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ABSTRACT

Membranes are dynamic structures that affect cell structure and function.

Compositional changes ofmembranes have been shown with the application of a

perturbation; however these are limited to whole tissue analysis. The purpose of this

thesis was to compare the phospholipid (PL) fatty acid (FA) composition of rat whole

muscle (Wm) to 1) purified and non-purified subsarcolemmal (SS) mitochondria in

soleus, plantaris, and red gastrocnemius, and 2) sarcolemma, transverse-tubules, SS and

intermyofibrillar (IMF) mitochondria fix)m whole hindlimb. The major findings were that

1) contamination significantly altered the PL FA composition of the SS mitochondrial

membrane fraction, 2) Wm and SS mitochondria compositions differed between muscle

types, and 3) Wm did not accurately reflect the PL FA composition ofany isolated

subcellular membranes, with each being unique from each other. As such, the relevancy

ofthe trends reported in the literature of the effects ofperturbations on Wm may be

limited.



MlA

J'\i:

-
' -s:AU'

Y'U'Ti}



MSc Thesis - L. E. Stefanyk Brock University

ACKNOWLEDGMENTS

My family, thank you for your love, support, and friendship. I am

so blessed.

Paul, thank you for giving me this opportunity, for your

guidance, wisdom, encouragement, and patience. An outstanding

role model.

My committee, thank you for your time and the valuable

feedback that you provided me with.

Mulligan, thank you for introducing me to my future and keeping

me on my toes.

My friends and lab mates, thank you for the laughs. . . and

keeping me sane.

Thank you!



!t':;n I. :jy-\^>

I V ' :i

;b" V^'

y W-i''?"

f;.

k,.,



MSc Thesis - L. E. Stefanyk Brock University

TABLE OF CONTENTS

Chapter 1: General hitroduction 1

Membrane Composition 1

Lipids 1

Fatty Acids 8

Proteins 13

Membrane Fluidity 13

The Structure Function Relationship 16

Skeletal muscle 18

Muscle Fibre Types 19

Skeletal Muscle Architecture 20

Skeletal Muscle Remodelling 21

Diet 22

Exercise 23

Insulin Sensitivity 25

Statement of the Problem 27

Purpose 27

Hypotheses 28

Chapter 2: Comparison of whole tissue and subsarcolemmal mitochondrial

membrane phospholipids fatty acid composition in rat soleus, plantaris, and red

gastrocnemius 29

Introduction 30



> '^i^-^

J 1, ! i I

.y>^i.qi^/S

. i;5»fc''';.'.Ui''^-']"

:.; iT,/V:'^., -.)ri<

J I..,

..'^'^"^juixjimi



MSc Thesis - L. E. Stefanyk Brock University

Methods 32

Animals 32

Specimen Collection 32

SS Mitochondria Isolation 32

Western Blot Analysis 33

Citrate Synthase 35

PercoU Gradient 35

Lipid Analysis 36

Statistical analysis 37

Results 38

Mitochondrial purification 38

Purified subsarcolemmal mitochondrial membrane and whole muscle

comparison 41

Discussion 43

Chapter 3: Phospholipid fatty acid composition of whole hindlimb skeletal muscle

sarcolemmal, transverse tubule and subsarcolemmal and intermyofibrillar

mitochondrial membranes in rat 48

Introduction 49

Methods 50

Animals 50

Specimen Collection 50

Mitochondrial isolation 51

Percoll Gradient 52



u;'-: J I ' ^i-^dV Q?M

'"ft '

"

..i.''<..

'i-.' nit; :.•',}',;

:ih' ^'

..'|,.'
'

';, »;, I

^ *!ftij; x?''i

ft)to;B/r')

n '
.

.• '•.r', .i:;|T-"ii'^i-o->na

)ii' . -h '-J " iLf',Kh^'b'"'^Ufi

y^u'r '^i



MSc Thesis - L. E. Stefanyk Brock University

Citrate Synthase 52

Sarcolemma and T-tubule Isolation 53

Immunoconcentration 53

Western Blot Analysis 54

Lipid Analysis 55

Statistics 57

Results 58

Subcellular membrane composition compared to whole muscle 59

Intra-subcellular fraction membrane comparison 60

Discussion 62

Subcellular membrane fractions compared to whole muscle 63

Subcellular fraction comparison 65

Chapter 4: General Conclusions 68

Future Directions 70

Rationale and implications 72

Chapter 5: Bibliography 74

Appendix 1: Laboratory Procedures 82

Part L Subsarcolemmal and intermyofibrillar mitochondrial isolation 82

Part II. Western blotting 85

Part III. Citrate synthase and mitochondrial quality 91

Part rV. Mitochondrial purification 93



i"'' .:

^li- 0)j-

^ ;
V " .M.'Jvw'i .''

i .



MSc Thesis - L. E. Stefanyk Brock University

Part V. Lipid extraction 94

Part VI. Thin layer chromatography 95

Part VII. T-tubule and sarcolemmal membrane isolation 98

Part VIII. Immunoconcentration 100

APPENDIX 2. Representative Western Blots 102

Part I Determination of optimal protein loading 102

Part II Quantifiable contamination in each membrane fraction 105

APPENDIX 3: Complete Data Tables 109

APPENDIX 4. List of fatty acids 121

APPENDIX 5. Contamination Calculation 122

APPENDIX 6. Animal Ethics Approval 123



-"^
ii r-^-i

..
.

