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Abstract  

Cytidine diphosphate diacylglycerol (CDP-DG) is an essential liponucleotide 

that is crucial for the synthesis of the phospholipids phosphatidylinositol (PI) 

and cardiolipin (CL). It is the precursor for PI in the endoplasmic reticulum (ER) 

and two molecules are required for the synthesis of CL in mitochondria. CDP-

DG is formed through the enzymes CDP-DG synthase (CDS) 1 and 2 in the 

ER; this is the rate-limiting step in the PIP2 cycle. CDS enzymes are critical for 

the maintenance of cellular structure, as depletion of the CDS enzymes causes 

a vast array of phenotypes. Upon constant stimulation of phospholipase C via 

chronic stimulation with arginine-vasopressin in H9c2 cells, there is a specific 

increase in CDS1 mRNA alongside a decrease in PI levels. PI levels decrease, 

presumably, due to the increased level of PIP and PIP2 synthesis; CDS1 

mRNA increases to attempt to compensate for the drop in PI. This also shows 

that, contrary to previous studies, CDS1 is responsible for synthesising PI 

through the products of PIP2 breakdown in the PIP2 cycle, whereas CDS2 is 

most likely for de novo synthesis of PI. Furthermore, it appears that this 

increase of CDS1 mRNA due to chronic stimulation with arginine-vasopressin 

is regulated through protein kinase C and cFos. The two mammalian CDS 

enzymes are 69% similar and 73% identical, and have been shown to localise 

to the ER. A novel protein was recently discovered in yeast to have CDS 

activity which shares very little homology with the CDS enzymes, Tam41, 

which is a mitochondrial protein. We confirmed that a mammalian version of 

this enzyme, TAMM41, exists and is responsible for the supply of CDP-DG to 

the mitochondria for CL synthesis.  
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Impact Statement 

Due to the nature of this research, i.e. fundamental biology, the impact of this 

research will primarily affect academe. However, that is not to say that this will 

not have benefits further afield in years to come. In this thesis, it is shown that 

the enzyme responsible for CDP-DG production in mitochondria, and hence 

crucial for cardiolipin synthesis, is neither of the CDS proteins. Rather, it is due 

to a completely unrelated enzyme, TAMM41. This finding is important because 

knowing the actual lipid synthesis pathways in mitochondria for CL production 

will help the study of mitochondrial lipids and their associated diseases. 

Diseases such as Barth syndrome, which has multitudinous symptoms such 

as dilated cardiomyopathy, skeletal myopathy, neutropenia and short stature, 

are caused from a lack of mature CL. Furthermore, it is shown that the enzyme 

responsible for the rate-limiting step of PI synthesis in the PIP2 cycle is 

specifically CDS1. In addition, CDS1 is upregulated during chronic stimulation 

of H9c2 cells with arginine-vasopressin (a hormone known to induce 

hypertrophy), and that phosphoinositide levels are significantly decreased 

during this period. Furthermore, it is observed that CDS1 enzyme expression 

is regulated by cFos and PKC. These findings may open up new pathways of 

research into hypertrophy and cardiovascular disease in the future, both from 

a lipids perspective and a signalling perspective. Finally, it is clearly displayed 

that commercial antibodies should not be taken at face value. Antibodies need 

to be stringently examined and validated when being used in studies. One of 

the antibodies initially used had not been validated, thus causing major 

discrepancies between experimental results and published data. The lack of 

doing so will lead to incorrect data and analysis being published (which is a 

phenomenon more frequent than should be). Hopefully this data will 

encourage researchers to be more thorough whilst using antibodies and 

should lead to more accurate science.  



6 
 

Acknowledgements 

Firstly, I would like to thank Dr Tim Ashlin for his endless help in the lab, for 

teaching me a plethora of techniques, and for all those times troubleshooting 

them when things just wouldn’t work. I would also like to thank Professor 

Michael Duchen and Dr Will Kotiadis for their help, and for the training to use 

the Oroboros O2K machine. In addition, thanks to Prof. Justin Hsuan for doing 

the mass spectroscopy. 

On a personal note, I would like to thank my family and friends for their support 

and encouragement throughout my studies, and especially my Mum for her 

never-ending belief and support in me and my abilities. 

Finally, I would like to give a special thank you to my supervisor Professor 

Shamshad Cockcroft. Not only for her encouragement and help, but also for 

really making me think about the next step, the wider picture and the key 

experiments needed to get there. 

None of this would have been possible without the generous grant awarded by 

the British Heart Foundation, who funded this research. 

  



7 
 

Publications 

The data from this thesis has been published in the following publications: 

Blunsom, N. J., Gomez-Espinosa, E., Ashlin, T. G., Cockcroft, S. Mitochondrial 

CDP-diacylglycerol synthase activity is due to the peripheral protein, TAMM41 

and not due to the integral membrane protein, CDP-diacylglycerol synthase 1. 

Biochim Biophys Acta Mol Cell Biol Lipids. 16 Dec 2017; 1863(3): 284-298. 

Blunsom, N. J., Gomez-Espinosa, E., Ashlin, T. G., Cockcroft, S. Sustained 

phospholipase C stimulation of H9c2 cardiomyoblasts by vasopressin induces 

an increase in CDP-diacylglycerol synthase 1 (CDS1) through protein kinase 

C and cFos. Biochim Biophys Acta Mol Cell Biol Lipids. 14 March 2019; 

1864(7): 1072-1082. 

Blunsom, N. J., Cockcroft, S. Phosphatidylinositol synthesis at the 

endoplasmic reticulum. Biochim Biophys Acta Mol Cell Biol Lipids. 2020 

Jan;1865(1); pii: S1388-1981(19)30089-7. 

  



8 
 

Table of Contents 

Dedication..................................................................................................... 3 

Abstract ........................................................................................................ 4 

Impact Statement ......................................................................................... 5 

Acknowledgements ..................................................................................... 6 

Publications.................................................................................................. 7 

Table of Contents ......................................................................................... 8 

List of Figures ............................................................................................ 12 

List of Tables .............................................................................................. 14 

Abbreviations ............................................................................................. 15 

Chapter 1 Introduction ............................................................................ 19 

 Phosphatidic acid and its derivatives .............................................. 20 

1.1.1 The fate of phosphatidic acid ................................................... 24 

 Cytidine Diphosphate Diacylglycerol Synthase ............................... 26 

1.2.1 Genes and mapping ................................................................. 26 

1.2.2 Structure and mechanism ........................................................ 27 

1.2.3 CDS substrate selectivity and inhibition ................................... 31 

1.2.4 Localisation of over-expressed protein and activity .................. 32 

1.2.5 Tissue expression .................................................................... 33 

1.2.6 Regulation and loss of function mutants ................................... 35 

 PI synthase ..................................................................................... 37 

 PIP2 cycle ....................................................................................... 38 

 Cardiac Hypertrophy ....................................................................... 44 

1.5.1 Cardiomyocytes, mitochondria and phospholipids ................... 46 

1.5.2 Phospholipid metabolism in cardiac physiology and pathology 47 

1.5.2.1 Remodelling ....................................................................... 47 

1.5.2.2 Phosphatidic acid ............................................................... 48 

1.5.2.3 PI and phosphorylated derivatives ..................................... 48 

1.5.2.4 Cardiolipin .......................................................................... 48 

1.5.2.5 H9c2 cells: a biological system to study cardiac physiology .. 
  ........................................................................................... 51 

 Thesis aims ..................................................................................... 53 

Chapter 2 Methods .................................................................................. 54 

 Cell Culture ..................................................................................... 54 



9 
 

2.1.1 Routine growing ....................................................................... 54 

2.1.2 Cryopreservation of cells .......................................................... 55 

2.1.3 Thawing of cryopreserved cells ................................................ 55 

2.1.4 Transient transfection of COS-7 cells with cDNA using FuGENE 
HD ............................................................................................ 56 

2.1.5 Transfection of H9c2 cells with siRNA using HiPerFect ........... 57 

2.1.6 Incubation of H9c2 cells with various compounds .................... 57 

 Preparation of proteins for experiments .......................................... 59 

2.2.1 Cell harvesting.......................................................................... 59 

2.2.1.1 Cell lysates ........................................................................ 59 

2.2.1.2 Total COS-7 cell membranes............................................. 59 

2.2.1.3 Subcellular fractionation of H9c2 cells ............................... 60 

2.2.1.4 Subcellular fractionation of rat tissue ................................. 60 

2.2.2 Determination of protein concentration using Bicinchoninic acid 
(BCA) assay ............................................................................. 60 

2.2.3 Stripping of peripheral proteins from membranes..................... 61 

2.2.3.1 Rat mitochondrial membranes ........................................... 61 

2.2.3.2 H9c2 cell membranes ........................................................ 62 

2.2.3.3 COS-7 cell membranes ..................................................... 62 

2.2.4 Concentration and buffer exchange of supernatant from stripped 
membranes .............................................................................. 63 

2.2.5 Fractionation of proteins by size exclusion chromatography .... 63 

 SDS-PAGE and Western blotting ................................................... 64 

2.3.1 Principle ................................................................................... 64 

2.3.2 Preparation for running lysates on SDS-PAGE gels................. 64 

2.3.3 Running gradient gels .............................................................. 65 

2.3.4 Silver staining ........................................................................... 65 

2.3.5 Coomassie staining .................................................................. 66 

2.3.6 Transfer of proteins from SDS-PAGE gel to PVDF membrane 66 

2.3.7 Western Blotting ....................................................................... 67 

2.3.7.1 Usual Western blot protocol ............................................... 67 

2.3.7.2 Western Blot protocol for phospho-antibodies ................... 68 

2.3.8 Ponceau S staining of membranes........................................... 71 

 Molecular biology ............................................................................ 71 

2.4.1 Plasmids ................................................................................... 71 

2.4.2 Preparation of plasmid stocks .................................................. 72 



10 
 

2.4.2.1 Agar plates......................................................................... 72 

2.4.2.2 Transformation and growth of bacterial cultures ................ 73 

2.4.2.3 Plasmid procurement using Maxiprep kit ........................... 73 

2.4.3 Quantification of mRNA using Real Time Quantitative Polymerase 
Chain Reaction (RT-qPCR) ...................................................... 74 

2.4.3.1 RNA extraction ................................................................... 74 

2.4.3.2 cDNA synthesis using PCR ............................................... 75 

2.4.3.3 Design and validation of RT-qPCR primers ....................... 75 

2.4.3.4 Real Time Quantitative PCR (RT-qPCR) ........................... 77 

2.4.4 Mass spectroscopy ................................................................... 78 

 Immunofluorescence Microscopy ................................................... 78 

2.5.1 Preparation of 4% paraformaldehyde ....................................... 81 

 CDS activity assay .......................................................................... 81 

 PLC assay and measurement of PPI levels .................................... 82 

 PI resynthesis assay ....................................................................... 83 

 Measurement of cardiolipin levels ................................................... 84 

 Measurement of phosphoinositide levels in knockdown cells ...... 84 

2.10.1.1 Oxalate treatment of TLC plates ....................................... 86 

 Measurement of oxygen consumption ......................................... 86 

 Statistical analysis ....................................................................... 86 

Chapter 3 TAMM41 is responsible for mitochondrial CDS activity ..... 87 

 Introduction ..................................................................................... 87 

 Results ............................................................................................ 90 

3.2.1 Characterisation of the CDS1 antibody .................................... 90 

3.2.2 Mitochondrial CDS activity is due to a peripheral protein, TAMM41
  ................................................................................................. 94 

3.2.3 CDS1 and CDS2 make a minor contribution to crude 
mitochondrial CDS activity ..................................................... 104 

3.2.4 Attempt to identify the p55 mitochondrial protein ................... 106 

 Discussion .................................................................................... 111 

3.3.1 TAMM41 accounts for the mitochondrial CDS activity ............ 111 

3.3.2 The CDS1 antibody recognises a cross-reactive p55 protein . 113 

3.3.3 Criteria for antibody characterisation ...................................... 115 

Chapter 4 Sustained phospholipase C stimulation of H9c2 
cardiomyoblasts by vasopressin induces an increase in 
CDS1 through protein kinase C and cFos ........................ 116 

 Introduction ................................................................................... 116 



11 
 

 Results .......................................................................................... 119 

4.2.1 Hypertrophic response of H9c2 cells to vasopressin .............. 119 

4.2.2 Acute addition of vasopressin stimulates the PIP2 cycle ........ 121 

4.2.3 Sustained PLC activation of H9c2 cells with vasopressin ...... 123 

4.2.4 Vasopressin stimulates an increase in CDS1 mRNA ............. 125 

4.2.5 The increase in CDS1 mRNA is dependent on protein kinase C . 
  ............................................................................................... 127 

4.2.6 Vasopressin causes an increase in cFos ............................... 127 

4.2.7 A decrease in phosphatidylinositol levels in vasopressin-
stimulated H9c2 cells does not cause ER stress .................... 129 

 Discussion .................................................................................... 130 

4.3.1 Vasopressin increases CDS1 mRNA via PKC and cFos ........ 130 

4.3.2 Vasopressin causes a reduction in AKT phosphorylation ....... 134 

Chapter 5 Knockdown of CDS proteins causes profound effects on 
H9c2 physiology and morphology ...................................... 135 

 Introduction ................................................................................... 135 

 Results .......................................................................................... 136 

5.2.1 Knockdown of CDS1 and CDS2 reduces phosphoinositide levels 
  ............................................................................................... 136 

5.2.2 H9c2 cell morphology is drastically altered upon knockdown of 
CDS1 and CDS2 .................................................................... 139 

5.2.3 Knockdown of CDS2, but not CDS1, has a minor effect on 
mitochondrial function ............................................................ 142 

5.2.4 Knockdown of CDS proteins causes stress in the endoplasmic 
reticulum ................................................................................. 144 

 Discussion .................................................................................... 146 

5.3.1 Knockdown of CDS enzymes decreases phosphoinositide levels 
  ............................................................................................... 146 

5.3.2 Knockdown of either CDS enzyme causes severe morphological 
changes .................................................................................. 147 

Chapter 6 Concluding remarks ............................................................. 151 

 TAMM41 is responsible for mitochondrial CDS activity................. 151 

 The CDS1 and CDS2 genes are highly regulated, and are also 
regulated during PLC activation .................................................... 155 

 Limitations and Future experiments .............................................. 159 

Bibliography ............................................................................................. 162 

Appendix I – Mass spectroscopy data ................................................... 171 

  



12 
 

List of Figures 

Figure 1.1. PA production pathways. ........................................................... 21 

Figure 1.2. Phospholipid skeletal structures. ............................................... 23 

Figure 1.3. Phospholipid synthesis and remodelling pathways from PA. ..... 25 

Figure 1.4. FASTA alignment of CDS proteins from T. maritama (TmCdsA), rat 

(RnCDS) and human (HsCDS). ................................................................... 28 

Figure 1.5. Structure of human CDS enzymes and TmCdsA. ...................... 30 

Figure 1.6. Phosphoinositide binding domains.* .......................................... 40 

Figure 1.7. Synthesis of PI de novo and during the PIP2 cycle. ................... 43 

Figure 3.1. Data inconsistencies pertaining to CDS1. .................................. 89 

Figure 3.2. CDS1 antibody recognises over-expressed CDS1 but not over-

expressed CDS2. ......................................................................................... 91 

Figure 3.3. Knockdown of CDS1 with siRNA does not lead to a reduction in the 

p55 band. ..................................................................................................... 93 

Figure 3.4. Mitochondrial CDS activity is due to a peripheral membrane 

protein. ......................................................................................................... 95 

Figure 3.5. Striping of mitochondrial peripheral proteins removes the 

immunoreactivity from the CDS1 antibody and decreases CDS activity. ..... 97 

Figure 3.6. Mitochondrial CDS activity is due to TAMM41. .......................... 99 

Figure 3.7. Knockdown of TAMM41 reduces oxygen consumption but has 

minimal effect on OXPHOS proteins. ......................................................... 101 

Figure 3.8. TAMM41 protein is released from the mitochondria after treatment 

with high salt, and its activity is recovered in the supernatant. ................... 103 

Figure 3.9. Crude mitochondria contain residual CDS1 and CDS2 activity that 

can be accounted for by ER associated membranes. ................................ 105 

Figure 3.10. Fractions of peripheral proteins from adult rat brain crude 

mitochondria after two fractionations through size exclusion chromatography.

 ................................................................................................................... 107 

Figure 3.11. Heat map of mass spectroscopy results. ............................... 109 

Figure 3.12. The p55 band is not TXNRD2. ............................................... 110 

Figure 4.1. Activation of PIP2 cycle by vasopressin. .................................. 118 

Figure 4.2. Vasopressin causes a hypertrophic response in H9c2 cells. ... 120 

Figure 4.3. Acute addition of VP stimulated the PIP2 cycle in H9c2 cells. .. 122 



13 
 

Figure 4.4. Sustained 24 hour stimulation with VP maintains continuous PLC 

activity which is accompanied by a reduction in PI levels. ......................... 124 

Figure 4.5. VP stimulates an increase in CDS1 mRNA and CDS activity in 

membranes. ............................................................................................... 126 

Figure 4.6. Activation of protein kinase C followed by a rise in cFos is required 

for the increase in CDS1 mRNA by vasopressin........................................ 128 

Figure 4.7. Chronic VP stimulation does not cause ER stress, but does 

enhance the thapsigargin stress response. ............................................... 129 

Figure 4.8. Regulation of CDS1 mRNA by protein kinase C and cFos during 

the PIP2 cycle. ............................................................................................ 133 

Figure 5.1 Knockdown of CDS1 and CDS2 decreases phosphoinositide levels.

 ................................................................................................................... 138 

Figure 5.2. CDS1 and CDS2 knockdown causes multiple morphological 

changes. .................................................................................................... 140 

Figure 5.3. Knockdown of CDS2, but not CDS1, has an impact on H9c2 

respiration. ................................................................................................. 143 

Figure 5.4. Knockdown of CDS1 and CDS2 induces ER stress. ............... 145 

Figure 5.5. PA is converted into either PI or DG at the ER, or into cardiolipin in 

mitochondria. ............................................................................................. 150 

Figure 6.1. Proposed working models for the biosynthesis of CDP-DG by 

SpTam41 and CDS1/2 enzymes.* ............................................................. 154 

 

 

*Images reproduced with permission of the rights holders, Elsevier. 

  



14 
 

List of Tables 

Table 2.1. Passaging conditions for H9c2 and COS-7 cells. ........................ 55 

Table 2.2. siRNA oligos for RNA interference of H9c2 cells. ....................... 58 

Table 2.3. BCA assay protein standards. ..................................................... 61 

Table 2.4. Primary antibodies used for Western blotting. ............................. 70 

Table 2.5. Secondary antibodies used for Western blotting. ........................ 71 

Table 2.6. List of plasmids used for over-expression. .................................. 72 

Table 2.7. Primers used in RT-qPCR. .......................................................... 76 

Table 2.8. RT-qPCR Master mix components.............................................. 77 

Table 2.9. One-step RT-qPCR program for Bio-Rad CFX96. ...................... 78 

Table 2.10. Primary antibodies used for immunofluorescence. ................... 80 

Table 2.11. Chemical stains and secondary antibodies used for IF. ............ 80 

Table 6.1. Regulation of CDS1 and CDS2 mRNA by different mechanisms.

 ................................................................................................................... 158 

  



15 
 

Abbreviations 

A/ENTH AP180/Epsin N-terminal homology 

aa  Amino acid 

AC  Aortic constriction 

ADP  Adenosine diphosphate 

AKT  Protein kinase B 

ALDH2  Alcohol dehydrogenase 2 

AP-1  Activator protein 1 

Asp  Aspartic acid 

ATP  Adenosine triphosphate 

BCA  Bicinchoninic acid 

BIM-I  Bisindolylmaleimide I 

BSA  Bovine serum albumin 

CKII  Casein kinase II 

C.Mito  Crude mitochondria 

CDIPT  CDP-diacylglycerol-inositol 3-phosphatidyltransferase 

cDNA  Complementary DNA 

CDP-DG Cytidine diphosphate diacylglycerol 

CDS1/2  CDP-DG synthase 1/2 

cGMP  Cyclic GMP 

CHOP  C/EBP homology protein 

CL  Cardiolipin 

CLS  Cardiolipin synthase 

CMP  Cytidine monophosphate 

CNEP-1 CTD nuclear envelope phosphatase 1 homolog 

COS-7 ‘CV-1 (simian) in Origin, carrying the SV40 genetic material’ 7 cells 

COX IV  Cytochrome c oxidase subunit IV 

CTP  Cytidine triphosphate 

CVD  Cardiovascular disease 

Cyto  Cytosol 

DAPI  4′,6-diamidino-2-phenylindole 

DG  Diacylglycerol 

DGK(ζ)  Diacylglycerol kinase (zeta) 

DMEM  Dulbecco's Modified Eagle Medium 

dNTP  Nucleoside triphosphate 

dpm  Disintegrations per minute 

DTT  Dithiothreitol 

ECL   Enhanced chemiluminescence 

EDTA  Ethylenediaminetetraacetic acid 



16 
 

EGTA  Ethyleneglycoltetraacetic acid 

EMT  Epithelial to mesenchymal transition 

ER  Endoplasmic reticulum 

ERR  Estrogen related receptor 

FCCP  Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

FCS  Foetal calf serum 

G3P  Glycerol-3-phosphate 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase 

gDNA  Genomic DNA 

GPAT  Glycerol-3-phosphate acyltransferase 

GPI  Glycosylphosphatidylinositol 

GPCR  G-protein coupled receptor 

GRK  G-protein coupled receptor kinases 

GRP75  Glucose-regulated protein 75KDa 

GTP  Guanosine triphosphate 

H9c2  H9c2 (2-1) cell line 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HL-1  HL-1 cardiac muscle cell line 

HRP  Horseradish peroxidase 

HUVEC  Human umbilical vein endothelial cell 

IGF-I  Insulin-like growth factor 1 

IMM  Inner mitochondrial membrane 

IP3  Inositol-(1,4,5)-triphosphate 

LB  Luria broth 

LDS  Lithium dodecyl sulphate 

LPA  Lyso-phosphatidic acid 

LPAAT  Lyso-phosphatidic acid acyl transferase 

LPIAT  Lyso-phosphatidylinositol acyl transferase 

LPL  Lyso-phospholipid 

LPLAT  Lyso-phospholipid acyl transferase 

LYCAT  Lyso-cardiolipin acyltransferase 

MAMs  Mitochondrial associated membranes 

MAPK  Mitogen activated protein kinase 

mETS  Maximal electron transport system 

Micro  Microsomes 

MitoPLD Mitochondrial phospholipase D 

MLCL  Monolyso-cardiolipin 

MOPS  3-(N-morpholino)propanesulfonic acid 

mRNA   Messenger RNA 

mTOR  Mammalian target of rapamycin 



17 
 

mTORc2 mTOR Complex 2 

nmt  Non-mitochondrial 

norpA  No receptor potential A (Drosophila Phospholipase Cβ) 

NRT  No reverse transcriptase 

NSCLC  Non-small-cell lung carcinoma 

NTase  Nucleotidyltransferase 

NTC  No template control 

OMM  Outer mitochondrial membrane 

OXPHOS Oxygen phosphorylation 

PA  Phosphatidic acid 

PAP  Phosphatidic acid phosphatase 

Pase  Phosphatase 

PBS  Phosphate buffered saline 

PC  Phosphatidylcholine 

(RT-q)PCR (Real-time quantitative) Polymerase chain reaction 

PE  Phosphatidylethanolamine 

PFA  Paraformaldehyde 

PG  Phosphatidylglycerol 

PGC-1α/β Peroxisome proliferator-activated receptor gamma coactivator 1 α/β 

PGK1  Phosphoglycerate kinase 1 

PGP  PG phosphate 

PGPS  PGP synthase 

PH  Pleckstrin homology domain 

PI  Phosphatidylinositol 

PI3K  PI-3-kinase 

PI4KIIIα  PI-4-kinase III alpha 

PI4P/PIP PI-4-phosphate 

PI4P5K  PI-4-P-5-kinase 

PI(4,5)P2 Phosphatidylinositol-(4,5)-bisphosphate 

PIPES  Piperazine-N,N′-bis(2-ethanesulfonic acid) buffer 

PIS  PI synthase 

PITP  PI transfer protein 

PITPα  PI transfer protein α 

PITPNM1 Phosphatidylinositol transfer protein membrane associated 1 

PKC  Protein kinase C 

PKG  Protein kinase G 

PL  Phospholipid 

PLA1/2  Phospholipase A 1/2 

PLC  Phospholipase C 

PLD  Phospholipase D 



18 
 

PM  Plasma membrane 

PMA  Phorbol-12-myristate-13-acetate 

PP2A  Protein phosphatase A2 

PPAR  Peroxisome proliferator-activated receptor 

PPi  Pyrophosphate 

PPIs  Polyphosphoinositides 

PRELI  Protein of relevant evolutionary and lymphoid interest  

PTPMT1 Protein tyrosine phosphatase mitochondrial 1 

PVDF  Polyvinylidene difluoride 

PX  Phox homologous domain 

RIPA  Radioimmunoprecipitation assay 

RTK  Receptor tyrosine kinase 

SDS  Sodium dodecyl sulphate 

SDS-PAGE SDS-polyacrylamide gel electrophoresis 

SHHF  Spontaneously Hypertensive Heart Failure 

siRNA  Small interfering RNA 

sn  Supernatant 

Tam41  Translocator assembly and maintenance protein 41kDa 

TAMM41 Mammalian Tam41 

TAPe  Tandem affinity purification tag enhanced 

TBS  Tris-buffered saline 

TE buffer Tris-EDTA buffer 

Tg  Thapsigargin 

TG  Triacylglycerol 

TGN  Trans-Golgi network 

TLC  Thin layer chromatography 

TRPC  Transient receptor potential C receptor 

TSE  Tris/Saline/EDTA buffer 

TXNRD2 Thioredoxin Reductase 2 

V1R  Vasopressin receptor 1 

VEGF-A Vascular endothelial growth factor A 

VP  (arginine) Vasopressin 

WCL  Whole cell lysate 

ZEB1  Zinc finger E-box binding homeobox 1 

ZFPL1  Zinc finger protein Like 1  



19 
 

Chapter 1 Introduction 

Eukaryotes are organisms whose cells contain various sets of membrane 

bound subcellular compartments. These biological membranes comprise of a 

unique combination of lipids and distribution of proteins, and it is these 

amalgamations that give rise to the distinct biophysical properties central to 

the membrane, and the organelle’s, function. One major component of the 

membranes are phospholipids. These are small amphiphilic molecules that 

can alter a membrane’s function through their specific hydrophilic head group 

and composition of their lipophilic fatty acid tails, which are bound together 

through a glycerol backbone. For example, the inner mitochondrial membrane 

(IMM) is highly enriched in cardiolipin (CL) which helps provide the extreme 

curvature required for the folds in the cristae, whereas phosphatidylinositol (PI) 

-4-phosphate (PI(4)P) is enriched at the Golgi apparatus due to its importance 

in exocytosis. The most abundant phospholipids, however, are 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE). These are 

found ubiquitously across cellular membranes. The key intermediate for all 

phospholipid production is phosphatidic acid (PA), which is successively 

modified to produce the variety of phospholipids. 
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 Phosphatidic acid and its derivatives 

Phosphatidic acid (PA) is the simplest naturally occurring glycerophospholipid. 

It makes up a tiny proportion of the overall phospholipid population (about 1% 

[1]). PA has a rather short life, but is incredibly important. This is because it is 

an intermediate for the formation of numerous phospholipids whilst also acting 

as a lipid second messenger. Furthermore, being a highly fusogenic lipid, it 

affects membrane curvature due to its structural and chemical composition [2] 

and can even affect protein functionality [3]. It has roles in a plethora of cellular 

functions ranging from cell proliferation [4] to cytoskeletal organisation [5] and 

vesicular trafficking [6]. 

There are various ways in which PA is produced in the cell, the first being de 

novo synthesis (Figure 1.1A). During de novo synthesis, fatty acids are 

successively introduced into the sn-1 and sn-2 positions of glycerol-3-

phosphate (G3P). This is achieved by consecutive acylations of G3P by 

specific G3P acyltransferases (GPATs; the rate-limiting step of PA production 

[7]) and lyso-PA (LPA) acyltransferases (LPAAT) localised to the endoplasmic 

reticulum (ER) and the mitochondrial membranes within mammalian cells. The 

first acylation of G3P is catalysed by the GPAT enzymes GPAT1 and 2 on the 

outer mitochondrial membrane (OMM) or GPAT3 and 4, which are associated 

with the ER [8, 9]. Here, G3P is converted into LPA using acyl-CoA. The final 

acylation in the de novo pathway is conducted through the LPAAT enzymes, 

which esterifies a fatty acid at the sn-2 position of the glycerol backbone. 

Following this acylation, a molecule of PA is produced, with acyl chains at the 

sn-1 and sn-2 positions of the glycerol backbone, and a phosphate group on 

the sn-3 position (see Figure 1.2). There have been eleven LPAAT enzymes 

discovered in mouse and in human, however, only four within the literature 

have been reported to have acyl donor specificity for PA [10], which are 

LPAAT1-4. Furthermore, at least, three LPAATs (1, 2 and 3) are localised at 

the ER [11] whilst two LPAATs (4 and 5) are localised at the ER and 

mitochondria [12, 13]. Interestingly, loss of LPAAT4 causes a decrease in PI, 

PC and PE levels in the brain with impaired spatial learning and memory [12, 

14]. It is still unclear whether PA is synthesised within the mitochondria. 
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Figure 1.1. PA production pathways. 

[A] G3P is acylated by GPAT to form Lyso-PA. Lyso-PA is acylated once more 

to form PA. [B] PIP2 is hydrolysed by PLC into IP3 and DG. DG subsequently 

becomes phosphorylated into PA. [C] PC is metabolised by PLD to form PA. 

[D] mitoPLD hydrolyses CL to form PA. 
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Interestingly, the PA generated by the various LPAATs appear to produce 

separate and distinct pools of PA, which go on to enter dedicated biosynthetic 

pathways. Bradley and Duncan [12] have written a comprehensive review on 

the topic, and in it they show that by losing specific individual LPAATs unique 

phenotypes occur. 

PA synthesis also occurs through cellular signalling via G-protein coupled 

receptors (GPCRs) and receptor tyrosine kinases (RTKs) by the activation of 

phospholipase C (PLC) and phospholipase D (PLD). PLC activation via Gαq/11 

GPCRs causes the hydrolysis of phosphatidylinositol-(4,5)-bisphosphate 

(PI(4,5)P2) into the secondary messengers inositol triphosphate (IP3) and 

diacylglycerol (DG). Diacylglycerol kinases (DGKs) then phosphorylate the 

newly formed DG into PA (Figure 1.1B). PLD, on the other hand, catalyses the 

hydrolysis of PC into PA and choline (Figure 1.1C). There are two classical 

isoforms of PLD in mammals: PLD1 [15] and PLD2 [16], and whilst both require 

PI(4,5)P2 as a co-factor to function, they have different subcellular localisations 

and regulatory properties. Finally, there is a mitochondrial PLD (MitoPLD). This 

localises to the outer mitochondrial membrane [17] and generates PA through 

the hydrolysis of CL (Figure 1.1D). PA generated in this way has been shown 

to promote mitochondrial fusion [2], however, this PA could also be used for 

other processes within the mitochondria. 
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Figure 1.2. Phospholipid skeletal structures. 

All phospholipids are built of the same structural glycerol backbone. This 

contains 3 sn (stereospecifically numbered) positions. The first two, sn-1 and 

sn-2, are bound to acyl chains which give the phospholipid its particular 

species, e.g. sn-1-stearoyl-sn-2-arachidonoyl (C18:0/C20:4). The sn-3 

position is where the headgroup binds to the backbone. This is taken up by a 

phosphate group, which can have other groups bound to it. The simplest being 

a single proton, which forms PA; but the additional group can be much more 

complex as is seen with cardiolipin. 
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1.1.1 The fate of phosphatidic acid 

PA has various fates. It can be dephosphorylated by lipin proteins to produce 

DG, or used for the synthesis of triacylglycerides (TG) and the phospholipids 

PE and PC. Alternatively, PA can be transported to the ER from the plasma 

membrane (PM) via phosphatidylinositol transfer proteins (PITPs), such as 

PITPNM1 and PITPNC1 [18] where it is used, along with cytidine triphosphate 

(CTP), in the formation of cytidine diphosphate diacylglycerol (CDP-DG) by the 

enzymes cytidine diphosphate diacylglycerol synthase (CDS) 1 and 2 [19]. 

This subsequently is turned into PI by PI synthase (PIS). 

Analysis of the acyl chain composition of PA from mouse liver and brain shows 

C34:1 (C16:0/C18:1) as the major species of PA with some contributions from 

C36:1 and C38:4 [20, 21]. Since all the major neutral lipids, phospholipids and 

PI branch from PA as the progenitor lipid, the selectivity of a particular species 

of PA by lipid synthesising enzymes, such as CDS, could be a factor in 

determining the fatty acyl composition of the de novo synthesised lipids.  

