons spread over 29 kb. A basal
housekeeping promoter has been identified upstream of the murine gene®' and in
murine tissues a single mRNA is ubiquitously expressed. mRNA levels are highest in
heart, kidney, brain and endocrine tissues®'® (no data are available for skeletal muscle).
The mRNA expression pattern which is mirrored by immunohistochemistry, suggests that
COX17 may also function in Cu* delivery to proteins other than COX®'6,

5.2.22 SCO1and SCO2

SCO1 (30 kDa) and SCO2 (25 kDa) are transmembrane proteins located in the

mitochondrial inner membrane®"’

. Although not all organisms contain two SCO1-like
genes, SCO1 and SCO2 sequences are highly conserved and where present, both
proteins show a high degree of homology and are structurally very similar. They each
have a single, equivalently located, transmembrane helices and are orientated in an
Nmatix—=Cims manner®'® and both have cleavable, N-terminal mitochondrial targeting
sequences of around 40 residues. The C-terminal, IMS resident®'® domains of SCO1 and

SCO2 contain a conserved CXXXC motif and a conserved histidine” (CXXXC(X),H)

" SCO1, Cys133-Cys137; SCO2, Cys169-Cys173.
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required for Cu* binding®®%?', A similar CXXXC motif coordinates CuA in MTCO2 (table
3). SCO1 shows limited homology to peroxiredoxins and some bacterial thiol:disulphide
oxidoreductases which led to an early proposal of a role for SCO proteins in the
reduction of the cysteines coordinating CuA although this is now not thought to be the

case®?',

Genetic studies indicate that SCO1 and SCO2 have non-overlapping, cooperative
functions in human cells possibly dictated by their N-terminal, matrix-resident tails which

51 Distinct roles have also been confirmed

are the most divergent regions of the proteins
in yeast as Asco1 strains are respiratory deficient Asco2 strains are not®®. The two
genes are thought to have originated independently in mammals and fungi are they are

not believed to be direct functional homologues®®. In humans®'®%%'

and yeast both
proteins have been shown to form homomers and Cu*-independent, Cox2p binding by
Sco1p and Sco2p has been confirmed in yeast®'®%?*, Overexpression of COX17 partially
rescues SCO2 mutant cells but not SCO7 mutant cells and mutations in either SCO1 or
SCO2 appear to be dominant negative in cells expressing the other SCO protein®'®.
Therefore, the current model for SCO1 and SCO2 function is that the IMS domains of
SCO2 homomers accept Cu* from COX17 tetramers and transfer Cu* to CuA in a SCO1-

51 The mechanism of oxidation of

dependent mechanism during MTCO2 incorporation
Cu during the synthesis of CuA remains undetermined. It is also worth considering that
CuA is removed safely from degraded COX and subunits turned over during normal

assembly and it may be that SCO1 and/or SCO2 also function in this capacity.

SCO1 is located at 17p12-p13 around 3.4 Mb from COX70. It contains 6 exons spread
over 17 kb. A single 1.7 kb mRNA is expressed ubiquitously with the highest steady-
state levels in heart, skeletal muscle, liver, kidney and brain®**%?%, SCO2 s located at
22q13.33. It comprises just two exons and is 2 kb in size. A single 0.9 kb mRNA is
ubiquitously expressed with an expression pattern matching that of SCO7°%,
Comparisons of signal strength from northern blots indicates that SCO1 is expressed at
higher levels that SCO2*%,

5.22.3 COX11

525

COX11 was first implicated in COX assembly in yeast models™”. It encodes a 28 kDa

protein which localises to the mitochondrial inner membrane®®. As with many COX

" SCO1, His260; SCO2, His224.
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assembly factors, COX11 sequences are well conserved and do not show homology to
other protein families. COX11 contains a single predicted transmembrane helix and is
oriented Nparix—Cins>>. A role for COX11 in metal ion delivery to COX was initially

determined from studies of Rhodobacter sphaeroides Acox11 strains®*’

. Overexpression
of the aa; oxidase in these cells results in synthesis of an oxidase lacking CuB and with
only 15-30% occupancy of the Mg? binding site. Recent functional data from yeast
Cox11p supports these findings®?® and a role for COX11 in the synthesis of CuA has
been excluded in complementation studies of SCO2 mutant human cells®*®. The IMS

d528

domain of COX11 is composed of a unique immunoglobulin-like fold>“® and contains the

conserved CFCF motif necessary for Cu* binding and another cysteine” thought to
possibly be involved in disulphide bond formation®® during dimerisation®'*%, A
conserved methionine! is also implicated in Cox11p function in vivo but not Cu* binding
in vitro and it is thought that it may be involved in copper transfer to MTCO1°%, The
matrix-exposed N-termini of Schizosaccharmyces pombe Cox11p shows significant

homology to S. cerevisiae Rsm22p°%®

. Rsm22p is a mitochondrial ribosomal protein and
this fusion implies a putative functional association. Based on this finding and the fact
that the COX holo-complex can assemble “around” Cox1p lacking CuB in Acox11 strains
of Rh. sphaeroides®, an attractive mode! is that Cu* delivery to CuB by COX11 occurs
co- or para-translationally, prior to association of MTCO1 with MTCO2 and MTCOS. The
synthesis of CuB in intact or partially assembled COX is not a popular model given the
location of the CuB-haem a; centre. Human COX11 is located at 1722 and has 4 exons
spread over 6 kb. Two transcripts of 1.6 and 2.6 kb are ubiquitously expressed with

slightly elevated expression in muscle, heart, brain and kidney®®.

5.2.3 Factors specifically required for COX subunit expression and
maturation

5.2.3.1 SURF1

SURF1 encodes a 34 kDa protein which localises to the mitochondrial inner-

membrane®®. A 42 residue, N-terminal targeting sequence is cleaved on import to give a

529

mature protein of 30 kDa>*. SURF1 sequences are fairly well conserved in organisms

with aas-type COX complexes and show no homology to any other protein families®*.

Predicted N- and C-terminal transmembrane helices have been reported®*>%, although

t531

such results are algorithm-dependent™’ and strongly influenced by the presence of

" Cys121, Cys117 and Cys119.
" Met233.
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%32, Certain tools only predict the presence on a N-terminal

mitochondrial import signals
transmembrane domain’, consistent with a stop-transfer insertion. Proteinase K digestion

has indicated that the central region of the protein is resident in the IMS®®,

SURF1 null human cells and Ashy1 yeast strains' have around 10-40% of wild-type COX

478,504.534-537 \which is mirrored by reduced cytochrome aas signal*’®°* and haem

activity
A/O ratios*®. This suggests that SURF1 activity is to a certain extent redundant. The
haem B, A, O profiles of Ashy1 yeast strains**® and SURF1 null human cells**? are
consistent with SURF1 not being required for haem A synthesis and no known metal
binding motifs are present®®. The functional domains of SURF1 have been examined in

both yeast®® and human cells®?%%%

using truncated proteins, although no useful
information has emerged as only extremely short truncations of the C-terminal region of
the protein are tolerated. SURF1 null cells have reduced steady-state levels of all COX
subunits*8°%%%-5%7 1n particular, levels of MTCO2 are very low while MTCO1 and
COX4l1 are less affected®>***5%, The residual MTCO1 and COX4I1 in such cells are
components of complexes similar to S1 and S2 and are therefore thought to reflect the

presence of stalled assembly-intermediates®®%3%54,

In both human and yeast cell extracts, SURF1 runs as part of a 250 kDa complex and
two smaller complexes using BN-PAGE®' and there is evidence for presence of MTCO2
in the 250 kDa SURF1 complex®®'. Ultracentrifugation of extracts from yeast cells

confirm the existence of the 250 kDa complex but find a single 95 kDa complex instead

478

of two smaller complexes®’®. Metabolic labelling has implicated Shy1p in maintaining

nascent core subunit levels during COX assembly®'#%, Direct interaction between

Shy1p and nascent Cox1p can be excluded on the basis of GST-pull-down

experiments*®

Shy1p and the nascent Cox1p-binding protein Mss51p*’® (5.2.3.4). Ashy1 strains have

reduced rates of translation of Cox1p and reduced stability of Cox2p and Cox3p*”,

and the different sedimentation characteristics of complexes containing

although COX1 reporter gene studies have shown that Shy1p is not essential for Cox1p
translation®', suggesting that the reduction in expression is a response to the Ashy1
genotype. Ashy1 strains can be partially rescued by overexpression of [MSS51] or by
expression of mss51 mutants which increase translation of Cox1p, Cox2p and Cox3p*’®.
There are no comparable data regarding translation of MTCO1, MTCO2 and MTCO3 in

human cells, although Tiranti et al refer to unpublished findings that loss of SURF1 has

) e.g. N-terminal only: BROMPT, http://www.jenner.ac.uk/bprompt/ Both: MEMSAT,
hitp://bioinf.cs.ucl.ac.uk/psipred/psiform.html
T SHY1 is the yeast homologue of SURF1.
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Figure 7 The structures of haems B, O and A. Modifications are highlighted in orange. COX10
and FDPS are required for the farnesylation of haem B at C2 and COX15 and the FDX1-FDXR
electron transport chain are responsible for the subsequent formylation of haem O at C8 to
give haem A.
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Figure 8 SURF1 and the surfeit locus. Upper map shows entire surfeit locus with the
position and orientation of SURF1-SURF6. Yellow boxes mark CpG islands. Central
graphic is a C+G trace of SURF1 (100 bp window) and flanking regions showing the
position of CpG island and exons. Lower maps are the SURF1 primary transcript, mMRNA
and protein. 5’ and 3'UTRs are coloured yellow on the pre-mRNA and mRNA, exons are
numbered in Arabic numerals and introns in Roman numerals. On the protein the
mitochondrial import sequence is blue, predicted transmembrane domains are cross-
hatched and conserved regions are coloured pink.
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no effect®®. A role for SURF1 in assembly of the protein subunits of COX is supported by
the increased expression of the PHB complex in Ashy1 yeast®' and a 3-4 fold increase
OXA1mRNA levels in SURF1 null cells®*? both of which imply an increase in the
handling of nascent proteins in the absence of SURF1.

SURF1 is a member of the surfeit housekeeping gene cluster at 9g34.2 which contains
six unrelated genes spread over 60 kb**? (figure 8). Five of the genes are arranged in
alternating orientations with very short intergenic regions of 100-400 bp. The gene order
and compact nature of the surfeit locus is conserved among vertebrates. As is typical for
many housekeeping genes, the 5’ end of each gene is marked by a CpG island. SURF1
shares a TATA-less bi-directional promoter with SURF2. The directionality of expression

is regulated by transcription factor binding>****

yet expression in the SURF1 direction
alone responds rapidly and transiently to stimuli such as serum, probably via the MAP
kinase cascade®®. SURF1 contains 9 exons spread over 6 kb. A single 1 kb transcript is
ubiquitously expressed with highest steady-state eXpression in liver, heart and pancreas,

intermediate levels in skeletal muscle and kidney and very low levels in brain®?,

5.2.3.2 PET309

Pet309p (106 kDa) is required for maintaining stability of intron containing COX7 mRNA
and wild-type levels of translation of COX1 in yeast>® although translation of a COX1
reporter gene does occur in Apet309 strains®*'. Overexpressed [PET309] is an integral
inner-membrane protein55°; however, evidence in wild-type cells questions this finding,
suggesting instead that it may be peripheral to the inner membrane®'. BN-PAGE has
shown that Pet309p is part of a 900 kDa inner-membrane complex composed of at least
8 proteins including Cpb1p which regulates translation of Cobp” and a protein thought to
be the mRNA-binding protein Nam1p®*'. Interaction between Nam1p and Pet309p has
previously been demonstrated using immunoprecipitation®
identified binding between Pet309p and the COX3 expression factors Pet54p (a COX3

mRNA binding factor) and Pet122p (a ribosome interacting translational regulator of

. Two-hybrid screens have

COX3*). The temporal and stoichiometric features of these interactions remain
unknown. Pet309p contains approximately 8 copies of the pentatricopeptide repeat
(PPR) motif. PPR' motifs are around 35 amino acids long and are related to TPR

127

domains'“’. They are thought to be composed to two anti-parallel helices and currently

have no confirmed function although roles in protein-protein and/or protein-RNA

" Homologue of MTCYB.
1 Pentatricopeptide repeat, Interproc domain IPR002885.
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interactions are inferred. In plants in particular, a growing number of PPR motif proteins

are being implicated in organellar RNA metabolism 2227184,

5.2.3.3 LRPPRC

LRPPRC is a 157 kDa protein” which contains at least 10 copies of the PPR
motif'705535%  Although the homology is extremely low!, LRPPRC is the reciprocal best
match of yeast Pet309p°*°. LRPPRC is a component of mRNP particles'”® and binds
nuclear and mitochondrial mRNAs in vivo'” and single-stranded, cytosine-rich
microsatellite DNA in vitro®>*. mRNA binding is mediated via a C-terminal domain which
does not show homology to any known RNA binding motifs. Under steady-state
conditions, LRPPRC localises to the mitochondrial inner-membrane and smaller pools
are also found in the nucleus and cytoplasm'’®**®, In accordance with such a complex
pattern of molecular interaction and cellular distribution, LRPPRC contains a canonical

I'° and numerous N-terminal nuclear shuttle

N-terminal mitochondrial localisation signa
signals, protein-protein interaction motifs and transcription factor-binding signals®®. It is
therefore debatable whether LRPPRC is a true COX assembly factor or a protein with

pleiotropic functions required for COX biogenesis.

A disease-associated missense mutation®® (A345V) causes increased cytoplasmic
residence of the protein concurrent with reductions in nuclear and mitochondrial
abundance'’’. Reductions in steady-state MTCO1, MTCO2 and MTCO3 mRNA levels
and nascent MTCO1 and MTCOS3 levels are also seen, while expression of other mtDNA
genes appears unaffected. The mechanism by which LRPPRC is involved in COX
biogenesis remains to be determined but it may play an orthologous role to Pet309p in
maintaining mRNA stability. Tissue distribution is typical for that of an OXPHOS related
mitochondrial protein with highest mRNA levels in heart and skeletal muscle, and
significant levels in kidney and liver™®®. The C-terminal domain of LRPPRC interacts with
a novel MTCO1- and MTND1-binding protein VCY2IP1#*%3%% (112 kDa) that has
significant homology to microtubule-associated proteins®>’ (MAPs). VCY2/P1 maps to
19p13.11 and its expression differs from that of LRPPRC in that a single transcript is
expressed at almost uniform levels in all tissues®® but with highest expression in

testes®’.

) Apparent molecular weight 130 kDa. Non-HGNC name LRP130.
' Blastp E=0.037, i.e. far too high to be considered non-random.
* Previously C190RF5.
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5.2.34 MSS51 and COX14

Mss51p°® (50 kDa) and Cox14p°>*°® (8 kDa) are both peripheral, matrix-face, inner-

membrane proteins*®®%¢

, involved in the regulation of translation of Cox1p in yeast.
Mss51p is a positive regulator, that functions independently of Pet309p°*'. It interacts
with COXT mRNA UTRs and coding regions and binds nascent Cox1p within the first 30
minutes following translation*®**'. Cox14p appears to be a negative regulator of Mss51p
function and binds nascent Cox1p post-translationally*®. The association of Mss51p with

t*%° yet nearly all nascent Cox1p appears to be bound by

Cox1p is not Cox14p dependen

Cox14p during the first 30 minutes following translation*®®. Both Mss51p and Cox14p>>°

can be isolated as components of >150 kDa complexes that account for around 50% of

the abundance of each protien*®. Examination of cox14/(COX assembly factor) double

mutants has suggested functional interaction between Cox14p and both Pet309p and
480

Oxal1p™.

Barrientos and co-workers*®® have proposed a model whereby the initiation and
elongation of translation of Cox1p is dependent on the interaction of Mss51p with COX1
mRNA and nascent Cox1p. Subsequently, Cox1p*Mss51p joins a large complex
containing Cox14p that binds Cox1p. The Cox14p*Cox1p*Mss51p complex serves to
sequester Mss51p and prevents further stimulation of translation. As assembly proceeds,
Mss51p is released from the complex to initiate further translation while Cox14p possibly
remains bound to Cox1p. In assembly mutants, Mss51p is not released form the
Cox14p*Cox1p*Mss51p complex and translation of Cox1p is down regulated. To date, no
human proteins have been identified that show homology to Mss51p or Cox14p,
although there are no data regarding low level matches such as that between pet309p
and LRPPRC.

5.2.3.5  Other yeast factors involved in COX biogenesis

A large number of yeast factors specifically involved in expression of Cox1p, Cox2p and
Cox3p have been described. A detailed account of all such factors was felt to be beyond
the scope of this thesis for the following reasons:

i) None of the factors omitted from this thesis show any clear homology to

mammalian proteins.
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ii) Yeast mtDNA contains introns and 5’UTRs and historically a number of
factors involved in yeast mtDNA expression have been implicated to function,
at least in part, in intron removal or 5'UTR binding.

iii)) Yeast Cox2p has an N-terminal presequence that is cleaved on inner-
membrane insertion and factors involved in Cox2p expression may be
required for this process.

iv) There is only very vague data on the function of most of these factors and
generally each factor has only been studied by one or two labs. Hence peer
review tends to be rather poor and proposed functions of these factors often
change.

V) Under suitable environmental conditions, yeast are able to switch from
oxidative phosphorylation to fermentation and are therefore likely to have
some differences in the control of expression of OXPHOS subunits.

5.3 CONTROL BY EPISTASY OF SYNTHESIS (CES) AS A MODEL OF ORGANELLAR

MEMBRANE PROTEIN COMPLEX ASSEMBLY

Over the past 6 years, evidence has emerged that the assembly of COX may follow a
control by epistasis of synthesis (CES) model, as first described by Wollman and co-
workers®®'*%_ This relatively unexplored aspect of COX assembly is covered in the
discussion (17.1.4) and the following sections aim to provide some background on CES.