)

^ny

'•' /\J<. i r .:' 'A

1 f" y'k' V •;'*

XK;/':T*^qA



MSc Thesis - L. E. Stefanyk Brock University

LIST OF TABLES

TableLl Characteristics of the main phospholipids found in skeletal muscle 4

Table A3.1. Indicies of the phospholipid fatty acid profile of whole muscle, non-

purified and purified subsarcolemmal mitochondrial membranes in rat soleus,

plantaris, and red gastrocnemius 110

Table A3 .2. Percent mole fi-action of phosphatidylcholine fatty acids ofwhole
muscle, non-purified and purified subsarcolemmal mitochondrial membranes in rat

soleus, plantaris, and red gastrocnemius 11

1

Table A3.3. Percent mole fi-action of phosphatidylethanolamine fatty acids ofwhole
muscle, non-purified and purified subsarcolemmal mitochondrial membranes in rat

soleus, plantaris, and red gastrocnemius 112

Table A3.4. Percent mole fi-action of cardiolipin fatty acids ofwhole muscle, non-

purified and purified subsarcolemmal mitochondrial membranes in rat soleus,

plantaris, and red gastrocnemius 113

Table A3.5. Percent mole fi-action of phosphatidylinositol fatty acids ofwhole
muscle, non-purified and purified subsarcolemmal mitochondrial membranes in rat

soleus, plantaris, and red gastrocnemius 114

Table A3.6. Percent mole fi-action of sphingomyelin fatty acids ofwhole muscle,

non-purified and purified subsarcolemmal mitochondrial membranes in rat soleus,

plantaris, and red gastrocnemius 115

Table A3. 7. Percent mole fi-action ofphosphatidylserine fatty acids ofwhole muscle,

non-purified and purified subsarcolemmal mitochondrial membranes in rat soleus,

plantaris, and red gastrocnemius 116

Table A3. 8. Indicies of the phospholipid fatty acid profile ofwhole muscle,

sarcolemmal, t-tubule, SS and IMF mitochondrial membranes in rat hind limb 117

Table A3.9. Percent mole fi-action of individual fatty acids of sphingomyelin and

phosphatidylcholine phospholipids of whole muscle, sarcolemmal, transverse-tubule,

and purified subsarcolemmal and intermyofibrillar mitochondrial membranes in rat

hindlimb 118

Table A3. 10. Percent mole fi-action of individual fatty acids of phosphatidylserine

and phosphatidylinositol phospholipids of whole muscle, sarcolemmal, transverse-

tubule, and purified subsarcolemmal and intramyofibrular mitochondrial membranes
in rat hindlimb 119

Table A3.1 1. Percent mole fi-action of individual fatty acids of

phosphatidylethanolamine and cardiolipin phospholipids ofwhole muscle.



'-'
! 'if', I "i' ' ,

'

':j;T; U'Jhv .^s -^i.'': .:./\>.'u. \ fjOJ'i iiip "t,q

i
,

J

;
'

•

. ..ar ^.:\i-i'\f-

/• V.,:, 1

» .J > r ' >

',».q^i,i>

'. T-

h.

uj'

':h,:\:,:u:'

jjViiib.i/i 'LI ai



MSc Thesis - L. E. Stefanyk Brock University

sarcolemmal, transverse-tubule, and purified subsarcolemmal and intramyofibmlar

mitochondrial membranes in rat hindlimb 120

\i





MSc Thesis - L. E. Stefanyk Brock University

LIST OF FIGURES

Figure 1 .1 . a) The general structure of phospholipids and b) the structural formula

(left) and space filling model (right) ofphosphatidylcholine 3

Figurel.2. a) The biosynthesis ofphosphatidylcholine (PC) (similar for

phosphatidylethanolamine (PE) beginning with ethanolamine) and, b) synthesis of
phosphatidylinositol (PI) and cardiolipin (CL) 6

Figure 1.3. Cis and trans configurations of a fatty acid 9

Figure 1.4. The reaction sequence for the de novo synthesis of fatty acids 10

Figure 1.5. Architecture of part of a muscle fibre 19

Figure 2.1. Representative Western blots ofwhole muscle (Wm), subsarcolemmal

(SS) mitochondria prior to (Non-purified) and after (Purified) purification with a

60% Percoll gradient 39

Figure 2.2. Percent mole Section of the major fatty acid subclasses of non-purified

(NpSS) and purified (SS) subsarcolemmal mitochondria in rat soleus, red

gastrocnemius (RG), and plantaris 40

Figure 2.3 Percent mole fi-action of the major fatty acid subclasses ofwhole muscle

(Wm) and purified subsarcolemmal (SS) mitochondria in rat soleus, red

gastrocnemius (RG), and plantaris 42

Figure 3.1 Representative Western blots ofwhole muscle (Wm), sarcolenmial

(Sarco), non-purified (Npt-t) and purified (t-tubule) transverse-tubule membranes 59

Figure 3.2 Percent mole fi^ction ofmajor fatty acid subclasses ofwhole muscle,

sarcolemmal, transverse-tubule, and subsarcolemmal (SS) and intermyofibrillar

(IMF) mitochondrial membranes in rat hindlimb 61

Figure 3.3. Whole muscle (Wm), transverse-tubule (T-t), subsarcolemmal

mitochondria (SS), and intermyofibrillar mitochondria (IMF) preparations separated

by PL species 62

Figure A2.1 . Representative Western blots of a gradient of increasing protein

concentration ofwhole muscle homogenate probed for the t-tubule specific protein

DHPR (200 kDa protein) 102

Figure A2.2. Representative Western blots of a gradient of increasing protein

concentration ofwhole muscle homogenate probed for GM130, a golgi membrane
marker (130 kDa protein) 102



^^;-tjt:.'"i ,}«''

i '.;/<,!:/•'

I. ,

J- '
, 1 '.^ n ; ''d J ;;i ;)4\,'S

.!'>n!Nn,.K<jj.!r;:ir:.--. ;iq

ity'i

""
-'- 'yi>: ^„^:'i

;> :^i-....,. ^.. ; .)

il:
'-

S ^
" '13H ZJ-. :;>iL:?:;i 'I

:y>-!f



MSc Thesis - L. E. Stefanyk Brock University

Figure A2.3. Representative Western blots of a gradient of increasing protein

concentration ofwhole muscle homogenate probed for Na^/K^-ATPase alpha- 1, a

marker of the sarcolemma (113 kDa protein) 103

Figure A2.4. Representative Western blots of a gradient of increasing protein

concentration ofwhole muscle homogenate probed for sarco(endo)plasmic reticulum

Ca^^-ATPase 1 (SERCA), a marker for the sarcoplasmic reticulum (110 kDa
protein) 103

