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Abstract

Mitochondria are essential organcllcs of cukaryotic cells, rcsponsihlc for the generation of the
majority of the energy carrier molecule ATP. This essential process of energy production is achieved by
oxidative phosphorylation (OXPHOS), facilitated by a set of proteins collectively named the electron
transport chain (ETC). Loss of mitochondrial function has dcvastating effects on the cell and is usually

associated with a disease state.

The model organism Caenorhabditis elegans (C. elegans) is genetically tractable, has large progeny
broods and provides information on a whole animal level. In recent years, it has become an established
model organism for identifying connections between mitochondrial dysfunction and lifespan. Using
bioinformatics combined with protein modelling, the C. elegans B0491.5 protein has been identified as
the homologue of NDUFAL11, a key mammalian component of the electron transport chain complex
[ accessory subunit. NDUFALIL is linked to complex assembly and stabilisation; loss of NDUFAT11

results in a reduction ofcomplex I and metabolic perturbationl

The research presented in my thesis investigates the impact of reducing B0491.5 activity on whole
animal physiology and mitochondrial biochemistry. I have shown through a genetic knockout that
b0419.5 is an essential gene, and using RNAI to suppress b0491.5 expression, that in its absence animal
growth is delayed and reproductive capabilities severely reduced. Depleting B0491.5 also has a sig-
nificant impact on mitochondrial physiology, disrupting respiration activity and seemingly limiting
animals to achieve only minimum energy demands. Mitochondrial biochemistry establishes B0491.5
enrichment in mitochondria, in addition to validating the protein’s association with complex I. Fur-
thermore, evidence is presented suggesting B0491.5 participates in the formation of eomplex I con-
taining supercomplexes. When B0491.5 is reduced, there is disruption to supercomplex formation and
decreased levels of complex I, proteome wide changes to cytosolic and mitochondrial proteins, as well
as morphological and physiology mitochondrial perturbation. These ehanges are thought to be due
to atypical cellular respiration, linked to a disruption ofcomplex organisation within the ETC, due

to the role NDUFAI11 has to play within complex I and the respirasome.



Acknowledgements

[ would like to thank Prof. Ian Collinson for giving me the opportunity to join the M-floor team
in the first place, and for both his and Prof. Patty Kuwabara’s continuous support throughout my
PhD. They have provided endless patience, motivation, and knowledge which shaped my learning,
and their impartcd wisdom will stay with me as I continue in education and research. I would also
like to express gratitude to my progression panel members Dr. Paul Curnow and Prof:-Mark Szczelkun,
for their insightful comments and encouragement, but also for the hard questioning which drove me

to fOCLlS my research.

The whole team on M-floor created a supportive, encouraging and enjoyable environment, which
was hugely influential during my project, and for which I am very thankful. Very special mentions to
Gongalo Pereira, Robin Corey, Andy Richardson and Remy Martin, who gave extensive amounts of
their time helping me, in all aspects of my work. It really was a wonderful group to carry out my PhD
in, and I will cherish many memories! I am also grateful to many university staff, including; Chris
Neal, Paul Verkade, Kate Heesom, Phil Lewis and Vicki Gold (University of Exeter), for their support

and assistance, and, the University of Bristol for funding my PhD.

Thank you to my f‘amﬂy and friends for their unwavering support throughout my project, the past
four years have come with both highs and lows, and I have been very grateful to share those experiences
with loved ones. I am especially thankful to Ben, who champions me in every way, inspires me to be

the best I can, and who [ am incrcdibly lucky to have in my life.

Finally, my eternal gratitude to the "powerhouse of the cell”, without which T would not have had

thC potential to carry out my I'CSCZlI'ChA

ii



Declaration

[ declare that the work in this dissertation was carried out in accordance with the requirements
of the University’s Regulations and Code of Practice for Research Degree Programmes and that it has
not been submitted for any other academic award. Except where indicated by specific reference in the
text, the work is the candidate’s own work. Work done in collaboration with, or with the assistance

of, others, is indicated as such. Any views expressed in the dissertation are those of the author.

SIGNED: (i

il



iv



Contents

1

General Introduction 1
1.1 Mitochondria . . . . ... 1
L11  Mitochondrial morphology . . .. ... ... ..o 1
1.1.1.1 Lipids in the mitochondrial membrane . . . . .. ... ... .. 3

1.1.1.2 Cardiolipin . . . . .. .. 6

112 Mitochondrial physiology . . . .. ... .. o 8
1.1.2.1 Mitochondrial genome and protein import machinery . . . . . . . 11

1.1.2.2 Cellular respiration . . . . . . ... ... oL 12

113 Mitochondrial energy production by oxidative phosphorylation . . . . . . . 13
114 Components of the electron transport chain . . . . . . ... ... .. ... 16
1.14.1 NADH:ubiquinone oxidoreductase . . . . . ... ... ... ... 19

1.14.2 Succinate:ubiquinone oxidoreductase . . ..o 20

1.1.43 Ubiquinol:cytochrome-c oxidoreductase . . . .. ... ... ... 21

1.1.4.4 Cytochrome-c: oxygen oxidoreductase . . . . ... ... ... .. 21

115  Reactive oxygenspecies . . . . .. ... ... L 21
1.1.51 ROS in mitochondria . . . ... ... .. 23

1.1.5.2 Cardiolipin and reactive oxygen species . . . . ... ... 25

1.1.5.3 Antioxidant machinery . . . . ... o000 26

116 Respiratory supercomplexes . . . .. ... 27
1.1.6.1 Fluid-state and solid-state model . . . . . .. .. ... ... ... 29

1.1.6.2 Evidence supporting the solid-state model . . . . ... ... 29

1.1.6.3 Potential roles of supercomplexes . . . . ... oL 32

117 Assembly subunit of complex INDUFAIL . . . ... ... ... ....... 33



Contents

1.1.7.1 Relationship to the import machinery . . . ... ... ... ... 36

1172 Role of NDUFA11 within complexT. . . . . ... .. ... ... 36

1.1.7.3 Structural position in the respirasome . . .. ... 39

1174 NDUFAllindisease . . . . .. . ... .. ... ... ....... 41

1.2 Caenorhabditis elegans . . . . . .. ... 44
121 Celegans asamodel organism . . . ... ... oL 44
1211 Animal development . . .. ..o oo 45

1.2.1.2 ANatomy ... 47

1213 Genetics . . . . . . 49

122 C. elegans as a tool for mitochondrial research . . . . .. .. ..o 49
1.2.21 Homology to the mammalian system . . .. ... ... ... ... 50

1222  Mitochondrial studies in C.elegans . . . . . . .. ... ... ... 51

13 Hypothesis and aims of the project . . . . ... . ... o oo 53
Materials and Methods 55
21 Strainsand plasmids. . . ..o oL 55
22 Antibodies . . ... 56
23 Chemicals and detergents . . . . . ..o oL o 56
24 Coelegansmethods . . . ... .o 56
241 C.elegans maintenance . . . . . .. ... 56

242  Liquideulture. . . 000 57

243 RNAinterference . . . . . . .. ... 58

244  RNAifeedingon NGMoplates . . . .. ... ... 0oL 58
2441  RNA:i feeding in large scale liquid culeure .. 00000000 59

245 WOIm MAtings . . . ... ... 60

24.6  Alkaline hypochlorite treatment . . . . . . ... o000 60

247  Broodcount. . . . ... 61

248 Lifespan . . . ... 61

249  Sucrose flotation . . . ... 61

2.5  Single-worm polymerase chainreaction . . . ... ... oL 0L 62
2.6  Mitochondrial isolation . . . . . . . ... .. 62

vi



Contents

2.7

2.8

29

2.10

2.11

2.6.1  Protein concentration estimations . . . . . . . . ... ...
Mitochondrial physio]ogy .................................
2.7.1 Oz consumption . . .. ...
272 Membrane potential . . ..o oL L
273  ROSproduction . ... ... ...
Microscopy . . . . . . L
281  Brighthield . ...
2.8.2  Confocal fluorescence microscopy . . . . . ...
2.8.2.1 Sample preparation . . . . ...
2822  Confocal fluorescence imaging . . . . . . ... ... ... ...
2.83  Whole worm transmission electron microscopy . . . .. ... ...
284  Cryo-electron tomography . . . . .. ... oo
2841  Sample preparation . . .. ...
2842 Cryo-tomography imaging . . . . . ... .. ... ... ... ...
Electrophoresis . . . .. .
291  DNAelectrophoresis . . . . .. ..o
292 SDS polyacrylamide gel electrophoresis . . . . . ... ... o000
2.9.2.1 Sample preparation . . . .. ...
2922 Running conditions . . . . ... ... oL
2923 Visualisation . ... ...
293  Blue native polyacrylamide gel electrophoresis . . . . .. ... ... L.
2931 Sample solubilisation . . . . . ... oo
2932  Runningconditions . . ... ... ... oL
2933  Bluenative PAGEingelassays . . . ... ... ... .
2934 Blue native PAGE 2D analysis . . . ... ... ... ... ...
Immunoblot . . . . . ..
2100 PVDF eransfer . . . . . ...
2102 Blocking and antibody incubation . . .. ..o 00000000
2.10.3  Imaging and visualisation of immunoblots . . . ... ... 00000
Mass spectrometry . . . . . ...

vii

69



Contents

2111  Shotgun mass spectrometry . . . .. ...
2112 Quantitative mass SPECLTOMELTY . . . . . . . . . . . . ...
21121 TMT labelling and high pH reversed-phase chromatography . . .

21122 Nano-LC mass spectrometry . . . . . . . .. ... ... ......

21123  Dataanalysis . ... ... o L

212 Bioinformatictools . . . . ...
213 Homologymodelling . . . . ... ...
2131 Acomistic simulationof model . . . .. ...

214 StatiStics . . . o v v v

Technique Development

31 Chapterintroduction . . . . ...
3.2 Mitochondrial isolation . . . . . . . ...
321 Outer membrane integrity . . . . . ...
3.2.1.1 Mechanical disruption . . . ..o oo

3212 Enzymatic disruption. . . . .. ... oo

322 Basalrespiration . . ... ...

33 Large scale liquid culeure RNAT 00000000000
33.1 Scaling up the RNAi technique . . . . ... ... .. o o000

332 Synchronising experimental culeures . . ..o o000 00000

34  Bluenative PAGE . . . . ...
341  Detergents . . . . ... ..
34.11 Digitonin . . . . ... ... Lo

34.12 Tricon X-100 . . . o oo

342  Inmidal protocol . . ..

343  Protein and digitonin concentration optimisation . . . . ... ... ...

344  Maximising protein loading . . . . ... oo oo

34.5  Blue native PAGE with Triton X-100 detergent . . . . . .. ... ... ...

3.5 Chapterconclusion . . . ... L

viii

75

75

76

77

77

77

78

79

79

79

93

93

93

94

94

95



Contents

4 Establishing B0491.5 as a homologue of mammalian NDUFA11

4.1

4.2

43

4.4

45

4.6

47

4.8

Chapter introduction . . . .. .. ... L L L
NDUFATI1 bioinformatics . . . . . . ... ... ... ... ......
Organisation of C. elegans mitochondrial respiratory complexes . . .
Locating B0491.5 within the respiratory supercomplexes . . . . . . .
Homology model of BO491.5 . . . . . ... ... ... ... ... ..
Investigating cardiolipin interactions . . . . . ... ... L.
Investigating additional conservation between B0419.5 and NDUFA11

Chapter discussion . . . . ... ... L

5 Utilising the C. elegans toolkit to investigate the loss of B0491.5

5.1

5.2

53

5.4

5.5

5.6

Chapter introduction . . . . .. ... oL
CRISPR knockout of BO4915 . . . . . .. ... ... ... ... ..
521  Creation. . . . . . .. ...
522  Phenotype. . . ...
523 Maintenance and balancing . . .. ... 0000000
Establishing bO49L5 RNAi . . . . . ... ... .
53.1  Inital investigation . . . .. ..o oL
532 Characterising b049L5 RNAi . . . . .. ... .. ...
533 b0491.5(RNAi) mitochondrial isolations . . . . . . .. .. ..
Investigating ETC organisation and activity . . . . .. .. ... ...
Quantitative mass spectrometry . . . . . . ... ... L. L.

Chapter discussion . . .. ... ... o L

6 Impact of reduced B0491.5 on mitochondrial activity and morphology

6.1

6.2

6.3

Chapter introduction . . . . .. ... oL
Mitochondrial physiology . . . . . ... ..o oo
6.21  Mitochondrial bioenergetics . . . . ... ... L.

6.22  Membrane potential . . . ..o

X

105

105

106

111

113

117

122

125

127

129

129

130

130

131

133

138

138

143

145

149

155



Contents

6.3.1

6.3.2

633

Mitochondrially expressed GFP in whole worms . . . . . .. ... .. .. ..
Whole worm transmission electron MIiCTOSCOPY . .« v v v o
Cryo-electron tomography . . . . .. ... oo
6.3.3.1 Tomograms . . . . .. ...

6332 Tomogram reconstructions . . . . . . .. ...

6.4 Chapterdiscussion . . ... ...

7 Conclusion and Future Directions

8 Appendix I - buffers, solutions, media and antibiotics

8.1 Buffersand solutions . . . . . ...

82 Antibiotics . . . ..

References

187

191

191

196

196



List of Figures

1.1

1.2

13

14

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

1.14

1.15

3.1

3.2

33

34

3.5

3.6

3.7

Schematic representation of a typical mitochondrion. . . . . .. ... ... ... ..

Cardiolipin. C

Mitochondria physiology overview . . . . . ... oo

Overview of oxidative phosphorylation . . . . . ... ... ... 00000

Schematic overview ofcomplcx )

Schematic overview of complexes I, T and IV . . .. ..o o000

Reactive oxygen species . . . . . . . .. ...

Reactive oxygen species and the electron transport chain. .. ... ... ... ...

Schematic of electron transport chain compositions . . . . . .. ... L.

Structure of human respirasome . . . . ... L

Complcx I subunit NDUFAT11 in the human respirasome . . . . ... ... ...

NDUFAI11 contacts incomplex T . ... . ..o oo 0o o

NDUFAI11 interaction with complex I . . . . ... .. ... 0 0 ...

Life Cyclc of C. elegans ...................................

Representative image of an adule Coelegans . . . . .. .. ...

Mechanical distuption of C.elegans . . . . . . . . ... o oo

Testing the effect of collagenase treatment on outer membrane integrity . . . . . . .

Comparativc basal Tespiration rates . . . . . . . ... ...

Mitochondria isolation protocol overview . . . . . ... oo

RNAI liquid culture knockdown analysis . .. . ..o o000 o000

Large scale liquid culture RNAI protocol ........................

Blue Native PAGE

Xi

10

14

17

18

22

24

28

31

35

38

40

46

48

81

84

85

87

90

92

95



List of Figures

3.8
3.9

3.10

41
42
43
44
45
4.6
47
4.8
4.9
4.10

4.11

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12

513

5.14

5.15

Protein and digitonin concentration optimisation in blue native PAGE . . . . . . . . 96
Optimisation of G-250in BNPAGE . . . . . . ... ... ... ... . ... ... 98
BN PAGE with Tricon X-100 . . . . . . . . . .. . 100
Cladogram of NDUFALL . . . ... ... 107
NDUFA11 multiple sequence alignment . . . . .. ... ... ... ... ... ... 109
Blue native PAGE with N2 isolated mitochondria . . . . . .. ... ... ... ... 112
Blue native PAGE in-gel activity assays . . . . ... ... Lo 112
Two-dimensional analysis of BNPAGE . . . . . ... ... ... ........... 114
Shotgun mass spectrometry of BN PAGE complex I activeband . . . . . .. ... .. 116
Homology model sequence alignmene . . . .. .. ..o o000 118
Introducing the BO491.5 homology model . . . . .. .. .. ... .00 120
RMSD and RMSF analyses of the homology model in atomistic MD simulation . . . 120
B0491.5 and cardiolipin interacting residues . . . . . . ... L 123
NDUEFAL11, the B0491.5 model and somatic mutations . . . . . . .. ... ... ... 126
B0O491.5 CRISPR mutant . . . . . . ... ... . 131
Characterising the B0491.5 knockout phenotype . . . . .. . ... .00 132
Balancing the b0491.5 CRISPR KO strain . . . . . . . ... ... ... .. ... ... 134
Screening for recombinant events in Ab0491.5 strain . . . .. ... 135
Screening for balancer AB0491.5/mncl:=:GFP . . . .. ... ..o 137
Establishing b049L5 RNAT . . . . .. .. oo o 139
Characterisation of bO49L5(RNAD) T . . . . . . .. .. 141
Characterisation of bO491.5(RNAD) 11 . . . . . . . . . . . . 142
Quantification of b0491.5(RNAi) knockdown in mitochondrial isolations . . . . . . . 144
ETC organisation with with suppressed BO491.5 . . .. .. ... .. ... ... 146
BN PAGE in-gel CI activity with suppressed BO491.5 . . . . . .. ... ... ... .. 147
2D analysis of ETC organisation with suppressed BO491.5 . . .. ... .. ... ... 148

Mass spectrometry to analyse changes in protein expression of respiration related

Proteins . . . . ... 150
Consistently changed mitochondrial proteins as determined by mass spectrometry . 153
Consistently changed cytosolic proteins as determined by mass spectrometry . . . . 154

xii



List of Figures

6.1  Mitochondrial bioenergetics of B0491.5 suppressed mitochondria . . . . . . . .. .. 162
6.2 Investigating membrane potential in B0491.5 suppressed mitochondria . . . . . . .. 166
6.3 Impact of B0491.5 reduction on ROS production . . . . ... .. ... .. ... .. 169
6.4  Mitochondrial targeted GFP images in liveworms . . . . .. .. .. ... ... .. 172
6.5  Electron microscopy with control mitochondria . . . .. ... o 000000 174
6.6 Electron microscopy with b0491.5(RNAi) mitochondria . . . . .. ... ... .. .. 175
6.7 Tomographic slices of control mitochondria . . . .. ... ... 000000 178
6.8 Tomographic slices of b0491.5(RNAi) mitochondria . . . . . . . . . ... ... .. .. 179
6.9  Tomogram reconstructions of control mitochondria . . . . ... ... 0000 181
6.10 Tomogram reconstructions of b0491.5(RNAi) mitochondria . . . . . .. ... .. .. 182

xiii



List of Figures

Xiv



List of Tables

1.1

1.2

2.1

3.1

3.2

4.1

5.1

5.2

6.1

Lipid composition of the outer (OMM) and inner (IMM) mitochondrial membrane . 5
Mammalian OXPHOS subunits and C. elegans homologues ............... 50
Screening primers for bO491.5 . . . . 62
Ranking of homogenisers . . . . ... ... 82
Table ofpublishcd mitochondrial PIePs . . .. 33
Percentage identity of B0491.5 to mammalian NDUFAIl . . . ... ... ... ... 110
Up and down regulated ETC subunies . . . . ... ..o 00000 151
Uprcgulatcd Krebs cyclc proteins . . ... 152
Mitochondrial bioenergctics RCRvalues . . . . .. ... . . 164

XV



List of Tables

Abbreviations
AA antimycin A
ADP adenosine diphosphate
ATP adenosine triphosphate
BCA bicinchoninic acid
BF bright field
BLAST Basic Local Alignment Search Tool
BN PAGE Blue Native Polyacrylamide Gel Electrophoresis
bp base pairs
ClI NADH-ubiquinone oxidoreductase
CII succinate dehydrogenase
CIII coenzyme Q : cytochrome ¢ — oxidoreductase
CIv cytochrome ¢ oxidase
CcvV ATP synthase
CL cardiolipin
CGC Caenorhabditis Genetics Center
CMC critical micelle concentration
CoA coenzyme A
COSMIC Catalogue Of Somatic Mutations In Cancer

CDP-DAG cytidincdiphosphatc—diacylglyccrol

CoQ coenzyme Q1

CRISPR clustered regularly interspaced short palindromic repeats
CryoET clectron cryotomography

DOPE Discrete Optimised Protein Energy

dsRNA double stranded RNA

DTT 1,4-Dithiothreitol

EM clectron microscopy

EMBL-EBI European Bioinformatics Institute

ER endoplasmic reticulum

XVi



List of Tables

ETCS
FAD

FC

Fe-S
FET
FMN
FUdR
G-250
GPX
IMM
IMS
kDa

KO
meDNA
MD
MW
NAD
NADH/NAD*
OMM
OXPHOS
PA

PAGE

PCR
PE

PMF

PS
psi-BLAST
PVDF

RCR

clectron transport chain supercomplex
flavin adenine dinucleotide

fold change

iron—sulfur

forward electron transference
flavin mononucleotide

5-Fluoro-2’ —dcoxyuridinc
Coomassie blue G-250
glutathione peroxidase-1

inner mitochondrial membrane
intermembrane space

kilodaltons

knockout

mitochondrial DNA

molecular dynamics

molecular Wcight

nonlinear anisotropic diffusion
nicotinamide adenine dinucleotide
outer mitochondrial membrane
oxidative phosphorylation
phosphatidic acid

polyacrylamide gel electrophoresis
phosphatidylcholine

polymerase chain reaction
phosphatidylethanolamine

proton motive force

phosphatidylserine

Position—Speciﬁc Iterative Basic Local Alignment Search Tool

polyvinylidene difluoride

respiratory control ratio

Xvii



List of Tables

RET

ROS

RNAI

RSMF

RMSD

TEM

TIM

TMH

TMRM

T™MT

TOM

TX-100

reverse electron transference
reactive oxygen species

RNA interference
root-mean-square fluctuation
root-mean-square deviation
transmission electron microscopy
translocase on the inner membrane
transmembrane helix
tetramethylrhodamine methyl ester
tandem mass tagging

translocase of the outer membrane

Triton X-100

Xxviii



Chapter 1

General Introduction

1.1 Mitochondria

Mitochondria are essential, semi-autonomous eukaryotic organelles, born out of a symbiotic event of a
non-respiring eukaryotic cell and invading prokaryotic cell (Wilkins and Holliday, 2009). They serve
as metabolic hubs which produce more than 95% of cellular energy in the form of the molecular unit
adenosine triphosphate (ATP) (Zimmerman et al., 2011) through aerobic respiration. ATP acts as an
energy currency that can be redeemed universally in exchange for cellular processes by hydrolysis of a
phosphate bond (Cole, 2016). There are many cellular metabolic processes that are able to regenerate
ATP; however, oxidative phosphorylation (OXPHOS) is responsible for the majority of this activity.
This project focuses on the constituent protein machinery of the OXPHOS pathway. The first part of
the introduction will describe mitochondria morphology and physiology in relation to their cellular

respiratory function, to demonstrate how each component contributes to the system.

1.1.1  Mitochondrial morphology

Mitochondria exhibit high morphological variability. They exist within dynamic membrane networks,
that are reshaped by fusion and fission events (Scharwey et al., 2013), they are capable of changing
shapc and subcellular distribution (Hubbard and Greenstein, 2000). Within the cellular environment

mitochondria are relatively large organelles, with an area commonly reported between 0.75 to 3 pum?



Chapter 1. General Introduction

in size (Wiemerslage and Lee, 2016) they are generally only exceeded in size by the nucleus within
mammalian cells. Mitochondria structures have high hctcrogcncity, varying from tissue to tissue and
even within the same cellular environment. For example, in cardiac muscle tissue, the mitochondria
are highly packed along the muscle fiber, presented as long interconnected networks (Palmer et al.,
1977). Whereas in liver tissue, the mitochondrial network is found to be less connected, with a more

spherical mitochondria (de Kroon et al., 1997).

Quter —_—— Inter
Mitochondrial membrane
Membrane y space (IMS)

Inner \ ‘
M:
Mitochondrial atrix
Membrane \
(IMM) ( }

ATP
Synthase

Cristae '\

Figure 1.1: Schematic Representation of a typical mitochondrion - The outer mitochondrial mem-
branes (OMM) is visualised by a dashed line, with the gaps representing porins that allow the mem-
brane to be highly pcrmcablc. The inner mitochondrial membrane (IMM) is visualised in orange and
folded into structures called cristae. The dots represent the distribution of the ATP synthase machin-
ery distributed along the cristae

The basic structure of a mitochondrion is highlighted in Figure 1.1, a schematic representation of
a classical mitochondrial cross section, although it is a simplification of actual structures, it serves to
high]ight the basic key features. The organelle is defined by a double membrane system, consisting of
an outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM), which divides

it into four distinct compartments, each with well defined roles. The outer membrane contains pro-
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tein channels, termed porins, which act non-specifically for solutes less than 10 kDa, making it freely
pcrmeable to ions and the majority of metabolites (Cole et al., 2010). The porous nature of the OMM
is represented in Figure 1.1, by the dashed line. The outer membrane exacts some specificity for larger
molecules, particularly proteins, that are imported through specific translocases (Dekker et al., 1998).
In contrast, the inner membrane is impcrmcablc except through spccific channels (Lemasters, 2007).
This is a crucial feature, as the impermeability allows the proton gradient to be generated across the
IMM, which is utilised to drive ATP synthesis. The IMM is arranged as folds called cristae, this in-
creases the surface area and acts to facilitate a greater volume ofrcspiration machincry that is located

within the membrane along the cristae.

The intermembrane space (IMS), one of two aqueous environments within a mitochondrion, is lo-
cated between the outer and inner membrane. This compartment plays a pivotal role in coordinating
mitochondrial activities with other cellular processes. The processes include, but are not limited to;
facilitating the exchange oflipids, proteins and ions between the cytosol and the matrix, regulation of
signalling pathwz ys regulating respiration and control of mitochondrial morphogenesis (Herrmann
and Riemer, 2010). The mitochondrial matrix, the innermost compartment and second aqueous en-
vironment, is defined by a high pH 0f'7.9-8. This is due to the pumping ofprotons by the respiratory
Complexes from the mitochondrial matrix into the IMS. The compartment has an incredibly high
protein density (/=500 mg/ml), which reflects the numerous enzymatic reactions that are carried out,
such as oxidation of pyruvate, the Krebs cycle and the beta oxidation of fatty acids (Nicholls and

Ferguson, 2013).

1.1.1.1 Lipids in the mitochondrial membrane

Biological membranes, comprised by phospholipid bilayers, play an important role in all living cells
and organelles by acting to divide and differentiate two different environments. The permeability
of the membrane, predominately governed by protein membrane channels, dictates which molecules
are able to pass through. This allows the accumulation of functionally important biological molecules

within a particular compartment.
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Mitochondria have a varied lipid composition consisting of six different lipids, see Table 1.1. The
biogcncsis and transport of these 1ipids happcns by tightly controlled processes involving the endo-
plasmic reticulum (ER) and the mitochondria themselves, with cross-talk and lipid transfer between
the two organelles essential for a healthy cell (Flis and Daum, 2013). The ER is the predominant lipid-
synthcsising organCHC within the cell (Scharwcy et al., 2013), where once synthcsiscd, 1ipids are trans-
ported through contactssites called mitochondrial-associated ER membranes (Levine, 2004). However,
mitochondria play an important role in the synthesis of a subset of key membrane phospholipids, with
lipid precursors produced on the ER being transferred across the mitochondrial IMS for synthesis in
the IMM. One such lipid is phosphatidylethanolamine (PE), produced from ER synthesised precursor
phosphatidylserine (PS). A second is the signature mitochondrial lipid cardiolipin (CL), synthesised

in the IMM by precursor phosphatidic acid (PA) (Clanccy et al., 1993; Mesmin, 2016).

Despite a large morphological variance across different populations of mitochondria, the compo-
sition of mitochondrial phospho]ipids varies minima]ly, suggesting that major changes cannot be tol-
erated and the lipid composition is integral to the function of the mitochondria (Wang et al., 2012). In
fact, a variety of human disease states have been linked to altered phospholipid levels or phospholipid
damage, in particular the lipid cardiolipin (Wang et al.. 2012; Joshi et al., 2009). The two mitochon-
drial membranes vary considerably in their individual composition, as shown in Table 1.1, reﬂecting

the diversity in the roles they play within the organelle (Daum and Vance, 1997; Zinser et al., 1991)
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Mammalian Cells

Plant Cells

Yeast

(Rat Liver) (Cauliflower) (Saccharomyces cerevisiae)
OMM IMM OMM IMM OMM IMM
mg/mg protein

Phospholipid | 0.45 0.20 0.63 0.41 0.91 0.15
% of total phospholipids

PC 54 40 47 42 46 38

PE 29 34 27 38 33 24

PI 13 5 23 5 10 16

PS 2 3 - - 1 4

CL <1 18 3 15 6 16

PA 1 - - - 4 2

Table 1.1: Lipid composition of the outer (OMM) and inner (IMM) mitochondrial membrane. Phos-
pholipids are; Phosphatidy]cho]inc (PQC), Phosphatidylcthanolamine (PE), Phosphatidy]inositol (P1),
Phosphatidylserine (PS), Cardiolipin (CL), Phosphatidic acid (PA). Data from Daum and Vance
(Daum and Vance, 1997) and Zinser et al. (Zinser et al., 1991)

The 1ipid composition within the IMM and OMM is detailed in Table 1.1, (Horvath and Daum,

2013; Daum and Vance, 1997; Zinser et al., 1991), showing that overall, the OMM has a greater amount

of phospholipid, mg/mg protein, than the IMM. In mammalian cells, the OMM has just over double

the phospholipid content, 0.45 (mg/mg protein), than the IMM, which has 0.20 (mg/mg protein). A

similar pattern is seen in plant cells, with about a third more phospholipid in the OMM, and yeast

demonstrates an even greater proportional difference, with a six-fold increase of‘phospholipid in the

OMM, 0.91 and 0.15 for the OMM and IMM respectively.
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The mitochondrial outer membrane forms a smooth lipid rich surface with high membrane flu-
idity (Horvath and Daum, 2013) that hosts proteins with a diverse range of functions. These include,
enzymes involved in amino acid and fatty acid metabolism, complexes facilitating protein import,
systems for signal transduction and proteins controlling morphology (de Kroon et al., 1997).In con-
trast, the mitochondrial inner membrane is highly folded and, Comparcd to the OMM, has an elevated
protein level and lower lipid content. This composition is reflective of the high level of activity that
takes place across the IMM, including metabolite transport, protein transport and respiration. The
IMM has a distinctive phospholipid composition, intcgral for protein packing in the membrane and
structural stability of proteins. The IMM is defined by the presence of the lipid CL, shown in Table
1.1 to be predominately found in the IMM, where it plays an important role in the energy transducing

membrane, Cxplaincd in more detail in the next section.

1.1.1.2  Cardiolipin

Cardiolipin is the only known dimeric glycerophospholipid. Almost exclusively located in the inner
mitochondrial membrane (Paradies et al., 2014; Houtkooper and Vaz, 2008), it plays a major role
in the the energy transducing membrane maintaining the function of membrane-associated proteins
(Horvath and Daum, 2013). Within the IMM, there is an increase in the proportion of non—bilayer
forming lipids, PE and CL, as shown in Table 1.1. Considering the small head group and long chain
of unsaturated fatty acids, CL presents itself in a conical shapc which promotes the formation of

hexagonal phases in lipid membranes and induces negative curvature in the membrane.

The role of PE is currently not well understood, however CL has been shown to play a central role
in the formation of respiratory supcrcomplcxcs and the enzymartic activity of the electron transport
chain complexes, as well as playing an important role in maintaining membrane potential (Paradies
et al,, 2014; Zhang et al., 2002; Béttinger et al., 2012). It has also been hypothesised that the negative
charge of CL allows the protons pumped into the IMS by the respiratory complexes to stay associated
on the outer-leaflet of the IMM. Therefore allowing for more efficient channelling of protons towards

the ATP synthase machinery, compared to if they remained in the bulk phase (Gasanov et al., 2018).
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CL synthesis occurs in the IMM, as discussed in above in Section 1.1.1.1, by a two-step process. The
firse step produces non-mature CL from phosphatidylglycerol and Cytidinediphosphate—diacylglycero]
(CDP-DAG). In the second step, the mature acyl chain composition of CL is achieved through a
combination of at least two remodelling mechanisms, resulting in a molecule of PA bound to PG to

form a singular CL molecule. (Houtkooper and Vaz, 2008; Schlame, 2008).
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Figure 1.2: Cardiolipin - (A) Molecular structure of cardiolipin showing it is a dimer of phosphatidyl-
glycerol (PG) and phosphatidic acid (PA) and is comprised of four acyl chains and two phosphate
groups. (B) Model of cardiolipin displayed in spherical form generated in PyMOL, represented as
follows; yellow = carbon, oxygen = red and phosphate = orange
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The distinctive structure of CL (Figure 1.2), is unique among phospholipids. It has a conical
structure (Milcykovskaya and Dowhan, 2014), lcading to its non—bilaycr forming nature, as mentioned
previously in this section. At physiological pH, one of the phosphate groups is deprotonated, making
cardiolipin a negatively-charged phospholipid. The negative charge and bulky head-group are features

that are potcntially influential in the 1ipids protein binding spcciﬁcity.

CL has been shown to bind with high affinity to a large number of IMM proteins, and is necessary
for optimal activity of many of the mitochondrial respiratory chain Complexes (Mi]eykovskaya and
Dowhan, 2014) . This is in addition to the role the 1ipid plays in the organisation and stabilisation
of higher order supercomplexes. Overall it can be said that CL is critical for competent respiration
in mitochondria. Perturbation of CL synthesis alters mitochondrial bioenergetics, leading to reduced
membrane potential, less effective coupling of respiration, and ultimately decreased ATP synthesis
(Patil et al., 2013) (Raja et al., 2017; Yin and Zhu, 2012; Chicco and Sparagna, 2007; Schug and Gottlieb,

2009).

However, knowledge of how CL is incorporated into the protein complexes, the mechanism by
which it modulates enzymatic activity and the role it plays in complex organisation and stability is
currcntly a matter of debate. Therefore, it is a continued area of interest to investigate the relation-
ship between CL and the respiratory protein complexes. Making subunits which have been shown to

interact with CL, such as the protein of interest in this project, particularly interesting.

1.1.2 Mitochondrial physiology

Mitochondria serve as semi-autonomous hubs which carry out a wide range of biological processes.
Their main function revolves around supplying cellular energy, carrying out a multitude of processes
including; oxidative phosphorylation, Krebs cycle, fatty acid oxidation, ketogenesis, gluconeogenesis
and the urea cycle, which all contribute to energy production (Nicholls and Ferguson, 2013). However,

mitochondpria are also involved in signaﬂing, cellular differentiation and apoptosis (\X/ang and Youle,
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2009), as well as playing a crucial role in the control of the cell cycle and cell growth (Antico Arciuch
et al., 2012; Finkel and Hwang, 2009; Osellame et al., 2012). Further roles include calcium handling
(Granatiero et al., 2017) and lipid transfer (Flis and Daum, 2013). For the interest of this project the
mitochondrial physiology relating to cellular respiration, specifically the oxidative phosphorylation

(OXPHOS) pathway, will be cxplored in more detail.

As detailed in the Section 1.1.1 on mitochondria morphology, the organelle is separated into four
distinct compartments, creating a variety of contrasting environments within mitochondria where
processes are carried out in specific compartments optimised for that reaction. This section will ex-
plore the mitochondrial genome and how nuclear encoded proteins are transported into the mito-
chondria, as well as provide an overview of the stages that make up the cellular respiration pathway7
leading into a more Comprehensive explanation of oxidative phosphorylation in Section 1.1.3. Figure
1.3 provides a simplified overview, highlighting processes that begin outside the mitochondria, and

feed into mitochondrial physio]ogy.
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Figure 1.3: Mitochondria physiology overview - A schematic representation of the mitochondrial
membranes, outlining particular key features relevant to the work carried out in this project. (A)
Glycolysis (B) Krebs cycle (C) electron transport chain, consisting of complexes I-IV, showing the
oxidation of reduced electron carriers NADH and FADH, at complexes I and 11 respectively and re-
duction molecular oxygen at complex IV. Simultaneously the ETC pumps protons into the IMS (D)
ATP synthase utilising the proton gradient in the IMS to synthesise ATP from ADP and Pi (E) Protein
import via TIM/TOM complexes, these complexes transport 99% of mitochondrial proteins that are
encoded on the nuclear genome (E) Mitochondrial genome which encodes for 37 genes, including 13

polypeptides, all of which encode for subunits of the ETC.
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1.1.2.1  Mitochondrial genome and protein import machinery

Mitochondria contain their own double-stranded, circular molecules of mitochondrial DNA (mtDNA),
consisting of 216,500 base pairs (bp) in mammalian mitochondria, of which cach cell generally con-
tains several copies, Figure 1.3 (F). It encodes a total of 37 genes; 22 tRNAs, two rRNAs, and 13
polypeptides (Taanman, 1999). The polypeptides encoded in the mtDNA are all subunits of enzyme
complexes in the OXPHOS metabolic pathway; seven of complex I, one of complex I11, three of com-
plex IV and two of ATP synthase. Complex II is the only respiratory complexes which has all its
subunits (four) encoded by the nuclear DNA. This results in assembly of the already complex mul-
timeric OXPHOS machinery requiring co-ordination between nuclear and mitochondrial encoded

subunits.