Furthermore, PA is essential in the formation of CL through its product CDP-

DG. CDP-DG is converted into phosphatidylglycerol phosphate (PGP) with the 

addition of G3P by PGP synthase (PGPS). The product, PGP, is 

dephosphorylated by protein tyrosine phosphatase mitochondrial 1 (PTPMT1) 

into PG, which is then combined with another molecule of CDP-DG to produce 

CL via CL synthase (CLS) [22]. All of the phospholipids mentioned can be 

remodelled by removal of one of the acyl chains to produce the lyso-

phospholipid at either the sn-1 or sn-2 positions, and then have a new acyl 

chain attached in the empty position (see Figure 1.2 and Figure 1.3). 
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Figure 1.3. Phospholipid synthesis and remodelling pathways from PA. 

PA is formed by acylating G3P twice. It can be dephosphorylated into DG for 

the use in producing PC and PE, and by extension PS, and can be used in 

producing TG. PA can also be turned into CDP-DG for the use in producing 

PI, PG and CL. All of the phospholipids (bar PA) can be remodelled  to change 

their fatty acyl composition, this is accomplished by various lyso-phospholipid 

acyltransferases. Abbreviations: G3P, glycerol-3-phosphate; PA, phosphatidic 

acid; DG, diacylglycerol; TG, triacylglycerol; PC, phosphatidylcholine; PS, 

phosphatidylserine; PE, phosphatidylethanolamine; CDP-DG, cytidine 

diphosphate diacylglycerol; PGP, phosphatidylglycerol phosphate; PG, 

phosphatidylglycerol; CL, cardiolipin; PI, phosphatidylinositol; PPIs, 

polyphosphoinositides. Adapted from Hishikawa et al. [13]. 
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 Cytidine Diphosphate Diacylglycerol Synthase 

1.2.1 Genes and mapping 

Cytidine diphosphate diacylglycerol synthase (CDS) enzymes have been 

identified as integral membrane enzymes which catalyse the formation of 

CDP-DG from PA and CTP. It is also the rate-limiting step in the PIP2 cycle, 

where its purpose is to synthesise the precursor for PI [23] (see Figure 1.7). A 

vast array of eukaryotes have had at least one CDS gene discovered in their 

genome, all of which appear to share a common ancestor and some homology 

with CDS genes from other species [24]. In mammals there are two 

homologous genes for CDS, these encode the CDS isoforms CDS1 and 

CDS2. In humans, these genes were first mapped, cloned and sequenced by 

Halford et al. [25] in 1998. They found CDS1 was mapped to 4q21 and CDS2 

to 20p13. Furthermore, the human CDS enzymes were found to have 69% 

identity and 73% similarity at the amino acid level, and 72% identity at the 

nucleotide level. Human CDS1 is 461 amino acids long with a predicted 

molecular weight of 53.3kDa, whereas CDS2 is slightly shorter at 445 amino 

acids and has a predicted molecular weight of 51.4kDa. Neither appear to have 

any splice variants. Homologous genes for CDS are also found in a variety of 

other species (both prokaryote and eukaryote), including (but not limited to) E. 

coli [26], Drosophila [23], S. cerevisiae [27], rat [28], cyanobacteria [29], mouse 

[30], A. thaliana [31], zebrafish [32], and T. maritama [33]. Interestingly, A. 

thaliana has five separate genes for CDS (CDS1-CDS5), and on top of that, 

five splice variants of two of the genes (CDS2.1-CDS2.3 and CDS4.1-CDS4.4) 

totalling ten different isozymes [31]; far more than the two isozymes mammals 

have.  
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1.2.2 Structure and mechanism 

When initially studying the CDS enzyme in E. coli, it was noted that the protein 

appeared very hydrophobic and obtained a hydropathy score of 0.72 through 

the computer program made by Kyte and Doolittle [26, 34]. This score 

resembled the hydropathy score of many integral membrane proteins. 

Furthermore, it was observed that in S. cerevisiae the CDS protein was made 

of two identical subunits of 56kDa [35]. Twenty-two years following this, the 

structure of CDS from the bacterium Thermotoga maritama was solved 

(TmCdsA), and was shown to be a dimeric integral membrane protein [33]. 

The sequence and alignment of CDS from T. maritama can be seen in Figure 

1.4 with the two CDS enzymes from both human and rat for comparison. 

Using the PhosphoSitePlus database, which collates data from tens of 

thousands of published studies (https://www.phosphosite.org/), it is revealed 

that the CDS enzymes have various modification sites. The data collected was 

from high throughput studies with the modification sites assigned using 

proteomic discovery mass spectrometry (i.e. no low through put studies using 

other methods). Though there are a limited number of studies, it has been 

shown that CDS1 is phosphorylated at S37. This phosphorylation is conserved 

between human, mouse and rat. Furthermore, CDS1 is also ubiquitylated at 

K270, which is also conserved across species. Contrary to this, CDS2 has a 

plethora of studies identifying modification sites. In human CDS2, there is a 

significant amount of data demonstrating the phosphorylation of residue S21 

and S33. It appears that there are another four sites for phosphorylation 

though, which are S23, T31, S37 and S41. This profile is also conserved 

between mouse, rat and human; however, due to an extra residue in the 

human CDS2 near the beginning of the protein, the phosphorylation sites on 

human CDS2 have been pushed forward by one residue. (Mouse and rat 

CDS2 is phosphorylated at site S20, S22, T30, S32, S36 and S40.) Similarly 

to CDS1, CDS2 can become ubiquitylated. Human CDS2 has two sites of 

ubiquitylation at K253 and K328. These are also conserved in mouse and rat, 

however the sites in mouse and rat are one residue prior: K252 and K327. All 

highlighted residues have at least five references in the literature. 
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Figure 1.4. FASTA alignment of CDS proteins from T. maritama (TmCdsA), rat (RnCDS) and human (HsCDS). 

The membrane spanning domains and loops for TmCdsA are included (also see Figure 1.5), which were previously deduced [33]. 

Alignment made using t-coffee [36]. Note mammalian CDS enzymes have long tail regions at the N- and C-terminus, protruding into 

the ER lumen and cytosol respectively. 
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This leaves open the question of ‘what phosphorylates these enzymes?’. The 

NetPhos program (http://www.cbs.dtu.dk/services/NetPhos/) can predict the 

kinases that phosphorylate these sites. NetPhos predicts that CDS1 is 

phosphorylated by casein kinase II (CKII) at site S37, and this is conserved 

across species. CDS2 (all species) appear to be phosphorylated by either CKII 

or protein kinase G (PKG) at S21 (S20 in mouse and rat) and by CKII only at 

S33 (S32 in mouse and rat). These phosphorylation sites are highlighted in 

Figure 1.5. What is also interesting is that these phosphorylation sites, which 

are most likely for regulation of the protein, are all situated at the N-terminus. 

This part of the CDS enzymes protrudes out into the cytosol, allowing access 

for kinase activity. 

The secondary, tertiary and quaternary structure of TmCdsA had also been 

revealed by Liu et al. [33]. Each of the TmCdsA monomers contains nine 

transmembrane helices arranged into a novel fold containing three domains 

(see Figure 1.5). These monomers combine to form a dimer, and within each 

monomer a funnel shaped cavity forms penetrating halfway into the 

membrane. This has dual openings allowing the simultaneous acceptance of 

the hydrophilic CTP and hydrophobic PA substrates. At the bottom of the 

cavity, a dyad formed between 219Asp and 249Asp coordinates a magnesium-

potassium hetero-di-metal centre. This is key for the catalysis of CDP-DG 

formation. The implied mechanism of this reaction is that the Mg2+ ion activates 

the phosphate head group on PA, permitting nucleophilic attack on the α-

phosphate of CTP. Simultaneously, the K+ ion binds the remaining phosphates 

(β- and γ-) of the CTP, and facilitates release of the products (CDP-DG and 

pyrophosphate) from the active site. 
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Figure 1.5. Structure of human CDS enzymes and TmCdsA. 

[A] Topological organisation of the CDS enzymes, CDS1, CDS2 and TmCdsA 

based on the structure of TmCdsA. The transmembrane domains of the three 

CDS enzymes are shown in coloured boxes. Blue boxes represent the N-

terminal domain, green boxes, the middle domain (which is the dimerisation 

interface), and the orange boxes are the highly-conserved C-terminal domain. 

These domains correspond to those in Figure 1.4 above the amino acid 

sequence of TmCdsA. The red circles display phosphorylation sites in human 

CDS1 and CDS2, and the purple circle is the site of mutation seen in somatic 

cancers (see Section 1.2.6). [B] Cartoon representation of CDS1 and CDS2 

based on TmCdsA dimer. Also shown is the three dimensional structure of 

TmCdsA which forms a dimer; the monomers are coloured red and yellow. [C] 

Cartoon of dimeric CDS with basic mechanism of action.  
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1.2.3 CDS substrate selectivity and inhibition 

PI has been shown to have a restricted range of acyl chains, with the 

predominant form being sn-1-stearoyl-sn-2-arachidonoyl (C18:0 in the sn-1 

position and C20:4 in the sn-2 position) [20, 37]. PI synthase (PIS; Section 1.3) 

does not show any specificity for acyl chains [38], which implies that the 

enrichment of acyl side chains could be determined at the penultimate 

synthesis step, i.e. through the CDS enzymes. (Although, PI can also acquire 

its characteristic acyl composition through remodelling of the acyl chains after 

de novo synthesis through the phospholipase and acyl transferase enzymes 

[39, 40].) Even though CDS1 and CDS2 are remarkably similar, the differences 

between the two enzymes appear to come down to their selectivity of the acyl 

side chains of the PA used. A limited number of studies have addressed 

whether CDS1 and CDS2 have a preference for the acyl chain composition of 

their substrate. Purified CDS1 from rat brain was found to show its highest 

activity when using sn-1-stearoyl-sn-2-arachidonoyl-PA (C18:0/C20:4-PA) as 

its substrate. Substantial CDS activity was observed when using egg yolk PA, 

as well as using di-C18:1-PA. Very little activity was noted when using the 

saturated di-C18:0 and di-C12:0-PAs [28]. (Egg yolk PA comprises mostly of 

saturated (C16:0 (34%) and C18:0 (11%)) and mono-unsaturated 

(C18:1(31%)) fatty acids; it does contain a modest amount of di-unsaturated 

(C18:2 (18%)) fatty acids too.) Contrary to this, when membranes prepared 

from COS-7 cells expressing CDS1 or CDS2 enzymes were examined using 

different PA species, CDS2 preferentially used C18:0/C20:4-PA at the sn-1 

and sn-2 positions, whilst CDS1 had no preference and was able to utilise 

many different fatty acid compositions of PA, including C18:0/C20:4-PA [41]. 

This led the authors to propose the hypothesis that CDS2 is responsible for 

synthesis within the PIP2 cycle and CDS1 is responsible for de novo synthesis 

of PI. 

Similarly to how the CDS enzymes have different selectivity for substrates, the 

CDS enzymes are inhibited by different acyl compositions of 

(poly)phosphoinositides. Originally, it was noted that the activity of CDS in 

whole cell lysates was diminished with the addition of PI, PIP and PIP2. PI, at 
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high concentrations (10% molarity and above), had a mild inhibitory effect on 

CDS activity. PIP had a moderate effect, decreasing activity by 40% at 5% 

molarity. PIP2 had the greatest effect, reducing CDS activity by 50% at 2% 

molarity, and by nearly 80% at 10% molarity [28]. This inhibition implies the 

regulation of the PIP2 cycle via negative feedback of the end product. This was 

then elaborated on by D’Souza et al. [41], when they looked at the inhibitory 

effects on both CDS1 and CDS2 individually. CDS1 activity was inhibited by 

brain PIP (20% decrease) and brain PIP2 (50% decrease) but no significant 

decrease was seen with either soybean or liver PI. CDS2 activity, on the other 

hand, saw significant decreases with all phosphoinositides: a 10% and 15% 

decrease with soybean and liver PI respectively, a 50% decrease with brain 

PIP, and 70% decrease with brain PIP2. Furthermore, when inhibiting CDS2 

activity with acyl chain specific phosphatidylinositol, di-C18:2-PI decreased 

activity by 15% and C18:0/C20:4-PI decreased activity by nearly 80%. All of 

phosphoinositides were used at 1% molarity. The last observation supports 

the idea that CDS2 is responsible for PI synthesis in the PIP2 cycle as it is 

strongly inhibited by PI which is enriched in C18:0/C20:4, which happens to be 

the major species of PIP2. 

 

1.2.4 Localisation of over-expressed protein and activity 

Both over-expressed CDS1 and CDS2 have been demonstrated to localise to 

the ER [30, 41, 42] with relative uniformity. CDS1 has apparent prevalence in 

the central perinuclear ER and CDS2 is more frequent in the peripheral ER 

sheets and tubules [41]. However, certain plant isozymes are predicted to 

localise to the mitochondria [31]. Due to the lack of characterised antibodies 

available, endogenous expression of CDS1 or CDS2 has not been imaged. 

Localisation of activity, however, has been explored. There is significant CDS 

activity within microsomes, mitochondrial associated ER membranes (MAMs) 

and the mitochondria itself [43-46]. The latter, of which, would be a potential 

mechanism for supplying the mitochondria with CDP-DG for use in cardiolipin 

production. The membrane contact sites between the ER and mitochondria 

may supply a route for the transfer of CDP-DG due to proximity. How CDP-DG 
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would be transported from the OMM to the IMM remains unclear. Even though 

CDS activity would be expected, and necessary, in mitochondria (and in plants 

it appears that some CDS proteins do localise to the mitochondria), the 

immunofluorescence studies clearly show that the mammalian tagged CDS 

enzymes do not localise there. Furthermore, the CDS proteins do not contain 

a mitochondrial import sequence in their sequence [19], which makes the 

origin of the mitochondrial CDS activity more interesting, especially as the 

activation and inhibition of the microsomal and mitochondrial CDS activities 

are separate and distinct. The optimal pH for the microsomal and mitochondrial 

differ, with the mitochondrial activity exhibiting a broad optimal pH of 6-8, and 

the microsomal activity rapidly decreased above pH 6.5. Also, addition of 

parachloromercuriphenylsulphonic acid led to a marked inhibition of the 

microsomal activity, but slightly stimulated the mitochondrial activity at low 

concentrations [43]. Furthermore, the microsomal activity was more sensitive 

towards sulfhydryl inhibitors than the mitochondrial activity [45], and various 

studies have shown that the microsomal CDS activity can be stimulated by 

GTP, whereas GTP has no effect on the mitochondrial CDS activity [19, 44, 

45]. These results imply that the source of the mitochondrial CDS activity may 

not be due to CDS1 or CDS2 at all.  

 

1.2.5 Tissue expression 

Expression patterns of CDS1 and CDS2 mRNA and protein differ depending 

on the tissues, and the species. Initially, what became known as eye-CDS in 

Drosophila was found to localise to the head, with no protein present in the 

rest of the body upon examination by Western blot. CDS mutant flies were 

noted to be fully viable and the only defects observed were visual, leading to 

the possibility of tissue specific isoforms [23]. In human tissues, CDS mRNA 

was found to be greatly expressed in the heart, with relatively moderate 

expression in the liver and skeletal muscle with the use of a Cds1 probe [47]. 

It was also apparent that two mRNAs were being detected with the single Cds 

probe, implying the presence of a second CDS enzyme. This observation was 

solidified by a second study where the use of a cds1 probe revealed the 
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expression of two mRNAs in various tissues, corresponding to the two different 

CDS enzymes. Here, CDS1 mRNA was found to be expressed in the placenta, 

brain, small intestine, ovary, testis and prostate in adult tissues, and also in the 

kidney, lung and brain in foetal tissues [19]. In situ hybridisation experiments 

in rat gave an accurate depiction of CDS2 mRNA expression. Intense 

expression was observed in the cerebellar Purkinje cells and pineal body, with 

moderate to low expression in levels II-IV of the cerebral cortex, the 

hippocampal pyramidal cells and subiculum, and in olfactory mitral cells. Low 

expression was observed in almost all neurones in the fore-, mid- and hind- 

brains with much lower expression in the caudate putamen. And low 

expression was also observed in the choroid plexuses. There was no 

significant expression seen in white matter including the corpus callosum, 

cerebellar medulla or glia limitans. Finally, there was positive expression 

signals confined to the inner segment of the photoreceptor cells, and very 

intense expression in the testis [28]. Moreover, the observation that CDS 

mRNA is localised to the inner segment of photoreceptor cells corresponds 

with the findings of Wu et al. [23], and suggests that there could be similar 

functional significance between the homologous proteins of far removed 

animal species. The expression patterns of the individual CDS genes were 

elucidated in mice. CDS1 mRNA exhibits a limited pattern of expression in 

mice, with signals detected in the adult brain, eye, smooth muscle and testis, 

with a weaker expression in the kidney, thyroid and submaxillary gland. On the 

other hand, CDS2 mRNA showed a ubiquitous pattern of expression, with all 

tissues testing positive for mRNA including embryonic samples. 

Immunofluorescence of over-expressed Myc-tagged CDS1 and revealed that 

CDS1 and CDS2 protein expression is excluded from the nucleus, and that the 

fluorescence appeared to associate with the internal membranes, particularly 

the ER [30].  
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1.2.6 Regulation and loss of function mutants 

The CDS enzymes appear to have a rather tight regulation of expression, and 

the deletion of the genes can have varying effects. In the spontaneously 

hypertensive heart failure (SHHF) rat, CDS activity and mRNA levels were 

monitored at 2, 15 and 22 months of age (mo). During the progression of the 

disease, the microsomal CDS activity did not change. However, there was a 

threefold increase in mitochondrial CDS activity at 15mo relative to 2mo, and 

a 1.8 times increase in 22mo relative to 2mo rats. Furthermore, when 

assessing the mRNA levels of CDS1 and CDS2 during these time periods, 

CDS1 mRNA increased 7 times and 5 times at 15mo and 22mo respectively. 

CDS2 mRNA decreased greatly over the same period in the SHHF rats, with 

levels dropping to 10% and about 1% at 15mo and 22mo respectively. 

Moreover, when looking at human left ventricular tissue CDS2 mRNA 

displayed a similar pattern: tissue from hearts suffering from idiopathic dilated 

cardiomyopathy had only 10% the gene expression (i.e. a 90% decrease) of 

CDS2 compared to tissue from non-failing hearts [48]. 

Another study looked at peroxisome proliferator-activated receptor (PPAR) γ 

coactivator-1 (PGC-1) α and β (PGC-1α and –β) in the context of mitochondrial 

phospholipid biosynthesis. PGC-1α and -β are transcriptional co-regulators 

and master regulators of mitochondrial biogenesis, and it was reported that in 

mice the Cds1 gene is regulated by these coactivators [49]. In PGC-1αβ-/- 

mouse hearts, lipidomic analysis revealed a distinct pattern of reduced levels 

of CL alongside a subset of phospholipid species. Building on this, gene 

regulatory studies demonstrated that this abnormal CL phenotype is related to 

a defect in the PGC-1-mediated transcriptional control of CDS1. PGC-1αβ-/- 

hearts, showed reduced Cds1 gene expression, but in PGC-1α-/- and PGC-

1αβ-/- hearts, Cds2 expression increased. Moreover, over-expression of PGC-

1α or PGC-1β in PGC-1αβ-/- mice induced Cds1 gene expression. Additionally, 

cell based co-transfection studies demonstrated that PGC-1α activates Cds1 

gene transcription via a site in the first intron by co-regulating the nuclear 

receptor estrogen-related receptor α (ERRα). (ERRα is a well-known target of 

PGC-1 co-regulation [50, 51].) Co-expressing PGC-1α and -β with ERRα, -β 
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or –γ vastly increase Cds1 gene expression, but particularly the combination 

of PGC-1α and ERRα. Furthermore, chromatin immunoprecipitation studies 

confirmed that PGC-1α and ERRα co-occupy the ERR-binding site found in 

the first intron of the Cds1 gene, giving evidence of direct transcriptional 

activation [49]. In summation, PGC-1 co-activators are necessary for normal 

expression of CDS1 in the adult mouse heart. 

A CDS mutant in Drosophila was crucial to the development of the idea that 

CDS is the rate-limiting step in the PIP2 cycle. This was achieved in the fly eye 

by monitoring PLC-mediated signalling in response to light. Cds mutants 

grown in the dark exhibited no phenotype, however, the same mutants grown 

in a 12:12 light dark cycle showed dramatic light dependent retinal 

degeneration of the rhabdomeres. This phenotype was rescued in a variety of 

ways: crossing the mutants with a PLC null mutant so that no PLC signalling 

could occur; adding exogenous PIP2 into the system to compensate for the 

PIP2 which had been broken down during PLC signalling; and implantation of 

Cds cDNA into the flies. Also, all fly Cds mutants were fully viable and only 

showed visual defects [23]. 

In zebrafish, two mutants with angiogenic defects had their pathologies 

mapped to a loss of function mutation in CDS2. The loss of CDS2 resulted in 

vascular specific defects in vivo and a failure of VEGF-A induced angiogenesis 

in endothelial cells in vitro. Absence of CDS2 also results in reduced arterial 

differentiation and reduced angiogenic signalling. These phenotypes could be 

copied with morpholino injections of CDS1 and CDS2. Individually, the 

morpholinos caused defects similar to the mutants, but when half doses were 

applied in combination, the effects were much more severe. Furthermore, full 

dose co-injection of both CDS1 and CDS2 morpholino resulted in early 

embryonic lethality. Interestingly, just like the fly mutants, these phenotypes 

could be rescued by both the artificial elevation of PIP2 levels, and by injection 

of CDS2 mRNA into the mutants [32]. 

Using PhosphoSite once more, which has data from The Cancer Genome 

Atlas integrated, it is possible to track mutations in CDS1 and CDS2 and how 

they are related to specific cancers by looking at 4440 tumour samples from 
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15 cancer types. There is a somatic cancer mutation in CDS1 in a total of three 

of the tumours (R208H; one from squamous lung cancer, and 2 from stomach 

cancer); CDS2 does not have any somatic cancer mutations (see Figure 1.5). 

However, both CDS1 and CDS2 have some form of altering mutation within a 

proportion of the tumour samples. Roughly 2% of stomach and endometrial 

tumours, 1.1% of squamous lung tumours, and 0.3-1% of tumours in 

colorectal, lung adenocarcinoma, bladder, breast, neck/head, ovarian and 

prostate cancers have mutations in CDS1. There are mutations in CDS2 in 

1.8% of colorectal tumours, 1.1% of head/neck tumours, and 0.3-0.9% of lung 

adenocarcinoma, stomach, breast, thyroid and clear cell kidney tumours. 

 

 PI synthase 

PI synthase (PIS), which is also referred to as CDP-diacylglycerol-inositol-3-

phosphatidyltransferase (CDIPT), is the enzyme responsible for the synthesis 

of PI, utilising CDP-DG and inositol as substrates. PIS is classified as a CDP-

alcohol phosphotransferase. It uses CDP-DG as the donor substrate for the 

reaction, and in eukaryotes, it uses inositol as the acceptor alcohol. (In 

prokaryotes, inositol phosphate is used as the acceptor alcohol.) The reaction 

which PIS catalyses, the reversible exchange of inositol for CMP on CDP-DG, 

results in the production of PI [52]. However, although reversible, this reaction 

is unlikely to produce CDP-DG from PI due to the very low levels of CMP 

available at physiological levels. The acyl chain specificity of CDP-DG by PIS 

has been examined previously, and it appears that PIS exhibits no specificity 

towards any particular substrate when analysed in vitro in a mixed micelle 

assay (which could bias the data) [38].  

PIS is a transmembrane ER protein, and most eukaryotes (with the exception 

of plants [53]) express a single PIS enzyme, which localises to the ER. It is 

related to the prokaryotic enzyme, PIP synthase, which uses inositol-3-

phosphate, rather than inositol, and synthesises PIP [54]. The structure of 

eukaryotic PIS is not currently available; however, the structure of PIP 

synthase from Renibacterium salmoninarum has been determined, in both the 
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CDP-DG bound and unbound states [54]. The elucidated structures of RsPIP 

synthase revealed a plethora of information. This includes the location of the 

acceptor site, the molecular determinants of substrate specificity and catalysis, 

a view of the transmembrane architecture, and the catalytic machinery of this 

family of enzyme. RsPIP synthase is a homodimeric protein, with each 

protomer possessing six transmembrane helices which surround a large polar 

cavity; PIS is expected to have a similar structure [54]. 

 

 PIP2 cycle 

Phosphoinositides, though being a minor component of the cell, are essential 

in eukaryotic cellular membranes. PI makes up between 5-7% of the total 

cellular lipids [55], and with the addition of all of its derivatives, the 

phosphoinositides contribute roughly a tenth of the cellular lipids. The 

derivatives of PI come about via the phosphorylation of the inositol ring of PI 

in the 3, 4, and 5 position (see Figure 1.2); the most common of which are 

PI(4)P and PI(4,5)P2 (for ease, PI(4,5)P2 will generally be written as PIP2). 

Furthermore, the polyphosphoinositide derivatives tend to pool to specific 

locations within the cell: PI(4)P is highly enriched in the trans-Golgi network 

(TGN) [56], whereas PI(4,5)P2 is enriched at the plasma membrane [55]. This 

is due, partly, to the distribution of the various kinases throughout the 

intracellular membranes and other lipid modification enzymes. Such selective 

distribution of phosphoinositides does have its reasons; each species confers 

specialised docking sites for an array of protein docking motifs such as PH, 

A/ENTH and PX domains [57] (see Figure 1.6). 

As the phosphoinositide modifying machinery is not ubiquitous across the cell, 

the lipids require a method of traversing the aqueous environment of the 

cytosol. This is accomplished by a variety of mechanisms. Lipids are able to 

diffuse laterally along membrane continuities, e.g. across the junction between 

the inner nuclear membrane and the ER or through tubular connections 

between Golgi cisternae. They can also be transported via the budding and 

fusion of membrane vesicles, utilising the secretory and endocytic pathways. 



 

39 
 

For lipid transport to organelles which are not a part of the vesicular transport 

mechanisms, some lipids are transported via phosphoinositide transport 

proteins (PITPs). These proteins can be either membrane bound or cytosolic. 

All the PITPs contain a PITP binding domain, in which the lipid being 

transported sits. PITPs can have other domains and regions within the protein 

that allows the protein to tether to a membrane. This allows the protein to get 

close enough to the target lipid for long enough to extract it from one 

membrane for transport to another. The PITPs, along with the various kinase 

and synthase machinery, form the working parts of the PIP2 cycle. This cycle 

is a dynamic protein-lipid network which helps regulate and control many 

aspects of cellular processes, including actin dynamics, growth and survival 

though second messenger systems, protein recruitment, ion channel 

regulation and membrane trafficking [58-61]. 

The PIP2 cycle starts with the hydrolysis of PI(4,5)P2 by PLC. This forms the 

second messengers IP3 and DG. The soluble IP3 will cause the release of 

intracellular calcium from the ER before being dephosphorylated back to 

inositol, where it is used for PI synthesis by PIS. The membrane bound DG will 

activate other enzymes such as protein kinase C (PKC) before being 

phosphorylated by DG kinase (DGK) into PA. The newly formed PA can be 

transported to the ER by PITPs. At the ER, PA can either be converted into 

DG or to CDP-DG. This separation of pathways is directed by the action of 

CDS enzymes and PA phosphatases (PAPs, also known as lipins). Although, 

how this branch point is regulated is not fully understood. In the PIP2 cycle, PA 

is converted into CDP-DG by the CDS enzymes. This is the rate-limiting step 

in the synthesis of PI [62] and in the PIP2 cycle, CDP-DG is then converted 

into PI by PIS. Once PI is formed it is transported to the plasma membrane by 

PITPs. After transportation between membranes, PI undergoes subsequent 

phosphorylations into the many varieties of phosphoinositides. In the PIP2 

cycle, PI undertakes the pathway which includes subsequent phosphorylations 

at the 4 and 5 position of the inositol rings (see Figure 1.6) by PI4K, then 

PI4P5K, to produce PI(4,5)P2. This completes the cycle (Figure 1.7).   
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Figure 1.6. Phosphoinositide binding domains. 

Schematic of PI modifications through the use of phosphoinositide kinases 

(PIK) and phosphatases (Pase). Figure taken from De Matteis et al. [57]. 
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The main driving forces of the PIP2 cycle are the levels of PIP2 and the 

activation of PLC. Previous studies have shown that the CDS enzymes’ activity 

is reduced with high levels of PIP2. How this might work in a physiological 

context is unclear as the majority of PIP2 is located in the plasma membrane, 

whilst the CDS enzymes appear to be located at the ER. The major way in 

which PIP2 levels are altered is through PLC activation, which implies that CDS 

activity may be altered by PLC activity. Moreover, the discovery that PLC 

causes the production of the second messengers IP3 and DG, which causes 

rises in intracellular calcium and the activation of enzymes such as PKC 

respectively, led to PLC becoming an established signal transduction pathway 

[55]. 

During PLC signalling, the PA formed at the plasma membrane is enriched 

with stearic acid (C18:0) and arachidonic acid (C20:4) at the sn-1 and sn-2 

positions respectively, and this composition is a reflection of the PIP2 

hydrolysed by PLC. Similarly, when phospholipase D (PLD) breaks down PC 

(which usually occurs at the same time as PLC activation), the resultant PA 

carries the same fatty acid composition as the PC [63]. Whether these PA 

species, derived from different sources, are kept separate and enter different 

metabolic pools at the ER is not well understood. Traditionally, it has been 

thought that the PA produced through PLC (through the phosphorylation of the 

DG derived from the hydrolysed PIP2) remains in the PIP2 cycle and thus is 

used for PI synthesis. This will also retain the fatty acid composition of PI [64, 

65]. The resultant effect of this, if several enzymes involved in the PIP2 cycle 

are selective for C18:0/C20:4, is the metabolic bias towards PI of specific fatty 

acid chains. However, a study of the composition of PI in platelets after 

stimulation with thrombin revealed that the fatty acid profile had been changed. 

The enrichment of C18:0/C20:4 was no longer apparent, implying newly 

formed PI lacked the typical profile of PI [66], and this has been documented 

elsewhere [52]. The question of how PI becomes enriched with specific fatty 

acid compositions is answered through the identification of PI acyl 

transferases. As per the other phospholipids, PI has its own set of acyl 

transferases, LPIAT and LYCAT, which allow a cycle of deacylation-

reacylation to take place, enriching PI with specific profiles. This also suggests 
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that the PIP2 cycle itself is not a closed cycle, and that new lipids can enter. In 

other words, the intermediates of the PIP2 cycle are not necessarily recycled 

back to produce more PIP2, and are capable of leaving the cycle [67]. Thus, 

the resynthesis of de novo PI would be necessary to replace those lost lipids. 

Furthermore, it has been observed that there are various species of both PI 

and PA that are not utilised by the machinery of the PIP2 cycle, at the very 

least. In MEF cells, it was noted that even though small chain PAs are some 

of the most prevalent species (C30:0 and C30:1 making up 21% of the total 

PA), the same small chain PIs did not exist. This implies that there are various 

species of PA which are not used at all in the PIP2 cycle, and rather these 

species pool in areas of the ER away from the machinery of the PIP2 cycle. 

The most likely purpose of these short chain PAs are for the provision of 

structural integrity and positive curvature within the ER membrane 

(concentrating on the outer monolayer), rather than being utilised as a 

substrate for the production of other lipids [68]. 
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Figure 1.7. Synthesis of PI de novo and during the PIP2 cycle. 

At the ER, de novo synthesis of PI begins with G3P becoming acylated by 

GPAT enzymes at the sn-1 position followed by a second acylation at the sn-

2 position by LPAAT enzymes to PA. PA and CTP are converted to CDP-DG 

catalysed by CDS enzymes (CDS1 and CDS2). In the final step, inositol and 

CDP-DG are synthesised into PI catalysed by the enzyme PI synthase (PIS). 

PI resynthesis also occurs following stimulation of PLC at the plasma 

membrane. Phospholipase C hydrolyses of PIP2 resulting in the formation of 

the second messengers, IP3 and DG. DG is phosphorylated to PA at the 

plasma membrane by DG kinase (DGK). PA is also directly produced from PC 

by phospholipase D. At the ER, PA is resynthesised into PI using the same 

enzymes of the de novo pathway. The newly-synthesised PI is transferred to 

the plasma membrane for phosphorylation to PIP2 by the resident enzymes, 

PI4KIIIα and PI4P5K. Transfer of PI and PA between membranes is carried 

out by lipid transfer proteins, in particular members of the PITP family. 

Abbreviations: G3P, glycerol-3-phosphate; PI, phosphatidylinositol; PITPs, 

phosphatidylinositol transfer proteins; PI4P, PI-4-phosphate; PI(4,5)P2, 

phosphatidylinositol-(4,5)-bisphosphate; PLC, phospholipase C; DG, 

diacylglycerol; PA, phosphatidic acid; IP3, inositol-(1,4,5)-triphosphate, CDS, 

CDP-DG synthase; PIS, PI synthase; GPAT, Glycerol phosphate acyl 

transferase; LPAAT, Lyso-PA acyl transferase; PLD, phospholipase D.  
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 Cardiac Hypertrophy 

The mammalian heart is a complex organ whose purpose is to drive blood 

around the body, allowing essential nutrients to arrive where they are required. 