Figure A2.5. Representative Western blots of a gradient of increasing protein

concentration ofwhole muscle homogenate probed for adenine nucleotide

translocase (ANT), a mitochondrial membrane marker (32 kDa protein) 104

Figure A2.6. Representative Western blots of a gradient of increasing protein

concentration ofwhole muscle homogenate probed for emerin, a nuclear membrane
marker (37 kDa protein) 104

Figure A2.7. Representative Western blots ofuniform bands from IgG beads after 1

hour of gel electrophoresis 105

Figure A2.8. Representative Western blots probed for Na'*^/K^-ATPase alpha-1 (1 13

kDa), a protein marker of sarcolemma on A) whole muscle (left), and the transverse-

tubule before (middle) and after (right) immimoconcentration after 2 hours of gel

electrophoresis, and B) non-purified (left) and purified (right) subsarcolemmal

mitochondria after 1 hour of gel electrophoresis 105

Figure A2.9. Representative Western blots probed for ANT (32 kDa), a protein

marker ofmitochondria on A) whole muscle (left), transverse-tubules before

(middle) and after (right) immunoconcentration, and B) non-purified (left) and

purified (right) subsarcolemmal mitochondria after 1 hour of gel electrophoresis 106

Figure A2.10. Representative Western blots probed for DHPR (200 kDa), a protein

marker of transverse-tubules on A) whole muscle (left), transverse-tubules before

(middle) and after (right) immunoconcentration, and B) non-purified (left) and

purified (right) subsarcolemmal mitochondria after 2 hours of gel electrophoresis 106

Figure A2.1 1. Representative Western blots probed for SERCAl (1 10 kDa), a

protein marker of sarcoplasmic reticulum on A) whole muscle (left), transverse-

tubules before (middle) and after (right) immunoconcentration, and B) non-purified

(left) and purified (right) subsarcolemmal mitochondria after a 2 hour gel

electrophoresis 107

Figure A2.12. Representative Western blots probed for emerin (37 kDa), a protein

marker of nucleus on A) whole muscle (left), transverse-tubules before (middle) and

after (right) immunoconcentration, and B) non-purified (left) and purified (right)

subsarcolemmal mitochondria after 1 hour of gel electrophoresis 107



i ' ,. IJ

'j^'Vit'n

.''\

!)-:

I '; >.

'''1

I jl'':.. \' .1'' r'!bi.»M|
)

1 •' -^ , » i

„ ,. f.



MSc Thesis - L. E. Stefanyk Brock University

Figure A2.13. Representative Western blots probed for GM130 (130 kDa), a protein

marker of the golgi apparatus on A) whole muscle (left), transverse-tubules before

(middle) and after (right) immunoconcentration, and B) non-purified (left) and

purified (right) subsarcolemmal mitochondria after 2.5 hours of gel electrophoresis 108

i\U - R. -v :.. -'t r Cirv>v.'^ I <• 1 . V : .',
'

r- i>! ,--.

17; : .

lil'lvi;

v\
' «iC t>' '

-*' <''iytr'..''' i

rt >. <^''c•,u,r*.. !

Ci. i.....t.v^

'im

vV *'

'. v.''i^iifM^ :- .^••- i« -<i

Mt:^i?M 1 "'s

. - '•':C'M,\ ' U f .-pV.li_ ,0''

*i;<^;' .- -;;

T'-J*. -.,

h f» •-• •-
itifTka:

'V.^^T<:.:, "•iii^U.* 'j^v



'^^..^
!

:/.'*/



MSc Thesis - L. E. Stefanyk

LIST OF ABBREVIATIONS

Sol - Soleus

Plan - Plantaris

RG - Red gastrocnemeus

Wm - Whole muscle

PC - Phosphatidylcholine

PS - Phosphatidylserine

PI - Phosphatidylinositol

PE - Phosphatidylethanolamine

CL - Cardiolipin

SM - Sphingomyelin

SFA - Saturated fatty acid

MUFA - Mono-unsaturated fatty acid

PUFA - Poly-unsaturated fatty acid

FA - Fatty acid

PL - Phospholipid

CS - Citrate Synthase

CSem - Extramitochondrial citrate synthase

CSts - Citrate synthase total suspension

GC - Gas chromatography

TLC - Thin layer chromatography

SS - Subsarcolemmal

IMF - Intermyofibrillar

Brock University

t-tubule - Transverse-tubule

ER - Endoplasmic Reticulum

n3 - Omega-3 fatty acid

n6 - Omega-6 fatty acid

DHPR - Dihydropyridine receptor

SERCAl - Sarco(endo)plasmic reticulimi

Ca^'^-ATPase 1

ANT - Adenine nucleotide translocase

FFID - Fast flame ionizing detector

FAME - Fatty acid methyl ester

SE - Standard error

UFA - Ultra fast module

sn - Stereospecific numbering

ATP - Adenosine triphosphate

PVDF - Polyvinylidene difluoride

DTNB - Dithiobis-nitrobenzoate

DCF - Dichloroflouroscene

BSA - Bovine serum albumin

ANOVA - Analysis of variance

CDP - Cydine diphosphate

CMP - Cydine monophosphate

PBS - Phosphate buffered saline



' ^-:'>in: >A/



MSc Thesis - L. E. Stefanyk Brock University

ALA - Alpha-linolenic acid

LA - Linoleic acid

DHA - Docosahexaenoic acid

AA - Arachidonic acid

TG - Triglyceride

SO - Slow oxidative

FOG - Fast oxidative glycolytic

FG - Fast glycolytic



:)v ; -fj^'lix' . rivi

fi ' Af.

h;.^:3:,.'vl:-;:a r

:P:'->': W;..-i'u- 0<2

!;;ihn?i.i f>L *
*t ^ 'J.

.>i«,'
>"*



MSc Thesis - L. E. Stefanyk Brock University

Chapter 1 : General Introduction

Biological membranes are important selectively permeable barriers that carry out

many critical processes. Biological membranes surround each cell, as well as subcellular

organelles (for example the nucleus, mitochondria and sarcoplasmic reticulum) and help

maintain a distinct internal environment. Membranes are dynamic structures, comprised

of lipids, proteins and carbohydrates, and it is the overall composition of these which

determine membrane structure and, in turn, function (e.g. permeability, cell signalling,

protein integration, and metabolism; Petridou et ai, 2005). Knowledge of the

composition of cellular and subcellular membranes is therefore essential in furthering our

understanding of the association between membrane structure and function.