The vast majority of mitochondrial proteins, including the remaining subunits of the respiratory
complexes, are encoded by the nuclear genome, requiring them to be translocated into the organelle
(Wiedemann and Pfanner, 2017). The protein machineries that facilitate this process are the translo-
case of the outer membrane (TOM) and translocase of the inner membrane (TIM) complexes, indi-
cated by 'E’in Figure 1.3. Proteins heing transported from the Cytosol have four potential destinations;

the outer memhrane, the intermemhrane space, the inner memhrane or the matrix.

Significant advances have been made in recent decades deciphering how protein translocation
works and the mechanism hy which proteins are delivered to their final destination in a ”spcciﬁc”
manner. Proteins containing a positively charged N-terminal signal sequence are targeted to TIM23,
which is responsible for delivery of matrix proteins. However, there is a sub-set of proteins in this cat-
egory which contain a hydrophobic domain which halts translocation on TIM23 channel, 1cading to
protein insertion into the IMM. Proteins targeted to TIM complex TIM22 contain signal sequences
within the transmembrane regions and are inserted into the IMM, and lastly, small proteins with
twin cysteine motifs are delivered into the IMS via the Mia40 pathway (Mordas and Tokatlidis, 2015).
However, there are still some nuclear encoded proteins where the transport method is not fully un-

derstood.
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1122 Cellular respiration

The cellular respiration pathway can be broken down into four basic stages; glycolysis, pyruvate oxida-
tion, Krebs cycle and oxidative phosphorylation. Glycolysis occurs independently, whereas pyruvate

oxidation and the Krebs Cyclc are driven by oxidative phosphory]ation (Nicholls and Ferguson, 2013).

Glycolysis, indicated by 'A” in Figure 1.3, is an oxygen-independent metabolic pathway carried
out in the cytosol, with the breakdown of one glucose molecule producing two molecules each of;
pyruvate, ATP, NADH and water. Pyruvate is able to be transportcd into the mitochondrial matrix via
a pyruvate carrier, where it is oxidised before feeding into the Krebs cycle. The NADH that is produced
by glycolysis, on the other hand, cannot cross the inner mitochondrial membrane, however it can be
utilised by the malate-aspartate shuttle. In this mechanism, a compound is reduced in the cytosol by
NADH, the compound is then able to cross the membrane into the matrix, where it regenerates NADH
by reducing NAD", and can then by utilised by the electron transport chain (Lunt and Vander Heiden,

2011).

Oxidation of pyruvate links glycolysis to the remaining cellular respiration pathway, and occurs
in the mitochondria matrix. Pyruvatc is converted from a three-carbon molecule to a two-carbon
molecule before undergoing an oxidation reaction where a coenzyme A (CoA) molecule is attached

producing acetyl-CoA, as well as producing a reduced molecule of NADH.

Acetyl CoA is the entry molecule for the Krebs cycle, indicated by "B’ in Figure 1.3. It is also known
as the citric acid or TCA cycle (Akram, 2014), and is a central component of cellular respiration, gen-
erating reduced electron carriers in the form of FADH; and NADH that subsequently feed electrons
into the electron transport chain. The cycle is a series of redox reactions, in a closed loop that harvests

the bond energy of the intermediates (David L Nelson, 2017).

This outlines the first three steps of cellular respiration, which in themselves producc small amounts
ATP; two molecules of ATP from glycolysis and a further two from the Krebs cycle per molecule of

glucose. However the reduced electron carriers produced by these processes, two NADH in glycolysis,

12
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two NADH from the oxidation of pyruvate to acetyl CoA and a further six NADH and two FADH,
from the Krebs cycle (per molecule of glucose), transfer electrons to the electron transport chain, in-
dicated by 'C in Figure 1.3, which ultimately generates a further 26-28 ATP molecules through the
OXPHOS pathway, which is coupled to the ATP synthase machinery, indicated by "D’ (Nicholls and

Ferguson, 2013; Akram, 2014). This process will be covered in more dcpth in the following section.

1.1.3  Mitochondrial energy production by oxidative phosphorylation

The final stage in cellular respiration is the metabolic pathway of oxidative phosphorylation, first
proposed as the chemiosmotic theory in 1961 by Mitchell (Mitchell, 2011). It theorised that multimeric
redox enzymes facilitate the coupling of substrate oxidation to the regeneration of ATP. The free
energy released from the downhill transfer of electrons is utilised to pump protons across the IMM

and create a proton gradient. This electrochemical gradient is then sufficient to drive ATP synthesis.

The pathway has many components that work together to drive energy production, an overview
of the various elements will be discussed in this section, supported by the schematic diagram in Figure
1.4. If one element becomes dysfunctional, it can have a system-wide impact, and a comprehensive

understanding of the system as a whole is vital to interpret alterations in physio]ogy.
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Figure 1.4: Overview of oxidative phosphorylation - Schematic representation of components of the
OXPHOS pathway. The Krebs cycle is represented in the bottom part of the figure, with each com-
ponent annotated with a string of circles representing the number of carbons in that molecule. (A)
complex I-linked respiration, CI accepting electrons from NADH (B) ClI-linked respiration, CIT ac-
cepting electrons from FADH, (C) quinone molecule which links the entry redox complexes to CIII
in the pathway (D) CIII, cytochrome ¢, CIV and final electron acceptor, molecular oxygen (E) use of
free energy to create an electrochemical proton gradient, membrane potential (AW) and pH gradient
(ApH) make up the PMF. pH values used as found on bionumbers, the database of useful biological
numbers (Porcelli et al., 2005). IMS pH as referenced is 6.88 pH Range: +0.09, and matrix 7.78 pH,
Range: £0.17 pH (F) ATP synthase utilising the proton gradient to drive ATP synthesis (G) trans-
porters complementing OXPHOS machinery
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The energy-transducing membrane system works by a series of proton pumps and channels work-
ing in opposite directions: the electron transport chain (ETC) (eomplexes [-IV) contain pumps that
actively move protons into the IMS, driven by the downhill transfer of electrons. This is tightly cou-
pled to the controlled movement of protons down a channel in ATP synthase. The system is com-
prised by several components, subdivided into molecular or chemical entities. The molecular entities
comprise the respiratory complexes and all other carriers and enzymes that allow substrate entry and
oxidation in the mitochondrial matrix. The chemical entities which comprise of the different compo-
nents of the proton-motive force: the charge separation (membrane potential) and pH gradient across

the IMM (Nicholls and Ferguson, 2013), (Hatefi, 1985), (Mitchell, 1961).

There are two entries to the ETC, one route is via NADH:ubiquinone oxidoreductase (complex 1),
shown in Figure 1.4 at point A, where electrons are fed in by the electron carrier NADH; a molecule
produced at multiple stages in cellular respiration, as detailed earlier. Making complex I-linked respi-
ration the major entry component of the oxidative system. Additional]y, four protons are translocated
by complex I. The second point of entry is at succinate:ubiquinone oxidoreductase, also known as suc-
cinate dehydrogenase (complex IT), point B in Figure 1.4. Here FADH, is used as the redox cofactor,
generated from succinate being converted to fumarate in the Krebs cycle. During Complex II-linked
respiration, less protons are pumped per electron transferred as, unlike complex I, succinate dehydro-

genase does not transfer any protons.

The electrons fed into the entry eomplexcs CI and CII transfer electrons to a quinone com-
pound (Figure 1.4, C), which acts to continue the downhill transfer of electrons to complexes CIII,

Cytochrome c and CIV and the final electron acceptor molecular oxygen (Figure 14, D).

Figure 1.4 E, represents the proton electrochemical gradient (ApH"), which is comprised of two
components. The first, resulting from the difference in proton concentration across the membrane
is ApH. The other component, due to the difference in electrical potential between the IMS and
matrix compartments, is the membrane potential AW. When expressing (ApH") it is conventional
to convert it into units of electrical potential, represented by the symbol Ap and otherwise known

as the proton motive force (PMF). Of the two components in a mitochondrion AW is dominant,
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contributing ~180 mV to the PMF. As large changes in pH would be detrimental to the function
of proteins in the IMS, the ApH contributes ~30 mV (Mitchell, 2011; Nicholls and Ferguson, 2013;

Nicholls, 2010; Liberman et al., 1969).

Figure 1.4 (G) shows transporters that work in Complernent with the OXPHOS machinery. Car-
riers supply the matrix with ADP and Pi allowing Couplcd respiration, as the PMF is utilised by ATP
synthase in the presence of ADP and Pi to drive ATP synthesis, Figure 1.4 F. Active ATP synthesis
causes depolarisation of the PMF, which drives ETC respiration, leading to increased electron transfer
and proton pumping to maintain the membrane potential. This section has provided an overview of
the oxidative phosphorylation system and the energetic process, the components of the ETC will now

be looked at in more functional depth (Nicholls, 2010).

1.1.4 Components of the electron transport chain

The ETC consists of over 80 different subunits, distributed across four different multimeric complexes
(CI-C1V), with CI having the greatest number of subunits at 44, and CII the smallest at Only four.
Coupled to the ETC is the complex ATP synthase, which is comprised of an additional 20 subunits.
As previously discussed in Section 1.1.3, electrons enter the ETC at complexes I and II, where they
flow through the complexes due to different redox potentials. Naturally, they flow from the highest

to the lowest redox potential, as that is more thermodynamically favourable (Meyer et al., 2019).

As electron flow is coupled with primary proton pumps, in complex [, IIT and IV, the PMF is
generated as a consequence of electron flow through the complexes. Therefore, the PMF is not created
because the ETC uses the electrons; instead, the PMF is the consequence of electron flow, proton

pumping and the highly irnperrneable IMM (Nicholls and Ferguson, 2013; Mitchell, 2011).
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Figure 1.5: Schematic overview of complex I - In the top module (coloured in yellow), NADH is
oxidised by a flavin mononucleotide (FMN), generating the release of two electrons (2¢) which enter
a chain of seven iron—sulfur (Fe-S) clusters (represented by orange circles). At this stage, the reduced
FMN cofactor also reacts with O, to form ROS. The terminal Fe-S cluster (N2) transfers the electrons
to a ubiquinone molecule (Qj0) which gets reduced (QjoHz). Conformations changes, induced by the
reduction of ubiquinone, allow proton-translocation across the two P modules (coloured in orange
and blue) via long chains of charged residues through the membrane arm. Pumping four protons from

the matrix to the IMS. Schematic CI model is made from a electron cryo-microscopy structure of
complex I from Bos taurus ((Zhu et al., 2016); PDB 5LDW)
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A CIl

Succinate Fumarate

Figure 1.6: Schematic overview of Complexes I, I and 1V - highiighting the role coenzyme Qg and
cytochrome ¢ playing mediating electron transfer between the ETC complexes. Complex cofactors
are shown in orange within the structure, highlighting how electron transfer is mediated within
the complex (A) Succinate dehydrogensae (CII), (B) Ubiquinol:cytochrome-c oxidoreductase (CIII),
(C) cytochrome-c: oxygen oxidoreductase (complex 1V). Further details in the text. (PDB INEK
(CID(Yankovskaya et al., 2003), INTZ(CII)(Gao et al., 2003), IOCC(CIV)(Tsukihara et al., 1996)
Structure images created from PyMOL.)
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1.1.41 NADH:ubiquinone oxidoreductase

NADH:ubiquinone oxidoreductase, also known as complex I (CI), is the largest ETC complex, and
indeed, one of the largest membrane-bound enzymes found in the cell. The mammalian complex
consists of 45 subunits, of these 14 are considered core subunits which facilitate the Catalytic activity
of the enzyme (Sazanov, 2015). These subunits have been found to be highly conserved across species,
representative of their essential role in the OXPHOS pathway (Zhu et al., 2016). Additionally, the
complex has 31 supernumerary subunits, which although referred to as mammalian-specific (Sazanov,
2015; Hirst et al., 2003), have been found to have homologous proteins in other subsets of the animal
kingdom, such as the phylum Nematoda, discussed in more detail in Section 1.2.2. Eukaryotic CI is
organiscd into four functional modules (coloured indcpcndcntly n Figurc 1.5). The pcriphcral arm
extends up into the mitochondrial matrix, where it facilitates the electron flow, whereas the membrane

arm catalyses proton transport across the IMM (Sazanov, 2015).

The first of two entry points to the ETC, complex I is thought to provide about 40% of the
PMF (Sazanov, 2015). As detailed in Figure 1.5, NADH is oxidised to NAD", feeding electrons via
iron-sulfur (Fe-S) clusters to the electron carrier coenzyme Qjg, ubiquinone. Coupled to the flow of
clectrons, as previously mentioned, is the translocation of four protons from the matrix to the IMS
(Sazanov, 2015; Hirst, 2013). Conformation changes induced by the reduction of ubiquinone, allow
proton—translocation across the two P modules (coloured in orange and blue in Figure 1.5) via 10ng
chains ofcharged residues through the membrane arm. In addition to pumping protons, the transfer
of electrons can generate superoxide (O,") reactive oxygen species (ROS), discussed in more detail in

Section 1.1.5.1.

Complex I and disease

Complex I deficiency is the most frequently occurring mitochondrial disorder presenting in child-
hood, accounting for ~30% of cases. The deficiency is characterised by clinical and genetic hetero-
geneity (Kirby et al., 1999). This could be attributed to the fact that CI is the largest enzyme of the
OXPHOS system, with subunits that are encoded on both the nuclear and mitochondrial genome.
Clinical presentation of CI deficiency is extremely heterogeneous (Rodenburg, 2016; Fassone and

Rahman, 2012), including; fatal infantile lactic acidosis (Kirby et al., 2004), Leigh syndrome (Rah-
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man et al., 1996), leukoencephalopathy (Ogilvie et al., 2005) and cardiomyopathy (Ruiter et al., 2007).
Genetic compicxity, in addition to clinical hctcrogcncity mentioned, leads to signiﬁcant difficulties
in establishing genetic diagnoses for patients with CI deficiency (Fassone and Rahman, 2012). Genetic
screening of patients from around the world has shown a consistent prevalence of mtDNA mutations
in 20%—30% of cornpicx I deficiencies (Lebon et al., 2003). Additionally, mutations in all seven of the
nuclear-encoded core units and ten of the accessory subunits have been associated with CI deficiency

(Fassone and Rahman, 2012).

1.14.2  Succinate:ubiquinone oxidoreductase

Succinatc:ubiquinonc oxidoreductase, otherwise known as succinate dchydrogcnasc or compicx 11
(CII), is a IMM-bound four subunit enzyme (Yankovskaya et al., 2003). CII facilitates a second point
at which electrons can enter the ETC, shown in Figure 1.6 (A). However, it is sometimes considered
a non-integral component of the ETC, partly due to the fact that the electron transfer activity of
the enzyme is not coupled to a corresponding translocation of a proton (Rutter et al., 2010). This is
because substrate electron transfer through CII generates potential energy close to 0 mV, therefore,
thcrrnodynamicaiiy incompatibic with proton translocation (Nicholls and Ferguson, 2013). In addi-
tion, the primary role of CII is within the Krebs cycle, converting succinate to fumarate. Further
compounding the idea of CII not forming an integral part of the ETC, is that supercomplex organisa-
tion of CI, CIII and CIV is well established (Section 1.1.6.2), with no validated structures showing CII
interaction. However, it has been hypothesised that CII may interact in a so called electron transport

chain supercomplex’ (ETCS), but this is yet to be validated (Guo et al., 2017).

Transferring electrons to CoQ pool is an addicional role the Compiex is able to carry out, due
to its membrane bound nature and cofactors (Rich and Maréchal, 2010). The active site, within the
subunit furcthest from the membrane, has a covaientiy bound flavin adenine dinucleotide (FAD). When
succinate is oxidised, electron transfer flows through FAD to CoQ, mediated by three FeS clusters

(Rich and Maréchal, 2010).
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1.1.43  Ubiquinol:cytochrome-c oxidoreductase

Ubiquinol:cytochrome-c oxidoreductase, also known as cytochrome be; complex or complex I1T (CIII),
is located at a 'mid point’ in the ETC, facilitating the transfer of electrons which have entered the
ETC through CI/IL, and passed via CoQ to CIII, onto the final complex for oxygen reduction, via cy-
tochrome ¢. The complex is composed by 11 subunits, including one which is mitochondrial-encoded
(cytochrome b), and only functions as a dimer. The complex is supported by four cofactors, which
facilitate electron transfer (Crofts, 2004), shown in Figure 1.6 (B). A net addition of four protons are

contributed to the PMF, for every two electrons that flow through the complex.

1144 Cytochrome—c: oxygen oxidoreductase

Cytochrome-c:oxygen oxidoreductase, also known as cytochrome-c oxidase or complex IV (CIV), is
the final enzyme in the ETC, and facilitates the reduction of O; to water. Consisting of 13 subunits,
of which, three catalytic subunits are encoded by the mitochondrial genes (Rich and Maréchal, 2010).
Complex IV contributes to the PMF, through consuming protons and electrons from opposite sites of
the IMM, but additionally, through pumping four protons from the matrix to the IMS, per reduced
oxygen (Kadenbach et al., 1987). Electrons are transferred to Complex IV via cytochrome ¢, in the
IMS, while protons are acquired from the matrix side. To reduce to one molecule of oxygen, to two
of water, four electrons and four protons are rcquircd. CIV is thought to act as the rate limiting step
of the ETC, and its activity, consumption of oxygen, can be measured as an indicator of the oxidative

capacity of the mitochondria (Srinivasan and Avadhani, 2012).

1.1.5 Reactive oxygen species

Reactive oxygen species (ROS) describes various reactive molecules and free radicals that are derived
from molecular oxygen. An electron structure consisting of atomic oxygen, two unpaired electrons in

separate orbits in its outer electron shell, makes oxygen susceptible to radical formation (Phaniendra
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et al., 2015). Two examples of ROS, superoxide and hydrogen peroxide, which have relevance to the
mitochondrial respiratory machincry, can be see in detail in Figure 1.4. Supcroxidc anions are very
reactive and quite unstable, and therefore will react in the vicinity where they are created. On the
contrary, H,O3 is a relatively stable molecule, with a long life-time and therefore is able to travel
around the cell, even across membranes. These characteristics of H,O; can be utilised in Cxpcrimcntal

methods to measure ROS production (Dickinson and Chang, 2011).

Oxidative stress occurs when there is an excess of ROS or oxidants, above the cells antioxidant
capability (Ray etal., 2012). During times of oxidative stress ROS can potentially damage lipids, DNA,
RNA and proteins; in addition, ROS and the damage carried out to the aforementioned biomolecules
can potentially drive a number ofpathological processes such as ageing, apoptosis and ischemic injury
(Chen et al., 2003). However, ROS also have a physiologically relevant role in cell signalling in cellular
processes such as; apoptosis, gene expression and the activation of signalling cascades (Feissner et al.,

2009).

Superoxide anion  Hydrogen peroxide
o _

O, H,0,

LR ]

Figure 1.7: Reactive oxygen species - Electron structures of two common ROS. Each structure is paired
with its name and chemical formula.

During normal metabolism, the mitochondrial ETC is a major source of reactive oxygen species
(]astroch et al., 2010). Initial discoveries in the field found that isolated mitochondria were a source of

H, O, (Loschen et al.,, 1971), this developed into an understanding that H,O; arose from the dismu-

22



1.1. Mitochondria

tation of superoxide (O,7), which is the proximal mitochondrial ROS (Murphy, 2009) (Echtay et al.,
2002; Kussmaul and Hirst, 2006). Under certain pathologic conditions, such as hypoxia, ischemia,
ageing, and chemical inhibition of respiration, the rate of ROS production from mitochondria can

increase (Jastroch et al., 2010).

It is worth noting however, that in addition to mitochondrial contribution to cellular ROS, there
are several other redox systems capable of producing significant levels of ROS. These systems include;
cytochrome P450 in microsomes; fatty acid oxidation and urate oxidase in peroxisomes and nitric
oxide synthase and 1ipoxygenases in the cell cytosoi (Brown and Borutaite, 2012). The individual
contributions of cach system will likely differ between cell type, species of ROS and the conditions of

ti’lC cciiui ar environment.

1.1.5.1 ROS in mitochondria

In the mitochondrial system there are at least nine oxidoreductase complexes capable of one-electron
reduction of oxygen, generating superoxide anion species. A few include; cytochrome b5 reductase,
monoamine oxidases, succinate dehydrogenase (complex 1) and alpha-ketoglutarate dehydrogenase
compicx. The amount of mitochondrial ROS produccd by any individual complcx under physiological
conditions is not yet known, and defining a single “main” source of ROS proves difficult to establish

(Brown and Borutaite, 2012).

Within the electron transport chain, respiratory complexes I and I1T are the predominant enzymes
capable of producing significant levels of ROS, as such they will be explored in more detail. However,
it seems that under normal physioiogicai conditions, the amount of ROS produccd by the enzymes is
generally low, with higher levels attributed to malfunction in the system or non-physiological condi-

tions.
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Figure 1.8: Reactive oxygen species and the electron transport chain - schematic diagram showing the
four complexes of the ETC (CI-CIV). The red stars denote the two complexes (CI and CIII) which are
the majority contributors to mitochondria ROS. The diagram also details how the superoxide anions
are converted by superoxide dismutase 2 (SOD2) to H,O;

Complex I

It is thought that CI produces ROS at three distinct sites, FMN, FeS clusters and the CoQ binding
site (Zorov et al., 2014; Feissner et al., 2009; Hirst et al., 2008), with Figure 1.5 detailing these sites,
but only annotating ROS production at the FMN. Within CI, there are two pathways that produce

ROS, forward electron transference (FET) and reverse electron transference (RET).

The RET pathway has been found to be active under the presence of succinate sustained respi-
ration, which leads to a high PMF and a reduced Q-pool, reversing the electron flow and driving
clectrons thermodynamically upwards, into CI, causing reduction of NAD". In in-vitro systems, this
pathway is thought to be how the majority of ROS species from CI are produced. Within the exper-
imental system it can be inhibited by rotenone and uncouplers, and increased by antimycin A (Aon
et al,, 2010; Andreyev et al., 2005). However, the RET pathway is not thought to be hugely physio-

logically relevant, as CII is not the primary entry of electrons for the ETC in vivo. Furthermore, the
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PMF is considerably lower in cellular mitochondria due to the constant demand and production of

ATP (Aon et al., 2010; Murphy, 2009; Lambert and Brand, 2009).

The FET pathway is typically observed in the presence of NAD*-linked substrates, although, it is
thought that the amount of ROS produced through this route is considerably negligible (Andreyev
etal,, 2005). An increase in ROS production is seen in the presence of inhibitors, but still not as much
as in RET (Lambert and Brand, 2009). The FET pathway is highly influenced by the NADH/NAD,
ratio, which is critical in determining the proportion of reduced FMN in the complex. High levels
of reduced flavin leads to electrons entering the complex with a diminished capacity to exit through
the normal route, increasing the likelihood of electron slip and the production of ROS, due to the

increased time the complex spends in the reduced form (Murphy, 2009).

Complex III

Under normal conditions, ROS production at CIII is at a similar magnitude as in the CI FET
pathway, and significantly lower than in RET (Lambert and Brand, 2009). However, in the presence
of antimycin A, a significant increase in ROS production is found. Electrons still enter CIII, but the
Q—cycle of the enzyme is disrupted, increasing the likelihood of electron slip occurring and partia]
reduction of O, (Lambert and Brand, 2009; Murphy, 2009). Therefore, although CIII can be induced
to produce high levels of ROS through antimycin A inhibition, under normal physiological conditions

the production of CllI-linked ROS is small (Murphy, 2009).

1.1.5.2  Cardiolipin and reactive oxygen species

Cardiolipin molecules are particularly susceptible to ROS-induced oxidation (Esterbauer, 1993). Firstly,
they are sensitive to ROS-induced oxidation due to the presence of a glycerol bridge between two dou-
ble bonds of CL fatty acids. Secondly, CL molecules are located near to ROS production sites in the

electron transport chain, namcly complcx I and (:omplcx I1T as discussed above (Feissner et al., 2009;
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Chen et al., 2003). Oxidative damage to CL may have deleterious effect on respiratory chain complex
activity and mitochondrial function. As discussed prcviousl}@ CL molecules are rcquircd for func-
tional activity of a number of inner mitochondrial membrane proteins, including respiratory chain

complexes involved in OXPHOS (Paradies et al., 2001; Petrosillo et al., 2001).

It has been theorised that free radical oxidation of CL likcly has a signiﬁcant impact on a wide
range of biological processes, such as apoptosis and mitochondrial function, potentially contributing
to a number of mitochondrial diseases, such as ageing and ncurodegeneration (Yin and Zhu, 2012;
Chicco and Sparagna, 2007; Schug and Gottlieb, 2009). Exactly how the respiratory complexes are
affected by CL oxidation is currently not understood, however, multiple studies indicate that perox-
idised CL is unable to support normal activity of the respiratory enzymes (Musatov, 2006; Paradies
et al., 2004, 2002). Furthermore, it has been shown the CL piays an important role in the stabilisation
of the supercomplexes (Zhang et al., 2002; Pfeiffer et al., 2003; Schigger, 2002), discussed in Section
1.1.1.2. It is also thought that when CL oxidation is increased, it may lead to an overall decrease in
the amount of CL overall (McLean et al., 1993). This could feasibly cause destabilisation of the super-
complexes, but there has yet to be any conclusive evidence of CL mediated supercomplex loss as of

ROS.

1.1.5.3 Antioxidant machinery

Within the mitochondrial environment, in normal conditions, ROS will not be accumulated, as they
are promptly scavenged by antioxidant machinery. Mitochondria employ many mechanisms to reduce
ROS, this section will introduction two of those processes, the first being the action of mitochondrial
antioxidant enzymes and the second, the 'mild uncoupling theory’ (Starkov, 1997). The capacity of

the mitochondrial antioxidant is finite, and once exhausted, ROS levels will progressively increase.

Mitochondrial antioxidant enzymes, such as SOD2, otherwise known as mangancsc—dcpcndcnt

superoxide dismutase (MnSOD), is exclusively found in the mitochondrial matrix (Murphy, 2009),
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rapidly convert superoxide anion to H,O,, referenced in Figure 1.8. HyO; is able to casily diffuse
across membranes, to be quickly reduced to water by mitochondrial and Cytoplasmic pcroxircdoxins,

catalases, and glutathione peroxidases (Murphy, 2009; Forkink et al., 2010).

A'strong correlation exists between the PMF and the production of ROS (Korshunov et al., 1997),
the ‘mild uncoupling’ theory (Starkov, 1997), suggests that a small decrease of AW, of about 10%, causes
a decrease in ROS formation by the ETC. Uncoupling of OXPHOS is akin to a “short circuiting” of
the system, allowing leak of protons from the IMS to the matrix, bypassing ATP synthase, and causing
a decrease in PME. It has been found that a small increase in AW can induce ROS formation, whereas,
slight decreases can significantly reduce ROS production (Mailloux and Harper, 2011). Therefore, it
was suggested that the 'mild uncoupling’ of mitochondria may occur as a first line of defence against
oxidative stress (Brand and Esteves, 2005). This is an interesting theory, when considering findings
that partial mitochondrial respiration impairment has been found to increase the lifespan of some

organisms, discussed in more detail in Section 1.2.2.2.

1.1.6  Respiratory supercomplexes

Supercomplex formation, and understanding the factors that govern their formation and stability are
important in relation to the investigations of this project. However, their very existence has been a
matter of debate, as theories of how the four electron transport chain proteins are organised within the
mitochondrial inner membrane have changed with time (Lobo-Jarne and Ugalde, 2018). A summary
of different organisations can be seen in Figure 1.9, split between the "fluid-state” and "solid-state”

model organisations, expanded on below.
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Fluid-State Model
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Figure 1.9: Schematic of electron transport chain compositions - original fluid state model, respira-
some of all three complexes and supercomplexes of combinations of either CLIII or CIILIV (Hacken-
brock et al., 1986; Schigger, 2002)
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1.1.6.1 Fluid-state and solid-state model

The initial theory, proposed by Hackenbroock (Hackenbrock et al., 1986), describes a fluid-state or
random collision model, where each component of the ETC are independent units and diffuse individ-
ually in the the IMM, shown in Figure 1.9, top panel. Electron transfer relies on random collision events
between the four complexes and two smaller electron carriers, coenzyme Qjo (CoQ) and cytochrome
¢ (Hackenbrock et al., 1986; Dudkina et al., 2010; Paradies et al., 2014). This model is supported by
the fact chat all of the individual ETC protein Complcxcs can be homogcnously puriﬁcd, and still be

found enzymatically active (Dudkina et al., 2010).

This theory was Challenged by Sch'zigger’s solid-state model (Schigger, 2002). which proposed that
interactions between the OXPHOS complexes are stabilised in higher order entities named supercom-
plexes, Figure 1.9 bottom panels. The organisation of CL:CIILCIV has been specifically labelled the
"respirasome” for Clarity going forward, as to distinguish it from other CLIIT and CILIV supercom-

plexes, however it is still under the class of a supercomplex.

1.1.6.2 Evidence supporting the solid-state model

Blue native gels

Evidence supporting the solid-state model and existence of supramolecular organisation of the
ETC exists from a wide range of experimental ﬁndings, including both functional and structural
studies. A well established method of resolving supercomplexes is by blue native polyacrylamide gel
clcctrophorcsis (]ha et al., 2016), furthermore, within the BN gc]s the activities of the supercomplcxes
can be shown by in—gel assays (Suthammarak et al., 2010, 2009; Jha et al., 2016). These in—gel assays,
combined with mass spectrometry techniques allows the composition of the blue native bands to be

conﬁdcntly identified and varying compositions of supcrcomplcxcs to be elucidated.
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Flux control analysis

Experiments investigating flux control distinguish between the two theories on the basis that in
the fluid-state model each individual enzyme would likely be deferentially rate-controlled, whereas
in the solid-state model, the whole respiratory pathway would behave as a single entity, therefore
inhibition of its components would generate the same flux control. This has been invcstigatcd for
NADH oxidation, looking at complexes of LIIT:IV and also for succinate oxidation, ILII1:IV in bovine
mitochondria (Bianchi et al., 2004) and ubiquinone and cytochrome ¢ in yeast (Boumans et al., 1998).
Both studies suggest the components of the OXPHOS metabolic pathway are working as combined
functional units, supporting supramolecular organisation, as opposed to them operating as discrete

entities.

Genetic experiments

Genetic experiments have shown that point mutations in genes encoding particular subunits of
one of the OXPHOS complexes, affects the stability of other Complexes in the system ((Lapuente—Brun
et al., 2013). More Speciﬁcally, research has shown in mouse and human cell cultured mitochondria
that when the mtDNA encoded CIIT gene cytochrome b is mutated, this leads to CIIT assembly being
impeded, and this goes on to cause a signiﬁcant reduction in the amount of CI (Acin-Pérez et al.,
2004). Conversely, if CI was removed, this did not influence CIII stability (Acin-Pérez et al., 2004).
Furthermore, work in mouse fibroblasts found that, in rapidly dividing cells, CIV is necessary for CI
assemb]y and stabi]ity (Diaz et al., 2006). These ﬁndings suggest inter—complex interactions may be

required for normal function for some of the respiratory complexes.

Electron microscopy structures

Developments in the field of electron microscopy (EM) have had a large influence on our un-
derstanding of mitochondrial supercomplexes. Low resolution structures provided some evidence of
supercompiex organisation, (Dudkina et al., 2005; Schifer et al., 2006; Heinemeyer et al., 2007). How-
ever, from 2016 a wave of high resolution structures of mitochondrial supercomplexes were published,
providing a deeper insight into the supramolecular entities, including phospholipid molecules medi-
ating complex organisation and potential interaction points (Wu et al., 2016; Gu et al., 2016; Letts

et al., 2016; Sousa et al., 2016; Guo et al., 2017).
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Matrix View

Figure 1.10: Structure of human respirasome - PDB structure 5XTH, purified from HEK293 cell line
(Guo et al.,, 2017). Complex I is shown in pink, complex IIT dimer in green and complex IV in blue.
Showing the arrangement of CIII sitting along the membrane arm of CI with CIV at the end of arm
of CI. The structure is consistent with other structures of the respirasome from porcine and ovine
mitochondria (Wu et al.,, 2016; Letts et al., 2016). Images created in PyMOL.

Supercomplex structures are now available from the mitochondria of human (Guo et al., 2017),
pig (Wu et al., 2016; Gu et al., 2016), cow (Sousa et al., 2016) and sheep (Letts et al., 2016). There has
been a high level of consistency between the structures, with the predominant form of supercomplex
organisation, the respirasome (CI;CIII,CIV}) being solved independently by multiple groups (Guo
ctal,, 2017; Wu et al,, 2016; Gu et al., 2016; Letts et al., 2016; Sousa et al., 2016). Additionally, structures

were solved for supercomplexes of varying stoichiometries; CI;CIII, (Letts et al., 2016), CIILCIV,
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(Rathore et al., 2019), and a megacomplex CI,CIII,CIV; albeit at 17.4 A, that had been previously
hypothesised when the respirasome was established. A potential supercomplex of CI,CII,CII,CIV,
deemed the electron transport chain supercomplex (ETCS), discussed briefly in Section 1.1.4.2, has
also been proposed but further investigation is needed to verify the speculative model (Guo et al,

2017). This would be the first structure to Verify complcx Il involvement in a supereompicx.

Interestingly, it has been found that cardiolipin is required for the formation and stability of some
supercomplexes (Zhang et al., 2002; Pfeiffer et al., 2003; Schigger, 2002). These findings, in conjunc-
tion with EM structures, allow the binding sites of lipids to be characterised within supercomplexes.
The importance of CL in the mitochondria inner membrane, particularly in relation to the organi-
sation of the respiratory complexes, is a rapidiy developing field. Structural data can can be used to
provide further mechanistic understanding of protein: CL interactions. The supercomplex structures
also shine light on conformational changes, with some groups finding a 'tight’ and "loose’ variation of

CI,CIILCIV; (Letts et al., 2016).

1.1.6.3  Potential roles of supercomplexes

Although providing a picthora of structural information, there is still limited quantiﬁabic evidence
of functional benefits of supercomplexes, measured as distinct entities as compared to respiration
through individual complexes. Furthermore, as supercomplexes are dynamic entities, the absolute
amount of any one species at any given time is very difficult to define. Supercompiex formation
has been linked to the assembly and stability of the individual components (Lobo-Jarne and Ugalde,
2018). Functiona]iy, it has been suggested that the supramolecular structure facilitates enhancement
of electron flow between complexes due to reduced distance between the electron carriers, ubiquinone
and cytochrome c, or due to substrate channelling between associated ETC complexes (Schagger, 2001;

Kiithlbrandt, 2015; Althoff et al., 2011).
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Supercomplex formation was suggested to be important in preventing excess oxygen radical for-
mation. A growing number of studies suggest that ROS levels are correlated with a decrease in super-
Complex assembly (Milenkovic et al., 2017; Acin-Pérez and Enrlquez, 2014; Maranzana et al., 2013).
It has been proposed that a decline in mitochondrial respiratory function with age is connected to a
decrease in the amount Ofsupcrcomplcxcs (Gémez and Hagen, 2012). In contrast with these ﬁndings,
but still linked to ROS production, it was found that in rat skeletal muscle the older animals had
the highest level of supercomplexes (Lombardi et al., 2009). It was theorised that this could perhaps
be due to a mechanism that enhances the catalytic activity of the respirasome, hy better channclling
of fuels and by preventing ROS generation (Lombardi et al., 2009; Kiithlbrandt, 2015; Alchoff et al.,

2011).

Until relatively recently the fluid-state model was the widely accepted model for ETC organisation
in the field of bioenergetics. However, a multitude of evidence now exists supporting the existence
ofhigher order structures, although some scepticism still exists around them having a physiological
function. A growing body of research is suggesting supercomplexes, or more specifically the loss of
them could be responsible for a range of pathological states (Milenkovic et al., 2017; Jang and Javadov,
2018; Porras and Bai, 2015). These discoveries are particularly interesting when analysing results in

this project, and although not fully characterised yet, it is a mechanism to keep in mind.

1.1.7  Assembly subunit of complex I NDUFA11

The focus of the project is a unique accessory subunit of complex I, NDUFA11, also known as B14.7.
Nuclear encoded with an acetylated N terminus and no detectable presequence, much of the research
pertaining to NDUFA11 was carried out before its structure was solved within Complex [in 2016 (Zhu
etal., 2016). The structure confirmed the hypothesised protein conformation of a four transmembrane
helix (TMH), the four-helix bundle is shown to sit roughly parallel with the TMHs in the middle of
the membrane arm of complex I, with a short N terminal helix and a C terminal loop region (Gu
et al., 2016), shown in Figure 1.9 (D). Further structural information, provided by the supercomplex

structures discussed in Section 1.1.6 (Wu et al., 2016; Gu et al., 2016; Letts et al., 2016; Guo et al., 2017),
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positions NDUFA11 at the interface between complex I and I11 in the respirasome, as shown in Figure
1.9 (B) of the human respirasome (Guo et al.,, 2017). Within the respirasome, NDUFAI1 is found wich
a CL lipid molecule bound between the THM ’pore like’ structure and the arm of complex I (Guo

et al., 2017; Wu et al., 2016).