To accomplish this, a highly coordinated series of events occur from the 

building blocks of the heart, the cardiomyocytes. One such event, as an 

example, is the coupling of excitation-contraction, which is regulated by 

intracellular calcium ion levels [69].  

Mammalian cardiomyocytes do not proliferate like most cells under 

physiological conditions, and are terminally differentiated in adults due to 

exiting the cell cycle soon after birth. Nevertheless, the cardiac tissue does 

exhibit a degree of plasticity, which allows the cells to respond to various 

stimuli and environmental demands in a variety of ways. This includes the 

ability of the cells to grow in size, shrink and even die as a consequence of 

these stresses. The most common response is the initiation of hypertrophic 

remodelling of cells after the instance of long-term haemodynamic load, which 

leads to much larger cardiomyocytes. The hypertrophic adaptations by 

cardiomyocytes are complex, involving multiple cellular events and signalling 

pathways and mechanism. The underlying development of this is not fully 

understood. 

There are two types of cardiac hypertrophy: physiological and pathological. 

This classification depends on whether the hypertrophy is associated with 

normal cardiac function (physiological), or whether it is associated with cardiac 

dysfunction (pathological). The enlarging response of cardiomyocytes to 

growth and exercise is physiological hypertrophy, and corresponds to an 

expanding capillary network around it so as to receive sufficient sustenance. 

Physiological hypertrophy is not seen as a risk factor for heart failure as no 

functional, or structural, abnormalities usually occur. Contrary to this, 

increased haemodynamic load, injury and loss of cardiomyocytes, and 

elevated levels of neurohumoral mediators leads to, and is coupled with, 

pathological hypertrophy [70]. Even though the two variants of hypertrophy 

occur under vastly different conditions, the two processes do share some of 

the underlying mechanisms, particularly the central role of AKT signalling [70].  
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Cardiac hypertrophy not only comes in the two flavours already mentioned, but 

also comes in a range of variants, each of which has its own phenotypes. In 

eccentric hypertrophy (which is physiological), the cardiomyocytes grow in 

both length and width. Pathological eccentric hypertrophy, however, sees a 

preferential lengthening of cardiomyocytes and ventricular dilation. This is 

usually caused by diseases and trauma such as myocardial infarction. Finally, 

there is concentric hypertrophy. Here cardiomyocytes typically increase in 

thickness more than they do length [71, 72]. This too is associated with 

pathological conditions, such as hypertension, and results in an increase in the 

free wall and septal thickness, and a reduced left ventricular dimension [70]. 

During pathological hypertrophy, the capacity of capillaries supplying the 

cardiomyocytes with nutrients and oxygen is in deficit relative to the rate of 

growth of the cardiomyocytes, and in rodent models this has been shown to 

cause cardiac hypoxia and remodelling [73, 74]. Furthermore, the mechanical 

and neurohumoral stimuli, inducing hypertrophy, also initiate the modulation of 

a plethora of cellular response, ranging from gene expression and protein 

synthesis to sarcomere assembly and cell metabolism. All of these factors 

combine to progress the cardiomyocytes towards cardiac hypertrophy [75-77]. 

When looking at hypertrophy at the cellular level, there are two major pathways 

which are responsible. The first pathway, which regulates physiological 

hypertrophy is the insulin-like growth factor 1 (IGF-I) signalling pathway (IGF-

I/PI3K/AKT/mTOR). The second, which induces pathological hypertrophy, is 

controlled via GPCR signalling [78]. 
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1.5.1 Cardiomyocytes, mitochondria and phospholipids 

Cardiomyocytes are the building blocks of the heart and cardiac tissues. A 

significant proportion of the mass of cardiomyocytes is mitochondria, which is 

around 30%. This high content is due to the high energy demands of the tissue 

and the need for the vast supply of ATP for the performance of normal cardiac 

function [79, 80]. This, in turn, means that the mitochondria of cardiomyocytes 

are very densely packed into the cell. However, they still retain various 

structures and spatial organisations. This is seen in the three subpopulations 

of mitochondria: the perinuclear mitochondria, the interfibrillar mitochondria, 

and the sub-sarcolemma mitochondria. The perinuclear mitochondria are 

arranged in a regular pattern around and adjacent to the nucleus; the 

interfibrillar mitochondria are arranged along and between the myofibrils and 

alongside the sarcomere; the sub-sarcolemma mitochondria are arranged just 

beneath the sarcolemma [81].  

The increase and biosynthesis of particular markers, such as proteins and 

lipids, are a sign of cellular growth and development. One specific marker is 

the increase in mitochondrial mass. This is partly controlled by the 

aforementioned PGC-1 family of proteins (see section 1.2.6). For example, 

during the differentiation of H9c2 myoblasts (a process where the cell adopts 

a more cardiomyocyte-like cell type, similar to physiological hypertrophy), 

PGC-1β is demonstrably increased, both in protein level and transcript [82]. 

Similarly, in mice, it has been shown that PGC-1α/β are absolutely required for 

cardiac perinatal mitochondrial biogenesis as mice with germline defects in 

PGC-1α/β die of heart failure shortly after birth due to a complete lack of a 

mitochondrial biogenic response [83]. Furthermore, forced expression of PGC-

1α in the heart has revealed a robust mitochondrial biogenic response and 

increased expressed of nuclear encoded mitochondrial genes [69]. During 

failure in the adult heart, it has been noted that there is decreased 

ERR/PPAR/PGC-1 signalling, and that this occurs alongside compromised 

mitochondrial function and energy production [69]. 
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1.5.2 Phospholipid metabolism in cardiac physiology and pathology 

Phospholipids have a plethora of roles, including being functional components 

of cardiomyocyte membranes and used in the modulation of membrane bound 

enzymes; they are not just subject to the formation and structure of the 

sarcolemma. Although phospholipids have been covered in previous sections, 

this section will explore the roles of phospholipids and their metabolism 

associated to cardiac function. 

The key phospholipids when considering mitochondria and cardiomyocytes 

are PA and CL, alongside the intermediate CDP-DG (and to an extent, PI). 

The production of CDP-DG from PA by the CDS enzymes has already been 

extensively covered in Section 1.2. However, to reiterate, CDS is highly 

expressed in the heart [47], and this is likely due to the huge demand for CDP-

DG for the formation of CL. 

 

1.5.2.1 Remodelling 

During early postnatal life there is an increase in haemodynamic load. 

Associated with this load is growth of the heart and the maturation of 

membrane structures. This includes both the remodelling of membrane 

proteins and the remodelling of membrane lipids. Whilst normal physiological 

load after birth will stimulate this remodelling, development and synthesis of 

phospholipids, pressure overload will be inhibitory to these processes [84]. 

This can be seen particularly well in aorta constriction (AC) model rats, as AC 

rats had reduced concentrations of PC, PE, CL and PI (11%, 14%, 24% and 

15% respectively) compared with age-matched controls, and simultaneously 

had reduced ventricular mass [84]. The most sensitive aspect of the 

phospholipids themselves during this remodelling is the acyl chains, and 

particularly the polyunsaturated fatty acids. These chains are the key 

components in determining the physiochemical properties of membrane 

bilayers. The change in CL acyl chains is the most remarkable as, by 60 days 

old, approximately 90% of all CL chains become remodelled into 18:2n-6 

(linoleic acid; an increases of ~60% from birth), whilst 18:1, 20:4 and 22:6 all 

become less than 5% each [84]. 
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1.5.2.2 Phosphatidic acid 

The cellular levels of PA are minute due to the lipid being both versatile and a 

key intermediate for other lipids (see Section 1.1). These low levels of PA 

cause issue for experimental design as it makes PA detection difficult. Due to 

this factor, there is very little (if anything) published linking PA directly to heart 

physiology or pathology in recent years. 

 

1.5.2.3 PI and phosphorylated derivatives 

Although only comprising 4-6% of the total myocardial phospholipid mass in 

cardiomyocytes, PI has a number of important roles in cardiac physiology [84]. 

It can become modified and converted into a glycolipid (glycosyl-PI) for the use 

in protein anchoring to membranes, or it can be phosphorylated into one of the 

many polyphosphoinositide derivatives. One derivative, PI(4,5)P2, has been 

extensively studied due to its involvement in PLC signalling (Section 1.4), and 

the homeostasis of PIP2 may well play a significant role in regulating 

arrhythmias through its ability to bind to, and both inhibit and stimulate, the 

TRPC family of channels [85]. Furthermore, the products of the hydrolysis of 

PIP2 can also effect cardiac physiology. One example being that the activation 

of the PIP2 cycle, following an ischaemic period, can aggravate myocardial 

damage upon reoxygenation [85]. Moreover, a reduction in the products of 

PIP2 hydrolysis (primarily inositol phosphates) occurs both in cardiomyocyte 

models and the intact heart during cardiac ischaemia, which has been 

attributed to degradation [85]. 

 

1.5.2.4 Cardiolipin 

Cardiolipin is a unique phospholipid in that it is exclusively synthesised in the 

mitochondria. It is principally found in the inner mitochondrial membrane 

(IMM), and to a lesser extent on the outer mitochondrial membrane (OMM). 

CL is most abundant in cardiac tissue where it comprises 15-20% of the 

phosphorous phospholipid mass of the heart [86]. The pathway which 
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produces the mature form of cardiolipin can be split up into three main 

segments: i) the synthesis of PA and translocation to the inner mitochondrial 

membrane, ii) the conversion of PA into nascent CL, iii) the remodelling of 

nascent CL into mature CL [87].  

The formation of PA occurs in the MAMs on the ER, between the ER and the 

mitochondria (see section 1.1), where it is then able to move to the outer 

leaflets of the outer mitochondrial membrane. Upon reaching the OMM it is 

transported by Ups1 (in yeast) or PRELI-like proteins in mammals across the 

intermembrane space to the IMM [88]. CDS activity then occurs on the IMM to 

form CDP-DG from the newly transported PA. It is not currently clear what the 

source is of the CDS activity in mitochondria in mammalian cells. Following the 

formation of CDP-DG, PGP is produced by PGPS and then dephosphorylated 

into PG by PTPMT1. Interestingly, it has been shown that PPARα can 

upregulate the de novo synthesis of CL by regulating the enzymatic activity of 

PGPS [79]. Following this, PG and another molecule of CDP-DG are combined 

by CLS to form nascent CL (see Figure 1.3). Nascent cardiolipin is called such 

due to the lack of selectivity of the acyl chains which it contains, which upon 

production tend to be saturated.  

Finally, CL is remodelled into its mature form by a series of deacetylation-

reacetylation reactions. Mature CL contains unsaturated acyl chains, the most 

abundant being tetralinoleoyl-CL ((C18:2)4-CL) [89]. This remodelling is 

carried out by the enzyme tafazzin, and is crucial for CL to function. This is due 

to CL relying on its unique physiochemical properties to fulfil its role. CL is 

essentially two phosphatidyl moieties bound to a single glycerol backbone. 

This results in a small and relatively immovable headgroup from which four 

long acyl chains protrude. This in turn creates negative curvature, as CL is 

effectively cone-shaped, and promotes electrostatic interactions and cohesion 

between hydrocarbon chains [90]. However, not only is CL used as a structural 

lipid to promote negative curvature, it also stabilises various levels of protein 

assemblies. For example, it stabilises the tertiary structure of the ADP/ATP 

carrier [91], supports proton conduction of complex III [92], increases 

supercomplex association (of the respiratory supercomplexes) [93] and 



 

50 
 

increases the order of arrangement of protein complexes such as the ATP 

synthase dimer ribbon [94]. Moreover, CL is known to be associated with other 

mitochondrial membrane proteins, of which the best characterised is 

cytochrome c oxidase. This has been demonstrated through the close linkage 

of CL content in the mitochondrial membrane and cytochrome c oxidase 

activity in adult rat myocardium [95]. Furthermore, whilst CL plays a very 

important role in the aforementioned areas within the mitochondria, it has other 

uses within the cell as a whole, including vacuole homeostasis [96], cell wall 

biogenesis [97], ageing [98], the cell cycle [99] and apoptosis [100]. 

During the initial stages of development (the first five weeks of postnatal life in 

rats), there is a remarkable three-fold increase in the concentration of CL, 

suggesting that mitochondrial membranes are the predominant structures 

being created during this period. This would also account for the increase in 

phospholipid concentration over the same time. Furthermore, the rate of 

biosynthesis of CL is 4.5 times greater in mitochondria isolated from neonatal 

rat hearts than those from adults [84]. 

Various cardiovascular diseases (CVD) have been linked to CL, both through 

degenerate metabolism and function. These include cardiomyopathies 

(dilated, hypertrophic and noncompaction), atherosclerosis, myocardial 

ischaemia-reperfusion injury, heart failure and Tangier disease [89]. 

Nevertheless, the most directly linked CVD to CL is Barth syndrome, which 

results from perturbation of CL remodelling [22]. Barth syndrome is a severe 

X-linked genetic disorder caused by mutations in tafazzin. The pathological 

consequences of tafazzin mutations include skeletal myopathy, growth 

retardation, cardiomyopathy and neutropenia [22], whereas the biochemical 

phenotypes include a decrease in the levels of CL with an increase in 

monolyso-CL, and the alteration of the acyl composition of CL [22, 89]. The 

decrease in CL varies across cell type, but within a typical case the total 

cardiolipin (which is predominantly tetralinoleoyl-CL (C18:2)) will be decreased 

by approximately 20% in cardiac tissue whilst CL is decreased by 80% in 

skeletal muscle and platelets [89, 101]. Tetralinoleoyl-CL is the main species 

of CL that is affected by Barth syndrome. It is wiped out in Barth syndrome 
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heart and skeletal muscle and platelets. However, in heart muscle, the 

emergence of a variety of other CL species offset the decrease in 

tetralinoleoyl-CL, hence the lower reduction of CL [101]. These abnormal CL 

profiles affect energy metabolism due to (as previously stated) the need for CL 

for optimal activity of oxidative phosphorylation [22]. 

 

1.5.2.5 H9c2 cells: a biological system to study cardiac physiology 

There are numerous biological models which are used in order to study the 

heart. These include cultured neonatal and adult cardiomyocytes taken directly 

from the animals, and immortalised cell lines such as mouse atrial HL-1 cells 

and rat ventricular H9c2 cells. Although primary cardiomyocytes are the ideal 

model for studying the heart there are various downsides such as the high 

number of animals required and that their isolation, culturing and general 

maintenance are very expensive whilst their life span for experiments is very 

limited [102]. H9c2 and HL-1 cells, being immortalised cell lines, do not carry 

the same burdens as primary cardiomyocytes, and are widely used in the 

analysis of cardiac ischemia-reperfusion injury and ischemic preconditioning 

[103], and for the analysis of cardiac hypertrophy [104]. 

Though both cell lines have their merits, it has been shown that H9c2 cells are 

more similar to primary cardiomyocytes with regards to energy metabolism 

patterns, such as cellular ATP levels, bioenergetics, metabolism, function and 

morphology of mitochondria [104]. Furthermore, H9c2 cells possess beta-

tubulin II, a mitochondrial isoform of tubulin that plays an important role in 

mitochondrial function and regulation [104]. However, they do exhibit lower 

levels of PGC-1α than HL-1 cells. 

H9c2 are a cardiac myoblast cell line. They were originally isolated from the 

embryonic ventricular area of a BDIX rat heart, and are used for skeletal and 

cardiac studies due to morphological, biochemical and hormonal signalling 

properties [105-107]. As H9c2 cells are myoblasts, they haven’t undergone 

differentiation, and for this cell line differentiation can be imposed in two 

different ways. The first is to differentiate into a more skeletal-like cell which 

only requires the withdrawal of serum (usually reduced to 1%); whereas to 
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differentiate into a more cardiomyocyte-like cell the serum withdrawal is 

accompanied by addition of all-trans-retinoic acid [107]. After 7-14 days of daily 

additions of retinoic acid, cardiomyocyte-like features present themselves such 

as an increase in cell surface area and an increase in cardiac markers, 

including troponin I and the alpha-1 subunit of L-type calcium channels. 

Furthermore, treatment of retinoic acid causes H9c2 cells to increase their 

mitochondrial mass and changes the morphology of mitochondria [82, 105]. 

Being derived from ventricular tissue, H9c2 cells are a prime model for 

studying hypertrophy, since cardiac hypertrophy resulting from hypertension 

mainly occurs in the ventricular muscle of the heart [108]. H9c2 cells will 

undergo hypertrophy when stimulated for a prolonged period with vasopressin 

[109]. Furthermore, the H9c2 cells will mimic hypertrophy in the same way as 

primary cardiomyocytes (almost identically), even whilst undifferentiated [108]. 

Vasopressin activates the vasopressin 1 receptor (V1R) in cardiomyocytes 

(and H9c2 cells) which, in turn, activates PLC. This then drives the hydrolysis 

of PIP2 and the increase in IP3 to release Ca2+ and increases DG 

concentrations within the cell (see Section 1.4). The subsequent increase in 

second messengers then activates PKC signalling and MAP kinases [109]. 

Only very low concentrations of vasopressin (pM-nM) are required for the 

increase in calcium release [109]. Vasopressin has also been shown to have 

protective effects on H9c2 cells with regards to hypoxia/reoxygenation induced 

cell death [110]. All in all, H9c2 cells are an ideal model for studying 

hypertrophy caused by vasopressin in vitro, however, this does not extend to 

studying hypertrophy brought on by other agonists such as angiotensin II and 

endothelin-I [109]. Furthermore, though H9c2 cells do respond to hypertrophic 

stimuli, they do not display mature sarcomeric organisation like primary 

neonatal cardiomyocytes [102].  
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 Thesis aims 

The CDS enzymes, CDS1 and CDS2, play a vital role in PI and CL synthesis. 

PI has a large role in a variety of physiological functions, and CL is crucial for 

the normal machinations of mitochondria. Whilst there have been many 

studies researching the two CDS enzymes themselves, there remain many 

unanswered questions. 

Production of CDP-DG is crucial for the formation of cardiolipin in 

mitochondria, and it has been noted previously that mitochondria have CDS 

activity. However, localisation studies have shown that CDS1 and CDS2 do 

not localise to mitochondria, but rather to the ER. The first aim of this thesis is 

to deduce the identity of the mitochondrial CDS activity. 

Pathological hypertrophy is a common observation in diseases such as 

cardiovascular disease and hypertension. This hypertrophic response occurs 

in cardiomyocytes during prolonged stimulation with a variety of Gαq GPCR 

agonists such as angiotensin II and vasopressin. The prolonged activation of 

Gαq GPCRs implies the constant activation of PLC, and hence continuous 

hydrolysis of PIP2. The second aim of this thesis is to look into the effects of 

prolonged signalling on cellular phosphoinositides and, because CDS 

enzymes are the rate limiting step of the PIP2 cycle, to investigate which CDS 

enzyme participates in this process. 

The last aim of this thesis is to investigate the effects of decreased expression 

of CDS1 and CDS2 on the cell, both with respect to the lipid content, and any 

morphological and functional changes to cell physiology.  
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Chapter 2 Methods 

 Cell Culture 

The primary cells used throughout this thesis are H9c2 (2-1) cells (ECACC 

88092904). These are cells which were initially isolated from the ventricular 

part of an embryonic BDIX rat heart and immortalised. They are capable of 

differentiating towards either a more skeletal or cardiac-like cell line, although 

whilst undifferentiated are still a valid model for cardiac physiology. COS-7 

cells (a cell line derived from African green monkey kidney cells) have also 

been used, primarily for over-expression experiments. 

 

2.1.1 Routine growing 

H9c2 cells were routinely cultured in Dulbecco’s Modified Eagle Medium 

(DMEM; Invitrogen, 31966-021) cell culture medium with 10% heat-inactivated 

foetal calf serum (FCS; Gibco, 10500-064.), 0.5iu·mL-1 penicillin and 50μg·mL-

1 streptomycin added (Pen-Strep; Invitrogen, 15070-063), and grown in 10% 

CO2 at 37°C. COS-7 cells were grown in the exact same conditions, except at 

5% CO2. 

Cell passage occurred when cells had reached ideal confluency. Cells were 

washed with cold phosphate buffered saline (PBS; 20mM phosphate buffer pH 

7.0 [10mM Na2HPO4, 2mM KH2PO4], 300mM NaCl), after media had been 

aspirated. The wash was then aspirated and 0.25% trypsin-EDTA (Gibco, 

25200-056) was added at a suitable volume for the cell culture flask size. Cells 

were incubated for 5 mins at 37°C. The appropriate cell media for the cell type 

supplemented with 10% FCS was then added to the flask. Cells were 

passaged according to Table 2.1. Fresh media was added at a suitable volume 

and the cells were placed back into the incubator. 
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Table 2.1. Passaging conditions for H9c2 and COS-7 cells. 

Cell type 
Doubling time 

/hours 

Growth period 

/hours 
Splitting ratio 

Seeding density 

(T175 flask) 

H9c2 ~36 48 - 96 1:3 - 1:5 2 × 106 

COS-7 ~24 48 - 72 1:10 - 1:20 5 × 106 

 

2.1.2 Cryopreservation of cells 

Cells were harvested in the log phase of growth, and for adherent cells, the 

harvest occurred when they were around 80-85% confluent in a T175 flask. 

Cells were pelleted (300g, 5 mins) and resuspended in 3mL FCS with 10% 

DMSO (cell concentrations in range of 1-3 × 106 cells·mL-1). 1mL of cells in 

cryopreservation solution was then moved to a cryopreservation vial, and the 

lid secured. The cells were put into a freezing container, and placed in a -80°C 

freezer. The freezing container was filled with isopropyl alcohol, allowing cells 

to cool at a rate of 1°C·min-1. 24 hours after the cells had been put into -80°C 

they were moved to liquid nitrogen dewars for long term storage. 

 

2.1.3 Thawing of cryopreserved cells 

Cryopreservation vials were recovered from liquid nitrogen dewars and rapidly 

thawed in a water bath set at 37°C for 1-2 mins. Rapid thawing in this way is 

essential to minimise damage to the cells. The vials were sterilised with 70% 

IMS before moving into the class II laminar flow cabinet. The contents of the 

cryopreservation vial was moved to a sterile falcon tube containing pre-

warmed media. The cells were washed, pelleted (300g, 5 mins) and 

resuspended in fresh media before being transferred to a cell culture flask. The 

flask was placed in an incubator set to the right conditions for the cell type. 
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2.1.4 Transient transfection of COS-7 cells with cDNA using FuGENE 

HD 

In preparation for transfection, COS-7 cells were seeded onto 10cm cell culture 

plates (separate plate for each condition), at a concentration of 2.6 × 105 

cells.cm-2, 4 hours prior to transfection (to allow the cells to adhere to the 

plate). COS-7 cells were maintained in DMEM supplemented with 10% FCS 

and 0.5iu·mL−1 penicillin and 50μg·mL−1 streptomycin at 37°C with 5% CO2.  

COS-7 cells were transfected with FuGENE HD (Promega, E2311) as per 

manufacturer's protocol: plasmid DNA (Table 2.6), Opti-MEM (Invitrogen, 

31985070) and FuGENE HD were warmed to room temperature. The ratio of 

DNA:transfection reagent used was either 2:5 or 2:6 depending on previous 

optimisation for the specific batch of FuGENE HD. For transfection of the 10cm 

plate, 10μg DNA was used, along with 500μL Opti-MEM and 25 or 30μL 

FuGENE HD. Appropriate volumes of Opti-MEM and plasmid DNA were 

placed in labelled 1.5mL Eppendorf tubes. FuGENE HD was then added to 

each tube by pipetting directly into the Opti-MEM (care was taken to prevent 

undiluted reagent from touching the side of the tube). Tubes were incubated 

for 10 mins, and the contents was added drop-wise to each corresponding cell 

culture dish. The cell media was changed 24 hours after transfection with 10mL 

fresh DMEM. Cells were generally incubated for 72 hours prior to use. For 

Western blot analysis of CDS, COS-7 cell membranes were used. The COS-

7 cells were sonicated and the lysate was centrifuged at 112,000g for 1 hour 

at 4°C to pellet total membranes (see Section 2.2.1.2).  
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2.1.5 Transfection of H9c2 cells with siRNA using HiPerFect 

Downregulation of gene expression in H9c2 cells was achieved by using small 

interfering RNA (siRNA), which was procured from QIAGEN and prepared as 

per the manufacturer’s instructions (consisting of reconstitution of lyophilised 

siRNA in nuclease free water). The list of siRNAs used are found in Table 2.2. 

Two siRNA oligonucleotides were used together in each experiment for each 

target. For knockdown of CDS1 and CDS2, siRNAs 1 and 3 were used in 

combination for experiments as this combination was the most efficient. This 

was to limit the possibilities of off-target effects in the cells. Efficiency of 

combinations of siRNA were assessed by measuring mRNA through RT-qPCR 

(see section 2.4.3), and, where possible, doing Western blots (see section 2.3) 

to see a reduction in the specific protein band. 

H9c2 cells were transfected with HiPerFect as per the manufacturer’s 

instructions. Cells were seeded 24 hours prior to transfection. siRNA was 

mixed into Opti-MEM at the required concentration and HiPerFect was added 

after. The siRNA complex mixture was incubated for 10 mins before addition 

to the seeded cells dropwise. Final concentration of siRNA in all experiments 

was 10nM. During the incubation period, cells were washed with sterile PBS 

and fresh media was replaced. (Pen-Strep is allowed in culture media when 

transfecting with HiPerFect.) Cells were incubated with the transfection 

reagent for 72 hours prior to use in experiments or being lysed. 

 

2.1.6 Incubation of H9c2 cells with various compounds 

H9c2 cells were incubated with a variety of agonists and inhibitors to observe 

effects on mRNA levels and protein expression. Cells were stimulated for 24 

hours with vasopressin (1μM; Sigma, V9879) or PMA (100nM; Sigma, P1585), 

or inhibited with T-5224 (10μM; Cayman chemical, 22904), thapsigargin 

(0.5μM; Sigma, T9033) or BIM-I (5μM; Sigma, 203290). Vasopressin was also 

used in conjunction with BIM-I and T-5224 for monitoring mRNA (Section 

2.4.3), and in conjunction with thapsigargin for monitoring protein levels 

(Section 2.3).  



 

58 
 

Table 2.2. siRNA oligos for RNA interference of H9c2 cells. 

Target 

Gene 
Species 

Gene 

accession 

no. 

Target 

sequence 

Sense 

strand 

Antisense 

strand 

Product 

code 

(QIAGEN) 

Negative 

control 
- - 

5’-AAT TCT 

CCG AAC 

GTG TCA 

CGT-3’ 

r(UUC UCC 

GAA CGU 

GUC ACG 

U)dTdT 

r(ACG UGA 

CAC GUU 

CGG AGA 

A)dTdT 

1027310 

CDS1 

(siRNA 1) 

Rattus 

norvegicus 
NM_031242 

5’-ACA GAT 

ATT GAT 

GAC AGG 

TAT-3’ 

5’-AGA UAU 

UGA UGA 

CAG GUA 

UTT-3’ 

5’-AUA CCU 

GUC AUC 

AAU AUC 

UGT-3’ 

SI01497811 

CDS1 

(siRNA 3) 

Rattus 

norvegicus 
NM_031242 

5’-CAG GTT 

CGA TTG 

TCA GTA 

TTT-3’ 

5’-GGU UCG 

AUU GUC 

AGU AUU 

UTT-3’ 

5’-AAA UAC 

UGA CAA 

UCG AAC 

CTG-3’ 

SI01497825 

CDS1 

(siRNA 4) 

Rattus 

norvegicus 
NM_031242 

5’-CTC CCG 

TGG TTT 

AGA ACA 

CTA-3’ 

5’-CCC GUG 

GUU UAG 

AAC ACU 

ATT-3’ 

5’-UAG UGU 

UCU AAA CCA 

CGG GAG-3’ 

SI01497832 

CDS2 

(siRNA 1) 

Rattus 

norvegicus 
NM_053643 

5’-AAC CAT 

GAG GAT 

GTA CCC 

TTT-3’ 

5’-CCA UGA 

GGA UGU 

ACC CUU 

UTT-3’ 

5’-AAA GGG 

UAC AUC 

CUC AUG 

GTT-3’ 

SI01497839 

CDS2 

(siRNA 3) 

Rattus 

norvegicus 
NM_053643 

5’-TCC GGA 

GGA CAA 

GGA ATC 

AGA-3’ 

5’-CGG AGG 

ACA AGG 

AAU CAG 

ATT-3’ 

5’-UCU GAU 

UCC UUG 

UCU UCC 

GGA-3’ 

SI01497853 

CDS2 

(siRNA 4) 

Rattus 

norvegicus 
NM_053643 

5’-TGG ATT 

CAA GCG 

GGC CTT 

TAA-3’ 

5’-GAU UCA 

AGC GGG 

CCU UUA 

ATT-3’ 

5’-UUA AAG 

GCC CGC 

UUG AAU 

CCA-3’ 

SI01497860 

TAMM41 

(siRNA 1) 

Rattus 

norvegicus 
NM_001108642 

5’-AAC GTT 

ACA GCA 

GCA TAT 

CAA-3’ 

5’-CGU UAC  

AGC AGC 

AUA UCA 

ATT-3’ 

5’-UUG AUA 

UGC UGC 

UGU AAC 

GTT-3’ 

SI02905798 

TAMM41 

(siRNA 2) 

Rattus 

norvegicus 
NM_001108642 

5’-CTG AAC 

TGG AAT 

AAC CTA 

TAT-3’ 

5’-GAA CUG 

GAA UAA 

CCU AUA 

UTT-3’ 

5’-AUA UAG 

GUU AUU 

CCA GUU 

CAG-3’ 

SI02905805 
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 Preparation of proteins for experiments 

2.2.1 Cell harvesting 

2.2.1.1 Cell lysates 

When cells were being used to monitor phosphorylated proteins (e.g. p-AKT) 

the transfection media was replaced with starvation media (media with only 

Pen-Strep added) the night before harvesting. Cell media was aspirated off (or 

moved to another tube) and radioimmunoprecipitation assay (RIPA) buffer 

(150mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS 

(sodium dodecyl sulphate), 50mM Tris, pH 8.0) supplemented with protease 

inhibitors (Sigma, P8340) was added. RIPA buffer was also supplemented with 

phosphatase inhibitors (Sigma, P5726 and P0044) if phosphorylated proteins 

were being monitored. Cells were scraped and the lysates moved to an 

Eppendorf tube. Lysates were centrifuged at for 10 mins at 6600g and 4°C to 

pellet DNA, and the lysates were moved to a new Eppendorf tube ready for 

protein concentration determination by BCA assay (Section 2.2.2). 

 

2.2.1.2 Total COS-7 cell membranes 

Cell media was aspirated, and the cells washed with PBS. CDS buffer (50mM 

Tris-HCL (pH 8.0), 50mM KCl, 0.2mM EGTA) plus protease inhibitors (1:100 

dilution) was added to the cells and the cells scraped and moved to an 

Eppendorf tube. The cells were sonicated and centrifuged at 330g for 5 mins 

at 4°C to pellet unbroken cells. The supernatant was moved to another 

Eppendorf tube and the sample was then centrifuged at 112,000g at 4°C for 1 

hour to pellet all membranes. The supernatant was discarded and the 

membranes resuspended in 100μL CDS buffer plus protease inhibitors. BCA 

assay (Section 2.2.2) was carried out to deduce protein concentrations. 
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2.2.1.3 Subcellular fractionation of H9c2 cells 

H9c2 cells (including cells which had undergone siRNA treatment) were 

pelleted down (300g, 5 mins) and resuspended in 1mL TSE buffer (200mM 

mannitol, 70mM sucrose, 5mM Tris-HCl (pH 7.4), and 2mM EGTA) containing 

1:100 dilution of protease inhibitors. The cells were sonicated and centrifuged 

at 330g for 5 mins at 4°C to pellet unbroken cells. An aliquot of the supernatant 

(whole cell lysate, WCL) was retained, and the rest moved to a new Eppendorf 

tube. The remaining supernatant was centrifuged at 8200g for 10 mins at 4°C 

to pellet crude mitochondria. This was repeated twice, and the crude 

mitochondrial pellets combined, and washed with TSE buffer. The supernatant 

remaining after crude mitochondria had been sedimented, was centrifuged at 

112,000g at 4°C for 1 hour to pellet the microsomes. The crude mitochondrial 

pellet and the microsomal pellet was resuspended in CDS buffer and 

sonicated. Protein concentrations in all the fractions could be determined by 

BCA assay (see section 2.2.2). 

 

2.2.1.4 Subcellular fractionation of rat tissue 

This was done by Dr. E. Gomez Espinosa; the methods are in her thesis [111]. 

 

2.2.2  Determination of protein concentration using Bicinchoninic acid 

(BCA) assay 

To determine the protein concentration of cell lysates the bicinchoninic acid 

(BCA; kit from Sigma, BCA1) assay was used (as per “Sigma BCA1- Bulletin”). 