Membrane Composition

Biological membranes are organized as a lipid bilayer comprised primarily of

lipids, proteins and small amounts of carbohydrates (Voet & Voet, 2004). Proteins are

closely associated with biological membranes, located on the exterior to (peripheral),

interior of (integral), or spanning (transmembrane) the membrane (Voet & Voet, 2004).

The dynamic nature of the lipid bilayer was first depicted by Singer and Nicholson

(1972) as the fluid mosaic model, where the interaction of lipids, proteins, and

carbohydrates is represented in a highly organized and ever changing state.

Lipids

Lipids are the major constituents ofbiological membranes. There are three main

classes ofmembrane lipids; phospholipids (PL), glycolipids and cholesterol, each are

1
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unique but all exhibit the same bipolar nature. The bilayer structure of the membrane is

attributable to the bipolar nature of lipid molecules. The polar regions arrange themselves

side-by-side at the exterior and interior of the cell or organelle, and the non-polar regions

arrange themselves opposite each other between the polar heads. The three classes of

lipids are unique with regards to where they are localized, their structure, their synthesis

pathway, and the fatty acid (FA) residues which they contain (Voet & Voet, 2004).

i) Phospholipids

PLs are structural lipids found exclusively in membranes (Dannenberger et ai,

2007). PLs are comprised of non-polar acyl chains, a polar phosphoryl head group and

either a glycerol (1,2-diacyl-sn-glycerol) or sphingosine (N-acyl-sphingosine) backbone,

forming glycerophospholipids and sphingophospholipids, respectively (Dannenberger et

al., 2007). The acyl chains present in membrane lipids are FA, which will be discussed in

detail in a following section. The locations on the glycerol backbone where the FAs bind

are referred to as the sn-1 and sn-2 positions (sn stands for stereospecific numbering, a

system which assigns numbers to groups of molecules surrounding the centre based on a

specific priority scheme; Voet & Voet, 2004). Despite these general similarities, there are

unique differences that define each PL.

The first class of PLs, glycerophospholipids, are named based on the polar alcohol

making up the phosphoryl group. The phosphoryl group consists of choline, serine,

inositol, or ethanolamine resulting in phosphatidylcholine (PC), phosphatidylserine (PS),

phosphatidylinositol (PI), and phosphatidylethanolamine (PE), respectively (Figure 1.1).
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ti ?

a)

(AIcoItoI) (Alcohol)

(
phosphate) (Phosphate)

(Glycerol)
(
Sphingosine

)

PfMMf)fiatidyldK>iine

Choline

Figure 1.1. a) The general structure of phospholipids and b) the structural formula (left)

and space filling model (right) of phosphatidylcholine.

(http://faculty.uca.edu/~johnc/phospholipid.jpg 17/08/07)

Cardiolipin (CL) is known as a double glycerophospholipid and consists of two

phosphorus molecules and four FA chains in its most common molecular form

tetralinoleoyl CL, which constitutes 85% ofCL in human skeletal muscle (Ritov et al.,

2006). CL, named because of its discovery in heart muscle, is found in greater amounts in

metabolically active tissue, which have greater amounts of mitochondria. Sphingomyelin

(SM) is a sphingophospholipid comprised of a sphingosine backbone, a phosphate and an

alcohol bound to the polar end, and two non polar tails. SM consists of a long-chain FA

at the sn-1 position, and a ceramide at the sn-2 position (Houston, 2006). Two forms of

sphingomyelin exist in skeletal muscle membranes, n-acyl-sphingosile-1-

phosphorylcholine and n-acyl-sphingosile-1-phosphorylethanolmine (Ramstedt & Slotte,

2002).



<^'-;'::rn j-rvT

rV; .- - ,..,r.'/ , .,
}' .-^ ,"'.,1 >•»••* f rV -,,!» !,



MSc Thesis - L. E. Stefanyk Brock University

Table 1.1 Characteristics of the main phospholipids found in skeletal muscle.

PL
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transferase (Bell et aL, 1976; Yao & Vance, 1988; Figure 1.2a). Mitochondria PE is

synthesized primarily from the decarboxylation of PS transported fix)m the endoplasmic

reticulum, where as PE distributed to other cells is synthesized by the CDP-ethanolamine

pathway (Steenbergen et al., 2005). SM is synthesized through the transfer of

phosphorylcholine from PC to a ceramide (N-acylsphingosine) in a reaction catalyzed by

sphingosine synthase (Houston, 2006; Figure 1 .2a). PS is synthesized by a base exchange

reaction (Phosphatidyl X + Y <h-> Phosphatidyl Y + X) involving PE (Voet & Voet,

2004). This reaction is catalyzed by phosphitidylethanolamine:serine translocase (Voet &

Voet, 2004). This reaction may also occur between other PLs. Two pathways synthesize

PI, the de novo pathway and the salvage pathway which converge at the level of

phosphatidic acid (Nuwayhid et al, 2006). In de novo synthesis, a derivative of glucose,

dihydroxyacetone phosphate is used to make glycerol phosphate which is then acylated

with steric acid in the sn-1 position, and arachidonic acid in the sn-2 position to yield

phosphatidic acid (Nuwayhid et al, 2006). In the salvage pathway, diacylglycerol is

converted to phosphatidic acid by diacylglycerol (DAG) kinase (Nuwayhid et ai, 2006;

Figure 1.2b). Similarly, CL is produced by the precursor phosphatidic acid, however the

synthesis ofCL occurs in the mitochondria of the cell (Figure 1.2b).
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Figurel.2. a) The biosynthesis ofphosphatidylcholine (PC) (similar for

phosphatidylethanolamine (PE) beginning with ethanolamine) and, b) synthesis of

phosphatidylinositol (PI) and cardiolipin (CL) (Bell etai, 1976)

It has been shown that the sarcoplasmic reticulum (the smooth endoplasmic

reticulum of skeletal muscle), in addition to its major role of calcium transport and

storage, can synthesize PLs by the same pathways as the endoplasmic reticulum of other

tissues (Cornell & MacLennan, 1985; Sarzale & Pilarska, 1976). PC is the major PL of

skeletal muscle, and examination of the activities of the enzymes involved in PC

synthesis have been found to be very high in the sarcoplasmic reticulum, suggesting it

may serve as the primary source ofPL for the muscle cell (Cornell & MacLennan, 1985).