Mammalian NDUFAI11 is homologous to complex I subunit 21.3b in Neurospora crassa and B14.7
in some plant species. Interestingly, NDUFAI1 is also homologous to mitochondrial import pro-
tein TIM17 and belongs to the TIMM17-TIMM22-TIMM23 mitochondrial protein translocase family,
shown previously in Figure 1.3 (E) (Zérsk}" and Dolezal, 2016; Stroud et al., 2016). Indications that
NDUFAI11 was an important subunit for complex I function came initially in 1992 when studies in
Neurospora crassa found that disruption of the protein resulted in incomplete assemb]y of Complex I
(Nehls et al., 1992). Further interest arose from the presence of a disease-causing mutation discussed
in Section 1.1.7.4, which, although the role of NDUFA11 was still not fully characterised provided fur-
ther evidence that it was important for complex I to function properly (Mimaki et al., 2012; Hoefs

et al., 2008).
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Figure 1.11: Complex I subunit NDUFAI1 in the human respirasome - Structure used is 5XTH (Guo
et al., 2017). Comp]ex I is shown in light pink, CIII2 in green and CIV in blue. NDUFA11 in hot pink,
CL in yellow. (A) shows a matrix view of the whole respirasome, (B) is a zoomed in view as indicated
by the boxed area in A with some of the helices surrounding NDUFA11 slabbed away. (C) membrane
view of the whole respirasome, rotated 90° and 180° to have the CI arm at the back of the image, (D
)is a zoomed in view as indicated by the boxed area in C. Images created in PyMOL.
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1.1.71  Relationship to the import machinery

The complexes of the mitochondrial electron transport chain and protein translocase machinery have
an interlinked relationship. To transport the nuclear-encoded proteins, which includes the majority of
OXPHOS subunits, across the inner mitochondrial membrane requires the PMF which is gcncratcd
by the respiratory complexes themselves (Dudek et al., 2013). Creating a symbiotic scenario where
the import machinery is integral in the biogenesis of the ETC, whilst the active assembled complexes
are fundamental for che functioning ofprotcin import machincry (Kulawiak et al., 2013). Moreover,
several other links have been made between the ETC and the translocase machinery, although the
exact roles the interactions perform is not well understood. In yeast a TIM23 complex subunit, Tim21
has been found to interact dircctly with complex III (Wiedemann et al., 2007; Dienhart and Stuar,

2008) and Tim proteins have also been found associated with complex 1.

The role NDUFA11 has in relation to this cooperative system is not currentiy well understood, but
is likely linked to its role as an assembly factor, which is explored in more detail in the next section.
In plants, an association between import subunit Tim23-2 and complex I subunit B14.7 (NDUFA11)
has been found (Wang et al., 2012). As mentioned previously, NDUFAT11 has been established that che
mammalian orthologue NDUFA11 belongs to the TIMM17-TIMM22-TIMM23 protein family (Z;irsk)'r
and Dolezal, 2016; Stroud et al., 2016), alongside a second complex I assembly factor, TIMMDC]I, that

beiongs in the same famiiy.

1.1.7.2 Role of NDUFA11 within complex |

It was established that NDUFALL is not a core subunit of complex I, and, as mentioned above, there
was evidence from experiments in Neurospora crassa that disruption of the NDUFA11 homologue causes
incompiete assembiy ofcompiex I (Nehls et al., 1992), categorising NDUFAT1 relativeiy early on as a
supernumerary or assembly subunit of complex I. The assembly of CI is thought to happen in a series
of sub-complexes, or modules, that come together, however the mechanism by which NDUFA11 works

within chis system to facilitate compiex 1 assembly is not understood. Some studies have found that
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NDUFAT11 was not able to be defiitively associated with a particular assembly module and instead
it was suggcstcd it may reside at module interfaces (Stroud et al., 2016). Likewise, in pulsc—chasc
experiments following the steps of assembly for sub-complexes, NDUFA11 was the only subunit unable
to be allocated to a stage of assembly and it was stated that it remained unclear at which step it is

inserted (Sanchez-Caballero et al., 2016).

Further support of NDUFAI11s role as an assembly factor is found from experiments in human
cell line 143B, which found that suppressed expression of NDUFAI11 disrupted complex I assembly,
with the amount of intact complex I being significantly reduced and sub-complexes of 815 and 550
kDa accumulating (Andrews et al., 2013). Further investigation of the suppression found that com-
plex I-linked cellular OXygen consumption was reduced hy two-thirds and the mitochondrial network
became fragmented. This evidence led the author to suggest that NDUFA11 has the characteristics
of an intrinsic assembly factor and that it was required for the assembly and/or potentially the struc-
tural integrity of complex I and that NDUFAL1, aiong with other assembly factors participates in the
construction of the membrane arm of CI. Furthermore, the association of NDUFA11 with the TIM17
family of import proteins could suggest a potential role for the subunit inserting hydrophobic proteins

into the compicx [ membrane arm (Andrews et al., 2013).

The notion that NDUFAT1 could perform a stabilisation role, as well as, or instead of; a role in
complex assembly also has evidence to support the idea. Some authors have hypothesised that the
subunit has a role anchoring the peripheral arm to the inner membrane (Berger et al., 2008) and
that the four TMHs of NDUFAI11 support other subunits of complex I and anchor them each other
(Zhu et al., 2016). Furthermore, a recent study in 2017 found that NDUFA11 was added to compiex 1
in the final step of asscmhiy, which the authors described as forming a’lid’ covering the TMH which
anchors the lateral helix of subunit ND5, concluding that NDUFAT11 binds only when others assembly
factors have left with the function to stabilise the complex (Guerrero-Castillo et al., 2017). Figure 1.10
highlights the complex I subunits NDUFAI11 is in contact with, highlighting and the 'lid’ formed
across the helix of ND5 in the middle panel and showing the C terminus in contact with ND2, ND4

and NDUFB5 on IMS facing side of the membrane arm in the black box in the bottom panel.
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Figure 1.12: NDUFAI11 contacts in complex I - Structure used is 5XTH (Guo et al., 2017). Top panel:
Complex I is shown in white with highlighted subunits NDUFAT11 in hot pink, ND5 in marine, ND2
in orange, ND4 in cyan and NDUFB2 in forest green. Middle panel: Membrane arm of complex I
only, highlighting only NDUFAI11 (hot pink) and ND5 (marine), illustrating the contact NDUFA11
makes across the lateral helix of ND5. Bottom panel: Illustrating the C terminal region of NDUFA11
(hot pink) making contact with ND2 (orange), ND4 (cyan) and NDUFB2 (forest green). The region
is surrounded by a black box. Images created in PyMOL.
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In addition to the conjecture that the binding placement of NDUFAI1 and the timing of the
subunit joining the complcx supports a stabilisation function for the protein, the fact that NDUFA11
interacts with a CL molecule should also be taken into consideration. It is generally acknowledged that
CL plays a role in stabilisation with integral membrane proteins (such as complex I) (Mileykovskaya
and Dowhan, 2014) and more spcciﬁcally a central role in the formation and stability of supercom-
plexes (Mileykovskaya and Dowhan, 2014). This is supported by research in mammalian cells where
the authors concluded there was evidence that confirmed CL has a direct role in the supramolecular

organisation of the mitochondrial ETC (Milcykovskaya and Dowhan, 2014).

1.1.7.3  Structural position in the respirasome

As advances in cryo-EM have facilitated multiple high resolution structures of the respiratory com-
plexes, this has simultancously provided more structural information in regards to NDUFAI1L. This
providcs particular value within the supercomplcx secting, as it may elicit potcntial functions of ND-
UFAT11 that are not possible to observe from a stand alone complex I structure, if in fact the role of
NDUFAT11 is linked to supercomplex formation. Across all architectures of the respirasome, which
were discussed in more detail in Section 1.1.5, there is rcportcd consistency between the position
and interactions of NDUFA11 which adds support for the protein playing a functional role in the

supramolecular organisation of the ETC.
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Membrane View

Figure 1.13: NDUFAI11 interaction with complex I1I - Structure used is 5XTH (Guo et al., 2017). Top
panel: Complex I is shown in light pink, CIII2 in green and CIV in blue. NDUFAT11 in hot pink, CLin
yellow. Middle panel: Exploring the interaction between CI subunit NDUFAT11 (hot pink) and CIII
subunits UQCRB and UQCRQ (green) in cartoon representation. Bottom panel: same orientation
as the middle but representing the subunits of interest in the surface view to show potential points of
contact between the two. Images created in PyMOL.
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Interactions between NDUFA11 and CIIT subunits UQCRB and UQCRQ can be seen in Fig-
ure 1.13. All analyses in response to the respirasome structures make reference to NDUFAIL in the
membrane arm of complex [ interacting directly with subunits in complex III, with these interactions
being one of nine sites that contribute to the oligomerization of the two complexes (Wu et al., 2016;
Gu et al,, 2016; Letts et al., 2016; Sousa et al., 2016; Guo et al., 2017), furthermore some authors go as
far to say that NDUFAT11 clearly plays a major role in the formation and stability of the respirasome

(Sousa et al., 2016).

As previously mentioned in relation to the function of NDUFA11 within CI, it has been estab-
lished that regions of the protein interact with other subunits of CI, namely the HL helix, ND2, ND4
and ND5. When looking within the setting of the respirasome, NDUFA11 also faces the transmem-
brane region of one monomer of CIII, coming into contact with subunits UQCRB and UQCRQ of
CII (Gu et al., 2016; Letts et al., 2016; Guo et al., 2017). One author suggests that NDUFA11 con-
tributions to CI: CIII stabilisation could be mediated by a combination of direct protein-protein
interactions and phospholipid molecule interactions (Wu et al., 2016), specific interactions between
NDUFAT11 and CL are explored in more detail in section 4.10. Taking into account information from
Section 1.1.1.2 on CL and the role it plays in membranes it could play a stabilisation role in the respi-

rasome, potentially mediated by interactions with NDUFAT11.

1.1.7.4 NDUFAT11 in disease

Impaired cellular respiration can be catastrophic, clinically manifesting in the form of Leigh syn-
drome, neonatal lactic acidosis, and disorders in the cardiac, renal and hepatic systems. As discussed
in Section 1.1.4.1, complex I deficiency is the most common respiratory chain defect, accounting for
one third of patients with dysfunctional respiration (Kirby et al., 1999), it also displays an extensive
range of defects and clinical heterogeneity due to the size and complexity of the complex (Haack
et al., 2012). Of the patients that have complex I deﬁciency, only 20% were found to have mutations
in mtDNA encoded genes, suggesting that the majority of deficiencies are caused by mutations in

nuclear encoded subunits (Lebon et al., 2003; McFarland et al., 2004).
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NDUFAI11 has been found to have two disease variants, with the most recent discovery only pub-
lished in 2019 (Peverelli et al., 2019). The two disease variants are gcnctically distinct from each other

and manifest with different clinical presentations.

NDUFATI1 splice variant

The original NDUFAT11 disease variant was detailed by (Berger et al., 2008) and all information
presented in this section pertains to this publication. Six patients from three unrelated families were
discovered to each hold a splice—site mutation in the NDUFAT11 gene, discovered after they presentcd
with either encephalocardiomyopathy or fatal infantile lactic acidemia within the first few months of
their lives, which was atcributed to a complex I deficiency. NDUFAI11 is the first complex I deficiency

gene mutant to be associated with fatal infantile lactic acidemia.

The single mutation in NDUFA11 disrupts the splicing efficiency at the exon 1 junction, leading
to the expression of two variants of NDUFA1L, a wild-type and mutant version, with the mutant
version prcdictcd to cause the elimination of the first transmembrane domain of the protein. When
analysing patient fibroblasts a ratio of 2:1 wild-type to mutant transcripts was found, suggesting the
mutant/wi]d—type ratio dictates the phenotype, which varies across respective tissues. All six patients
were found to be homozygous for the mutation, with immediate members of the families found to be
heterozygote carriers of the mutation, but displaying no symptoms. Among a control sample of 52

ethnicity—matched subjects, no carriers of the mutation were detected.

As well as Clinically present symptoms, enzymatic activities of the four ETC complexes and ATP
synthase were determined from patient samples. Activity of complex I was reduced in all cases,
whereas the activities of the other OXPHOS complexes were within the reference range. The au-
thors hypothesised that the gene mutation, which caused a heterogeneous population of NDUFA11
(wild-type and mutant), ultimately led to a complex I deficiency disease state due to destabilisation

ofcomplcx L.
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NDUFAI11 missense variant

The second disease variant of NDUFAL11, found over ten years after the discovcry of the splice
mutant described previously, was uncovered in a patient who first presented symptoms at 65 years old
and was found to be a compound heterozygote for two novel and rare variants of NDUFA11 (Peverelli

et al., 2019).

A genetic screen led to the identification of two gene mutations in NDUFAL11, with the two vari-
ants being on different alleles. Furthermore, the two variants were only present in the alternative iso-
form 2 of NDUFAL11, with the production of isoform 1 unimpaired. The patient displayed a late onset
mild neuromuscular phenotype, with a reduction in muscle complex I activity. This clinical manifes-
tation may be explained by the genotype and overall dominance of NDUFAT11 isoform one, explaining
the mildness of the symptoms compared to the splice mutant where severe symptoms presented from
a young age. Moreover, the muscle specific symptoms of the patient may be due to potential predom-

inant expression of isoform 2 in skeletal muscle tissue.

The discovery of a second NDUFA11 mutant furthers the understanding of the clinical phenotype
associated with NDUFAI11 deficiency. The emergence of multiple disease variants of NDUFA11 and an
undcrstanding of the potcntially severe implications it can have on the overall health of a person makes
it an important respiratory subunit to investigate. Combining the knowledge of NDUFA11s potential
to cause a disease state, along with academic structural and biochemical information available in
relation to supcrcompicx asscmbly and respiration activity means that furcher investigation into the
subunit could elucidate an explanation of the role NDUFAI11 plays within the ETC, and provide a

deeper understanding of how loss of the subunit manifests clinically.
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1.2 Caenorhabditis elegans

Caenorhabditis elegans (C. elegans) is a species of free-living nematodes, established in the 1960s as a
genetic model organism for understanding questions surrounding developmental biology and neuro-
biology by Sydncy Brenner (Brenner, 1974). Thcy have gone on to become an important organism in

studying processes that go awry in human disease (Markaki and Tavernarakis, 2010).

1.21 C. elegans as a model organism

C. elegans has many attributes that make them an excellent model organism. These features include; a
small size with an adult nematode reaching ~1 mm in length, meaning that a large number of animals
can be cultivated in a small space. Thcy have a short life cyclc, living on average three weeks but
produce a high brood count of roughly 300 progeny. They have a transparent anatomy, so individual

components and cells of the animal can easily be visualised under a light microscope (Shen et al., 2018).

The whole C. elegans genome was sequenced in 1998 (C. elegans Sequencing Consortium, 1998),
at just over 100 million base pairs. Among the available C. elegans protein sequences (18,452), it has
been suggested that at least 83% of the C. elegans proteome has a homologous human counterpart and
nematode-specific genes contributing only 11% or less to the C. elegans proteome (Lai et al., 2000). In
addition, approximately 40% of genes associated with human discase showing homologues in the C.
elegans genome (Culetto and Sattelle, 2000), making them a suitable model organism for the study of
human diseases and ageing. Genetic manipulation has been key in their use as a model organism, with
both forward and reverse genetics utilised to address biological problems. Despite a well annotated
genome, a number of the genes remain uncharacterised, due to low sequence homology and lack of

functional evidence.
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1.2.1.1  Animal development

One advantage of C. elegans is their short development time, as it allows rapid evaluation of genetic
manipulation. The life cycle, Figure 1.14, shows the four larval stages (L1-L4) of development, before
the animal enters adulthood after about 2.5 days when grown at 20°C. The average lifespan of an N2
strain animal grown on non-pathogenic E. coli OP50 is 3 weeks, with lifespan being influenced by
environmental and genetic factors (Riddle et al., 1997). Each development stage has defining features

that allow the current growth stage to be distinguishcd (Shen et al., 2018).

If environmental factors such as population density, food supply and temperature are not favourable
for che organism, a late L1 stage developmental decision to enter dauer arrest stage is taken. Animals
in dauer stage undergo morphological changes, such as a dauer-specific cuticle, lack of pharyngeal
pumping and a thinner, longer appearance (Golden and Riddle, 1984). They can exist for up to four
months, and if environmental factors become more favourable then the animals will continue devel-
opment from the L4 stage, as shown in Figure 1.14 (Cassada and Russell, 1975). It is also possible for

C. elegans larvae to reversibly arrest development during the first larval stage (L1) (Baugh, 2013).
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Reproductive
Adult \

Figure 1.14: Life cycle of C. elegans - schematic representation of the life cycle of C. elegans, including the
four larval stages (L1-L4) into a reproductively capable adult. The hours indicated in blue represent
the average time it takes for an animal to develop from one stage to the next, when grown at 20°C. The
developmental decision to enter dauer stage occurs in late L1 stage, it is influenced by environmental
parameters such as population density, food supply and temperature (Cassada and Russell, 1975)

C. elegans undergo a metabolic shift, between larval stages L1 and L2. Embryos and L1 larvae
generate cellular energy using the glyoxylate cycle, a variation of the TCA cycle, it is an anabolic
pathway that is generally assumed to be absent in animals, with the exception of nematodes in the
carly stages of development (Kondrashov et al.,, 2006; Wadsworth and Riddle, 1989). As C. elegans
reach later stages of development, L2 and onwards, energy production shifts to occur preferentially
through the TCA cycie, with a corresponding relative increase in TCA cycie activity (Wadsworth and
Riddle, 1989). Discussed later in Section 1.2.2, this is an important feature to consider, as L2 arrest
has previously been described as a phenotype in mitochondrial defective animals (Navarro-Gonzalez
et al., 2017), and is seen in RNAi animals investigated in this project. A phenotype likely due to the
animals not having the functional respiratory machinery to produce sufficient cellular energy when

the metabolic shift occurs.
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1.2.1.2  Anatomy

An adult hermaphrodite C. elegans contains only 959 somatic cells and has a simple anatomy, with the
structure of the animal essentially comprises a tube with two smaller tubes contained inside. The outer
layer, the cuticle, is formed by an extracellular matrix composed for the most part of small, extensively
crosslinked collagen-like proteins (Johnstone, 1994) forming a tough outer covering. Inside the walls
of the cuticle, lies the first of the inner tubes containing the pharynx, intestine and reccum, making

up the digcstivc tract of the worm (Kormish et al., 2010).

The second inner component is the reproductive system, which in a adult worm takes up a large
majority ofits volume. The system can be divided into three major parts; the somatic gonad and germ
line which together form two symmetrical U—shaped arms that join to the third part, the egg—laying

apparatus (Hubbard and Greenstein, 2000).
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Figure 1.15: Representative image of an adult C. elegans - representative brightfield image of an N2
strain adult C. elegans animal taken through a (A) 20x glycerol immersion objective of whole worm,
(B) 63x glycerol immersion objective focussing on one arm of the gonad. Two different worms feature
in A and B, with the dashed line in A representing the general area shown in B. (A1) appears next
to the pharynx, (A2), the digestive tract, (A3) the vulva, (B4) the proximal gonad, showing germ line
cells (B5) the distal gonad, showing developing oocytes, the spermatheca and embryos.

Figure 1.15 (A1) shows the pharynx, a highly active muscular structure, it is a mitochondrial rich
area to facilitate a persistent pumping mechanism. The digestive tract can be seen close to (A2),
appearing as a comparatively darker tract running the length of the animal and (A3) highlights the

vulva, where the two arms of the gonad meet and from which fertilised embryos are laid as eggs. The
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dashed line in (A) highlights one arm of the gonad, shown at a higher resolution in (B). Germ line cells
can be seen in the distal gonad (B4), round to oocytes on the top of the arm in the promixal gonad

(B5), followed by the spermatheca and fertilised embryos (Pazdernik and Schedl, 2013).

1.2.1.3 Genetics

C. elegans exist as either hermaphrodites or males, with hermaphrodites having the ability to either self-
rcproduce through internal self-fertilisation using their own sperm, features of which discussed above,
or they can outcross with males. This means that growing isogenic populations from hermaphrodites
is very straight forward, and in addition makes C. elegans a favourable organism for carrying out genetic
screens. When rcquired, matings with males can be used to obtain genetic crosses (Bahrami and Zhang,
2013). Males are found at low frequencies, about 0.1%, compared to hermaphrodites (Brenner, 1974).

However, this number increases when if the progeny are from a male hermaphrodite mating.

122 C. elegans as a tool for mitochondrial research

C. elegans provide a multi-cellular, genetically tractable organism to study the mitochondrial respira-
tory chain, allowing analysis of mitochondria dysfunction on a whole animal and biochemical level.
Other model organism systems have cither been found to be unsuitable, or do not provide as advan-
tageous system as C. elegans. Bacterial systems, such as E. coli do not contain mitochondria. In yeast,
S. cerevisiae, the mitochondria do not have complcx I. Human cell culture clcarly providcs the most
direct way to study human genes, however, observations found often have limited application on a
single cell system. On the other hand, a mouse model M. musculus, although evolutionary closer to
humans and able to providc whole animal physiology, genetic manipulation is expensive and time
consuming. Overall, C. elegans provides a balance between organismal complexity, able to provide a
wide range of biological data, and ease of experimental workability, as they can be easily genetically

manipulatcd on a largc scale of animals.
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1221 Homology to the mammalian system

In addition to the general advantages of using C. elegans as a model organism, they share a significantly
high percentage of homologous proteins with the mammalian ETC, specifically 84% in complex I (Falk
et al., 2009), including all 14 core subunits. Using Wormbase, which provides information concerning
the genetics, genomics and biology of C. elegans, and a protein abundance database, PaxDb (Wang et al.,
2012), the current standings of C. elegans homologues of human mammalian proteins was established,

summarised in Table 1.2.

ETC complex | Number of mammalian subunits | Number of homologous C. elegans subunits
Complex I 44 37

Complex I1 4 4

Complex II1 11 11

Complex IV 19 10

ATP synthase 20 13

Table 1.2: Mammalian OXPHOS subunits and C. elegans homologues - Each electron transport chain
Complex and ATP synthase detailed by the number of mammalian subunits, as determined by the
National Human Genome Research Institute. Accompanied by the number of homologous subunits
that are found in C. elegans, as determined by Wormbase and PaxDb (Wang et al., 2012). For this table,
C. elegans protein B0491.5 has not been included as a homologue, as it is not yet recorded as such on
C. elegans databases, although its homology to complex I NDUFA11 is outlined in this project.

It can be seen from Table 1.2 that C. elegans provides a highiy homologous system to investigate
the mitochondrial OXPHOS machinery. Many of the intermediary pathways of metabolism, such
as the Krebs cycle, which has homologous proteins for every enzyme, are also conserved in C. ele-
gans (O'Riordan and Burnell, 1989). Furthermore, within the respirasome (CI;CIILCLV)), sequence
alignments of the binding motifs ofproteins at the CL CIII contact site, NDUFA11, NDUFB9 and

UQCRCI, mentioned previously in Section 1.1.7.3, are highly conserved across species. This indicates
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that the organisation of the ETC is likely to be highly conserved, and investigations in C. elegans may

be able to elucidate undcrstanding of the mammalian system (Gu et al., 2016).

1.2.2.2  Mitochondrial studies in C. elegans

C. elegans have already been established as a model organism to investigate a wide range of mito-
chondrial processes, particularly human mitochondrial-associated diseases. Studies have looked at
ageing (Harman, 1972; Miquel et al., 1980; Kenyon, 2010), lifespan extension, (Van Raamsdonk et al.,
2010; Butler et al., 2010; Dingley et al., 2010; Cho et al., 2011; Rea et al., 2007) and neurodegeneration

(Maglioni and Ventura, 2016; Lin and Beal, 2006; Cho et al., 2010).

Ageing

The first mitochondrial theory of ageing was proposed by Denham Harman (Harman, 1972), sug-
gesting that a maximum life span of a given mammalian species is largely influenced by the rate of
oxygen consumption, linked to the rate of accumulation of mitochondrial damage produced by ROS,
which ultimately causes death. This theory was reformulated (Miquel et al., 1980), presenting the “oxy-
gen radical-mitochondrial injury hypothesis of ageing” which implieates mitochondria as the central
target of radicals damage. Itis suggested that murtations which disturb mitochondrial function could
impact ageing, either by affecting the production of ROS or the antioxidant machinery that scavenges
it. Furthermore, as the mtDNA is in close proximity to sources of ROS, this leaves it particularly vul-

nerable to ROS-mediated mutations (Maglioni and Ventura, 2016).

Lifespan extension
Despite mitochondria being essential elements of the cell, carrying out the critical function of
OXPHOS, it has surprisingly been shown that partial mitochondrial respiration impairment has been

shown to promote longevity in some organisms. Studies carried out in yeast, C. elegans, Drosophila
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and mice have all shown increases in lifespan, with authors suggesting that diminished mitochondrial
respiration, uitirnatciy leads to a lower production of ROS which may be rcsponsibic for the extension
of lifespan (Van Raamsdonk et al., 2010; Butler et al., 2010; Dingley et al., 2010; Cho et al., 2011; Rea

et al,, 2007, Hwang et al., 2012; Rea et al., 2007).

These findings suggest a lifcspan extension is found with mild respiration impairment. Consid-
ering the studies above, that suggest age related decline may be attributed to ROS mediated damage,
along with previous findings, discussed in Section 1.1.5.3, which suggests a 'mild uncoupling’ can de-
crease ROS production, through reducing the membrane potentiai. This may suggest that the mild
impairment of respiration discussed in this section, leads to a reduction in membrane potential, which
in turn reduces ROS production and, as ROS has been attributed to aging, this reduction causes the

lifespan extension.
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13 Hypothesis and aims of the project

The existence of mitochondrial respiratory supramolecular structures has been reviewed in the intro-
duction. The most extensively analysed mitochondrial supramolecular structure is the respirasome,
which is composed of CI; CIII,CIV;. Evidence supporting the composition of supercomplexes is based
on structural data, which shows subunit conservation across multiple species. However, little is un-
derstood with certainty about the functional role of supercomplexes. It has been proposed that inter-
complex interactions may be required to support the normal function of some respiratory complexes.
Disruption within one of the complexes could further lead to the disruption of the larger respirasome
supercomplex. A number of discase states are associated with the disruption of individual complexes,
most commonly, complex I deficiency, which presents as a range of symptoms caused by leukodystro-
phy. It remains to be resolved whether a decrease in the activity of complex I alone is responsible for
these symptoms, or whether disruption of supercomplex assembly is of greater significance in causing

disease.

This project investigates how an integral accessory subunit of complex I, NDUFAL11, affects mito-
chondrial complex I activity and supercomplex assembly. NDUFA11 has been proposed to participate
in either the assembly or stabilisation ofcomplex L. A reduction in NDUFA11 activity has been shown
to decrease the amount of intact complex I, which results in a complex I deficiency discase state, as
described in Sections 1.1.4.1 and 1.1.7.4. Wicthin the respirasome structure, NDUFAT1 makes contact
with CIII subunits, suggesting a stabilisation role. To better understand how NDUFA11 might con-
trol and regulate mitochondrial function, I sought to analyse its activity in the genetically tractable

modcl organism C. Cng&lTLS.

Aim 1: To identify the C. elegans homologue of NDUFAL11, allowing investigation of NDUFAI11 in
a genetically tractable model organism system with strong homology to the mammalian system, able
to facilitate analyscs on a whole animal and biochemical level. This aim is addressed in first results
chapter, which provides bioinformatic data, supported by protecomic and computational evidence, of

the homologous relationship.
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Aim 2: To explore how a reduction in the activity of the C. elegans NDUFA11 homologue affects
whole organism physiology. To address the second aim, the second results chapter utilises the C.
elegans genetic toolkit, to explore partial and full loss of of the NDUFA11 homologue. Characterising

the impact on organism lifespan, reproductive capabilities and developmental changes.

Aim 3: To confirm the existence of, and to characterise the composition of C. elegans mitochondrial
respiratory complexes and supercomplexes. To understand the wild-type organisation of the respira-
tory chain, to be able to identify changes that occur with reduction of the NDUFAT11 hornoioguei The
first results chapter addresses this aim, using native protein separation techniques to establish the
organisation of the respiratory complexes, including the existence of supercomplexes in wild type C.

elegans mitochondria.

Aim 4: To examine how a reduction in the activity of the C. elegans NDUFA11 homologue affects
mitochondrial organisation and function. This aim is addressed in both the second and third results
chaptersi Changcs in the respiratory complcx organisation are looked at with native protein separa-
tion, followed by proteome wide analysis of changes in protein expression. To understand how res-
piratory complex organisation influences mitochondrial physiology, oxygen consumption, membrane
potcntiai and ROS production assays were carried out. To cxp]orc the subscqucnt effect on mito-
chondrial morphoiogy, in networks and on internal structure, imaging with mitochondriaily targeted

GFP, as well as electron microscopy techniques.

Underpinning all the results were techniques used to carry out the investigations. The technical
developments chapter, presented first, outlines optimisation of the isolation of C. elegans mitochon-
dria, crucial for all biochemical analysis. The chapter also covers development of RNAi techniques
utilised in results chapters two and three, as the method of investigating loss of respiratory subunit.
The final technique developed was BN PAGE, used to investigate complex organisation in results

chapters one ﬁl’ld two.
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Materials and Methods

2.1 Strains and plasmids

C. elegans strain Bristol N2 were used as the standard wild-type strain, from our laboratory collec-
tion. Transgenic strain SJ4103 (zcls14 [myo-3:GFP(mit)]) carries a mitochondrially targetted GFP,
under the control of a myo-3 muscle promoter (used in Section 6.3, Figure 6.4). Transgenic strain
CGC43 unc-4(e120)/mnCI [dpy-10(c128) unc-52(c444) umnls32] II, used for balancing the CRISPR
b0491.5 knockout strain (used in Section 5.2.3). Both S$J4103 and CGC43 strains were provided by
the Caenorhabditis Genetics Center (CGC) (Univcrsity of Minnesota). CRISPR strain Ab0491.5 was
made by Patty Kuwabara, used for this project from our laboratory collection (used in Section 5.2,

Figures 5.1-5.5).

Bacterial strains used in worm maintenance and culturing included, E. coli strain OP50, used when
culturing animals on NGM plate. OP50 is a uracil auxotroph, and NGM media is uracil-limited,
preventing the bacterial lawn from overgrowing. The prototroph E. coli strain NA22 was used when
growing worms in liquid culture. For RNAi experiments (used in Section 5.3 and then throughout),

E. coli strain HT115 was used. All strains were from our laboratory collection.
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2.2  Antibodies

The following antibodies were purchased from Abcam (Cambridge, United Kingdom). Complex I,
anti-NDUFS3 antibody [17D95] (ab14711) and ATP synthase, anti-ATP5A antibody [15H4C4] (ab14748),
used at a dilution of 1:1000. A custom antibody to B0491.5 was purchased from Cambridge Research
Biochemicals (Billingham, United Kingdom), raised against a peptide from the N-terminal region of

the protein sequence, used at a dilution of 1:500.

Fluorescent secondary antibodies (anti-mouse and anti-rabbit) were purchased from ThermoFisher
Scientific (Waltham, Massachusetts, United States. HRP conjugated secondary antibodies (anti-mouse
and anti-rabbit) were from our laboratory collection. All secondaries were used at a dilution of 1:10

000.

2.3 Chemicals and detergents

Digitonin was purchased from Millipore Sigma (Burlington, Massachusetts, United States) and Tri-
ton X-100 from Sigma-Aldrich (St. Louis, Missouri, United States). Gels for SDS-PAGE, BN-PAGE
and 2D-PAGE were pre-cast, and purchased from ThermoFisher Scientific (Waltham, Massachusetts,
United States), as were all of the equipment and reagents for immunoblotting. Unless otherwise stated

all reagents were purchased from ThermoFisher Scientific (Waltham, Massachusetts, United States).

2.4 C. elegans methods

241 C. elegans maintenance

C. elegans were cultured at 20°C, maintained by C. elegans methods previously described (Brenner,
1974), on 60 mm tissue culture plates. Worms were grown on NGM plates (Appendix 1) seeded with
E. coli OP50 as a food source. The plates were seceded with OP50 bacteria, then incubated overnight

at 37°C (stationary). Plates stored at 4°C until use.
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C. elegans stocks were maintained by either transferring ~ten gravid adults to a fresh OP50 NGM
plate, or, by chunking a section of agar and placing it onto a new OP50 NGM plate, allowing the
worms to crawl out onto the fresh lawn of E. coli. When required, worms were transferred using a

worm pick, a thin platinum wire fused to a glass Pasteur pipette.

242 Liquid culture

C. elegans were cultured in liquid medium when large quantities were required, rather than on plates
as previously described in Section 2.5.1. Within this project, liquid culture preparations were used
when growing gravid adults for bleaching to obtain a large number of synchronised L1 animals, and

for growing adults for mitochondrial isolation.

For every 0.5 L of C. clcgans liquid culture, a 1 L preparation of NA22 E. coli bacteria was grown
as a food source. 1 L of 2xYT (Appendix I) was inoculated with 1 mL of NA22 bacteria and grown in
2 L Erlenmeyer flask overnight at 37°C. Centrifuge pots were sterilised with a 20 minute incubation
with 1:49 diluted bleach, followed hy thorough Washing with ultrapure water. The NA22 bacteria was
centrifuged at 4000 rpm for 15 minutes to pellet, and the supernatent discarded, the pellet was then

re-suspended in S-basal complete medium (Appendix I).

Worms were grown on NGM plates so that all bacteria had been depleted and a semi-synchronised
population of L1 worms populated the plate, requiring five NGM plates per 0.5 L liquid culture.
Worms were harvested from the platcs using M9 (Appcndix I) and added to the culture of NA22
bacteria and S-basal complete medium. Cultures were incubated at 20°C, 200 rpm for three days to

achieve adults.

To harvest the worms, the liquid culture was transferred to a measuring cylindcr and incubated
at 4°C for one hour. The worms sank to the bottom of the cylinder, and the medium was aspirated.
The last 100 mL, so to not risk aspirating the worms, was poured into two 50 mL Falcon tubes and

ccntrifugcd at 1200 rpm for 2 minutes. The remaining medium was then aspirated off, followed by
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washing the worm pellet with M9 media, 3x. &5 mL of adult worms was obtained from a 0.5 L liquid

cuiturc.

2.43 RNA interference

The RNA interference (RNAI) technique used throughout this project was RNAi by feeding (Tim-
mons and Fire, 1998). The RNAI clone for b0491.5 was obtained from our laboratory collection, orig-
inally from the Ahringer C. elegans RNA feeding library purchased from Source Bioscience (Not-
tingham, United Kingdom). E. coli strain HT115 (DE3), which is RNase III-deficient and carries an
IPTG-inducible T7-polymerase was used, either transformed with the L4440 vector containing the

b0491.5 clone, or transformed with the “empty” L4440 RNAi vector, as a control.

2.44 RNA:i feeding on NGM plates

For delivering RNAi on NGM plates, as used in Section 5.3 Figures 5.6-5.8, for characterising b0491.5
RNAI. LB media supplemented with ampicillin (100 pg/mL) (Appendix I) + tetracycline (12 p1g/mL)
(Appendix 1) was inoculated with a single colony of HT115 bacteria and grown at 37°C overnight.
NGM plates containing ampicillin (100 pg/mL) and IPTG (0.4 mM) (Appendix I) were then incu-
bated overnight at room temperature, during which time the double-stranded RNA would be ex-

prcsscd.

Eggs were harvested from N2 OP50 fed worms by bleaching (see Section 2.4.6) and allowed to
hatch overnight in M9 medium (in the absence of food). The synchronised L1 larvae were then trans-
ferred to the NGM plates expressing double-stranded RNA, and grown to adulthood, to be used as
required. If plates became contaminated, worms would need to be transferred to fresh NGM RNAi

piates.
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2441 RNA:i feeding in large scale liquid culture

To RNAI suppress large volumes of worms, as required for mitochondrial isolation, it was necessary
to use the medium of liquid culture to deliver the HT115 RNA bacteria for feeding. This technique
was developed in Section 3.3, and for a schematic overview see Figure 3.6. The protocol spanned
nine days for the b0491.5(RNAi) condition, and eight days for the control, detailed here is the method
used to culture both conditions side by side, in preparation for isolating the mitochondria from both

conditions on the same day.

Day 1: A 0.5 L liquid culture of N2 worms fed on NA22 bacteria was set up (see Section 2.4.2).
Day 2: A second 0.5 L liquid culture of N2 worms fed on NA22 bacteria was set up (see Section
2.4.2). Day 4: Gravid adult worms were harvested from the Day 1 culture, and subjected to alkaline
hypochlorite treatment (see Section 2.4.6). The eggs were allowed to hatch overnight in M9. Pre-
cultures of b0491.5(RNAi) bacteria were set up by inoculating 2x 250 mL of LB media wich a single
colony of HT115 b0491.5(RNAi), incubated overnight at 37°C, 180 rpm. Day 5 (part 1): Gravid adult
worms were harvested from the Day 2 culture, and treated as in Day 4. Pre-cultures of empty vector

control RNAI bacteria were set up as per the cultures in Day 4.