Samples of unknown concentration were assessed against a standard curve 

produced from standard samples of known concentration. The standards were 

made using serial dilutions of 2mg·mL-1 bovine serum albumin (BSA; Thermo 

Scientific, 23210). The standards were made up as indicated in Table 2.3 in 

distilled water, and stored at -20°C. The bicinchoninic acid is mixed with copper 

(II) sulphate solution (50:1) forming a green solution. When the mixture comes 

into contact with protein, it changes colour from green to purple. 200μL 
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bicinchoninic acid-copper (II) sulphate mixture is added to each of the samples 

(10μL in a 96 well plate, all samples in duplicate) and placed in a dry incubator 

at 37°C for 30 mins. The relative intensities of the colour was measured at 

λ=540nm. 

 

Table 2.3. BCA assay protein standards. 

Standard 

Concentration 

(mg∙mL-1) 

Dilution factor of 

2mg∙mL-1 stock 

Sigma standard 

(μL) 
Dilutant (μL) Total (μL) 

0.05 1:40 25 975 1000 

0.1 1:20 50 950 1000 

0.2 1:10 100 900 1000 

0.3 1:6.67 150 850 1000 

0.4 1:5 200 800 1000 

0.5 1:4 250 750 1000 

0.6 1:3.33 300 700 1000 

0.8 1:2.5 400 600 1000 

1 1:2 500 500 1000 

 

 

2.2.3 Stripping of peripheral proteins from membranes 

2.2.3.1 Rat mitochondrial membranes 

Mitochondria used for these experiments were frozen at −80°C in order to 

compromise their integrity and thus gain access to the mitochondrial inner 

membranes. Mitochondria were centrifuged and the pellets suspended in 

either 0.2M sodium bicarbonate (pH 11), 1M NaCl (High salt) in CDS buffer or 

CDS buffer only. Each of the buffers contained 1:100 dilution v/v protease 

inhibitor cocktail. After incubation of the sample on a rotating wheel at 4°C for 

60 mins, the samples were recovered by centrifugation. Both the pellet and 

supernatant were analysed by CDS assay (Section 2.6) and Western blot 

(Section 2.3).  
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2.2.3.2 H9c2 cell membranes 

H9c2 cells were seeded at 1.1 × 106 cells per T175 flask, with two flasks per 

condition. Once the cells were confluent (~72 hours), the media was replaced 

with DMEM supplemented with antibiotics, but without any FCS for 24 hours. 

Alternatively, the cells were treated with siRNA for those 72 hours. For 

experiments in Chapter 4 the cells were stimulated with 1μM VP for 24 hours. 

The cells were harvested, and the cell pellet resuspended in 0.2M sodium 

bicarbonate (pH 11) to remove peripheral protein, TAMM41 (the source of 

CDS activity present in mitochondria). In some cases, the pellet was 

resuspended in 1M NaCl instead. The resuspension buffers contained 1:100 

dilution v/v protease inhibitor cocktail (Sigma, P8340). The cells were 

sonicated, and incubated at 4°C on a rotating wheel for 60 mins. After 

incubation, the membranes were recovered by centrifugation at 112,000g for 

1 hour at 4°C. The pellet was resuspended in CDS buffer supplemented with 

1/100 v/v protease inhibitor cocktail and sonicated once more. The 

supernatant could be saved and buffer exchanged and concentrated (Section 

2.2.4). The pellet and supernatant could be analysed by CDS assay or by 

Western blot. 

 

2.2.3.3 COS-7 cell membranes 

COS-7 cells had undergone over-expression (Section 2.1.4) prior to stripping. 

The cells were harvested (as per Section 2.2.1.2), and the cell pellet 

resuspended in 0.2M sodium bicarbonate (pH 11), CDS buffer containing 1M 

NaCl, or just CDS buffer (as a control). The buffers contained 1:100 dilution 

v/v protease inhibitor cocktail (Sigma, P8340). The cells were sonicated, and 

incubated at 4°C on a rotating wheel for 60 mins. After incubation, the 

membranes were recovered by centrifugation at 112,000g for 1 hour at 4°C. 

The pellet was resuspended in CDS buffer supplemented with 1/100 v/v 

protease inhibitor cocktail and sonicated once more. 
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2.2.4 Concentration and buffer exchange of supernatant from stripped 

membranes 

Supernatant from stripped membranes required for CDS activity assay needed 

to go through buffer exchange to remove the pH 11 buffer or the 1M NaCl 

buffer. This was achieved by centrifugation of the supernatant though 

Microcon 10K concentration tubes (Merck Millipore, MRCPRT010) as per the 

manufacturer’s instructions. After the majority of the pH 11 or 1M NaCl buffer 

had been eluted, CDS buffer was added to the protein sample and the 

centrifugation repeated. 

Supernatant from stripped membranes, which was required for size exclusion 

chromatography or for Western blots, was concentrated in the same way as 

above using the same concentration tubes, however the buffer exchange step 

was not required. 

 

2.2.5 Fractionation of proteins by size exclusion chromatography 

For analysis of the p55 unidentified protein by size exclusion chromatography, 

proteins from mitochondria were initially processed as per Section 2.2.3.1 and 

Section 2.2.4. 200μL was loaded on to a Superose 12 10/300 column with a 

bed volume of 24mL (GE Healthcare). The column was calibrated using a kit 

containing proteins of molecular mass 200, 67, 43, 25 and 13.7kDa. The 

column was eluted with PIPES buffer (137mM NaCl, 2.7mM KCl, 20mM 

PIPES, 2mM MgCl2) and 0.5mL fractions were collected; the first 3mL was not 

collected. A 50µL aliquot of each fraction was used for the Western blot 

analysis with the commercial CDS1 antibody. The fractions most abundant 

with immunoreactivity were recombined and concentrated down to a volume 

of 200μL (see section 2.2.4). This was then reloaded onto the superpose 

column and the fractionation repeated. Western blot and gel staining was 

repeated again, and samples sent off for mass spectroscopy analysis.  
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 SDS-PAGE and Western blotting 

2.3.1 Principle 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is 

a method in which proteins are separated out according to their mass. Proteins 

are heated in the presence of a sample buffer (such as SDS, or lithium dodecyl 

sulphate (LDS)) and reducing agent (such as β-mercaptoethanol, or 

dithiothreitol (DTT)). This causes denaturation of the proteins, resulting in the 

proteins becoming linear. The reducing agent breaks any disulphide bonds 

disrupting tertiary structure, and the dodecyl sulphate salt binds both tightly 

and evenly along the length of the protein, uncoiling the peptide chain. This 

results in equal charge density along the entire length of the protein. 

The gel itself, after running, can be stained with Coomassie stain for band 

visualisation (primarily for μg purified proteins, and any protein bands which 

may need cutting out for analysis via mass spectroscopy) or with silver stain 

(to detect ng of proteins - much more sensitive but the proteins cannot be used 

for analysis after). The proteins can also be transferred to a PVDF membrane 

for detection of specific proteins by antibodies raised against the protein of 

interest. This transfer and probing of proteins is known as Western blotting. 

 

2.3.2 Preparation for running lysates on SDS-PAGE gels 

Samples for running on SDS-PAGE were made up to a concentration of 

1.25mg·mL-1 with 1x LDS sample buffer (4x stock; Invitrogen, NP0007), 50mM 

dithiothreitol (DTT, from 500mM stock) and distilled water. Samples were 

heated to 67°C for 5 mins and centrifuged at 16,060g for 1 min. Usually, 50μg 

of protein was loaded per sample onto a gel. 
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2.3.3 Running gradient gels 

All gels used for SDS-PAGE were 4-12% Bis-Tris gradient gels (Invitrogen, 

NP0335BOX), which were used as per the manufacturer’s instructions. These 

gels required samples to be diluted in LDS buffer with DTT as the reducing 

agent for correct running. The gels were used in an XCELL SureLock Mini-Cell 

(Bio-Rad), and the apparatus set up as per the manufacturer’s instructions. 

The samples were carefully loaded into the wells on the gel (usually 50μg of 

protein in 40μL), and on every gel a molecular weight marker (Thermo 

Scientific, #226619; 5-10μL) was run alongside to allow determination of 

protein molecular weight after running. The gel was run at 200V for 50-55 mins 

in MOPS running buffer (50mM MOPS, 50mM Tris Base, 0.1% SDS, 1mM 

EDTA, pH 7.7). The cassette containing the gel was carefully prised open after 

the gel had completed running, and the stacking gel at the top was carefully 

removed. The gel was submerged in blotting buffer (25mM Tris-HCL pH 8.3, 

192mM glycine, 10% methanol) in preparation for Western blots or distilled 

water for silver or Coomassie staining. 

 

2.3.4 Silver staining 

After an SDS-PAGE gel had finished running, it was immersed in 50mL fixing 

solution (20mL ethanol, 5mL acetic acid, 25mL dH2O) and left for 30 mins. This 

allowed proteins to precipitate and for SDS to diffuse out of the gel. Following 

this, the gel was put into 50mL incubation solution (15mL ethanol, 3.4g sodium 

acetate x3H2O, 0.125g sodium thiosulphate (Na2S2O2 x5H2O), 35mL dH2O 

and 60μL glutaraldehyde (25% v/v), which was added immediately before use) 

and left for another 30 mins. The gel was then washed three times for 5 mins 

with distilled water. After washing, silver solution (0.05g silver nitrate, 50μL 

formaldehyde, 50mL dH2O) was added for 40 mins. The gel was developed 

for up to 15 mins in developing solution (1.25g anhydrous sodium carbonate, 

5μL formaldehyde, 50mL dH2O) then placed in stop solution (0.73g EDTA-Na2 

x2H2O, 50mL dH2O) for 10 mins. Finally, the gel was washed twice in distilled 

water for 10 mins before imaging. 
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2.3.5 Coomassie staining 

Coomassie staining of gels was accomplished using Brilliant Blue G-colloidal 

concentrate (Sigma, B2025) and carried out as per the manufacturer’s 

protocol. The gel could be imaged using a Fujifilm LAS-3000 imaging device if 

no sample was required for mass spectroscopy analysis. When a sample was 

being analysed, the gel would have the protein band(s) of interest cut out with 

sterile scalpel in a sterilised tissue culture laminar flow cabinet, and stored at 

−20°C in an Eppendorf tube, until analysis by mass spectroscopy. 

 

2.3.6 Transfer of proteins from SDS-PAGE gel to PVDF membrane 

Proteins which had been separated by SDS-PAGE could be transferred to a 

PVDF (Polyvinylidene difluoride) membrane (Millipore, IPVH00010) by 

applying an electric field across the gel. The PVDF membrane would be cut to 

an appropriate size (9cm by 6.5cm) and activated by being submerged in 

methanol for 1 min. The membrane would then be transferred into blotting 

buffer (25mM Tris-HCl pH 8.3, 192mM glycine, 10% methanol) whilst the 

blotting sandwich was prepared. Blotting buffer was stored at 10x 

concentration and diluted to 1x in 800mL total per tank used for blotting. 

The blotting sandwich was prepared in a large plastic box containing blotting 

buffer. It consisted of a Bio-Rad cassette, blotting paper (pre-soaked in blotting 

buffer), and the SDS-PAGE gel. The cassette would be opened under the 

blotting buffer, one sheet of soaked blotting paper would be placed on one side 

of the cassette, followed by the gel (which had been orientated in the correct 

position for transfer). The PVDF membrane would then be placed over the gel, 

ensuring no air bubbles or similar were between the gel and the membrane. 

The second piece of soaked blotting paper would then be placed on top of the 

membrane and the cassette firmly closed, ensuring no air bubbles were 

present and no movement between the membrane and gel could occur. The 

cassette was placed into the tank apparatus and the tank filled with blotting 

buffer. An iced block of blotting buffer was also placed into the tank, and a 

magnetic stirring rod was dropped into the bottom of the tank. The tank was 
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placed on top of a magnetic stirring device; the device was turned on so that 

the magnetic rod was rotating at a reasonably slow speed, whilst still stirring 

the blotting buffer. The purpose of this was to ensure the blotting buffer would 

not heat up in one specific place as the buffer was being continuously mixed, 

and the ice block provided a heat sink for any heat generated through the 

electric field. It was vital that the tank was full of blotting buffer and that the 

membrane did not dry out. The lid was placed on the tank and the electrodes 

from the lid inserted into a power pack. Blot transfer was carried out at 30V 

overnight (usually for 17 hours). 

 

2.3.7 Western Blotting  

Western blotting is a technique which allows specific protein detection using 

antibodies raised for the target protein. There are two separate protocols for 

Western blotting used in this thesis, and which is used depends on what type 

of primary antibody is being utilised. The majority of antibodies will use 

phosphate buffered saline (PBS) as a buffer and non-fat dry milk; phospho-

antibodies and specific ‘normal’ antibodies require Tris-buffered saline (TBS) 

to be used alongside BSA in place of milk, so that the buffer and antibodies 

did not interact. 

 

2.3.7.1 Usual Western blot protocol 

Once blot transfer was complete, the blotting apparatus was dismantled and 

the blot had its top left corner snipped off (to allow recognition of orientation 

and which side the proteins were on). The membrane was carefully placed into 

a 50mL falcon tube, protein side facing inwards, and the tube filled with cold 

phosphate-buffered saline-0.1% Tween-20 (PBS-T; PBS: 20mM phosphate 

buffer pH 7.0 [10mM Na2HPO4, 2nM KH2PO4], 300mM NaCl; Tween-20 from 

Sigma, P1379). The tube was put on a roller mixer and the blot washed. 

The membrane was blocked in 5% (w/v) non-fat dry milk-PBS-T for 1 hour on 

a roller mixer at room-temperature. After blocking, the primary antibody was 
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added at the appropriate dilution (see Table 2.4) in 5% milk-PBS-T. The total 

volume added could range from 2-10mL. Incubation with the primary antibody 

occurred for a further hour at room-temperature.  

The membrane was washed thrice with 30mL PBS-T, 5 mins per wash, and 

the appropriate secondary antibody was added (in the appropriate dilution as 

per Table 2.5 in 5% milk-PBS-T). The membrane was incubated for 1 hour on 

the roller mixer.  

After secondary antibody incubation, the membrane was once again washed 

thrice with 30mL PBS-T for 10 mins per wash. The membrane was placed in 

a clear plastic pocket with all air bubbles squeezed out. 150μL of the two ECL 

Select (GE Healthcare, RPN2235) solutions were mixed and pipetted on to the 

membrane until fully covered. The chemoluminescence was measured using 

a Fujifilm LAS-3000 camera with the software Fujifilm Image reader LAS-3000 

V2.2. Protein bands were analysed using Advanced Image Data Analyser 

AIDA software V3.0 from raytest Isotopenmßgeräte GmbH. 

 

2.3.7.2 Western Blot protocol for phospho-antibodies 

The protocol for using phospho-antibodies uses nearly all the same steps as 

in the previous protocol; however, the buffers are altered: 

Blocking buffer: 5% non-fat dry milk (w/v) Tris-buffered saline-0.1% 

Tween-20 (TBS-T; TBS: 20mM Tris, 150mM NaCl, pH 7.6). 

Primary and secondary antibody buffer: 5% BSA (w/v) Tris-buffered 

saline-0.1% Tween-20. 

Wash buffer: Tris-buffered saline-0.1% Tween-20. 

Once the membrane was carefully placed into a 50mL falcon tube, protein side 

facing inwards, the tube filled with cold Tris-buffered saline-0.1% Tween-20. 

The tube was put on a roller mixer and the blot washed. 
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The membrane was blocked in 5% (w/v) milk-TBS-T for one hour on a roller 

mixer at room-temperature. After blocking, the blot was washed 3 times for 5 

mins with TBS-T. Following this, the primary antibody was added at the 

appropriate dilution (see Table 2.4) in 5% BSA-TBS-T. The total volume added 

could range from 2-10mL. Incubation with the primary antibody occurred 

overnight (~16 hours) at 4°C.  

The following morning, the membrane was washed thrice with 30mL TBS-T, 5 

mins per wash, and the appropriate secondary antibody was added (in the 

appropriate dilution as per Table 2.5 in 5% BSA-TBS-T). The membrane was 

incubated for 1 hour on the roller mixer.  

After secondary antibody incubation, the membrane was once again washed 

thrice with 30mL TBS-T for 10 mins per wash. The membrane was placed in a 

clear plastic pocket with all air bubbles squeezed out. 150μL of the two ECL 

Select (GE Healthcare, RPN2235) solutions were mixed and pipetted on to the 

membrane until fully covered. The chemoluminescence was measured using 

a Fujifilm LAS-3000 camera with the software Fujifilm Image reader LAS-3000 

V2.2. Protein bands were analysed using Advanced Image Data Analyser 

AIDA software V3.0 from raytest Isotopenmßgeräte GmbH. 
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Table 2.4. Primary antibodies used for Western blotting. 

Name/antigen Cat. No. Species Dilution 
Predicted 

size /kDa 

Buffer for 

WB 

AKT 
Cell Signalling 

Technology, #9272 
Rabbit 1:1000 60 PBS 

phospho-AKT 
Cell Signalling 

Technology, #9271 
Rabbit 1:1000 60 TBS 

Calnexin 
Enzo Life Sciences, 

ADI-SPA-865 
Rabbit 1:1000 90 PBS 

CDS1* Abcam, ab88121 Mouse 1:100 45 PBS 

CHOP 
Life Technologies, 

MA1250 
Mouse 1:1000 31 PBS 

COX IV 
Cell Signalling 

Technology, #4844 
Rabbit 1:1000 17 PBS 

Cytochrome c 
Santa Cruz 

Biotechnology, sc-13561 
Mouse 1:1000 12 PBS 

cFos 
Cell Signalling 

Technology, #4384 
Rabbit 1:500 62 TBS 

GAPDH 
ThermoFisher, 

MA5-15738 
Mouse 1:2500 38 PBS 

GRP75 
BioLegend, 

CloneN52A/42 
Mouse 1:1000 75 PBS 

phospho-p42/44 

MAPK 

Cell Signalling 

Technology, #4370 
Rabbit 1:1000 42/44 TBS 

c-Myc 9E10 
Santa Cruz 

Biotechnology, sc-40 
Mouse 1:1000 

Myc-tagged 

protein 
PBS 

OXPHOS cocktail (5 

separate targets) 
Abcam, ab110413 Mouse 1:250 

20, 30, 40, 48, 

55 
PBS 

PITPα (674) 
Made in-house. 

Described in [112]. 

Rabbit 

(serum) 
1:1000 34 PBS 

TAMM41 
ATLAS antibodies, 

HPA036834 
Rabbit 1:100 41 PBS 

TXNRD2 Custom antibody [113] 
Rat 

(serum) 
1:1 57 

Used serum 

neat 

CDS2 
Abnova, 

H00008760-M01 
Moue 1:500 45 PBS 

 

*The CDS1 antibody is no longer for sale and has been pulled from market.  
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Table 2.5. Secondary antibodies used for Western blotting. 

Name/antigen Cat. No. Species Dilution 

Anti-Mouse IgG-HRP GE Healthcare, NXA931 Sheep 1:10000 

Anti-Rabbit IgG-HRP Sigma, A-0545 Goat 1:10000 

 

2.3.8 Ponceau S staining of membranes 

After Western blotting was completed, Ponceau S (Sigma, P7170) staining of 

the membrane was carried out as a loading control. (The profile of staining with 

Ponceau S before or after performing the Western blot is near identical.) The 

membrane was incubated with Ponceau S solution for 5 mins. The membrane 

was washed with PBS-T to remove background staining, then imaged under 

blue light. 

 

 

 Molecular biology 

2.4.1 Plasmids 

The plasmids used for expression of mammalian proteins in cultured cells can 

be found in Table 2.6, and have been previously described [42, 113]. The 

plasmids pcDNA3.1-Myc-CDS1 and pcDNA3.1-Myc-CDS2 was provided by 

Dr Tamas Balla (NICHD Bethesda, MD, USA [42]), and pGEM-T-Easy-

TXNRD2 was provided by Dr Marcus Conrad (Helmholtz Zentrum Muenchen, 

Neuherberg, Germany [113]). 
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Table 2.6. List of plasmids used for over-expression. 

Protein Organism 
Accession 

number 

Expression 

plasmid (tag) 

Plasmid antibiotic 

resistance 
Reference 

CDS1 Homo sapiens BC074881 pEGFP-N1 (GFP) Kanamycin [42] 

CDS1 Homo sapiens BC074881 pcDNA3.1 (Myc) Ampicillin [42] 

CDS2 Homo sapiens BC025751 pEGFP-N1 (GFP) Kanamycin [42] 

CDS2 Homo sapiens BC025751 pcDNA3.1 (Myc) Ampicillin [42] 

TXNRD2 Mus musculus AB027566.1 
pGEM-T-Easy 

(TAPe) 
Puromycin [113] 

Negative 

control 
n/a n/a pcDNA3.1 n/a n/a 

 

2.4.2 Preparation of plasmid stocks 

2.4.2.1 Agar plates 

Luria agar (32g·L-1) was prepared and autoclaved in Duran bottles, then stored 

at room temperature. When agar plates were required, agar was placed in the 

microwave with a loosened lid. The microwave was used for approximately 

70s to melt the agar. This was left to cool until it was not longer hot enough to 

burn one’s hand. (If the agar was too hot it could cause the antibiotics to 

deteriorate.) Depending on which plasmid, 100μL of the required antibiotic 

solution (100mg·mL-1 stock) was added to 100mL of the Luria agar (see Table 

2.6). The final antibiotic concentration was 100μg·mL-1. The addition of 

antibiotic permitted the growth of only bacteria carrying the plasmid. 

With a Bunsen flame close by (to create aseptic conditions) roughly 25mL agar 

with antibiotics was poured into labelled 10cm Petri dishes. The plates were 

then cooled and allowed to set at room temperature. 
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2.4.2.2 Transformation and growth of bacterial cultures 

Plasmid stocks for mammalian protein expression were obtained through the 

transformation of XL1-blue super competent E. coli. Each transformation 

required 2μg of stored plasmid, which was placed in an Eppendorf tube 

containing 100μL of bacteria. The contents was gently mixed by flicking, and 

incubated on ice for 30 mins. A water bath was heated to 42°C and the 

Eppendorf was placed in it for 45s, heat-shocking the bacteria (disruption of 

the bacterial wall to allow the entrance of the plasmid). Following the heat-

shock, the Eppendorf tubes were placed immediately on ice for 2 mins. 

Subsequently, 900μL of Miller’s Luria broth (LB; which had been autoclaved) 

was added to the bacteria. Tubes were inverted several times to allow 

adequate mixing and placed for 2 hours in a dry incubator set to 37°C. The LB 

had been prepared with sterile water, was autoclaved after mixing (25g·L-1 of 

LB) and stored at 4°C. 

Under aseptic conditions, 200μL of the transformed cells were transferred onto 

the agar plates (with the appropriate antibiotics; two plates per transformation) 

and were spread across the surface using a sterilised glass spreader. Plates 

were left upright to dry for 10 mins before moving to a dry incubator set at 

37°C. They were left upside down overnight. The following day, a newly grown 

colony was plucked from the agar using a sterile tip, and placed into a falcon 

tube containing 5mL of LB plus antibiotic (at a concentration of 100μg·mL-1). 

These preparations were then ready for using in Maxiprep kits to obtain ample 

plasmid. 

 

2.4.2.3 Plasmid procurement using Maxiprep kit 

For large yields of plasmid, the PureLink HiPure Plasmid Maxiprep (Invitrogen, 

K210006) was used for the purification of plasmid DNA from the culture of 

transformed XL1-blue E. coli as described above. The falcon tubes containing 

the 5mL of transformed bacteria (as described in section 2.4.2.2) were grown 

for around 8 hours in an incubator shaker at 37°C and then transferred into 

300mL LB plus antibiotics (100μg·mL-1) and replaced into the shaker incubator 
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overnight. The following morning, the cells were collected by centrifugation at 

4000g for 10 mins. The LB was discarded and the manufacturer’s instructions 

were followed using the buffers provided.  

 

2.4.3 Quantification of mRNA using Real Time Quantitative Polymerase 

Chain Reaction (RT-qPCR) 

2.4.3.1 RNA extraction 

RNA extraction of H9c2 lysates was accomplished using the RNeasy mini plus 

kit from QIAGEN (Cat. No. 74134) as per the manufacturer’s protocol. H9c2 

cells were grown in 10cm dishes and when ready to harvest the cells were 

trypsinised, pelleted and washed before being lysed in 350μL buffer RLT plus 

(which had 1:100 β-mercaptoethanol added). The samples were then 

thoroughly vortexed for 30s and then pipetted into a separate gDNA eliminator 

spin column per sample. These were centrifuged for 30s at 8000g, the column 

discarded and the flow-through saved. 350μL 70% ethanol was added, and 

mixed by pipetting, to the flow-through. The 700μL of sample was then added 

to an RNeasy spin column. The column was spun for 15s at 8000g and the 

flow-through discarded. 700μL of buffer RW1 was added to the column, and it 

was spun again under the same conditions. 500μL of buffer RPE was used to 

wash the column twice and spun under the same conditions. The last wash, 

however, was spun for 2 mins. After all the washes, the column was placed in 

a new collection tube and spun for a further 2 mins to completely dry the 

column membrane. The column was placed in a new collection tube and 30μL 

nuclease free water was added directly to the membrane. The column was 

centrifuged at 8000g for 2 mins to elute the isolated RNA. RNA was kept on 

ice, and RNA concentration and quality was monitored using a Nanodrop 

spectrophotometer. Samples ideally would be over 100ng·μL-1 for cDNA 

synthesis (VP stimulated cells would yield up to 1500ng·μL-1), and only 

samples with Nanodrop spectra ratios of 260/280 and 260/230 close to 2.00 

were used. 
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2.4.3.2 cDNA synthesis using PCR 

First-strand cDNA synthesis using reverse transcription PCR was carried out 

on the newly collected RNA. All reagents were from Invitrogen and the 

Invitrogen SuperScript II Reverse Transcriptase protocol was then followed. 1-

5μg of total RNA from each sample was added to a 200μL PCR tube, along 

with 100ng random primers (Invitrogen, 48190011), 1μL of dNTP mix (10mM 

each; Invitrogen, 10297018) and topped up to 12μL total with nuclease free 

water. This mixture was heated to 65°C for 5 mins, then quickly chilled on ice. 

The contents was collected by brief centrifugation. Following collection, 4μL 5x 

first strand buffer (Invitrogen, 18064014), 2μL 0.1M DTT and 1μL RNaseOUT 

(40 units·μL-1; Invitrogen, 10777019) was added to each sample and mixed by 

pipetting. The samples were incubated for 2 mins at 25°C. Finally, 1μL 

superscript II RT (Invitrogen, 18064014) was added to each sample and mixed 

by pipetting. In each experiment, a “no reverse transcriptase” control (NRT) 

was also made containing the template RNA but replacing the superscript II 

for nuclease free water. After addition, the samples were incubated at 25°C for 

10 mins, then 42°C for 50 mins, and finally 70°C for 15 mins to inactivate the 

reaction. This would produce samples of concentrated cDNA in 20μL, which 

could be further diluted with nuclease free water before use in qPCR, usually 

to 50μL total volume. 

 

2.4.3.3 Design and validation of RT-qPCR primers 

Specific Rattus norvegicus primers had previously been designed using the 

website Primer 3 (http://bioinfo.ut.ee/primer3/) based on the NCBI sequence 

references in Table 2.7. The requirements for primers include, but are not 

limited to: 

A. An optimal length of 20 base pairs 

B. The cytosine and guanine nucleotide content to be >50%, with an even 

distribution of all nucleotides along the length of the primer 
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C. A difference of annealing temperatures of the forward and reverse 

primers to be at most 1°C 

 

The primers were produced by Sigma-Aldrich Custom Oligos service. They 

were sent in tubes to be reconstituted in TE buffer (10mM Tris-HCl, 1mM 

EDTA) at 100μM stock. Once the primers were validated (which had previously 

been done in lab [111]), aliquots of 25μL at 10μM were made and stored at      

-20°C. 

 

Table 2.7. Primers used in RT-qPCR. *Housekeeping gene. 

Protein NCBI 

reference 
Name Forward primer Reverse primer 

Product 

size 

(bp) 

PGK1* 

NM_0532913 

Phosphoglycerate 

kinase 1 

GAA GGG AAG GGA 

AAA GAT GC 

AAA TCC ACC 

AGC CTT CTG TG 
180 

CDS1 

NM_031242 
CDP-DG synthase 1 

TAC GAC CTC CCG 

TGG TTT AG 

CTC AGG ACG 

AAC ATG CAG AA 
194 

CDS2 

NM_053643 
CDP-DG synthase 2 

GAG CCT TTG CGC 

ATT CTC AG 

ACA TGG GTC 

CAG CCA AAC AT 
137 

TAMM41  

NM_001108642 

Mitochondrial 

Translocator Assembly 

and Maintenance 

protein 41kDa 

CAT GTG AAG CCC 

AAC GTA G 

GCT GCT GTA 

ACG TTC TAG GC 
136 
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2.4.3.4 Real Time Quantitative PCR (RT-qPCR) 

For mRNA quantification from cDNA samples produced as previously 

described, one-step RT-qPCR was performed, using the KAPA SYBR FAST 

qPCR Universal Master Mix (KAPA Biosystems, KK4600). Initially, an RT-

qPCR master mix was produced. The components of the master mix, per well, 

are found in Table 2.8. One master mix was produced per primer set. 

 

Table 2.8. RT-qPCR Master mix components. 

Component Volume /μL Final concentration in reaction 

Nuclease free water 1.9 - 

Forward Primer (10μM stock) 0.3 200nM 

Reverse primer (10μM stock) 0.3 200nM 

KAPA SYBR green (2x) 7.5 1x 

Total 10 - 

 

15μL individual reactions were set up on a white 96-well PCR plate (Bio-Rad, 

HSP9655). Initially, 5μL of cDNA (100ng to 313ng depending on experiment) 

was added, including replicates of the NRT. A further control, the no template 

control (NTC) was also added onto the plate. This control had cDNA 

substituted for the nuclease free water which had been used to make the cDNA 

samples. The NTC identifies any contamination within the experiment. 

Following the plating of cDNA and controls, 10μL of master mix was added to 

the correct wells, and the plate sealed using a microseal film (Bio-Rad, 

MSB1001) and firmly pressed down over each individual well. The final 

concentration for all primers is 200nM per reaction. The plate was wrapped in 

foil and placed in the fridge (4°C). The plate could be prepared up to 3 hours 

before use. The plate was then shaken and centrifuged, making sure thorough 

mixing of samples and all samples were at the bottom of the wells before being 

placed in a Bio-Rad CFX96 machine. The protocol in Table 2.9 was then 

initiated. Reaction optimisation for primer annealing temperature and 

concentration had previously been deduced [111]. 
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Transcript levels obtained from the RT-qPCR reaction were determined using 

the 2-ΔΔC
T method [114]. The CT values of the gene of interest is compared and 

normalised to the housekeeping (PGK1) transcript level. 

 

Table 2.9. One-step RT-qPCR program for Bio-Rad CFX96. 

Activity Temperature /°C Time Program 

Initial denaturation 95 3 min 1 cycle 

Denaturation 95 15 s 

39 cycles Annealing 60 30 s 

Extension 72 30 s 

Melt curve 65 to 95 - - 

 

2.4.4 Mass spectroscopy 

Mass spectroscopy was carried out by Prof. Justin Hsuan at the Royal Free 

Hospital, London. The raw mass spectroscopy data was analysed using 

MaqQuant software to identify and quantify proteins. This was accomplished 

using the iBAQ algorithm. In preparation for mass spectroscopy, the 

experiment was done in such a way so that the samples could be run on a 

sterile gel the day before analysis. The gel was stained with Coomassie (see 

Section 2.3.5) and the bands of interest were cut out, all under sterile 

conditions, and placed into sterile Eppendorf tubes. The tubes were kept at      

-20°C overnight, and transported on dry ice to the Royal Free Hospital. 

 

 Immunofluorescence Microscopy 

For visualisation and analysis of cell morphology, H9c2 cells were subjected 

to immunofluorescence microscopy. H9c2 cells were grown on glass 

coverslips (19mm, thickness 0), during which times they either received siRNA 

treatment for 72 hours, received 1μM VP for 24 hours, or were left alone as 

control samples. 
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Following this, the cells had their media aspirated and were washed twice in 

sterile PBS. After the wash, the cells were fixed with 1mL 4% 

Paraformaldehyde solution (see section 2.5.1) for 30 mins at room 

temperature. The cells were washed twice with 100mM glycine in PBS (PBS-

Glycine), then stored in PBS-Glycine at 4°C, ready for probing with antibodies. 

All steps for probing were done whilst the cover slips with the cells adhered 

were still in the 12-well plate. The first stage of cell probing was to permeabilise 

the cell membrane. This was accomplished by adding 1mL of PBS-Glycine + 

0.2% Triton X-100 to the cells for 10 mins at room temperature. The solution 

was then aspirated, and the cells were washed twice with PBS. 