De novo synthesis occurs for the most part in the endoplasmic reticulum, organelles then

adjust the PLs when they are incorporated into other membranes (Stubbs & Smith, 1984).

Once synthesized, PLs can be distributed along a monolayer and across to the adjacent

monolayer with the assistance of specific proteins (Voet & Voet, 2004). PL rarely

migrate fi-om one layer to the next via 'flip flop', therefore flipases, through facilitated

diffusion, flip PLs fi-om one monolayer to the adjacent monolayer (Voet & Voet, 2004).
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This allows PL molecules synthesized by membrane-bound enzymes on one side of the

membrane to migrate to the other monolayer (Hamilton, 2003). PLs more readily

exchange places with neighbouring PLs within the same monolayer (Hamilton, 2003). PL

translocases are also present to distribute PLs along the monolayer (Voet & Voet, 2004).

PL translocases require ATP and are used to create a nonequilibrium distribution if

necessary (Voet & Voet, 2004). For example, CL is found primarily on the inner

monolayer ofmitochondria membranes (Colbeau et a/., 1971; Table 1.1). Collectively,

these processes allow the distribution of PLs through out the cell.

ii) Glycolipid

Glycolipids are imique lipids in that they have a carbohydrate (monosaccharide)

attached to the backbone by a glycoside linkage as opposed to a phosphate group (Bell et

ai, 1976; Voet & Voet, 2004). Glycolipids are either glyceroglycolipids or

sphingoglycolipids, depending on their backbone. Most sphingolipids are

sphingoglycolipids, in that their polar head groups consist of a carbohydrate unit (Voet &

Voet, 2004). Glycolipids constitute approximately 5% of lipids on the outer monolayer of

the sarcolemma (Voet & Voet, 2004). Glycolipids are synthesized through stepwise

additions of activated monosaccharide imits (Voet & Voet, 2004). The synthesis of

glycolipids occurs on the luminal surfaces of the endoplasmic reticulum and the golgi

apparatus and reach the outer membranes through exocytosis of internal vesicles (Voet &

Voet, 2004). The carbohydrates bound to glycolipids are most commonly glucose,

galactose, mannose, and fructose (Voet & Voet, 2004),
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Hi) Cholesterol

Cholesterol is a four ring steroid structure with short hydrocarbon side-chains and

a hydroxyl group (Bell et ai, 1976). Cholesterol is a sterol, but considered a lipid because

of its bipolar nature (Bell et al, 1976). Cholesterol is a major component of biological

membranes, predominantly the outer monolayer of the cell membrane, and to a lesser

extent in the membranes of subcellular organelles (Voet & Voet, 2004). Cholesterol is

found throughout the membrane, however, cholesterol enriched micro domains, called

lipid rafts, exist within the membrane (3 to 5 fold more than that of total membranes;

Pike, 2004). Cholesterol interacts differently with individual PL subclasses, interacting

most commonly with SM within the lipid raft domains (Pike, 2004). The close

association of cholesterol to SM exists due to attractive forces between the rigid ring

backbone of cholesterol and the saturated acyl chains ofSM (Ramstedt & Slotte, 2002).

Cholesterol content has been measured in subcellular organelle membranes, with highest

levels noted in sarcolemmal membrane, low levels in the endoplasmic reticulum and

outer mitochondrial membranes, and no detectable levels in inner mitochondrial

membrane (Colbeau et ai, 1971).

Fatty Acids

In addition to PL head groups, FA are another structural component of PLs. FAs

are long-chain hydrocarbons with a carboxyl group at one end and a methyl group at the

other (Voet & Voet, 2004). The most common FAs in biological membranes are 14-20

carbons in length (Voet & Voet, 2004). The carbon chains may be fiiUy saturated with

hydrogen ions (saturated fatty acid, SFA), contain one (monounsaturated fatty acid.
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MUFA), or more than one double bond (polyunsaturated fatty acid, PUFA). Where a

double bond is present, there exists a bend in the hydrocarbon chain, which can exhibit

one oftwo different configurations (Voet & Voet, 2004). The cis configuration occurs

when the carbon chains extend on the same side of the double bond, and the trans

configuration exists when the carbon chains extend in opposite directions in relation to

each other (Bell et al., 1976; Figure 1 .3). The double bonds of naturally occurring FA are

most commonly in the cis configuration (Voet & Voet, 2004). The configuration of the

FA chain has implications for overall membrane function because it dictates how closely

a FA can associate with neighbouring FA chains.

Trans double bond

(Elaidic acid)

Figure 1.3. Cis and trans configurations of a fatty acid.

FAs are named based on the aforementioned characteristics; the number of carbon

atoms and double bonds, the position of the first double bond fi-om the methyl end, and

the configuration ofthe double bonds, if relevant. For example, a FA with 18 carbons,

and 3 double bonds, with the first double bond 3 carbons fi-om the methyl end is denoted:

18:3n3. The position of the double bond is stated based on the number of carbon atoms

that separate it fi-om the methyl end because elongation and desaturation reactions take



h>j:''-\' ''} y-'U)

;'Uf Ji .io;> . ,> «>fU 5i?>v:.v

. X-^ r:«:v1r'uia:'in01

.,n'.,; C'f •( 'Ai T-':Om

i« :1]., -...V-V .,-l.^A. L[':> W'-" r.l S)1JJ%I(^

'^
t,-.j:v;i*i', !>(.»> ,- A, i

•j,\'\ .,-f.^ •>'' ^f-ii-ol fH^;: riRtotrj

,-* .o -jv-; /,. ;r? -.* /«^;ff .MifiiC?v-> sdj

,. -f- ;' iO :'^i:;M;^'.r :iu'i (il^'B!