Day 5 (part 2): 4 L of 2xYT media, supplemented with ampicillin (100 p1g/mL) is inoculated with
the b0491.5(RNAi) pre-cultures from Day 4. The cultures are grown at 37°C until to ODggg 0.4, then
induced with 0.4 mM IPTG and incubated for a further 2 hours. Centrifuge pots were sterilised with
a 20 minute incubation with 1:49 diluted bleach, followed by thorough washing with ultrapure water.
Bacteria was harvested by centrifugation at 5000 rpm for 20 minutes at 4°C. The supernatent was
discarded, and the pclict rc—suspcndcd in S-basal complctc medium, supplcmcntcd with ampicillin
(100 pg/mL) and IPTG (0.4 mM). The eggs from Day 4 are now starved L1 larvae, which are roughly
counted at &1 million are added to the medium in a 5 L Erlenmeyer flask. Worms are incubated at

20°C, 200 rpm, for four days.

Day 6: 4 L of 2xYT media, supplemented with ampicillin (100 pg/mL) is inoculated with control

RNAIi pre—cuitures from Day 5 and treated as per Day 5 (part 2). The eggs from Day 5 (part 1) are now
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starved L1 larvae, and cultures are set up as per Day 5 (part 2), and grown for three days. Day 9: Both

cultures are rcady for mitochondrial isolation.

245 Worm matings

As detailed in Section 5.2, including a schematic overview in Figure 5.3, it was required to balance
the CRISPR b0491.5 deletion strain with strain mnCI. To generate large quantities of N2 males, two
hermaphrodite N2 worms were set up with ten male N2 worms from the laboratory stock, generating
a high number of males in the brood. These N2 males were then mated with mnClI/+ worms in the
same format, and mnCI/+ males identified by the GFP marker. These mnC1/+ males were then set up in
a third mating with Ab0491.5/+ worms, as determined post mating by single worm PCR. The progeny

were screened by GFP signai and singie worm PCR to validate the balancing.

2.4.6  Alkaline hypochlorite treatment

Alkaline hypochlorite treatment (bleaching) was used to harvest eggs from gravid adules that had been
grown in liquid culture (see Section 2.4.2). Adult worms were harvested from the liquid culture as per
Section 2.4.2 and re-suspended in 10 mL H,O per 2 mL of worms in a 50 mL Falcon tube. An equal
volume of alkaline hypochlorite solution (Appendix I) was added. The worms were incubated in the
solution for four minutes with constant inversion. Then checked under a 1ight microscope for signs
of breakage, if the majority showed signs of breaking open the process would be stopped, if not, the
incubation time was extended for one more minute. After this extra minute the process was stopped,

as excessive time in bleach harms the Viability of the eggs.

The Falcon tube was topped up to 50 mL with M9 solution, to dilute the bleach. The samples were
Ccntrifuged for 1 minute at 1500 rpm, the supernatant taken off and egg pellet re—suspended in M9.
The washing step was repeated 3x. The eggs were re-suspended in 10 mL M9 and transferred onto two
9 cm unseeded NGM plates, where they were incubated overnighe, with gentle rocking. Synchronised,

starvcd L1 iarvae were bC ready in thC morningi
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2.4.7 Brood count

A brood count of b0491.5(RNAi) and the control was carried out as part of characterisation of the
b0491.5(RNAi) (Section 5.3, Figure 5.7). RNAI feeding was set up on plates as described in Section
2.4.4, with synchronised N2 L1 larvae, on either control or b0491.5(RNAi) bacteria. Worms were grown
to L4 larval stage and then plated onto single NGM RNAI plates, before any progeny had been laid.
Once egg laying began, worms were moved every 12 hours onto fresh RNAi plates. Progeny were

counted in triplicate.

2.4.8 Lifespan

A lifespan assay for b0491.5(RNAi) and the control was carried out as part of characterisation of the
b0491.5(RNAi) (Section 5.3, Figure 5.7). The lifespan assays were performed as previously described
(Lithgow et al., 1995), with the addition of 80 L of 0.2 mM (+)-5-fluorodeoxyuridine (FUdR) to the
plates used during the reproductive phase. RNAi was introduced to worms at the old L4 larvae stage
and carried out at 20°C. Day 1 was counted as the first day of adulthood in the survival curves. Animals
were scored on every other day (alive, dead or lost) using tactile stimulation. Once animals did not
move in response to touching, they were scored as dead. Animals that were lost due to escape up
the side of the plate or foraging were not included in the analysis, neither were worms that displayed

vulval rupture, as in accordance with (Chen et al., 2007).

249 Sucrose flotation

Sucrose flotation was used in this project to clean worms prior to mitochondrial isolation, this step
is included in the schematic in Figure 3.4. The worm pe]let, harvested from a liquid culture, was re-
suspended in 25 mL of cold M9. To that 25 mL of ice cold 60% sucrose was added and the solution
inverted, followed by a centrifugation step at 2000 rpm for 5 minutes. From this the worms sat as a
distinct phase, on top of the sucrose solution, with bacteria pelleted at the bottom. The top worm
layer was poured off into a new 50 mL Falcon and topped up with cold M9, followed by centrifugation
at 1500 rpm for 5 minutes. The supernatant was removed and the worms re-suspend in M9 and

Centrifuged at 1500 rpm for 2 minutes. The M9 wash step was repeated twice.
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2.5 Single—worm polymerase chain reaction

Single worm (SW) polymerase chain reaction (PCR) was used to identify worms that were Ab0491.5
positive (Section 5.2, Figures 5.4, 5.5). A single worm was picked into a PCR tube containing 2.5 pL.
of singlc worm lysis buffer (Appcndix ). The samplcs were either stored at -80°C or immcdiatcly

incubated at 60°C for 1 h (lysis) followed by 95°C 20 minutes (to deactivate the proteinase K).

PCR reaction reagents; 5x GoTaq buffer (Promega, Southampton, United Kingdom), 0.2 M
forward and reverse primers as indicated in Table 2.1, 0.2 mM dNTP, 0.62 U GoTaq enzyme (Promegm
Southampton, United Kingdom) and H,O to a total volume of 22.5 uL, were made up and added
direct]y the worm lysis mix. The cycling conditions used were: 95°C for 3 minutes; [95°C for 40

seconds, 58°C for 40 seconds, 72°C for 1 minute] x 35 cycles; 72°C for 10 minutes.

Primer Sequence

Forward b0491.5 screening primer | GGACGAAGTATGCGCTAAC

Reverse b0491.5 screening primer CAGCTCTCCTGGCTGATC

Table 2.1: Screening primers for b0491.5 - the forward and reverse primers used in SW PCR to screen
for Ab0491.5

2.6 Mitochondrial isolation

A largc proportion of the data collected in this project involved the isolation of mitochondria from
C. elegans for analysis. This technique was developed in Section 3.2, and for a schematic overview see
Figure 3.4. For isolation of wild-type N2 mitochondria, worms were grown in accordance to Section
2.4.2 and for isolation of RNAi mitochondria, worms were grown in accordance to Section 2.4.4.1.
Adult worms were harvested for isolation, from the liquid culture as per Section 2.4.2. For the RNAi

experiments, this method was carried out in parallel for both conditions. All steps were carried out
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in the cold room or on ice.

The worms were cleaned by sucrose flotation, as per Section 2.5.4. After flotation the M9 was
poured off and a worm pellet of 7.5 - 10 mL remained. This pellet was re-suspended in collagenase
buffer (Appendix I), using 1U collagenase per 1 mL of worms, therefore a 1:1 ratio of worm pellet to
collagenase buffer. The worms were gently agitated for 2 h at 20°C, after which the collagenase was
diluted out with basic STEG/M buffer (Appendix I), using rounds of centrifugation at 1200 rpm for

2 minutes and discarding of the supernatent.

Once the worms are fully exchanged out of the collagenase buffer, the final supernatent was re-
moved and the worm pellet was then re-suspended in 10 mL of (+)STEG/M buffer (Appendix I). A
ficted glass/Tcﬂon power-driven Potter-Elvejhem homogcniscr was used to carry out 30 strokes of
homogenisation. An additional 10 mL of (+)STEG/M buffer was added and 10 more homogenisation
stokes were carried out. The homogenate was centrifuged at 750 x g for 15 minutes at 4°C on either
Sorvall RC-6 Plus or Sorvall Evolution RC, SS-34 rotor, (ThermoFisher Scientific, Waltham, Mas-
sachusetts, United States) and the supernatent transferred to a new tube. The homogenisation and

centrifugation step was then repeated for the pellet.

The resulting supernatent was then spun at 122000 x g for 15 minutes at 4°C. The pellet was re-
suspended in 15 mL of basic STEG/M buffer, followed by centrifugation at 750 x g for 15 minutes
at 4°C. Again, with the resulting supernatent was then spun at 127000 x g for 15 minutes at 4°C.
The supernatent was poured off and the pellet (isolated mitochondria) re-suspended in 150 pL of
basic STEG/M buffer. The concentration of the mitochondria was then estimated (Section 2.6.1) and

samples were then either used for physiology assays or frozen down immediate]y and stored at -80°C.

2.6.1 Protein concentration estimations

Protein quantification assays, based on the use of bicinchoninic acid (BCA), were carried out following

the manufacturer’s instructions (Pierce™ BCA Protein Assay Kit, ThermoFisher Scientific, Waltham,

63



Chapter 2. Materials and Methods

Massachusetts, United States). 5 pL of BSA standards or 1:50 diluted mitochondrial preparations
were measured in triplicate. The BSA reagent was prepared with the ratio 50:1 or reagent A:B and
added to each sample (100 pL). Samples were incubated at 37°C for 30 minutes and the absorbance
was read using a NanoDrop using the colour metrics function. A standard curve was calculated using

the BSA standards and the concentration of the mitochondrial isolation determined.

2.7 Mitochondrial physiology

Mitochondrial physiology experiments, O consumption, membrane potcntial and ROS production,
were used to assess the respiratory function of b0491.5(RNAi) with isolated mitochondria (isolation

protocol detailed in Section 2.6, physiology experiments in Section 6.2, Figure 6.1-6.3).

2.71 O, consumption

Oxygen consumption was measured by high-resolution respirometry on a Clark-type oxygen electrode
(Oroboros O2k Series D). Mitochondria were suspcndcd at a concentration of 0.25 mg/mL in KCI
based respiration medium (Appendix I). Samples were kept at a constant 25°C while in the chamber,
and energisation was achieved with either 10 mM malate/5 mM pyruvate (complex I-linked respi-
ration) or 5 mM succinate in the presence of 1 UM rotenone (complcx [I-linked rcspiration)A State
3, coupled respiration was investigated with the addition of 1 mM ADP. Outer membrane integrity
was investigated by the addition of 10 M cytochrome ¢ and ATP synthase was inhibited with 1 uM
oligomycin to induce a pscudo—statc 4 respiration. These parameters were influenced by a protocol
from previously published respiration experiments in C. elegans (Wojtovich et al., 2008) as well as by

standard protocols used in our laboratory.

Parameters associated with phosphorylation, such as oxidation rates and the RCR were deter-
mined according to classical techniques (Chance and Williams, 1956, 1955). In brief, the addition of
ADP results in an increase of substrates oxidation rates, once ADP is phosphorylated to ATP, this

ceases. The RCR the ratio between state 3 respiration, measured as maximal ATP synthesis, and state
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4 respiration, in absence of ATP synthesis. In addition, the RCR provides an indication of the control

efﬁciency exercised by phosphorylation on oxidation (Chance and Williams, 1956, 1955).

2.72  Membrane potential

Membrane potential assays were carried out with Tetramethylrhodamine Methyl Ester Perchlorate
(TMRM) (Sigma-Aldrich), a cationic, cell permeable, red-orange fluorescent dye, that is sequestered
by active mitochondria, based on of established protocols (Scaduto and Grotyohann, 1999). Assays
were carried out using a Varian Cary 50 UV-Vis Spectrophotometer (Agilent Technologies, Santa
Clara, California, United States), with manual mixing. The results were collected in quench mode,
therefore a lower membrane potential is represented by a higher fluorescence. Mitochondria at a
concentration of 0.25 mg/mL were added to a 2 mL cuvette in KCI based respiration medium (Ap-
pendix D), pre—incubated with either 10 mM malate/5 mM pyruvate (complex I-linked respiration) or5
mM succinate in the presence of 1 M rotenone (complex I1-linked respiration) (State 2 respiration).
Substrates were sequentia]ly added as follows: Coupled respiration was stimulated with the addition
of 1 mM ADP (state 3 respiration), ATP synthase was inhibited with 1 uM oligomycin. Maximum

depolarisation was achieved using 1 pM CCCP and 10 M antimycin A.

2.7.3 ROS production

ROS production assays were carried out with Amplex red (Thermofisher), a sensitive and stable probe
for HyO3, based on of established protocols (Wang et al., 2017). Assays were carried out using a
Varian Cary 50 UV-Vis Spcctrophotomctcr (Agilcnt chhnologics, Santa Clara, California, United
States), with manual mixing. Mitochondria at a concentration of 0.25 mg/mL were added to a 2
mL cuvette in KCl based respiration medium (Appendix ). Mitochondria were energised with either
10 mM malate/5 mM pyruvate (complcx I[-linked rcspiration) or 5 mM succinate (complex [I-linked
respiration)(State 2 respiration). Substrates were sequentially added as follows; 1 M rotenone, 10 uM

antimycin A.
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2.8 Microscopy

All microscopy was carried out using the Wolfson Bioimaging Facility at the University of Bristol.

2.8.1 Brightﬁe]d

Brightﬁeld microscopy was used to capture the anatomy of b0491.5(RNAi) animals, as compared to
the control. (Section 5.2, Figures 5.2 and 5.8). Images were taken using a Leica TCS SP8 AOBS con-
focal laser scanning microscope, using the transmitted hght detector for brightﬁeld imaging. Using a

combination of the 20x and 63x objective,

2.8.2 Confocal fluorescence microscopy

As a tool to investigate mitochondria morphology, transgenic C. eleg&ms strain §J4103, expressing a
mitochondrial targetted GFP under the control of a myo-3 muscle promoter, were grown on RNAi

bacteria and the adult worms imaged by confocal microscopy (Section 6.3, Figure 6.4).

2.8.2.1 Sample preparation

4% w/v agarose was made using H,O. One drop of agarose was placed on a glass slide and covered with
a second slide. Spacers were used cither side of the agarose glass slide to ensure that the agarose pad
formed was consistent. Once set, the top slide was removed and microscopy pad was used immediately.
15A few drops of 15 L. 1 mM levamisole was then added to the agarose pad and worms were picked

into the drop, anaesthetismg them. A coverslip was then placed over the pad.

2822 Confocal fluorescence imaging

Images of GFP expressing worms were taken using a Leica TCS SP8 AOBS confocal laser scanning
microscope attached to a Leica DMi8 inverted epifluorescence microscope. Using a combination of

the 20x and 63x objcctivc, images were taken using Excitation: 470/40; Emission: 525/50.
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2.8.3 Whole worm transmission electron microscopy

Whole worm transmission electron microscopy (TEM) was used to investigate the internal structure of
whole worms (Section 6.3, Figures 6.5 and 6.6) in collaboration with Professor Paul Verkade (Professor
of Bioimaging, University of Bristol) and Dr Chris Neal (Honorary Research Fellow, University of

Briscol).

Worms were immersed in NA22 E.coli media in a 0.2 mm deep metal holder prior high pressure
frcczing with a Leica Empact 2 high pressure freezer (Leica Biosystems Lab Solutions, Wetzlar, Ger-
many). This cooled the worms at 20-25,000°C/second and raised the pressure during cooling to about
2,050 bar, ensuring that any ice crystals were smaller than EM resolution, or that water had been
frozen in a vitrified form. The frozen worms were freeze substituted (fixed) for 2 hours at -90°C with
1% osmium tetroxide and 0.1% uranyl acetate in acetone using a Leica EM AFS2 freeze substitutor
(Leica Biosystems Lab Solutions, Wetzlar, Germany). After a temperature ramp to 0°C, acetone was
used to wash the specimens and worms were infiltrated with acetone/Epon Resin then Epon resin (
x2). Followed by polymerisation at 60°C between 2 Aclar (polychlorotrifluoroethylene) sheets. The
Aclar sheets kept the worms flat so that longitudinal sectioning could be more Casily achieved. Resin
embedded worms were cut at 1 pm thickness and stained with Methylene Blue prior to ultrathin
section cutting at 70 nm on a Reichert Ultracut S ulcramicrotome (Leica Biosystems Lab Solutions,
Wetzlar, Germany)r Sections were stained with lead and uranyl salts and were imaged in a Tecnai T12

microscope (Thermofisher), magnifications used were x 440, x 1900 and x 9300.

2.84 Cryo-electron tomography

Cryo—clcctron tomography was carried out in isolated mitochondria to investigate the internal struc-
ture of the b0491.5(RNAi mitochondria in comparison with the control, (Section 6.3, Figures 6.7 -
6.10). All equipment used is part of the Wolfson Bioimaging Facility at the University of Bristol in
collaboration with Dr. Vicki Gold (Senior Lecturer, Living Systems Institute, University of Exeter,

United Kingdom)

67



Chapter 2. Materials and Methods

2.84.1 Sample preparation

Mitochondria were re-suspended in basic STEG/M buffer at pH 7.4 at either 5 or 10 mg/mL. Ho-
ley carbon EM grids (Quantifoil, Jena, Germany) were glow-discharged using an ELMO TM Glow
Dischargc Systcm (Cordouan chhnologics, France), carbon side up, in a vacuum device according to
manufacturer’s instructions. Mitochondria were mixed 1:1 with 10 nm protein A-gold (Aurion, Wa-
geningen, The Netherlands) as fiducial markers and immediately apply 3 pL to a glow-discharge EM
grid held in tweezers. Grids were blotted for 1- 1.5 s, followed by plungc—frcczing in liquid ethane
using a FEI Vitrobot (ThermoFisher Scientific, Waltham, Massachusetts, United States). Freezing oc-
curred very fast, (105 °C/sec), meaning that water remains in a vitrified state and does not crystallise.
This was important as ice Crystal formation can damagc biological structures. Samplcs were placcd in

a grid storage box, and stored under liquid nitrogen until imaging.

2.8.4.2 Cryo—tomography imaging

Tomography was performed using a FEI™ Talos™ Arctica, equipped with 2 200 kV X-FEG, Ceta 16 M
CCD detector, Gatan K2 DED, and Gatan GIF Quantum LS energy filter (ThermoFisher Scientific,
Waltham, Massachusetts, United States). Dose-fractionated tomograms were typically collected from
+60°to 60°at tilt steps of two. Gold fiducial markers were used to align tomograms and volumes
reconstructed using the IMOD software (Kremer et al., 1996). The contrast of the tomogram was
enhanced by non-linear anisotropic diffusion (NAD) filtering on IMOD. Tomogram reconstructions

were performed using AMIRA (ThermoFisher Scientific, Waltham, Massachusetts, United States).

2.9 Electrophoresis

29.1 DNA electrophoresis

DNA clcctrophorcsis was used to analysis products from singlc—worm PCR (Section 2.11) (results

found in Section 5.2, Figure 5.4 and 5.5).

PCR products were visualised on 1.5% agarose gcls prcparcd with 1x TBE Buffer (Appcndix I).
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2 g agarose was dissolved in 200 mL of 1 X TBE Buffer, heated on full power in a microwave for
approximatcly 3 minutes (until solution was seen to boil and turned clear), then cooled before use.
20 pL of 100000x Gel Red (Cambridge Bioscience, Cambridge, United Kingdom) was added to the
gel solution before pouring. The gel was submerged in 1x TBE buffer in the tank and 3.5 uL of PCR
samplc was loaded (loading dyc alrcady present in the PCR buffer). 5 pL of a 100 bp DNA Ladder
was loaded as a marker. Gels were run at at constant voltage (65 V) for approximately one hour. Gels

were visualised using the LI-COR Odysey FC imaging system at 600 nm.

2.9.2  SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to determine the amount of B0491.5

protein in both whole worm and isolated mitochondria samplcs. (Section 5.3, Figures 5.6 and 5.9).

2921 Samp]e preparation

For analysis of whole worms, 750 worms were picked into 15 uL of M9. Samples were mixed with 4x
LDS NuPAGE sample buffer (Thermo) with 250 mM 1,4-Dithiothreitol (DTT) (Sigma-Aldrich, St.
Louis, Missouri, United States) was added 1:1 to the worms. The sample was incubated at 60°C for 25
minutes, then either Ccntrifugcd at 13k rpm for 1 minute, or frozen at -80°C until use.

Isolated mitochondria samples were mixed with 4x LDS NuPAGE sample buffer) with 250 mM
1,4-Dithiothreitol (DTT) (Sigma-Aldrich, St. Louis, Missouri, United States). The sample was incu-
bated at 60°C for 10 minutes, then cither centrifuged at 13k rpm for 1 minute, or frozen at -80°C until

use.

2922 Running conditions

Samples were run on 4-12% Bolt Bis-Tris Plus Gels (ThermoFisher Scientific, Waltham, Massachusetts,
United States) and a constant Voltage (150 V) in a MOPS-running buffer for 30 minutes, or until the
dye front had migrated to the bottom of the gel. Gels were removed from the cast for subsequent

visualisation.
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2.9.2.3 Visualisation

Coomassie
Coomassie staining was carried out using a Coomassie staining solution (Appendix 1), gels were
incubated for 20 minutes in the staining solution before background stain was removed using washes

in de-staining buffer (Appendix I).

Silver stain

Silver staining was carried out with Silver Quest reagents (ThermoFisher Scientific, Waltham,
Massachusetts, United States). Gels were first rinsed in distilled water, then fixed in 100 mL of fix-
ative solution (40% ethanol, 10% acetic acid) for 20 minutes, followed by wash in 30% cthanol for 10
minutes. The gel was then incubated in 100 mL of‘sensitising solution (30% ethanol, 10% Silver Quest
sensitiser solution) for 10 minutes, followed by two 10 minute washes in distilled water. Gels were
stained with 100 mL of staining solution (1% Silver Quest stainer) for 15 minutes. Gels were brieﬂy
washed in distilled water before developed with 100 mL of developing solution (10% Silver Quest de-
veloper, 1 drop Silver Quest developer enhancer). The gel was agitated and observed continuously
for development, once the desired intensity was achieved, 10 mL of Silver Quest stopper solution was

immediately added AH steps were carried out a room temperature using an orbital shaker at 60 rpm.

2.9.3  Blue native polyacrylamide gel electrophoresis

Blue native polyacrylamide gcl Clectrophoresis (BN PAGE) was used in Chapters 4 and 5, to investigate
the organisation of the ETC complexes, (Figure 4.3 and 5.10). The technique was developed to optimise
the protein load and resolution, see Section 3.4. Samples run on BN PAGE were isolated mitochondria,
see Section 2.6. All reagents and equipment was purchased from (ThermoFisher Scientific, Waltham,

Massachusetts, United States).

2931 Sample solubilisation
Isolated mitochondria (1 or 2 mg) were defrosted, and centrifuged at 13k rpm for 15 minutes at 4°C,

the supernatent was discarded. Stocks of detergents (10% for digitonin and 20% for TX-100) were

made up to use in the solubilisation buffers. Solubilisation buffer (Appendix I) at a concentration of
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10 mg/mL with digitonin and 5 mg/mL with TX-100, was added to the samples. Mitochondria were
solubilised for 20 minutes in the cold room, rotating at 20 rpm, followed by ccntrifugation at 13k

rpm, for 15 minutes at 4°C.

2.93.2 Running conditions

BN PAGE buffers were made up according to manufacturers protocols, 750 mL Native PAGE running
buffer (20x Running Buffer) for the outer chamber and 200 mL Cathode buffer (Native PAGE 20x
Running Buffer, Cathode Buffer Additive 1 mL) for the inner chamber. Buffers were chilled before

use.

After solubilisation, samples were prepared according to manufacturers protocols, apart from a
homemade 10% G-250 used in place of the commercially available 5% stock, which was added to a
concentration 1/4 of the detergent % and added last, just before the samples were loaded. For 100 L,
sample preparation was as follows; digitonin samples (60 pL solubilised mitochondria, 25 pLL 4x sam-
ple buffer, 15 L 10% G-250). TX-100 samples (62.5 pL solubilised mitochondria, 25 L 4x sample

buffer, 12.5 pL 10% G-250).

Gels used were pre-cast 10 well gcl (3-12%), the gcl tank was set up with cachode buffer in the
inner chamber and Native PAGE running buffer in the outer chamber. 25 pL of sample was loaded
per well and 7.5 L. of Native protein ladder was used. Gels were run at constant voltage (30V) for 16
hours, or until the dyc front had run off the gcl. Gels were then either stained by Coomassie or Silver

Stain (Section 2.9.2.3), used for in gel activity (Section 2.9.3.3) or 2D analysis (2.9.3.4).

2.9.33 Blue native PAGE in gel assays

In—gel activity assays were used to determine which bands within the blue native gel contained the
complcx in question, assays were carried out for CI, CIV and CV (Figurcs 4.4 and 5.11). Protocols

were obtained from (Zerbetto et al., 1997; Celis and Carter, 2005).
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Complex I

A complex | assay buffer was made up; 50 mM potassium phosphate buffer, NADH 0.1 mg/mL,
Nitro blue Tetrazolium Chloride (NBT) 0.2 mg/mL and used immediately. The gel was incubated a
room temperature using an orbital shaker at 60 rpm, for one hour, or until sufficient band develop-

ment was seen.

Complex IV

A Complex IV assay buffer was made up to 10 mL; 5 mg 3,3-Diaminobenzidine (DAB), 10 mg
cytochrome ¢, 0.75 g sucrose and 2 pg/mL catalase. Solution can be kept at -80°C. The gel was incu-
bated a room temperature using an orbital shaker at 60 rpm, for one hour, or until sufficient band

deve]opment was secn.

Complex V

A complex V assay buffer was made up; 35 mM Tris-HCL, NADH 0.1 mg/mL, 270 mM glycine,
14 mM MgSOy, 0.2% Pb(NO3); and 8 mM ATP. Solution can be kept at -80°C. The gel was incu-
bated a room temperature using an orbital shaker at 60 rpm, for one hour, or until sufficient band

development was seen.

2.93.4 Blue native PAGE 2D analysis

To separate out the component subunits of the BN PAGE, 2D analysis was used (Figure 4.5 and 5.12).
Gel system and pre-cast gels were purchased from ThermoFisher Scientific (Waltham, Massachusetts,

United States).

BN PAGE gel was taken and trimmed to the appropriate size, so that it would fit in the loading
area in the 2D gel. Gels were incubated in 10 mL reducing solution (Appendix I), for 30 minutes with
agitation. Next, the rcducing solution was discarded and gcl rinsed with 1x Bolt buffer. The BN PAGE

gel lane was inserted into the well of the pre-cast 2D gel. The well was overlaid with 1x LDS buffer.
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The gel was run at constant voltage (150 V) for 40 minutes, or until the dye front reached the bottom
of the gcl. Once run, the 2D gcls were either immunoblotted (Section 2.10) or visualised by Silver

Stain (Section 2.9.2.3)

210 TImmunoblot

2.10.1 PVDF transfer

Polyvinylidene difluoride (PVDF, 0.45 pum, Millipore, Burlington, Massachusetts, United States) was
selected due to its high protein binding capacity, target retention and resistance to cracking. The
hydrophobicity of the membrane meant it required a short pre-incubation step in methanol prior
to equilibration in transfer buffer (Appcndix D). Following SDS-PAGE, protein samplcs were trans-
ferred onto the PVDF membrane, sandwiched between between two sheets of Western blotting filcer
paper. The transfer system used was the Pierce G2 Fast Blotter (ThermoFisher Scientific, Waltham,

Massachusetts, United States), transferred at a constant Voltagc of 25 V for 10 minutes.

2.10.2  Blocking and antibody incubation

Following transfer, the membrane was blocked in 5% milk in TBS-Tween (Appendix I) for a minimum
of one hour at room temperature, using an orbital shaker at 60 rpm. Primary antibodies were diluted
as appropriate in 2% milk in TBS-Tween, for incubation with the membrane for one hour at room
temperature, shaking. The membrane was washed in TBS-Tween for 10 minutes, 3x. Conjugated
Secondary antibodies (HRP or fluorescent) were diluted as appropriate with 2% milk in TBS-Tween,
and incubated with the membrane for one hour at room temperature, shaking. A further 3x wash
steps for 10 minutes with TBS-Tween were carried out. Antibodies were used at the dilution stated

in Section 2.2.
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2.10.3 Imaging and visualisation of immunoblots

Immunoblots processed with a fluorescent-conjugated secondary antibody were imaged directly using
the LI-COR Odyssey FC imaging system, at either 700 or 800 nm as required. HRP-conjugated
sccondary antibody proccsscd blots were first incubated with Amersham ECL detection reagent (GE
Healthcare, Chicago, Illinois, United States) for 1 minute. Images were then collected on the LI-COR
under the Chemi channel. For intensity analysis on the antibody signal, the LI-COR image studio

programme was USCd and subscqucnt intcnsity ValUCS plOt[Cd in Graphpad.

211 Mass spectrometry

Mass spectrometry techniques were used to locate C. elegans protein B0491.5 to complex I (Section 4.4,
Figure 4.6) and to analyse proteomic changes under b0491.5(RNAi) conditions (Section 5.5, Figures

5.13-15).

2111 Shotgun mass spectrometry

N2 isolated mitochondria (Section 2.5) solubilised with Triton X-100 were run on a blue native gel
(Section 2.8.3) and an complcx [ activity assay carried out (2.8.3.2). Bands that showed complcx [ activ-
ity were excised and sent to Mark Skehel (Head of the Biological Mass Spectrometry and Proteomics
Laboratory, Medical Research Council, Cambridge, United Kingdom). The exclusive spectrum count

was used to idcntify proteins located witchin the band

2.11.2  Quantitative mass spectrometry

Quantitative mass spectrometry was carried out at the Univerity of Bristol Proteomics facility, Mate-

rial and Methods were provided by Dr. Kate Heesom.

74



2.11. Mass spectrometry

2.11.2.1 TMT labelling and high pH reversed-phase chromatography

Aliquots of 100 pg of each sample were digested with trypsin (2.5 pg trypsin per 100 pg protein;
37°C, overnight), labelled with Tandem Mass Tag (TMT) ten plex reagents according to the manufac-
turer’s protocol (Thermo Fisher Scientific, Loughborough, United Kingdom) and the labelled samplcs
pooled. An aliquot of the pooled sample was evaporated to dryness, re-suspended in 5% formic acid
and then desalted using a SepPak cartridge according to the manufacturer’s instructions (Waters, Mil-

ford, Massachusetts, USA).

Eluate from the SepPak cartridge was again evaporated to dryness and re-suspended in buffer A
(20 mM ammonium hydroxide, pH 10) prior to fractionation by high pH reversed—phase chromatog—
raphy using an Ultimate 3000 liquid chromatography system (Thermo Scientific). In brief, the sample
was loaded onto an XBridge BEH C18 Column (130A, 3.5 gm, 2.1 mm X 150 mm, Waters, UK) in
buffer A and peptides eluted with an increasing gradient of buffer B (20 mM Ammonium Hydroxide
in acetonitrile, pH 10) from 0-95% over 60 minutes. The resulting fractions were evaporated to dry-
ness and resuspended in 1% formic acid prior to analysis by nano-LC MSMS using an Orbitrap Fusion

Lumos mass spectrometer (Thermo Scientific).

211.2.2  Nano-LC mass spectrometry

High pH RP fractions were further fractionated using an Ultimate 3000 nano-LC system in line with
an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific). In brief, peptides in 1% (vol/vol)
formic acid were injected onto an Acclaim PepMap C18 nano-trap column (Thermo Scientific). After
Washing with 0.5% (vol/vol) acetonitrile 0.1% (vol/vol) formic acid peptides were resolved on a 250 mm
x 75 prm Acclaim PepMap C18 reverse phase analytical column (Thermo Scientific) over a 150 min
organic gradient, using 7 gradient segments (1-6% solvent B over 1 min, 6-15% B over 58 min, 15-32%B
over 58 min, 32-40%B over 5 min, 40-90%B over 1 min, held at 90%B for 6 min and then reduced to
1%B over 1 min) with a flow rate of 300 nL/min. Solvent A was 0.1% formic acid and Solvent B was
aqueous 80% acetonitrile in 0.1% formic acid. Peptides were ionized by nano-electrospray ionization
at 2.0 kV using a stainless steel emitter with an internal diameter of 30 gm (Thermo Scientific) and

a capillary temperature of 275°C.
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All spectra were acquired using an Orbitrap Fusion Tribrid mass spectrometer controlled by
Xcalibur 4.1 software (Thermo Scientific) and opcratcd in data—dcpcndcnt acquisition mode using
an SPS-MS3 workflow. FTMSI spectra were collected at a resolution of 120 000, with an automatic
gain control (AGC) target of 200 000 and a max injection time of 50 ms. Precursors were filtered
with an intensity threshold of 5000, according to Chargc state (to include chargc states 2-7) and with
monoisotopic peak determination set to Peptide. Previously interrogated precursors were excluded
using a dynamic window (60s +/-10ppm). The MS2 precursors were isolated with a quadrupole isola-
tion window of 0.7 m/z. I'TMS2 spectra were collected with an AGC target of 10 000, max injection
time of 70ms and CID collision energy of 35%. For FTMS3 analysis, the Orbitrap was operated at 50
000 resolution with an AGC target of 50 000 and a max injection time of 105ms. Precursors were frag-
mented by high energy collision dissociation (HCD) at a normalised collision energy of 60% to ensure
maximal TMT reporter ion yield. Synchronous Precursor Selection (SPS) was enabled to include up

to 5 MS2 fragment ions in the FTMS3 scan.

211.2.3 Data analysis

An additional note on the statistical interpretation of the mass spectrometry data can be found in

Section 2.14.

The raw data files were processed and quantified using Protcome Discoverer software v2.1 (Thermo
Scientific) and searched against the UniProt Caenorhabditis elegans database (downloaded December
2018: 27626 entries) using the SEQUEST algorithm. Peptide precursor mass tolerance was set at
10 ppm, and MS/MS tolerance was set at 0.6 Da. Search criteria included oxidation of methionine
(+15.9949) as a variable modification and carbamidomethylation of cysteine (+57.0214) and the addi-
tion of the TMT mass tag (+229.163) to peptide N-termini and lysine as fixed modifications. Searches
were performed with full tryptic digestion and a maximum of 2 missed c]eavages were allowed. The
reverse database search option was enabled and all data was filtered to satisfy false discovery rate

(FDR) of 5%.
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2.12  Bioinformatic tools

Bioinformatic tools were used within the project to explore the relationship between B0491.5 and

NDUFA11 (Figures 4.1, 4.2 and 4.7).

Position-Specific Iterative Basic Local Alignment Search Tool (PSI-BLAST) was used to identify
B0491.5, via searching the Drosophila homologue to NDUFAI11. The database TreeFam, composed of
phylogenetic trees inferred from animal genomes, was used to investigate the phylogenetic relation-
ship between B0491.5 and NDUFA11. Clustal omega was used to create sequence alignments, and for

the percentage identify calculations.

2.13 Homology modelling

Homology modelling was used to establish protein homology between C. elegans B0491.5 and mam-
malian NDUFA11 (Section 4.5, Figure 4.8-4.11). The model was built in Modeller (Sali and Blundell,
1993), using the NDUFA11 protein structure from respirasome structure 5SGUP (Wu et al,, 2016). 5000
individual models were constructed, and scored according to their Discrete Optimised Protein Energy
(DOPE) value, and the top 1% were kcpt. These remaining models were analyscd to idcntify clusters
of well-scoring structures, using Gromacs geluster tool, from this the best scoring model from the

largest cluster was selected. All molecular models are represented using PyMOL.

2.13.1 Atomistic simulation of model

To investigate the stability of the homology model, an atomistic simulation was carried out by Dr
Robin Corey (Oxford, United Kingdom). The simulation was then analysed (Section 4.5, Figure 49)
100king at the root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) using

tools within Gromacs.
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2.14  Statistics

All statistical analyses were performed using GraphPad Prism 7.0 Software. For mitochondrial physi-
ology analyses (Section 2.6), where experiments were carried out on the same day with parallel prepa-
rations, a paircd two-tailed t-test was pcrformcd, using indcpcndcnt t-tests for each parameter within
the assay. Where data is compared from experiments performed on different days, an unpaired, two-

tailed t-test was used.

For analysis of worm length and size measurements were collected in Image], and an unpaired,
two-tailed t-test was calculate in Graphpad. To analyse the lifespan data of C. elegans b0491.5(RNAi)

and control animals (Section 2.4.8), Kaplan—Meier analyses was used.