Next, non-specific binding was blocked by incubating the cells with PBS-

Glycine + 0.1% BSA for approximately 30 mins at room temperature. The block 

was then removed and the cells were ready for application of primary 

antibodies. GRP75 was used as a mitochondrial marker (cloneN52a/42 mouse 

monoclonal from BioLegend; 1:200 dilution) and ZFPL1 was used as a Golgi 

marker (sheep antibody which cross reacts with anti-goat secondary; 1:200 

dilution; a gift from Martin Lowe of the University of Manchester [115]). All 

antibodies were prepared in PBS-Glycine + 0.1% BSA. The primary antibody 

was applied for 1 hour, before being removed and stored for future use at 4°C. 

The cells were washed thrice for 3 mins in PBS-Glycine +0.1% BSA, then 

washed once more for 5 mins.  

Following the washes, the secondary fluorophores were added. These were 

secondary antibodies conjugated to Alexa Fluors (anti-mouse and anti-goat 

both conjugated to Alexa Fluor 488 for emission at 573nm; both from 

ThermoFisher) or the chemical stains 4,6-diamidino-2-phenylindole (DAPI; 

400μg·mL-1; emission at 461nm) for nuclei staining and rhodamine phalloidin 

(7nM) for F-actin (emission at 565nm). Incubation with secondary antibodies 

and chemical stains lasted for 30 mins at room temperature in the dark; the 

reagents were diluted in the blocking buffer.  

After the 30 mins had passed, the fluorophore was aspirated off and the cells 

were washed 3 times for 3 mins in PBS-Glycine + 0.1% BSA, then washed 3 
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times for 3 mins in PBS, and finally, washed in distilled water, which was left 

in the well. Glass microscope slides were labelled, had a drop of Fluoroshield 

(Sigma, F6182) placed on it, and the glass coverslip with the cells was placed, 

cell side down, onto the Fluoroshield. The coverslips were then kept in place 

by sealing the edges with clear nail varnish. Finally, the slides were stored in 

an opaque microscope slide box at -20°C, until ready for imaging. Imaging was 

done using the following hardware: Olympus IX81 microscope, Olympus IX2-

UCB microscope controller, Hamamatsu camera controller, EXFO X-cite 120 

Fluorescence light box. Imaging and quantification of cell number and length 

was monitored using CellSens Dimension Imaging software by Olympus. 

Table 2.10. Primary antibodies used for immunofluorescence. 

Name/antigen Cat. No. Species Dilution 

GRP75 
BioLegend, 

818802 
Mouse 1:200 

ZFPL1 (CD) Gift from M. Lowe [115] 
Sheep  

(cross-reacts with goat) 
1:200 

 

Table 2.11. Chemical stains and secondary antibodies used for IF. 

Name/ 

antigen 
Cat. No. Species 

Dilution/ 

concentration 

Fluorophore/ 

emission 

DAPI (4’,6-

diamidino-2-

phenylindole) 

Invitrogen, D1306 
n/a 

chemical stain 
400μg·mL-1 461nm 

Rhodamine 

phalloidin 

Molecular probes, 

R415 

n/a 

chemical stain 
7nM 565nm 

Alexa Fluor 488, 

goat anti-mouse 

Life technologies, 

A11029 
Mouse 1:400 573nm 

Alexa Fluor 488, 

donkey anti-goat 

Life technologies, 

A11055 
Goat 1:400 573nm 
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2.5.1 Preparation of 4% paraformaldehyde 

To make 100mL of 4% paraformaldehyde (PFA), 80mL of PBS was heated to 

80°C on a heater/magnetic stirrer in a fume hood. To this, 4g of 

paraformaldehyde was added, and stirred until the solution was clear. 2-3 

drops of 1M NaOH was added to further clarify the solution. The solution was 

then cooled to approximately 50°C, and 1M MgCl2 and CaCl2 was added so 

that their final concentration was 0.1mM (in the 100mL total). Finally, the 

solution was cooled to room temperature, and made up to 100mL with PBS, 

whilst the pH was adjusted to pH 7.4 using pH strips (PFA can damage pH 

probes). The PFA was aliquoted and stored at -20°C. 

 

  CDS activity assay 

CDP diacylglycerol synthase (CDS) activity on isolated tissue and cellular 

samples was determined by measuring the level of incorporation of [3H]-CTP 

into CDP-DG using external phosphatidic acid as described previously [41]. 

CDS activity was measured in a 100μL assay containing 50mM Tris-HCl (pH 

8), 74mM KCl, 0.1mM EGTA, Egg PA (200μM), 20mM MgCl2, 5.1mM Triton-

X100, 0.25mM DTT, 50μg protein, and 20μM CTP including 2.5μCi [5′-3H]-CTP 

(ARC #ART0343). For the assay, the subcellular fractions were suspended in 

ice-cold CDS buffer and 1/100 v/v protease inhibitor cocktail. The PA was dried 

down under nitrogen gas and resuspended in CDS Assay buffer comprising of 

125mM Tris-HCl (pH 8), 250mM KCl, 12.75mM Triton-X100, 5mg·mL-1 BSA 

and 0.625mM DTT. The components of the assay were added in the following 

order: 48μL of protein sample (50μg) (or BSA as a control protein), 40μL PA 

suspension with 2μL MgCl2 (1M) added, and 10μL of CTP (200μM) mixed with 

2.5μCi CTP [5′-3H]. (When monitoring activity from stripped membranes and 

supernatant, equal starting matter was used, and divided into the number of 

replicates. Thus, not 50μg of protein was used, but rather equal proportions of 

a whole which could be compared were used.) The reaction was incubated for 

10 mins at 30°C. (The CDS assay had been characterised previously [111]. It 

was confirmed that the assay was linear with respect to protein concentration 
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(0–200μg) and time (0–12 mins).) It was terminated with 375μL acidified 

chloroform:methanol (1:2) and after phase separation with chloroform and 

water (125μL each), the organic phase was recovered, washed with synthetic 

top phase, and the chloroform phase transferred to a scintillation vial. (The 

synthetic top phase was a mixture of methanol and water (1:0.9).) The 

chloroform was allowed to evaporate, and prior to counting the radioactivity in 

a scintillation counter, Ultima Gold XR Scintillation Fluid (Packard, 6013119) 

was added to the samples. The data shown for CDS activity in this thesis is 

actually, strictly speaking, CDP-DG generation. However, as all experiments 

were done for the same time and under the same conditions, neither the 

graphical representation of the data, nor any statistical analysis, would change 

even if rate of production (i.e. activity) was displayed instead. 

 

 PLC assay and measurement of PPI levels 

Phospholipase C activity was monitored by measuring the release of labelled 

inositol phosphates (IPs) from H9c2 cells pre-labelled with [3H]-myo-inositol for 

72 hours. H9c2 cells were seeded confluently (~3.5 × 105 cells) and labelled 

for 3 days with [3H]-myo-inositol (1μCi·mL-1) in M199 supplemented with 1% 

dialysed FCS (Gibco, 26400044)  and antibiotics in 6-well plates. At the end of 

the third day, the cells underwent one of a variety of treatments: 24 hours ± 

1μM VP in the presence of 10mM LiCl, 24 hours ± 1μM VP with 10mM LiCl 

only present for the final 20 mins, and 24 hours ± 1μM VP with no LiCl added. 

In some experiments, the cells were stimulated for 20 mins with ± 1μM VP and 

10mM LiCl. Cells were stimulated at 37°C in 10% CO2 for the indicated times. 

At the end of the incubation, the cells were placed on ice, the medium was 

removed and the cells quenched with 500μL of ice-cold methanol. The cells 

were scraped and transferred to a chloroform-resistant tube. The wells were 

rinsed with a further 500μL of methanol and combined with the first extract. 

Finally, the wells were washed with 900μL water, which was added to the 

methanol extracts. Chloroform (1mL) was then added directly to the tubes and 

the combined extracts were vortexed for 1 min. Following centrifugation to 

separate the phases, the IPs were recovered in the aqueous phase and were 
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analysed on Dowex columns [116]. The [3H]-IPs were separated from inositol 

and GPI by passage through Dowex 1×8 anion exchange resin. 1mL of the 

aqueous extract was loaded on to columns. The columns were washed with 

6mL of water to remove inositol, and GPI was removed with 6mL of 60mM 

sodium tetraborate + 5mM sodium formate. [3H]-IPs were then eluted with 3mL 

1M ammonium formate in 0.1M formic acid directly into scintillation vials. The 

radioactivity was counted after addition of 5mL Ultima-Flo AF (Packard; Cat. 

No. 6013589).  

The organic phase (containing the inositol-labelled phospholipids) had 1mL of 

acidified synthetic top phase added to it, including 125μg Folch extract (as a 

carrier). The samples were vortexed again thoroughly, and the organic layer 

was dried down overnight in a SpeedVac (Savant SpeedVac SPD121P). The 

lipids were separated by TLC with the solvent composition 

chloroform:methanol:acetic acid:acetone:water (40:13:12:15:7). The TLC 

plates were phosphorimaged and analysed using Advanced Image Data 

Analyser AIDA software V3.0 from raytest Isotopenmßgeräte GmbH. 

 

 PI resynthesis assay 

For the measurement of PI resynthesis, H9c2 cells were starved overnight and 

incubated in a HEPES buffer (20mM HEPES, 137mM NaCl, 3.7mM KCl, 2mM 

MgCl2, 1mM CaCl2, 1mg·mL-1 BSA and 5.6mM glucose) containing 5μCi of 

[3H]-myo-inositol at 37°C for 30 mins. VP (1μM) was added to the cells and 

incubated for a further 60 mins. At the end of the incubation, medium was 

discarded and the lipids extracted as in Section 2.7 and analysed by TLC using 

the solvent composition chloroform:methanol:acetic acid:water (75:45:3:1) 

[117]. The TLC plate was exposed to iodine vapour to locate the lipids. The 

spot containing PI was scraped into scintillation vials and counted. 
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 Measurement of cardiolipin levels 

Proliferating H9c2 cell were seeded in 10cm dishes (6.4 × 104 cells.cm-2) and 

transfected with a mixture of two siRNAs for the same target (10nM; CDS1, 

CDS2, TAMM41 or a single negative control. See Section 2.1.5) with 

HiPerFect Transfection Reagent following the manufacturer instructions 

(QIAGEN). At the same time, 1μCi·mL-1 [14C]-acetate (Perkin Elmer, 

NEC084A001MC) was added to the media to label the lipids to equilibrium. 

After 72 hours, the cells were recovered by trypsinisation. The cells were 

sonicated and centrifuged at 330g for 5 mins at 4°C to pellet unbroken cells. 

The supernatant was spun at 8200g for 1 hour at 4°C to pellet crude 

mitochondria. The lipids were extracted and analysed by HPTLC (Millipore, 

105642) alongside lipid standards in the solvent mixture 

chloroform:methanol:acetic acid:water (75:45:3:1). The plates were then 

phosphorimaged for 3 days ([14C]) and read on a Fujifilm FLA-2000 before 

being analysed with AIDA software. Phosphatidylcholine was used as an 

internal standard, and the ratio of cardiolipin to phosphatidylcholine was used 

to determine the relative cardiolipin levels. It was also possible to record 

phosphoinositide levels from these experiments (see Section 2.10). 

 

 Measurement of phosphoinositide levels in knockdown cells 

H9c2 cells were seeded at 2.4 × 105 cells per well in a 6-well plate. They were 

grown in media M199 (Gibco, 41150020) + 1% FCS, 0.5iu·mL-1 penicillin and 

50μg·mL-1 streptomycin + 10μCi·mL-1 [3H]-myo-inositol. Cells would also be 

transfected at this time with a mixture of two siRNAs for the same target (10nM; 

CDS1, CDS2, or a single negative control) using HiPerFect Transfection 

Reagent following the manufacturer’s instructions (QIAGEN; see section 

2.1.5). After 72 hours, the cells underwent acid extraction of lipids. Cells were 

put on ice and washed with ice cold sterile PBS. Each well was then quenched 

with 500μL of ice cold acidified methanol (0.5% conc. HCl). The cells were 

then scraped and transferred into labelled chloroform resistant tubes. The 

wells were then washed again with another 500μL ice cold acidified methanol 
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and scraped further. This was then transferred to the corresponding tubes – 

each tube ending up with 1mL total volume. 900μL 1M HCl was then added to 

each of the samples, as was 1mL chloroform. The samples were vortexed 

vigorously for 30s and then centrifuged at 809g for 15 mins at room 

temperature. The organic layers were transferred to labelled Eppendorf tubes 

and dried down in a SpeedVac (Savant SpeedVac SPD121P) overnight. The 

solvent composition used for phosphoinositide separation was as follows: 

chloroform 40mL: methanol 13mL: acetic acid (glacial) 12mL: acetone 15mL: 

water 7mL. The various solvents were mixed thoroughly and poured into a TLC 

tank lined with Whatman SG81 chromatography paper (size 1). The tank was 

made airtight and the solvent was then allowed to equilibrate over-night. The 

solvent could be used for 2-3 days afterwards.  

An oxalate treated TLC plate would be allowed to cool (after removing from 

the oven) and pencilled lanes were marked out (about 1.5cm apart, usually 

allowing 12 lanes per plate). The dried samples had 50μL chloroform added to 

them, and were vortexed thoroughly. Samples were spotted in a neat elliptical 

shape, about 2cm from the bottom of the plate in the corresponding lanes. 

After all 50μL had been added, 10μL more chloroform was added to wash the 

tube, and then spotted in the correct lane. The TLC plate was then placed 

vertically in the equilibrated TLC tank, and the lid replaced. The solvent would 

usually take 1.5-2 hours to run to within 2cm of the top of the plate. The plate 

was dried in a fume hood. When dry, the plate would be phosphorimaged if 

possible. (Phosphorimaging of [3H] could require 7-30 days exposure due to 

the low energy of the radioisotope.) Following this, the plate was placed in a 

tank saturated with iodine to make any lipids visible. The iodine was 

evaporated before the plate was scraped into scintillation vials. 200μL 

methanol was added to the scintillation vials, and the vials vortexed. 2mL 

Ultima Gold XR scintillation fluid was added and the samples vortexed again. 

The dpm was then recorded using a Packard Tri-Carb 2500-TR.  
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2.10.1.1 Oxalate treatment of TLC plates  

2g of potassium oxalate was dissolved in 120mL of water. Following the 

addition, 80mL of methanol was also added to the solution. Pre-coated silica 

TLC plates (Millipore, 1.05721.0001) were soaked in the solution, allowing the 

potassium oxalate to impregnate the TLC plates – this was done over a 20s 

period. The plate was then removed and allowed to air dry horizontally 

overnight. Before use, the plates were incubated in an oven (preheated to 

120°C) for at least 1 hour, to remove any residual water. 

 

 Measurement of oxygen consumption 

Mitochondrial oxygen consumption was analysed using an Oroboros 

Oxygraph-2k as has been previously described [118]. Cells were treated with 

siRNA prior to experiments (see Section 2.1.5). Cells were detached using 

trypsin, and resuspended in HEPES buffer (137mM NaCl, 3.7mM KCl, 2mM 

MgCl2, 1mM CaCl2, 1mg∙ml-1 BSA and 5.6mM Glucose, pH 7.4). Experimental 

temperature was maintained at 37°C, and oxygen concentration readings from 

the medium were calibrated according to manufacturer's protocol. 2ml of H9c2 

cells (1–1.6×106 cells∙ml-1) were added to the chamber. After reading basal 

oxygen consumption measurements (Routine respiration), oligomycin 2.5μM 

(Sigma, O4876) was added to measure Leak respiration. Initial addition of 2μM 

followed by titrations of 0.5μM of the uncoupler Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP; Sigma, C2920) was used to 

induce and record maximal uncoupled respiration (mETS, electron transport 

system). Finally, addition of 2.5μM antimycin A (Sigma, A8674) allowed the 

measurement of any non-mitochondrial residual oxygen consumption (nmt). 

 

 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad 

software for Science, San Diego, CA USA). All error bars on graphs demote 

±S.E.M. unless stated otherwise.  
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Chapter 3 TAMM41 is responsible for mitochondrial CDS 

activity 

 Introduction 

It has been noted various times in the literature that mitochondria possess CDS 

activity [43-46], and indeed the product of such activity is required for the 

formation of cardiolipin. Cardiolipin is a unique phospholipid exclusively made 

in the mitochondria that is responsible for the extreme curvature of the cristae 

within mitochondria. It makes up 15-20% of the phosphorus phospholipid mass 

of the heart; reflecting the high density of mitochondria within cardiomyocytes. 

A study conducted recently from our Group confirmed that mitochondria were 

enriched in CDS activity by fractionating of rat heart, liver, brain, and H9c2 

cells [111]. Furthermore, upon differentiation of H9c2 cells, which induces 

mitochondrial biogenesis (Figure 3.1A; immunoreactivity panel with various 

organelle markers), there was an increase in the immunoreactivity of a band 

for a commercial antibody raised against CDS1 (Figure 3.1A: CDS1 antibody 

from Abcam (Cat. No. ab88121; raised to the first 99aa of human CDS1)). This 

band is the appropriate size for CDS1 (55kDa). These results implied that 

CDS1 is responsible for the mitochondrial CDS activity, and CDS1 protein 

increases during differentiation. However, the same study also showed no 

significant increase in CDS1 mRNA over the course of differentiation was 

observed (Figure 3.1B)  

Additionally, differentiated H9c2 cells were fractionated into microsomes, 

mitochondria and cytosol. These samples were then probed once more with a 

selection of antibodies including the antibody raised to CDS1 (Figure 3.1C). 

Remarkably, CDS1 immunoreactivity appeared solely in the crude 

mitochondrial fraction, although there was some contamination of the 

mitochondrial fraction with microsomes (seen by the presence of calnexin, an 

ER marker; Figure 3.1C). The CDS1 immunoreactivity was also shown to be 

a single protein band, with no other immunoreactivity present on the Western 

blot (i.e. a clean antibody) [111]. Moreover, the fractions were also assessed 

for their CDS activity (Figure 3.1D). The vast majority of CDS activity was 
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localised to the crude mitochondrial fraction. Whilst this activity corresponds to 

the immunoreactivity observed, it does not fit with the mRNA data mentioned 

above (Figure 3.1B). Furthermore, the immunoreactivity and CDS activity data 

does not correspond to previous studies which have looked into the 

localisation of CDS1. In these studies, CDS1 has always appeared to localise 

to the ER, and not to mitochondria [30, 41, 42]. 

Due to these discrepancies, we wanted to look further into the matter to confirm 

whether or not the mitochondrial CDS activity is due to CDS1, or whether this 

source of activity is from another CDS enzyme. In the process, the commercial 

CDS1 antibody used was assessed on whether it is detecting CDS1 or a cross-

reactive protein. 
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Figure 3.1. Data inconsistencies pertaining to CDS1. 

[A] Western blot of cell lysates (50μg protein) obtained from proliferating H9c2 

cells (10% FCS) and differentiated H9c2 cells in either 1% FCS or 1% FCS 

with 1μM retinoic acid (RA). Differentiation of H9c2 cells causes an increase 

in CDS1 immunoreactivity. Troponin I is a marker for cardiac differentiation; 

COX IV, cytochrome c, and GRP75 are mitochondrial markers; calnexin is an 

ER marker. [B] CDS1 mRNA during the course of differentiation of H9c2 cells 

with retinoic acid; samples were removed daily to monitor mRNA levels. Data 

from three experiments done in triplicate. [C] Western blot of differentiated 

H9c2 fractions using the commercial CDS1 antibody and organelle markers. 

[D] CDS activity of the differentiated H9c2 fractions. Data shown from the 

experiments in the study by Gomez-Espinosa [111]. WCL, Whole cell lysates; 

Micro, microsomes; C.Mito, crude mitochondria; Cyto, cytosol.  



 

90 
 

 Results 

3.2.1 Characterisation of the CDS1 antibody 

As previous studies have shown that tagged-CDS1 expression is found to be 

in the ER [41], the localisation of CDS1 to the mitochondria in the Western 

blots came as quite the surprise. The monoclonal CDS1 antibody used here is 

a commercial antibody, which even though has been used in two previous 

studies [119, 120], has not been fully characterised. For validation of the 

antibody, we asked whether the antibody recognises CDS1 and was specific 

(i.e. did not cross-react with CDS2). We over-expressed both Myc-tagged 

CDS1 and CDS2 to do this, and knocked down the protein using siRNA whilst 

monitoring immunoreactivity. 

Myc-tagged CDS1 and CDS2 was over-expressed in COS-7 cells, and after 

cell homogenisation, membranes were obtained and analysed on Western blot 

using either the CDS1 antibody or a Myc (9e10) antibody. A commercial CDS2 

antibody had also been used (Abnova, Anti-CDS2 (1-67) monoclonal antibody, 

H00008760-M01), but the antibody failed to detect over-expressed CDS2. 

Both the CDS1 antibody and the Myc antibody recognised two common bands, 

a doublet at ~45kDa and another at ~95kDa (Figure 3.2). Expression of the 

CDS proteins was also confirmed by activity of the COS-7 membranes (see 

Figure 3.4D). Although CDS2 expression was much greater than that of CDS1, 

judging by Myc immunoreactivity, the CDS activity was much lower for CDS2. 

This is most likely attributed to the use of egg PA in the assay, which is not a 

good substrate for CDS2 [41]. 
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Figure 3.2. CDS1 antibody recognises over-expressed CDS1 but not 

over-expressed CDS2. 

Myc-tagged CDS1 and CDS2 were over-expressed in COS-7 cells, and 

membranes were obtained after centrifugation. Membranes (25μg protein per 

lane) probed with antibodies to CDS1 (left panel) and Myc (right panel). The 

boxed region (red) highlights the over-expressed proteins. CDS proteins run 

as monomers (~45kDa) and as dimers (~95kDa). The CDS1 antibody (Abcam, 

ab88121) also recognises a p55 protein in the CDS1 over-expressed cells. 
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Immediately apparent is the anomaly that a substantial portion of the over-

expressed material is running at 95kDa on the SDS-PAGE gel, when the 

theoretical weight is 53kDa. This suggests that, even though SDS is present, 

some CDS protein must remain in the dimer form. This observation concurs 

with the structure of CDS from the bacterium Thermotoga maritama (TmCdsA) 

which was recently reported to for a dimer [33] (see Figure 1.5). Attempts at 

dissociating the dimer when running samples on SDS-PAGE gels were 

unsuccessful. These included using various concentrations of urea, both 

dithiothreitol and β-mercaptoethanol as reducing agents and various 

temperatures to boil the sample, including leaving the samples at room 

temperature. 

In mitochondria prepared from heart, the CDS1 antibody recognised a single 

band running at 55kDa, which is the approximate molecular weight of CDS1 

[111]. However, as was just discussed, over-expressed CDS protein runs as a 

monomer at 45kDa and a dimer at 95kDa. Due to the anomaly seen between 

these results, we knocked down CDS1 with siRNA to confirm whether or not 

the 55kDa band seen in the tissue samples was really CDS1. Since the 

immunoreactivity in the H9c2 whole cell lysates (WCL) was very weak, we 

prepared mitochondrial fractions to enhance the signal; this allowed the p55 

band to be readily detected (Figure 3.3A). The siRNA used to knockdown 

CDS1 was tested by looking at mRNA levels (Figure 3.3B). RT-qPCR 

confirmed that the siRNA reduced CDS1 mRNA without affecting CDS2 mRNA 

(Figure 3.3B). Comparison of mitochondria isolated from control and siRNA-

treated H9c2 cells showed that the band at 55kDa was resistant to CDS1 

siRNA treatment (Figure 3.3C). This strongly suggests that, although the 

CDS1 antibody is capable of detecting the over-expressed material, it has a 

much higher affinity for a cross-reactive p55 mitochondrial protein. It is this 

cross-reactive protein that is being detected in the tissue samples, and not 

CDS1. 
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Figure 3.3. Knockdown of CDS1 with siRNA does not lead to a reduction 

in the p55 band. 

[A] Detection of the p55 band with the CDS1 antibody in H9c2 cells is only 

possible when mitochondrial fractions are prepared. (WCL, whole cell lysate; 

C.Mito, crude mitochondria; Micro, microsomes.) [B] Validation of CDS1 

siRNA. A decrease in CDS1 mRNA (P<0.0001, n=6) but not CDS2 is observed 

when H9c2 cells were treated with CDS1 siRNA. [C] Mitochondrial fractions 

prepared from control, negative siRNA treated and CDS1 siRNA treated H9c2 

cells were analysed for CDS1 immunoreactivity by Western blot.   
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3.2.2 Mitochondrial CDS activity is due to a peripheral protein, 

TAMM41 

To further examine whether the p55 band could have been CDS1, a different 

approach was taken. CDS1 is an integral membrane protein [33] (see Figure 

1.5), and thus will not be stripped away from membranes after treatment with 

a high pH solution such as 0.2M sodium bicarbonate (pH 11). Peripheral 

membrane proteins, however, will be stripped from the membranes by high 

pH. This also means that the immunoreactivity of integral membrane proteins 

will not be altered; but peripheral proteins will have altered immunoreactivity 

due to them no longer being present in the membrane samples. 

To accomplish this, Myc-tagged CDS1 and CDS2 were over-expressed in 

COS-7 cells and total membranes were prepared from the lysates. These 

membranes were analysed by Western blot before and after treatment with 

0.2M sodium bicarbonate (pH 11), which will remove any peripherally 

associated membrane proteins (Figure 3.4A and B). As predicted, the Myc-

tagged CDS1 and CDS2 remained associated to the membranes (compare 

Figure 3.4A with B), due to being integral membrane proteins [33]. However, it 

was clear that many proteins had been removed during the high pH stripping, 

including the p55 band. Interestingly, the expression of the p55 protein is 

induced upon the over-expression of CDS1 (see Figure 3.2 and Figure 3.4A). 

To check whether the activity of CDS1 and CDS2 had been affected by the 

exposure to pH 11, CDS activity was monitored after the stripping. Across all 

samples, only a small decrease was measured, suggesting that the activities 

of CDS1 and CDS2 were not affected (Figure 3.4D). 

Having confirmed that CDS1 is an integral membrane protein (Figure 3.4B), 

and that its activity is not affected by pH 11 (Figure 3.4D), we used 

mitochondria to examine the nature of the CDS activity as well as the p55 

band. Crude mitochondria were incubated with either a high salt buffer (1M 

NaCl in CDS buffer) or the sodium bicarbonate buffer (0.2M, pH 11). The 

residual membranes and the resultant supernatant were recovered via 

centrifugation, and the supernatant concentrated. Both were then analysed for 

CDS1 immunoreactivity on Western blot. Removal of the p55 band from the  
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Figure 3.4. Mitochondrial CDS activity is due to a peripheral membrane 

protein.  

Total membranes (50μg protein) prepared from COS-7 cells expressing either 

Myc-CDS1 or Myc-CDS2 were analysed by Western blot and CDS assay: 

Western blot before [A] and after [B] treatment with 0.2M sodium bicarbonate 

(pH 11). [C] Ponceau S stain loading control of blots in [A]. [D] CDS activity of 

COS-7 cell total membranes (50μg protein) before and after treatment with 

sodium bicarbonate (pH 11).  
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membranes was apparent, and the p55 band reappeared in the concentrated 

supernatant. This indicated that this band, which cross-reacts with the CDS1 

antibody, is in fact a peripheral protein and therefore cannot be CDS1 (Figure 

3.5A). Moreover, these data conclusively demonstrates that, whilst the CDS1 

antibody is capable of detecting over-expressed material, it primarily 

recognises an additional peripheral protein exclusively localised to the 

mitochondria. 

To examine the nature of the mitochondrial CDS activity, we assessed the 

activity after stripping the mitochondria of any peripheral proteins with different 

conditions. The activity was partly lost after stripping with high salt buffer, and 

greatly reduced after stripping with pH 11 (Figure 3.5B). The residual activity 

is, presumably, from CDS1 and CDS2 in the contaminating microsomes of the 

crude mitochondria (i.e. from the tightly associated microsomal membranes). 

Therefore, it was surmised that the CDS activity present in mitochondria, which 

had also been diminished via stripping of peripheral proteins, could be due an 

unrelated protein with CDS activity. 

The mitochondrial translocator assembly and maintenance protein 41kDa 

(Tam41 or mitochondrial matrix protein 37) was identified for is role in the 

maintenance of the activity and integrity of the protein import complexes TIM23 

and TIM23 [121, 122]. However, a study in S. cerevisiae demonstrated that 

Tam41, which is an inner mitochondrial membrane protein, functions as a 

CDP-DG synthase, and is required for CL synthesis [123, 124]. Furthermore, 

the structure of Tam41 from S. pombe has recently been elucidated by Jiao et 

al. [125], and shows that Tam41 is indeed a peripheral membrane protein, 

which associates to the inner mitochondrial membrane via its C-terminal 

region. 

The plausible explanation, and working hypothesis, as to why CDS activity of 

mitochondrial fractions decreased when membranes are subjected to stripping 

by pH 11 is that the mitochondrial CDS activity is not due to CDS1, but rather 

to the mammalian homologue of the yeast enzyme Tam41 (which will be 

referred to as TAMM41).  
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Figure 3.5. Striping of mitochondrial peripheral proteins removes the 

immunoreactivity from the CDS1 antibody and decreases CDS activity. 

Mitochondria purified from rat brain were incubated with high salt (1M NaCl) or 

with 0.2M sodium bicarbonate to remove peripheral proteins. [A] The residual 

mitochondrial membranes and supernatant were analysed by Western blot 

with CDS1 and COX IV antibody. [B] The membranes were analysed for CDS 

activity. Experiment done in triplicate and statistical analysis done using one-

way ANOVA. 
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To test this hypothesis, H9c2 cells were treated with TAMM41 siRNA. siRNA 

was first validated in its efficacy of reducing TAMM41 mRNA using RT-qPCR 

(Figure 3.6A). We also used an anti-TAMM41 antibody from ATLAS antibodies 

(HPA036834) after validating it. Crude mitochondria prepared from H9c2 cells 

were used for Western blot rather than cell lysates to enrich the antigen; a 

band of the appropriate size was observed. Furthermore, this band was 

reduced in the TAMM41 knockdown crude mitochondria (Figure 3.6B and C). 

H9c2 cells, which had undergone TAMM41 siRNA treatment or a negative 

control, were fractionated to separate mitochondria from microsomes and the 

fractions analysed for CDS activity. A significant reduction in activity was 

observed in the mitochondrial fraction prepared from cells treated with 

TAMM41 siRNA (Figure 3.6D). These data confirm that the activity observed 

in mitochondria is due to TAMM41. To assess whether knockdown of TAMM41 

resulted in changes in cardiolipin levels, H9c2 cells were grown in [14C]-acetate 

for 72 hours to label all lipids to near equilibrium. Whilst growing in the 

radiolabelled acetate, the cells were treated with either a negative control 

siRNA or the TAMM41 siRNA. Mitochondria were prepared from these control 

and knockdown cells and the lipids analysed by TLC. A significant decrease in 

cardiolipin was observed (Figure 3.6E). 

Finally, we examined whether the knockdown of TAMM41 had any impact on 

the function of the mitochondria. Due to the numerous roles which cardiolipin 

plays in the stability of the COX complexes [87], and other processes, we 

looked at the impact of TAMM41 knockdown on respiration (via oxidative 

phosphorylation (OXPHOS)). Figure 3.7A shows an example trace of 

respiration of control and knockdown cells, and Figure 3.7B shows the oxygen 

flow per million cells per second across three experiments. 

The four main aspects of respiration measured are the routine, the leak, the 

maximal electron transport system (mETS), and the non-mitochondrial oxygen 

consumption (nmt). The nmt is residual oxygen consumption: the background 

reading of oxidative side reactions remaining after inhibition of the electron 

transfer pathway. This value is subtracted from the other values during 

analysis. 
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Figure 3.6. Mitochondrial CDS activity is due to TAMM41. 

[A] Knockdown of TAMM1 mRNA by siRNA in H9c2 cells (n=3, unpaired two 

tailed t-test). [B] Western blot showing knockdown of TAMM41 protein in the 

crude mitochondrial fractions from TAMM41 knockdown cells. Loading control: 

Ponceau S stain of the blot. Crude mitochondria were prepared from H9c2 

cells treated with control or TAMM41 siRNA. Representative blot of two 

independent crude mitochondrial fractions. [C] Quantification of TAMM41 

protein in crude mitochondria (n=4, unpaired two-tailed t-test). [D] CDS activity 

after TAMM41 knockdown in H9c2 subcellular fractions. Results are from two 

independent experiments done in triplicate (n=6, two-way ANOVA with 

multiple comparisons). The average activity in control WCL from different 

experiments was in the range of 2-6pmol·(mg·min)-1. WCL, whole cell lysate; 

C.Mito, crude mitochondria; Micro, microsomes. [E] Cardiolipin levels in crude 

mitochondria prepared from control and TAMM41 siRNA-treated H9c2 cells. 

H9c2 cells were labelled to near equilibrium with [14C]-acetate for 72 hours and 

lipids extracted from crude mitochondrial fractions and analysed by TLC. 