CES is a universal biological strategy for ensuring the controlled assembly of protein
complexes. It describes the inter-dependence of the synthesis of certain subunits on the
presence of other subunits®"%3%6%, The concept of CES is widely recognised in
chloroplast protein complex assembly and CES-based mechanisms have been
demonstrated to control the assembly of the cytochrome besf complex, the CF1 portion of
the chloroplast ATP synthase, rubisco, the photosystem | reaction centre | (RCI), and
photosystem 11°6"°62%65 The concept of CES was developed over around a decades work
on the assembly of the cytochrome bgf complex of Chlamydomonas reinhardtii by

Wollman and co-workers®'-5¢,
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5.3.1 The C. reinhardtii cytochrome b¢f complex

The cytochrome bsf complex is present in all thylakoid membranes and is functionally
and structurally énalogous to mitochondrial complex 111°67°%°_ |t exist as a dimer® and in
C. reinhardtii each monomer is composed of eight subunits. The three core subunits,
petA (cytochrome f)’, petB (cytochrome b) and petD (SUIV) are encoded by the
chloroplast DNA (cpDNA). The remaining subunits, petC (Reiske), petG, petlL, petM and
petN are nuclear-encoded and each is present as a single copy per monomer™ . In the
photosynthetic electron transfer chain, cytochrome bsf lies between photosystém Il which
reduces co-enzyme Q and photosystem | which accepts electrons from plastocyanin. .
Cytochrome bgf transfers electrons from the thylakoid membrane pool of reduced co-
enzyme Q to the soluble electron carrier plastocyanin in the thylakoid lumen. Electron
transfer is coupled to proton pumping across the thylakoid membrane into the thylakoid
lumen via a Q-cycle-like mechanism and direct pumping by the protein complex.

5.3.2 CES of cpDNA encoded subunits

In pulse-chase experiments examining the synthesis of the chloroplast DNA (cpDNA)-
encoded subunits, Wollman and co-workers noted that the rate of synthesis of petA was
dependent on the presence of the petB and petD subunits®®. In the absence of either
petB or petD, the rate of synthesis of petA dropped, although the protein remained stable
for 180 minutes. Conversely, in the absence of petA, the synthesis of petB and petD
remained normal yet the proteins were degraded within 15-60 minutes®®*. This pattern of
interdependence of synthesis was described as control by epistasy of synthesis,
CES®1:563565 j o the steady-state levels of petA were controlled by an epistasy of
synthesis, whereas the steady-state levels of petB and petD were determined by an
epistasy of stability. Using the terminology of Wollman and colleagues, the subunits
dependent on the presence of others for epistasy of synthesis are called CES subunits,
in this case petA, and those subunits influencing the synthesis others are called
dominant subunits, in this case petB and petD. To date, all CES systems where analysis
has been possible have been found to be regulated at the level of initiation of translation
of the CES subunit(s)>¢"5635¢%,

" For simplicity C. reinhardtii cytochrome bgf subunits are referred to by their gene names and not
subunit numbering. Genetic components are referred to here in italics and proteins are in regular
font. It is acknowledged that this is not a convention used by plant biologists.
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5.3.3 The genetic basis of CES of the C. reinhardtii cytochrome b¢f complex

Analysis of CES mutants found that the 5’UTR of petA mRNA was required for CES
along with a short patch of the C-terminal region of petA%2°%, As part of the C-terminal
region of petA required for CES is buried in the thylakoid membrane and the exposed

residues required for CES do not have mRNA-binding characteristics®®®

, it was deemed
unlikley that petA interacted with the petA 5’UTR directly. This suggested the existence
of ternary effectors, capable of regulating petA translation in response to levels of
unincorporated petA. Genetic screens of C. reinhardtii mutants with aberrant petA
expression identified only two genes that were specifically required for petA synthesis:
MCA1, was required for the maturation and stability of petA mRNA®°, and TCA1, was
required for accumulation of normal levels of petA mRNA and petA translation®. Both
MCA1 and TCAT1 interact genetically with the petA S’UTR*%%"!, As assembly of the
cytochrome bsf complex is insensitive to large decreases in cpDNA transcript levels, it is
not thought that regulation of petA mRNA levels is a major effector of CES®®'. Steady-
state levels of petA are disrupted in tca? mutants and such cells do not have the same
CES response to deletion of the C-terminal region of petA or deletion of petD as wild-

type cells®”

. This led to the proposal that TCA1 acts as the major effector, inhibiting petA
translation when the C-terminal region of unincorporated petA is exposed®®>%65571,
though the exact molecular mechanisms underlying the interactions between the petA C-

terminus, petA 5UTR, MCA1 and TCA1 remain to be determined™'.

6 CYOCHROME C OXIDASE AND DISEASE’

6.1 CAUSES oF COX DEFICIENCY

COX deficiency, either as an isolated defect or part of multiple OXPHOS defects, is a
common feature of mitochondrial disorders®**’8, Greater clinical awareness and
improvements in diagnostic techniques over the past 20 years have led to a massive
expansion in the spectrum of mitochondrial disorders. In view of this, a detailed
description of the clinical spectrum associated with the numerous forms COX deficiency
is beyond the scope of this thesis. The following is a summary of the most prominent
mitochondrial disorders of which COX deficiency is a feature and those diseases
associated with an isolated COX deficiency.

" Unless otherwise stated all information in this section is taken from references 2 & 3.
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Regardless of the clinical presentation, in over 75% of cases, COX deficiency is manifest
as a failure to maintain normal steady-state levels of COX subunits®%, Importantly this
implies that, aberrant biogenesis of the holo-complex is the major cause of COX
deficiency as opposed to loss of function of fully assembled forms of the enzyme. The
dual genetic origin of COX subunits and the complexity of holo-complex assembly
dictates that COX deficiency due to aberrant biogenesis can be caused by a very wide
variety factors. Despite the screening of large numbers of samples worldwide, mutations

d598.599

in the nuclear-encoded COX subunit genes have never been documente and

mutations in mtDNA-encoded genes are very rare*®®5"8,

6.1.1 COX deficiency caused by mtDNA lesions

There are two principle forms of mtDNA lesions, clonal populations of mutant mtDNA
which are inherited maternally and mixed populations of mutant molecules which follow

an autosomal pattern of inheritance®®

. Clonal mtDNA lesions are generally
heteroplasmic. Our understanding of the molecular mechanisms by which offspring
inherit pathological mutant loads of mutant mtDNAs from their mothers remains

incomplete®0¢%’!

and it is likely that drift towards high mutant loads during both oogenesis
and early embryonic development play a role. Maternally inherited, clonal, mutant
mtDNAs can take many forms e.g. point mutations, deletions alone and topologically-
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related deleted and duplicated forms®’". Rare cases of sporadic, clonal mtDNA mutations

have been also described which also fall into this category®”

. Autosomally inherited
mtDNA lesions are generally the result of mutations which impact on mtDNA
maintenance. In such instances mutant mtDNA populations are non-clonal and can be
detected as mixed populations of multiple deleted and occasionally duplicated forms. A
drastic reduction in mtDNA abundance, termed mtDNA depletion syndrome, is also

inherited autosomally®8°-°86:602

and also falls into this category. The relationships between
mtDNA genotype and clinical presentation are very poor for most forms of mtDNA lesion

whether they be clonal or non-clonal (table 4).

6.1.1.1 Clonal mtDNA lesions affecting mitochondrial protein synthesis

Defects of mitochondrial protein synthesis are generally accepted as the primary cause
of the OXPHOS dysfunction seen in cells carrying high mutant loads of mt-tRNA
mutations®®. Large deletions also invariably cause multiple OXPHOS defects due to
disruption of mitochondrial translation®® in addition to the loss of expression of deleted
OXPHOS subunit genes because of the distribution of mt-tRNA genes throughout the
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mitochondrial genome (figure 4; table 4). The pathophysiology of mt-tRNA point
mutations remains elusive and is likely to be heterogeneous®?*, There is emerging
evidence that in the case of 3243A-G (MTTL1) and 8344A-G (MTTK), translation is
impaired by disrupted maturation of the mutant tRNA®%5% |eading to reduced abundance
and charging of mature tRNA®”. In the case of some other mt-tRNA mutations aberrant
excision of the nascent tRNA and disrupted mRNA processing are also thought to be

involved®®38%4,

Table 6 Mutations in mtDNA-enboded COX subunit genes

Gene Mutation | Consequence Clinical features
5920G-A W6X Myoglobinuria®®
6015del5 42X Amyotrophic Lateral Sclerosis (ALS)*”
[ 6489C-A L196l Epilepsia partialis continua®™

MTCO1 - - —5T1
6721T-C M273T Sideroblastic anaemia
6742T-C 1280T Sideroblastic anaemia®"’
6930G-A G343X Myopathy®'
7587T-C M1T Encephalomyopathy®™

MTCO2 | 7671T-A M29K Myopathy®'*
7706G-A A41T Alpers-Huttenlocher-like disease®'”
9379G-A W5BX Childhoog7myopathy and lactic acidosis®'® with

recovery

MTCO3 9480ge|15 F94-A5 M){oglobinuriam -
9537insC P111X Leigh’s syndrome
9952G-A W249X Encephalomyopathy®®
9957T-C F250L MELAS®>

Key: 42X, frame-shift induced stop codon at residue 42; F94-A5, five amino acid deletion from
residue 94.

6.1.1.2  Clonal mutations in MTCO1, MTCO2 and MTCO3

Clonal mutations in the mtDNA-encoded COX subunit genes are extremely rare®89962,

Over the last decade 14 mutations have been identified (table 6) and in contrast to point
mutations mt-tRNA genes, many MTCO1, MTCOZ2 and MTCO3 mutations are sporadic.
All mutations have been heteroplasmic and resulted in severe reductions in COX activity
in cells or tissues with high mutant loads. Where data are available, COX biogenesis and
steady-state levels of numerous COX subunits are affected. As is typical for mtDNA-
associated disease, clinical features of patients with MTCO1, MTCOZ2 or MTCO3
mutations are predominantly neuromuscular and show no clear genotype-phenotype
correlations. Onset of disease is generally in late childhood or adulthood.
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6.1.1.3  Non-clonal mtDNA lesions caused by nuclear mutations

Non-clonal mtDNA deletions, duplication or depletion of mtDNA can all be caused by
nuclear mutations (table 4). As is the case for clonal mtDNA lesions, non-clonal mtDNA
lesions induced by nuclear mutations generally cause multiple OXPHOS defects via
disturbance of mitochondrial protein synthesis. The majority of nuclear genes associated
with mtDNA lesions are directly involved in maintenance of mtDNA. ANT1°%°,
ECGF1{380%84588 TK85 and DGUOK®* are all required for synthesis/maintenance of
mitochondrial NTP pools. Indeed, it has recently'been shown that mtDNA dépletion can
be prevented in cells with DGUOK mutations by supplementation of dNTP pools®?.
PEO1 and POLG are both required for mtDNA replication®”®®?*, In contrast, NPHS1 is
not thought to be involved in mtDNA maintenance as it encodes a cell-membrane protein

525 Most mutations identified in NPHS1 lead to accumulation

expressed in renal glomeruli
of mutant NPHS1 in the ER®?, The accumulation of aberrant cell-membrane proteins in
the ER is a recognised consequence of disrupted cell-membrane protein maturation®®’
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and even though mitochondria respond to ER stress™’, the relationship between

mutations in NPHS1 and loss of mtDNA is likely to be complex.

6.1.2 Mutations in COX assembly factors

Mutations in COX assembly factors are responsible for causing COX deficiency in a
growing number of patients (table 5).

Mutations in COX10°92°8 fall either; within the predicted second transmembrane domain
potentially affecting the topology of an adjacent matrix resident active site identified in
the E.coli enzyme*?! (T196K, N204K) or, within predicted matrix-resident loops thought
to be required for farnesyl diphosphate binding® and haem B stability*®' (P225L,
D336G/V). HPLC analysis of mitochondrial haems has demonstrated that all mutant

492

COX10 alleles are loss of function alleles™*. Despite this apparent homogeneity

mutations in COX10 are associated with a number of clinical presentations.

Two patients have been identified with mutations in COX175. The first was compound
heterozygous for a null allele induced by nonsense mediated decay (NMD) and a
missense allele which altered a conserved argenine to tryptophan (R217W) in an
extramembrane loop between predicted transmembrane domains 3 and 4°®, As with

" Non-HGNC name TWINKLE.
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COX10 mutations, HPLC analysis showed that this mutation created a loss of function
allele. The second patient was homozygous for R217W>%,

t°®°, They carried a

Mutations in SCO7 have also only been identified in a single patien
null allele and a missense mutation (P174L) immediately adjacent to the Cu* binding
motif. The most common mutations in SCOZ2 also fall in the vicinity of the Cu* binding
motif (E140K, C133Y, S225F). Detailed biochemical analysis of SCO2g 40« and
SCO2g225¢ has shown that they both adopt different structures to the wild-type protein
and that while SCO2¢140« bound less Cu* than the wild-type, SCO2s25+ bound more®®.
Moreover, cells derived from patients expressing SCO2y140« have increased Cu* uptake

but normal Cu* retention®*!

. Thus the pathophysiology of clinically releyant SCO71 and
SCO2 mutations appears rather complex, this is mirrored by the finding that mutations in

SCO2 are associated with a number of different clinical presentations.

Mutations in SURF1 were first identified in patients with COX deficient Leigh’s syndrome
in 1998%%%%% and mutations in SURF1 appear to exclusively associated with this
biochemical form of the disease. The vast majority of mutations in SURF1 create
premature stop codons which induce NMD, hence the majority of mutant SURF1 alleles
are null alleles. Missense mutations in conserved regions of the protein are also

observed, although at much lower frequency.

Mutations in LRPPRC were recently identified in 22 patients with French-Canadian
Leigh’s syndrome®>®, making it a significant cause of Leigh’s syndrome. French-
Canadian Leigh’s syndrome is restricted to kindreds originating from the Saguenay-Lac-
Saint-Jean region of north-eastern Quebec®°®*', It is characterised by the presence of
an isolated defect in COX activity which is particularly severe in brain and liver but less
so in kidney and skeletal muscle. The most common mutant LRPPRC allele is the

171

missense mutation A345V°%, the cellular consequences'’! of which are described above

(5.2.3.3).

6.1.3 Other nuclear mutations associated with defects in OXPHOS biogenesis

A number of disease loci have been mapped for hereditary spastic paraplegia (HSP).
Mutations in the SPG7 disease locus have been mapped to SPG7*%. SPG7 is a
component of the m-AAA protease and patients with SPG7 mutations have decreased
OXPHOS function. Spg7” mice develop a neuropathology very similar to that of HSP
patients, the first features of which are an accumulation of abnormal mitochondria in
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428 Since the identification of mutations in SPG7, mutations in the SPG4

spinal neurons
locus have been mapped to SPG4. It also encodes an AAA+ protease though the protein
does not localise to mitochondria and there is no evidence of OXPHOS defects in
patients with SPG4 mutations®2%%, Mutations in the mitochondrial hsp60 subunit gene
HSPD1 were identified at the SPG13 locus®-. As yet there are no details on the effect of

HSPD1 mutations on COX function.

TIMMB8A is a tiny-TIM required for TIM22 complex function. Mutations in TIMM8A have
been associated with autosomal recessive deafness dystonia syndrome®**5%, Cells from
such patients have defects in the assembly of the TIM23 complex which requires TIM22
function for import®”’. Defects in the function of both import complexes is believed to lead
to pleiotropic mitochondrial dysfunction.

6.2 MITOCHONDRIAL DISORDERS RELEVANT TO THIS THESIS

6.2.1 MELAS

Mitochondrial Encephalomyopathy, Lactic Acidosis and Stroke-like episodes is the most
common maternally inherited mitochondrial disease®’? (table 4). It is a progressive
disorder with a mean age at death of 34 years and is defined by encephalopathy
characterised by dementia or seizures, or both; stroke-like episodes; RRF; and lactic
acidosis in CSF or blood, or both. Vascular involvement along with other features have
led to the hypothesis that MELAS may be an angiopathy. MELAS has been associated
with a number of mtDNA lesions. MTTL1 seems to be a hotspot for point mutations
associated with the disease and 3243A-G accounts for around 80% of all cases. In
general mutant loads in muscle from MELAS patients exceed 80%.

6.2.2 Leigh’s syndrome

Leigh’s syndrome is a paediatric subacute necrotising encephalomyopathy that was first
described in 1951. The neuropathology is defined by bilateral symmetrical focal necrotic
lesions of the thalamus, extending into the pons, inferior olives and spinal chord®®. The
clinical features of Leigh’s syndrome are of psychomotor retardation, hypotonia, failure to
thrive, respiratory abnormalities, oculomotor disturbance, optic atrophy, seizures and
lactic acidosis®®. Leigh’s-like disease is a term used to describe atypical Leigh’s

syndrome where certain diagnostic features may be absent®®,
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Biochemical abnormalities in Leigh’s syndrome include PDH deficiency, isolated
disruption of OXPHOS compilexes I, Il and COX and combined OXPHOS deficiencies
such as I+IV defects®®. Leigh’s-like diseases has been associated with a similar
spectrum of biochemical defects and in addition biotinidase deficiency. This spectrum of
abnormalities has lead to the conclusion that a major cause of Leigh’s syndrome is
defective mitochondrial ATP production. There do not appear to be any relationships
between the biochemical defects and the spectrum of features seen in patients with

Leigh’s syndrome®*

Clonal mutations in mt-tRNA genes and mtDNA protein coding genes have both been
associated with Leigh’s syndrome®”. Disruption of mtDNA integrity such as clonal
mtDNA deletions® and mtDNA depletion®® have also been found. The 8993T-C or
8993T-G mutations in MTATP6 are of particular interest as when present at mutant loads
of >75% carriers present with NARP (table 4), whereas when present at mutant loads of
>95% carriers present with Leigh’s syndrome®’'. The majority of Leigh’s syndrome cases
are caused by nuclear mutations. Mutations in nuclear-encoded subunits of complex
1842643 and complex 1154454, the mRNA-binding protein LRPPRC®*® and the COX
assembly factors, SURF1°%%¥  SCOZ*, COX10'* and COX15°*° have all been
identified (table 5). Of the nuclear mutations found to date mutations in SURF71 and
LRPPARC are the most frequently encountered.