Statistical analysis for the quantitative mass spectrometry was carried out with guidance from
Dr Philip Lewis through his role as bioinformatic support in the proteomics facility. The protein
abundances were log, transformed so that the data followed near normal distribution and skewness
was reduced. The log fold change was then calculated between b0491.5(RNAi) and the control samples
by subtracting the mean of the former from that of the latter. Unpaired, two-tailed t-tests were
performed on the transformed data to calculate the p-values. The log; fold change and -logyg of the
p-values were then plotted on the volcano plots to show the distribution of the data (Figure 5.13-15).
Although n of 2 t-tests are a valid method of establishing statistical significance, due to the low power
of such a test, they are taken here as a guide to the degree and consistency of the difference between

conditions, rather than inferring a strict statistical significance.
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Technique Development

31 Chapter introduction

Underpinning the coming results chapters are techniques which in themselves took development,
analysis and moderation. Getting these techniques working was hugely valuable and the protocols can
be applicd cxtcnsivc]y to arange ofinvcstigations in C. elegans. Although not novel in their conception,

these techniques had to be adapted and optimised to fit the purpose of the project.

3.2  Mitochondrial isolation

One of the greatest technical challenges for the project was isolating respiratory competent mito-
chondria from C. elegans. There were two major elements to the challenge; the first was obtaining
enough biological material, which will be addressed in more detail in Section 3.3, and the second was
isolating mitochondria samples capable of collecting significant respiration data. The second part
involved components such as creating a balance between successfully breaking open the tough worm
cuticle, but not damaging the mitochondria and removing contaminating bacteria from the culture,

these elements will be the focus of this section.
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Mitochondria isolation is a well established protocol, first introduced by Chance and Williams,
(Chance and Williams, 1956). The first isolation protocol used for chis project was based on a combi-
nation of existing literature in C. elegans and established techniques in the laboratory isolating mito-
chondria from other biological samples, such as yeast and rat heart (Toth et al., 1986; Pedersen et al.,
1978). The differential ccntriﬁlgation steps within the protocol are standard across all protocols, how-
ever the techniques used to breakdown the cellular material prior to centrifugation were varied. Some
used an enzymatic step, such as zymolyase for yeast, protease for heart tissue or collagenase in C. elegans

in addition to a mechanical step, which prcdominatcly was homogcnisation.

321 Outer membrane integrity

Within the mechanical homogcnisation step, it became clear that the spcciﬁcation of the homogcniscr
was crucial to the success of the preparation, as too strong a mechanical disruption will compromise
the integrity of the mitochondria outer membrane, but too weak will generate a low yield. When con-
sulting the literature, only generic information rcgarding the type ofh()mogcniscr used was included,
making it difficult to replicate the protocol precisely. The first aspect within the isolation which re-
quired optimisation, regardless of whether an enzymatic step prior to mechanical disruption would

be used, was sclccting the optimal homogcniscr.

3211 Mechanical disruption

Although the mechanical disruption stage of the isolation protocol chronologically falls after an enzy-
matic step, it was decided that the impact of the mechanical stage on the isolation was comparatively
greater, therefore it was optimised first. A Potter-Elvehjem homogcniscr with PTFE pestle works
using shearing forces to disrupt the sample as it moves between the sides of the tube and the pes-
tle, making the clearance between the tube and the pestle an important variable. Too large, and the

material will pass through unaffected, but too tight and it will cause damagc to the mitochondria.
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3.2. Mitochondrial isolation

Three different homogenisers with varying clearances were selected from the lab for testing, de-
tailed in Table 3.1 with the greatest clearance represented with *+++ and the narrowest with +. The
testing criteria were three fold; firstly, the worms were visually inspected under a light microscope
for signs of breakage, as shown in Figure 3.1. Indicators that the worms are being disrupted included;
release of eggs from their gonad into the surrounding media, the worms dying as indicted by them
becoming rigid and straightened, and a loss of contrast in their cuticle. Secondly, the yield of mito-

chondria from the isolation was compared using a BCA assay to indicate total protein concentration.

Intact

Figure 3.1: Mechanical disruption of C. elegans - Comparing intact adult worms with worms that have
encountered mechanical disruption. In the image on the right you can see as indicated by the arrows,
cggs released, worms rigid and straightened and loss of definition of the cuticle. Scale bar represents
1 mm.

Finally, ADP-dependent oxygen consumption in the presence of exogenous added cytochrome
¢ was measured on the high-resolution respirometer (Oxygraph) (Table 3.1). Stimulation with cy-
tochrome c is an effective parameter to test the integrity of the outer membrane, as if the outer mem-
brane is damaged, cytochrome c is lost during the isolation protocol and washing steps. This leads to
the pool of endogenous cytochrome ¢ being reduced, allowing only sub-maximum levels of respiration,

therefore, on the addition of exogenous cytochrome ¢, a proportionally high percentage increase was
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seen in respiration for damaged mitochondria as it recurns to maximum. If the membrane remains
intact, there is no loss of cndogcnous cytochromc ¢ and respiration stays unaffected. Then, if exoge-
nous cytochrome ¢ is added, it cannot cross the outer membrane, and therefore there is no further

stimulation of the respiration, which is working at maximum capacity already.

Homogeniser | Homogeniser Clearance | Breakage | Yield | Stimulation with Cyt ¢
1 - Low Low Not Tested
2 ++ Medium | Good Low
3 + High Good High

Table 3.1: Ranking of homogenisers - Three homogenisers were selected with a range of clearances.
They were each used to homogenise C. elegans within an isolation protocol, that included no enzymartic
step. The homogenisers were ranked on how well they broke the worms, the yield of mitochondria
from the isolation and stimulation with Cytochromc ¢. These measures were used as an indication of

the best suited homogeniser for a C. elegans mitochondrial isolation.

The three homogenisers were ranked comparatively on each aspect. The results, compiled in Table
3.1, show that homogeniser number three produced the greatest level of breakage, however this led to
a high cytochrome ¢ stimulation, as compared to the first homogeniser, which did not disrupt enough
material to produce a yield able to be measured on the Oxygraph. Going forward, homogeniser two
(Kontes 100 mL, with teflon pcstlc) was found to be the best suited for disrupting C. elegans, as it

provided a balance between a reasonable yield, and low cytochrome ¢ stimulation.

3.212 Enzymatic disruption

Having established the best equipment for mechanically disrupting the samples, a different overview

of the publishcd protocols for purifying C. elegans mitochondria was carried out and is detailed below
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3.2. Mitochondprial isolation

in Table 3.2. This was done to see which additional steps could be taken to improve the quality of the

mitochondria, and to understand the role thcy play with the isolation and quality of the samplcs.

Publication Filtering Enzymatic Step  Rupture Method

Methods in Molecular Biology™, vol 372,

Sucrose flotation No Homogenisation

Gandre and van der Bliek (2007)
Analytical Chemistry, Joseph R Daniele

No Collagenase I1I Homogenisation
et al. (2016)
Methods in Molecular Biology"’“ﬂ vol 372,

No Collagenasc I Homogenisation
Grad L.I., Sayles L.C., Lemire B.D. (2007)
Biochemical and biophysical research
communications vol. 376,3 (2008), Woj- No No Sand

tovich, Andrew P et al.

Molecular Basis of Cell and Develop—
Sucrose flotation protease inhibitor Homogcnisation

mental Biology: Sean P. Curran, (2004)

Table 3.2: Table of published mitochondrial preps - a summary of a range of published mitochon-
drial protocols in C. Clegans, (Gandre and van der Bliek, 2007; Daniele et al., 2016; Grad et al., 2007;
Wojtovich et al., 2008; Curran et al., 2004)

Based on protocols in Table 3.2, it was decided that an enzymatic step consisting of treatment
of the worms with collagenase prior to homogenisation could improve the quality of the isolated
mitochondria. It could compromise the integrity of the worm cuticle prior to mechanical disruption,
therefore reducing force needed the expose to subcellular components. This could increase the yield of
mitochondria obtained from the same amount ofstarting biological material and increase the integrity

of the samples.
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Figure 3.2: Testing the effect of collagenase treatment on outer membrane integrity using cytochrome
¢ stimulation on the Oxygraph. The average percentage increase of the respiration rate was plotted.
Statistics determined by a paired, two tailed t-test, n=2, 3 replicates for each condition, p-value=0.0739

When comparing two separate independent isolations for each condition, the protocol that in-
cluded a two hour incubation with collagenase before homogenisation had a 16% increase in yield, data
not shown. Respiration was tested on the Oxygraph, Figure 3.2, the collagenase treated preparation
had an average increase of oxygen consumption of 10%, compared to 15.75% for the preparation which
used homogenisation only, when the samples were stimulated with cytochrome ¢. This indicated that
collagenase treatment of the worms prior to homogenisation was a beneficial step in the protocol and

acted to increase yield and improve the integrity of the mitochondrial outer membrane.

3.2.2 Basal respiration

When analysing the oxygen consumption activity of the isolated mitochondria, a high basal rate of
respiration was detected before the addition of substrates. It was hypothesised that bacterial contam-

ination was coming across from the isolation, Figure 3.3, (-) sucrose condition.
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3.2. Mitochondrial isolation

When culturing worms on standard E. coli it is possible to grow the culture to the point of star-
vation, where the bacteria is highly depleted but the worms have not started to starve, making the
impact of an additional step to remove bacteria from the culture minimal. However, when using
RNAi bacteria strains, as in this project, it is essential that they never reach this point as the potential
for the RNAi suppression to be weakened or varied if they are not consuming consistent levels of

bacteria is detrimental to the experiment.

To test whether the basal rate could be reduced, an additional step was included to remove residual
bacteria after culturing worms. The classic method for this is sucrose flotation, as used in some of the
established protocols, which separates out adult animals, which float, from the bacteria that pellets

upon centrifugation in 60% sucrose.

100 -
*kk
g 80
Eha)
2 3
- 60
= :
S é 40
2
20
0- T
(-) Sucrose (+) Sucrose
Flotation Flotation

Figure 3.3: Comparative basal respiration rates - Data were collected from four different mitochon-
dria isolation preparations, two preparations before the addition of sucrose flotation in the isolation
protocol and two preparations after the addition of sucrose flotation. From each preparation the basal
respiration was taken after the addition of mitochondria to the chamber containing respiration buffer
and no other substrates. Statistics determined by t-test, n=2, 3 replicates for each condition, unpaired,

two-tailed, p-value=0.0003
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This resulted in a marked difference in basal respiration, shown in Figure 3.3, from an average of
56 pmol Oy/s/mL with no sucrose flotation to 6 pmol Oy/s/mL with the additional step. This was an
important adaptation to the basic protocol, the elimination of contamination allows greater claricy
when analysing experimental differences in respiration by significantly reducing the levels of basal

respiration.

Overall, these modifications have created a more efficient and higher quality isolation protocol
for mitochondria in C. elegans, particularly tailored towards co]lecting competent respiration data.
An overview of the protocol is detailed in Figure 3.4, highlighted in blue are the reasoning behind the
steps. Furthermore, this protocol could also be applied to experiments investigating protein import,

where an intact outer membrane and low levels of contaminating bacteria are also important.
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Mitochondria Isolation Protocol

Settle the worms on ice for 1 hour,

Settled then aspirate off the media
worms

2 Floating
Sucrose flotate the worms orm

pellet

If the bacteria is not removed now, it
could effect the respiration trace

3

Collagenase treatment (2 hours)

This softens the cuticle in preparation
: for homogenisation 4

— —

Homogenisation
1:1 ratio worm pellet and buffer, 30 strokes
Add 10 mL buffer, 10 more stokes

Essential to break open cells, but not
damage the mitochondria

5 @
Spin down the homogenate at 750 x g for 15 minutes

Transfer supernatant to a new tube

Pellet includes unbroken worms, mitochondria
are in the supernatant

Second round of homogenisation [ =
1:1 ratio worm pellet and buffer, 30 strokes
Add 10 mL buffer, 10 more stokes

A second round increases the yield

Pellet

'.--ﬁ'qm
spin

Spin down the homogenate at 750 x g for 15
minutes

Transfer supernatant to a new tube

Pellet includes unbroken worms, mitochondria
are in the supernatant

8

Spin down the two supernatants at
12’000 x g for 15 minutes
Keep and combine the pellets

Pellet includes mitochondria

9

Spin down the re-suspended pelletat 750 x g
for 15 minutes

Transfer the supernatant to a new tube

A step to clean up the sample

10

Spin down the supernatants at
12'000 x g for 15 minutes
Keep the pellet

The pellet contains the isolated mitochondria

11

Collect the isolate mitochondria and
measure the concentration

Samples can either be used fresh for 4-6
hours or should be frozen straight away

Figure 3.4: Mitochondria isolation protocol overview - An overview of the optimised mitochondria
isolation protocol. Highlighted in blue are the reasoning behind the steps.
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3.3 Large scale liquid culture RNAi

Within the C. elegans genetic toolkit is the highly valuable technique RNA interference (RNA1), de-
veloped by Fire and Mello in 1998. They discovered that the introduction of double stranded RNA
(dsRNA) to worms led to dcgradation of the cognate mRINA, this created a tool that facilitates a tar-
geted reduction in gene expression (Fire et al., 1998). The original discovery delivered the dsRNA by
microinjection, a technique that is time consuming and has limited scalability; further developments
found that dsRNA could be introduced by cither soaking (Tabara et al., 1998) or fccding via bacteria

engineered to produce dsRNA (Timmons and Fire, 1998).

It became apparent during the project, due to limitations with gene deletion of b0491.5, that RNAi
would be the best suited technique to knockdown expression of b0491.5, allowing B0491.5 activity to
be reduced, while retaining viability. As large quantities of worms would be required to obtain mean-
ingful mitochondrial physiology and morpho]ogical data, the deiivery of feeding RNAi was selected

with a detailed description of the protocol in Section 2.4.3 of Materials and Methods

Initial experiments to establish the potency of b0491.65(RNAi), characterisation of the knock down
worms and rcsulting mitochondrial investigations are detailed in Section 5.3. In this section, the
necessary developments made to scale up the technique to generate enough biological material for
]arge scale mitochondria preparations are detailed, as the current literature describes smaller scale
cxpcrimcntal protocols not fit for the purpose of this project (Hammell and Hannon, 2012; Lehner

et al., 2006; Habig et al., 2008).

331 Sca]ing up the RNAi technique

One technique to deliver RNAI on a larger scale is to use large, 20 cm Petri dishes which are able
to sustain large populations of worms, however it was found that the distribution of bacteria was
uncvcnly dcplctcd and this led to pockcts of worms within the platc having reduced access to bacteria.

As mentioned in Section 3.2, it is essential that worms have a consistent exposure to RNAi bacteria
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3.3. Large scale liquid culture RNAI

to ensure even protein knockdown within the culture. Alternative to culturing C. elegans on plates, is
to use a hquid medium, which is a standard protocol for normal growth, however is less common for
RNAI, and the literature is focused on a 96-well plate small scale delivery (Lehner et al., 2006; Habig

et al., 2008).

There are a few key variables within an RNAi protocol relating to bacteria growth and induc-
tion, such as culture growth phase, IPTG concentration and induction time, with variances in these
potentially impacting on the potency of the RNAi. Reading published protocols found in relation
to 96-well plate experiments (Lehner et al., 2006; Habig et al., 2008), it was decided to grow RNAi
bacteria cultures to ODggg 0.4-0.6, induce the bacteria for 2 hours with 0.4 mM IPTG, then add the
bacteria to the standard S-basal worm liquid culture medium with addition of 100 pg/mL ampicillin

and 0.8 mM IPTG.

It was determined that 4 L of RNAi bacteria was needed to maintain 1 L of worm culture to adult-
hood, inoculated with ~ 1 million worms. To determine if those RNAi conditions were sufficient, the
isolated mitochondria were analysed by SDS-PAGE and an anti-B0491.5 antibody, shown in Figure
3.5. Full characterisation of b0491.5(RNAI) is detailed in Section 5.3, including phenotypical analysis.
This section aimed to establish that this exact protocol of delivering RNAi does in fact lead to a suc-
cessful knockdown of protein. The western blot shows a roughly three-fold decrease in the signal of
B0491.5 for the b0491.5(RNAi) fraction, suggesting that the RNAi conditions in relation to bacterial

growth and induction are suitable to be used at this scale.
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Control b0491.5
RNAi (RNA:)

L A0 B0491.5

0.8

Signal Intensity

Control  b0491.5
RNAi  (RNA:)

Figure 3.5: RNAI liquid culture knockdown analysis - The concentration of the isolated mitochondria
was determined by a BCA assay and 60 g of each condition loaded onto an SDS-PAGE gel and blotted
with an anti-B0491.5 primary antibody and an anti-rabbit HRP secondary. Band signal intensity was
determined in LI-COR Image Studio

33.2  Synchronising experimental cultures

Having established conditions suitable for delivery of RNAi bacteria on a large scale, optimisation was
needed to synchronise the two experimental cultures, as the control and b0491.5(RNAi) worms grew
at different rates. It was important that both cultures were grown to reach adulthood on the same
day, so that the mitochondria isolations could be carried out simultancously. Many of the physiology
experiments required fresh mitochondria, as the freezing process can cause damage to the outer mem-
brane, and variation arising from buffers or equipment meant that if collected on separate occasions

it decreased the extent that the data from the two conditions could be compared.

The worms exposed to b0491.5(RNAi) grew slower, therefore to have both cultures reach adulthood

on the same day for isolation the control was grown for three days, and the b0491.5(RNAi) culture for
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four days, from starved L1 stage. Adulthood was determined on the control by a developed gonad
with visible eges, but animals were harvested before many second generation progeny entered the
culture. For the b0491.5(RNAi) condition, as the treatment causes hindered reproductive development,
indications that the culture had reached adulthood were size and looking for them to have grown

passcd the L4 knotch stage’.

Optimising these two aspects, of scaling up the delivery of the RNAi producing bacteria to large
quantities of worms and achieving synchronous cultures has created a consistent protocol, detailed
in Figure 3.6, for supplying b0491.5(RNAi) animals for mitochondrial isolation and downstream bio-

chemical analysis.
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Large Scale RNAi Liquid Culture Protocol

Day 1 Day 5 part 2
D491, 5(RNAi) Preparation Control (RNAi) Preparation
Using just starved plates, set upa _—_ Bleach worms to harvest eggs and
. 0.5 L N2 liquid worm culture i \. let them hatch overnight on N

wﬁi unseeded plates ’
- ~250 thousand worms
% ]O

Bleach a worm pellet of ~ 3-4 m

Day 2

Set up overnight pre-cultures of

Control (RNAi) Preparation contiBlfRNA batetia
Using just starved plates, setup a i
0.5 L N2 liquid worm culture A 2x250 ml
/‘_'x s
o ~250 thousand worms p Day 6
= { Control (RNAi) Preparation I
N Grow 4x 1 L cultures of control(RNAi)
o ) bacteria to ODjy, 0.4, induce with IPTG,
Grow N2 worms to gravid adult stage grow for 2 hours and harvest
(~3 days)
Adding ~1 million worms
Day 4

Setup 1 L worm culture with syn-

chronised L1 worms and control(RNAi)

b0491,5(RNA) Preparation ’
bacteria

. Bleach worms to harvest eggs and

N ¥ z,
® let them hatch overnight on S
®

2x 250 ml

v
unseeded plates O : : n
| Grow worms to adult stage

Bleach a worm pellet of ~ 3-4 m
3 days for control( RNAi) and 4 days for

Set up overnight pre-cultures of b421.5(RNA:)
b491. 5(RNAf) bacteria
2x 250 ml Dﬂy 9

Worm cultures are both ready for mitochondria
isolation, see figure 3.4

Day 5 part 1

b0491.5(RNAL) Preparation
Grow 4x 1 L cultures of b4 91 S{RNA:) ST
bacteria to ODgq, 0.4, induce with 0.4 mM
IPTG, grow for 2 hours and harvest
-
= Innoculate cultures with 125 ml of pre-cul-
ture

Set up 1 L worm culture with synchronised
L1 worms and 604 91. 5(RNA:) bacteria

Adding ~1 million worms

Figure 3.6: Large scale liquid culture RNAi protocol - A step by step overview of the protocol to
achieve large volumes of C. elegans with RNAi suppression of b0491.5 with a comparative control cul-
ture.
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3.4 Blue native PAGE

Blue Native Polyacrylamide Gel Electrophoresis (BN PAGE) is an established technique for examining
mitochondrial protein complexes as it allows the native conformation and protein-protein interac-
tions to be maintained (Wittig et al., 2006). The tcchniquc works through hinding of anionic dyc
Coomassie blue G-250 (G-250), to solubilised mitochondria. The dye binds the membrane proteins
due to its hydrophobic properties, leading to a charge shift on the proteins due to binding of a large
number of‘dye molecules. Even basic proteins migrate to the anode, at pH75 (Schaggcr et al., 1994).
Proteins are separated according to size, in acrylamide gradient gels (Wittig et al., 2006). With this
technique, as the membrane proteins are coated with negatively charged G-250, the tendency for
them to aggregate is minimal. Furthermore, the dye converts membrane proteins into water-soluble
molecules, losing their hydrophobic properties, meaning the risk of protein denaturation, even in the

in-gel absence of detergent, is minimised (Wittig et al., 2006).

Itisa technique that has developed over the years, and the quality ofresulting gels has increased
significantly. It has developed from gels where individual complex identification was unclear, (Grad
and Lemire, 2006; van den Ecker et al., 2010), to systems showing clear separation of multiple super-
Complexes (77). However, obtaining highly resolved bands often remains a challenge, and is affected
by the detergent/protein ratio and concentrations for your sample. Furthermore, variables such as the
parameters of the gel system can vary, therefore it is necessary to optimise the sample for the system

in use.

341 Detergents
3.4.11 Digitonin

For running samples in their native conformation, two different dctergcnts were used in complcmcnt
with the BN system. Digitonin is a natural detergent obtained from the purple foxglove plant, it is

used widely for mitochondrial solubilisation (Vercesi et al., 1991). Digitonin has a critical micelle con-
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centration (CMC) value of 0.25-0.5 mM (Baker et al., 2015), the CMC describes the concentration
that, once exceeded, the dctcrgcnt bcgins to form micelles. In this project concentrations far exceed-
ing the CMC were used, 1-6% (w/v), 8-49 mM and a detergent: protein ratio of 1:1 or 6:1, respectively.
It is considered a 'mild’ detergent and maintains larger complexes that have potentially weaker inter-
actions, if the mitochondria samplcs contain supcrcomplcxcs, these should be able to be visualised
with digitonin. Furthermore, it is thought that with digitonin, the majority ofcomplex [ is found in

complex with complex ITT (Acin-Pérez et al., 2008).

3.4.1.2 Triton X-100

The other dctcrgcnt used in chis project was Triton X-100 (TX-100), a classical non-ionic dctcrgcnt,
and one of the oldest that is still in use. It has CMC value of 0.2 mM, and will be used in these
experiments at 5% (w/v), 70 mM. A harsher’ detergent, it solubilises proteins into smaller complexes,

including individual Complcx 1 (Gurtubay, 1980).

3.42 Initial protocol

An initial protocol was established based on parameters described in (]ha et al., 2016), carried out with
digitonin solubilised isolated mitochondria. The results (Figure 3.7) showed a presence of multiple
higher bands, but only after silver staining. The resolution of bands was fairly sharp, suggesting that
the dctcrgcnt/protcin ratio was suitable, but a weak signal indicates the amount ofprotcin could be

increased.
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3.4. Blue native PAGE

Mito Conc. in 5
solubilisation buffer mg /mL

Digitonin % 1% 1%
Amount
LoadedinGel 20¥8 3008

720

480

242

Silver
Staining

146

66

Coomassie
Staining

Figure 3.7: Blue Native PAGE - 1 mg of isolated N2 mitochondria was solubilised in 200 pL of 1%
digitonin solubilisation buffer (concentration of 5 mg/mL), giving a detergent: protein ratio of 2:1.
Loading samples were made up with 5% G-250 sample additive and either 100 pg or 50 pg of sol-
ubilised mitochondria in 30 pL, with 10 L of each of those samples loaded on a 15 well 3-12% gel.
Gels were stained with either Coomassie or silver stain, as indicated. Numbers to the side of the gel
indicated protein size in kDa.

3.43 Protein and digitonin concentration optimisation

To address the issue of weak signal in the BN PAGE, the protein concentration was doubled at the
solubilisation step, increasing from 5 mg/mL to 10 mg/mL. As the protein concentration increased, the
digitonin concentration was also doubled to maintain the same digitonin: protein ratio of 2:1 as in the
initial gel. An additional variable was tested, based on alternative published protocols (Suthammarak
et al,, 2009, 2010) which uses a digitonin: protein ratio of 6:1, therefore the same concentration of

mitochondria were also solubilised at 6% digitonin.
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Mito Conc. in 10
solubilisation buffer mg/mL

Digitonin % 2% 6%

Amount
Loaded in Gel

160 pg 110 pg

1236
1048

720 ¢

480

242

146

66

Figure 3.8: Protein and digitonin concentration optimisation in blue native PAGE - Mitochondria
were solubilised at a concentration of 10 mg/mL and either 2% or 6% digitonin, to produce protein
ratios of 2:1 and 6:1 respectively. Samples contained 10% G250 solution and solubilised mitochondria
with 25 pL sample loaded on a 10 well 3-12% gel. Gels were stained with Coomassie. Numbers to the
left indicated protein size in kDa.

There was a clear increase in the Signal on the gel7 particularly between the regions of 480-242 kDa,
where in the initial gel no signal was detected here. Around 1048 kDa, where the respiratory complexes
are expected, there was a ladder of 4-5 bands detectable under Coomassie staining, previously only

detected with silver stain.

In terms of detergent concentrations, for the bands under a digitonin: protein ratio of 6:1 (6%
digitonin), there was a noticeable increase in the resolution of the larger complexes, suggesting this
condition was more suitable for solubilisation of mitochondria for the goals of this project. Therefore

going forward, the protein will be solubilised at a concentration of 10 mg/mL with 6% digitonin.
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3.4. Blue native PAGE

3.4.4 Maximising protein loading

As the detergent concentration was increased, so does the amount of G-250 sample additive required,
as it needs to be a 1/4th the detergent percentage. The consequence of this was that as more G-250 was
rcquircd, there was a proportional decrease in the amount of solubilised mitochondria in the 10ading

sample, reducing the amount of protein loaded on the gel and ultimately reducing the signal.

Supplied from Invitrogen is a 5% G-250 solution of a proprietary recipe, however to try and op-
timise this aspect, a 10% "homemade’ solution was made from Coomassie Brilliant Blue G-250 Dye,
see materials and methods, to reduce the volume of G-250 required in preparing the loading sample.
This was particularly important if a smaller sized gel system is being used, as the volume that can be
loaded onto the gel is limited, at around 25 pl. per well, and therefore if the protein concentration is
low due to high volume of G-250, this cannot be countered with adding a large volume of sample to

the well.
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[A]

Mito Conc. in 10 10 10
solubilisation buffer mg/mL mg/mL mg/mL
G-250 Solution % 5% 10% 10% 10% 10%
Amount
Loaded in Gel 110 ug 150 ug 150 ug 150 g 150 ug
1236
1048

720

480

242
146
66
Coomassie CI Coomassie  CI
Activity Activity
C. elegans Bovine

Figure 3.9: Optimisation of G-250 in BN PAGE - Mitochondria were solubilised at a concentration of
10 mg/mL and 6% digitonin. A Samples contained either 5% or 10% G250 solution and solubilised mi-
tochondria, stained with Coomassie. B In-gel activity assay for complex I (see materials and methods
for assay details). C Bovine mitochondria shown for comparison to C. elegans, stained with Coomassie
or by complex I activity. For all lanes 25 L sample was loaded on a 10 well 3-12% gel. Numbers to
the left indicated protein size in kDa.
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3.4. Blue native PAGE

Figure 3.9 (A) shows that the 10% G-250 successfully solubilises the mitochondria to the same
extent as the 5% commercial solution. Furthermore, raising the stock concentration of G-250 allowed
an increase in the protein amount that was able to be loaded onto the gel, which improves the signal
obtained under Coomassie staining. Figure 3.9 (B) shows complex I activity staining, identifying the
bands that contain active complex I. In addition to this, mitochondria solubilised from bovine heart
tissue are shown in Figure 3.9 (C) as a comparison to C. elegans. Overall the band patterning between
the two species was similar, with interspaced single bands throughout the gel and a ladder of bands
in the top region. However, in the bovine samplcs there are a greater number of highcr order bands

than with C. elegans mitochondria.

This adaptation concludes optimisation of the BN PAGE gels with digitonin detergent as the sol-
ubilisation agent. This technique was key in investigating mitochondrial respiratory complexes, with
digitonin playing the role as a gentle detergent that maintains the integrity of larger protein com-
plexes. With this optimised protocol, going forward a standard BN PAGE under digitonin conditions
will have 150 Hg of mirochondria in a lane solubilised with a digitonin: protein ratio of 6:1 and the

loading sample made up with 10% G-250, a summary of the protocol can be seen in Figure 5.11.

3.4.5 Blue native PAGE with Triton X-100 detergent

Alongside digitonin, the detergent Triton X-100 (TX-100) was used as an investigative tool, the
harsher nature of TX-100 allows investigation of Complex I as an individual comp]ex, as under digi—
tonin it has been published that this maintains a large proportion of complex L: Complex I super-
complexes (Acin-Pérez et al., 2008). Therefore the use of TX-100 allows an additional tool to look at

Complex I individual]y.
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Mito Conc. in 10 b)
solubilisation buffer mg/mL mg/rnL

TX-100 % 5% 5%

Amount
LoadedinGel ~ 1O°H8 7818
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Figure 3.10: BN PAGE with Triton X-100 - The mitochondria were solubilised at a concentration of
cither 50r 10 mg/mLin 5% TX-100; as indicated. Samples contained 10% G250 solution and solubilised
mitochondria. 25 L sample was loaded on a 10 well 3-12% gel. Gels were stained with Coomassie.
Numbers to the left indicated protein size in kDa.

It was found that TX-100 solubilised the mitochondrial proteins into smaller complexes than
those observed after digitonin extraction. It was also observed that large smear, thought to be caused
by the accumulation of smaller complexes, appeared in the bottom half of the BN PAGE when using
the same amount of protein. This can be seen in Figure 3.10, in the gel lane on the left from 480 kDa

and below.

To reduce this aggregate, the mitochondria concentration used for solubilisation was halved to 5

mg/mL, with the same 5% TX-100 concentration used. Looking again at Figure 3.10 at the gel lane on
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3.5. Chapter conclusion

the right, this had a dramatic effect in reducing the smeared region, and in improving the resolution
of the bands. As a result, it was concluded for investigating mitochondrial samples in BN PAGE
under TX-100 conditions, these optimised conditions will be adopted and a lane will have 78 pg of

mitochondria.

3.5 Chapter conclusion

Having an optimised toolkit oftechniques was essential to meet the experimental aims of this project,
and these techniques have facilitated a wide range of data collection across the project. Chapter four
(Section 4.3 and 4.4) used isolated mitochondria (technique developed in Section 3.2) for Blue Native
PAGE (technique developed in Section 3.4), to validate the wild type respiratory complex organisation
and, crucially, facilitated the identification of B0491.5 in complex I. This was only possible due to high
concentrations of mitochondria available for use in the BN PAGE and optimised protein loading for
the gels, allowing detection of an antibody signal by second dimension ana]ysis (Figure 4.5). Previous
to optimisation, the protein amounts in the second dimension analysis from BN PAGE were too small
to determine an antibody signal. Furthermore, the resolution achieved in the BN PAGE (Figures 4.3
and 4.4) allowed the determination ()fmultiple supramolecular bands, previously indistinguishable in

carlier protocols.

BN PAGE (technique developed in Section 3.3), was used in Chapter Five (Section 5.4, Figures
5.10, 5.11 and 5.12) to compare mitochondria puriﬁed from control and b0491.5(RNAi) animals. The
technique allowed differences in the organisation of the respiratory complexes between the two con-
ditions to clearly be visualised, allowing changes to be seen that otherwise could have gone undetected
in an unoptimised system. Previous to scaling up the RNAi protocol, it would have been challenging
to isolate enough b0491.5(RNAi) mitochondria for analysis by BN PAGE. Isolated mitochondria were
analysed in Chapter Five (Section 5.5) for mass spectrometry, to investigate proteome changes in con-
trol and b0491.5(RNAi) samples, The removal of bacterial contamination prior to isolation (Section

3.2.2), allowed for high quality results, unencumbered by hits from bacterial proteins.
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Chapter 3. Technique Development

Data collection for mitochondria physiology experiments in Chapter Six (Section 6.2) was im-
provcd by the optimiscd mitochondria isolation protocoi. The modifications carried out in Section
3.2, collagenase incubation and sucrose flotation, were designed to improve the quality of the O,
consumption data (Section 6.2.1). Cleaning the worms by sucrose flotation significantly reduced the
amount of background respiration from bacteria. Incubation in coiiagcnasc weakened the cuticle,
which led to improved integrity of the outer membrane and increased the accuracy of the respiration
data, as decreases in activity due to loss of cytochrome ¢ are less prominent. Data collection from
the other mitochondrial physiology experiments, anaiysing membrane potcntiai (Section 6.2.2) and
ROS production (Section 6.2.3) , were also improved for the same reasons. Large quantities of mito-
chondria were required to carry out these analyses, which was made possible by the scaled up growth
of RNAI inhibited worms. In addition, it was essential the mitochondrial sampics were fresh, there-
fore synchronisation of the two conditions (Section 3.3.2) was a crucial factor in allowing the most
accurate comparisons between the control and b0491.5(RNAi) conditions. Cryo-electron tomography
carried out on isolated mitochondria (Section 6.3.3), found that the mitochondrial samples showed

consistently intact out membranes, which can be ateributed to protocol development in Section 3.2.1.

Potential disadvantages of the sucrose flotation and Coiiagenase incubation optimisation steps in-
corporated into the mitochondrial isolation, revolved predominately around the length of time an
isolation would take. The addition of the sucrose flotation step (Section 3.2.2) added ~30 minutes to
the protocol, whereas the collagenase digestion was an additional ~two and a half hours. These added
time steps are particularly pertinent as, as previously discussed, this was necessary for the mitochon-
drial physiology experiments to take place directly after isolation, putting more of a time demand on
the protocoi to facilitate data collection on the same day. In total, the isolation and mitochondrial
physiology experiments took 14 hours, with the modifications included. Furthermore, due to large
variability in collagenase enzymatic activity in commercial batches, there is a wide range of reported
incubation times with the enzyme, from 30 minutes to 36 hours. When optimising the protocol for
the purpose of this project, a balance was struck between the time pressures associated with immedi-
ately carrying out physiology experiments, and sufficient incubation with collagenase for an effect to
take piacc. When including a two hour incubation with coiiagcnasc, an increase of 16% in yicld was

found along with an increase in outer membrane integrity as indicated by a reduction in stimulation
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3.5. Chapter conclusion

with cytochrome ¢, suggesting the incubation was sufficient to make valuable improvements on the

protocol.

Although none of the techniques incorporated into these protocols were novel, it was important
to determine the impact each variable had on the data produced. In relation to the mitochondria
isolation, some of the published protocols had included respiration studies (Wojtovich et al., 2008),
however, it was difficult to assess the integrity of the preparations as they did not include data on
stimulation with cytochrome c. Therefore, it was not possible to conclude if without these combined
steps the competency of the mitochondria would be as high. The protocol optimisations detailed in
this chapter have conclusively improved the data collection found in the forthcoming results chaprers,

and are valuable additions to the 1ab0ratory’s protoco] toolkit.
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Chapter 4

Establishing B0491.5 as a homologue of

mammalian NDUFAT11

4.1 Chapter introduction

The first section of this study sets out to establish that C. elegans protein B0491.5 is the homologue
of mammalian respiratory Complcx I protein NDUFATL As detailed in Section 1.2.2, C. elegans has
a significant number of electron transport chain proteins in common with mammals. In complex I,
NDUFA11 was one of only seven subunits out of the forty-four in human complex I that did not have
an identified C. elegans homologue. Despite the whole genome being sequenced, many proteins are
still uncharacterised due to lack of functional data and low primary sequence homology, explaining
why certain homologous genes, such as b0491.5, are currently not yet annotated. After an initial dis-
covery by Patcy Kuwabara, this project aimed to validate the discovery, with further bioinformatic

and biochemical evidence.

This Chaptcr providcs bioinformatic, respiratory complcx localisation and functional evidence
that b0491.5 is the homologue of mitochondrial respiratory complex I subunit NDUFA11. Further-
more, investigations into the composition of mitochondrial respiratory complexes not only serves to
idcntify the subcellular location of B0491.5, but also to validate the organisation ofrcspiratory com-

plexes in C. elegans, which has been previously published (Suthammarak et al., 2009, 2010).