Results are from three independent experiments done in duplicate or triplicate 

(n=8, unpaired two-tailed t-test).  
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The routine is the basal oxygen consumption of the cells. In these experiments, 

there was no statistical significance between the samples, but there was a 

downward trend when comparing the knockdown cells to the controls: 

TAMM41 knockdown cells had a lower basal consumption (57.8 ± 

5.1pmol·(s·Million cells)-1) compared to the negative control cells (69.3 ± 

6.4pmol·(s·Million cells)-1).  

The leak respiration is a non-phosphorylation resting state caused by the flux 

of protons driven by the protonmotive forces across the inner mitochondrial 

membrane, whilst bypassing ATPase. Leak is observed after inhibition of the 

ATPase with oligomycin (O in Figure 3.7A); knockdown of TAMM41 does not 

have an effect on the leak respiration of H9c2 cells. 

The addition of the FCCP (Carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone; F on Figure 3.7A) produces the mETS. This uncoupler, or 

protonophore, uncouples the respiratory complexes to allow maximal proton 

flux of the system. We found that the maximal flux capability of the cells did 

depend on the presence of TAMM41, as the knockdown mETS had 

significantly decreased from 212.6 ± 7.2 to 180.3 ± 9.8pmol·(s·Million cells)-1 

(p<0.01). 

Interestingly, knockdown of TAMM41 does not appear to affect the majority of 

the proteins responsible for respiration in the OXPHOS supercomplex. After 

knocking down TAMM41, lysates of the control and knockdown cells were run 

on Western blot. An OXPHOS antibody cocktail was used, which detects one 

subunit from each of the five complexes within the OXPHOS supercomplex. 

Only one of the subunits, NDUFB8 of complex I, appeared to be adversely 

affected by the reduction in TAMM41, all the others showed no significant 

change (Figure 3.7C and D). This implies that the reduction in the routine and 

mETS seen with the knockdown of TAMM41 is not due a reduction in the 

proteins making up the OXPHOS supercomplex, but rather due to the lack of 

stability of these protein complexes through the reduction of cardiolipin (Figure 

3.6E). The loss of stability, due to a lack of cardiolipin, will prevent the 

supercomplex performing as efficiently as it would under normal conditions, 

thus the impediment of routine and mETS.  
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Figure 3.7. Knockdown of TAMM41 reduces oxygen consumption but has 

minimal effect on OXPHOS proteins. 

[A] Example trace of oxygen consumption in control and TAMM41 knockdown 

H9c2 cells; arrows indicate addition of drugs and maximal ETS (electron 

transport system, mETS) shown by dotted line. nmt, non-mitochondrial; O, 

oligomycin; F, FCCP; A, antimycin A. [B] Quantitation of the Routine, Leak and 

mETS in control and TAMM41-knockdown cells. The results are averages from 

three independent experiments; two-way ANOVA with multiple comparisons. 

[C] OXPHOS cocktail immunoreactivity of whole cell lysates from transfected 

H9c2 cells. CI, Complex I subunit NDUFB8; CII, Complex II subunit SDHB; 

CIII, Complex III subunit UQCRC2; CIV, Complex IV subunit MTCO1; CV, 

Complex V subunit ATP5A. [D] Analysis of OXPHOS cocktail immunoreactivity 

after normalising intensity of the complex subunit bands to the experimental 

negative control. n=21 for CI from negative and TAMM41 siRNA, n=22 for all 

others. Two-way ANOVA was performed to find statistical significance. 
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Treatment of mitochondrial membranes with pH 11 buffer led to a substantial 

loss of CDS activity (Figure 3.5B). We therefore wanted to examine whether 

this activity could be recovered in the supernatant. To test this, rat brain 

mitochondria were incubated with CDS buffer or 0.2M sodium bicarbonate (pH 

11). The supernatants were recovered, concentrated, and examined for CDS 

activity alongside the mitochondrial pellets (Figure 3.8A). As expected, the 

mitochondria recovered after pH 11 treatment had lost a substantial amount of 

activity. From three independent experiments, the residual activity remaining 

was between 5 and 15%. A small amount of the activity was recovered in the 

control supernatant but none in the pH 11 supernatant (Figure 3.8A). (The 

supernatants were concentrated and buffer exchanged before analysis.) This 

result suggested that prior exposure to pH 11 irreversibly inactivates TAMM41 

activity. 

Since 1M salt treatment of mitochondria also showed some reduction in CDS 

activity (Figure 3.5B), we examined whether CDS activity could be recovered 

from the supernatant after treatment with 1M NaCl. Initially, we demonstrated 

though Western blot, using the TAMM41 antibody, that the TAMM41 enzyme 

could be removed from the mitochondria with either 1M NaCl or 0.2M sodium 

bicarbonate (Figure 3.8B). As expected, high salt treatment removed less 

protein than the use of pH 11, and TAMM41 was recovered in the pH 11 

supernatant (Figure 3.8B).  

Crude mitochondria were incubated with high salt or CDS buffer, and the 

supernatants and recovered pellets were examined for TAMM41 

immunoreactivity (Figure 3.8C). We noted that control supernatant contained 

some TAMM41 immunoreactivity, which increased substantially in the 

supernatant obtained after the salt treatment. The supernatants derived after 

treatment were concentrated and buffer exchanged to remove the high salt 

content. Measurement of activity in these two supernatants showed that the 

salt extract had greater activity compared to the control (Figure 3.8D). 
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Figure 3.8. TAMM41 protein is released from the mitochondria after 

treatment with high salt, and its activity is recovered in the supernatant. 

[A] Liver mitochondria were incubated with CDS buffer (50mM Tris-HCl (pH 

8.0), 50mM KCl, 0.2mM EGTA) or with 0.2M sodium bicarbonate (pH 11). The 

supernatants were recovered, concentrated and buffer exchanged. CDS 

activity was monitored in the pellets and the supernatants. [B] Western blot of 

crude mitochondria treated with 1M NaCl and pH 11 buffer and pH 11 

supernatant. Ponceau S stain used as a loading control. [C] Liver mitochondria 

were incubated with control buffer or control buffer supplemented with 1M 

sodium chloride for 1 hour. The mitochondrial pellets and the respective 

supernatants were run on Western blott with TAMM41 antibody. P., pellet; SN, 

supernatant. [D] The supernatant from C was concentrated, buffer exchanged 

and CDS activity was assessed. Data from two experiments performed in 

triplicate.  
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3.2.3 CDS1 and CDS2 make a minor contribution to crude 

mitochondrial CDS activity 

In H9c2 cells, in which TAMM41 was knocked down using siRNA, a substantial 

fraction of the CDS activity was still present in mitochondria (Figure 3.6D); this 

could be accounted for by the incomplete knockdown of TAMM41 (Figure 

3.6A-C). However, some CDS activity is retained after stripping the 

membranes with pH 11. This must be due to the contributions of CDS1 and 

CDS2. To examine the extent of this contribution, we knocked down CDS1 and 

CDS2 with siRNA (Figure 3.9A and C). The H9c2 cells from control and siRNA 

cells were fractionated and CDS activity monitored (Figure 3.9B and D). We 

observed a slight decrease in mitochondrial CDS activity in both CDS1 and 

CDS2 knockdown cells. Since crude mitochondria was used, we also 

monitored the presence of ER membranes in these fractions. As expected, the 

crude mitochondria contained significant amounts of ER membranes (Figure 

3.9E). 
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Figure 3.9. Crude mitochondria contain residual CDS1 and CDS2 activity 

that can be accounted for by ER associated membranes. 

[A, C] Knockdown of [A] CDS1 mRNA and [C] CDS2 mRNA by siRNA in H9c2 

cells. [B, D] CDS activity after [B] CDS1 knockdown and [D] CDS2 knockdown 

in H9c2 subcellular fractions. Results from three independent experiments in 

triplicate were combined. In each experiment, the control sample was set to 1 

and the knockdown samples are a proportion of the control. Two-way ANOVA 

with multiple comparisons was performed. [E] Subcellular fractions (WCL, 

crude mitochondria and microsomes) analysed by Western blot for calnexin 

(ER marker) and COX IV (mitochondrial marker). A representative blot is 

shown from four separate fractionations. Loading control: Ponceau S stain.  
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3.2.4 Attempt to identify the p55 mitochondrial protein 

Whilst the source of the mitochondrial CDS activity had been revealed to be 

TAMM41, there was still one mystery surrounding the results. This was the 

identity of the p55 band. This was interesting due to the protein being 

upregulated when CDS1 (but not CDS2) was over-expressed in COS-7 cells 

(see Figure 3.2 and Figure 3.4A). Moreover, this protein is present at low levels 

in H9c2 cells, and is localised to the mitochondria. It was also shown to be 

induced upon differentiation of H9c2 cells towards both skeletal and 

cardiomyocytes like cells (see Figure 3.1A). 

To attempt to identify the p55 band, we started by purifying it from rat brain 

mitochondria. 50mg of crude mitochondria was mixed with 0.2M sodium 

bicarbonate and incubated for 90 mins at 4°C. The p55 protein is peripheral, 

so can be stripped from the mitochondrial membranes (see Figure 3.4A and 

B). This step will have begun to purify the p55 protein as the relinquished 

proteins will be a fraction of the total proteins in the crude mitochondria. 

The supernatant was then collected by centrifugation and was concentrated to 

a much smaller volume (from 12.5mL to approximately 200μL) using Microcon 

protein concentration tubes. When the volume was small enough, the sample 

was injected into a size exclusion column (AKTA) and fractionated by means 

of molecular weight. The fractions were taken for analysis by Western blot. Of 

these samples, fractions 15-22 showed immunoreactivity when using the 

commercial CDS1 antibody (which was not detecting CDS1, but rather the p55 

protein). Fractions 17-21 were then pooled and this pooled fraction was again 

concentrated from 2.5mL to 150μL. The size exclusion step was then repeated 

and the fractions reprobed with the commercial CDS1 antibody on Western 

blot (Figure 3.10A). From the second fractionation, fractions 18-20 were most 

abundant with the p55 protein. Following this, the same samples were run on 

SDS-PAGE, and the gel stained with silver (Figure 3.10B). It was then possible 

to detect which protein on the silver stained gel was the p55 band. (Silver 

staining is very sensitive and can detect proteins in the 5-10ng range; however, 

it renders the protein unusable for mass spectroscopy.) This was important for 

the next step, which was to run another gel and stain it using Coomassie stain 
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Figure 3.10. Fractions of peripheral proteins from adult rat brain crude 

mitochondria after two fractionations through size exclusion 

chromatography. 

[A] Fractions 15-22 from second round of size exclusion chromatography run 

on Western blot using the CDS1 antibody. [B] Silver stained gel of the same 

fractions (14-22). 
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(Coomassie is much less sensitive than silver staining, and thus harder to 

decipher which band is which). Using the silver stained gel as a guide, it was 

possible to cut out the Coomassie stained proteins under sterile conditions for 

analysis by mass spectroscopy. 

Mass spectroscopy was carried out by Prof. Justin Hsuan at the Royal Free 

Hospital, London. The results where then compiled into a heat map (Figure 

3.11; full results shown in Appendix I). The sample was run alongside a 

negative control (which had been cut out of the gel at the same time) and three 

blank samples. This made it possible to easily detect any contamination within 

the samples and results. Of the results, there were two main contenders, 

ALDH2 and TXNRD2. ALDH2 is aldehyde dehydrogenase 2: a mitochondrial 

protein of 56.4kDa that oxidises aldehydes to generate carboxylic acids. 

TXNRD2 is thioredoxin reductase 2. This is also a mitochondrial protein, and 

is 56.5kDa of size. TXNRD2 is involved in the control of reactive oxygen 

species levels and the regulation of mitochondrial redox homeostasis. Both 

proteins were candidates due to their mitochondrial localisation and their size. 

To test if these two candidate proteins were detected by the CDS1 antibody, 

we needed to obtain plasmids and antibodies. We only managed to acquire 

the plasmid for TXNRD2 and an antibody raised against it (and we thank M 

Conrad for supplying these materials). TXNRD2 was expressed in COS-7 cells 

and lysates prepared as a positive control for the antibody. The TXNRD2 and 

CDS1 antibodies were used on the fractions from size exclusion 

chromatography for one Western blot, and COS-7 lysates (control and over-

expressed TXNRD2), crude mitochondria and fraction 19 for the other blots 

(Figure 3.12). The TXNRD2 antibody did detect a band at the right size from 

the range of fractions; however, the peak was in the wrong fraction (fraction 

17 rather than fraction 19). Furthermore, the CDS1 antibody did detect a band 

in the COS-7 lysates, but in both the negative control and the TXNRD2 sample, 

at the same intensity. Furthermore, the TXNRD2 antibody, whilst detecting 

TXNRD2 in the positive control, did not detect any protein in fraction 19 (which 

is most abundant in the unidentified protein). Ergo, the p55 band is not 

TXNRD2, and its identity remains unknown. 
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Figure 3.11. Heat map of mass spectroscopy results. 

The first column is the p55 sample; the second column is the control sample 

for comparison. There were three blanks also tested at the same time (Blank 

1-3) to detect contamination in the samples and machine. The top results for 

the p55 sample were ALDH2 and TXNRD2. All hits from the blank controls 

were contaminants from the mass spectroscopy machine; hits from the 

negative control were contaminants from the SDS-PAGE gel and experiment. 

The connecting lines of the proteins in the heat map describe the results of an 

unsupervised, hierarchical clustering analysis conducted in Perseus software, 

i.e. the similarity of samples to others.  
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Figure 3.12. The p55 band is not TXNRD2.  

[A] The TXNRD2 antibody was used on the same samples as in Figure 3.10A 

and adult rat brain crude mitochondria. [B] TXNRD2 was over-expressed in 

COS-7 cells and the lysate harvested. It was run on Western blot alongside 

COS-7 lysates, adult rat brain crude mitochondria and fraction 19. The CDS1 

antibody detects the p55 band from the fraction, and two bands from the COS-

7 lysates at a different molecular weight. The TXNRD2 antibody was used on 

the same samples, however, there was only one protein detected and that was 

in the TXNRD2 over-expressed lysates. ARB, Adult rat brain; OE, over-

expressed; C.Mito, crude mitochondria. 
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 Discussion 

3.3.1 TAMM41 accounts for the mitochondrial CDS activity 

The principal finding from this set of experiments is the identification of the 

mitochondrial CDS activity. The CDS activity is due to TAMM41 and not to 

CDS1. Previous studies had left open the question that, even though the 

expression of the two CDS proteins are usually found to be localised to the ER 

[30, 41], CDS activity had also been found associated with the mitochondria: 

what was the source of mitochondrial CDS activity? 

Fractionation of mitochondria from rat heart and from H9c2 cells indicated that 

purified mitochondria are highly enriched in CDS activity. Although using a 

commercial antibody suggested that this was due to CDS1, we provide 

compelling evidence that this activity is not due to CDS1, but due to an inner 

mitochondrial membrane peripheral protein, TAMM41. 

A recent study identified a new enzyme in yeast, Tam41, which has CDS 

activity. Tam41 is a protein localised to the inner mitochondrial membrane, and 

is peripherally bound. It is here where it is utilised in the synthesis of cardiolipin 

[123]. Remarkably, the yeast Cds1 and the newly discovered Tam41 have very 

different evolutionary origins, and although both possess CDS activity they are 

not at all related by sequence [123]. 

A mammalian homologue of Tam41, TAMM41 (alias C3orf31) is a protein-

coding gene present in the NCBI database and in the human MitoCarta2 

database. The protein comprises of 337 amino acid residues with a calculated 

molecular weight of 35kDa and possesses a mitochondrial targeting sequence. 

When H9c2 cells were treated with TAMM41 siRNA, we found not only a 

decrease in mitochondrial CDS activity (Figure 3.6D), but also a reduction in 

cardiolipin levels (Figure 3.6E). Cardiolipin is an essential lipid for the activity 

of a number of key mitochondrial enzymes involved in cellular energy 

metabolism. Consequently, a modest decrease in basal oxygen consumption 

as well as in the maximal capacity of the electron transport chain was observed 

(Figure 3.7A and B). Furthermore, we have also shown that this alteration in 



 

112 
 

oxygen consumption is due to the lack of cardiolipin rather than any 

modification to the expression of key components in the electron transport 

chain complexes (Figure 3.7C and D). 

We do note that CDS activity is only partially reduced in TAMM41 knockdown 

mitochondria. This reduction is probably due to incomplete knockdown of 

TAMM41. Alternatively, CDS1 or CDS2 could contribute to mitochondrial 

activity. However, our data excludes this possibility; the main evidence comes 

from the observation that only 5–15% of CDS activity remains in mitochondria 

after TAMM41 is irreversibly inactivated by pH 11 exposure (Figure 3.8).  

To identify whether the residual activity is due to CDS1 or CDS2, both CDS 

enzymes were knocked-down using siRNA. Knockdown of CDS2, but not 

CDS1, lead to a small decrease in crude mitochondrial CDS activity (Figure 

3.9B and D). However, the crude mitochondria were found to be associated 

with ER (Figure 3.9E), and therefore the CDS2 activity is likely derived from 

that compartment. We conclude that the CDS activity in mitochondria is 

exclusively due to TAMM41 and the ER membranes associated with 

mitochondria are responsible for the residual CDS activity. 
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3.3.2 The CDS1 antibody recognises a cross-reactive p55 protein 

During these experiments, a commercial antibody was used to examine the 

presence of the CDS1 protein, an antibody which had previously been used in 

two other studies [119, 120]. In these publications, as well as our study, this 

monoclonal antibody recognised a p55 protein. As is clear in a previous study 

by Gomez Espinosa, the antibody only recognises a single band on the 

Western blot when rat heart was analysed [111]. Due to the unexpected 

findings of these blots, that CDS1 was a mitochondrial protein, we felt it 

necessary to properly characterise the antibody. Nowadays, it appears to be 

normal practise that commercial antibodies are taken at face value when they 

are used, and the findings reported without any further authentication. During 

our validation of the antibody, we found that the antibody did recognise over-

expressed CDS1 whilst not detecting CDS2 (Figure 3.2); however, the 

antibody only detects the cross-reactive p55 mitochondrial protein in tissue 

samples, and in tissue cultured cells when no CDS1 is over-expressed. 

Furthermore, when CDS1 is over-expressed in COS-7 cells, the antibody also 

detects an inducible p55 protein (Figure 3.2 and Figure 3.4A). 

In H9c2 cells, the p55 protein is present at low levels and is upregulated 

following differentiation towards either skeletal muscle or cardiomyocyte-like 

cells (Figure 3.1A). These data suggest that CDS1 over-expression regulates 

mitochondrial dynamics by upregulating a mitochondrial protein. However, our 

attempts to identify this cross-reactive mitochondrial protein was not 

successful. We partially purified the protein from mitochondria using SDS-

PAGE, and the p55 protein band was analysed by mass spectroscopy. Two 

promising hits were obtained, including thioredoxin reductase 2 (TXNRD2) and 

ALDH2. Of these two hits TXNRD2 was ruled out. We were unable to test for 

ALDH2 as validated antibodies and expression plasmids were not available, 

hence, we were unable to confirm the identity of the p55 protein.  

The identification of the mysterious p55 band would be interesting for a couple 

of reasons. The first being that upon differentiation of H9c2 cells we observed 

a dramatic increase in the protein’s expression (Figure 3.1A). Secondly, we 
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speculate that, in the two other studies in which this antibody was used to 

identify CDS1, that what was actually being detected is the p55 protein. 

In one of these studies, a panel of non-small cell lung carcinoma (NSCLC) cell 

lines were examined for genes which were up-regulated by the transcription 

factor, ZEB1. CDS1 mRNA was found to be lower in cells that had high levels 

of ZEB1 mRNA and vice versa. These results were validated by showing that 

over-expression of ZEB1 in H358 cells caused a considerable decrease in 

CDS1 mRNA, whilst siRNA for ZEB1 (and ZEB2) led to a considerable 

increase in CDS1 mRNA. In addition to monitoring mRNA, they used the same 

commercial monoclonal CDS1 antibody used here to confirm their data. They 

showed that the antibody recognised a p55 protein; we would suggest that the 

immunoreactive band is unlikely to be CDS1 but the mitochondrial protein 

identified here [119]. Consequently, it appears that ZEB1 not only 

downregulates CDS1 (shown through mRNA data), but also downregulates a 

mitochondrial protein (shown by the Western blot).  

The ZEB family of zinc finger transcription factors are an essential component 

during normal embryonic development. One characteristic of the ZEB family is 

that they induce epithelial to mesenchymal transition (EMT). This is a process 

which reorganises epithelial cells to become migratory mesenchymal cells. 

The relevance of ZEB1 and mitochondria might be an interesting topic for 

exploration for the following reason. The ZEB1 study shows a relationship 

between CDS1 mRNA and the p55 band; a decrease in CDS1 mRNA 

correlated with the decrease in the p55 band. From our data we observe the 

converse: over-expression of CDS1 increased the expression of the p55 

protein (Figure 3.2 and Figure 3.4A). Therefore, it appears that there is a strong 

link between CDS1 and the p55 mitochondrial protein. 
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3.3.3 Criteria for antibody characterisation 

As the most common tools used in the biosciences are now commercial 

antibodies, it is important that they are adequately validated prior to use and 

reports of findings. Without validation, the studies in which uncharacterised 

antibodies are used may very well be compromised, and this precise issue of 

use of uncharacterised antibodies in the scientific literature has been 

highlighted upon various times now [126-128]. Here, we have provided another 

example of a previously-used commercial antibody that predominantly 

recognises a cross-reactive protein rather than the target protein. 

Due to these complications, we suggest the following minimum criteria that 

should be applied routinely for validation of new antibodies, and these criteria 

should be applied for every new technique that the antibody is used for. Thus, 

an antibody validated for Western blot should be independently validated if 

used for immunofluorescence.  

Our three criteria for Western blot are:  

1. The antibody should recognise over-expressed protein or recombinant 

protein. 

2. The antibody should recognise the protein of the expected size. 

3. Knockout of the protein by siRNA or CRISPR/Cas9 to demonstrate loss 

of signal. 

It is only with meeting these criteria can one be sure that the antibody they are 

using is detecting the desired protein and not a cross-reacting protein. 
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Chapter 4 Sustained phospholipase C stimulation of H9c2 

cardiomyoblasts by vasopressin induces an increase in 

CDS1 through protein kinase C and cFos 

 Introduction  

Several agonists including angiotensin II, norepinephrine and vasopressin 

acting on Gq-protein coupled receptors induce hypertrophy in cardiomyocytes 

[72, 108, 109, 129, 130]. Gq-proteins activate phospholipase C (PLC), which 

generates the second messengers IP3 (which is soluble), and the membrane-

bound DG, through the hydrolysis of PIP2. IP3 mobilises Ca2+ from intracellular 

stores of the ER, whilst DG (in the presence of Ca2+) activates protein kinase 

C (PKC). In addition to the formation of these second messengers, PLC activity 

reduces the amount of PIP2 levels of the membrane; PIP2 regulates many 

cellular functions such as the actin cytoskeleton, endocytosis, and ion 

channels. Besides Gq-protein dependent PLC signalling, some receptors 

including the vasopressin V1A receptor can also signal via G-protein 

independent, G-protein coupled receptor kinase (GRK)-dependent 

mechanisms [110, 129]. Ligand binding results in GRK-mediated 

phosphorylation of the C-terminal of the GPCR. β-arrestin can bind to the 

phosphorylated C-terminal to act as a scaffold to additional signalling 

pathways. PLC activation is also accompanied by the resynthesis of PIP2 via 

the formation of PI and subsequent phosphorylations by various kinases (see 

Figure 4.1) [55]. The rate-limiting step in the synthesis of PIP2 are the CDS 

enzymes, which catalyse the conversion of PA and CTP to CDP-DG. 

Neonatal cardiomyocytes and H9c2 rat myoblasts are the model of choice for 

many studies when looking at the impact of vasopressin signalling as each 

express high levels of the vasopressin 1 receptor (V1R) [109, 129, 130]. The 

continuous presence of vasopressin is required for a hypertrophic response to 

manifest; this period is usually 16-24 hours. This chronic stimulation with 

vasopressin promotes protein synthesis without increasing cell number [109]. 

Cardiomyocyte cell lines such as H9c2 are established models for studying 

hypertrophy and show similar hypertrophic responses to primary neonatal 
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cardiomyocytes in vitro [108]. H9c2 cells are derived from embryonic rat 

ventricular myocytes and can be differentiated towards a more mature form by 

incubation the cells with all-trans-retinoic acid in the absence of serum [82, 

105, 111]. Differentiation promotes an increase in mitochondrial mass but the 

hypertrophic response is observed in both the undifferentiated and 

differentiated H9c2 cells [109, 131]. 

Here, we have examined how the cells maintain their PI levels during 

continuous stimulation of PLC when exposed to arginine-vasopressin (VP) for 

extensive periods of time. We first show that H9c2 cells show a hypertrophic 

response when exposed to vasopressin for 24 hours and demonstrate that this 

is accompanied by continuous stimulation of PLC activity. PI levels decrease 

and the cells compensate by increasing CDS1 mRNA specifically. We identify 

protein kinase C and cFos to be responsible for the increase in CDS1 mRNA. 
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Figure 4.1. Activation of PIP2 cycle by vasopressin. 

Stimulation of phospholipase C by vasopressin (VP) acting on its G-protein-

coupled vasopressin 1A receptor (V1R) results in the hydrolysis of PIP2 and 

formation of the second messengers, IP3 and DG. DG is phosphorylated to PA 

at the plasma membrane by DG kinase (DGK) and transferred to the ER. At 

the ER, PA and CTP are enzymatically converted to CDP-DG by CDS 

enzymes (CDS1 and CDS2). CDP-DG is synthesised into PI and this is 

catalysed by the enzyme PI synthase (PIS). PI is transferred to the plasma 

membrane for phosphorylation to PI(4,5)P2 by the resident enzymes, PI4KIIIα 

and PI4P5K. Transfer of PI and PA transfer is carried out by members of the 

PITP family. Li+ blocks the activity of inositol monophosphatase thus allowing 

the accumulation of IPs. PI, phosphatidylinositol; PITPs, PI transfer proteins; 

PI4P, PI-4-phosphate; PLC, phospholipase C; DG, diacylglycerol; PA, 

phosphatidic acid; IP, inositol phosphate, CDS, CDP-DG synthase; PIS, PI 

synthase; VP, vasopressin. 
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 Results 

4.2.1 Hypertrophic response of H9c2 cells to vasopressin 

Initially, we confirmed that chronic stimulation of H9c2 cells with vasopressin 

causes hypertrophy. Cells were placed in media absent of FCS overnight to 

render them quiescent, and vasopressin was added the following morning for 

24 hours. Following the incubation period, a characteristic hypertrophic 

response was observed in the morphology of the vasopressin-stimulated cells 

(Figure 4.2A). This was apparent from the increase in cell size and the increase 

in protein synthesis. Cellular enlargement was quantified by measuring the 

longest part of the cell, tip-to-tip (Figure 4.2B). Additionally, the number of cells 

in the culture dishes did not appear to change, however the mass of protein 

recovery had increased by approximately 23% (average of thirteen 

experiments) indicating an increase in cell size. 

 

  



 

120 
 

 

Figure 4.2. Vasopressin causes a hypertrophic response in H9c2 cells. 

[A] H9c2 cells were cultured in DMEM without FCS overnight prior to the 

addition of vasopressin (1μM) to the cells for 24 hours. The cells were fixed 

with 4% PFA and stained with rhodamine phalloidin (F-actin), DAPI (nucleus), 

and GRP75 (mitochondrial marker). Typical length of a [1] control cell (85.3μm) 

and [2] vasopressin stimulated cell (211μm). [1] and [2] at 40x magnification; 

[3] and [4] at 10x magnification. Scale bar in [1] and [2] is 20μm; and 100μm 

in [3] and [4]. [B] The average cell length was measured and was found to 

increase from 91μm to 135μm. Unpaired two-tailed t-test P<0.0001. Control, 

n=140; VP, n=172.  
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4.2.2 Acute addition of vasopressin stimulates the PIP2 cycle 

Firstly, we examined the signalling pathway activated by the acute addition of 

vasopressin. A robust PLC response was recorded from just a 20 min 

stimulation, and monitored by measuring the accumulation of [3H]-myo-inositol 

phosphates in lithium chloride-treated cells (Figure 4.3A); Li+ inhibits the 

enzyme inositol monophosphatase (see Figure 4.1). For this to be achieved, 

cells were labelled with [3H]-myo-inositol for 48 hours prior to stimulation to 

allow for maximal incorporation of tritiated myo-inositol. The main substrate for 

PLC is PI(4,5)P2, however, it is rapidly regenerated by the sequential 

phosphorylation of PI (see Figure 4.1). PI is the main phosphoinositide of the 

total pool of phosphoinositides within the cell, and thus the amount of labelled 

IPs formed during stimulation usually exceeds the amount of labelled PIP2 

present at the start of the experiment [116]. Stimulation with vasopressin for 

20 mins led to a reduction in the three main phosphoinositides (PI, PIP, and 

PIP2; Figure 4.3B). PI levels had decreased by roughly 20% (Figure 4.3B and 

C). Importantly, the compensatory resynthesis of PI was also observed (Figure 

4.3D); this was monitored by incubating H9c2 cells with arginine-vasopressin 

in the presence of [3H]-myo-inositol for one hour. A robust increase in PI 

labelling reflecting enhanced synthesis was observed (Figure 4.3D). 

The effects of vasopressin stimulation on AKT and MAP kinase 

phosphorylation was also monitored. The addition of vasopressin for 20 mins 

caused a substantial reduction in AKT phosphorylation, but no effects were 

observed on the phosphorylation of MAP kinase (Figure 4.3E). 

  



 

122 
 

 

Figure 4.3. Acute addition of VP stimulated the PIP2 cycle in H9c2 cells. 

[A] H9c2 cells were labelled with [3H]-myo-inositol for 48 hours in M199 

medium supplemented with 1% dialysed FCS. 1μM VP was added for 20 mins 

and the labelled IPs were monitored as an index of PLC activity. The IPs 

formed are expressed as a percentage of the total labelled inositol lipids. The 

results are from three independent experiments carried out in triplicate. [B] 

[3H]-myo-inositol labelled cells (as in [A]) were stimulated with VP, and the 

lipids extracted and separated by TLC. VP causes a reduction in PPI levels, 

including PI, after 20 mins of activation. The position of the different PPIs are 

indicated next to the TLC. [C] The decrease in PI was quantified from the three 

independent experiments carried out in triplicate. [D] VP stimulates the 

resynthesis of PI. H9c2 cells were pre-incubated with [3H]-myo-inositol for 30 

mins. Afterwards, either a control buffer or VP (1μM) was added for 60 mins. 

Following this, the cell lipids were extracted for analysis of the incorporation of 

[3H]-myo-inositol into PI. The results are from seven independent experiments 

repeated in triplicate. [E] Effect of VP on phospho-AKT (Ser473) and phospho-

MAPK in H9c2 cells. VP causes a decrease in phospho-AKT, and has no effect 

on phospho-MAPK. Total AKT and PITPα were used as loading controls.  
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4.2.3 Sustained PLC activation of H9c2 cells with vasopressin 

PLC plays an important role in the signal transduction mechanisms of cardiac 

hypertrophy. For this response, cardiomyocytes or H9c2 cells need to be 

exposed to vasopressin for a prolonged period of time, e.g. 16-24 hours 

(Figure 4.2). Although vasopressin stimulates PLC when acutely added 

(Figure 4.3), it was unknown whether this activity is sustained during the 

course of chronic stimulation. We first examined PLC activation after a 24 hour 

incubation period with vasopressin by monitoring the accumulation of [3H]-IPs 

in the presence of Li+. An increase in IPs was observed that was entirely 

dependent on the presence of Li+ (Figure 4.4A; light grey vs grey). In order to 

examine whether PLC activity remains continuously active over a 24 hour 

period, we stimulated the cells with vasopressin for 23 hours and 40 mins in 

the absence of Li+, conditions under which no IPs would accumulate. Li+ was 

then added for the final 20 mins (Figure 4.4A, dark grey bars). A robust 

increase in [3H]-IPs was observed. This result confirms that PLC remains 

continuously active even after 24 hours of vasopressin treatment. 

Simultaneously, the impact of PLC activity on the levels of phosphoinositides 

was monitored. Sustained stimulation over 24 hours led to a large drop in PI 

levels (Figure 4.4B), and a drop in PIP and PIP2 was also evident. In principle, 

the presence of Li+ might affect the availability of inositol for the resynthesis 

pathway, and therefore influence the resynthesis of PI. To examine this, we 

also monitored the decrease in PI levels after chronic vasopressin stimulation 

in the absence of Li+. The reduction in PI levels upon vasopressin stimulation 

after 24 hours was slightly less than that observed in the presence of Li+ 

(Figure 4.4C). 
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Figure 4.4. Sustained 24 hour stimulation with VP maintains continuous 

PLC activity which is accompanied by a reduction in PI levels. 