6.2.2.1 The incidence of mtDNA mutations

In spite of the fact that many mitochondrial disorders have been associated with
mutations in mtDNA%257 there remains little epidemiological information. A study
covering a 10 year period in the North-East of England®® found a prevalence of disease
attributable to mtDNA of 6.57 per 100,000 among the adult population’. According to this
figure, mtDNA-associated disease among adults has a pfevalence comparable to
neurological disorders such as Huntington’s disease and motor neuron disease (6.4 and
6.2/100,000 respectively) and is more common than neuromuscular disorders like
myotonic dystrophy and Duchenne muscular dystrophy (5 and 3.2/100,000
respectively)®®. In the same study a minimum prevalence of asymptomatic carriers and
affected individuals among all those under 60 years of age was calculated to be 12.48
per 100,000, While these data suggests mtDNA lesions may be a relatively common

" 95% Cl = 5.30-7.83
T Total UK population 58,781,914 in 2001: http://www.statistics.gov.uk/census2001 /profiles/uk.asp
*95% Cl = 10.75-14.23, mid-year period 1997.
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cause of neuromuscular disease in the population as a whole, the incidence of disease
due to mtDNA lesions among paediatric patients appears much lower. A population-
based study of infants under 6 years of age from Western Sweden covering a 14 year
period®”® found an incidence of mitochondrial encephalomyopathies of 8.9 per 100,000
infants and the point prevalence of mtDNA lesions among the under 16s was 1.1 per
100,000".

6.2.2.2  The incidence of Leigh’s syndrome

Despite its prominence in mitochondrial medicine, Leigh’s syndrome is a rare paediatric

disorder. In the Swedish study described above®”®

the incidence of Leigh’s syndrome
was 3 per 100,000% infants. A similar study of the Australian population found an
incidence of Leigh’s syndrome of 1.3 per 100,000 births and Leigh’s syndrome plus

638

Leigh’s-like disease had a combined incidence of 2.5 per 100,000 births>". To place

these figures in context, the total number of live births in the UK in 2001 was 594,634°.

6.2.2.3  The incidence of mtDNA mutations in Leigh’s syndrome

Screening large numbers of whole mtDNA genomes has only been feasible in recent
years®’. Nevertheless the seemingly restricted association of a small number of mtDNA
mutations with Leigh’s syndrome has enabled relatively comprehensive determination of
the incidence of clonal mtDNA mutations in Leigh’s syndrome using RFLP mapping. Of
the 32 patients with mitochondrial encephalomyopathy comprising the Swedish study
group®’®, only a single case of the eight diagnosed with Leigh’s syndrome was found to
carry a mtDNA mutation (MTATP6, 8993T-C). All patients in the study were screened for
3243A-G**%, 8993T-C, 8993T-G and 8344A-G**%°, all of which have been associated
with Leigh’s syndrome®”,

A Japanese study of 100 Leigh’s syndrome patients covering a 20 year period, found
18% of cases were due to mtDNA mutations all of which fell within MTATP6 (8993T-C,
8993T-G, 9176T-C)*'. In the majority of these cases, the course of the disease was
typical with onset in the first year. Another study of 67 Australian Leigh’s syndrome or
Leigh’s-like patients identified over a 17 year period and estimated to include >75% of
such patients from South-Eastern Australia during this window, also identified mtDNA

"95% Cl = 5.3-14.0

T 95% Cl = 0.3-2.9, 1 January 1999.

+95% Cl=1.1-6.5

§ http://www.statistics.gov.uk/CCl/nugget.asp?1D=369&Pos=6&ColRank=1&Rank=224
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lesions in 18% of cases®®. In agreement with the Japanese cohort, mutations in
MTATPE6 predominated, accounting for 15% of cases overall. Other mtDNA lesions
identified included a mtDNA deletion and a mutation in a mitochondrial tRNA gene,
8344A-G (MTTK). Contrary to both the Australian and Japanese studies, examination of
66 Leigh’s syndrome patients identified over a 12 year period at Great Ormond Street
Hospital, Guy’s Hospital and the Department of Neurology University of Newcastle upon
Tyne, 25% of whom were non-European, found mtDNA lesions in only 6% of patients®®.
This group was composed of two patients with an MTATP6 mutation (8993T-C), one with
a tRNA mutation (8344A-G, MTTK) and a case of mtDNA depletion. 92% of patients in
the British study were screened for 8993T-C and 8993T-G confirming the low prevalence

of these mutations in this cohort®®®,

6.2.2.4  The incidence of SURF1 mutations in Leigh’s syndrome and other
disorders

According to Tiranti et aP*® around 75% of Leigh’s syndrome patients with an isolated
COX deficiency are thought to carry SURF1 mutations and Pecina et al found that

mutations in SURFT1 are present in around a third of all patients with an isolated COX

652

deficiency®>. Due to the historical nature of the majority of patients reported with SURF1

mutations, the relatively small numbers of patients involved and international variation in
diagnosis of mitochondrial disorders, these figures remain uncertain. Nevertheless it
appears that among Leigh’s syndrome patients with an isolated COX defect, mutations in
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SURF1 are present in the majority of cases”~. SURF1 mutations have also been

reported in very rare cases without the specific pattern of brain lesions required for a

definitive diagnosis of Leigh’s syndrome®®*%%,
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7 THE OBJECTIVES OF THIS THESIS

Given its indispensable role in aerobic metabolism, an improved picture of the
biogenesis of COX is an important goal in our understanding of human cell biology.
Furthermore, COX deficiency caused by aberrant biogenesis of the holo-complex is a
common feature of many paediatric mitochondrial disorders and better knowledge of the
biogenesis of COX would improve diagnosis and genetic counselling. To date, much of
what we know about the biogenesis of COX has been determined from yeast models.
Production of human cell models, particularly of uncharacterised systems, is far more
difficult thus patient cells provide a valuable resource for investigating the causes of COX
deficiency and improving our understanding of the biogenesis of the COX holo-complex.

This thesis is a comparative study of COX deficient fibroblasts derived from seven
patients with mitochondrial disorders of undetermined genetic origin, control fibroblasts
and disease control fibroblasts carrying mutations in mitochondrial tRNA genes or the
COX assembly factor genes SCO7 or COX10. The objectives of the study were to:

i) Determine as fully as possible the causes of the enzyme deficiency in the
patient cells.

ii) To use these cells as models to investigate the biogenesis of the COX
holo-complex.

The characterisation and phenotyping of the patient cells is presented in Section 10 and
genetic analysis is presented in Section 11. The involvement of mtDNA was excluded in
all cultures and mutations in SURF1 were identified in four of the cultures. The OXPHOS
subunit signatures of the SURF1 mutant cells suggested the presence of stable COX
sub-complexes. Section 12 covers the investigation of COX sub-complexes in the patient
cells and disease controis using blue-native PAGE (BN-PAGE). The Results are
discussed in Sections 13 to 18.
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CLINICAL DETAILS AND MATERIALS &
METHODS

8 CLINICAL DETAILS

8.1 TERMINOLOGY

The patient fibroblast cultures examined in this study are designated the letter “P”
followed by a number. The patients from which they were derived are referred to using
the same numbering but without any prefix e.g. P1 was derived from patient 1. The suffix
“s” denotes siblings of patients or cell cultures derived from these patients and where
necessary multiple siblings are also numbered e.g. P1s1 was derived from patient 1s1,
the sibling of patient 1. Amniocytes from patient 6s are denoted by the suffix “a”, P6sa.
Control fibroblast cultures are numbered and have the prefix “C”.

8.2 PATIENT 1

Patient 1 was born to healthy unrelated parents. She presented with hypertrichosis, lactic
acidemia, hypotonia and ataxia. Nystagmus was noted from 2.5 years. A muscle biopsy,
taken 3 months later, showed normal morphology. CT scan was normal. She had
delayed bone age, was never able to walk independently, suffered from excessive
sweating with polyuria and there was a progressive loss of motor and mental
achievements. The patient died at the age of 3.3 years from respiratory insufficiency.
Autopsy was not performed. A younger sister, patient 1s1, also presented with
hypertrichosis and died of a similar illness. Three other siblings, 1s2, 1s3 and 1s4 were
unaffected. Biochemistry for patient 1 is given in table 7.
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8.3 PATIENT 2

Patient 2 had no antenatal problems but fed poorly at birth and rapidly developed a
metabolic acidosis with profound lactic acidemia. He failed to gain skills and died aged 7
months. A muscle biopsy revealed a marked type-llb fibre atrophy with accentuated T-
tubules but no other abnormalities. A male sibling had severe intrauterine growth
retardation, was born with a gross lactic acidemia, hypotonia and hypospadias, and died
at 27 h of age. Biochemistry for patient 2 is given in table 7.

8.4 PATIENT 3

Patient 3 was born to healthy unrelated parents after a normal pregnancy (37/40). A
heart murmur was noted at 6 weeks and a right divergent squint from 1.25 years. He was
first admitted to a hospital at 1.5 years with a viral infection. On arrival, the patient was
shocked, poorly perfused and drowsy and blood lactate was raised. CT brain scan was
normal and EMG showed no evidence of peripheral neuropathy. Echocardiogram
revealed hypertrophic cardiomyopathy and pericardial effusion. A renal tubular defect
was also noted. The patient died aged 2.4 years. Post-mortem examination established
a diagnosis of Leigh’s syndrome. Two older siblings had also died, one a stillbirth and
the other a sudden death after a mild upper respiratory tract infection at the age of 1.5
years. A third sibling was 9 years old and well at the time of admission of patient 3.
Biochemistry for patient 3 is given in table 7.

8.5 PATIENT 4

Patient 4 was the first child of healthy, unrelated parents following a normal pregnancy
(2700 g). After an initial normal development, he presented with vomiting at 8 months, by
1.2 years showed failure to thrive and subsequently developed progressive cerebellar
ataxia, nystagmus, hypotonia and developmental regression. No optic atrophy or
peripheral retinopathy was noted and muscle biopsy showed normal complex IV
histochemistry but increased lipid. Plasma lactate was elevated. EMG showed mixed
peripheral neuropathy, CT brain scan was normal but MRI of the brain showed lesions
consistent with Leigh’s syndrome. Subsequently there was a progressive deterioration
leading to death (age at death was unclear as the patient died at home). A subsequent
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child died of a similar disorder but was not investigated. Biochemistry for patient 4 is
given in table 7.

8.6 PATIENT 5

The clinical details and some biochemical findings of patient 5 have been reported®*.
The patient was born to unrelated parents and early development was uneventful but by
6 months the infant was failing to thrive. By of 1 year age he presented with metabolic
acidosis and was diagnosed with proximal renal tubular acidosis. The patient continued
to thrive poorly and developed hypotonia and intermittent nystagmus. At 1.4 years, MRI
of the brain and an EEG were both normal. Later, the patient developed increased
tremor and ataxia with indications of further renal tubular damage. A second MRI
showed demyelination in the cerebellum, basal ganglia and medulla oblongata. The child
died aged 2.5 years. Post-mortem examination confirmed a diagnosis of Leigh’s
syndrome. Biochemistry is given in table 7.

8.7 PATIENT 6

Patient 6 was induced at term although intrauterine growth retardation had been noted
from 26 weeks. On day 1 she had metabolic acidosis with a pH of 7.1 which persisted
and was due to elevated lactate that rose to a maximum of 34 mM (controls 1.0-1.8 mM).
She was treated with bicarbonate and a “vitamin cocktail” under total parental nutrition. A
mild facial dysmorphism was noted with simple ears and broad nasal bridge. Brain MRI
was normal but MRS showed a marked elevation of lactate. Muscle and skin biopsies
were performed on day 8. She remained stable until day 9 when she underwent rapid
desaturation, requiring intubation. Her condition continued to deteriorate and she died
later that day. At autopsy the liver was markedly abnormal with micro- and
macrovesicular steatosis, cholestasis, pseudoacinar formation, bile duct proliferation and
marked deposition of iron. Kidneys also showed lipid accumulation. Neuropathology was
indicative of a developmental problem with bilateral porencephaly, microcephaly and
dysgenesis of cingulated gyri. A sibling, patient 6s was induced at 24 weeks following
evidence of intrauterine growth retardation from week 22. The baby died 45 minutes after
birth. Amniocentesis had been performed at week 17. Autopsy of patient 6s was normal
except for excess stainable iron in hepatocytes. Biochemistry for patient 6 is given in
table 8.
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8.8 PATIENT 7

The course of the disease in patient P7 was typical for Leigh syndrome with symmetrical
lesions of the basal ganglia noted on brain MRI. Failure to thrive, growth retardation,
hypertrichosis and strabismus developed from 6 months, followed in the second year
with progressive hypotonia and clinical symptoms of severe cerebellar disturbances.
Wrist X-ray showed diffuse osteoporosis. Laboratory investigations revealed raised blood
and cerebrospinal fluid (CSF) lactate levels (B-lactate 2.55-4.9 mmol/l; control values <
1.8 and CSF-lactate 4.1 mmol/l; control values < 2.1) with increased blood
lactate/pyruvate ratios (20-30; control values 12-18). CSF-alanine was increased (79
umol/l; control values < 35), although urinary organic acids profile and free and total
carnitine levels in blood were normal. Spectrophotometric measurements of enzyme
activities in isolated lymphocytes, fibroblasts and muscle tissue revealed a severe
deficiency of COX relative to citrate synthase. The girl died of bronchopneumonia at 34
months. Biochemistry is given in table 9.

8.9 PATIENT 8

Patient 8 has been previously described®®'. He was born to unrelated, healthy parents at
term (2700 g) and was hypotonic, lethargic and required immediate assistance for
respiratory distress at birth. He had severe metabolic acidosis (pH 7.19, plasma
bicarbonate 7.7 mM, lactate 12.7 mM, controls <2.5 mM) with high urinary lactate,
fumarate and succinate. Hepatocellular dysfunction was noted at day 4 but recovered
thereafter. Severe axial hypotonia, hypoglycaemia and hyperlactatemia (3.5 mM)
persisted and liver enlargement was observed. He continued to present with recurrent
episodes of apnoea and bradycardy and died aged 2 months. At post mortem,
histopathology of liver showed swollen hepatocytes with microvesicular lipid vacuoles
and panlobular steatosis. Accumulation of lipid droplets was also noted in muscle. A year
later a second boy was born at 34/40 (1750 g). He presented with severe neurological
distress and metabolic acidosis and died aged 5 days. Biochemistry for patient 8 is given
in table 10.
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8.10 PATIENT 9

Patient 9, a male born to consanguineous parents has been previously described®®®%,
Two siblings have also been described: An older sister died aged 5 years from a
mitochondrial encephalopathy ascribed to COX deficiency®®® and a younger sister died of
a similar condition to patient 9 aged 3 years®*. Patient 9 was born full term after an
uneventful pregnancy and had an unremarkable development until 18 months. At 18
months he presented with ataxia and his neurological condition worsened over the
following 6 months. At 2 years he presented with poor eyé contact, severe muscle
weakness, hypotonia, ataxia, ptosis, pyramidal syndrome and status epilepticus. Heart
ultrasound was normal. Blood and CSF lactate were elevated (3.8 and 3.1 mmol/l,
respectively), and urinary amino acids, lactate and Krebs cycle intermediates could be
detected, indicative of a renal tubulopathy. An isolated COX defect was identified in

655

muscle, lymphocytes (47 nmolemin™'mg™ protein, controls 72-203%°) and fibroblasts®®.
He died at 2 years of age.

8.11 CONTROLS

8.11.1 Normal controls

C1 and C2 were both primary dermal fibroblast cultures. C1 was derived from a 1.5 year
old male patient admitted for orchidoplexy and C2 was derived from a healthy 1.5 year
old female.

8.11.2 MELAS disease control

The disease control MELAS primary dermal fibroblast culture was derived from an adult
patient diagnosed with MELAS. A 79% mutant load of the 3243A-G MTTL 1 mutation was
determined by Dr Mei Gu (Neurosciences, RFUCMS) via quantitative RFLP.
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9 MATERIALS AND METHODS

9.1 PHENOTYPIC ANALYSIS

9.1.1 Establishment of primary cultures used in this study

All the fibroblast cultures used in this study were derived from skin biopsies and were
established out of hcuse using standard procedures. P1-P5 were sent from Dr HR
Scholte (COEUR, Erasmus University Rotterdam, Rotterdam, Netherlands), P6 was a
gift from Dr NG Kennaway (Oregon Health & Sciences University, Portland OR, USA)
and P7 was a gift from Dr J Housték (Academy of Sciences of the Czech Republic,
Prague, Czech Republic).

9.1.1.1 A549 cells

The A549 p* and A549 p° cultures” used in this study were a gift from Dr lan Holt (Dunn
School Cambridge UK). The A549 cell line was originally derived from a lung carcinoma
of a 58 year old Caucasian male. As with many tumour cell lines, A549 cultures have an

abnormal karyotype. Analysis ECACC suggest that they are hypotriploid with around 8%
polyploidy.