:' j: - i: '\:>a:^pc Udt



MSc Thesis - L. E. Stefanyk Brock University

place from the other end (Nikolaidis & Mougios, 2004). A FA, once formed, is dynamic,

and in the presence of specific enzymes and substrates can be ahered.

Membrane FAs can be synthesized within the cell or obtained from fat stores,

however the largest source ofFA in the membrane is the diet (Ayre & Hulbert, 1996b).

De novo synthesis of FAs, or lipogenesis, occurs in the cytosol (Houston, 2006) (Figure

1.3).

Acetyl-CoA Acetyl-CoA -

J
I

Acetyl-CoA

X Cartwxyiase

Acetyl-ACP Malonyl CoA

I Malonyl-ACP

Acetyl-synthase « ^ < ;>; l

I

ketoacyl synthase i

Acetoacetyl-ACP i

::;:::> I
ketoreductase ,7 cycles

Hydroxybutyryl^CP I

I dehydrase ' " •

Crotonyl-ACP i,
NADPH ^-s_ I enoyi reductase

*

i

NADPH
NADP

NADP 1
——"

Butyiyl-ACP

Palmltoyl-ACP

I
Thioesterase

Palmitic Acid

Figure 1.4. The reaction sequence for the de novo synthesis of fatty acids. The fatty acid

synthase catalyzes the synthesis of palmitate, in the presence of acetyl-CoA as primer,

malonyl-CoA as the two-carbon donor, and NADPH as the source of reduction of the

various intermediates produced. Fatty acid elongation consists ofrounds ofpriming ACP
with a malonyl moiety followed by condensation, reduction, dehydration, and reduction

reactions that add two carbons to the growing acyl chain in each round (Smith, 1994).

Lipogenesis begins with acetyl CoA, which through a carboxylase reaction creates

malonyl CoA, the precursor for FA synthesis (Houston, 2006). Palmitic acid (16:0) is

10
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synthesized first, and then lengthened and desaturated by elongases and desaturases,

respectively, to create other FAs.

Elongase and desaturase enzymes are crucial rate-limiting elements in the

transformation of FAs, woricing together to lengthen carbon chains and create double

bonds, respectively (Storlien et ai, 1996; Voet & Voet, 2004). There are two areas where

elongases are present; the mitochondria and the endoplasmic reticulum, and their actions

differ between these locations (Voet & Voet, 2004). Mitochondrial elongation occurs

through the successive addition of acyl units, reversing P-oxidation (Voet & Voet, 2004).

Elongation occurs by successive condensation reactions between malonyl-CoA and acyl-

CoA fi-om the carboxyl end of the FA (Voet & Voet, 2004). Four isoforms of desaturase

enzymes are present in mammalian tissue: A9-, A6-, A5-, and A4-desaturases, all

differing in chain-length specificities, adding double bonds 9, 6, 5, and 4 carbons fi-om

the carboxyl end, respectively (Voet & Voet, 2004). Elongase and desaturase enzymes

are selective with regards to the FA they affect, for example A6-desaturase is the rate

limiting enzyme in the creation of arachidonic acid (AA) fix)m linoleic acid (LA; Benatti

et al.y 2004). In research studies, elongase and desaturase activities are measured

indirectly though the use of product to precursor ratios. Elongase activity is measured by

18:0/16:0, A5-desaturase by 20:4n6/20:3n6, A6-desaturase by 20:3n6/18:2n6, and A9-

desaturaseby 18:ln9/18:0 (Lee, 1998; Turner ef a/., 2004). The composition of these

enzymes in certain cellular locations acts as an indicator ofmembrane composition and

has been seen to reflect environmental changes. Substrates and can be altered through

diet and exercise, resulting in altered enzyme activity and subsequently metabolism

(Storlien e/ a/., 1996).

11
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Not all FAs can be synthesized in the cell, some must be acquired through diet

and are referred to as essential. The two essential FAs are a-linolenic (ALA; 18:3n3) and

LA (18:2n6; Ayre & Hulbert, 1996a). These FAs are considered essential because

desaturase enzymes present in mammalian cells are unable to introduce a double bond

beyond the ninth carbon from the carboxyl end, and therefore unable to synthesize them.

The major dietary sources ofALA are soy, canola oil, flaxseed and fish (Benatti et al,

2004). Com, soy and safflower oil are major sources ofLA (Benatti et al, 2004). Once

ingested, both LA and ALA can be modified by elongases to produce longer-chain

PUFAs such as AA (20:4n6) and eicosapentaenoic acid (EPA; 20:5n3) and

docosahexaenoic acid (DHA; 22:6n3), respectively (Benatti etal, 2004; Rodriguez-Cruz

e/ a/., 2005).

There are three fates ofFAs once thy are synthesized: they can be stored, either in

the muscle or adipose tissue as triglycerides, metabolized, or incorporated into the

membrane (Ayre & Hulbert, 1996a). The incorporation ofFAs into the membrane can be

achieved by spontaneous movement through the lipid phase of the membrane, a process

called transverse diffusion or a flip-flop action (Kleinfeld et al, 1997; Voet & Voet,

2004). The rate of this trans-bilayer flip-flop differs depending on FA chain length,

occurring most frequenfly with long-chain FAs (Zhang et al, 1996; Kleinfeld et al,

1997). FAs can also traverse the membrane through protein mediated mechanisms, such

as through the insulin stimulated FA transporters FAT/CD36 (Luiken et al, 2002). It is

through these methods that newly introduced FAs can incorporate themselves in the

membrane, subsequently altering its composition.

12
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Proteins

Proteins act as enzymes, receptors, transporters, and play roles in cell

communication and adhesion (Voet & Voet, 2004). Proteins mediate not only FA

transport into the cell but also that of nutrients and large, charged, or water molecules.