[A] PLC activity is maintained over a 24 hour period. [3H]-myo-inositol labelled 

cells were stimulated with VP for 24 hours in the presence of Li+ (light grey 

bars; n=9), stimulated with VP in the absence of Li+ (grey bars; n=6), or 

stimulated with VP for 24 hours with Li+ added 20 mins prior to the end of the 

incubation period (dark grey bars; n=9). [B] [3H]-myo-inositol labelled cells 

were stimulated with VP plus Li+ for 24 hours and the lipids extracted and 

separated by TLC. VP causes a strong reduction in phosphoinositide levels, 

particularly PI after 24 hours. [C] Quantification of the decrease in PI levels 

after treatment with VP for 24 hours in the presence (n=9) or absence (n=18) 

of LiCl; the presence of Li+ has only a small impact on the decrease of PI levels. 

Analysis of data done by one-way ANOVA with multiple comparison.  
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4.2.4 Vasopressin stimulates an increase in CDS1 mRNA  

The rate-limiting enzyme for PI resynthesis is the production of CDP-DG by 

the CDS enzymes (see Figure 4.1). To examine whether sustained stimulation 

affects the expression of the CDS enzymes, we monitored mRNA levels of the 

three enzymes with CDS activity. CDS1 and CDS2 are related enzymes 

expressed at the ER whilst the unrelated enzyme TAMM41 is present in the 

mitochondria (see Chapter 3; Figure 4.5A). Vasopressin incubation for 24 

hours stimulates an increase selectively for CDS1, with no change for CDS2 

or TAMM41 (Figure 4.5B). The increase in CDS1 mRNA ranged from 6-20 

fold, and this increase plateaued at about the 16-24 hour mark (Figure 4.5C). 

As no validated antibodies to CDS1 are available, we monitored the CDS 

activity in the membranes after stripping the peripheral proteins away using 

0.2M sodium bicarbonate buffer. This removes TAMM41 from contributing to 

CDS activity. An increase in CDS activity was observed in membranes 

prepared from vasopressin-stimulated cells indicating that the increase in 

mRNA is likely accompanied by an increase in protein levels (Figure 4.5D). 

Furthermore, we examined whether vasopressin treatment affected any other 

components of the PIP2 resynthesis pathway, specifically PIS and PITPNM1. 

Vasopressin had no effect on either PIS or PITPNM1 mRNA [111]. The lack of 

effect on the expression of PIS is probably due to PIS not being a rate-limiting 

step of the cycle and has the capacity to greatly out-perform CDS in its catalytic 

capabilities (i.e. no more protein is needed to keep up with the increase in PI 

production). However, the lack of increase in the expression of PITPNM1 is 

interesting. PITPNM1 has been shown to be crucial in prolonged PLC 

signalling; depletion of PITPNM1 negatively affects PIP2 at the plasma 

membrane and PIP3 dependent signalling from growth factors [132]. 

Furthermore, PITPNM1 recruitment was found to be necessary for the 

maintenance of PIP2 levels during Gq-coupled signalling [133, 134].  
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Figure 4.5. VP stimulates an increase in CDS1 mRNA and CDS activity in 

membranes. 

[A] CDS enzymes present in the mammalian genome. CDS1 and CDS2 are 

dimeric integral membrane proteins whilst TAMM41 is a peripheral inner 

mitochondrial protein. CDS proteins have three domains, the N-terminal 

domain (blue), the dimerisation interface (green) and a highly conserved C-

terminal domain (red). [B] VP specifically increases CDS1 mRNA in H9c2 

cells. H9c2 cells were stimulated for 24 hours with VP. The cells were lysed 

and the mRNA for CDS1, CDS2 and TAMM41 monitored by RT-qPCR. 

Results shown from three independent experiments. One-way ANOVA  using 

Sidak’s multiple comparison test. P<0.0001. CDS1, n=12; CDS2, n=8; 

TAMM41, n=8. [C] Time-course of CDS1 mRNA stimulated with VP. Four 

independent experiments done in triplicate. [D] VP stimulates an increase in 

CDS activity in total membranes. H9c2 cells were stimulated with VP for 24 

hours. The cells were sonicated and the resulting membranes incubated with 

0.2M Na2CO3 buffer (pH 11) to remove the peripheral protein, TAMM41. The 

membranes were recovered after centrifugation and assayed for CDS activity. 

Unpaired two-tailed t-test P<0.0001. Control, n=11; VP, n=12.  
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4.2.5 The increase in CDS1 mRNA is dependent on protein kinase C 

Vasopressin stimulation causes an increase in cytosolic Ca2+ and in PKC 

activity. To examine whether the increase in CDS1 mRNA was dependent on 

PKC activity, we used PMA (phorbol 12-myristate 13-acetate) to directly 

activate PKC. PMA stimulates an increase in CDS1 mRNA similarly to 

vasopressin (Figure 4.6A). To confirm that PKC was responsible when 

vasopressin was used as a stimulus, the PKC inhibitor bisindolylmaleimide I 

(BIM-I) was applied to the system. As shown in Figure 4.6A, the increase in 

CDS1 mRNA by vasopressin was inhibited by the PKC inhibitor, BIM-I. In 

contrast, thapsigargin treatment, which can also increase cytosolic Ca2+ was 

without effect on CDS1 mRNA levels. 

 

4.2.6 Vasopressin causes an increase in cFos 

The protein cFos is a member of the AP-1 family of inducible transcription 

factors whose expression is tightly regulated. It has been previously shown 

that PKC is involved in PLC-mediated-increases in cFos gene expression in 

adult cardiomyocytes [135, 136]. We therefore examined whether vasopressin 

stimulates an increase in cFos in H9c2 cells, and whether this might be 

responsible for the increase in CDS1 mRNA. We found that vasopressin did 

stimulate a robust increase in cFos (Figure 4.6B); and that this increase in 

cFos is dependent on PKC as the PKC inhibitor BIM-I, inhibits its effects 

(Figure 4.6B). 

To examine whether cFos is responsible for the increase in vasopressin 

stimulated CDS1 mRNA we took advantage of the AP-1 inhibitor T-5224 

(Cayman chemical, 22904) [137, 138]. AP-1 contains members of the Fos and 

Jun families, which form either Jun-Jun homodimers or Fos-Jun heterodimers, 

which then bind to the consensus DNA sequence 5’-TGAGTCA-3’. This is 

known as the AP-1 binding site. T-5224 inhibits the activity of the cFos-cJun 

AP-1 heterodimer [139, 140].  We found that the stimulated increase in CDS1 

mRNA by vasopressin was inhibited by T-5224 (Figure 4.6C), confirming that 

CDS1 mRNA is regulated by PKC-cFos pathway.  
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Figure 4.6. Activation of protein kinase C followed by a rise in cFos is 

required for the increase in CDS1 mRNA by vasopressin. 

[A] H9c2 cells were stimulated with vasopressin (1μM), PMA (100nM) or 

thapsigargin (Tg, 0.5μM) for 24 hours. BIM-I (5μM), a protein kinase C inhibitor, 

was added together with vasopressin. CDS1 mRNA levels were monitored by 

RT-qPCR. [B] Vasopressin stimulates an increase in cFos, which is dependent 

on protein kinase C. GAPDH was used as a loading control. cFos antibody, 

1:500; GAPDH antibody 1:2500. [C] Vasopressin stimulated increase in CDS1 

mRNA is inhibited by the AP-1 inhibitor T-5224 (10μM). 
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4.2.7 A decrease in phosphatidylinositol levels in vasopressin-

stimulated H9c2 cells does not cause ER stress 

In zebrafish larvae, lack of de novo PI synthesis due to a mutation on PIS led 

to ER stress specifically in intestinal epithelial cells [141, 142]. These cells 

showed disruption of cellular architecture, mitochondrial defects and increase 

autophagy and cell death. Such disruption was also noted in the H9c2 cells 

knocked down for CDS1 and CDS2 (see Chapter 5). These observations imply 

that loss of PI can cause ER stress. To examine whether the decrease in PI 

levels that occur with vasopressin causes ER stress, we monitored CHOP 

(C/EBP homology protein), a transcription factor expressed during ER stress 

[143]. Vasopressin failed to induce ER stress unlike thapsigargin, which was 

found to increase CHOP protein levels. However, it was noted that the increase 

in CHOP by thapsigargin was enhanced when the cells had also been treated 

with vasopressin (Figure 4.7). 

 

 

Figure 4.7. Chronic VP stimulation does not cause ER stress, but does 

enhance the thapsigargin stress response. 

Treatment of H9c2 cells with vasopressin for 24 hours does not cause a stress 

response, but enhances the thapsigargin-stimulated stress response. H9c2 

cells were stimulated with or without vasopressin (1μM) in the absence or 

presence of thapsigargin (0.1, 0.5, 1μM) for 24 hours. The samples were 

processed for Western blot. CHOP antibody, 1:1000; GAPDH antibody 

(1:2500) was used as a loading control. Representative blot from three 

independent experiments.  
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 Discussion 

4.3.1 Vasopressin increases CDS1 mRNA via PKC and cFos 

The capabilities of cardiac myocytes to respond to physiological and 

pathological stimuli by increasing their size makes the mammalian heart a very 

dynamic organ. The Gαq-phosphoinositide signalling system is very important 

in the development of pathological hypertrophy, and there are multiple lines of 

evidence in support of its significance [77, 144]. The usual Gαq-protein coupled 

receptor agonists such as angiotensin II, vasopressin, endothelin-1, and 

phenylephrine activate PLC-mediated hydrolysis of PI(4,5)P2, which leads to 

the activation of PKC by DG, and by a rise in cytosolic Ca2+ by I(1,4,5)P3. 

Furthermore, PKC activation has been demonstrated in various studies to play 

an important role in the development and progression of cardiac hypertrophy 

[145, 146]. 

In this Chapter, we have examined the impact of sustained vasopressin 

signalling on phosphatidylinositol turnover during PLC signalling in the H9c2 

cardiac cell line. We found that under these conditions, H9c2 cells undergo a 

hypertrophic response. Moreover, our results indicate that vasopressin 

stimulates PLC activity continuously over a 24 hour period and PI levels are 

significantly reduced. To compensate for such a loss of PI, the cells seem to 

have a mechanism by which the resynthesis of PI can be increased. The rate-

limiting step in the resynthesis of PI is the enzyme CDS and here we show that 

of the two ER-localised CDS enzymes, CDS1 expression is increased 

specifically, following vasopressin stimulation.  

Other studies in zebrafish and Drosophila also suggest that CDS activity 

regulates both the availability of PIP2 and the extent of PIP2-dependent 

signalling. In zebrafish, CDS-dependent phosphoinositide availability limits 

VEGF-A signalling [32]. Like humans and mice, zebrafish have two CDS 

genes, cds1 and cds2. Cds2 mutants result in vascular-specific defects in vivo 

and this is due to the failure of VEGF-A-stimulated PLC activity; the phenotype 

could be rescued by exogenous PIP2 indicating that CDS2 controlled the 

supply of PIP2. It is noteworthy that experiments done in vitro using HUVEC 
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endothelial cells, found that knockdown of either CDS1 or CDS2 cause 

defective invasion and reduced ERK activation, an in vitro model for the 

vascular defects observed in the animals. 

Drosophila express a single cds gene, and a mutation in cds displays light-

induced irreversible loss of phototransduction and retinal degeneration [23]. 

Phototransduction in flies is entirely dependent on PLC activation and it was 

reported that the amplitude of the light response in Drosophila photoreceptor 

cells is modulated by Cds levels, showing that Cds-dependent PIP2 recycling 

limits PLC-mediated phototransduction in the fly retina [23, 147, 148]. 

Vasopressin causes a specific increase in CDS1 mRNA, with CDS2 (and 

TAMM41) mRNA not being affected by the stimulation at all. The mammalian 

CDS1 and CDS2 are integral membrane proteins which can form homodimers 

(see Chapter 3). Likewise, the bacterial CDS enzyme, TmCdsA, from 

Thermotoga maritama is also a dimer [33]. Furthermore, it is notable that in 

the BioGRID database (https://thebiogrid.org/), CDS1 and CDS2 interact with 

each other, suggesting that heterodimers are also possible. 

Previous studies using different chain lengths of PA as a substrate suggested 

that CDS2 has a preference for sn-1-stearoyl-sn-2-arachidonyl-PA 

(C18:0/C20:4-PA) whilst CDS1 has no preference [41]. Contrary to this, CDS1 

was found to prefer C18:0/C20:4-PA as a substrate although both PA from egg 

yolk lecithin and dioleoyl-PA (di-C18:1-PA) were also used [28]. The substrate 

specificity for the heterodimer is unknown. 

PI species are unusual amongst the major class of lipids in that they are often 

found to have a highly restricted range of acyl chains with a C18:0 in the sn-1 

position and an C20:4 at the sn-2 position predominantly [20, 37]. This is 

particularly the case for mammalian tissue as opposed to cultured cell lines 

[37]. However, PI, once synthesised, undergoes acyl chain remodelling to 

acquire its final acyl chain specificity [13, 20, 149, 150]. 

The predominant DG kinase in cardiomyocytes is the zeta form of the enzyme. 

Cardiac-specific over-expression of DG kinase zeta (DGKζ) in mice blocks the 

activation of DG-PKC signalling induced through GPCR-agonist activation. 
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Due to the blocking action, cardiac hypertrophy is inhibited [144]. Interestingly, 

DGKζ appears to prefer C16:0/C16:0-DG as a substrate [151]. Therefore, it 

would appear that the PA formed from PLC signalling in cardiomyocytes might 

not possess the canonical fatty acid composition preferred by DGKζ. 

Moreover, it is noteworthy that the analysis of the fatty acid composition of PI 

from a variety of cultured cell lines and tissues indicate a variable amount of 

enrichment in C18:0/C20:4-PI [37, 152]. Further studies will be needed to 

firmly establish the fatty acid profiles of the intermediates of the PIP2 cycle in 

cardiomyocytes. 

In H9c2 cells, activation of PKC is required for the increase in CDS1 mRNA as 

inhibitors of PKC block the response, and moreover, stimulation with PMA 

causes an increase in CDS1 mRNA. In a previous study, treatment of C3A 

human hepatoma cells with PMA for 18-24 hours resulted in increased PI 

synthesis which was sensitive to inhibition by PKC inhibitors [153]. It is possible 

that this finding is due to an increase in the expression of CDS1 mRNA, as we 

have shown for H9c2 cells here. Other studies using cardiomyocytes have 

reported that norepinephrine stimulates cFos expression due to PLC activity 

via PKC [136]. cFos is a transcription factor, and in vasopressin-stimulated 

cells, cFos expression is also increase in a PKC-dependent manner. Whilst 

our work identifies cFos as a regulator of CDS1 mRNA expression (see Figure 

4.6 and Figure 4.8), a previous study has shown that an increase in cFos 

protein causes an increase in phosphoinositide labelling. This was due to the 

direct activation of CDS1 by cFos at the ER [154, 155]; a physical interaction 

between the N-terminal domain of cFos and CDS1 was shown to increase 

CDS1 activity in vitro. Incidentally, this is the same region of the enzyme which 

can become phosphorylated by CKII (at residue S37). It is highly probable that 

CDS1 is regulated by its N-terminal region, but whether these two events 

(phosphorylation and interaction with cFos) are related requires further 

investigation. 
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Figure 4.8. Regulation of CDS1 mRNA by protein kinase C and cFos 

during the PIP2 cycle.  

Activation of phospholipase C by GPCR hydrolyses PI(4,5)P2 to generate 

diacylglycerol (DG). DG activates protein kinase C, which in turn stimulates 

the increase in cFos. cFos increases the expression of CDS1 mRNA. The 

increase in CDS1 enzyme would facilitate the resynthesis of PI to provide 

substrate for PIP2 resynthesis at the plasma membrane. 
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4.3.2 Vasopressin causes a reduction in AKT phosphorylation 

In addition to stimulating PLC, arginine-vasopressin caused a decrease in the 

phosphorylation of AKT (Figure 4.3E). Activation of AKT requires sequential 

phosphorylation by PDK1 at Ser473 and the mTORc2 complex at Thr308, 

which is dependent on the pleckstrin homology (PH) domain of AKT binding to 

PI(3,4,5)P3 [156]. These phosphorylations are reversed by protein 

phosphatase 2A (PP2A). Some GPCRs are rapidly phosphorylated by 

members of a family of GPCR kinases (GRKs), which in turn leads to the 

recruitment of β-arrestins. β-arrestin 2 can act as a scaffold for the formation 

of a signalling protein complex allowing GPCRs to signal independently of G-

proteins.  

The formation of such a signalling complex comprising of phospho-AKT, β-

arrestin 2, and PP2A has been described for D2 dopamine receptors, which 

leads to dephosphorylation and inactivation of AKT in the presence of 

dopamine [157]. Another example is glutamate, which also causes a decrease 

in AKT phosphorylation in neurons [158]. Vasopressin receptors also appear 

to regulate AKT phosphorylation, very likely, by a similar mechanism. 

However, we cannot exclude the possibility that PIP2 depletion by PLC could 

reduce substrate availability for PIP3 production that could account for the 

decrease in AKT phosphorylation.  
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Chapter 5 Knockdown of CDS proteins causes profound 

effects on H9c2 physiology and morphology 

 Introduction  

Many cellular processes are dependent on phosphoinositides, whether it be 

utilising them as tethering molecules allowing protein interactions, or the 

degradation of the lipids themselves to act as signalling molecules for 

downstream effectors. This also requires a dynamic system to be present for 

the synthesis and resynthesis of required lipids, and in the case of 

phosphoinositides this is the PIP2 cycle. 

The priority of this cycle is to replenish the pools of PI, which are utilised to 

produce its phosphorylated derivatives. The rate-limiting step of this cycle is 

the formation of CDP-DG via the CDS enzymes, which is the precursor for the 

production of PI through PI synthase. Although one study has come to the 

conclusion that, due to the preference of the individual CDS enzymes for 

specific fatty acyl tails of PA, CDS2 is primarily involved in the recycling of PIP2 

and CDS1’s purpose lies in de novo synthesis of new PI [41], the previous 

chapter (Chapter 4) has demonstrated strong evidence that it is actually CDS1 

which is in control of PI resynthesis.  

What hasn’t been fully established, however, is the consequences of depletion 

or ablation of the CDS enzymes. There have been a few studies in both 

knockout and knockdown models. In Drosophila, mutations in Cds caused 

retinal degeneration when the flies were exposed to light; this could be rescued 

by mutating norpA (Drosophila PLCβ). This mutation caused norpA to become 

incapable of hydrolysing PIP2: as PIP2 hydrolysis cannot occur, PI synthesis is 

no longer required [23]. In zebrafish, a double knockout of CDS1 and CDS2 is 

lethal; depletion of CDS2 resulted in vascular-specific defects including the 

failure of VEGF-A-induced angiogenesis in endothelial cells. Furthermore, 

Cds1 morpholinos caused a similar, but milder effect [32]. In S. cerevisiae it 

was shown that CDS1 is vital for cell growth as null mutants inhibited growth 

[27]. And recently, in 3T3-L1 preadipocytes, the knockdown of both CDS1 and 
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CDS2 culminated in the formation of supersized lipid droplets and an increase 

in TG synthesis from the accumulation of PA [159].  

Here we wanted to investigate the effects not only on lipid levels in knockdown 

cardiomyocytes, but also any other knock-on effects from this in the 

morphology of the cells and their organelles, and any physiological 

consequences. 

 

 Results 

5.2.1 Knockdown of CDS1 and CDS2 reduces phosphoinositide levels 

It was clear in Chapter 3 that the knockdown of CDS1 and CDS2 has a 

significant effect on CDS activity (Figure 3.9B and D), as would be expected. 

As CDS is the rate-limiting step in PI production, we predicted that this 

knockdown should have a significant reductive effect on the levels of PI and 

PI derivatives within knockdown cells. 

To test this, we labelled H9c2 cells with [3H]-myo-inositol or [14C]-acetate for 

72 hours (allowing the label to equilibrate), and treated the cells with siRNA for 

CDS1, CDS2 and a negative control. Following incubation, the cellular lipids 

were extracted and run on TLC, alongside standards, with a solvent 

composition designed to separate out phosphoinositides. The TLC plates were 

phosphorimaged (where possible), but also scraped and the lipids extracted 

and the radioactivity measured in a scintillation counter. We measured the 

levels of PI, PIP and PIP2 within the lipid extracts (Figure 5.1). (Note that TLC 

does not discriminate between positional isomers if the phosphoinositides, but 

PI(4)P and PI(4,5)P2 accounts for the majority of the phosphoinositides.) 

The decrease in all phosphoinositides were roughly the same per condition: PI 

decreased by 30% and 35% in CDS1 and CDS2 knockdown respectively, PIP 

decreased by 33% and 41%, and PIP2 decreased by 28% and 33%. All lipid 

levels were significantly different when compared to the negative control 

(P<0.0001).  



 

137 
 

We also looked into the effects of CDS knockdown on cardiolipin. It appeared 

as though cardiolipin was unaffected by the knockdown of CDS1 and CDS2. 

This lack of effect on CL further solidifies our findings that TAMM41 is 

responsible for CL and not either of the CDS enzymes. 

An important observation about these lipid profiles is that they closely 

resemble the decrease seen in the chronically stimulated H9c2 cells after 

prolonged stimulation with vasopressin (Chapter 4, Figure 4.4B and C). 

Considering the morphological changes which occurred in the chronically 

stimulated H9c2 cells, we wanted to check if any effect was obvious in H9c2 

cells after the knockdown of CDS1 and CDS2. 
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Figure 5.1 Knockdown of CDS1 and CDS2 decreases phosphoinositide 

levels. 

H9c2 cells were labelled with [14C]-acetate or [3H]-myo-inositol for 72 hours, 

and at the same time were treated with siRNA for CDS1, CDS2 or a negative 

control. After 72 hours of labelling and knockdown, the cells underwent lipid 

extraction and the lipids run on TLC. The TLC plates were phosphorimaged 

and the density of each lipid band was analysed by AIDA software. The levels 

of [A] PI, [B] PIP and [C] PIP2 were monitored. [D] A representative TLC plate 

of negative and knockdown cells, labelled with [3H]-myo-inositol. n=18 for 

Negative siRNA and CDS1 siRNA; n=15 for CDS2 siRNA in [A]-[C]. 
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5.2.2 H9c2 cell morphology is drastically altered upon knockdown of 

CDS1 and CDS2 

Upon examination of the knockdown cells by microscopy, it was obvious that 

the cells had significant morphological changes. However, these changes 

were very different to those observed during chronic vasopressin stimulation. 

On first inspection, it was clear that the actin had been severely disrupted. The 

stress fibres usually seen in the H9c2 cells had lost form and become wispy; 

the F-actin strands appeared to have depolymerised, and a lot of the actin had 

begun to pool around the edges of the cells (Figure 5.2A). Furthermore, more 

cells seemed to have their actin affected from the knockdown of CDS1 (87%) 

compared to CDS2 (52%) (Figure 5.2B). However, this could be due to the 

efficiency of knockdown (see Figure 3.9A and C). It was also interesting to note 

that many cells died during the knockdown whilst on glass coverslips, as 

opposed to the knockdown cells from other experiments grown on plastic, and 

the effects on the actin were more robust on cells near the edges of the cover 

slips.  

Another important observation of the knockdown cells is that the physical size 

of the cells had decreased. In both cases of knockdown there was a significant 

decrease in the average size of the cells, from 117.1 ± 3.1μm in the negative 

control to 81.1 ± 2.1μm in the CDS1 knockdown and 71.1 ± 3.8μm in the CDS2 

knockdown (Figure 5.2C). This could be due to the disorganisation of the 

cytoskeleton and thus the disruption of complexes important for growth. It 

could be due to the lack of lipids available, restricting the size in which all 

membranes could grow, or even a combination of the two. 

As the actin cytoskeleton is vital for the support and structure of organelle 

complexes, we wanted to see if there had been any effect on the mitochondrial 

and the trans Golgi networks. It was clear from Figure 5.2A that both of these 

networks had been completely fragmented and the organelle fragments had 

dispersed away from the nuclear region at the centre of the cell.
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Figure 5.2. CDS1 and CDS2 knockdown causes multiple morphological 

changes. 

[A] H9c2 cells were treated with siRNA for CDS1 or CDS2 and the cells were 

stained with rhodamine phalloidin (F-actin), GRP75 (mitochondrial marker) 

and ZFPL1 (Golgi marker). Knockdown or either CDS1 or CDS2 caused 

derangement of the actin cytoskeleton; and Golgi and mitochondrial 

fragmentation. Top row 10x magnification, middle and bottom row 40x 

magnification. Images shown used the siRNA combination of siRNA_1 and 

siRNA_3 for both the CDS knockdowns. However, the same phenotype was 

observed regardless of combination, i.e. single siRNAs, a combination of any 

two of the three, and all three at once all produced the same effect. [B] 

Percentage of cells which had lost actin stress fibers and typical shape due to 

knockdown of CDS1 or CDS2. Cells were counted from five different field of 

views each from three independent experiments (total 15). A percentatge of 

abnormal cells was taken from each field of view and collated. Negative siRNA 

n=2931, CDS1 siRNA n=2840, CDS2 siRNA n=2590. [C] Cells treated with 

siRNA were measured between their most distant points and the lengths 

recorded (as per Figure 4.2). Negative siRNA n=148, CDS1 siRNA n=149, 

CDS2 siRNA n=147. 



 

141 
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5.2.3 Knockdown of CDS2, but not CDS1, has a minor effect on 

mitochondrial function 

After observing the morphological effects of CDS1 and CDS2 knockdown on 

H9c2 cells, particularly those on the mitochondria and actin, we wanted to see 

if there were any knock-on effects physiologically. To do this we examined 

oxygen consumption and PLC signalling. 

When looking at oxygen consumption (in the same way as was described in 

Chapter 3), we found that there was no significant effect from the knockdown 

of CDS1. Although, when looking at the knockdown of CDS2 we saw that there 

had been a decrease in the mETS (from 194pmol·(s·Million cells)-1 to 

167pmol·(s·Million cells)-1), but no change was observed in the routine or in 

the leak values (Figure 5.3). This data implies that even though the 

mitochondrial complexes are fragmented, there is very little change in the 

function (apart from maximal proton flux (mETS) when CDS2 is knocked 

down). 

We did attempt to look at PLC signalling in the knockdown cells, but the results 

proved inconclusive. This was primarily down to the fragility of the cells after 

knockdown; stimulation of the cells in many cases was lethal, leaving unequal 

samples to test. 
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Figure 5.3. Knockdown of CDS2, but not CDS1, has an impact on H9c2 

respiration. 

Quantification of the Routine, Leak and maximal ETS (mETS) in control and 

[A] CDS1 knockdown, and [B] CDS2 knockdown cells. The results are 

averages from three (CDS1) or two (CDS2) independent experiments; 

unpaired two tailed t-tests, Error bars denote ± S.D. 
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5.2.4 Knockdown of CDS proteins causes stress in the endoplasmic 

reticulum 

Considering the knockdown cells appeared to be more fragile than their control 

counterparts, and that the morphology of many aspects had been changed, 

we next decided to investigate the effects on the ER. Due to issues with 

antibodies, this was not possible through IF, so instead we decided to look at 

if there were any defects manifesting in the ER by looking at proteins involved 

in the ER stress response. 

Unlike the observations seen in the chronic vasopressin-stimulated cells 

(Figure 4.7), the knockdown of both CDS1 and CDS2 did cause an apparent 

increase in the expression of CHOP by a two-fold average (Figure 5.4A), 

though only the data for CDS1 was statistically significant (Figure 5.4B). More 

repeats of this experiment are required to establish the true extent of the 

effects of knockdown on ER stress. TAMM41 was also tested but no change 

was observed in CHOP expression. It is important to note that, even though 

there was an increase in the expression of CHOP during the knockdown of 

CDS1 (and potentially CDS2), this increase is not comparable to the effects 

seen when H9c2 cells are treated with 5μM thapsigargin (Figure 5.4A). This 

same observation was also seen in a recent study in 3T3-L1 preadipocytes 

[159]. 
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Figure 5.4. Knockdown of CDS1 and CDS2 induces ER stress. 

[A] Western blot of H9c2 cell lysates probing for CHOP (ER stress marker) 

and GAPDH (loading control) after treatment with negative, CDS1 or CDS2 

siRNA, or 5μM thapsigargin (Tg; ER stress inducer) only. [B] Quantification of 

CHOP from two independent experiments done in duplicate (n=4). 
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 Discussion 

5.3.1 Knockdown of CDS enzymes decreases phosphoinositide levels 

It was reasonable to hypothesise that the knockdown of either of the CDS 

enzymes would decrease the levels of phosphoinositides within the cells. This 

being due to CDS being the rate-limiting step in the production of PI. Thus, 

lowering the levels of CDS will decrease the rate of production of PI. This 

decrease is exactly what was observed, along with the decrease in PIP and 

PIP2. What was particularly interesting was that the decrease in the other 

phosphoinositides was of a similar proportion. This implies that there must be 

some intrinsic mechanism within the cells which regulates the proportions of 

phosphoinositides, and this remains when CDS1 or CDS2 is knocked down. 

This observation also suggest that both enzymes contribute in maintaining PI 

levels (i.e. although there are two isoforms, both are required for basal levels 

of synthesis). Similar observations have been reported for HeLa cells knocked 

down for either CDS1 or CDS2 [159]. Moreover, knockdown of CdsA in 

Drosophila also showed a decrease of PI and its phosphorylated derivatives 

[160]. Additionally, this resulted in an accumulation of neutral lipids and a 

reduction in cell size, which correlates with our findings of a decrease in cell 

size upon the knockdown of the CDS enzymes (see Figure 5.2). 

Furthermore, in HeLa cells and 3T3-L1 preadipocytes, it was found that PA 

levels increased upon CDS1 or CDS2 knockdown [159]. We attempted to 

monitor PA levels in the knockdown cells, but this proved difficult using TLC. 

What was reported though, is that many more PA species are significantly 

increased upon CDS1 knockdown compared to CDS2 knockdown in the 

aforementioned study. Additionally, in the presences of oleic acid, knockdown 

in both of these cell lines of CDS1 and CDS2 resulted in the formation of 

supersized lipid droplets due to an increase in triacylglycerol (TG). This can be 

simply explained when looking at the lipid pathway options of PA (Figure 5.5). 

Due to the lack of CDS enzyme, PA accumulates. This accumulation of PA is 

rerouted though the Lipin pathway to produce DG, and finally turned into TG: 

i.e. PA that was meant for PI production is instead used for TG production. 

Additionally, it has been noted that an increase in PA can facilitate the 
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coalescence of contacting LDs, promoting the formation of supersized LDs 

[159]. Moreover, studies performed in other organisms including different 

yeasts     (S. cerevisiae and S. pombe) and Drosophila report that loss of the 

single CDS gene results in changes in lipid composition. In these organisms, 

Cds mutants generally show a decrease in PI together with an increase in PA, 

with the PA metabolism shunted towards triacylglycerol [160-163]. 

 

5.3.2 Knockdown of either CDS enzyme causes severe morphological 

changes 

The morphological implications of the knockdown of CDS1 and CDS2 appear 

to be extensive, and the simplest explanation for this drastic phenotype is the 

loss of PI and its phosphorylated derivatives, PIP and PIP2, which have 

significant effects on the Golgi and the actin cytoskeleton respectively, along 

with the mitochondrial network. Moreover, knockdown of CDS1 and CDS2 has 

detrimental effects on the H9c2 cells not dissimilar to that observed in the 

intestinal epithelial cells of the zebrafish larvae [142]. The possibility that the 

increase in PA itself has detrimental effects cannot be excluded, as previously 

it has been shown that elevated levels of PA disrupts membrane transport to 

the apical domain in Drosophila photoreceptors [164]. 

Initially, what was obvious was the depolymerisation of the actin cytoskeleton 

of the cells. The stress fibres had disappeared, the outline of the cells was 

wispy and no longer defined and the cells themselves had not been able to 

grow to their usual size, and instead grew smaller (see Figure 5.2A). Firstly, 

the decrease in size is likely due not solely to the physical lack of lipid present 

(and thus membranes unable to expand), but also because of the necessary 

lipid-protein interactions (primarily between PIP2 and actin binding proteins).  

There are many flavours of actin binding proteins, including profiling, cofilin, 

Dia2, N-WASP, ezrin and moesin. These proteins directly control the dynamics 

and 3D organisation of actin filaments [165], and their own activities are 

regulated by a variety of kinase/phosphatase cascades and signalling 

pathways [166-168]. Actin dynamics have been found to have another set of 
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important regulators: membrane phospholipids, particularly PI(3,4,5)P3 and 

PI(4,5)P2. These regulate the Rho family of small GTPases and directly 

regulate actin binding proteins to control cytoskeletal dynamics respectively 

[169]. Due to the degeneration of the actin cytoskeleton, the organelle 

networks which utilise the cytoskeleton begin to break down. Hence, the 

fragmentation of the mitochondrial and Golgi networks. 