9.1.1.2  Primary amniocytes

Primary amniocytes were obtained by amniocentesis and cultured as described®” in
media containing a 1:1 mix of Ham’s F10 (Invitrogen, 31550-23) and Chang’s (Irvine
Scientific, T101-019) base media. Aside from the different media, all maintenance was
as for primary fibroblast cultures (9.1.2).

9.1.1.3 Generation of tsT-fibroblast lines

Cells from P1, P3, P5, P6 and the control culture C1 were transduced with a retroviral
vector conferring Neo” and a temperature sensitive isoform of SV40 large-T antigen. The
ability of this vector to influence the growth properties of human primary dermal
fibroblasts has been previously documented®®. When grown at 35°C proliferation of
transduced fibroblasts was higher than that of controls and when grown at 39°C, in

contrast to controls, transduced cells did not proliferate. Transduction was carried out by

* Specific p° clone was A549.82.
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Dr Mike O’Hare of the Ludwig Institute UCL. The vector used, pZIP-NeoSV(X)1, was
constructed from Moloney murine leukaemia virus (MMLV) and the pBR322 plasmid, to
enable propagation of the vector in E. colf®. It contained MMLV 3'- and 5-LTRs, the
pBR322 and SV40 origins of replication, an MMLV 3’ splice site and Neo' from the
transposon Tn5'. The isoform of SV40 large-T antigen (Tag) inserted into the 3’ splice
site in this instance contained the tsA58 mutation conferring temperature sensitivity, and
the U719 mutation blocking DNA binding®®®". Prior to being given to Dr O’Hare, all of the
cell cultures were treated for 14 days ciprofloxacin (1 mg/ml) to remove potential
mycoplasma infection. Treatment was halted 7 days before transduction. Vials of cells
selected for transduction were all between passages 6-10 when defrosted. Transduction
of the fibroblasts by Dr O’Hare was as described in Xu et af*® except that two rounds of
infection were used. Transduced tsT-fibroblast cultures were not cloned and were used
as mixed clones throughout this study. All tsT-fibroblast cultures were grown at 33°C in
accordance with advice from Dr O’Hare. The use of these cells was enabled on the basis
of, and was in accordance with, Royal Free & University College Medical School,
Genetically Modified Organism application RF99-2.

9.1.2 Cell culture

All primary dermal fibroblast cultures, tsT-fibroblast cultures, A549 p° and p* cultures,
and fibroblast-A549 synkaryons were maintained under identical conditions. The base
medium used was a high glucose DMEM (25 mM glucose) with Glutamax | (I-alanyl-I-
glutamine; Invitrogen, 61965-026) to which the supplements were added to the
proportions indicated; 10% (v/v) y-irradiated FCS (BioWest, 5096551800/100), 0.2 mM
uridine (Sigma, U3003), 1 mM sodium pyruvate (Invitrogen, 58636), 50 U/ml penicillin
and 50 pg/ml streptomycin (Invitrogen, 15140-122). Cultures were grown in Heraeus or
Nuare DH autoflow tissue culture incubators with 8% CO, and 90% humidity at 37°C,
except for tsT-fibroblast cultures which were grown at 5% CO, and 90% humidity at
33°C. Phosphate buffered saline (PBS) for use in tissue culture was made from 10x
concentrate and sterilised in house. Cultures were always dissociated for passaging
using trypsin solution (Invitrogen, 25090-28) diluted 1/25 in Versene EDTA solution
(Invitrogen, 15040-066) and stopped using full culture media. For routine cell culture,

) Long terminal repeats.

t The sequence for the (related) vector pZIP-NeoSV(Tag), containing SV40 large-T antigen which
has been constructed from component sequences is available from the NCBI as accession
Z93724. The pZIP-NeoSV(X)1 sequence deposited at the NCBI (accession M18803) contains
only the pZIP-NeoSV(X)1 5-LTR which differs slightly from that of pZIP-NeoSV(Tag) and is
suitable only for vector screening.

112



stopped trypsin was not washed off cell suspensions prior to re-plating. Fibroblast
cultures were generally passaged every 2-4 days and generally split 1 in 3. Small
quantities of cells were routinely grown in 90 mm diameter Nunc culture dishes (57 cm?;
Nunc, 150350). When larger quantities of cells were required, cultures were expanded in
triple-layered culture flasks (500 cm?; Nunc, 132913). Nunc coated 35 and 60 mm dishes
and 96 well plates were used as required for specialist applications (Nunc, 153066,
150288 & 161093).

9.1.2.1  Freezing and thawing of cells

Identical techniques were used for the freeze/thawing of fibroblasts, A549 p° and p*
cultures, and fibroblast-A549. Generally, cells from one confluent plate were frozen for
storage in 600 pl normal culture medium with 10% (v/v) DMSO. Vials of cells were slow
frozen in polystyrene boxes -70°C (assumed to provide a temperature drop of
~1°C/minute) and then transferred to liquid nitrogen for long term storage. Vials of cells
were rapidly defrosted in a water bath at 37°C. Freezing media was removed by

centrifugation and cells were initially seeded onto no more than 2 plates.

9.1.2.2  Collection of cell pellets for nucleic acid purification

For DNA/RNA purification cells were trypsinised and resuspended in a 10x volume of full
medium. Suspensions were pelleted at 1000 rpm using a Sorvol T6000D bench top
centrifuge and washed in an equal volume of PBS. Pellets were resuspended in 1 ml
PBS and pelleted at 6500 rpm using a Heraeus Biofuge fresco refrigerated mini-fuge, in
standard, free-standing, 1.5 ml tubes (screw cap, o-ring), aspirated and stored at -20°C
until required. Pellets for DNA purification were generally prepared from 2-5 plates of
cells of between 70-100% confluence (0.6-4.0 x10° cells). Pellets for RNA purification

were prepared from proliferating cultures of no more than 70% confluence.

9.1.3 COX activity stains

The histochemical COX activity stain employed in this study was based on the widely
applied diaminobenzidine (DAB) stain described by Seligman and co-workers®2. The
stain is based on the oxidation of an effectively electroneutral “off the shelf” cytochrome ¢
solution by COX which in turn enables the oxidation and polymerisation of DAB, forming
a brown precipitate in the vicinity of the enzyme. Unlike TMPD-based reactions used in
polarography®®%%  this reaction requires repeated binding and release of cytochrome ¢
from the enzyme.
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Cells were seeded on uncoated, 22 mm, glass coverslips at around 50% confluence and
left to proliferate to around 90-100% confluence under standard culture conditions
(9.1.2). For staining, coverslips were washed 3x in PBS with 0.5 mM MgCl, and 0.9 mM
CaCl,, drained and air dried for around 10 minutes. When dry, coverslips were soaked
for around 1 hour at 37°C in a tissue culture incubator in an aqueous staining solution
containing 50 mM sodium phosphate buffer (pH 7.4), 0.5 mg/ml DAB-4HCI, 1 mg/ml
horse heart cytochrome c (Roche, 103888; formerly Boehringer Mannheim) and 2 pg/mi
catalase (Sigma, C9322). Coverslips were then washed once in PBS and soaked in
Zymed DAB Enhancer (00-2021) at room temperature for 15 minutes. They were then
washed again in PBS, counterstained using a standard Mayer’s haematoxylin stain®®,
dehydrated using 3x 30 second washes in ethanol followed by xylene, and mounted
using DPX mountant (BDH 360294H).

9.14 Spectrophotometry

Spectrophotometric analysis of freeze-thawed cells was carried out under the guidance
of Dr Brigitte Meunier at the Galton laboratory, UCL. Cells pellets were collected as
those for nucleic acid analysis (9.1.2.2) except that around 107 cells were frozen per
pellet. Thawed cell pellets were resuspended in 200 pl chilled suspension buffer (50 mM
tris-HCI, 10% ficoll (BDH, 43709 3T) on ice. Analysis was carried out using a single
beam instrument built in house. Readings were standardised to total cellular protein
using the BCA protein assay kit (9.1.5.3).

9.1.4.1 Whole-cell visible spectra

60 pl of each cell suspension was reduced by the addition of a small quantity of solid
sodium dithionite. Absolute reduced spectra were recorded against a baseline of milk
solution which has similar light scattering properties to cell suspensions in the 520-650
nm region. Readings were taken using a cuvette with a 45 pl chamber volume and a light
path of 3 mm. Quadratic baseline correction (QBC) was used to correct for imperfect

matching of the synthetic baseline®®®

. An estimation of the c-type cytochrome content of
the samples was obtained from A550-A542 nm using a molar extinction coefficient®®’ of
e=18 mMscm™’. The b-type cytochrome content was determined from A563-A579 nm
using e=27 mM'ecm™. The cytochrome aa; content was determined from A604-((A594-
A614)x0.5) using an extinction coefficient®® %% of e=14 mM™ecm™. Following the addition

of cyanide (CN; 10 mM final) to the reduced samples, the CN-binding cytochrome a;
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content was determined from absolute, reduced, QBC-corrected spectra using A592-
A610 nm with an extinction coefficient®"% of =18.7 mM'escm™.

9.1.4.2  Whole-cell CO laser-flash photolysis

A 100 pl aliquot of each cell suspension was diluted to 500 pl with suspension buffer
(9.1.4) and reduced by the addition of solid sodium dithionite. Cellular membranes were
permeabilised by the addition of LM to a final concentration of 1 mM. CO ligation and
saturation was achieved by bubbling CO through the samples for 2-4 minutes at room
temperature. Room temperature photolysis of CO-ferrohaem az; was achieved with short
actinic laser light pulses of a frequency doubled Nd-YAG laser (10 ns half peak width;
532 nm; >100 mJ/puise). Signals were recorded at 430 and 445 nm and 20-50 transients
were signal-averaged at each wavelength. The CO-binding cytochrome a; content of the
samples was determined from the amplitude of the difference spectra (A430-A445 nm) of
CO re-ligation following photolysis using a molar absorption coefficient®’ e=113 mM"
‘ecm™. The haem a; environment of the samples was investigated by determining the
rate of CO ligation®®. First order decays were fitted by eye to the difference spectra to
give an observed rate constant (Kops)-

9.1.5 Denaturing gel electrophoresis and western blotting of lauryl maltoside

protein extracts

Denaturing SDS-urea polyacrylamide gel electrophoresis (PAGE) was carried out using
Bio-Rad Mini Protean Il or Mini Protean 3 mini-gel systems (10 cm) more or less as

described previousty®957°,

9.1.5.1  Collection of pellets for protein extraction

Cell pellets for protein extraction were prepared in much the same way as those for
nucleic acid purification (9.1.2.2) except that they were collected into standard conical

bottomed, flip cap 1.5 ml tubes and the second wash to pellet the cells used cold PBS
| with the following protease inhibitors, 1 pg/ml leupeptin, 1 pg/ml pepstatin and 1 uM
PMSF’ (Sigma, L5811, P5318 & P7626). For protein purification, cells were harvested
from proliferating cultures of between 70-90% confluence and pellets were used
immediately without freezing prior to use.

" Phenylmethylsulfonyl fluoride.
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9.1.5.2  Preparation of lauryl maltoside protein extracts

Lauryl maltoside’ protein extracts (LM extracts) were prepared from whole cells®®¢7°

using a PBS/LM solution containing protease inhibitors. Cell pellets (9.1.5.1) were
resuspended and solubilised in PBS containing, 27 mM LM (equivalent to 1.35% w/v;
Anatrace, D310), 4.5 pg/mi leupeptin, 4.5 pg/ml pepstatin and 10 pg/ml PMSF for 30
minutes on ice. The volume of solubilising solution added was estimated by eye
according to an approximation of 200 pl per average single plate pellet. Samples were
centrifuged using a mini-centrifuge at 13,000 rpm for 20 minutes at 4°C, the supernatant
was decanted into a clean tube and stored at -80°C until required.

9.1.5.3 Balancing of LM extracts

The protein content of LM extracts was determined using the BCA Protein Assay kit from
Pierce (23225) read using a Hitachi U3210 spectrophotometer. The kit is based on the
biuret reaction, the reduction of Cu®* to Cu* by peptide bonds and cysteine & cystine,
tryptophan and tyrosine in alkaline solutions, that is coupled to the colorimetric detection
of Cu* using a bicinchonic acid compound. For the purposes of this study, the
manufacturers 37°C protocol was used with each sample and protein standard read in
triplicate and equivalent volumes of LM extraction buffer diluted in protein standards. Half
volume (1 ml) reactions were used with a fixed volume of 5-10 pl of each LM extract
diluted into the 50 pl sample volume of each reaction. Protein concentrations were
generally in the range 1-1.6 pg/ul and were diluted with LM extraction buffer such that
each of the set of samples required for a series of western blots were the same

concentration as the most dilute original sample.

9.1.5.4  Sample preparation

Balanced LM extracts were dissociated by the addition of an appropriate volume of a 5x
buffer concentrate to give final concentrations of 140 mM SDS' (equivalent to 4% w/v;
BDH, 108073J), 50 mM Tris-HCI (pH 6.8), 12% (v/v) glycerol, 5 mg/ml Bromophenol
blue (BDH, 200152E) in addition to extraction buffer components (9.1.5.2). Samples
were reduced by the addition of 2% (v/v) B-mercapto-ethanol (Sigma, M6250) and
incubation at 40°C for 30 minutes. Samples were stored at -80°C.

) n-Dodecyl-B-D-maltopyranoside also known as n-dodecyl-B-D-maltoside, DDM.
' Sodium dodecyl sulphate.
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9.1.5.5 Gels and electrophoresis

Denaturing SDS-urea PAGE gels with discontinuous pH gradients were used to resolve
samples®®%°, 10% gels were used for the resolution of MTCO1, SDHA, ATP5A1 and
VDAC1; 12.5% gels for MTCO2, COX411, SDHB, UQCRC2 and NDUFA9; 15% gels for
MTCO3, COX5A, COX5B, COX6A1 and COX6B. 10%, 12.5% or 15% gel solutions were
prepared for separating gels: [the appropriate volume of] 37.5:1 acrylamide-bis solution
(Bio-Rad, 161-0148), 6 M urea, 375 mM Tris-HCI (pH 8.6) and 0.5% (w/v) amonium
persulphate. Prior to pouring, gel solutions were filtered through 0.2 ym hydrophobic
filters to remove particulates and polymerisation was catalysed by the addition of a
0.001% volume of TEMED'. 3% stacking gels were prepared using Bio-Rad 37.5:1
acrylamide-bis solution, 6 M urea, 50 mM Tris-HCI (pH 6.8) and 0.5% (w/v) amonium
persulphate. Stacking gels were filtered and polymerised as for separating gels. Gels
were poured such that there was around 1 cm of stacking gel between the bottom of
sample wells and separating gels. All gels used were 0.75 mm thick and manufacturers
standard combs with 10-12 spacers were used. Molecular weight standards and buffer
blanks were added to non-sample lanes as appropriate. Sample loading was fixed for
each blot at 8-10 pg per lane. Gels were run using a standard denaturing running buffer
of 25 mM Tris-HCI (pH 8.6), 192 mM glycine, 35 yM SDS (0.1% w/v). Running voltages
were set at 90 V until samples had entered the separating gel (~30 minutes) and then
were run at a constant voltage between 120-200 V until blue sample buffer ran out of the
gel (~60-120 minutes).

9.1.5.6 Western blotting

Gels were blotted onto Millipore Immobilon-P PVDF membrane (IPVH 000 10) using the
Bio-Rad Protean systems, Whatman 3MM paper (Fisher, CJF-240-190R) and Towbin’s
buffer (25 mM Tris-base (pH ~8.3), 192 mM glycine, 20% (v/v) methanol) as directed by
manufacturers. Prior to blotting, gels were left in chilled Towbin’s buffer for <10 minutes
to dehydrate and equilibrate. Blotting voltage was set at 100 V for 1 hour and blotting
was done with chilled buffer, mixed using a magnetic stirrer during blotting.

9.1.5.7  Probing and development of denaturing gel western blots

Wet blots taken direct from blotting tanks were washed in ddH,O and then PBS prior to
probing. Air-dried blots were wetted briefly in methanol and washed in ddH,O then PBS.

" N,N,N',N'-Tetramethylethylenediamine.
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In the following section, all steps were carried out either in dishes (~12x8 cm) on a
shaker or blocked, 50 mi polythene blood tubes on a rotator. Wetted blots were blocked
for 1-2 hours in PBS with 10% (w/v) non-fat milk powder (Marvel). They were then
washed for 2 minutes in PBS and then 5 minutes in PBS-Tween (All PBS-Tween
solutions 0.3% (v/v) Tween 20, Sigma, P5927). Blots were then probed with primary
antibody or antibody cocktails (9.1.6) diluted in PBS-Tween for 2 hours. Unadsorbed
primary was diluted with 3x 5 minute washes in PBS-Tween and blots were then probed
with secondary antibody (9.1.6) diluted in PBS-Tween for 1 hour. Unadsorbed secondary
antibody was removed with 3x 5 minute washes in PBS-Tween and then 2x 5 minute
washes in PBS. Blots were developed using the Western Lightening Western Blotting
Reagent Plus kit (Perkin EImer, NEL105001EA, formerly Renaissance kit NEN-Dupont).
For a standard ~6x10 cm blot 7 ml of solution was used. Saran wrap (Fisher, SEL-360-
500Q) covered blots were then exposed to Hyperfilim ECL (Amershem, RPN3103H) film
in an exposure cassette for various times between 5 seconds and 8 minutes. Film was
developed using a standard, manual development protocol.