The transport ofmolecules across cell membranes is dependent on concentration and

electrical gradients, their size, charge, solubility in lipids, and the needs ofthe cell (Bell

et al^ 1976). Membranes are most selective with regards to water soluble substances (e.g.

sugars and amino acids) which are often transported along a concentration gradient by

highly specific proteins (facilitated diffusion; Bell et al., 1976). Molecules moving

against the concentration gradient require energy (active transport). This is achieved

through proteins, coupled transport, or bulk transport where the membrane forms a

vesicle and brings contents into the cell (endocytosis or phagocytosis) or outside of the

cell (exocytosis). Membranes that surround subcellular organelles exhibit selectivity

when it comes to what enters and exits the cell, letting pass only what complements its

individual cellular processes (Bell et al., 1976). Therefore, the protein composition of

subcellular organelles depends on their functions and is unique to others (Spector &

Yorek, 1985).

Membrane Fluidity

Fluidity is the quality of ease ofmovement within the membrane, and is a very

important factor in overall membrane function as it influences many cellular processes

and will be discussed in greater detail in the next section (Cevc & Marsh, 1987; Sharma

et al., 2000; Stubbs & Smith, 1984). Biological membranes transition fi-om a more rigid

13
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gel like state to a more fluid crystalline state depending on the interaction of multiple

factors. The temperature at which the membrane becomes more fluid is referred to as the

transition temperature (Voet & Voet, 2004) and is a quantifiable measure ofmembrane

fluidity. Membrane fluidity, and subsequently function, is regulated by three main

variables; PL characteristics, FA composition, and cholesterol content.

PL characteristics influence membrane fluidity by what is bound to them and their

head group size. Water molecules on the membrane decrease the transition temperature

and bind primarily to choline. Therefore, increased PC in membranes results in an

increase in membrane fluidity (Cevc & Marsh, 1987; Ramstedt & Slotte, 2002; Volkov et

al.y 2007). Most SM head groups in skeletal muscle contain carbohydrates which increase

the head group size therefore decreasing its ability to pack closely to neighbouring PLs,

ultimately increasing membrane fluidity as its presence in the membrane increases (Voet

& Voet, 2004). '

The respective FA components ofPLs also affect membrane fluidity. The

transition temperature lowers with shorter FA chains and also with increasing

unsaturation because both result in decreased interaction between lipids. The presence of

SFA increases the rigidity of a membrane because the straight FA chains are able to pack

closely together with many hydrophobic attractions (Nikolaidis & Mougios, 2004).

Similar to SFA, FAs with double bonds in the trans configuration pack closely together

and decrease membrane fluidity. In addition, because the FA composition differs between

PL species, these two effectors of fluidity are somewhat interrelated. For example PI and

CL tend to be highly unsaturated PLs, resulting in increased membrane fluidity.

14
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The fused steroid ring system of cholesterol interacts with surrounding PL groups,

restricting movement and decreasing membrane fluidity. Cholesterol affects the physical

properties of surrounding PL in membranes by restricting the motion of the hydrophobic

region of the bilayer (Voet & Voet, 2004). The rigid steroid rings of the cholesterol

interacts with only the first methyl groups of the FA chain both decreasing fluidity and

membrane permeability. However, cholesterol decreases fluidity only to a certain extent;

it also prevents crystallization at high concentrations by preventing neighbouring

hydrocarbon chains from directly joining (Esfahani & Swavey, 1990). At high cholesterol

concentrations, no transition exists to progressively increase rigidity, with the only

existing phase being an intermediate phase highly characteristic of lipid rafts (Ramstedt

& Slotte, 2002). Once again this effector ofmembrane fluidity does not act

independently. The composition of cholesterol in the membrane is largely dependent on

the degree of unsaturation and length of the FA chains of the membrane lipids (Ramstedt

& Slotte, 2002). Cholesterol desorption will likely occur as a consequence of increased

unsaturated FAs (Ramstedt & Slotte, 2002). On the other hand, attraction exists between

SFA chains and the rigid steroid ring backbone of cholesterol, resulting in increased

levels of cholesterol in more saturated membranes (Ramstedt & Slotte, 2002).

The lipid profile (PL, FA, and cholesterol) ofmembranes differ depending on

their function and location. Each combination has a unique effect on membrane function,

primarily through altering membrane fluidity (Nikolaidis & Mougios, 2004). Membrane

composition has a large impact on regulatory processes mediated through cellular

membranes, such as ion homeostasis, gene expression, nutrient transport, protein

integration, and signal transduction and synthesis (Nikolaidis & Mougios, 2004; Cevc &

15
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Marsh, 1987). Through compositional analysis of specific membranes, function of cells

and membrane-associated proteins can be understood in greater detail.

The Structure Function Relationship

Modifications in lipid composition are influential enough to alter membrane

fluidity and, in turn, a number of cellular functions. These include carrier-mediated

transport, properties ofmembrane-bound enzymes, simple diffusion, receptor binding site

accessibility, phagocytosis, endocytosis, exocytosis, and signal conduction (Spector &

Yorek, 1985). The mechanism behind this influence is potentially due to conformational

changes of certain proteins by surrounding lipids which enhance or reduce the

accessibility of their binding or active sites, or their pore size (Spector & Yorek, 1985).

The association between membrane lipids may also alter how proteins are able to

incorporate themselves into the membrane, and also how easily molecules are able to

freely pass through it through simple diffusion. Many important questions arise with

regards to the nature of lipid-protein interactions in biological membranes. Does protein

function depend on the surrounding membrane PL composition? Do lipids interact in

unique ways with different proteins? Do individual lipids effect proteins, or is it a

combination of lipids effecting the membranes dynamics which alter function (Lee,

1998)?

Individual lipids can affect specific cellular processes and may be the primary

cause for alterations in cellular function. For example, CL alone plays an important role

in stabilizing the activity of complexes in the electron transport chain in mitochondria,

and subsequently ATP production and modulation of proton leak (Ritov et al, 2006). The

16
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products ofPLs also play important roles in cellular processes. When PI is hydrolyzed, it

yields inositol triphosphate and DAG, two key intermediates in the mobilization of

intracellular calcium and the activation ofprotein kinase C (Cocco et ai, 2006).