105



Chapter 4. Establishing B0491.5 as a homologue of mammalian NDUFAI11

4.2 NDUFAT11 bioinformatics

Researching C. elegans as a mitochondrial model organism and understanding how highly homologous
their mitochondria composition is with mammalian counterparts, investigating the human subunits
with no current homologous subunit in C. elegans was a natural progression. The original discovcry
regarding C. elegans protein B0491.5 as a homologue of mammalian NDUFAI11, was made by Patty
Kuwabara using psi-BLAST (Position-Specific Iterative Basic Local Alignment Search Tool) which
can be used to find distant Cvolutionary relationships. The NDUFATI1 homologuc in Drosophila, ND-
B14.7, was first used in psi-BLAST to identify C. elegans b0491.5. Following on from that discovery,
TreeFam, a database developed to provide curated phylogenetic trees for animal gene families and also
provide orthology/parology predictions (Ruan et al., 2008) was used to investigate the phylogenetic
relationships of b0491.5. Searching NDUFAI11 in the database brings up TreeFam family TF314729,
consisting of 62 species. Looking within the family at model organisms, the cladogram of the family
tree is shown in Figure 4.1. Furthermore, looking for B0491.5 in a proteomic paper which carried out
a comprehensive proteomic analysis of C. elegans mitochondria (Li et al., 2009), it was found to be
enriched in the mitochondria, providing confidence that B0491.5 could potentially be a homologue

of NDUFAIL.
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4.2. NDUFA11 bioinformatics

——B0491.5, C. elegans
———CG9350, D melanogaster

p ——NDUFALL, D. rerio
——NDUFA11, G. Gallus
NDUFA11, M. musculus
——AC024592, H. sapiens
——NDUFALL, H. sapiens

Figure 4.1: Cladogram of NDUFAT11 - The TreeFam family TF314729 (NDUFAT11) has 63 sequences
from 62 species. The sequences were aligned using MCoffee. The final alignment was 675 AA long and
on average 42% conserved. TreeBest (Ruan et al., 2008) was used to build a gene tree and reconciles
it with the species tree. TreeBest build 5 source trees using nj and Phyml (Guindon et al., 2010). It
then merges them into one tree trying to minimise the number of duplications using a species tree.
Represented using a model tree type and cladogram branch length.

The bioinformatic data from the psi-BLAST scarch (not shown), and TreeFam phylogenetic re-
lationships (Figure 4.1), led the project to C. elegans protein B0491.5. Figure 4.1 shows the gene tree
for NDUFAL1, focused on model organisms. The hit AC024592 refers to the genomic DNA region,
where NDUFAI1 resides. The C. elegans protein B0491.5 is currently classed as uncharacterised, and
the gene has not been annotated with a known function. WormBase, an international consortium
dedicated to providing accurate and current information regarding the model organism C. elegans, has
information suggesting enrichment of B0491.5 in some neurons and the germ line as well as it being
affected by several genes including daf-2, daf-12, and let-7. Carrying out a literature search, b0491.5 can
be found in one study which explores the impact of RNAi on lifespan for a range of proteins, and
finds that suppression of b0491.5 leads to small increase in lifespan (Chen et al., 2007). In addition,
the proteomic paper (Li et al., 2009) discussed above, which showed enrichment of B0491.5 in the

mitochondria, suggesting its subcellular location.
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Chapter 4. Establishing B0491.5 as a homologue of mammalian NDUFAI11

As the C. elegans genome is fully sequenced, both the gene and protein sequence were available from
WormBase. Using The European Bioinformatics Insticute (EMBL-EBI) multiplc sequence aiignmcnt
tool Clustal Omega (Madeira et al., 2019), the protein sequences of NDUFA11 from humans, pig and
cow as well as the homologue CG9350 from fruit fly were compared to C. elegans B0491.5 shown in

Figure 4.2.

An immediate observation was in relation to the length of the C. elegans protein B0491.5 in com-
parison to the other horno]ogues. With a primary sequence of 327 amino acids, it was over double the
length of the others, with the majority of the additional amino acids found at the beginning. This
N-terminal region (amino acids 1-155) was investigated further by Basic Local Alignment Search Tool
(BLAST), using the BLASTp aigorithm (Altschul et al., 1990). All the hits were from the nemacode
phylum, with the top five being from other members of the Caenorhabditis genus, suggesting it was a
nematode specific region (data not shown). The functional role, if any, the N-terminus region has to
play was unclear; searching databases of protein families using EMBL-EBI tool Pfam (Bisseru, 1971)

comes up with no functional annotation for the region.
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Figure 4.2: NDUFAI11 multiple sequence alignment - Multiple sequence alignment generated on

Clustal Omega (Madeira et al., 2019). The block colour regions above represent the TMH secondary
structure regions for porcine NDUFAT1, taken from the 5GUP structure (Wu et al., 2016) (grey) and
predicted regions for C. elegans B0491.5 (blue) as determined in JPred4 (Kayser et al., 1989). The boxes
surrounding the residues conserved across all five entries, and residues which hold similar properties

are represented by : or . depending on the strength of similarity.
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Chapter 4. Establishing B0491.5 as a homologue of mammalian NDUFAI11

C. elegans protein B0491.5 alignment with the other sequences begins from amino acid 155, the
alignmcnt contains 13 highly conserved residues, marked with boxes in Figure 4.2, and a similar 1cngth
C-terminal region with that of the fruit fly. The sequence shows low sequence similarity to all four
other proteins, detailed in the table below in Table 4.1, as determined by Clustal Omega’s percent
idcntity matrix. Even when truncating the B0491.5 sequence, from just amino acid 155 onwards, the

percent identity remained within one percent of the score with the full sequence.

Protein % Identity with C. elegans B0491.5
CG9350, D. melanogaster 22.42%
NDUFAI1L, H. sapiens 16.79%
NDUFALL, S. scrofa 15.33%
NDUFAL11, B. taurus 13.87%

Table 4.1: Percentage identity of B0491.5 to mammalian NDUFAI1 - determined by Clustal Omega
(REF-CLUS) percent matrix tool, based on the sequences shown in Figure 4.2.

The transmembrane helix (TMH) regions for the porcine protein were added to the sequence
alignment using the solved structure 5GUP (Wu et al., 2016), to identify the primary sequence that
corresponds to key structural regions of the protein. These regions are represented by the grey bars
above the sequence in Figure 4.2. For B0491.5, TMH regions were predicted using Protein Secondary
Structure Prediction server]Pred (Kayser et al., 1989), and added in blue bars. The predicted B0491.5
secondary structure, to the most part, overlaps with the established porcine structure, indicating that
despite a low primary sequence similarity, there was more prominent secondary sequence compara-

bility.

110



4.3. Organisation of C. elegans mitochondrial respiratory complexes

As initial evidence investigating B0491.5 as a homologue of NDUFAL11, the sequence alignment
shows promising similarity in the second half of the protein sequence, with multip]c highly conserved
residues potentially clustered around the ends of the TMH regions. Therefore, the project aimed to

provide biological evidence to validate the bioinformatic data.

4.3  Organisation of C. elegans mitochondrial respiratory complexes

Blue native PAGE (BN PAGE) is an established method for investigating the organisation of multi-
subunit complexes, full development of the technique for this project is detailed in Section 3.4. In
this section, BN PAGE was used to validate the organisation of the respiratory complexes in C. elegans
mitochondria. Furthermore, it was used alongsidc second dimension ana]ysis and antibody probing
to investigate the subunit composition of the respiratory complexes, to provide evidence of the lo-
calisation of B0491.5 to complex I. Isolated mitochondria from N2 worms were separated using BN
PAGE, the data prcscntcd in Figures 4.3 and 4.4, alongsidc pubiishcd data, will work to support the
identity of the respiratory complexes in each of the bands, before antibody data presented in Figure

4.5 localises protein B0491.5 specifically to complex I.
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Figure 4.3: Blue native PAGE with N2 isolated mitochondria - Isolated mitochondria from N2 worms
were solubilised with digitonin or TX-100 (see Materials and Methods Section 2.9.3 for full protocol),

then electrophoresed in 4-16% gradient acrylamide gels under native conditions and visualised by
Digitonin i
—— . |
720
480
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- - .
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staining with Coomassie Blue.

Figure 4.4: Blue native PAGE in-gel activity assays - Isolated Mitochondria from N2 worms solubilised
with digitonin (A) or TX-100 (B), were electrophoresed in4-16% gradient acrylamide gels under native
conditions. In-gel activity assays show positions of complex I, IV or ATP synthase (see Materials and
Methods Section 2.9.3.1 for full protocol)
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4.4. Locating B0491.5 within the respiratory supercomplexes

When solubilised with digitonin, the supramolecular organisation of the respiratory complexes
was kcpt intact, and can be seen stained in Figure 4.3. Combining data publishcd prcviously (Sutham-
marak et al., 2009, 2010), and in-gel activity assay data in Figure 4.4, it suggested the ladder of bands
located at the top of the gel are varying arrangements of CI, IIT and IV. Other predominant bands on

the gcl include an ATP synthasc dimer, and bands of either CIILIV or CIII,.

Solubilisation with TX-100, a harsher’ detergent, disrupted the larger complexes, and maintained
onl)7 those Cornplexes which are bound tightly. This condition disassembled the supercornplexes and
leaves cornplex I intact, which was in contrast to digitonin conditions, where the majority of the

complex I was suggested to in a CLIIT state (Schagger and Pfeiffer, 2000).

4.4 Locating B0491.5 within the respiratory supercomplexes

As a tool to determine if B0491.5 was located in the mitochondrial respiratory complexes, the BN
gcls were run on a second dimension in rcducing conditions, allowing visualisation of the constituent
subunits of each complex. Firstly, antibodies against the NDUFS3 subunit in complex I and ATP5 in
complex V confirmed the in-gel activity assay data in Figure 4.4, then when blotted for B0491.5, it can
be seen to co-localise with the NDUFS3 antibody, in both digitonin and TX-100 conditions. This is
compelling evidence that B0491.5 is localised to respiratory complex I, and supports the bioinformatic

data in Figure 4.1, thatitis a homologue of NDUFAL11.
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Digitonin TX100

Anti-B0491.5

Anti-NDUFS3
Complex I
Subunit

Anti-ATPS
Complex V
Subunit

{mn}m‘LL ‘ATP‘ CI  ATP synthase

synthase

Figure 4.5: Two-dimensional analysis of BN PAGE - separated in reducing conditions on a 4-12% gel
(see Materials and Methods 2.9.3.2 for full protocol). Superimposed on gels stained with silver stain
are antibody signals for B0491.5 (green) and NDUFS3 (red) in the top panel, and ATP5 (green) in the
bottom panel. Representative gel, n=3
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4.4. Locating B0491.5 within the respiratory supercomplexes

To support the antibody data in Figure 4.5, and support the localisation of B0491.5 in complex
I, the band in the BN gcl under TX-100 conditions showing CI activity, was excised and analyscd
using shotgun mass spectrometry by Mark Skehel (Head of the Biological Mass Spectrometry and
Proteomics Laboratory). The top twenty hits, as determined by the exclusive spectrum count, are
shown in Figure 4.6. Prcdominatcly, the subunits detected are from complex I (10/20), however, there
are also subunits from complex III (4/20), this could be due to remnant CLIII supercomplexes, or
local contaminants. Within these hits was B0491.5, supporting the antibody data in Figure 4.5, and

supporting prior evidence of the proteins localisation to mitochondrial respiratory complcx L.
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; Exclusive
C. elegans gene é—lr:hm:]m R(e:splraiory Spectrum
olog omplex e

ucr-1 UQCRC1 Complex 111 84
Triton NUO-5 NDUFS1 Complex 79
3 NUO-1 NDUFV1 ComplexT 51
YS3GSAL.2 NDUFA9 ComplexI 46
CYC-1 CYC1 Complex ITI 44
ANT-11 SLC25A4/5/6 = 43
icl-1 - - 42
GAS-1 NDUEFS2 Complex I 40
NUO-2 NDUEFS3 Complex I 40
UCR-2.2 UQCRC2 Complex IIT 39
Rk NUO-4 NDUFA10 Complex 38
Vit-6 CTD-3088G3.8 = 37
UCR-2.1 UQCRC2 Complex III 36
B0491.5 NDUFA11 Complex I 36
480 kDa atp-1 ATPSF1A Complex V 32
Vie-5 CTD-3088G3.8 % 29
C16A3.5 NDUFB9 Complex I 29
F59C6.5 NDUFB10 Complex I 28
Vie-2 CTD-3088G3.8 # 27
F53F4.10 NDUFV2 Complex [ 26

Figure 4.6: Shotgun mass spectrometry of BN PAGE complex I active band - Top twenty hits from
mass spectrometry of the protein band excised from BN gel that showed in-gel complex I activity
as determined by exclusive spectrum count. Mass spectrometry was carried out by Mark Skehel at

Cambridge
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4.5 Homology model of B0491.5

Having collected compelling BN PAGE antibody and in-gel activity data, supported by mass spec-
trometry, supporting the localisation of B0491.5 to the mitochondria, and more specifically to res-
piratory Complcx I, attention was turned back to the sequence alignmcnt. The ovcrlapping porcine
and predicted B0491.5 TMH regions, as well as the number of residues conserved across all species,
suggested likely secondary structure similarity between the two proteins. To investigate the structure
of B0491.5 and to try and shine light on any structural similarity between NDUFA11 and B0491.5 the

approach of homology modelling was taken.

This was carried out as the data collected so far locates B0491.5 to the same cellular location as
NDUFAT11, but does not provide evidence of them sharing the same function. If similarities could be
shown between B0491.5 and NDUFAL1 on a structural level, this would provide strong evidence, in
combination with the bioinformatic and BN PAGE data, that they are homo]ogous proteins. Furcher-
more, structural analysis could contribute to the understanding of the function of NDUFAI11 within
complex I, beyond the current suggestions of its role as an assembly or stabilisation subunit, discussed

in Section 1.1.7.2.

The model was constructed using porcine NDUFAL11, from the 5GUP respirasome structure as
the model (Wu et al., 2016), this structure was chosen as it was determined at 3.6 A for complex [ with
side chains, which at the time was the highcst resolution structure available, furthermore, the structure
was solved with cardiolipin bound to NDUFA11, which was of particular interest to this project. A
comprehensive protocol of how the model was made can be found in Materials and Methods, Section
2.13. In short, an alignment of the sequence to be modelled was used, with a known structure, and
Modeller calculates a model containing all non-hydrogen acoms, implementing spatial restraints and
performing de novo modeling of loops, if necessary. Due to limitations within the homology modelling
method, in the respect that it needs a solved structure to work from, and the fact that the N-terminal
region only shares homology with other nematodes, the model was constructed using the region of

B0491.5 that aligns with other species, and for which there are structures available.
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Figure 4.7: Homology model sequence alignment - multiple sequence alignment from Figure 4.2, high-
lighting only the residues for B0491.5 that are present in the homology model, residues not included
in the homology model are either not shown or greyed over. The block colour regions above represent
the TMH secondary structure regions for porcine NDUFATLL, taken from the 5GUP structure (Wu
et al,, 2016) (grey) and predicted regions from the model of C. elegans B0491.5 (orange). As before, the
boxes surrounding the residues conserved across all five entries, and residues which hold similar prop-
erties are represented by : or . depending on the strength of similarity. The residues highlighted in
yellow are predicted to have cardiolipin interaction properties, and the residues highlighted in purple
are conserved somatic mutations found in (Tate et al., 2019)
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4.5. Homology model of B0491.5

The region of the B0491.5 primary sequence that was included in the homology model is shown
in the sequence alignmcnt in Figure 4.7, from reside 155 onwards, consisting of 135 residues in total.
Annotated on the alignment are the same TMH regions from porcine NDUFALIL as in Figure 4.2,
shown in grey, however in regards to B0O491.5 it is now annotated with the modelled TMH regions,
represented as orange bars above the corresponding residues. Also shown on the sequence alignment,
in yellow and purple, are residues that will be referenced back to as we look at the model, relating to

residues of interest when looking at different aspects of the structure.

The model, shown in Figure 4.8 in orange, exhibits pronounced alignment with NDUFAL11, in
grey. Not only does the model fit with the same number of TMH regions, they are organised with
similar trajectories, both a structure that sits off the side of the transmembrane arm ofcomplex [and
creates a ‘channel like structure that CL sits in. This ‘channel’ is most prominently displayed in Figure
4.8, in the left hand image, showing a top down view from the mitochondrial matrix. In addition,
arcas such as the region between TMH 2 and 3, where there is an insertion of residues for B0491.5,
manifest as a longer loop in the model. That B0491.5 is modelled to conform to a four transmembrane
structure is particularly interesting, as out of the complex I accessory subunits, twelve contain a single
TMH, one contains two TMHs, and NDUFA11 uniqucly has four (Wu et al., 2016). Suggesting that
out of the complex I subunits B0491.5 could be homologous to, the structural conformation of four

TMHs is strong evidence it is homologous to NDUFAT1.
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Matrix View
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Membrane View

Figure 4.8: Introducing the B0491.5 homology model - top: structure of CI from porcine 5SGUP respi-
rasome structure (Wu et al., 2016) with NDUFA11 shown in a darker grey. bottom: three orientations
of the model (orange) overlaid with NDUFA11 structure from 5GUP (grey). Cardiolipin is represented
in yellow and the dotted lines represent the border of the membrane.
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Figure 4.9: RMSD and RMSF values of the homology model in atomistic MD simulation - RMSD
analyses based on Ca, calculated every 0.1 ns. RMSF calculated per residue
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4.5. Homology model of B0491.5

When evaluating the model, it was essential to take into account the parameters used when creat-
ing it. The input structure, NDUFATL, used to build the model had a large influence on the resulting
output structure, B0491.5, so interpretations of the model should be made with the appropriate cau-
tion. To test the robustness of the model a 200 ns atomistic molecular dynamic (MD) simulation
was run by Robin Corey. From this, analyses such as root-mean-square deviation (RMSD) and root-
mean-square fluctuation (RMSF) were used to measure the spatial variations of the proteins within

the simulation (Figure 4.9).

The RMSD was used as a quantitative measure looking at the similarity between two superim-
posed atomic coordinates (Kufareva and Abagyan, 2012), in this case the reference structure NDUFAT11
and the model B0491.5. Whereas, the RMSF Captured, for cach residue, the fluctuation around its av-
erage position, giving a measure of the ﬂexibility oi‘regions of the peptide and showing regions of‘high

flexibility as peaks in the plot.

The closer the RMSD value to zero the better, the model deviated by an average of 4.9 A RMSD
(0.49 nm) (Figure 4.9), this was a relatively high value, however, this could be due to multiple factors.
The RMSD is thought to correlate inversely with the sequence similarity of the two structures (Smith,
1992), and as the primary sequences have signifieantly low identities of only 15.33% between B0491.5

and porcine NDUFAL1, this could be a contributing factor to the high RMSD.

The regions of a protein model that are the most reliable are those directly conserved with the
modelling ternplate, whereas the regions that required building, such as non-conserved loops are a
major contributor to model inaccuracy (Guex et al., 1999). The longer loop region between TMH2 and
3 could therefore be a contributing factor in increasing the RMSD value for the model. Furthermore,
the RMSD value can be influenced by the fact that the reference structure was extracted as part of a

larger complex (respirasome of CI, IIT and IV), which can increase the value due to artefacts.

The RMSD value was stable throughout the course of the simulation (200 ns) (Figure 4.9), sug-

gesting that the model is consistent in relation to the reference structure. Taking into account the low
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percentage identities between the two proteins, combined with the fact that the reference structure is
from a 1argcr compicx and there is a disordered additional 100p region on the model the RMSD value

indicated reasonable similarity between NDUFAT11 and the B0491.5 model.

The RMSF plot was a representation of molecule flexibility, in Figure 4.9 there are two distinct
regions showing increased plasticity; the first was the long loop between TMH?2 and 3, which corre-
sponds to the fluctuation at around residue 50, and the second are the terminal regions. Overall the
RMSF piot corresponds predictabiy with the secondary structure of the model, showing less ﬂexibility
in the TMH regions and increased flexibility in the loop and terminal regions. The combination of
these analyses could be taken to suggest that B0491.5 was stable within the constraints of the modelled

structure.

4.6 Investigating cardiolipin interactions

Cardioiipin (CL)isa lipid predominantiy found in the inner mitochondria membrane (Paradies et al.,
2014; Houtkooper and Vaz, 2008), where it is known to interact with the respiratory complexes (Jus-
supow et al., 2019; Arnarez et al., 2013; Duncan et al., 2016), but exact binding motifs have been hard
to pinpoint. The structure of the respirasome (5GUP) (Wu et al., 2016) has a CL molecule bound at the
site of the NDUFA11 ‘channel’, between the TMH of the protein and the membrane arm of complex
I. This can be seen from muitipic anglcs in Figure 4.8, with the phosphoiipid head of the CL molecule

facing up into the matrix.

When analysing the cryo-EM structure of NDUFAI11, and the model of B0491.5, residues that
potentially interact with CL were compared between the two structures, shown in Figure 4.10. These
six residues from each structure are also highlighted in yellow in the sequence alignment in Figure
4.7. They were selected based on evidence from previously published literature regarding residues
that bind CL (Jussupow et al., 2019; Arnarez et al., 2013), inciuding spcciﬁc residues in NDUFA11
identified by the authors that solved the 5GUP porcine respirasome (Wu et al., 2016), and proximity

to the CL molecule.
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4.6. Investigating cardiolipin interactions

Figure 4.10: B0491.5 and cardiolipin interacting residues - B0491.5 homology model is shown in or-
ange, NDUFAI11 structure shown in grey, with CL in yellow/red. Dotted curved line represents the
boundaries of the membrane. Top panel: membrane view of different orientations of a B0491.5 and
NDUFAT11 overlay. Bottom panel: zoomed in regions of the dotted box areas of the top panel. Residues
labelled in the figure respond to the NDUFAI1 structure (grey), B0491.5 homology model (orange).
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Figure 4.10 (A) features three aromatic residues facing towards the IMS side of the protein, al-
though not within a particularly close proximity to the CL molecule itself, thcy formed an interesting
aromatic triad between CL and the IMS. Interest in the aromatic triad came from the nature of the
three residues, which could potentially act to close off the channel formed between NDUFA11 and
the CI matrix arm from the IMS. Additionally, there was strong structural conservation between the
model and NDUFAT11 structure, with the three residues orientated in a similar manner, as well as
amino acids with similar properties being conserved at those positions. This both suggests a func-

tional role for the residues, as well as supporting B0491.5 and NDUFA11 bcing homologous.

The four residues highlighted in Figure 4.10 (B), likely make direct contact with the CL molecule.
Three of the residues are referenced by the authors in relation to the porcine respirasome (Wu et al.,
2016), suggesting that NDUFAT11 forms four hydrogen bonds with CL via residues R58, Y59 and K44.
Analysing the model, amino acids with similar properties are found to roughly overlay with these ND-
UFAI11 residues. On the second TMH where R58 sits, a simi]arly basic 1ysine residue (L63) was found
on THM?2 of the B0491.5 model. NDUFAT11 residue Y59 was located on TMH3, and on the model
a tyrosine residue (Y35) was orientated towards to CL and occupying the same space, however, this
residue was located on B0491.5 TMH2, suggesting that although variation has arisen in the primary
sequence of the two homologous proteins, structural homology has been maintained in relation to

lipid binding activity.

The third residue referenced in (Wu et al., 2016), NDUFA11 K44, was located at the end of TMH?2
and was orientated towards the CL molecule. At the same position on the B0491.5 model was residue
R41, however in the model the residue was facing away from the CL. This opens up the possibility
of the CL binding residues operating in two binding states, in an on/off mechanism, however it also

could be an artefact of the model.

When Compared to the sequence alignment, there was not strict conservation in the primary se-
quence for the CL binding residues, which could potentially be surprising considering how crucial CL
binding was likely to be in relation to the function of the protein. However, there was strong struc-

tural conservation, particularly when 100king at Tyr(59) on the model, which structurally orientates
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itself directly towards CL and occupies the same space as Tyr(35) in NDUFAL11, despite them being
on different helices. Additionally, in the comparative residues where the exact same residue was not
conserved a residue with similar properties are found. Examples being lysine and arginine, and the

aromatic residues phenylalanine, tryptophan and tyrosine.

4.7 Investigating additional conservation between B0419.5 and NDUFAL11

In addition to the residues that may interact with CL, the structure of porcine NDUFA11 and model
were analysed in relation to somatic mutations in NDUFAI11 as determined by COSMIC: the Cata-
logue Of Somatic Mutations In Cancer (Tate et al., 2019). The COSMIC database was used to identify
residues in NDUFAL11 that had been found to be mutated in human cancers, as an indication that they
potentially held an important function. Of these residues, it was found that of the 90% of mutations
that are highly conserved in 8. scrofa, 75% are also strictly conserved in C. elegans. Furthermore, they
are within a close proximity to each other on the primary structure and ovcrlay signiﬁcantly struc-
turally. These residues are highlighted on the sequence alignment in Figure 4.7 in purple. Of the ten
conserved somatic mutations between the structure and model, three are strictly conserved in the pri-
mary sequence, see Figure 4.7, residues highlightcd in purplc surrounded by a black box. Furthermore,
the observation that the residues, which are likely of functional importance, are similarly patterned

between the two structures provides additional support for B0491.5 being a NDUFA11 homologue.
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Figure 4.11: NDUFAT11, the B0491.5 model and somatic mutations - B0491.5 homology model shown
in orange, NDUFA11 structure shown in grey. Dotted curved line represents the boundaries of the
membrane. Top panel: membrane view of different orientations of a B0491.5 and NDUFA11 overlay.
Bottom panel: zoomed in regions of the dotted box areas of the top panel. Residues labelled in the
figure respond to the residues that undergo somatic mutations in both the B0491.5 homology model
and porcine NDUFA11
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4.8 Chapter discussion

Bioinformatic data mining of mammalian NDUFA11 using psiBLAST and investigation of phyloge-
netic relationships using TreeFam, followed by a literature search which showed B0491.5 was enriched
in the mitochondria, provided promising data suggesting C. elegans B0491.5 is a homologuc of ND-
UFAI1L The primary sequence showed low sequence identity, with a particularly long N-terminal
region on B0491.5, that is not shared with mammalian NDUFA11 sequences. However, analysis of sec-
ondary structure looking at TMHs in NDUFAT11, and predicted TMH regions in B0491.5 suggcstcd
that the proteins shared secondary structure homology. Furthermore, the proteins shared thirteen
strictly conserved residues. The bioinformatic data provided enough evidence to warrant further in-

vestigation, using biological analyscs to validate the ﬁnding.

Section 4.3 outlines the solubilisation of mitochondria in two contrasting detergents, and sepa-
ration of the native respiratory complexes by BN PAGE. The composition of the complexes within
the BN PAGE bands was established using in—gel complex activity data, 2D analysis and previously
published data. This data served two purposes, firstly, it validated the organisation of C. elegans res-
piratory cornplcxes, including suprarnolecular organisation. Sccondly, it facilitated the investigation
of the subcellular location and association to CI, of B04915. The 2D analysis, with accompanying
antibody data localises B0491.5 to CI, in both digitonin conditions, and importantly, also in TX100,
where CI was found as an individual entity. The antibody data was supportcd by in—gcl assays idcntify—
ing the same bands as complex I, and further corroborated with shotgun mass spectrometry. Together

this data provides demonstrative evidence of localisation of B0491.5 to respiratory complex I.

To build on the affirmation of B0491.5 localisation to complex I, and to provide evidence of a ho-
mologous relationship specifically to NDUFAI11, a homology model of B0491.5 was made. Although
the model had to be taken with an understanding ofits internal bias, it showed unmistakable compara-
bility to NDUFAT11. The iitting of B0491.5 to a four TMH structure, which the RMSD and RMSF data
show could be a thermodynamically plausible conformation, provides strong evidence of homology
to NDUFAT11, as it is the only accessory subunit of CI with a four TMH structure. Furthermore, the

model features a range of structurally and functionally conserved residues with NDUFAT11, primarily
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in relation to CL binding. As discussed in Section 1.1.1.2, it has been suggested that CL plays an im-
portant role within the respiratory Complcxcs, both in their activity and structural integrity (Paradies
et al,, 2014; Zhang et al., 2002; Boctinger et al., 2012), but how this role is mediated is not currently
well understood. As NDUFAI11 is a CL binding subunit, it could provide an excellent opportunity
for future research exploring the function CL plays in relation to complex I and the supercomplex,
by investigating the impact of perturbing NDUFA11L: CL interactions. As data from the model sug-
gests that B0491.5 shows a similar CL interacting relationship as NDUFAL1, the C. elegans model can

COl’lﬁdCl’ltly bC uscd to carry out tl’liS cxpcrimcnts.

All together the bioinformatic, proteomic and computational data provides strong evidence of
B0491.5 as an homologue of NDUFAT11, the project can now utilise the C. degans toolkit to investigate

B0491.5 as a subunit ofcomplex I, and extrapolate the ﬁndings accordingly.
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Chapter 5

Utilising the C. elegans toolkit to investigate

the loss of B0491.5

5.1 Chapter introduction

Chapter four has established B0491.5 as an homologue of NDUFAT1, this chapter utilises the C. elegans
toolkit to investigate the effect of losing NDUFAI11 from the ETC. Two approaches are discussed in
this chapter, firstly the genetic manipulation tool CRISPR was used to create a complete knockout
(KO) of b0491.5. The second uses RNA interference (RNAi) to suppress expression. The impact of
both methods on worm physiology are characterised in Sections 5.2 and 5.3 respectively. The chapter
goes on to explore the effect of b0491.5(RNAi) on the immediate protein environment in ETC organi-

sation, and on a WhOlC proteome ICVET] Wlth mass spectrometry.

The supramolecular organisation of the C. elegans mitochondrial ETC was validated through BN
PAGE in Chapter 4, Figures 4.3 and 4.4, showing the existence of supercomplex entities under digi-
tonin solubilisation. It has been suggested that NDUFAI11 is integral in complex I assembly or stabil-
isation (Section 1.1.7), and loss of the subunit leads to a decrease in intact CI (Andrews et al., 2013).
Moreover, the decrease in one of the ETC complexes is thought to impact on the supramolecular
structure of the Complcxcs (Section 1.1.6.2). An additional factor, is the location of NDUFAI1 at the
interface between CI and CIII in the respirasome, suggesting it could play a direct structural role

within the respirasome. Therefore, the organisation of the respiratory complexes in B0491.5 deficient
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mitochondria was explored (Section 5.4), to investigate the effect the loss of the subunit has on ETC
protein organisation, cither as a direct effect due to loss of contact points between CI and CIII, or as

a consequence of decreased CL

Finally, as mentioned above, changes in one ETC complex is thought to have an impact on other
complexes in the system. Section 5.5 examines the expression level of mitochondria proteins using
quantitative mass spectrometry, to explore if the changes in complex organisation, including loss of
supercomplex formation, seen in Section 5.4 could be attributed to a general down regulation of the
respiratory proteins, of if perhaps they are re-organised. The cytosolic proteome was briefly explored

to determine if changes in the respiratory proteins has a wider cellular impact.

5.2  CRISPR knockout of B0491.5

The initial approach to investigate loss of B0419.5 was to edit the C. elegans genome using the CRISPR-
Cas9 system, which uses a guidc RNA sequence to the target gene to facilitate specific double-strand
DNA cutting, allowing permanent genome wide removal of the gene. This relatively recent technique,
implemented in the laboratory from 2015, revolutionised the ease at which gene manipulation could
be achieved in C. elegans, particularly in relation to removing regions of‘gcnctic material. Prcviously, to
reduce gene expression the tool available was RNA mediated interference (RNAi) which has variable

levels of suppression.

5.2.1 Creation

The CRISPR mutant was created by cutring the b0491.5 gene at two sites, then repairing with a tem-
plate that created a frameshift deletion between residues 46 and 193, causing the protein to be reduced
by 139 bp and to be non-functional. The CRISPR deletion of b0491.5 was designed and carried out

by Patty Kuwabara, unless otherwise indicated further work wich the strain was my own.
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Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6
1 1900
Exon 1 Exon 2
1 46 193
139bp
deletion

Figure 5.1: B0491.5 CRISPR mutant - schematic representation of the CRISPR mutation introduced
to b0491.5. Caused a deleted region in between position 46 and 193, introducing a frameshift mutation
which perturbs the rest of the sequence represented in red.

The CRISPR strain was screened using the co-CRISPR method, using dpy-10 as the Co-CRISPR
marker, as described previously (EI Mouridi et al., 2017). The dpy-10 mutation is indicative of a both
a successful injection event and, also, active CRISPR protein which allows targetted screening for the
desired CRISPR edit. Successful b0491.5 deletion events were confirmed by PCR, see materials and

methods Section 2.5 for full protocol on PCR for detecting b0491.5 deletion.

5.2.2  Phenotype

The CRISPR mutant displays a common mitochondrial defect phenotype, where development arrests
at L2 stage, highlighted in Figure 5.2. C. elegans undergo a metabolic shift at the L2 larval stage (Sec-
tion 1.2.1.1), and this developmental defect may be representative of the animals not being capable
of the increased demand on respiration through complex I. In addition to a developmental arrest,
preliminary analysis in Image] on balanced b0491.5 KO worms suggested that b0491.5 KO worms also
display anatomical changes, being slimmer and longer. Measurements of the KO strain averaged a
length of 323pm and width of 15.45pm, compared to a length of 287pm and width of 21pm in
N2 L2 worms, however to be confident in the observations, more repeats would be necessary as the

analysis was generated from an n of 3.
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The phenotype of L2 larval arrest can be distinguished from animals entering the dauer stage,
as although animals enter dauer formation from L2 stage, animals in this state develop a distinctive
anatomy, predominately appearing very thin, with a length-width ratio of 30: 1. It was possible
to detect by eye that the B0491.5 CRISPR mutant does not enter a dauer state, and the preliminary
measurement data supported this, with a suggested length-widch ratio of 21: 1. Somewhere in between
dauer and the control, which has a length-widch ratio of 13.5: 1. This was important to distinguish, as
the causative factors behind the different states, either dauer or L2 arrest, are different, as discussed

in Section 1.2.1.1.

Reproductive
Adule \

CRISPR KO Worm

Figure 5.2: Characterising the B0491.5 knockout phenotype - Top panel: repeat of schematic of C.
elegans lifespan used in Figure 1.14, with the developmental stage L2 highlighted by dotted red box.
Bottom panel: Brightﬁeld images of B0491.5 KO worm (left) and a comparative N2 L2 worm (right).
Scale bar: 50 pm.
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5.2. CRISPR knockout of B0491.5

Arresting at L2 stage, and not developing to an egg-laying adults meant the homozygote Ab0491.5
animals would lay no progeny and the strain was lethal, where lethal is defined as any mutation that

prevents survival or reproduction (Edgley et al., 20006).

5.2.3 Maintenance and balancing

Due to the lethality of the homozygote Ab0491.5 mutant, to be maintained, the strain needed to be
balanced. A balancer is a genetic construct or chromosomal rearrangement that allows stable main-
tenance of lechal or sterile mutations in hetcrozygotes (Edgley et al., 2006). An appropriate balancer
needed to be selected for the mutation; balancer mnCI (strain CGC43) was chosen as it featured an
inverted chromosome II, and had an integrated GFP construct under the control of a pharynx specific
promoter (see Section 2.1 for full annotation). This allowed Ab0491.5 homozygotcs to be distinguishcd

from the population by a lack of GFP signal.

Furthermore, the co-CRISPR marker method introduced a dpy-10 mutation in the strain. The dpy-
10 gene was edited to the dominant dpy-10(cn64) mutation, giving a homozygote dumpy phenotype
and heterozygote roller phenotype. This could be seen in the (Ab0491.5/N2) heterozygote strain as a
roller, however the homozygote phenotype was masked by phenotype created by an absence of b0491.5.
Therefore, in addition to balancing the strain, the dpy-10 mutation needed to be crossed out of the

Ab0491.5 strain.

It was desirable to remove the dpy—]() mutation from the b0491.5 KO strain before moving forward,
to allow the effects of the Ab0491.5 to be clearly distinguished from a potential combined effect of
having a dpy-10 homozygote mutation. As b0491.5 and dpy-10 were both on chromosome 11, a recom-
bination event was required to out cross the dpy-10 mutation. dpy-10 was located at position 0 on
chromosome 2, and b04915 was at position 3.5, creating a distance of &3.5 map units from each other.
Therefore it was estimated that /3.5 in every 100 b0491.5/+ animals would experience a recombina-
tion event, where by the dpy—]() mutation would recombine away from the allele carrying the b0491.5

mutation, producing a b0491.5/+ genotype with a WT phenotype.
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Figure 5.3: Balancing the b0491.5 CRISPR KO strain - A schematic representation of the stages re-
quired to cross out the dpy-10 mutation and balance the Ab0491.5 gene. Stage 1: looking for recombi-
nation events to cross out dpy-10 from Ab0491.5, expected to find 3.5 recombination events in every
100 animals due to the two genes (dpy-10 and b0491.5) being 3.5 map units from each other. 40 WT
animals were single plated and screened by PCR to determine b0491.5 genotype (Figure 5.4). Stage
two: generating balancer (mncl:GFP) males for mating with b0491.5/+ Stage 3: mating the b0491.5
deletion strain with the balancer (mnc1:GFP), successful matings can be determined by a WT:GFP
phenotype and PCR screened for b0491.5 genotype (Figure 5.5)
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5.2. CRISPR knockout of B0491.5

Figure 5.3, stage 1, outlines how the recombination event was identified. Picking WT phenotype
progeny from an individual heterozygote (Ab0491.5:dpy-10/+) animal, and screening the progeny by
PCR to identify WT worms with a Ab0491.5 genotype. At this stage 40 WT worms were picked and
single plated, once they had laid progeny, thus securing the line, they were screened by single worm

PCR for the b0491.5 deletion (Figure 5.4).