9.1.6 Antibodies

All primary antibodies against OXPHOS subunits were developed and verified by Drs
Jan-Willem Taanman and Michael Marusich in the laboratory of Dr Roderick Capaldi
(Eugene, Oregon; table 11). Although the stocks used in this study were original
preparations of varying purity, all of the OXPHOS subunit antibodies are also available
from Molecular Probes (Eugene, Oregon). The dilutions of primary antibody used for
probing gel blots and in immunofluorescence were all chosen to on the basis of a wealth
of experience in the use of this antibody set in the afore mentioned laboratory.

Primary antibodies against VDAC1, HSPD1, HSPA9B and CYCS(2x) were all purchased
from commercial suppliers (Calbiochem, 529538; Neomarkers, MS-120-P; Alexis, ALX-
804-077; Pharmingen, 556433; Santa Cruz, sc-7159, respectively). Various secondary
antibodies were employed: for western blotting HRP-conjugated, affinity purified, anti-
mouse IgG antibodies (B-E, figures 56, 58 & 59) were from Bio-Rad (B & C, goat, two
different stocks of 172-1011), Dakocytomation (D, rabbit, P 0260) and Jackson (E, goat,
115-065-164); Anti-rabbit IgG was from BioRad (goat, 172-1019); HRP-conjugated anti-
HRP tertiary antibody (PAP) was also from Dakocytomation (A, mouse monoclonal,
P0850); for immunofluorescence an Alexa Fluor 488-conjugated anti-mouse IgG
antibody from Molecular Probes was used (A-11001). All secondary and tertiary
antibodies were used in accordance with manufacturers instructions, except for the
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increased concentrations of secondary antibody used for western blots of 2D BN-PAGE

mentioned below and the application of PAP antibody as a tertiary layer for western

blotting (9.3.3.3).

Table 11 Primary antibodies.

Target Source Type Clone(s)
MTCO1 Dr RA Capaldi | Mouse monoclonal | 1D6E1A8
MTCO2 | Dr RA Capaldi | Mouse monoclonal | 12C4F12
MTCOS3 | Dr RA Capaldi | Mouse monoclonal | DAS

. 10G8D12C12
COX4l1 | Dr RA Capaldi | Mouse monoclonal 20ESC12
COX5A | Dr RA Capaldi | Mouse monoclonal | 6E9B12D5
COX5B | Dr RA Capaldi | Mouse monoclonal | 16H12H9
COX6A1 | Dr RA Capaldi | Mouse monoclonal | 14A3AD2BH4
COXeB Dr RA Capaldi | Mouse monoclonal | 3F9D3D11
COX6C | Dr RA Capaldi | Mouse monoclonal | 3G5F7G3
NDUFA9 | Dr RA Capaldi | Mouse monoclonal [ 20C11B11B11
SDHA Dr RA Capaldi | Mouse monoclonal | 2ESGC12FB2AE2
SDHB Dr RA Capaldi | Mouse monoclonal | 21A11AE7
UQCRC2 | Dr RA Capaldi | Mouse monoclonal | 13G12AF12BB11
ATP5A1 | Dr RA Capaldi | Mouse monoclonal | 7H10BBD4
VDAC1 Calbiochem Mouse monoclonal | 89-173/045
HSPD1 Neomarkers Mouse monoclonal | LK1
HSPASB | Alexis Mouse monoclonal | JG1
CYCS A | Pharmingen Mouse monoclonal | 7H8.2C12
CYCSB | Santa Cruz Rabbit polyclonal | H-104

9.1.7

Immunofluorescent stains

Immunofluorescent staining was carried out as previously describe
modifications: Mitotracker staining was not carried out; cells were permeabilised in

d670

with the following

acetone at -20°C as opposed to methanol; the nuclear counter-stain DAPI" was added to

a final concentration of 200 ng/ml to the mountant in place of the addition of bis-

benzimide to primary antibody incubations. For SDHA stains, coverslips were incubated

in 10 mM sodium citrate (pH 6.0) at 90°C for 20 minutes between fixing and

permeabilisation.

" 4',6-Diamidino-2-phenylindole.
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9.1.8 MTS growth assays

The growth of fibroblast cultures was measured using the MTS' tetrazolium-based
CellTiter 96 AQyeous cell proliferation assay from Promega (G5421), read using a BioRad
2550 ELISA plate reader. Using this kit the growth of cultures is measured as change in
absorbance at 490 nm due to the reduction of MTS tetrazolium to formazan by cellular
dehydrogenases. Initial testing of the kit, using serial dilutions of cells piated 24 hours
prior to reading, found that incubation with MTS reagent for 2 hours gave good signal
strength and range (figure 9). Experiments were generally seeded at 500 cells per well to
enable detection of decreases in cell number and to provide a low enough initial signal to
allow for large increases in cell number. All cultures used were passages and all were a
similar passage number in each experiment. Cells were harvested, counted and seeded
in triplicate onto 96 well plates in 200 pl of culture medium on day 0. The first readings
were recorded on day 1. To avoid cell death due to prolonged handling, cell suspensions
were kept on ice throughout the seeding procedure and were rapidly aliquoted using an
repeater pipette. Medium was changed every 5 days throughout experiments and a
separate plate was seeded for each day readings were required. Readings were taken
as directed by the manufacturer. Details of the media used in the different experiments

and other variations are given below.

9.1.8.1  Sugar substitution study

Glucose medium: DMEM with 4 mM glutamine and no glucose (Invitrogen, 11966-025)
supplemented with 25 mM glucose and, 10% FBS, 0.2 mM uridine, 1 mM sodium
pyruvate, 50 U/ml penicillin and 50 pg/ml streptomycin. Galactose medium: As for
glucose but with 25 mM galactose (Sigma, G0750).

9.1.8.2  Pyruvate and uridine restriction study

Full medium: DMEM with 25 mM glucose and 4 mM glutamine, 10% dialysed FCS (PAA
A15-205), 0.2 mM uridine, 1 mM sodium pyruvate, 50 U/ml penicillin and 50 pg/ml
streptomycin. Restricted medium: As for full medium but without pyruvate and uridine.

9.1.8.3 RPMI study

Full glucose medium: RPMI 1640 with 4 mM glutamine (Invitrogen, 11879-020)
supplemented with 25 mM glucose (Sigma, D9559), 10% dialysed FCS, 0.2 mM uridine,

" 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymehtoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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1 mM sodium pyruvate, 50 U/ml penicillin and 50 pg/ml streptomycin. Restricted glucose
medium: As for full glucose medium but without pyruvate and uridine. Full galactose
medium: As for full glucose medium but with 25 mM galactose in place of glucose.
Restricted galactose medium: As for restricted glucose medium but with 25 mM
galactose in place of glucose.

tsT-fibroblast study

All plates of cells in this study were cultured at 33°C to enable expression of SV40 large-
T (9.1.1.3). This experiment was seeded at 250 cells per well. Incubation with MTS was
carried out at 37°C as directed by the manufacturer. Full glucose medium: As for full
medium above (9.1.8.1) but with dialysed FCS. Restricted glucose medium: As for
restricted medium above (9.1.8.2). Full galactose medium: As for galactose medium
above (9.1.8.1) but with dialysed FCS. Restricted galactose medium: As for restricted
glucose medium but with 25 mM galactose in place of glucose.
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Figure 9 Testing of the MTS growth assay. Absorbance of serial dilutions of P4 and C1 cells at
different incubation times using the Promega CellTiter 96 AQ,eous Non-radioactive cell proliferation
assay. Two cultures were chosen to represent the likely spectrum of behaviours of the cultures
under study, the patient fibroblast culture P4 and the control culture C1.Results for P4 are shown
in blue and those for C1 in red. Incubation times in minutes are as follows: ® = 180, = 120, A=

90, x=75, ® = 30.
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9.2 GENETIC ANALYSIS

9.2.1 Strateqy for mtDNA sequencing

Nuclear pseudogenes can be a problem when amplifying mtDNA and have in the past
led to erroneous results when screening mtDNA®"¢72_ Of particular relevance to the mt-
tRNA and COX subunit genes screened in this study are the processed pseudogenes of
MTCO1 and MTCOZ2 at 10g22.1', that of MTCO3 at 10p12.31%, and the 5.8 kb nuclear-
mtDNA fragment linked to D15243 at 1p36.33%"%. This fragment is an ancestral hominid
translocation of mtDNA spanning MTND1 to MTCOS3 (3914-9755; figure 4) and therefore
includes pseudogenes for 11 mt-tRNAs, MTCO1, MTCOZ2 and MTCOS. It was not felt
that DNA purification from isolated mitochondria would provide a suitable source of
mtDNA as extraction would be labour intensive and require large numbers of cells.
Instead long-range PCR was used to amplify almost the entire mtDNA as a pseudo-
purification (9.2.1.5). Product from these amplifications was cleaned enzymatically
(9.2.1.7) avoiding DNA fragmentation caused by matrix binding and aliquots were
resolved on 0.6-0.8% agarose TAE slab gels (9.2.2.1) to verify that a single product of
the appropriate size had been amplified. Cleaned, long-range PCR product was then
used as a template for a further standard PCR amplification of sequencing fragments of
around 500 bp (9.2.1.6). These were cleaned using kits employing silica-based columns
(9.2.1.7) and aliquots were resolved on 3% agarose TAE slab gels to check that single
products of the appropriate size had been amplified. Column cleaned products (9.2.1.7)
were then sequenced using either fluorescent dye-primer or dye-terminator kits

(9.2.1.8;9.2.1.9), or in a some cases a manual radiolabelled-terminator kit (9.2.1.10).

Trace files (.abi) from fluorescent sequencing were assembled into contigs and aligned
against the NCBI human mtDNA sequence NC_001807, using Lasergene 98 Seqman II
(v3.61). All conflicts were screened by visual inspection of trace files and those in
regions of poor quality data at the ends of runs or in the region of “dye blobs” were
discarded. All sequencing reactions were repeated until high quality traces were
obtained over the entire length of genes of interest. In most instances sequencing traces
were obtained in both orientations over genes of interest, although in some instances
(MTTE, MTTK, MTTR, MTTV) technical constraints caused by the physical position of
primers meant that this could not be achieved for all samples. Base changes resulting
from genuine conflicts were screened against Mitomap version 3.0 to determine whether

" Ensembl Vega-genes OTTHUMG00000018387 and OTTHUMGO00000018389 respectively.
* Ensembl Vega-gene OTTHUMGO00000017783.
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they had been previously described and whether data existed on pathogenicity. The
strategy for verification of manual sequencing data is given below (9.2.1.10).

9.2.1.1 Total DNA purification

High grade, whole-cell DNA was purified using the Nucleon BACC1 genomic DNA
extraction kit from Amersham (RPN8501; fermerly Scotlab SL-8501). This kit was used
to obtain high quality, large fragment length, genomic DNA as it does not require DNA
binding to any form of matrix during the purification. Purified genomic DNA from frozen
pellets (9.1.2.2) was resuspended by incubation at 60°C in 30-150 pl TE buffer (10 mM
Tris, 1 mM EDTA, pH 8.4) and stored at -20°C.

PCR grade whole-cell DNA was rapidly purified using the Qiamp DNA purification kit
from Qiagen (51304). This kit is based on DNA binding to a silica matrix and selective
washing through of contaminants by centrifugation. Samples purified from ~3 plates of
cells (1.5-3x10° A549 cells or 0.9-2.4x10° fibroblasts) were resuspended in 50 pl of TE
and stored at -20°C.

9.2.1.2  Total RNA purification

Total cellular RNA was extracted from fibroblasts as described previously®”®

674

using a
modified version of the protocol devised by Chomczyski and Sacchi®”® employing LiCl to
selectively precipitate RNA. For long-term storage, RNA extracts were stored in 70%
ethanol, 120 mM sodium acetate at -70°C. Prior to use the concentration of RNA
recovered from each sample was determined from the absorbance at 280 nm using an
extinction coefficient of e=25 mg™scm™. The proximity of the ratio of A260/A280 nm to an
ideal of 2.0 was used as an indicator of protein contamination and scans from A210 to
A310 nm were inspected to exclude humps indicative of protein or detergent
contamination. Visual inspection of total RNA samples resolved on 0.8% agarose TAE
slab gels was also undertaken to check for degraded samples. Samples with low
intensity signals for the nuclear rRNAs, a deviation for an approximate ratio of intensity
2:1 for the same signals or a high abundance of high mobility non-specific signal were

discarded.

9.2.1.3  Verification of DNA purity and concentration

All BACC1-purified DNA samples and selected PCR samples were screened for purity
and quantified using spectrophotometric scanning of A210-A310 nm. Samples were
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diluted to 500 pl in ddH,O and read against a water baseline using a Hitachi U3210
spectrophotometer. Typically 2-5 pl of BACC1 DNA and 10 pl of PCR product was read.
Wavelength scans were visually inspected for humps characteristic of protein or
detergent contamination and an estimate of purity was attained from the proximity of the
A260/A280 ratio to an ideal of 1.8. DNA concentration was determined from A280 nm
using an extinction coefficient of =20 mg'ecm™, BACC1 DNA samples were generally in
the range 0.8-1.8 pg/ml. Where samples contained little DNA and were therefore noisy,
readings at A259-261 nm and A279-281 nm were averaged.

9.2.1.4 PCR consumables and hardware

All PCR reactions and other reactions requiring thermal cycling were carried out using
200 pl thin-walled PCR tubes bought from a variety of suppliers which were purchased
and used either as strips of up to 8 tubes or as single tubes. Thermal cycling was
achieved using either a Perkin Elmer GeneAmp 2400 PCR system, an MJ Research
PTC-200 DNA engine fitted with an ALS-1296 96-well alpha-unit.

9.2.1.5 Long-range PCR of mtDNA

Long-range PCR of almost the entire mtDNA was carried out using the method of Cheng
et aP™ using two inverted primers in MTCYB, TGAGGCCAAATATCATTCTGAGGGGC
and TTTCATCATGCGGAGATGTTGGATGG (5’ bases L15149 and H14841,
respectively). PCR was carried out using the GeneAmp XL kit from Perkin Elmer (N808-
0192) employing the “hot start” cycle shown below, in which recombinant Tth (Thermus
thermophillus) polymerase supplied by the manufacturer was added to each sample
during an 80°C hold following the initial denaturation step. As this protocol was not used
as a qualitative or quantitative assay, 1 yl of BACC1 purified DNA (9.2.1.1) was used as
template in all reactions.

Denaturation | Hold | Cycles 1-35 | Termination | Hold
Temperature (°C) 94 80 | 94 69 72 4
Time (s) 90 - 35 | 840 600 o0
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9.2.1.6 PCR of miDNA sequencing fragments

Templates for mtDNA sequencing were generated using Advanced Biotechnologies Red
Hot thermoprime plus Tag DNA polymerase systems using buffer IV-based reaction
mixtures (20 mM (NH,).SQ,, 75 mM Tris-HCI (pH 8.8), 0.01% (v/v) Tween 20, 1.5 mM
MgCls; final concentrations). Hundreds of such reactions were carried cut using either
separate components (: AB-1406), 0.9x Reddy-Load master mix (AB-0575LD/a) or 10x
Reddy-Load master mix (AB-0816) and no influence on the data presented in this thesis
could be attributed to the choice of buffer IV-mix system used. Reddy-Load master mixes
contained unspecified dyes and precipitants to enable direct loading of PCR products
onto agarose gels without addition of loading dye (9.2.2). In addition to the standard
buffer IV composition given above, Reddy-Load master mixes also contained final
concentrations of 1.25 U Taq (Thermus aquaticus) DNA polymerase (per 50 ul final
volume) and 0.2 mM of each dNTP. When individual components were used the
following final reaction mixture was made up: 0.2 mM each dNTP, 1.5 mM MgCl,, 1.5 U
Red Hot Tag polymerase (per 50 pl final volume). In all cases primers were added to a
final concentration of 0.5 yM. 50 pl reaction volumes were used as required and no
influence on sequence data could be attributed to alterations in reaction volume.

The vast majority of sequencing fragments were generated using M13-tagged primer
pairs designed and validated by Dr Isobel Nelson®?°%7® (Institute of Neurology, London;
table 12). The -21M13 tag TGTAAAACGACGGCCAGT, was added to the 5’ end of all
primers for L-strand synthesis and the M13Rev tag GGTCATAGCTGTTTCCTG, was
added to the 5’ end of all primers for H-strand synthesis (both sequences 5-3'). The
following PCR cycle with a fixed T, (melting temperature) of 56°C was used for all M13
tagged primers regardless of the calculated T, of individual primers. M13 tagged

fragmehts were used for both dye-primer and dye-terminator sequencing.

Denaturation | Cycles 1-25 | Termination | Hold
Temperature (°C) 94 94 |56 | 72 72 4
Time (s) 300 30|30 |32 600 oo

Sequencing fragment amplifications using primers without M13 tags were amplified using

the following cycle:
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Denaturation | Hold | Cycles 1-25 | Termination | Hold
Temperature (°C) 94 80 |94 | Tn |72 72 4
Time (s) 300 - |30{30]40 600 w0

Where T,, was the melting temperature which was set at 50°C for all fragments with the
exception of the L5476-H5931 fragment where a T, of 56°C was used. Fragments
without M13 tags were only used for manual radiolabel-terminator sequencing.

9.2.1.7 PCR cleanup

Standard PCR products were cleaned using the Promega Wizard PCR cleanup (A7170)
or the Qiagen PCR cleanup (28106) kits unless otherwise specified. Both kits are based
on DNA binding to silica columns and the selective washing through of unwanted
components of the PCR reaction. Reactions were eluted from columns into 50 pl of TE.
According to manufacturers datasheets the Promega kit recovers 96-99% of DNA in the
300-1.5k bp fragment range, 260% in the 200-3.2k bp range and <3% in the 75-50 bp
range, the Qiagen kit recovers fragments of 100-10,000 bp and removes those smaller
than 40 bp.