Due to a lack of resolution in immunofluorescence, we were unable to 

investigate if mitochondria were impacted by the fragmentation of the network 

visually, but we could still assess the functionality of the mitochondria. By 

looking at the OXPHOS profile of the knockdown cells, it could be assumed 

that even though the mitochondrial network is disrupted, the individual 

mitochondria are functioning near to normal. Interestingly, it has been 

previously shown that a loss of mitochondrial phosphoinositides, particularly 

PI(4,5)P2, leads to fragmentation of the mitochondrial network. This was 

achieved by both masking PIP2 with a construct containing a PH domain, and 

by over-expression of a PI(4,5)P2 specific 5-phosphatase which targeted the 

outer mitochondrial membrane [170]. They also concluded that mitochondrial 

PIP2 is an important signalling molecule rather than a structural component 

[170]. This concurs with another observation we found, which was that the 

density of mitochondria in the knockdown cells did not change, even though 

the size of the cells did; proportionally there was the same amount of 

mitochondria in the knockdown cells as the negative controls. These findings 

further compliment the idea that PIP2 in mitochondria is not present for 

structural necessity. 

The cause of ER stress detected in the knockdown cells was not explored. 

Unlike CL, which has been shown to interact and stabilise the OXPHOS 

complex (see Section 1.5.2.4), there is no evidence that phosphoinositides 

stabilise proteins involved in protein folding and modification at the ER. 

However, the decrease in PI could cause a knock-on decrease in 

glycosylphosphatidylinositol (GPI). GPI is used as an anchor, which is 

necessary for post-translational modification to at least 150 different newly 

synthesised proteins in the ER [171]. The anchors are assembled in the ER 
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membrane before being attached to newly synthesised proteins. A lack of GPI 

could prevent proteins from becoming properly modified, thus inducing ER 

stress through a build-up of immature or unmodified proteins in the ER. 

Other studies have also knocked down CDS1 and CDS2. Experiments done 

in cultured HUVEC endothelial cell-line found that knockdown of either of the 

CDS enzymes caused defective invasion and reduced ERK activation, an in 

vitro model for the vascular defects observed in the animals. These data 

indicate that the level of expression of CDS enzymes may be a determining 

factor in the rapid replenishment of PI(4,5)P2 [32].  
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Figure 5.5. PA is converted into either PI or DG at the ER, or into 

cardiolipin in mitochondria.  

At the ER, newly-synthesised PA can either be converted into CDP-DG by 

CDS1 and 2 for the synthesis of PI, or can be converted into DG by PA 

phosphatases (PAP). DG can be converted into triacylglycerol (TG), or 

converted into the major phospholipids, PC and PE. CNEP-1 activates lipin at 

the nuclear envelope, biasing the conversion of PA to DG towards PC 

synthesis. In mitochondria, PA is converted into CDP-DG by the mitochondrial 

enzyme TAMM41, then into phosphatidylglycerophosphate (PGP) by PGS1. 

PGP is dephosphorylated to phosphatidylglycerol (PG) which is the substrate 

for cardiolipin synthase (CLS) to make cardiolipin. Abbreviations: CNEP-1, C-

terminal domain nuclear envelope phosphatase-1; PAP, PA phosphatase.  
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Chapter 6 Concluding remarks 

 TAMM41 is responsible for mitochondrial CDS activity 

Neither of the CDS enzymes are responsible for the synthesis of CDP-DG in 

mitochondria for use in the production of CL. Rather, this responsibility lies with 

the unrelated peripheral inner mitochondrial membrane protein TAMM41. 

Although these enzymes share the ability to catalyse the same reaction, they 

are clearly very different from each other.  

Whilst orthologs of Tam41 are present exclusively in eukaryotes, potential 

homologues are well conserved in proteobacteria, including α-proteobacteria. 

These are close to the presumable endosymbiotic origin of mitochondria [123]. 

However, orthologs of CDS1 can be widely found in both eukaryotes and 

prokaryotes [123]. Therefore, it is safe to assume that CDS1 was likely derived 

from ancient eukaryotes/prokaryotes which took up mitochondrial ancestors. 

These eukaryotes then conserved both Cds1 and Tam41 as two distinct CDP-

DG synthases after the establishment of mitochondria [123]. A conceivable 

evolutionary advantage behind the preservation of two distinct CDS enzymes 

is the transport of lipids. PA is readily transported to the mitochondria from the 

ER [172]; there is no known mechanism of transport for CDP-DG from the ER 

to the mitochondria. Therefore, both the CDS enzymes, and TAMM41 have 

been required for the biosynthetic pathways of phospholipids in two distinct 

organelles during evolution [123]. Interestingly, when Cds1 is over-expressed 

in tam41Δ S. cerevisiae (and only upon over-expression), a small amount of 

CL production was reported [123]. This implies that there may well be a 

mechanism by which CDP-DG can be transported to the mitochondria from 

the ER, but it is extremely inefficient at doing so. 

On top of the evolutionary differences between CDS and TAMM41, there are 

also significant structural and mechanistic differences. The structure of 

TmCdsA (the prokaryotic homologue of CDS) revealed that Cds is an integral 

membrane enzyme and that it forms a dimer (as is mammalian CDS1 and 

CDS2 from our results in Figure 3.4). This is covered in detail in Section 1.2.2. 

Tam41, however, is a peripheral membrane enzyme, which exists mainly in 
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the monomeric state [125]. It contains no transmembrane domains, but rather 

binds to the inner mitochondrial membrane via a C-terminal amphipathic helix. 

The C-terminal amphipathic helix consists of the last 73 residues (aa 320-393) 

of the S. pombe Tam41 (SpTam41) protein. The rest of the enzyme is made 

of two other domains, the winged helix domain, and the nucleotidyltransferase 

(NTase) domain. (The first 27 aa encode the mitochondrial target sequence.) 

The NTase domain is situated at the N-terminal of the protein (aa 28-189), 

whilst the winged helix domain is in the middle of the protein (aa 190-319). Due 

to the possession of an NTase domain, SpTam41 is a member of the NTase 

family. Members of the NTase family catalyse the transfer of nucleoside 

monophosphate from nucleoside triphosphate to an acceptor hydroxyl group 

belonging to a protein, nucleic acid or small molecule [173]. In the case of 

SpTam41, the NTase domain is responsible for the transfer of cytidine 

monophosphate from CTP to the phosphate group (rather than a hydroxyl 

group) on PA, forming CDP-DG [125]. The winged helix domain is found widely 

in nucleic acid binding proteins, and consists of three α helices (H1-3, with a 

sharp turn (T) between H2 and H3), three β strands (S1-3) and two wings 

(loops; W1-2). The canonical structure is H1-S1-H2-T-H3-S2-W1-S3-W2 

[174]. Most winged helix domains are involved in nucleic acid binding, 

however, the winged helix domain of SpTam41 is involved in close assembly 

with the NTase domain instead. This is achieved by interacting with the 

elongated N-terminal region [125]. 

The mechanism of TmCdsA’s action has been predicted by Liu et al., where 

PA accesses the membrane-embedded active site through a lateral gate open 

to the lipid bilayer [33] (Section 1.2.2). Contrary to this, the mechanism 

proposed by Jiao et al. for the machinations of SpTam41 are that SpTam41 

attaches to the membrane with the assistance of the C-terminal membrane-

binding domain. The active-site pocket is then open towards the membrane 

through a gate near the Lα8-α9 loop region [125]. This is the region within the 

winged helix domain between H2 (α8) and T (α9). This allows the phosphate 

headgroup of the PA molecule from the membrane to directly access the active 

site pocket of Tam41 without having to cross the aqueous matrix region first 

[125]. Between the NTase domain and the winged helix domain lies an ‘L’-
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shaped pocket with a positively charged surface. It is in this space where CTP 

binds. The cytidine group of CTP is buried in the hydrophobic arm of this cavity, 

which is surrounded by many hydrophobic residues; whilst the triphosphate 

group of CTP is nearly perpendicular to the cytidine group, and is buried in the 

polar region of this cavity. The polar arm consists of many basic and positively 

charged residues which complements binding of the negatively charged 

triphosphate [125]. When CTP fills the ‘L’-shaped cavity, it is proposed that PA 

is able to launch a nucleophilic attack on the α-phosphate of CTP. This 

produces a molecule of CDP-DG, with the acyl tails still bound to the inner 

mitochondrial membrane and the CDP stabilised in the ‘L’-shaped cavity 

Following the production of CDP-DG, it is released back into the membrane 

through the same opening, along with the newly created pyrophosphate. 

SpTam41 may utilise the positively charged hydrophilic surface on its C-

terminal amphipathic helix to attract the negatively charged phosphate groups 

of PA molecules and enrich them around its local region [125]. This is important 

because the amount of PA in the IMM accounts for a maximum of 2% of the 

total phospholipids [175]. Cartoon representations of the structure and 

mechanism of both SpTam41 and TmCdsA can be found in Figure 6.1. 

Recently, TAMM41 was implicated in heart development and valve 

differentiation in zebrafish. In a CRISPR knockout model, tamm41-deficient 

zebrafish suffered from defects in cardiomyocyte mitochondria. Surprisingly, 

this phenotype was rescued by the over-expression of a Tamm41 mutant 

(Tamm41-D121A) which was based on a yeast mutant that had no enzymatic 

activity [176]. (However, the mutant was not examined for enzyme activity.) 

Assuming the mutant had no activity, this result suggests that Tamm41 may 

have functions and responsibilities other than CL production in mitochondria. 

Even though CDS1 is not responsible for the mitochondrial synthesis of CDP-

DG, it does seem to have some influence pertaining to mitochondrial 

biogenesis. This is through the links with the master regulator of mitochondrial 

biogenesis, PGC-1α, and through the inducement of the p55 band, which is 

upregulated during both over-expression of CDS1 and during differentiation of 

H9c2 cells, both towards skeletal and cardiac like cell types.  
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Figure 6.1. Proposed working models for the biosynthesis of CDP-DG by 

SpTam41 and CDS1/2 enzymes. 

[A] Structure and mechanism of SpTam41. The full length SpTam41 exists as 

a monomer and attaches to the matrix side of the inner mitochondrial 

membrane with the assistance of the membrane binding domain at the C-

terminal region. Hydrophilic CTP and hydrophobic PA bind to the active site of 

Tam41. The phosphate group of PA launches a nucleophilic attack on the α-

phosphate of CTP. This generates pyrophosphate (PPi) and CDP-DG. The 

products are released from the active site allowing another cycle of the reaction 

to take place. PPi diffuses into the matrix whilst CDP-DG remains membrane 

bound and is released to provide substrate for phospholipid biosynthesis. 

Image taken from Jiao et al. [125]. [B] CDS accepts the two substrates, PA 

and CTP, and provides the conditions for the nucleophilic attack on the α-

phosphate of CTP by the PA headgroup (following activation by Mg2+). The 

subsequent break of the α-β phosphodiester bond in CTP leads to the release 

of PPi and CDP-DG from the active site. Figure adapted from Liu et al. [33].  
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 The CDS1 and CDS2 genes are highly regulated, and are also 

regulated during PLC activation 

During intense PLC signalling, a significant amount of PIP2 is hydrolysed. This 

hydrolysis drives the necessity to replenish the PIP2 levels by consuming 

cellular PI, which can result in a decrease of 30-40% of PI. As the rate-limiting 

enzyme of PI production is through the CDS enzymes, the amount of CDS 

activity could dictate how rapidly PI is resynthesised. 

It has been proposed that CDS activity regulates both the availability of PIP2 

and the extent of PIP2-dependent signalling in studies done in Drosophila and 

zebrafish. Drosophila express only a single gene for Cds, and mutations in Cds 

exhibit light-induced irreversible loss of phototransduction, and degeneration 

of the retina [23]. In the fly eye, phototransduction in photoreceptor cells is 

reliant on the ability of PLC signalling to take place. This occurs through the 

light activation of Gq proteins activating PLCβ, and the amplitude of this 

response is modulated by Cds levels; PLC-mediated phototransduction is 

limited by PIP2 recycling, which in turn is controlled by Cds. [23, 147, 148]. In 

zebrafish, CDS-dependent phosphoinositide availability limits VEGF-A 

signalling [32]. Like humans, mice and rats, zebrafish have two CDS genes, 

Cds1 and Cds2. Cds2 mutants resulted in vascular-specific defects in vivo due 

to the failure of VEGF-A stimulated PLC activity. However, this phenotype was 

rescued by exogenously-added PIP2. This indicates that CDS2 controlled the 

supply of PIP2. Furthermore, an in vitro model for vascular defects was also 

used in this study, where CDS1 and CDS2 were knocked down in cultured 

HUVEC endothelial cells. These knockdowns caused defective invasion and 

reduced ERK activation, mimicking the effects observed in the animals. These 

data indicate that the level of expression of CDS enzymes maybe a 

determining factor in the rapid replenishment of PIP2. 

In this thesis, it was shown that vasopressin was found to selectively cause an 

increase in CDS1 but not CDS2 mRNA (Figure 4.5). No increase in PIS mRNA 

was observed and activation of PKC was required for the increase in CDS1 

mRNA, as inhibitors of PKC blocked the response (Figure 4.6). Moreover, 

PMA (an activator of PKC) was found to increase CDS1 mRNA and it was 
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shown that PKC stimulates cFos expression, which was responsible for the 

increase in CDS1 mRNA (Figure 4.6, Figure 4.8 and [136]). Whilst these 

results have identified cFos as a regulator of CDS1 mRNA expression, 

previous studies reported that an increase in cFos protein can also directly 

activate CDS1 at the ER [154, 155]. It is likely that cFos can associate itself to 

the ER in an amphitropic manner, providing a platform for physical interaction 

between cFos and CDS1. The N-terminal domain of cFos was found to be 

responsible for interaction with CDS1, but lipid synthesis was only promoted 

in vitro when the binding domain (K139 to R159) of cFos was present, with 

R146 being the crucial residue for CDS1 activation by cFos. It is also 

noteworthy that lipid synthesis was not activated by cJun, another prominent 

component of the AP-1 complexes [155]. 

Additional studies have also observed the regulation of the two CDS enzymes, 

only by varying mechanisms to the aforementioned. In PGC-1α/β heart-

specific knockout mice, a decrease in CDS1 mRNA expression and an 

increase in CDS2 mRNA expression is detected. Vice versa, expression of 

PGC-1α or β increased CDS1 mRNA in neonatal rat cardiac myocytes [49]. 

ERR (estrogen-related receptor) is a well-characterised PGC-1α co-activator 

target [177] and two conserved ERR binding site sequences present at the 

CDS1 promoter region was found to be responsible for PGC-1α dependent 

activation. 

Another regulator is ZEB1, which is an E-Box transcriptional repressor [119]. 

The expression of ZEB1 and CDS1 mRNA were found to be inversely 

correlated with each other in a series of 22 non-small cell lung carcinoma 

(NSCLC) cell lines. Furthermore, this result was consolidated by experiments 

in H358 cells, whereby the over-expression of ZEB1 caused a decrease in 

CDS1, whilst knockdown of ZEB1 resulted in the increase of CDS1 mRNA 

expression. 

Moreover, during the differentiation of 3T3-L1 preadipocytes to adipocytes, an 

increase in CDS1 (but not CDS2) was observed; whilst the knockdown of 

CDS1 inhibited the differentiation process from occurring [159]. 
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Interestingly, the tumour suppressor p53, which has critical roles in regulating 

lipid metabolism, has been shown to physically interact with the histone 

deacetylase SIRT6, causing an increase in both CDS1 and CDS2 mRNA when 

HCT116 cells were treated with palmitic acid for 16 hours [178]. Co-occupancy 

of p53 and SIRT6 on CDS1 and CDS2 promoters were responsible for 

increased gene expression. 

In Table 6.1, the regulation of CDS enzymes has been summarised. It is clear 

that PI synthesis is a regulated process through transcriptional regulation of 

CDS genes.  

The regulation of the CDS enzymes are crucial as the enzymes control the 

levels of PI within the cells. Importantly, there is no redundancy built into the 

production of PI other than there being two isoforms of CDS. Even then, the 

downregulation of either of the CDS enzymes wreaks havoc on cellular 

morphology (see Figure 5.2), and in zebrafish the knockdown of either caused 

vascular defects [32] 

Both CDS1 and CDS2 appear to be necessary for cellular growth and structure 

due to their regulation of PI levels. Upon downregulation, the significant 

decrease in phosphoinositide levels will potentially inhibit the ability of proteins 

which rely on tethering to phosphoinositides from functioning properly (see 

Figure 1.6). Moreover, the lack of available lipid during growth results in a 

decrease in the average size of cells: this may be due to both the interruption 

of protein interactions and physical lack of lipid for membrane expansion. 
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Table 6.1. Regulation of CDS1 and CDS2 mRNA by different mechanisms. 

 

Treatment Up-regulated 
Down-

regulated 
Comments References 

ZEB1 over-

expression 
- CDS1 

Cells expressing ZEB1 at high 

levels correlated with low CDS1 

levels. 

[119] 

Reduced ZEB1 

expression 
CDS1 - 

22 NSCLC cell-lines expressing 

low ZEB1 have a high level of 

CDS1 mRNA 

[119] 

PGC-1α/β heart-

specific knockout 

mice 

CDS2 CDS1 

Gene expression profiling 

revealed reduced expression of 

CDS1 

[49] 

PGC-1α or PGC-

1β over-

expression 

CDS1 - 
Over-expression in Neonatal rat 

cardiac myocytes 
[49] 

Arginine-

Vasopressin 
CDS1 - 

H9c2 cells stimulated for 16-24 

hours. CDS1 expression 

inhibited by PKC and AP-1 

inhibitors. 

Here 

Palmitic acid via 

p53 with SIRT6 

CDS1 and 

CDS2 
- 

P53 and SIRT6 bind the 

promoters of CDS1 and CDS2 
[178] 

PMA CDS1 - 
H9c2 cells stimulated for 24 

hours 
Here 

Adipocyte 

differentiation 
CDS1 - 

3T3-L1 preadipocytes 

differentiated in vitro for 8 days 
[159] 
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 Limitations and Future experiments 

There are various limitations with both the experiments performed and with the 

technical aspects of experiments. The most prominent being the lack of a valid 

CDS1 (and CDS2) antibody for Western blot, and to a lesser extent 

immunofluorescence. Had a valid antibody to CDS1 been available, the 

questions of localisation would not have occurred. Furthermore, western blots 

could have been used alongside samples in the CDS assay to see just how 

much CDS1 and CDS2 protein were present. It would also have been useful 

to see not just how much mRNA had been knocked down upon treatment of 

cells with siRNA, but to also see the level of protein decrease too. 

The use of siRNA in itself is also a limitation. Though mRNA decrease can be 

measured for every experiment you will rarely, if ever, replicate the exact same 

levels of knockdown. This will cause variation in results, especially ones that 

are sensitive to the protein levels (e.g. the concentration of specific lipids). 

Moreover, without the use of validated antibodies you cannot know for sure 

how much of the protein is knocked down, and whether or not the protein 

knockdown is of the same magnitude as the mRNA knockdown. Ideally, a 

knockout cell line would be used, but this could prove tricky in the cases of the 

CDS enzymes due to the necessary role in cell survivability. In addition, as 

seen in the Pan et al. paper [32], double knockdown of CDS1 and CDS2 was 

lethal in zebrafish, so would most likely cause a problem for any stable 

knockout cell line. 

Continuing with the limitation of using siRNA, another problem encountered 

was measuring the oxygen consumption using knockdown cells. Most 

experiments using siRNA are performed in 6-well plates at largest. When 

studying the oxygen consumption of the knockdown cells, three T175 flasks 

were required. This was due to the number of cells needed for the experiment 

to give accurate results combined with the size of H9c2 cells when they grow. 

This meant there were huge costs involved with these experiments in terms of 

transfection reagent alone. 
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Another limitation was the survivability of cells used for immunofluorescence. 

H9c2 cells showed poor viability when grown on glass cover slips whilst being 

treated with siRNA or stimulated with vasopressin, and especially not both at 

once. Whenever these experiments were attempted, the cells would shrivel 

up, die and float in the media. This was unfortunate as one of the experiments 

of interest was to knockdown CDS1 whilst stimulating the cells with 

vasopressin to see whether or not the hypertrophic upregulation of CDS1 

would prevent the knockdown from causing the phenotype seen in Figure 

5.2A.  

One unfortunate limitation we encountered was the inability to repeatedly 

detect PA whilst using TLC. Due to the nature of PA, it being a short lived 

intermediate of lipid synthesis, and due to it compromising a tiny proportion of 

phospholipids, we were unable to readily spot PA in our results. This was a 

shame as it would have been nice to confirm the findings of an increase in PA 

when the CDS enzymes are knocked down, as was reported by Qi et al. [159]. 

One final limitation was the purposeful design for the bias in the CDS assay. 

This used PA from egg which is rich in C16:0, C18:1 and C18:2 PA species, 

i.e. the species of PA which, according to D’Souza et al., was not readily 

utilised by CDS2 [41]. However, it is unknown whether or not TAMM41 has a 

specific requirement for any particular PA species. Whilst egg PA is readily 

used by TAMM41, it may not necessarily be the optimal composition to be 

measuring CDS activity produced by TAMM41. 

In terms of future experiments, one of particular interest would be the 

identification of the mitochondrial p55 band (see Chapter 3.2.4) due to its 

upregulation during differentiation (see Figure 3.1A) and during CDS1 over-

expression, but not CDS2 over-expression (see Figure 3.2 and Figure 3.4A). 

Especially as CDS1 appears to have a pivotal role during hypertrophy where 

it is upregulated itself (potentially implying that the inducement of CDS1 

expression during hypertrophy may subsequently increase the p55 band). One 

possible way in which this could be done is to measure the mRNA of the hits 

in the heat map (Figure 3.11) via qPCR both before and after chronic 

stimulation with vasopressin, and after over-expression of CDS1. 
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Another experiment of interest would be to investigate whether or not the CDS 

proteins are able to form heterodimers, or just homodimers, as this may well 

have implications for the selectivity of the substrates they use for CDP-DG 

production. 

Furthermore, using mass spectrometry to identify the lipid species that become 

deficient or depleted in both CDS1 and CDS2 knockdown cells, and in cells 

which have undergone chronic vasopressin stimulation would be interesting 

as it would indicate any substrate selectivity the enzymes have. It would also 

be interesting to see if the same species of phosphoinositides are depleted in 

the two separate cases. 

Moreover, it would be interesting to investigate what happens to PIP3 levels 

and by extension the proteins that utilise PIP3 (such as AKT) during chronic 

stimulation with vasopressin. Considering the decrease in all the PIPs noted 

in Figure 4.4B, there presumably will also be a decrease in PIP3 which may 

affect signalling pathways. 

Additionally, looking into why the phenotype in knockdown cells occurs could 

also be worth following up. Which proteins specifically are effected by the 

decrease of phosphoinositide levels, and if anything else is effected by other 

means such as physical interactions with CDS1 and CDS2. Moreover, to look 

at whether the phenotype observed by Qi et al. occurs ubiquitously across cell 

types, or whether it only occurs in cell specialising in lipid storage [159]. 

Regrettably, Qi et al. never looked at the structure of the actin cytoskeleton in 

their knockdown cells when doing immunofluorescence, as it would have been 

interesting to see whether the preadipocytes had a similar phenotype to what 

we observed in H9c2 cells. 
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Appendix I – Mass spectroscopy data 

p55 Control Blank 2 Blank 3 Blank 1 Peptides 
Unique 

peptides 

Sequence 

coverage 

(%) 

Unique 

sequence 

coverage 

(%) 

Mol. 

weight 

(kDa) 

Protein IDs Majority protein IDs Protein names Gene names 

2580400 0 0 0 0 6 6 11.9 11.9 51.349 
A0A0G2JEU1;Q544B1;D3YY

F3 
A0A0G2JEU1;Q544B1  Aldh2 

2592900 0 0 0 0 2 2 3.7 3.7 38.475 

Q9JLT4-

3;A0A0M3HEP9;Q9JLT4-

2;J3QMN4;Q9JLT4-

4;D3Z0K8;J3QMQ8;A0A0M3

HEQ0 

Q9JLT4-

3;A0A0M3HEP9;Q9JLT4-

2;J3QMN4;Q9JLT4-

4;D3Z0K8;J3QMQ8;A0A0M3HE

Q0 

 Txnrd2 

1576300 0 0 0 0 4 4 6.5 6.5 74.717 Q9R0H0-2 Q9R0H0-2   

1663300 0 0 0 0 3 3 29 29 13.588 F6Q404 F6Q404  Pdia3 

1496600 0 0 0 0 1 1 14.4 14.4 16.054 A0A0G2JGY4;A0A0G2JF23 A0A0G2JGY4;A0A0G2JF23   

1708900 0 0 0 0 1 1 13.9 13.9 20.957 D3YWU9;G5E833 D3YWU9;G5E833 
Oxysterol-

binding protein 
Osbpl5 

0 1127500 0 0 0 1 1 3.6 3.6 81.399 Q03141-2;Q03141-3 Q03141-2;Q03141-3   

0 691170 0 0 0 1 1 4.4 4.4 47.688 Q3TF14 Q3TF14 
Adenosylhomo-

cysteinase 
Ahcy 

0 764970 0 0 407250 2 2 10.9 10.9 39.771 Q3UKA4 Q3UKA4  Adh1 

0 688170 0 0 790180 3 3 2.8 2.8 117.82 P11087-2 P11087-2   

0 795910 883700 0 578110 6 4 3.4 2.2 288.69 J3QQ16;A0A087WS16 J3QQ16;A0A087WS16  Col6a3 

0 730790 0 341080 451480 2 1 8.6 5 39.367 A0A0N4SW56 A0A0N4SW56   

348280 0 0 0 0 1 1 7 7 47.994 B2MWM9 B2MWM9  Calr 

364640 0 0 0 0 1 1 0.9 0.9 82.391 
Q3UMG5-2;Q3UMG5-

3;F6VQ19 
Q3UMG5-2;Q3UMG5-3;F6VQ19  Lrch2 

401770 0 0 0 0 1 1 2.5 2.5 74.325 E9Q8F4;Q8C9V5;Q8BGK0 E9Q8F4;Q8C9V5;Q8BGK0  Nnt 

518600 0 0 0 0 2 2 1.8 1.8 98.987 D3Z7D5 D3Z7D5  Col6a2 
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563120 0 0 0 0 1 1 2.7 2.7 29.456 A2AT93;V9GXQ9 A2AT93;V9GXQ9 
Phosphoinositide 

phospholipase C 
Plcb4 

552580 0 0 0 0 1 1 2.2 2.2 97.052 

F6WMY5;D3YU23;D3Z6J2;D

3YWR3;D3Z4V0;D3YWB1;Q8

0TS3-

4;D3Z6H9;D3Z3X6;Q80TS3-

2;D3Z6H7;D3Z634;D3Z593;D

3Z3G4;Q80TS3-

5;D3YTW7;Q80TS3-

3;K3W4M8;D3YVT9;D3Z4S7;

D3Z5M6 

F6WMY5;D3YU23;D3Z6J2;D3Y

WR3;D3Z4V0;D3YWB1;Q80TS3

-4;D3Z6H9;D3Z3X6;Q80TS3-

2;D3Z6H7;D3Z634;D3Z593;D3Z

3G4;Q80TS3-

5;D3YTW7;Q80TS3-

3;K3W4M8;D3YVT9;D3Z4S7;D3

Z5M6 

 Adgrl3 

545950 0 0 0 0 1 1 2.2 2.2 121.18 
Q6ZQB6-2;Q6ZQB6-

3;E9Q9J4 
Q6ZQB6-2;Q6ZQB6-3;E9Q9J4  Ppip5k2 

535600 0 0 0 0 1 1 11.6 11.6 22.999 Q5SQG5 Q5SQG5  Phb 

825130 0 0 0 0 2 1 3.6 2 88.896 D3Z6B9;A0A0N4SVT2 D3Z6B9;A0A0N4SVT2  Aldh1l2 

930640 0 0 0 0 2 2 6.6 6.6 50.052 P97807-2 P97807-2   

0 0 498060 0 0 2 2 5.6 5.6 50.113 Q58E64;D3Z3I8;D3YZ68 Q58E64;D3Z3I8;D3YZ68 
Elongation factor 

1-alpha 
Eef1a1 

0 0 445670 0 0 2 2 1.2 1.2 312.3 A2AQ53 A2AQ53  Fbn1 

0 0 474310 0 0 2 2 13.4 13.4 32.931 Q545A2 Q545A2  Slc25a5 

0 0 420920 342710 358600 1 1 3.8 3.8 49.909 
Q52L87;Q5FW91;A0A0A0MQ

A5 
Q52L87;Q5FW91;A0A0A0MQA5  

Tuba1c;Tuba3a;Tub

a4a 

0 0 430090 301740 365020 2 2 16.9 16.9 27.273 Q99N15;A2AFQ2 Q99N15;A2AFQ2  Hsd17b10 

0 0 0 0 402500 2 2 15.2 15.2 14.579 

G3UYG0;E9Q606;E9Q5F4;G

3UZ07;Q4KL81;B2RRX1;Q49

7E4;F6WX90;E9Q2D1;B1ATY

1;D3Z2K3;D3YZY0;E9Q1F2;

Q3UJ36 

G3UYG0;E9Q606;E9Q5F4;G3U

Z07;Q4KL81;B2RRX1;Q497E4;F

6WX90;E9Q2D1;B1ATY1;D3Z2

K3;D3YZY0;E9Q1F2;Q3UJ36 

 
Actg1;Actb;Actc1;Act

g2 

0 0 0 343880 0 1 1 7.6 7.6 27.59 

A0A0K0K1E1;E9QAY6;E9Q8

00;Q8CAQ8-3;Q8CAQ8-

2;Q8CAQ8-5 

A0A0K0K1E1;E9QAY6;E9Q800;

Q8CAQ8-3;Q8CAQ8-

2;Q8CAQ8-5 

 Immt 

0 0 0 343090 0 1 1 19.6 19.6 10.275 Q4VAF2 Q4VAF2  Rpl37a 

0 354020 0 0 0 1 1 2 2 52.592 Q8K2Q9-2 Q8K2Q9-2   
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0 163710 0 0 0 1 1 15.9 15.9 5.1568 D6RIL9 D6RIL9  Clcf1 

0 283540 0 0 0 3 1 2.9 0.9 185.73 D3YWD1 D3YWD1  Col6a3 

0 259460 0 0 0 1 1 11 11 17.997 D3YYV8;Q58EU6 D3YYV8;Q58EU6  Rpl5 

0 239830 0 0 0 1 1 10.3 10.3 9.1182 

G3UWL7;Q3UA95;A0A0N4S

V66;B2RVP5;A3KPD0;Q149V

4;B2RWH3;B2RVF0;A2AB79 

G3UWL7;Q3UA95;A0A0N4SV66

;B2RVP5;A3KPD0;Q149V4;B2R

WH3;B2RVF0;A2AB79 

Histone H2A 

H2afz;H2afv;Hist1h2

ah;Hist2h2ac;Hist2h

2aa1;Hist1h2ad;Hist

3h2a 

0 221640 0 0 0 1 1 4.4 4.4 54.594 D3Z6F5 D3Z6F5 
ATP synthase 

subunit alpha 
Atp5a1 

181580 0 0 0 0 1 1 1.7 1.7 72.369 A0A0R4J0Z1 A0A0R4J0Z1   

0 0 248010 0 0 1 1 0.6 0.6 167.32 B2RQQ8 B2RQQ8  Col4a2 

0 0 121380 0 0 1 1 6.3 6.3 16.306 
D3YVY3;A0A087WPT4;A0A0

87WRS9;D6RIL6 

D3YVY3;A0A087WPT4;A0A087

WRS9;D6RIL6 
 Idh1;Idh2 

0 0 122170 0 0 1 1 0.2 0.2 469.02 B1B0C7;E9PZ16 B1B0C7;E9PZ16  Hspg2 

0 0 78224 0 0 1 1 9.3 9.3 17.239 

D3Z2S4;Q5SX59;B0QZL1;Q6

PHC1;A0A0N4SUX5;Q5FW9

7;Q545V3 

D3Z2S4;Q5SX59;B0QZL1;Q6PH

C1;A0A0N4SUX5;Q5FW97;Q54

5V3 

Enolase 
Eno2;Eno3;Eno1;EG

433182 

0 0 79827 0 0 1 1 2.5 2.5 40.526 Q3TKD1 Q3TKD1  Rfc3 

0 0 0 106000 0 1 1 2.2 2.2 46.584 Q3UJ34 Q3UJ34  Ass1 

0 0 0 83139 0 1 1 0.9 0.9 129.56 Q3TX57 Q3TX57  Col1a2 

0 0 0 157580 0 1 1 3.3 3.3 58.82 E9Q509;G3X925 E9Q509;G3X925 Pyruvate kinase Pklr 

0 0 0 0 223940 1 1 7.1 7.1 28.157 F2Z471;Q60932-2 F2Z471;Q60932-2  Vdac1 

0 0 0 0 141780 1 1 4.3 4.3 33.296 Q3V235 Q3V235  Phb2 

0 0 0 0 130760 1 1 2.5 2.5 76.722 P47856-2 P47856-2   

0 0 0 0 124460 1 1 3.6 3.6 39.507 Q3UER1 Q3UER1 

Fructose-

bisphosphate 

aldolase 

Aldob 

0 0 0 0 174560 2 2 19.4 19.4 11.367 B2RTM0 B2RTM0 Histone H4 Hist2h4 

0 0 0 0 168100 1 1 11.1 11.1 15.383 F7CFA5 F7CFA5  Glud1 
 