There was one clear recombination event, animal 25, indicated in Figure 5.4 by a green box, which
presented a non-roller WT phenotype, and producing two bands in the screening PCR, with the lower
502 bp band indicative of the b0491.5 deletion. There were two other double bands (gel lanes 7 and
39), however they were not as conclusive due to the band appearing larger than 502 bp. Based on the

screening in Figure 5.4, the progeny of animal 25 were selected to balance the deletion strain.
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Figure 5.4: Screening for recombinant events in Ab0491.5 strain - SW PCR results for 39 phenotyp—
ically WT worms, progeny of a single Ab0491.5, dpy-10/+ animal. A double band with the smaller
product at 500 bp was indicative of Ab0491.5/+, whereas one band at 660 bp was representative of
WT b0491.5, +/+. Successful recombination events are marked with a green box. Control is lane 40,
N2.
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As Ab0491.5 homozygotes are lethal, arresting at larval stage 2, and producing no progeny, the
deletion alone was prone to being selected out and cannot be maintained as Ab0491.5/+. Addition-
ally, the Ab0491.5/+ strain was susceptible to recombination events and loss of the Ab0491.5 deletion.
Therefore, to maintain the strain, the balancer mnCI was selected for mating with Ab0491.5/+, full

annotation of the balancer can be found in Materials and Methods Section 2.1.

A classical crossover suppressor allele, the mnClI strain featured an inverted chromosome II, which
made the balanced Ab0491.5 less prone to recombination events. It also contains a GFP marker
on chromosome 11, driven by a pharynx promoter, which allowed straight forward identification of
Ab0491.5 homozygote worms through identifying non-GP animals (Dejima et al., 2018). The mnClI
strain had further additions of dpy—]() and unc-52 mutations, meaning homozygote balancer worms
(mnCI/mnCl) are also easily identifiable from the brood, as they presented with a stick unc pheno-
type. This made the Ab0491.5/mnCI balanced strain helpful in two ways, it divided the population up
into easy to identify phenotypes, but in addition the stick unc mnCI homozygotes are sterile. There-
fore, the Ab0491.5/mnCI animals were casy to select for, allowing stable propagation of the Ab0491.5

mutation.

As shown in Figure 5.3, aehieving the balanced strain required mating Ab0491.5/+ hermaphrodites
with mnCI/+ males, a full protocol can be found in Materials and Methods 2.4.5. Figure 5.5 details
the PCR screening required during stage 3 in Figure 5.3, as the brood to select mating Ab0491.5/+
hermaphrodites contains both Ab0491.5/+ and +/+ animals which are phenotypically identical. There-
fore, to identify the matings carried out with Ab0491.5/+ animals, after exposure to mnC1/+ males and

subsequent progeny were laid the hermaphrodites were screened for Ab0491.5.
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Figure 5.5: PCR screening for matings and balancer and strain phenotypes - matings between po-
tential Ab0491.5/+ hermaphrodites and mnC1/+ males and the subsequent progeny were screened for
identification of the deletion, see materials and methods Section 2.5 for full experimental details.

Figure 5.5 (A) shows that of four matings set up, all were Ab0491.5/+ hermaphrodites. Seven

progeny from mating number four, indicated with the green dashed box, were single plated and

screened for the b0491.5 deletion. Four of the progeny were positive for the deletion, indicated with a
solid green box.
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This successful mating concluded the balancing of the b0491.5 deletion strain, where Ab0491.5/mnCl
animals have a WT phcnotypc and are identifiable by a GFP signa], the strain was there on in main-
tained by picking WT GFP worms. As seen in Figure 5.5 (C), the homozygote Ab0491.5 animals could

be identified as the non-GFP population, distinct from homozygote mnCI animals.

This section has outlined the process of creating a stable Ab0491.5 strain that can be maintained
and, in addition, Ab0491.5 homozygote worms can be easily identified to further analyse in future

experiments.

5.3 Establishing b0491.5 RNAi

The CRISPR Ab0491.5 strain displays asevere dcvclopmcntal arrest phcnotypc, suggesting that B0491.5
is essential for normal development. However, as Ab0491.5 worms arrest at L2, it was therefore diffi-

cult to obtain large volumes of material, and this was a barrier to further biochemical analysis.

To overcome this, an alternative genetic approach, RNAI, was used to suppress expression of
b0491.5 in large volumes of animals. The impact of RNAi varies from gene to gene, so it was necessary
to establish the level of knockdown achieved for b0491.5. The control used throughout the RNAI

experiments was an ‘empty’ feeding vector, fully described in Materials and Methods 2.4.3.

5.3.1 Initial investigation

RNAi was carried out by feeding bacteria producing b0491.5 dsRNA (Timmons and Fire, 1998) to
starved L1 larval animals (see Section 2.4.4 for full experimental details). Visual observations were
carried out, in addition to whole worms taken for immunoblotting, after intervals of four and eight

days (Section 2.9.2).
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Figure 5.6: Establishing b0491.5 RNAi - (A) Immunoblot of whole worms grown on b0491.5 RNAi from
L1 larval stage, for four or eight days, as indicated. Blotted against B0491.5, or tubulin as a control,
as indicated. (B) RNAI plates viewed through the dissecting microscope on day 4, scale bar is 1 mm.
Eggs, L1 and L2 larvae are present in the control RNAi condition, as labelled, but not in b0491.5(RNAi)

condition

Figure 5.6 (A) indicated that there was a significant reduction in the protein levels of B0491.5,
showing no detectable signal from the b0491.5(RNAi) samples. As a control, the blot was also probed

for tubulin, showing even loading in each lane.
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There was also a marked difference in animal development. In the first two days the animals
developed at similar rates, however, as they entered post-embryonic development pronounced differ-
ences could be seen. By day four, control animals had begun to lay eggs and the second generation
were hatching, whereas, under b0491.5 RNAi the animals displayed little to no egg laying, shown in
Figure 5.6 (B). The animals were however growing to reach adulthood, not shown. This providcd evi-
dence that the b0491.5 RNAi was working, and furthermore that it had a significant impact on animal

development.

5.3.2  Characterising b0491.5 RNAi

As initial observations showed a marked difference in reproductive capacity, a brood count of b0491.5(RNAi)
animals was carried out. In addition, to validate previous ﬁndings in b0491.5(RNAi) (Chen et al., 2007),
the lifespan of b0491.5(RNAi) animals was established, see Material and Methods Section 2.4.8 for the

full protocol.

Figure 5.7 shows a Signiﬁcant decrease in brood count for b0491.5(RNAi) animals, with a near
complete reduction in progeny compared to the control. Furthermore, of the few progeny laid from
a b0491.5(RNA1) parent, they were observed to arrest at the L2 larval stage, the same phenotype as the
b0491.5 CRISPR KO strain, detailed in Figure 5.2. This was in conjunction with an observed slower
rate of development for the b0491.5(RNAi) animals, reaching adulthood after four days as compared to

d’lI'CC days fOI' thC COI’ltI‘OI‘ Adulthood was determined based on worm size and gOl’lf{d deve]opment.
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Figure 5.7: Characterisation of b0491.5(RNAi) I - (A) Brood count for b0491.5(RNAi) and control under
RNAIi suppression from hatching, n=6 for control, n=10 for b0491.5(RNAi), p < 0.001. (B) Lifespan mea-
surements were carried out on animals under RNAI feeding from L4 stage, full protocol in Materials
and Methods 2.4.8. n=45 for b0491.5(RNAi) and n=38 for control, p < 0.001.

The survival curve, Figure 5.7 (B), showed an increase in lifespan of b0491.5(RNAi) animals, from
an average lifespan of 18.7 days for the control, to 22.6 days under b0491.5(RNAi). This was consistent
with other published findings, in relation to mitochondrial knockdowns in general (as discussed in

Section 1.2.2.2) and specifically in b0491.5 (Chen et al., 2007).
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Figure 5.8: Characterisation of B0491.5(RNAi) - Top panel: brightfield images of either control RNAi
or b0491.5(RNAi) adult worms, as indicated. Control and b0491.5(RNAi) animals were grown for three
and four days respectively to reach adulthood. Middle panel: zoomed in brightfield image of the boxed
arca in the top panel focusing on the gonad area of the worm. Bottom panel: graphs representing the
width and length 25 pim of the two worm populations, control n= 11, b0491.5(RNAi) = 8, two-tailed,
unpaired t-test p-value < 0.05 in both conditions.
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Analysis of the phenotype (Figure 5.8), shows the b0491.5(RNAi) knockdown worms to be slightly
slimmer and shorter than the control; average widths of 79 gm and 68 pm were measured for the
control and b0491.5(RNAi) respectively, and, average lengths of 1162 ym and 1104 pgm were measured
for the control and b0491.5(RNAi) respectively. These differences are small but consistent across the

population, analyscd with statistical anaiysis ofp < 0.05 for both 1cngth and width measurements.

All animals included in phenotypical analysis showed some development of eggs in the gonad,
indicating that the b0491.5(RNAi) animals were reaching adulthood. However, as shown in Figure 5.8
the gonad was less full and appears disordered. This could suggest either a defect in an egg hiying, as

some embryos are developing, or a defect in the animals ability to produce eggs.

5.3.3  b0491.5(RNAi) mitochondrial isolations

The RNAI technique was scaled up to harvest enough material to isolate mitochondria for further
analysis. Significant work went into scaling up the RNAi process to knockdown a sufficient biomass
of worms, see Section 3.3 in the Technique Development Chapter. Having established a protocol,
it was important to determine the level of B0491.5 knockdown was consistent throughout different

mitochondrial isolations.

Figure 5.9 (A) shows immunoblot data for five mitochondrial preparations, it was noted that a
small signal for B0491.5 can be detected in the isolated mitochondria samples, and that this result
differs marginally from the whole worm Western blot in Figurc 5.6, where there was no signal at all in
the b0491.5(RNAi) samples. It is likely that remnant levels of B0491.5 were present in the whole worm
samples in Figure 5.6, but, were too low to be detected by the antibody. However, due to enrichment

in the isolated mitochondria samp]cs, thcy appcarcd in the blots in Figure 5.9 (A).
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Figure 5.9: Quantification of b0491.5(RNAi) knockdown in mitochondrial isolations - (A) immunoblot
blot of five mitochondrial isolations. 50 pg of isolated mitochondria was loaded on an SDS-PAGE gel
(Section 2.9.2) and transferred to a PVDF membrane (Section 2.10.1), the membrane was blotted with
B0491.5 and ATP synthase subunit ATP5 primary antibodies and fluorescent-conjugated secondaries.
Band intensities were determined by LI-COR software Image Studio and plotted in Graphpad. The
data indicates a knockdown of 84% of B0491.5 protein levels (6-fold decrease). (B) Analysis of B0491.5
protein expression levels, from quantitative mass spectrometry analysis of b0491.5(RNAi) (Materials
and Methods, Section 2.11, and results Section 5.5) were used as a measure of RNAi knockdown, a
log, FC of 2.52 is equivalent to a knockdown to 83% of control levels (5.74-fold decrease)
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Figure 5.9 shows consistent protein knockdown across multiple isolations, the extent of the reduc-
tion was assessed by immunoblot blot and quantiﬁcd by fluorescent sccondary antibody, dctcrmining
an average reduction of 84% of B0491.5 protein levels. Additionally, two isolations were analysed by
quantitative mass spectrometry, shown in Figure 5.9 (B), which determines a Log,(2.5) fold decrease in
the amount of B0491.5 protein in the b0491.5(RNAi) isolated mitochondria as comparcd to the control,
equivalent to a 83% reduction in expression. This data demonstrated consistent protein knockdown
throughout different mitochondrial isolations, and the extent of protein knockdown was validated by

immunoblot and mass spcctromctry data.

5.4 Investigating ETC organisation and activity

As discussed in the Section 1.1.7 and the chapter introduction Section 5.1, complex I accessory sub-
unit NDUFA11 has been shown to be integral in the assembly and stabilisation of the complex, with
loss of the subunit lcading to complcx disassemb]y (Andrews et al., 2013). In addition, structural data
has shown the subunit is located at the interface of CI and CIII in the respirasome, however, its role
within the supramolecular organisation of the respiratory complexes has not been defined. The or-
ganisation of the respiratory complexes in mitochondria with reduced NDUFA11 homologue B0491.5
was explored using BN PAGE and second dimension analysis. Section 4.3 validated the organisation
of the C. elegans ETC, this section details data from control and b0491.5(RNAi) isolated mitochondria

invcstigatcd with the two dctcrgcnts prcviously discussed, digitonin and TX-100.
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Figure 5.10: ETC organisation with suppressed B0491.5 - Isolated mitochondria from adule C. ele-
gans grown on either control or b0491.5 RNAI bacteria (Materials and Methods, Section 2.4.4.1), as
indicated. Solubilised with either digitonin (A) or TX100 (B). Gels are stained by Coomassie Blue.
Annotations of the bands presenting on the gel are as decided in Figure 4.3

Figure 5.10 (A) shows that under solubilisation with digitonin there was a distinct loss of the
higher order supercomplex structures in the b0491.5(RNAi) condition, as compared to the control.
Other complexes shown on the gel, such as ATP synthase and smaller bands of CIV/CII, appear to
remain constant. Under TX100 solubilisation, Figure 5.10 (B), a reduction in the amount of complex

I was observed, with the other prominent band on the ge], ATP synthase, remaining constant.

Using an in-gel assay the activity of complex I was investigated, shown in Figure 5.11, this anal-
ysis supports the protein staining data in Figure 5.10. Under digitonin stabilisation, Figure 5.11 (A),
b0491.5(RNAi) conditions show only one band with complex I activity, potentially individual complex
[, but no CI activity from higher order structures, as compared with the control, which shows four
distinct bands. Figure 5.11 (B) TX-100 solubilisation shows a clearly observable decrease in the activity

of CL
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Figure 5.11: BN PAGE in-gel CI activity with suppressed B0491.5 - Isolated mitochondria from adulc
C. elegans grown on either control or b0491.5 RNAi bacteria, as indicated. Solubilised with either
digitonin (A) or TX100 (B). CI in-gel activity assay was carried out where indicated.

Second dimension analysis of the BN PAGE gels allowed visualisation of the subunit composi-
tion within the native complexes, shown in Figure 5.12. Again, the loss of supercomplexes was clearly
observed under digitonin solubilisation for b0491.5(RNAi), as compared to control conditions. Fur-
thermore, the decrease in complex I in b0491.5(RNAi) with TX100 was clearly visualised, showing a
reflective decrease in CI activity to the decrease in amount of CI show in in 5.10 (B). From this anal-
ysis, smaller Changes in the protein amount in each BN band can be detected, and this potentiaﬂy
reveals an increase in the amount of CIII; or CIII: CIV supercomplexes, that was not detectable from
observing the BN PAGE. The change was not as distinctive as the variations in the supercomplexes
and CI, but, it could indicate an increase in CIII: CIV Supercomplexes as an alternative organisation,

when, due to reduced B0491.5 and CI, they are unable to form respirasome structures.
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Figure 5.12: 2D analysis of ETC organisation with suppressed B0491.5 - Top panel: BN PAGE 2D
protein separation in reducing conditions (Materials and Methods Section 2.9.3.2). Green arrows
indicate the position of the B0491.5 band on the silver stained 2D gel. Bottom panel: Duplicate view
of the area indicated on the top panel, showing the antibody signal for B0491.5, superimposed on
silver stained gel.
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5.5. Quantitative mass spectrometry

5.5 Quantitative mass spectrometry

In Section 5.4, the effect of B0491.5 suppression on the organisation of the ETC complexes was inves-
tigated, showing that under conditions with lower B0491.5 levels, there was a severe impact on the
supramolccular organisation of the ETC, showing a reduction in both intact complcx I and highcr

order supercomplex structures.

To explore the impact BO491.5 suppression had on the protein expression of the ETC subunits, and
additional key mitochondrial proteins, quantitative mass spectrometry was carried out. The aim of
the anaiysis was to investigate if the loss ofsupcrcompiexes was representative of an overall reduction
in expression of the respiratory complexes, or, if they were perhaps being re-organised. Cytosolic
fractions were also investigated, to make preliminary explorations into the wider cellular effects these

Changes in respiratory organisation could be having.

The quantitative proteomic approach, Tandem Mass Tagging (TMT), was carried out by the pro-
teomic f‘acility at the University of Bristol and guidancc was received from Phiiip Lewis in the analysis,
though his role in Bioinformatics Support at the facility. The technique was carried out in an 8-plex
format, and data was collected from two repeats of each sample; control isolated mitochondria and
Cytosolic fractions and b0491.5 RNAi mitochondria and cytosolic fractions. The consequence of hav-
ing an n of 2 is detailed in Materials and Methods Section 2.14, and although it is a valid method of
establishing statistical significance, due to the low power of an n of 2, the results are taken here as
a guide to the degree of change and the consistency of that change, rather than inferring statistical

significance.

Over 5000 proteins were identified with high confidence from the analysis, Figure 5.13 looks at
changes in protein expression levels for specific groups of mitochondrial proteins, firstly subunits that
comprise the complexes of the ETC, and also proteins associated with the function of the ETC. Figures
5.14 and 5.15 look at the proteins that show the largest changes in expression, using a logyFC of +/- 1
and p<0.01 as a guide to indicate the proteins that likely have a degree of change greater than double

or lCSS than haif, and that EhiS Changc was consistent.
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Figure 5.13: Mass spectrometry to analyse changes in protein expression of respiration related pro-
teins - The same data is represented in both volcano plots, showing the changes protein expression of
proteins in b0491.5(RNAi) mitochondria compared to control mitochondria. The vertical dashed line
on the graphs indicate +/- 1 log,FC and the horizontal lines p<0.01, 0.01 and 0.05 as indicated. (A)
Subunits of the ETC are highlighted on the plot, as indicated by the legend on the graph. (B) Subunits
of proteins associated with the function of the ETC are highlighted on the plot, as indicated by the
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5.5. Quantitative mass spectrometry

Looking ac Figure 5.13 (A), the ETC proteins have a gcncral distribution away from the centre
of the volcano plot, however, only eleven subunits out of over eighty which comprise the ETC show
changes greater than log; FC and p<0.05, indicators of proteins which are consistently changed, these

subunits are detailed below in Table 5.1.

Downregulated Proteins | Human Homologue ETC Complex p-value log,FC
QITZ33 UQCRC2 CIII 0.0056 -1.81
Q17880 NDUFV1 CI 0.0032 -1.46
QIN4Y8 NDUFS1 CI 0.0055 -1.51
Q93831 NDUFB10 ClI 0.0040 -1.17
Q17512 NDUFA11 Cl 0.013 -2.52
Q20053 ATP5PB CV 0.017 -1.92

QIN2W7 NDUFA12 ClI 0.027 -1.29
Q23098 NDUFB4 CI 0.029 -1.11
044509 NDUFB11 CI 0.034 -1.15
Q22800 NDUEFS2 CI 0.044 -1.42

Upregulated Proteins Human Homologue ETC Complex p-value log,FC
Q17439 NDUFA4 CIV 0.0078 1.18

Table 5.1: Up and down regulated ETC subunits - Proteins highlighted in Figure 5.13 (A) from the
mitochondprial fractions that have a 10g2FC +/-1and p<0.05. C. elegans proteins annotated by accession
number

The data presented in Table 5.1 and Figure 5.13 (A) show that the majority of the ETC components
which undergo a consistent change are from CI, furthermore the general distribution in the volcano
plot suggests the CI subunits are generally downregulated, whereas the majority of the subunits from

complexes I1-V showed tendencies towards upregulation. The exceptions to that pattern are a complex
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[1T subunit, homologue of UQCRC2, which was consistently downregulated. The only subunit to
show consistent uprcgulation, NDUFAA4, intcrcstingly, was originally classified as a CI subunit, but

was later found to be a component of CIV (Balsa et al., 2012).

In addition to components of the ETC, changes in proteins associated with the function of the
respiratory complcxcs were also cxplorcd, Figure 5.13 (B). These proteins included the Adenine Nu-
cleotide Transporter (ANT), cytochrome ¢, components of the Krebs cycle and the phosphate carrier
protein. It was found that in C. elcgans there are mu]tiple proteins Suggested to be homologous to
mammalian cytochrome c and the phosphate carrier, all of which are plotted in Figure 5.13 (B). The
general pattern was an overall trend towards upregulation, with the components of the Krebs cycle
undergoing the most observable changes. In fact, the only consistently upregulated proteins are from

the Krebs cycle, as determined by the guide logy FC and p-values, detailed in Table 5.2.

Upregulated proteins | human homologue  Krebs cycle component  p-value log,FC
017643 IDH2 isocitrate dehydrogenase  0.0023 1.15
P34455 ACO2 aconitase 0.019 1.36
P34575 CS citrate synthase 0.036 1.54
002640 MDH2 malate dehydrogenase 0.043 1.11
017214 FH fumarase 0.046 1.083

Table 5.2: Upregulated Krebs cycle proteins - Proteins highlightcd in Figure 5.13 (B) from the mito-
chondrial fractions that have a logyFC +/- 1 and p<0.05. C. elegans proteins annotated by accession
number

In addition to investigating specific mitochondrial proteins, the volcano plots were also analysed
in relation to the proteins most consistently changed to the greatest degree, in both the mitochondrial

(Figure 5.14) and cytosolic fractions (Figure 5.15).
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Figure 5.14: Consistently changed mitochondrial proteins as determined by mass spectrometry - Sub-

units that consistently changed to the greatest degree in the mitochondrial fractions using a logy FC
off of +/- 1 and p<0.01 as a guide. Proteins with a mitochondrial subcellular location are annotated in

blue.
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Figure 5.15: Consistently changed cytosolic proteins as determined by mass spectrometry - Subunits

that are consistently changed to the greatest degree in the cytosolic fractions using a logy FC off of +/-

1and p<0.01asa guide. Proteins with a mitochondrial subcellular location are annotated in blue.

Looking at the consistently changed proteins, there are unsurprisingly observable differences be-

tween the types of proteins up and down regulated in the mitochondrial fractions to the cytosolic.

The Cytosolic fraction (Figurc 5.15), has only one mitochondriaﬂy located protein, with the majority

of the proteins being either nuclear or extracellular. There are also notably fewer consistently changed

proteins in the cytosolic fraction, suggesting fewer proteins have been impacted by the changes in the

respiratory machincry.
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Whereas although the mitochondrial fraction (Figure 5.14), has a higher number of mitochondrial
proteins that are Consistcntiy changcd, inc]uding the ETC subunits alrcady mentioned in Table 5.1,
they are still not in the majority. Furthermore, the consistently changed proteins come from a wide
range of subcellular locations, particularly in comparison to the cytosolic fraction, perhaps suggesting

an organcile wide impact of suppression of B0491.5 that is not limited to the respiratory machinery.

5.6 Chapter discussion

This chapter set out to utilise the genetically tractable qualities of C. elegans to investigate the protein
B0491.5, established as a homologue of mammalian complex I protein NDUFAI11 in Chapter 4. Sec-
tion 5.2 establishes that if B0491.5 is removed from the genome, this causes a lethal phenotype due
to the animals arresting at the L2 larval stage, indicating that B0491.5 is essential for normal animal
development. Previous studies that have suppressed NDUFAT11 in mammalian cell culture (Andrews
et al., 2013), were able to carry out biochemical anaiysis, ﬁnding that che suppression led to a decrease
in intact complex [, mitochondrial fragmentation and decreased Cl-linked respiratory activity. How-
ever due to limitations in the experimental model, the impact of NDUFA11 suppression on complex
multi-cellular processes was not able to be invcstigatcd, rnaking this a valuable expcrimcntal model.
Section 5.2.3 details outcrossing and balancing carried out to maintain the strain for future experi-
ments, the strain will be an excellent tool to carry out further analysis of the impact of complete loss

of B0491.5, such as investigating the mitochondrial morphology and proﬁling the respiration activity.

Due to limitations in cultivating large volumes of B0491.5 knockout animals for mitochondrial
isolation, Section 5.3 outlines the deveiopment of RNAi as a technique to suppress BO491.5 expression
and facilitate investigation of the impact of loss of the complex [ subunit on whole animal physiol—
ogy and directly on the mitochondrial respiratory system. Initial experiments (Figure 5.6) validated
B0491.5 knockdown through RNAI, and indicated the b0491.5(RNAi) animals were showing a devel-
opmental delay phenotype and reduced brood counts. Full characterisation of b0491.5 RNAi (Figures

5.7 and 5.8) validated the initial findings, showing a severe decrease in the brood count, alongside a
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lethal phenotype of b0491.5 RNAi second generation animals, which arrest at L2 stage predominantly.
This was interesting, as it was the same phenotype as the b0491.5 CRISPR KO strain, suggesting that
the second generation RNAi animals are potentially not able to respond to the L2 metabolic shift
discussed previously (Section 1.2.1.1). There is a second hypothesis as to why L2 arrest occurs, which
is the maternal effect; threby the mother passes on sufficient levels of mitochondria to sustain the
first stages of growth, but if they animals are not able to produce their own functional mitochondria
they then arrest. B0491.5 suppressed animals were also shown to develop slower, taking an extra day
to reach adulchood and to be slightly smaller in size (Figure 5.8). Potentially suggesting thcy are less

able to keep up with the energetic demands of development.

Further investigation of the phenotype, Figure 5.8, shows embryos developing in the gonad how-
ever, the structure of the gonad appears atypical and disorganised, suggesting potentially an embryo
development or egg laying defect, further work would need to be undertaken to distinguish between
the two. Reproduction p]aces a 1arge energetic demand on an organism, extending the suggestion
that the RNAi animals develop slower due to a reduced capacity to produce the energy required for
development, perhaps they lack sufficient energy production capabilities to carry out reproductive

activities or are carrying them out signiﬁcantly slower.

The lifespan of b0491.5 RNAi animals was established, showing an increase of an average of ~4
days (Figure 5.7), as previously discussed in the introduction, Section 1.2.2.2, this corroborates other
studies which have found that reduction in mitochondrial function can lead to 10ngevity in model
organisms. Furthermore, the findings are consistent with previous lifespan assays conducted with
b0491.5 RNAi (Chen et al., 2007). Also discussed in Section 1.2.2.2, it has been suggested that ageing
is linked to ROS production, and that a 1ifespan extension is caused by a reduction in the levels of
respiration, leading to the levels mitochondrial ROS also reducing. To determine if this was the cause

in the b0491.5(RNAi) animals, more investigations were carried out in Chapter 6.

Section 5.4 investigates respiratory complex organisation in b0491.5(RNAi) animals, where it was
found that supercomplex formation was severely disrupted, suggesting that either the supercomplexes

are not able to assemble, or potentially, that they are not stable and a lack of B0491.5 causes disas-
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sembly. This could be due to a direct role B0491.5 has assembling or stabilising the supercomplexes,
but, it could also be that loss of B0491.5 causes a subscqucnt decrease in intace Cl, and it was the lack
of CI which leads to supercomplex loss. Support for the latter was that in Figure 5.10 (B), it can be
seen that the amount of CI was dramatically reduced in the B0491.5 deficient system. However, this
hypothesis does not factor in the position of B0491.5 between CI and CIII and the role that may play
in supercomplex interactions, but from this data it was not possible to distinguish between the two
hypotheses. All other complexes on the BN gels appear to be fairly constant, confirmed by visualisa-
tion of their component subunits in Figure 5.12. A reduction in complex I, with no discernible changc
in the other ETC was comparable to the results seen in NDUFA11 suppression in human cell culcure

(Andrews et al., 2013), suggesting a similar response was happening in the two systems.

Mass spectrometry provides a 1arge data set to extract information from, so far this project has used
the data to explore how the ETC and associated mitochondrial protein levels change under B0491.5
suppression, and examined the proteins which have Consistently changed to a iarge degree, in mito-
chondrial and cytosolic fractions. Section 5.3 has shown that b0491.5(RNAi) animals experience de-
velopmental delays and reproduction inhibition, providing evidence of an impact on a whole animal
level. Section 5.4 showed that there are signiﬁcant Changcs in the local environment of B0491.5, with
signiﬁcant disruption to ETC organisation. Investigating protein expression changes can indicate
what impact B0491.5 suppression, and the resulting ETC organisation disruption, has on an organelle
and cellular level. As the data presentcd was based on an n of two, that does limit its power in making
statistically significant conclusions, however, it is still a valid analysis and can be used as a guide until

an n of at least three is obtained.

The volcano plots (Figures 5.13-5.15) suggest that the predominant changes within the ETC are
to CI, where the majority of the subunits show a trend towards downregulation, which is consistent
with the BN PAGE data showing decreased CI. Additionally, the mass spectrometry data shows a very
mild trend towards upregulation for OXPHOS complexes [I-IV and ATP synthase. This is interesting
when considering the BN PAGE data, which shows a loss of the supercomplexes, with only a minor
indication of an increase in CIII: CIV supercompiexes. Therefore, if there is the same, if not siightiy

more, CIII and CIV OXPHOS subunits found in the b0491.5(RNAi) mitochondria, but Only a small
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potential increase in smaller complex formations on the BN PAGE when complex I1I and IV is not
formed into supercomplexes, this may suggest that in the absence of B0491.5 and CI, there is reduced
assembly of CIII and CIV. However, it could be that the limit of detection in the BN PAGE is not
enough give an accurate indication of supercomplex organisation changes. To investigate further,
individual complcx assays would providc data to suggest if there was a reduction in assembled and
active complex III and IV, or whether it has been re-organised from the supercomplexes, but remains

intact.

Figure 5.13 (B) shows the Krebs cycle proteins also showing a general trend towards upregulation,
as the Krebs cycle is interlinked with respiration, this is interesting that an upregulation is seen in
these proteins, when respiration levels show an overall reduction (Section 6.2). However, the mass
spectrometry data does not take into account the activity of the cycle, so despite an increase in enzyme
amount, the activity could be decreased. To investigate this furcher respiration studies with whole
worms could be carried out to validate the in vitro respiration data and metabolomics, to Cxplore the

metabolites present within the mitochondria.
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Chapter 6

Impact of reduced B0491.5 on

mitochondrial activity and morphology

6.1 Chapter introduction

Chapter five investigated the effect of B0491.5 knockdown on the assembly of the respiratory chain su-
percomplexes, and established that loss of B0491.5 caused them to be unformed or disassembled. Mass
spectrometry also showed that there were wide scale protein expression changes within the mitochon-
dria, suggesting that the effect of loss of BO491.5 was not limited to the respiratory chain. Chapter six

looks at the effect BO491.5 reduction has on mitochondrial physiology and morphology.

Several aspects of mitochondria physiology were investigated, using in vitro assays on isolated
mitochondria, looking at differences between b0491.5(RNAi) and control mitochondria through both
Complex I-linked and complex [-linked respiration. Firstly, respiration rates were measured via oxy-
gen consumption, followed by membrane potential using TMRM and finally, ROS production via
hydrogen peroxide levels. These experiments were carried out to explore how the changes in ETC
organisation impacts the respiratory function of the mitochondria. Additionally, increased lifespan,
shown in Section 5.3.2, is an established phenotype when there is impairment in mitochondrial func-
tion, discussed in Section 1.2.2.2. This phcnotypc is potcntially linked to Changcs in membrane poten-

tial and ROS production, therefore it was pertinent to explore this in b0491.5(RNAi) mitochondria.
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Chapter 6. Impact of reduced B0491.5 on mitochondrial activity and morphology

As mitochondrial physiology and morphology are intrinsically linked, the morphology of b0491.5
RNAi mitochondria was invcstigatcd on multiple levels. Firstly, by 1ooking at mitochondrial ultra
structure in live worms using a C. elegans strain expressing a mitochondrial targeted GFP, allowing vi-
sualisation of mitochondrial networks. Secondly, whole worms were prepared for electron microscopy
(EM) to visualise in situ mitochondria in more detail. Finally, cryo—clcctron tomography (cryo—ET)
was used as it is an accurate method to deliver three-dimensional (3D) volumes of mitochondria at
molecular resolution. To the author’s knowledge, this presented the first tomograms of isolated mito-
chondria from C. elegans. Furthermore, reconstructions of the tomograms allowed 3D visualisation of

the internal cristae structure.

6.2 Mitochondrial physiology

Physiology can be defined as the study of how living systems function, often with a focus on how
chemical and physical functions are carried out. This section Cxplorcs the physiology of mitochondria
in relation to their function in cellular respiration, including the bioenergetic activity of the ETC

machinery, membrane potential and respiration driven ROS production.

6.2.1 Mitochondrial bioenergetics

Serious perturbation of the respiratory chain complexes was found with loss of B0491.5; supramolec-
ular organisation of the ETC was abolished and intact CI was also signiﬁcantly reduced (Section 5.4).
Despite this, b0491.5(RNAi) animals were found to reach adulthood, albeit with some developmen-
tal delays and reproductive inhibition (Section 5.3), suggesting they were still capable of meeting a
minimum energy requirement, but perhaps had a reduced capacity to respond to greater energetic
demands. Furthermore, as discussed in Section 5.6, b0491.5(RNAi) animals were found to have a lifes-
pan extension, a phenomenon also seen in other mitochondrial impairment studies. It has been sug-

gcstcd that this could be linked to a reduction in respiration activity, and subscqucnt reduction in
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ROS production. Therefore, to investigate if this might be the case in b0491.5(RNAi) animals and
to understand the impact ofcomplcx organisation disruption, a more detailed investigation into the

respiration activity of the b0491.5(RNAi) mitochondria compared to the control was conducted.

Figure 6.1 shows average traces for the rate of O, consumption over time, a]ong with a bar chart
representing the value of the platcau after addition of each substrate indicated, for three respiratory
conditions. Complex I-linked respiration (A) uses substrates pyruvate and malate, which feed elec-
trons into the ETC at complcx [ via electron carrier NADH, complex [I-linked respiration (B) uses
succinate and feeds electrons into complex I via electron carrier FADH,. Finally, ‘combined’ res-
piration was carried out consisting of complex I-linked sequentially followed by complex II-linked
respiration (C), this more represents in vivo conditions and also acted to rescue poor complcx [ activ-

ity that was observed in the B0491.5 knockdown condition.

After the addition of the indicated substrate, before ADP, the mitochondria are defined as being
in state 2 respiration. Mitochondrial respiration states based on Chance and Williams nomenclature
and calculations made in this section are according to classical techniques (Chance and Williams, 1955,
1956; Brand and Nicholls, 2011). For an overview of the OXPHOS system and ETC mechanisms, see
Figures 1.4, 1.5 and 1.6, this section measures the consumption ofoxygcn as a measure of the activity of

ETC which pumps protons driven by the transfer of electrons to a final acceptor of molecular oxygen.

The addition of ADP drives substrate oxidation and subsequently increases the rate of O con-
sumption, mimicking an increase in workload, during this ADP-stimulated phase the mitochondria
are in state 3 respiration. After ADP phosphorylation, the ETC enters a steady-state, deemed state
4. The ratio between state 3 respiration, representing maximum ATP synthcsis, and state 4, which is
in the absence of ATP synthesis is called the respiratory control ratio (RCR). A high RCR is repre-
sentative of a high capacity for substrate oxidation and ATP turnover; suggesting a strong coupling
between respiration and ATP synthesis. The RCR value varies between different tissues and environ-
ments, however a lower RCR can be indicative of mitochondrial dysfunction (Brand and Nicholls,

2011).
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6.2. Mitochondrial physiology

The data shown in Figure 6.1 shows distinct differences between the control and b0491.5(RNA1)
mitochondria in all conditions. In complex I-linked respiration (A), state 2 respiration rates are simi-
lar, however upon the addition of ADP (state 3) significant differences appear with a 2.8-fold decrease
in oxygen consumption in the B0491.5 knockdown. Upon addition of oligomycin, which induced a
pseudo-state 4 both conditions slow to the same steady-state rate. To establish the cause of reduced
respiration through complex I the mitochondrial uncoupler CCCP was used to assess maximal respi-
ration capacity. As shown in Figure 6.1 (A), under these conditions the respiration remains impaircd
in the B0491.5 knockdown suggesting a specific effect on the electron transport chain rather than the

phosphorylative system.