Long-range PCR products and other specified PCR products were enzymatically cleaned
using the ExoSAP-it kit from Amersham (US78200). Heat-labile shrimp alkaline
phosphatase and exonuclease | were added to completed PCR reactions and incubated
at 37°C for 15 minutes to digest unincorporated deoxynucleotides and ssDNA with
exposed 3’ ends. Both enzymes were subsequently inactivated by incubation at 80°C for
15 minutes. This cleanup protocol does not remove residual polymerase or buffer
components from PCR reactions.

9.2.1.8  Dye-Primer sequencing

Dye-primer sequencing was carried out using ABI Prism -21 M13 and M13 Rev dye-
primer Ready Reaction kits with AmpliTag DNA Polymerase FS from Perkin Eimer
(402111 & 402109, respectively). A, C, G and T reaction mixes were prepared at half the
manufactures recommended volumes (A & C = 2.5 I, G & T = 5 pl final) and thermal
cycling was carried out in the absence of oil overlay using a Perkin Elmer GeneAmp
2400 PCR system according to manufactures cycle. 0.5 pl of column-cleaned
sequencing fragment was used template for A and C reactions and 1.0 ul was used for G
and T reaction mixes (9.2.1). Completed A, C, G and T reactions were pooled using 40
l of 99% ethanol, precipitated for 30 minutes at 4°C, pelleted for 20 minutes at 13,000
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rpm using a bench-top centrifuge, aspirated and air dried for 15 minutes at room
temperature. Pellets were stored at -20°C and resuspended and loaded according to
manufacturers instructions by sequencing technicians. Samples were resolved using
either Perkin Elmer ABI Prism 373A or Perkin Elmer ABI Prism 310 genetic analysers
maintained as a core facility. Sequence output files were analysed as described above
(9.2.1).

9.2.1.9  Dye-Terminator sequencing

Dye-terminator sequencing was carried out using ABI Prism BigDye terminator cycle
sequencing kits with Amplitaq DNA polymerase FS from Perkin Elmer (4303149).
Sequencing reactions were carried out at half manufacturers recommended volumes (10
ul final volume) using 1 pl of column-cleaned sequencing fragment was used as template
(9.2.1). Sequencing reactions in each orientation were prepared using the same primers
used to generate sequencing fragments (table 12). Thermal cycling was as
recommended by manufacturer. Products were precipitated using half volumes of the
ethanol/sodium acetate precipitation protocol specified by the manufacturer. Samples
were resuspended using 20 pl of the manufacturers template suppression reagent (TSR)
following the recommended protocol and analysed using a Perkin Elmer ABI Prism 310
genetic analyser maintained as a core facility. Sequence output files were analysed as
described above (9.2.1).

9.2.1.10 Radiolabelled manual sequencing

Radiolabelled manual sequencing was carried out using the Thermo Sequenase
radiolabelled-terminator cycle-sequencing kit and [a-**P]-labelled ddNTP terminators
from Amersham Life Sciences (US79750 & AH9539, respectively). 2 ul of enzymatically
cleaned (9.2.1.7) sequencing fragment was used as template for all manual sequencing
reactions which were prepared, cycled (at T,, = [primer T,] +7°C) and terminated as
recommended by the manufacturer. dGTP and dITP termination master mixes supplied
by the manufacturer were used as required to overcome compressions. 3 pl of each
terminated sample was resolved using a Life Technologies BRL model S2, vertical
electrophoresis system. Glycerol tolerant, 6% acrylamide, 7.5 M urea sequencing gels
were prepared for all samples as per manufactures instructions. Gels were pre-run at 80
W for 45-60 minutes to reach a temperature of around 55°C before loading and run
briefly between the loading of each 4-lane sample to prevent lateral diffusion. Gels were
run at 65-80 W to maintain a temperature of around 55°C. To facilitate the collection of
good data, runs of around 2 and 5 hours were carried out for each primer of each
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sequencing fragment to enable reads proximal and distal to primers. Following runs, gels
were soaked in 20% methanol, 5% acetic acid for <5 minutes and transferred to
Whatman 3MM paper (Fisher, CJF-500-050X) and the exposed side of the gel was
covered with Saran wrap. Gels mounted in this way were then dried at 80°C for 15
minutes using a BioRad model 583 gel dryer. Saran wrap was removed from dried gels
and the exposed face of the gel was placed against 35x43 cm Kodak BioMax MR film
(856 7232) in a development cassette overnight at room temperature before the film was
developed using a standard autorad development protocol. Sequences were checked
visually by screening for differences in the banding pattern between samples. Any
differences were identified using the original Cambridge sequence’® and then checked
against Mitomap version 3.0 to determine originality and pathogenicity.

9.2.2 Agarose gel electrophoresis

Nucleic acids were resolved using agarose gels of varying densities in two different
buffer systems. Standard molecular biology grade agarose was sourced from Sigma
(A5095) and for separation of certain short fragments with limited size differentials, high
grade agarose from Boehringer Mannheim was used (1816578). Agarose gels were run
using Pharmacia GNA100 or GNA200 gel tanks.

9.22.1 Agarose TAE slab gel electrophoresis

A standard TAE buffer system (Tris-base 40 mM, pH 8.2; 20 mM acetic acid; 1 mM
[Na,]EDTA -final concentrations) made from 10x concentrate (made in house) was used
to resolve all routine samples such as sequencing fragments. 5 pl of 10mg/ml ethidium
bromide solution (Sigma, E1510) was added to each 100 mi gel solution prior to pouring.
TAE-buffered gels were run between 90-120 V, corresponding to 10 Vem™'+0.2. For
loading, samples were mixed with appropriate volumes of either Promega 6x
Blue/Orange loading dye (G1881), Fermentas loading dye (R0611) or Sigma 6x
ChromaTrack loading dye (C8468). The migration of coloured loading dyes and periodic
visualisation of ethidium bromide stained samples using UV trans-illumination during
runs was used to determine run times.

9.2.22  Agarose TBE slab gel electrophoresis

A standard TBE buffer system (Tris-base 90 mM, pH 8.2; 90 mM boric acid; 2 mM
[Na;]EDTA -final concentrations) made from 5x concentrate (made in house) was used
to resolve samples containing short fragments with small size differentials. Generally
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TBE-buffered gels were prepared using high grade agarose (9.2.2). The addition of
ethidium bromide, use of loading dyes, running voltages were as described for TAE
systems above (9.2.2.1).

9.2.3 RFLP of 6852G-A

The presence of 6852G-A was investigated using Msp | which cleaves the palindromic
sequence C'CGG symmetrically leaving a 2 bp overhang on the opposing strand. The
6852G-A transition identified in P2 abolished the Msp | recdgnition sequénce at 6850-
6853 (figure 27). Msp | was obtained from Promega (R6401) and used with buffer B
without acetylated BSA. 20 pl reactions were set up using 10 units of Msp 1, 10 ul of
column cleaned (9.2.1.7) L6799-H7196 sequencing fragment (9.2.1.6; table 12) and
appropriate volumes of ddH,O and buffer concentrate. Digests were incubated for 2
hours at 37°C. As the sequencing fragment contained 18 bp M13 tags 5’ and 3’ full
length fragment was 433 bp and cleavage resulted in fragments of ~364 and ~69 bp.
Subsequently 18 pl of each digest was resolved on a 3% high grade agarose TAE gel
(9.2.2.1).

9.24 Whole-cell fusion and selection of synkaryons

The fusion protocol used for fusion of primary dermal fibroblasts and A549 Neo" tumour
cells was similar to that published by Cassio®” except that cells on coverslips were
moved between dishes of solutions as opposed to solutions being changed in dishes of
adherent cells. Briefly, 2 days prior to fusion fibroblasts were plated out at around 50-
70% coverage in dishes containing 4x 13 mm diameter Thermanox coverslips (Nunc,
174950). On the day of the fusion, coverage of the fibroblasts was around 70-100%.
A549 celis were then plated out into the same dishes as the fibroblasts at around 80-
90% coverage and left for a few hours to adhere. Fusion was carried out using the
following procedure: Plates containing both cell types were aspirated and washed once
and then flooded with high glucose DMEM with penicillin and streptomycin (9.1.2).
Coverslips were then remove individually and dipped through sterile 35 mm or 60 mm
culture plates containing the following solutions: 1 minute in 50% polyethylene glycol
1500 (NSB, 00-1480-6/B), 5% DMSO (Sigma, D1435), 45% high glucose DMEM,;
washed 2x in high glucose DMEM with 10% DMSO; washed 3x in high glucose DMEM
and then placed into 35 mm dishes with full high glucose DMEM culture medium (9.1.2).
All solutions used, without exception, were aliquoted into plates and maintained at 37°C
in an cell culture incubator prior to use and all were disposed between fusions. On day 4,

131



plates containing the coverslips were trypsinised and the cells were plated back into the
same 35 mm dishes with selective medium containing G418 (400 pug/ml; PAA, P27-011),
without pyruvate or uridine supplementation (standard high glucose DMEM (9.1.2); 10%
dialysed FCS, penicillin, streptomycin). It was noted at this stage that multinuclear cells
could be seen in all cultures. G418 selection was maintained for 20 days until day 24,
sufficient to kill all cells not maintaining Neo®®%¢°. Pyruvate and uridine was restricted
until day 78 (figure 30). Cultures were stained for COX activity (9.1.3) on days 21, 49 and
77, and cell pellets were frozen on day 82 for DNA extraction (9.1.2.2). As a precaution
synkaryons were frozen down periodically throughout the experiment to enable rescue
should there be any problems (9.1.2.1).

9.2.4.1 RFLP of 6852G-A in A549 synkaryons

A similar Msp | digest as was used for screening primary fibroblasts was used to screen
for 6852A-G in fibroblast-A549 synkaryons (9.2.3). The major differences being that 25 pl
reactions were used, a shorter fragment was amplified for digestion using the L6799 and
H6968 sequencing primers (table 12) and that template DNA for this amplification was
PCR grade DNA (9.2.1.1) purified from cell pellets (day 82; 9.2.4). In this instance the full
length fragment was 205 bp (including M13 tags) and cleavage resulted in fragments of
~136 and ~69 bp. Following digestion 25 pl of each digest was resolved on a 3.5% high
grade agarose TBE gel (9.2.2.1).

9.2.4.2 RFLP of poly-CA tract in A549 synkaryons

As previously described®”® a rare CA deletion in a [CA]s tract at 514-523 found in A549
mtDNA was used to confirm the absence of A549 mtDNA in the fibroblast-A549
synkaryon cultures. The 371-535 fragment was amplified using the H-strand orientated
primer CTAACACCAGCCTAACCAGA and the L-strand orientated primer
GGTTAGCAGCGGTGTGTGAG that introduces an Alu | restriction site (AG™CT blunt
ended) due to the mismatched A, in the absence of a terminal [TG] when combined with
the adjacent downstream [CT] (described in L-strand orientation). Amplification was
carried out using a standard Red Hot Taq PCR mix (9.2.1.6) with 0.25 pl of synkaryon
(day 82; 9.2.4) or 0.5 pl of control fibroblast PCR grade DNA as template using the
following cycle:
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Denaturation | Cycles 1-25 | Termination | Hold
Temperature (°C) 94 94 53|72 72 4
Time (s) 240 60 [ 60 | 30 600 %

28 pl of column-cleaned product was digested in a 32 pl reaction with 5 units of Alu |,
1/100 dilution of acetylated BSA in buffer B, all sourced from Promega (R6281). Digests
were resolved on a 3% high-grade agarose TBE gel (9.2.2.2). Wild-type undigested
fragment was 173 bp in length (including M13 tags), A549 undigested fragment was 171
bp and digested fragments were 147 and 24 bp in length.

9.2.5 Southern Blotting

Southern blotting was carried out as previously described®”

total DNA to linearise mtDNA via cleavage at 2562 (MTRNR1, figure 4) and to excise a
12 kb fragment of the nuclear rRNA repeat unit encompassing the 18S rRNA DNA'.

using Pwu Il digestion of

Cleavage thus enabled resolution of mtDNA as a single band and provided a similar
sized marker of nuclear DNA abundance for comparison of nuclear DNA mtDNA ratios.

Briefly, 8 ug of BACC1-purified total DNA (9.2.1.1) was digested in 50 pl using 30 units of
Pvu Il (Fermentas, Lithuania; ER0631; CAG CTG, blunt ended) using buffer G supplied
by the manufacturer. Digestion was carried out at 37°C for 4.5 hours and a 1 pg aliquot
was resolved on a 0.8% agarose TAE slab gel to ensure that digestion had been
successful and all samples ran as long smears. 3 pg of digested DNA was resolved
using a 0.8% agarose TAE slab gel and blotted onto Hybond-N membrane (Amersham
RPN203N). Blots were hybridised with [a-**P]dCTP-labelled, random-primed, dsDNA
probes generated against the entire mtDNA and the 18S rDNA (9.2.5.1). Blots were
hybridised with the mtDNA probe alone in the first instance, to enable screening for
mtDNA deletions and secondly with both probes to screen for depletion of mtDNA. Blots
were not stripped between hybridisations. Results were visualised by both exposure to
film (Kodak BioMax MS, 829 4985; Fuji RX, 106270; Amersham, Betamax Hyperfiim
RPN9) developed using a standard manual procedure and exposure to a general
purpose (GP) cassette-mounted phosphor screen using a Storm model 860 imaging
system (both from Amersham; formerly Molecular Dynamics, screen 63-0034-82).

) Fragment corresponds to a pseudo-circular restriction fragment originating from tandem repeats
of the rDNA repeat unit. It is composed of the “last” 861 bp of one unit and the “first” 11194 bp of
the next unit as mapped using the NCBI deposited sequence U13369. >300 copies of this repeat
are present in the human genome.
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Exposure times for film were typically 18 hours and for phosphor screens 6.5 hours
corresponding to peak counts of ~200 cps on blots.

9.2.5.1  Probes for Southern blotting

Probes were generated using [a-*P]dCTP and the Rediprime DNA labelling kit from
Amersham (AA0065-250uCi & RPN1633, respectively). Entire mtDNA, isolated from
placenta, was used as a template for the mtDNA probe and a cloned 5.8 kb EcoR 1

t”® was used as a

fragment of the 45S rDNA repeat unit encompassing the 18S transcrip
template for the 18S probe (kindly supplied by Dr lan Holt of the Dunn School,
Cambridge, UK). Quantities of template DNA and [a-**P]dCTP used for probe synthesis
and quantities of probe used for hybridisation were as recommended by the
manufacturer (25 ng & 5 pl per 50 pl reaction mix and 14 pl per 5 ml hybridisation buffer,

respectively)

9.2.6 Strateqy for sequencing of SURF1 genomic fragments

Five SURF1 genomic fragments spanning all 9 exons were amplified and sequenced
using the primer set devised by Tiranti and co-workers®® (table 13). As described below
(9.2.6.1) different PCR conditions to those given by Tiranti were used as published
conditions did not result in clean sequencing fragments. Sequencing fragments from P1-
P7 were amplified from BACC1-purified DNA, those of P1 and P7 family members were
amplified from column-purified DNA (9.2.1.1). PCR conditions were as described below.
10 pl aliquots of all P1-P7 fragments were resolved on 2% agarose TAE slab gels to
ensure amplification had been successful prior to sequencing. Sequencing fragments
were cleaned using Qiagen PCR cleanup columns (9.2.1.7) and sequencing was carried
out using half reaction volumes of the ABI Prism BigDye fluorescent dye-terminator
sequencing kit as used for mtDNA sequencing (9.2.1.9). Sequences were determined
using an ABI Prism 310 genetic analyser maintained as a core facility. All fragments
were sequenced in both forward and reverse directions using the same primers used to
amplify sequencing fragments. Sequences were assembled with the genomic sequence
of SURF1 taken from the Genbank contig AC002107 using Lasergene ‘98 Segman Il
(v3.61). The context of all conflicts was checked carefully in original trace files to ensure
they were present in regions of reliable sequence.

9.2.6.1 PCR of SURF1 genomic fragments

The following thermal cycle was used for all reactions:
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Denaturation | Cycles 1-25 | Termination | Hold
Temperature (°C) 94 94 | Tn | 72 72 4
Time (s) 160 20|20 |20 420 ©

Where T, was as given in table 13 below. Standard Advanced biotechnologies Red Hot
Taq PCR mixes (9.2.1.6) were used for amplification of most fragments with addition of
10% DMSO for certain fragments (table 13). In all reactions primer concentrations were
0.5 uM, dNTPs were 0.2 mM each and 1.5 units of polymerase was used per 50 pl
reaction mix. Where used, 0.5 pl of BACC1 DNA or 1 pl of Qiamp DNA (9.2.1.1) was
added per 50 pl reaction mix. The exon 1+2 fragment is particularly GC rich and so was
amplified in the presence of 1.2 M betaine (trimethylglycine), 1.2% (v/v) DMSQ®”® using
the Expand High Fidelity PCR kit from Roche (1 732 650) with a reaction mix according

to manufacturers instructions with thermal cycling as shown below.

Denaturation | Cycles 1-10 | Cycles 11-30 | Termination | Hold
Temperature (°C) 93 93|56 |72|92.7 |56 |72 72 4
Time (s) 180 30(20|20| 20 | 30|30 420 ®

9.2.6.2  Resolution of exon 3+4 fragments from P1 family members

SURF1 exon 3+4 fragments amplified from Qiamp DNA (8.2.1.1) derived from blood or
primary dermal fibroblasts of P1 family members were resolved using a 3.5% high grade
agarose TBE slab gel (9.2.2.2) to screen for the presence of the 8 bp deletion due to
312del10insAT. Fragments were amplified as described above (9.2.6.3).