Conversely, complex [I-linked respiration Figure 6.1 (B) shows signiﬁcant variance in state 2 res-
piration, with b0491.5(RNAi) mitochondria demonstrating higher rates. This pattern was repeated in
pseudo—state 4, with higher respiration in the steady states possibly indicative ofhigher proton leak
across the IMM. Upon addition of ADP, there was a 1.43-fold increase in ADP sustained respiration
for b0491.5(RNAi) mitochondria. The addition of oligomycin to induce pseudo-state 4 respiration was
used to calculate the RCR values for each respiration condition, shown in Table 6.1. These values
further validated findings from Figure 6.1 showing that b0491.5(RNAi) mitochondria have impaired
respiration through the complex I pathway, and that have increased respiration activity through com-

plcx I-linked respiration, potentially acting as a compensatory measure.
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Condition RCR

Complex I-Linked Control 6.2

Complcx [-Linked b0491.5(RNAi) 2.2

Complex II-Linked Control 2.1

Complcx [I-Linked b0491.5(RNAi) 3

’Combined’ Control 4.2

"Combined’ b0491.5(RNAi) 2

Table 6.1: Mitochondrial bioenergetics RCR values - the RCR values calculated from Figure 6.1. For
Complex I-Linked (Figure 6.1 A) and Complex II-Linked (Figure 6.1 B) respiration the RCR was calcu-
lated by state 3 (ADP stimulated respiration)/state 4 (oligomycin induced steady state), for ‘combined’
respiration ofComplex [ +II-Linked, the value taken after the addition of succinate was taken as stage

3.

Figure 6.1 (C), ‘combined’ respiration was investigated to explore if a subsequent delivery of suc-
cinate could rescue poor Cl-inked respiration in the b0491.5(RNAi) mitochondria condition by by—
passing complex I, it also provided in vitro conditions that are more representative of the in vivo
environment with substrates feeding electrons into the ETC at both CI and CII The same severely
reduced activity was seen in the ADP-linked state 3 respiration for the protein knockdown, upon
addition of succinate respiration was partially rescued, reducing the RCR difference from a 2.8-fold
decrease in complex I only respiration to 2.1-fold reduction when supplemented with succinate. It
should be noted that in chis system, oxaloacetate, produccd in the Krebs cyclc from malate, inhibits
succinate dehydrogenase (Wojtczak et al., 1969), which may impact the extent of succinate driven res-
piration following pyruvate and malate. Higher respiration rates are also seen again in pseudo-state
4 respiration with oligomycin for B0491.5 supprcsscd mitochondria, indicating as in in Figure 6.1 (B)

that higher rates of proton leak are occurring.
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6.2.2 Membrane potential

As discussed in Section 1.1.3, the PMF is made up of two components, the membrane potential (AW)
and ApH, generated by the ETC pumping protons into the IMS. The membrane potential is the ma-
jority contributor to the PMF and is created by the charge difference between the mitochondrial IMS
and matrix, as an electrochemical gradient of positively charged protons accumulates in the IMS as an
energy store to drive ATP synthesis. The membrane potential and O, consumption rates are explic-
itly linked, reduction of the PMF drives the ETC, as it works to pump protons back into the IMS and
re-establish the PMF. Therefore at high rates of O; consumption you would expect the membrane po-
tential to be reduced, and in steady rates of respiration, the membrane potential to be at full capacity

of about -180 mV (Liberman et al., 1969).

As Figure 6.1 shows significantly varying respiration rates between the two conditions, with de-
creased C I-linked respiration and increase Cll-linked respiration in b0491.5(RNAi) mitochondria,
the membrane potential was investigated to explore if the respiration rates where acting as expected
in relation to the membrane potential, shown in Figure 6.2. Experiments were carried out using
tetramethyh‘hodamine methyl ester (TMRM), which accumulates in the matrix of polarised mito-
chondria and gives off a measurable fluorescent signal. On depolarisation of the membrane potential,
the TMRM signal is reduced, see Section 2.7.2 for a full protocol. The results were collected in quench
mode, therefore a lower membrane potential is represented by a higher fluorescence. The uncoupler
CCCP and mitochondrial poison AA are used to fully depolarise the membrane, with similar signals
in the two conditions indicating that comparable concentrations of mitochondria were present in the

assay.
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Figure 6.2: Investigating membrane potential in B0491.5 suppressed mitochondria - Assays were car-
ried out with TMRM on a UV-Vis Spectrometer, full protocol in Section 2.7.2. Substrates indicated
were added to mitochondria and intensity recorded. Abbreviations used include; pyruvate (pyr),
malate (mal), oligomycin (oligo), antimycin A (AA). n=4 for each condition, statistics performed
were paired, two tailed t-test, (A)p=0.0301
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When conducting Cornplcx I-linked only respiration, Figure 6.2 (A), it can be seen that upon the
addition of ADP there was a 81% change in membrane potential in relation to the state 2 steady-
state for the b0491.5(RNAi) condition, as opposed to a change of only 50% from state 2 to state 3
in the control. When looking at both the respiration trace from Figure 6.1 (A) and TMRM traces
in Figure 6.2 (A), this was representative of membrane depolarisation on the addition of ADP, as
ATP synthase utilises the PMF to drive ATP synthesis. In the control the ETC was stimulated to
pump protons to maintain the PMF in state 3 respiration, consuming oxygen and preventing a largc
reduction in potential in the PMF. In the B0491.5 suppressed mitochondria, there was reduced ability
to respire through complex I, which leads to a greater reduction in membrane potential as the ETC
pumps less protons in comparison to the control. In addition to the significantly increased reduction
in the membrane potential under reduced B0491.5 conditions, when observing the TMRM data for
Cl-linked respiration, Figure 6.2 (A), upon the addition of oligomycin the b0491.5(RNAi) trace can be
seen to dip prominently and then recover to a similar position as the control, his could potentially

indicate proton leak in the membrane.

For complex [I-linked respiration, when Considering the Signiﬁcantly higher respiration rates for
the b0491.5(RNAi) condition (Figure 6.1 (B), you would expect the corresponding membrane potential
in Figure 6.2 (B) to be lower, driving greater electron flux through the ETC. However, what was
observed in Figure 6.2 (B) was that the control and b0491.5(RNAi) conditions have the same percentage
decrease in membrane potential in relation to state 2 (steady state), with succinate. This suggests
that the B0491.5 suppressed mitochondria are working at a 1.43 fold greater respiration rate than the
control, to maintain the same level of membrane potential. A suggested reason for this could be that
the b0491.5(RNAi) mitochondria have increased ETC activity due to increased proton leak compared

to the control, supported by the higher state 2 and stage 4 respiration rates seen in Figure 6.1 (B).

Under combined’ respiration conditions Figure 6.2 (C), with pyruvate, malate and succinate added
simultancously not sequentially as in the O, consumption experiments, there was again a similar
change in membrane potential as in the Complex [I-linked respiration, (B). This suggests that the

addition of succinate rescues the reduced membrane potential observed in Figure 6.2 (A). In addition,
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proton leak is not observed under these conditions the TMRM traces, in state 4.

6.2.3 Impact of B0491.5 reduction on ROS production

Section 6.1 showed significant changes in mitochondrial respiration between the control and b0491.5(RNAi)
conditions, with a decreased ability to respire through complex I, and increased Complex II-linked
respiration rates for the B0491.5 suppressed mitochondria. In addition, investigation into the organ-
isation of the respiratory complexes in Section 5.4 showed a lack of supramolecular organisation and
decreased complex L. Supercomplexes have been hypothesised to have a preventative role in ROS pro-
duction (discussed in Section 1.1.6.3), therefore, a consequence of their disassembly may be increased
mitochondrial ROS production. Conversely, the lifespan extension seen in b0491.5(RNAi) animals,
prcviously discussed, could be a consequence of reduced ROS due to impaircd respiration. There-
fore, ROS production was investigated to determine if the b0491.5(RNAi) mitochondria exhibited any

changes.

As discussed in Section 1.1.5.1, mitochondrial ETC ROS are generated predominately by complex
I and complex III, by the partial reduction of an oxygen molecule due to electron slip, producing
superoxide anions which are rapidly converted to hydrogen peroxide by superoxide dismutase. Pro-
duction of ROS was measured detecting hydrogen peroxide levels using Amplex Red reagent, shown

in Figure 6.3.
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Figure 6.3: Impact of B0491.5 reduction on ROS production - Assays were carried out using Am-
plex Red reagent in a spectrophotometer at 585 nm. Full protocol in Section 2.7.3, substrates indi-
cated were added to mitochondria and the OD recorded. Abbreviations used include; pyruvate (pyr),
malate (mal), oligomycin (oligo), rotenone (rot), antimycin A (AA). n=4 for each condition, statistics
performed were paired, two tailed t-test, (B) p= 0.00942
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In the ROS assays, mitochondria were stimulated through cither complex I-linked, complex II-
linked or ‘combined respiration’ as in the oxygen consumption assay. However, ‘combined’ respiration
conditions were carried out with pyruvate, malate and succinate added together as opposed to sub-
sequcntly. The mitochondrial poisons rotenone and antimycin A (AA) were used as mitochondria

stressors, with rotenone blocking respiration at complex I and AA at complex II1.

For compiex [-linked respiration (Figure 6.3 (A), although signiﬁcant differences are seen between
the control and B0491.5 knockdown (Figure 6.1), hydrogen peroxide production remains consistent
regardless of the mitochondrial poison (rotenone + AA). On the other hand, in complex II-linked res-
piration (Figure 6.3 (B), on the addition of AA a signiﬁcant increase in hydrogen peroxide production
was seen in the B0491.5 knockdown. As AA inhibits complex 11, this increase could be caused due to
the increased activity through complex II, as the electron flux is greater through the ETC at this entry
point to generate the same PMF. Once complex I1I is blocked, a iarger proportion of these electrons

leave IIT as ROS.

In Figure 6.3 (C) addition of all three substrates stimulating respiration through both entry com-
plcxcs (I and 1I), mimicking the rescue experiment in Figure 6.1 (C), was used to determine if chis
condition reduced ROS production. The results shown confirm that under these conditions there

was no statistically significant difference in ROS production between the two conditions.

6.3 Morphological changes

The mitochondrial rnorphology is dynarnic; altered by fission, fusion and branching events in re-
sponse to multiple variables such as oxidative metabolism and membrane potential (Ishihara et al.,
2003; Youle and van der Blick, 2012; Zhan et al., 2013). There is a wide variety of mitochondrial
morphologies across different cell types, from long filaments ranging from 1 to 10 gm in length, to

more uniform spheres (Youle and van der Bliek, 2012). It has been found that during cell injury, mi-
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tochondria have been observed to undergo mitochondrial fragmentation, which may not only be a
morphological change, but could potcntia]ly contribute to mitochondrial membrane leakage (Zhan
et al.,, 2013). It has also been found that oxidative stress increased mitochondria fragmentation, and
these morphological changes were preceded by a reduction in membrane potential (Igbal and Hood,
2014). Furthermore, studies have found that upon oxidative stress, mitochondria have been found to
experience a loss of matrix density, and disorganisation of IMM cristae. However, when the oxidative
stress was relieved, these changes were rapidly reversed, suggesting ROS specific morphology changes

(Cole et al., 2010).

This project has found that b0491.5(RNAi) mitochondria have distinctly altered physiology, shown
in Section 6.2, ﬁnding altered rates ofrespiration and indicators of increased proton leak in the IMM
(Figure 6.1 (B) and 6.2(A)). In addition, there are clear protein organisation differences in the respi-
ratory chain in the IMM, shown in Section 5.4. Therefore, to investigate if morphological changes
are present in b0491.5(RNAi) mitochondria, a multifaceted experimental approach across a range of
resolutions was undertaken as discussed in the chapter introduction (Section 6.1). All images were

collected on microscopes in the Wolfson Bioimaging Facility at the University of Bristol.

6.3.1 Mitochondrially expressed GFP in whole worms

To observe the mitochondria network in vivo, the worm strain, $J4103 [myo-3:GFP(mit)], was ob-
tained from the Caenorhabditis Genetics Center (CGC). The strain expressed a mitochondrial GFP
marker in the body wall muscle, using the muscle-specific myo-3 promoter (Fire and Waterston, 1989).
The muscle cells in the body wall are elongated, with a flat layer of myofibrils on the side of the body
wall (Francis and Waterston, 1985). The body wall muscle was chosen to investigate the mitochondrial
network, due to the normally organised, linear formation of the mitochondria. Worms were grown
to adulthood on cither control (empty vector) or b0491.5(RNAi) and images taken on a confocal laser

scanning microscope, representative images shown in Figure 6.4.
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Figure 6.4: Mitochondrial targeted GFP images in live worms - Representative confocal fluorescent
images to investigate mitochondrial morphology using Pmyo-3:mito:GFP reporter, which expresses
a mitochondrial targctcd GFP under the control of muscle spcciﬁc myo-3 promoter, in either control
or b0491.5(RNAi) fed animals. Images annotated with Xa represent digital zooms of the white boxed
in area of the main image. (1, 1a, 2, 2a) muscle surrounding the pharynx in control animals (3, 3a)
body wall muscle in control animals (4, 4a, 5, 5a) muscle surrounding the pharynx in b0491.5(RNAi)
animals (6, 6a) body wall muscle in b0491.5(RNAi) animals. Images are taken through a 63x glycero]

immersion objective, representative images shown, n=5.
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Observational analysis of the images in Figure 6.4 was made using three major mitochondrial
phcnotypic classifications of linear, intermediate and fragmcntcd (Sarasija and Norman, 2018), in
C. elegans body wall muscle mitochondria. The images suggests that b0491.5(RNAi) mitochondria are
more fragmented in their appearance, and appear in clusters of highly fragmented and rounder mito-
chondria, as opposed to longer more interconnected morphology of the control. Whereas, the control
mitochondria would seem to grouped with a phenotype of either linear or intermediate, predomi-

nately in the former, and show a more uniform, interconnected morphology.

6.3.2  Whole worm transmission electron microscopy

To build on the findings in Section 6.3.1, that b0491.5(RNAi) appear to have a more fragmented mito-
chondrial network, whole worm EM was used to explore the mitochondrial morphology in situ. EM
also potentially allows the investigation of cristae structure within the mitochondria. As the organi-
sation of the respiratory complexes has been shown to differ in B0491.5 suppressed worms from the
control (Figurc 5.4), it would be interesting to determine if this has had a structural impact on the
IMM. Worms were grown under the same conditions as for the mitochondrial GFP experiments and
imaged by Transmission electron microscopy (TEM) on a FEI Tecnai 12 TEM, representative images
shown in Figures 6.5 and 6.6. Whole worm EM was carried out with the help of Prof. Paul Verkade

and Dr. Chris Neal in the bioimaging department, at the University of Bristol.
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Control

Figure 6.5: Electron microscopy with control mitochondria - Electron micrographs of control animals,
looking at mitochondria in the body wall (1, 1a) and the pharynx (2, 2a). The images on the right (1a
and 2a) are digital zooms of the area indicated in the box on 1 and 2.
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b0491.5 (RNA)

Figure 6.6: Electron microscopy with b0491.5(RNAi) mitochondria - Electron micrographs of
(b0491.5(RNAi) animals, 100king at mitochondria in the body wall (1, 1a) and the pharynx (2, 2a).
The images on the right (1a and 2a) are digital zooms of the area indicated in the box on 1 and 2.
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Looking at the TEM images in Figure 6.5 of the control mitochondria, a combination of linear
(>1 pm) and smaller, rounder mitochondrions can be seen. Where as in the b0491.5(RNAi) conditions,
Figure 6.6, the mitochondria appear to show observational differences, such as a greater number of
smaller (<1 prm) round organelles, although not exclusively. The body wall muscle of the animals
was looked at, 1 and 1a in both Figure 6.5 and 6.6, to make comparative observations between the
mito:GFP (Figure 6.4) and EM images. Both sets of images show similar findings, with the control
mitochondria showing a more linear morphology, organised in line with the body wall. Conversely,
the b0491.5(RNAi) mitochondria display a wide variety of morphoiogics, and appear disorganiscd in

their arrangement.

The pharynx was also looked at, chosen due to its high mitochondrial content. In this location,
there appears to be a wider variety of morphologies, within both samples. This could be due to the
different tissue type, where the body wall muscle promotes more linear organisation. It does appear
that the proportion of smaller, more fragmented mitochondria was higher in b0491.5(RNAi), with
smaller mitochondria sporadicaliy distributed in the control. burt large groups of them appearing

together in the b0491.5(RNAi) animals.

The staining conditions used across the images are varied, in some images the IMM and cristae
are pronounced and identifiable but in others they cannot be distinguished. However it cannot be
concluded whether this was due to a genuine difference between the conditions or whether it was an
artefact of staining. This section therefore providcs high resolution visualisation of mitochondria in
situ, with the potential to extend to cristac analysis once homogeneous staining was applied across
future samples. Furthermore, statistical analysis could be used to analyse the size and number of

mitochondpria to see if there are signiﬁcant differences.
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633 Cryo—eleetron tomography

Electron cryo-tomograms of mitochondria were used to reveal the 3D morphology of the organelle and
investigate the internal structure of the mitochondria, allowing higher resolution of the membranes
than achieved in TEM with whole worms. Samples were prcpared and images collected using the
Wolfson Bioimaging Facility at the University of Bristol, in collaboration with Dr. Vicki Gold (Senior

Lecturer, Living Systems Institute, University of Exeter, United Kingdom)

Isolated mitochondria, free of the cytoskeleton, can adopt different, more spherical shapes (Claude
and Fullam, 1945), as indeed they appear here, (Figures 6.7 and 6.8). This feature was not taken into
account when interpreting the images, as it was an artefact of the isolation process and conditions of
imaging. Instead, the higher resolution analysis was used to explore the internal ultra-structures of

the mitochondria and membrane morphology.

6.3.3.1 Tomograms

The cryo-ET images show consistent observational differences in the mitochondrial morphology when
B0491.5 was depleted (Figure 6.8, as compared to control mitochondria, Figure 6.7). These differences
included a less dense interior, a phenomenon seen in other conditions where mitochondria have come
under oxidative stress (Cole et al., 2010). This was in contrast to the high mitochondrial matrix density
often having the disadvantage of‘ohscuring internal detail, as seen in the control mitochondria (Figurc

6.7).

The tomographic slices of control mitochondria are homogeneous in their appearance, consis-
tently dense with the cristac hard to distinguish, however, those that can be seen are narrow and
ordered. In comparison, the b0491.5(RNAi) mitochondria look irregular, and significantly less dense,
with the internal structure more visible than the control. This allows the observation to be made that
the reduction of B0491.5 seems to have induced the formation of wide gaps between the outer and

inner membranes, as well as between the cristae. These observations are similar to those found in
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previous studies examining the impact of oxidative stress (Cole et al., 2010), however, from the mor-
phology alone it was not possible to determine if oxidative stress was the cause of the changes in this

instance.

Control

Figure 6.7: Tomographic slices of control mitochondria - isolated mitochondria from control animals
were processed for cryo-ET, images were collected on a tilt series from +60°to 60°and images realigned
using gold fiducials as markers, full protocol in Materials and Methods 2.8.4. Shown in this figure is
a representative tomographic slice from the series, with each image from a different mitochondrion
imaged. Scale bar 150 nm.
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b0491.5(RNA1)

Figure 6.8: Tomographic slices of b0491.5(RNAi) mitochondria - isolated mitochondria from
b0491.5(RNAi) animals were processed for cryo-ET, images were collected on a tile series from +60°to
60°and images realigned using gold fiducials as markers, full protocol in Materials and Methods 2.8.4.
Shown in this ﬁgure is a representative tomographic slice from the series, with each image from a
different mitochondrion imaged. Scale bar 150 nm.
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6.3.3.2 Tomogram reconstructions

Significant differences between the tomographic slices shown in Figures 6.7 and 6.8 were observed, to
analyse the internal scructure of the isolated mitochondria in greater detail, one mitochondrion from
each condition was selected for 3D reconstruction, Figures 6.9 and 6.10. A series oftomographic slices
from the mitochondrion selected (shown in the top panel (A) of each figure), can be used to observe
how the cristae 'move’ though the tomogram. However, to see the full tomogram, the QR code (B),

links to a video.

When compared with the control, the mitochondria from b0491.5(RNAi) conditions lack the nor-
mal lamellar cristae of Wild—type mitochondria. A]though the density of the control mitochondria
made reconstruction challenging, the cristae that were reconstructed show homogeneous lamellar
morphology. In comparison, the membranes of the RNAi mitochondria were easily identifiable, due
to the reduced matrix density. The cristae in the knockdown lose their lamellae like structure, and be-
come flattened, taking up a lot more of the interior space. The 3D images compound the observations
seen in the tomographic slices, and highlight significant alterations in membrane morphology due
to reduction of B0491.5. Constructing 3D models of a larger sample size will increase confidence in
these findings, however, as there are striking differences observed in the tomographic slices between

the two conditions, this suggests similar observations will be found in further reconstructions.
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Figure 6.9: Tomogram reconstructions of control mitochondria - A representative mitochondrion
from the control samples was selected (A) shows a series of three representative tomographic slices
from the chosen mitochondrion (B) QR code which links to a video of the full tomogram, the QR code
can be accessed by scanning with the camera on a smart phone, or via a dedicated application. (C)
different orientations of the reconstructed mitochondria, as indicated in the figure, reconstructions
were made in the 2D-5D visualisation and analysis software Amira.

181



Chapter 6. Impact of reduced B0491.5 on mitochondrial activity and morphology
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Figure 6.10: Tomogram reconstructions of b0491.5(RNAi) mitochondria - A representative mitochon-
drion from the b0491.5(RNAi) samples was selected (A) shows a series of three representative tomo-
graphic slices from the chosen mitochondrion (B) QR code which links to a video of the full como-
gram, the QR code can be accessed by scanning with the camera on a smart phone, or via a dedicated
application. (C) different orientations of the reconstructed mitochondria, as indicated in the figure,
reconstructions were made in the 2D-5D visualisation and analysis software Amira.
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6.4 Chapter discussion

Mitochondrial physiology was investigated due to the impact b0491.5(RNAi) had in whole animals,
causing a developmental delay, along with a reduction in fertility, but an increase in lifespan (Section
5.3). Furthermore, investigating isolated mitochondria from b0491.5(RNAi) animals, the organisation
of the respiratory complexes was shown to be disrupted, with significantly reduced complex I and
Complete loss of all supercomplexes (Section 5.3). Reduction of B0491.5 has had a signiﬁcant phys—
iological impact on respiration, through both the Cl-linked and ClI-linked pathways. In addition,
changes in membrane potential reflect those seen in respiration, but little difference was found when

measuring ROS production.

The respiration data, when energising the mitochondria through complex I, Figure 6.1 (A), shows
a significant decrease in the respiration activity of the b0491.5 mitochondria. This decrease was cor-
roborated by the TMRM data, which suggests that the mitochondria are not able to maintain the
PMF during state 3 respiration. During state 2 respiration, the two conditions are respiring at similar
rates, but, upon the addition of ADP, and the transition to state three respiration, a significant dif-
ference was seen observed between the conditions. The RCR of the b0491.5(RNAi) mitochondria was
2.2, compared the control, which had an RCR of 6.2. Although the RCR generally cannot be used as a
standalone measure, as it varies across different tissues and cell types, using it as a comparative measure
in this case against the control mitochondria, could help characterise respiration in B0491.5 reduced
mitochondria. A 2.8-fold reduction in respiration activity was suggestive that in the b0491.5(RNAi)
respiratory system, not only was there less complex [, as shown by the BN PAGE gels (Figure 5.4) and
mass spectrometry (Figure 5.5), but that the complex that remains has a reduced respiration capacity.
Furthermore, this reduced respiration capacity could potentially be a causative factor in the develop-
mental delay seen in RNAI animals, as the b0491.5(RNAi) mitochondria are producing less ATP from
comparative amounts of substrate and ADP. It could also explain the severe reduction in fertility seen

in RNAI animals, as they are not able to meet the energetic demands required.
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The caveat when suggesting the reduced respiration capacity of complex I could be linked to the
animal development phenotype seen in BO491.5 suppressed animals, was that in Figure 6.1 B, it shows
that when energised with succinate, the RNAi mitochondria have greater respiration activity than
the control. However, when analysing the mass spectrometry data in Figure 5.5, the subunits of CII
did not appear to be uprcgulated. Complex II was also not the predominant entry site for OXPHOS,
so it was unlikely that this represents physiological conditions. Furthermore, when looking at Figure
6.1(QC), it suggests that CII can partiaily rescue the complex [ decreased respiration, however, further

investigation would be needed to determine if this rcpresented energetic conditions in vivo.

The TMRM data, Figure (6.2), combined with state 4 respiration data in Figure 6.1, suggests
that the b0491.5(RNAi) mitochondria have increased proton leak. This gentle dissipation of the PMF,
potentially mimics the action of uncoupler proteins described by the mild uncoupier’ theory. Fur-
thermore, impairment in respiration has been shown to cause an increase in lifespan, which was seen
in the b0491.5(RNAi) animals. These theories hypothesise a reduction in mitochondrial ROS produc—
tion. However, the ROS assay in Figure 6.3 shows little signiﬁcant Change. In contrast, an increase in
ROS in b0491.5(RNAi) mitochondria was seen during complex II-linked respiration, when inhibited
with antimycin A. However, this likely represents the increased proton flux due to highly active com-
plex II. As discussed above, this condition was unlikely to represent physiological conditions. ROS
can be difficult to measure accurately, as the antioxidant machinery, discussed in Section 1.1.5.3, acts
rapidiy. However, as the control and RNAi mitochondria are observed under the same experimental
parameters, this should not inhibit changes was ROS production from being observed. Therefore, the
mitochondrial physiology data may provide evidence towards a reduced respiration capacity linked
phenotypc in whole animals, but, the data does not corroborate theories reiating toa 1ifespan increase

linked to ROS reduction.

When looking at changes in the ultrastructure of the mitochondria, the morphology in the b0491.5(RNA1)
condition showed fragmcntation. A larger number of the RNAi mitochondria appearcd as small and
rounded mitochondria, compared to the control, which showed more linear structures. A similar pat-
tern was seen in the EM images, although there was heterogeneity in both samples, the b0491.5(RNA1)

mitochondria did appear to have a great number of smaller, rounded mitochondria. However, when
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looking at the internal morphology of the mitochondria in the EM images, no significantly differences
were observed. It has been suggcstcd that this increased fragmcntation state could be due to oxidative
stress, however when analysing the ROS data from Figure 6.3, there does not appear to be a significant

increase in mitochondrial ROS production.

This was in contrast to what was observed in the cryo-electron tomography images, here, strik-
ing differences can be seen the two populations of mitochondria. Most noticeable are the wide gaps
appearing between both the IMM and OMM, and within the cristae, highlighted further by the re-
constructions. The mitochondria also appear less dense, this was potentially interesting as it could
suggest a lower protein concentration in the matrix of the b0491.5(RNAi) mitochondria. However, the
mass spectrometry results (Section 5.5), did not disp]ay a signiﬁcant global decrease in expression of
mitochondrial proteins, in fact, a number of Krebs cycle proteins, found in the mitochondrial matrix,
showed upregulation. There was scope for the mass spectrometry data set to be analysed with a focus

on all mitochondrial matrix proteins, to investigate this further.
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Chapter 7

Conclusion and Future Directions

NDUFAT11 has proven to be a captivating focus for this project. Associated with compicx I, super-
complexes and cardiolipin, all complex entities in themselves, the scope for investigating the role the

protein plays was vast.

From initial bioinformatic data, this project was able to identify C. elegans protein B0491.5 as a
homologue of NDUFAL11. Using BN PAGE and second dimension analysis, the constituent subunits
of the mitochondrial respiratory Complexes were investigated, allowing B0491.5 to be localised wichin
complex I. Modelling data then allowed the structural characteristics of B0491.5 to be explored, and
provided evidence that suggested specific homology to NDUFAT11. This work laid the foundations for
the project, and identifying aC. elegans homologue opened upa p]ethora ofexperimentai opportunities

to explore the role of NDUFAIL.

Extension of this work could be carried out using the b0491.5 knockout model to explore the
Cardiolipin binding sites. Firstiy, rescue of the knockout strain would need to be established, to show
that the addition of b0491.5 by extrachromosomal array rescued the lethal phenotype of the worm.
Once rescue is established, various mutants, perturbing binding of specific cardiolipin sites, could
be characterised in the knockout strain. This could provide insight into the role of cardioiipin and

NDUFAT11, and how their interactions are mediated.
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Full advantage was taken of the experimental tools available using C. elegans as a model organ-
ism. A genetic knockout showed B0491.5 was an essential gene, and RNAI allowed the phenotype
of worms with suppressed B0491.5 activity to be established. Delayed development and severely in-
hibited reproduction suggested that the animals had reduced energetic capabilities. Lifespan analysis
showed the b0491.5(RNAi) animals to have increased longcvity, a phenornenon seen in other mito-
chondrial impairment phenotypes. This linked the energetics of the mitochondria with whole animal
physiology, as impairments in respiration have been linked to increased lifespan, due to reductions in

mitochondrial ROS production.

Future directions could investigate the impact external stressors, such as heat or heavy metal stress,
has on b0491.5(RNAi) animals. If the suggestion that RNAi animals are Working at an energetic capac-
ity only able to fulfil minimum energy requirements is correct, this would suggest that they would be
less able to respond to stressors. Furthermore, the RNAi animals could be exposed to oxidative stres-
sors, such as paraquat or hydrogen peroxide, and investigate if this reduces the increases in longevity

seen. This would be able identify if a reduction in ROS was playing a role in the lifespan extension.

Blue native PAGE was a powerful tool throughout the project. Firstly, it allowed the visualisation
ofwild—type mitochondria respiratory compiexes. Coniirrning the existence of a supramolecular or-
ganisation of the electron transport chain in C. elegans. As discussed above, the characterisation of the
complexes allowed the localisation of B0491.5 to complex I, and supercomplex entities to be shown.
The system was then used to investigate the organisation of the respiratory compiexes in conditions of
reduced B0491.5, the clarity and strength of the protein bands on the blue native gels, and correspond-
ing second dimension analysis, allowed the changes to be seen in great detail. The loss of supercomplex
structures, and reduction in eornpiex I was evident, however, minor increases in eornplex I11: Complcx

[V entities were more subtle, but noticeable on the gels.

Extension of this work could look to characterise the in-gel activity of the other ETC complexes
in b0491.5(RNAi) mitochondria, in addition to the eomplcx [ activity that was carried out. This could

clucidate information as to whether there are changes in complex activity, as well as organisation.
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Throughout the project, a wide range of investigations were carried out to understand the impact
reducing B0491.5 had on mitochondrial organisation and function. As discussed above, a dramartic
change in the organisation of the respiratory complexes was seen. Proteomic analysis of the respira-
tory complexes showed changes in expression for complex I that reflected the blue native PAGE data.
However, the expression changes for the other complexes, showing a mild trend towards upregulation,
which was not clearly demonstrated on the blue native gels. The physiology data showed a marked re-
duction in complex I-linked respiration for the b0491.5(RNAi) animals, with a corresponding increase
in Complex [I-linked respiration. The TMRM data reflected the reduced respiration capacity of RNAI
mitochondria through complex I, showing a decrease in membrane potential, reflective of the ETC
being unable to maintain the PMF to the same extent when ATP synthase is active. Together, the O

consumption and TMRM traces, suggcstcd increased proton leak in the RNAi mitochondria.

There was no significant basal increase, or decrease, in ROS production in the b0491.5(RNAi) mi-
tochondria. Oxidative stress was an interesting component within the project, it has been suggested
that supercomplexes provide protection against the production of ROS, therefore their loss in the
reduced B0491.5 environment suggested an increase in ROS may be expected. On the other hand, im-
pairment of mitochondrial respiration, and the resulting reduction in membrane potential, which was
observed for RNAi mitochondria in complex I-linked respiration, is suggested to reduce mitochon-
drial ROS, and induce longevity. Which as discussed, was a phenotype of the b0491.5(RNAi) animals.
It is possible that the experimental system is not sensitive enough to detect the level of changes that

happened in this 'mild uncoupling’ effect.

Extension of this work could include characterising the activity of the individual respiratory
Complexcs, within the control and b0491.5(RNAi) environments. Undcrstanding if a reduction in
B0491.5 leads to decreased activity in the complexes individually, could potentially distinguish be-
tween whether the effects seen under b0491.5(RNAi) are due to the proteins role within complex I,
and the decrease in intact Complcx I alone, which is causing mitochondrial pcrturbation, or whether

a decrease in supercomplexes may be responsible.

Finally, when investigating the impact reduction of B0491.5 had on mitochondrial morphology,
distinct differences were observed in the RNAi mitochondria. Along the body wall muscle, a mi-

tochondrial GFP reporter showed fragmentation of the mitochondrial networks, corroborated by
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Chapter 7. Conclusion and Future Directions

electron microscopy where it was observed that RNAi mitochondria were irregularly shaped. Cryo-
electron microscopy analysis displaycd the greatest differences between the conditions. Evidence from
previous studies suggest that oxidative stress can lead to similar phenotypes as the ones observed. As
discussed above, the ROS data does not support that occurring in b0491.5(RNAi) mitochondria, as

there was no discernible increase in ROS production detected.

Future experiments could carry out statistical analysis on the images collected, to determine if
there are significant differences between the conditions. Furthermore, the proteomic data could be
analyscd to determine if there are changcs in expression in the mitochondrial fission or fusion proteins,

to better understand the morphological changes.
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Chapter 8

Appendix I - buffers, solutions, media and

antibiotics

8.1 Buffers and solutions

Unless otherwise stated, all buffers and solutions are made up in ultra-pure water.

2xYT
16 g/L Tryptone
10 g/L Yeast Extract

5.0 g/L NaCl

5% Triton X-100 solubilisation buffer
20 mM, Tris pH 7.5

50 mM NaCl

10% Glycerol

1 mM PMSF

5% Triton X-100
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6% digitonin solubilisation buffer
20 mM Tris, pH 7.5

50 mM NaCl

10% Glycerol

1 mM PMSF

6% Digitonin

Alkaline hypochlorite solution
Makes 10 mL

4 mL sodium hypochlorite

5 mL 2 M sodium hydroxide

1 mL H,O.

Basic STEG/M buffer
220 mM mannitol

70 mM sucrose

5 mM Tris-HCL

1 mM EGTA

STEG/M (+) buffer
1 mM PMSF

1% (fatty acid free) BSA

Collagenase buffer
100 mM Tris-HCI, pH74
1 mM CaCl,

Collagenase enzyme (1U/mL)
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8.1. Buffers and solutions

Coomassie staining solution
50% v/v methanol
10% v/v acetic acid

0.5% Coomassie G-250

Davids M9

Makes 2 L

12 g disodium hydrogen phosphate (Na;HPO,)

6 g potassium dihydrogen phosphate (KH,PO4)

10g sodium chloride (NaCl)

2 mL 1 M Magnesium sulphate (MgSO4)

De-staining solution
10% v/v methanol

10% v/v acetic acid

Freezing medium

200 mL in H,O)

20 mL 1 M NacCl

10 mL 1 M KH2PO4 (pH 6.0)

60 mL 100% glycerol

Add H,O, autoclave, then add:

0.6 mL sterile 0.1 M MgSO4

LB (Luria-Bertani) Medium
Makes 1 L

10 g Tryptone

5 g Yeast Extract

10 g NaCl

Add H,0, adjust pH to 7.5 with NaOH and autoclave
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NGM agar

1L in H,O)

3 g NaCl

20 g Agar

2.5 g Peptone

Autoclave, then add the following sterile solutions:
ImL 1 M CaCl,

ImL 1M MgSO4

ImL 5 mg/mL cholesterol

25mL 1M KH,POy4 (pH 6.0)

Reducing solution
1x LDS sample buffer

250 mM DTT

Respiration medium
125 mM KClI

10 mM Tris

20 mM MOPS

2.5 mM KH,PO,

2.5 mM MgCl,

pHto73

S-basal complete

Makes 1 L

5.9 g NaCl

50 mL. 1 M KH,POy, pH 6
1 mL 96% cholesterol

Autoclave, cool and add under sterile conditions;
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10 mL 1 M potassium citrate, pH 6
10 mL trace metals solution
3mL 1M CaCl,

3mL 1M MgSO,4

Single worm lysis buffer
50 mM KClI

10 mM Tris, pH 8.3

2.5 mM MgCl,

0.45% Nonidet P-40
0.045% Tween-20

0.01% (w/v) gelatinin

Autoclave and store at -20°C, before use add 60 Mg/mL proteinase K

TBE Buffer

Makes 1 L of 5X stock solurion
54 g Tris base

27.5 g boric acid

20 mL of 0.5 M EDTA, pH 8.0

TBS-Tween
50 mM Tris, pH 7.6
150 mM NaCl

0.05% Tween20

Transfer buffer
25 mM Tris
190 mM glycine

20% methanol
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8.2 Antibiotics

Ampicillin
Makes a 100 mg/mL stock:
lg ampicillin, made up to 10 mL with H,O

Filter sterilise with a 0.22 ym syringe filcer
Tetracycline

Makes a 12 mg/mL stock:

120 mg tCtracyclinc, made up to 10 mL in 70% ethanol
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