9.2.6.3 PAGE gel electrophoresis of SURF1 exon 1+2 fragment

SURF1 exon 1+2 fragments were amplified from BACC1 DNA (9.2.1.1) from P1-P7, ten
disease controls and 3 normal controls as described above (9.2.6.1). 3 yl of each sample
was resolved on a non-denaturing 8% polyacrylamide (19:1) gel with a standard TBE
buffer (9.2.2.2) using a ATTO 15 cm vertical gel tank. Samples were run at room
temperature at 300 V for 3 hours. The gel was developed using a standard silver staining
procedure. The gel was fixed for 8 minutes in 10% ethanol, 0.5% acetic acid; washed in
ddH,O; soaked for 5 minutes in 10 mM AgNOj; washed in ddH,O; developed by eye in
375 mM NaOH, 0.0015% (v/v) formaldehyde; washed in ddH,O and development was
fixed in 140 mM Na,CO;. Following development, images of the wet gel were recorded.
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9.2.7 Northern blotting

Northern blotting was carried out as previously described®®. 5.8 ug of glyoxalated total
RNA (9.2.1.2) was resolved per lane using a 1.4% agarose slab gel and a sodium
phosphate buffer (pH 6.8). A single blot was prepared using Amersham Hybond-N
membrane (RPN203N). It was probed sequentially in the following order with [a-*2P]-
labelled probes, SURF1 mRNA, MTCO2MTCO1, the 18S rBNA and
MTRNR1/MTRNR2. %P signal was left to decay on the blot between hybridisations and
the blot was not stripped. A [a-*2P]dCTP-antisense-labelled, dsDNA probe was
generated against SURF1 mRNA as described below (9.2.7.1). Random, [a-*2P]dCTP-
labelled, dsDNA probes were used for detection of the 18S rRNA, MTCO1/MTCOZ2 and
MTRNR1/MTRNR2 (9.2.7.2) Following hybridisation with the SURF1 probe, peak
radioactivity of the blot was 1-3 cps and it was exposed to Kodak Biomax MS film (822-
2648) at -70°C with an intensifier screen for 6 days. One week later (0.5 x t;) the blot
was hybridised with the MTCO1/MTCOZ2 probe and peak counts were 80 cps. One
month after the second hybridisation (2 x t,,) the blot was hybridised with the 18S probe
and peak counts were >2000 cps. Four months (8.6 x t,,) after the third hybridisation the
blot was hybridised with the MTRNR1/MTRNR2 probe and peak counts were ~350 cps.
For the MTCO2/MTCO1, 18S rRNA and MTRNR1/MTRNR2 hybridisations images of the
blot were recorded both by exposure to a Storm phosphor screen and via multiple

exposures of Kodak Biomax MS film (9.2.5).

9.2.7.1 Synthesis of probe for northern blotting of SURF1 mRNA

A [0-**P]dCTP-labelled, dsDNA probe labelled only in antisense (cCDNA sense) was
generated to detect SURF7 mRNA in an attempt to minimise potential background signal
in relation to the anticipated low-strength SURF1 mRNA signal. Template for generation
of the probe was amplified from control oligo-d(T)-primed cDNA (9.2.8.2) using the
forward primer TGGAGGAGCGTCCTCAGGGTCT (73-94, exon 2) and a reverse primer
originally designed for recombinant protein purification that introduced a C-terminal [His]e
tag, ATGATGATGATGATGATGCACACCAGGTGTCCCACGTAGG (879-899+[His]s,
exon 9). A standard Red Hot Tag PCR mix was used (9.2.1.6) with 1 pl of cDNA as
template with thermal cycling as given below.

Denaturation | Cycles 1-35 | Termination | Hold
Temperature (°C) 94 94 |58 |72 72 4
Time (s) 40 20|20 |60 420 o0
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10 pl of product was enzyme cleaned (9.2.1.7) and 1 pl of this along with the reverse
primer above was used to generate labelled probe using the Thermo Sequenase kit
(9.2.1.6) with [a-**P]dCTP (Amersham, AA0065-250uCi) in place of [a-**P]ddCTP using
the following cycle:

Cycles 1-30
Temperature (°C) | 94 | 58 | 72
Time (s) 20| 30| 240

The antisense-labelled probe was cleaned using the DNAprep resin purification steps of
the NonaPrimer Kit | from Appligene Oncor (140014).

9.2.7.2 Templates and synthesis of random dsDNA probes for northern blotting

The 18S rRNA probe was generated using a cloned EcoR 1 fragment of the nuclear 45S
rDNA repeat unit®’® as template as also used for Southern blotting®”® (9.2.5). The

MTCO1/MTCO2 probe was generated using a cloned Xba | fragment®”®

as template
encompassing mtDNA nucleotides 7441-8286, corresponding to 4 bases of MTCO1,
MTTS1, MTCOZ2 and 24 bases of the intergenic region between MTCO2 and MTTK
(8263-8295) as template. The MTRNR1/MTRNR2 probe was generated using a PCR
product of mtDNA nucleotides 660 to 3287 corresponding to MTRNR1 minus the 12
most 3 bases, MTTV, MTRNRZ2 and 57 bases of the 5’ end of MTTL1 as template. The
template for the MTRNR1/MTRNRZ2 probe was generated using a standard 50 pl
Advanced Biotechnologies Reddy Load PCR (9.2.1.6) with 0.2 pl of enzyme-cleaned
(9.2.1.7), long-range mtDNA PCR product (9.2.1.5) of control BACC1 DNA (9.2.1.1) as
template. Thermal cycling was as shown below and the following M13 tagged primers
were used: L660, CCTAGCCTTTCTATTAGC and H3287,

GAACCTCTGACTGTAAAGTT, see O for tags.

Cycles 1-35 | Termination | Hold
Temperature (°C) | 94 | 56 | 72 72 4
Time (s) 15|15 | 200 420 o

Random primed dsDNA probes for northern blotting were generated using both [a-
#P1dCTP and the Rediprime DNA labelling kit from Amersham (AA0065-250uCi &
RPN1633, respectively). In each instance quantities of template. DNA and [a-**P]dCTP
used for probe synthesis (25 ng & 5 pl per 50 pl reaction mix, respectively) and the final
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concentration of probe in the hybridisation buffer (14 pl per 5 ml ~2.8 ng/ml) were as

recommended by the manufacturer.

9.2.8 cDNA synthesis

9.2.8.1 3’ anchor-ligated cDNA

Anchor-ligated cDNA was synthesised using the 5'/3' RACE kit from Roche (cat.# 03 353
621 001; formerly Boehringer Mannheim (cat.# 1 734 792)) using the following oligo
d(T)-primer to attach a 3’ anchor to all cDNAs GACCACGCGTATCGATGTCGAC[T]1sV .
The kit as originally purchased employed avian myeloblastosis virus reverse
transcriptase. 1.3 pg of total RNA from each sample was used as template.

9.2.82 Oligo d(T)-primed cDNA

Oligo d(T)-primed cDNA was synthesised using the displayTHERMO-RT kit from Display
Systems Biotechnologies (sample lot, 570-104-0998-1) employing a recombinant
Moloney murine leukaemia virus (MMLYV) reverse transcriptase engineered for activity at
high temperature and devoid of RNase H' activity. 0.75 pg of total RNA from each
sample was used as template and synthesis was carried out at 55°C as directed by the

manufacturer.

9.2.9 3’ RACE PCR of SURF1

3’ RACE PCR of SURF1 cDNA was carried out with anchor-ligated cDNA (9.2.8.1) using
a nested 3’ anchor primer GACCACGCGTATCGATGTCGAC and the SURF1 exon 7-
specific internal primer GGAAGCTATGGCCAGAATCACAG (nucleotides 710-731)
designed using Lasergene ’98 Primer Select software (v3.11). PCR amplification of
SURF1 exon 7—5’-anchor fragments was carried out using the Advantage-HF2
AdvanTag® PCR kit from BD Biosciences (k1914-1; formerly Clontech k1914-1).
Products were amplified using the touchdown PCR protocol shown below.

‘V=A,CorG.

1 Degrades RNA present in a RNA:DNA duplex.

* AdvanTaq PCR system is a dual polymerase mix with a major 5™-exonuclease deficient Tag
polymerase and a minor amount of the 5’-exonuclase capable enzyme. It also includes an anti-
polymerase antibody which prohibits enzyme activity at ambient temperature providing a form of
“hot start”.
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Denaturation | Cycles 1-10 | Cycles 11-35 | Termination
Temperature (°C) 94 95 (68-61172|94 | 61 | 68 68 4
Time (s) 15 15 7 15(15| 5 |20 | 180 o0

Samples were resolved using a 2% high grade agarose TAE slab gel (9.2.2.1) and
extraction of individual ethidium bromide-visualised bands was carried out using the
Qiagen Quick Spin gel extraction kit (28704). Extracted DNA was then amplified using a
standard 25 pl reaction of the Advanced Biotechnologies Red-Hot Tag PCR protocol
(9.2.1.6) using the cycle below.

Denaturation | Cycles 1-35 | Termination
Temperature (°C) 94 94 |161|68| 68 4
Time (s) 15 151 5 120 | 180 ©

Amplified product was cleaned with the Qiagen PCR cleanup kit (9.2.1.7) and sequenced
using fluorescent dye-terminator sequencing (9.2.1.9).

9.3 INVESTIGATION OF COX suB-CcOMPLEXES BY BN-PAGE
9.3.1 Sample preparation

9.3.1.1 Purification of mitochondria

Rat heart mitochondria were prepared in the laboratory of Dr Thierry Letellier INSERM
EMI 9929, Universite Bordeaux 2, F-33076 Bordeaux Cedex, France.) and supplied as a
frozen pellet. Human fibroblast mitochondria from P8 and P9 were supplied frozen by Dr
Pierre Rustin (INSERM U-393, Hopital Necker-Enfants Malades, Paris, France) and
mitochondria from P7 were prepared by Dr Jan-Willem Taanman. Fibroblast
mitochondria were purified by differential centrifugation of homogenised, freeze-thawed
cell pellets as described by Rustin and co-workers®®.

9.3.1.2 Isolation of crude mitoplast fractions using digitonin

The preparation of crude mitoplast fractions using digitonin was based on the method
devised by Klement et af®'. Cells were harvested using trypsin as detailed previously
(9.1.5.1) except that cell suspensions were counted. Chilled, 4 mg/ml digitonin (BDH,
007124399) in PBS with protease inhibitors was added to 200 pl per 10° cells and the
cell pellets were resuspended using a micropipette. Suspensions were left on ice for 15
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min before being pelleted in a desk-top microfuge at 13,000 rpm and 4°C for 1 min. The
supernatant was removed and the pellet was re-suspended and washed once by
centrifugation in ice cold PBS with protease inhibitors at 13,000 rpm and 4°C for 1 min.
The remaining supernatant was removed and mitoplast pellets were frozen at -70 °C in

aliquots suitable for varying-sized experiments.

9.3.1.3 Solubilisation of mitochondria

Purified mitochondria from rat heart and human fibroblasts were solubilised using the
protocol devised by Schagger®. Per lanes-worth of mitochondria, the following quantities
were used: a variable volume of purified mitochondria (0.5-50 pg <2 pl) was added to 15
i of protein solubilising solution with protease inhibitors (1 M 6-aminohexanoic acid
(Sigma, A7824), 50 mM bistris pH 7.0 (Sigma, B7535), 1 yg/ml leupeptin, 1 ug/mi
pepstatin and 1uM PMSF) and mixed briefly. 5 pl of 200 mM LM was then added and
the sample was mixed again and left on ice for 15 minutes. Samples were then cleared
by centrifugation at 13,000 rpm for 20 minutes at 4°C using a mini-centrifuge.
Supernatant was removed to which 2.5 pl of loading buffer (1 M 6-aminohexanoic acid,
5% (w/v) Coomassie Brilliant Blue G250 (Serva, 35050.02)) was added and the sample
was mixed by vortexing. Occasionally unused samples were stored at -70°C and used
within 2 weeks.

9.3.1.4  Solubilisation of mitoplast fractions

Mitoplasts were solubilised as described by Coenen et af*. 10° cell equivalents of
thawed, mitoplasts (9.3.1.2) were resuspended in 100 pl of protein solubilising solution
with protease inhibitors (9.3.1.3). 20 pl of 200 mM LM was added and samples were
mixed briefly and incubated on ice for 15 minutes. They were then cleared by
centrifugation at 13,000 rpm at 4°C for 20 minutes in a mini-centrifuge. The supernatant
was removed into a clean tube and 10 pl of loading buffer was added (9.3.1.3). Samples
were mixed briefly and then used. Solubilised mitoplast samples were not stored prior to

use.

"10% (W)
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9.3.2 BN-PAGE electrophoresis

9.3.2.1  Pouring BN-PAGE mini-gels

Gel solutions were made up as detailed by Schagger® using appropriate quantities of
48% acrylamide/3% bis-acrylamide (Sigma, A3553 & M7279) which had been cleaned
using Amberlite MB-1 resin (BDH, 55007). 4% acrylamide stacking gels were used for all
gels. Gel buffer contained final concentrations of 500 mM 6-aminohexanoic acid and 50
mM bistris pH 7.0. Linear gradients were formed using a Hoefer gradient maker (XPO77)
mounted on a magnetic stirrer. Gels were poured into BioRad Mini Protean 3 gel
cassettes using a Watson-Marlow peristaltic pump set at around 30% speed, fitted with
1.52 mm-bore silicone tubing (Watson Marlow, 982.0152.000). Equipment was cleaned
thoroughly and assembled as detailed by manufacturers. Before use the glass plates,
spacers and combs were cleaned with ddH,O followed by 100% ethanol. The pump
tubing and mixing chamber were rinsed immediately before use with ddH,O and then
with gel buffer. 0.75 mm spacers were used for all gels and 3.5 ml of total gradient gel
solution was used per gel, creating a separating gel around 45mm long and leaving
about 12 mm of stacking gel from the bottom of each well. Gels were poured with the
tubes from the pump inserted into micro-pipette gel loading tips wedged into the top of
the gel cassette with the high percentage (bottom) of the gel being poured first and the
gradient being layered on top. To avoid handling small volumes, gels were poured in
sets of 4. All gel solutions were filtered through 0.2 um hydrophobic filters before use but
were not degassed. Poured gradient gels were topped with ~80 pl of water-saturated
butanol to encourage even polymerization. After about 15 minutes, once the gradient
gels had set, the butanol was removed and the stacking gel was poured and a fitted with
a 10-well comb. Gels were normally poured the day before use and once set, stored
overnight at 4°C. Some gels were stored for 48 hours before use without any noticeable
effect on quality.

9.3.2.2  Electrophoresis

Gel buffers were as described by Schagger except that the cathode buffer was not
routinely exchanged for one with a low G250 content. Buffer components were as
follows: Cathode buffer, 50 mM Tricine (Sigma, T0377), 15 mM bistris, 0.02% (w/v)
G250 pH 7.0; Anode buffer, 50 mM bistris pH 7.0. 10-22 ul of sample was loaded per
lane. Gels were run at a fixed current between 4-8 mA corresponding to a starting
voltage ~100 V and an end voltage around 300 V. Electrophoresis was stopped once the
loading dye had run off.
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9.3.2.3 Blotting, probing and development of BN-PAGE 1D gels

BN-PAGE gels were blotted and probed exactly as for denaturing gels (9.1.5.6; 9.1.5.7)
except that blotting was carried out for 90 minutes. Where blots were cut into strips they
were probed using a purpose built, slotted tank and buffer volumes were adjusted
accordingly. It was found that residual G250 interfered with blocking (12.1.4.2) so blots
were routinely air dried and washed briefly in 100% methanol before blocking and
probing. The choice of secondary antibody (9.1.6) was altered during the study
(12.1.5.1), initially secondary antibody from BioRad was used (B) but this was
subsequently switched in favour of one from Dakocytomation (D) and one from Jackson
(E). For 1D blots, all secondary antibodies were used as directed by manufacturers.
Development of BN-PAGE western blots was as for denaturing gel blots (9.1.5.7).

9.33 2D BN-PAGE/urea-SDS PAGE

9.3.3.1 Preparation and electrophoresis of 2D BN-PAGE/urea-SDS gels

The protocol for preparation and electrophoresis of 2D BN-PAGE/denaturing PAGE gels

was based on those devised by Schagger®'-34682683 529,540,681.684-886 by 1t with

and Nijtmans
the use of discontinuous pH gradient urea-SDS PAGE as opposed to tris-tricine-SDS
PAGE in the second dimension. Gel strips of first dimension lanes cut from BN-PAGE
gels for 2D electrophoresis were either used fresh or were frozen flat in saran wrap at -
20°C and thawed before use. Gel strips were equilibrated and reduced by soaking in
reducing buffer (50 mM tris-HCI pH 6.8, SDS (1% w/v), 1% (v/v) B-mercapto-ethanol) and
were then washed 2x in equilibrating buffer (50 mM tris-HCI pH 6.8, 1% (w/v) SDS).
Initially gel strips were soaked for 45 minutes and washed twice for 10 minutes.
Following investigation of the leaching of signal from strips (12.1.5.4), soaking was
reduced to 15 minutes and washing to 2x 5 minutes. To pour second dimension gels,
first dimension gel strips were dried briefly using Whatman 3MM paper and placed
horizontally in gel cassettes in the region corresponding to the stacking gel such that
their top side was around 5 mm from the top of the cassette. 12.5% or 13.5% acrylamide
urea-SDS separating gels (pH 8.6), as used for denaturing gel electrophoresis (9.1.5.5),
were then poured below the gel strips leaving around 10 mm between the bottom of the
strip and the top of the separating gel. Separating gels were covered with ddH,O to
assist polymerisation and once set, a 3% stacking gel (pH 6.8) was poured around the
first dimension strip and covered with water-saturated butanol to assist polymerisation.

During the polymerisation of the stacking gel, gentle pressure was applied to the gel
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cassette in the region of the gel strip to clear water which built up underneath it as a
result of the polymerisation reaction. This ensured good contact between first dimension
strips and the stacking gel.

9.3.3.2 Running second dimension gels

Second dimension gels were run exactly as denaturing gels (9.1.5.5) except that voltage
was 160 V throughout. Electrophoresis was stopped once the front of residual dye from
the first dimension strip had run off, <1 hour.

9.3.3.3  Blotting, probing and development of 2D BN-PAGE/urea-SDS page gels

2D gels were blotted and probed exactly as 1D BN-PAGE gels (9.3.2.3). Initially
secondary antibody from BioRad (B; 9.1.6) was used, this was then switched for one
from Dakocytomation (D) before a revised protocol employing three antibody layers was
used (12.1.5.5). When three antibody layers were used, secondary antibody from
Dakocytomation (D) was used at a 1/500 dilution in PBS-Tween and was left on blots for
45 minutes followed by 2x 5 minute washes in PBS-Tween before the tertiary
peroxidase-anti-peroxidase (PAP) antibody from Dakocytomation (A) was added also at
a 1/500 dilution in PBS-Tween and left on for 45 minutes. Blots were then washed 3x in
PBS-Tween and once in PBS before development as for denaturing gel blots (9.1.5.7).

9.3.4 In gel enzyme activity stains

1D BN-PAGE gel strips for in gel activity staining were briefly washed in anode buffer to
remove excess G250 and then rinsed in ddH,O. Strips were placed in 7 mi tubes and
incubated horizontally at 37°C in 1.5 ml of 200 mM sodium succinate, 200 mM potassium
phosphate buffer (pH 7.4) and 1 mg/ml NBT". Stains were left to develop for 1-5 hours
until suitably strong signal could be seen. After staining strips were destained in either
ddH,O or 10% (v/v) acetic acid, 40% (v/v) methanol. COX activity staining was carried
out exactly as for succinate dehydrogenase except that strips were incubate with 1.5 ml
of COX activity stain solution as used for histochemical stains (9.1.3).

9.3.4.1 Purification of MTCO1

MTCO1 was purified by Dr Jan-Willem Taanman. Purified human heart COX (A gift from
Dr AO Muijsers; University of Amsterdam) was dissociated using 3% SDS and resolved

" Nitroblue tetrazolium.
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under denaturing conditions®’ on a BioRad Bio-Gel® P-60 gel-filtration column. To
remove excess SDS, MTCO1-containing eluant was precipitated by the addition of 3
volumes of ethanol at room temperature. The protein pellet was washed once with 80%
ethanol, dried, and dissolved in PBS, 3.5 mM SDS.
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RESULTS

10 PHENOTYPING OF PATIENT CELL CULTURES

10.1 SELECTION OF PATIENT CELL CULTURES

Seven primary dermal fibroblast cultures were selected for study from archives of patient
cells on the basis of expression of a severe COX deficiency in culture. All were derived
from paediatric patients with severe mitochondrial dysfunction, including COX deficiency

(8). Clinical details were not taken into account when selecting the cultures for study.

10.2 COX ACTIVITY AND ABUNDANCE

10.2.1 COX activity stains

The expression of a COX defect in culture was confirmed using a histochemical stain of
COX activity.

10.2.1.1 P1-P7

No brown DAB precipitate was seen in P1, P3, P4, P5, P6 or P7 (figure 10). Some weak
staining associated with mitochondria was present in P2. These experiments were
repeated at least four times with consistent results. P3 cells maintained the large
granular morphology seen in these stains throughout the entire study. Disease control
fibroblasts derived from a patient with MELAS exhibit a mosaic staining characteristic of
cultures with heteroplasmic mtDNA mutations*®. This strong mosaic pattern was not
observed in any of the patient cultures studied. In P3 and P6, a small number of mitotic
cells stained positive for COX activity (figure 11). Close examination of the cells
confirmed that the brown staining seen was not due to debris. Increased staining of

mitotic cells was also noted in controls.
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Figure 10 COX activity stains of P1-P7 and the control C1 stained in parallel. MELAS is a
disease control primary fibroblast culture derived from a MELAS patient with a 79% mutant load
of the mtDNA 3243G-A, MTTL1 mutation. C1’ is a control fibroblast culture stained in parallel
with the MELAS culture. Arrows indicate COX positive cells. Magnification x330.
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Figure 11 COX activity stains of C1, P3 and P6 showing COX positive mitotic cells,
indicated with arrows. Top row: late telophase cells from C1 and P3. Bottom row: early
prophase cells from C1 and P6. Magnification for both C1 images and P6 is x330,
magnification of the P3 image is 66x.

Figure 12 COX activity stains of C1tsT, P3tsT, P5tsT and P6tsT. Images in each column
are from the same experiment. Magnification x330. 147



10.2.1.2 SVA40 large-T antigen transduced cells

To facilitate genetic studies and increase the proliferative lifespan of the cells P1, P3, P5,
P6 and the control primary fibroblast culture C1 were retrovirally transduced with a
temperature sensitive form of the SV40 Large-T antigen (1sT). The COX negative
phenotype of P1, P3 and P5 remained unchanged following transduction. However
transduction rescued COX activity staining in P6 (figure 12). These stains were repeated

at least twice with consistent results.

10.2.2 COX activity in P7 and the disease control cultures P8 and P9

Collaboration with Dr Pierre Rustin provided access to mitochondria from primary dermal
fibroblasts derived from patients with known mutations in SCO17 (P8) and COX10 (P9).
Spectrophotometric analysis of COX activity in mitochondria from P7, P8 and P9 was
carried out by Dr Taanman. As expected patient mitochondria all had severely reduced
COX activity relative to the mitochondrial marker citrate synthase (figure 20). The COX
activities in the patient samples were all similar, ranging from 9.5%=#1.1 in P9 to
14.0%x1.4in P7.

10.23 Spectrophotometry of whole cell OXPHOS cytochromes

OXPHOS cytochromes were examined using spectrophotometry of freeze-thawed whole
cells to avoid growing large quantities of primary cells and the possibility of the
introduction of artefact from mitochondrial purification. Visible spectra were used to
measure a, b and c-type cytochromes and CO laser-flash photolysis was employed
examine cytochrome as;. As cell suspensions have poor optical properties readings were
only taken using fully reduced samples. This ensured redox homogeneity of the samples
and avoided excessive manipulation of the cell suspensions which caused clumping. The
protocols utilised in this section were devised and verified by Dr Brigitte Meunier and
Prof Peter Rich of the Galton Lab, Department of Biology, UCL.

10.2.3.1 Visible spectra

An example of spectra for A549 p* and A549 p° cells is shown in figure 13. As p° cells
have no mtDNA they do not contain complex |l or COX cytochromes. As expected, the
difference spectra shows a large peak around 604 nm corresponding to the cytochrome
aas signal. The peak around 562 nm corresponds to the complex Ill cytochrome b
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component. The shoulder in this region on the p° spectra demonstrates the contribution
of other b-type cytochromes to this signal. An example of the traces obtained with the
patient cell suspensions obtained by Dr Meunier is given in figure 14. Due to the low cell
density of the samples the signals are smaller than those of the p° vs p* samples.
Combined with the poor optical properties of the cell suspensions, this hampered
measurements of some samples (table 14). The difference spectra illustrates the isolated
loss of the cytochrome aa, signal in P4. Although not all samples could be examined
using visible spectra, the values obtained for the cytochrome aa; content are in good
agreement with those of the CO laser-flash photolysis data (10.2.3.2). Very low levels of
cytochrome aaz were seen in P7 but a milder deficiency was seen in P6. The b- and ¢
type cytochrome values for all patient cell samples for which measurements could be
taken were normal.

Table 14 Mean cytochrome concentrations in whole cell samples given as pmol/mg total
protein, the units for the observed rate constant for CO ligation (k.s) are s

CO flash-photolysis Visible spectra
Cytochrome asas % c-type b-type Cytochrome

as Kobs | control | cytochromes | cytochromes a+as ACN
pmol/ pmol/ pmol/ pmol/

Samplel mg SD | s % mg SD | mg SD | mg SD| as
P1 0.87 0.42| 65 10 26.72 1.5" [29.35 0.32"| nr nr
P2 133 025 | 64 16 24.39 nr nr nr
P3 | 0.89 0.04"| 65 11 nr nr nr nr
P4 0.63 0.38| 63 8 24.42 nr nr nr
P5 092 0.27| 65 i 26.02 nr nr nr
P6 | 378 2.18| 65 45 35.08 12.5 |34.88 0.25"| 3.17 0.14"| 5.52
P7 1.48 0.07"| 60 18 3456 0.6 [31.24 0.45| 1.18 0.69"| 1.36
C1 752 1.64| 56 90 3256 6.3 |25.81 0.78"| 5.40 0.64"| nr
C2 |9.18 1.36| 59 110 [31.84 0.8 [34.17 0.58"| 9.89 0.12"| 7.53

Key: ACN a3, cytochrome a; from CN difference spectra; nr, no reading, either sample was not
available or clumping prohibited accurate reading; SD, standard error of three or more
measurements; ' value is range of two measurements. Data without errors are single
measurements.

10.2.3.2 CO laser-flash photolysis

As clear cytochrome aajs signals could not be obtained for all samples using visible
spectra, CO laser flash photolysis was employed to measure the abundance of
cytochrome a; and to examine its haem environment. Figure 15 shows an example of a
control trace and an overlay of a trace of P5 cells. Results of all the CO photolysis data
are summarised in figure 16 and table 14. The cytochrome a; levels in the samples from
P1-P5 and P7 were all consistently low, ranging from 0.63 pmol/mg to 1.48 pmol/mg
corresponding to 8-18% of control mean. The cytochrome a; levels in P6 cells were
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higher than those of the other six patient cultures, although these values have a large
standard error. The observed rate constants (ks) for CO ligation for all samples fell
within the normal range®®®’ of 50-70 s™'. In addition, no biphasic behaviour was noted in
any of the samples, excluding contamination of the signal by endogenous haemoproteins
with faster rate constants®’ (e.g. haemoglobin >2000 s™).

M

540 560 580 600 620
wavelength (nm)

Flgure 13 Examples of visible spectra A549 p* and A549 p° freeze-thawed cells. A549 p* and
A549 p° cell pellets were resuspended to 25 and 12 mg of protein/ml, respectively. The two upper
traces (p* and p°) show the spectra of dithionite-reduced, freeze-thawed cell suspensuons The
lower traoe is the difference spectrum obtained by subtracting the signal of the p° cells from that

of the p* cells.
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difference
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»
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Figure 14 Examples of visible spectra of freeze-thawed control and patient fibroblast cells. The
two upper traces are spectra of dithionite-reduced control (C2) and patient (P4) cells resuspended

to 10 and 13 mg of protein/ml, respectively. The lower trace is the difference spectrum obtained
by subtracting the signal of the patient trace from that of the control trace.

" Dr Brigitte Meunier personal communication.
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Figure 15 An example of the difference spectra obtained from CO laser-flash photolysis
measurements. The time post-flash is shown across the bottom of the trace and the flash is
indicated at the top of the figure. Traces from two freeze-thawed cell suspensions are overlaid,
one from P5 and one from a control myoblast culture, C. (Fibroblasts and myoblasts have similar
as levels, this image is shown only as an example of the form of the data obtained.) Solid lines
through the traces show first order decays fitted by eye to determine k,ps and the amplitude of
A430-A445 nm following flash-photolysis as described in the text. Cell suspensions were
reconstituted to 2.6mg protein/ml for P5 and 3.6mg protein/ml for C. Kps Was 65s™ for P5 and
60s™ for C and the cytochrome a; content of the samples was 1.1nM and 9.9nM respectively.
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Figure 16 A bar chart of the cytochrome a; abundance of P1-P7 determined using CO laser-flash
photolysis from table 7.
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10.3 INVESTIGATION OF STEADY-STATE OXPHOS SUBUNIT LEVELS

10.3.1 Denaturing gel western blots of OXPHOS subunits in LM extracts

It was anticipated that examination of the steady-state levels of OXPHOS subunits would
provide data on the extent to which the various complexes were affected in each of
patient cell cultures. Results would also offer a means of phenotyping the cultures and
act as a foundation for further studies. Denaturing urea-SDS PAGE gels were run using
LM extracts and blots of the gels were probed with monoclonal antibodies against
OXPHOS subunits. The outer membrane porin, VDAC1, was used as a marker for

equivalent solubilisation and loading of samples.

10.3.1.1 P1-P5

P1-P5 were probed on the same sets of blots enabling comparison of antibody signals
between all five cultures (figure 17). These blots also included samples from a disease
control fibroblast culture derived from a patient with MELAS. This culture carried a 79%
mutant load of the 3243A-G, MTTL1 mutation. Three patterns of steady-state levels of
OXPHOS subunit levels were seen in P1-5 and the MELAS culture, i) an isolated
reduction of COX subunits, P1, P4 and P5; ii) a reduction of subunits from complexes
containing proteins encoded by the mitochondrial genome, P3 and M; and iii) a
generalised reduction in subunits from all OXPHOS complexes probed, P2. These
western blots were repeated at least twice with two separate protein extracts for each
sample. Consistent results were obtained and are summarised in table 15.

P1, P4.and P5 all had very low levels of MTCO2 and MTCO3 yet the signal for MTCO1
while reduced compared to controls but not so severely affected. Similar to the anti-
MTCO1 signal, anti-COX4l1, anti-COX5A and anti-COX5B signals were also preserved
relative to the MTCO2 and MTCOS3 signals. Levels of NDUFA9, UQCRC2, SDHA,
SDHB, ATP5A1 and VDAC1 were all normal. In P3 signals for MTCO1, MTCO2 and
MTCO3 were all very low compared to controls. In particular, the MTCO1 signai was
lower in P3 than any of the other samples. Similar to P1, P4 and P5, COX4l1 and
COX5A seemed to be relatively preserved, while the COX5B signal was much lower in
P3. P3 samples showed evidence of involvement of other OXPHOS complexes. Low
signals were seen for NDUFA9 and UQCRC2. Signals for SDHA, SDHB, ATP5A1 and
VDAC1 were normal. P2 had a reduction in steady-state levels of all OXPHOS subunits
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probed. The reduction was generally not as severe as those seen in the other samples,
examples being the MTCO2 and MTCOS3 signals which, although lower than controls,
were highest in samples from this culture. Uniquely, a reduction in the signals for
ATP5A1 and VDAC1 was consistently present in samples from this culture.

10.3.1.2 P6, P6s, P6sa and P7.

Steady-state OXPHOS subunit levels were also probed in P6, P6s, P6sa and P7. Similar
to P1, P3, P4, P5, steady-staie levels of MTCO2 were very low in P7, P6, P6s and P6sa
(figures 18 & 19). Signals for MTCO1 were also very low. As with P1-P5 the COX4I1
signal, although consistently lower than controls, was not reduced relative to controls to
the same extent as the other COX subunits. Contrary to the biochemical data (table 8),
there was some evidence of a reduction UQCRC?2 levels in P6. SDHA levels were
normal in all samples from P7, P6, P6s and P6sa. The similarity between the subunit
signature of P6 and P6s indicated that both siblings were affected by the same disorder
and blots of extracts from P6sa demonstrated that the defect was also expressed in
amniocytes. Each of this set of blots was repeated at least once with consistent results.

Results are summarised in table 15.

10.3.1.3 OXPHOS subunit levels in P7 and disease controls with mutations in
SCO1 and COX10

The results obtained from P7 mitochondria compared favourably with the previous
results using whole-cell LM extracts, although slightly stronger signals were obtained for
MTCO1 and COX4l1 (compare figures 18 & 20). As with the previous results, no
reduction in the SDHA signal was seen relative to controls. The steady-state OXPHOS
subunit levels in the two disease controls P8 and P9 were identical. The steady-state
subunit levels in P7 were similar to those of the disease controls although the MTCO1
signal was significantly higher in P7 than P8 or P9, and the COX6B signal was
undetectable in P7, whereas an intermediate signal was detected in P8 and P9 (table
15). This series of blots was repeated once with independent mitochondrial samples and
consistent results were obtained.
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Figure 17 Denaturing gel western blots of LM extracts (10 pg per lane) from P1-P5 and the
normal controls C1 and C2. “m” is a disease control MELAS culture with a 79% mutant load
of the mtDNA 3243G-A, MTTL1 mutation. Primary antibody targets are listed on the left.
COX subunits, MTCO1, MTCO2, MTCO3 (arrow), COX4l1, COX5A, COX5B; Complex I,
NDUFA9; Complex Ill, UQCRC2, Complex Il, SDHA, SDHB ; complex V, ATP5A1. Antibody
against the outer membrane porin, VDAC1, was used to determine the uniformity of loading.
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Figure 18A Denaturing gel western blots of LM extracts (9 pg per lane) from P6 and P7 and the
normal controls C1 and C2. Pa-Pd are not discussed in this thesis. Primary antibody targets are
listed on the right. COX subunits, MTCO1, MTCO2, COX4; Complex lll, UQCRC2; Complex II,
SDHA. 18B Western blots of LM extracts from P6 and P6s, a fibroblast culture derived from an
affected sibling of patient 6. C1 and C2 are normal controls. Primary antibody targets are listed
on the right. COX subunits, MTCO1, MTCO2, COX411; Complex Il, SDHA.
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Figure 19 Denaturing gel western blots of LM extracts (10 pug per lane) from the amniocyte
culture P6sa and two normal control amniocyte cultures, C1 and C2. Primary antibody targets
are listed to the right of each panel. Upper panel, COX subunits, MTCO1, MTCO2, COX4;
Lower panel complex II, SDHA. Molecular weights of protein markers are given on the left.
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