Activation of protein kinase C in turn modulates the activity of several different proteins

that control cellular processes such as cell differentiation, proliferation, metabolism, and

apoptosis (Bell et ai, 1976; Nikolaidis & Mougios, 2004; Voet & Voet, 2004). The

products ofSM (ceramide, sphigosine, sphingosine-1 -phosphate and diacylglycerol) are

cellular effectors in apoptosis, signal transduction, second messenger function, and cell

development (Cevc & Marsh, 1987; Eyster, 2007; Nagata et ai, 2006; Ramstedt & Slotte,

2002; Ritov et al, 2006; Sharma et al.^ 2000). Ceramide plays a role in both cell structure

and signal transduction. Ceramide can also directly activate protein kinase C and other

signalling components. Both sphingosine and ceramide have been shown to carry out

second messenger functions (Eyster, 2007). Sphingosine-1 -phosphate also acts as a

second messenger molecule involved in G protein-coupled signal transduction and

regulation of calcium channel activity. Sphingosine-1 -phosphate induces satellite cell

entry into muscle fibres and is a key compound and regulator ofmuscle regeneration.

On the other hand, the FA composition of these lipids as opposed to the head

groups may exert the greatest effect. Individual FAs are known to influence fundamental

regulatory processes within the cell such as ion homeostasis, gene expression, signal

transduction, and synthesis of lipid or lipid derived processes (Eyster, 2007; Tsalouhidou

et ai, 2006). High levels ofFA unsaturation increase phagocytotic activity (Spector &

Yorek, 1985). Similarly, increased SFA levels in the membrane have been shown to

decrease endocytosis (Spector & Yorek, 1985). The effect ofmembrane composition on

17
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exocytosis is less clear, speculations with regards to indirect effectors of cholinergic

receptors or sodium channels has been proposed (Spector & Yorek, 1985). In order to

address the importance ofFAs with regards to membrane structure and function, research

must be in-depth and highly specific.

Skeletal muscle

Skeletal muscle allows for controlled and organized movement of the body.

Skeletal muscle is striated muscle that consists ofbundles ofmuscle fibres;

multinucleated cells that run the length of the muscle (Voet & Voet, 2004). These fibres

contain myofibrils which consist ofbundles of alternating thick and thin filaments that

interact to produce contractions when stimulated by the release of calcium (Voet & Voet,

2004; Figure 1 .4). Different skeletal muscles are unique in their fibre type and overall

architecture.
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Figure 1.5. Architecture of part of a muscle fibre. The assembly of the sarcolemma, '

transverse (t)-tubules, and both mitochondrial populations; subsarcolemma (SS) and

intermyofibrillar (IMF) are shown. (Modified fi-om Muthing et al, 1998).

Muscle Fibre Types

The skeletal muscle system consists of multiple muscles which differ in the types

ofmuscle fibres they contain. Different muscle fibres are unique in their myosin heavy-

chain composition and biological properties (Delp & Duan, 1996). Generally, skeletal

muscle fibres are categorized into three groups, slow oxidative (SO; type I), fast oxidative

glycolytic (FCXJ; type Ila), fast glycolytic (FG; type lib), and a hybrid ofFOG and FG

(type Ild/x; Delp & Duan, 1996). These muscle fibre types differ significantly in their

functional properties and efficiency in the hydrolysis and synthesis ofATP, rate-limiting

reactions that determine the speed ofmuscle contraction (Ayre & Hulbert, 1996b).

Muscle fibres differ in their oxidative capacity due to mitochondrial content, capillary

density, and other proteins and enzymes. Muscle fibres also differ in their fimctional

characteristics. For example, contraction time, motor unit size, force production and

19
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glycolytic capacity increase from SO to FOG and further from FOG to FG (Helge et al.,

1998b). On the other hand, resistance to fatigue, mitochondrial capillary density and

oxidative capacity decrease from SO to FOG, and fiirther to FG. As a result, the

recruitment of these fibres differs depending on the type of physical exertion required

(Helge et al, 1998b). SO muscle fibres are recruited for aerobic activities, FOG for long

term anaerobic activities, and FG for short term anaerobic activities. Oxidative fibres

have a greater GLUT 4 protein content and a greater amount ofFA binding protein

(Turner et al, 2004). Therefore, oxidative fibres have a greater potential for ATP

hydrolysis over that of glycolytic fibres due to substrate availability. Mammalian muscles

contain varying proportions of the different types of fibres. The fibre-type break down of

major skeletal muscles in rats have been well documented by previous researchers so that

comparative studies can be conducted (Delp & Duan, 1996).

Skeletal Muscle Architecture

Each muscle fibre is surrounded by a lipid bilayer called the sarcolemma. The

sarcolemma encloses the contractile substance of a muscle fibre. The sarcolemma is

critical in the regulation of nutrient transport and the conduction of electrical impulses

from the motor end plate into deep invaginations in the sarcolemma, the t-tubules (Voet

& Voet, 2004). The t-tubules then convey the electrical impulses necessary to initiate

contraction to the sarcoplasmic reticulum. In addition, the transverse (t)-tubules play a

major role in insulin stimulated glucose uptake (Dombrowski et al, 1996). Within each

muscle fibre, subcellular organelles are present such as the nucleus, mitochondria,

sarcoplasmic reticulum, and golgi bodies, each of which are enclosed by a lipid bilayer.

20
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Mitochondria have been studied extensively due to their role in metabolism.

Mitochondria are known as the powerhouse of the cell as they are the primary site of

energy production. Two populations of mitochondria exist in skeletal muscle;

subsarcolemmal (SS) mitochondria, which are located just beneath the sarcolenmia, and

the intermyofibrillar (IMF) mitochondria, which are located between the myofibrils

(Palmer ef a/., 1977).

The aforementioned membrane domains and organelles serve different functions,

and therefore have unique membrane associated proteins and enzymes, differing

permeabilities, and are located in different concentrations and areas within the muscle

fibre. As has been shown thus far, membrane protein association, permeability, and cell

signalling may be influenced by the composition of the membrane PLs, FAs and

cholesterol; the effectors ofmembrane fluidity (Lee, 1998). Thus, valuable information

with regards to cell function can be gained from studying the composition of each

membrane domain in isolation. This in depth analysis is not common, with samples of

mixed muscle fibres typically analyzed without cellular or subcellular differentiation.

Skeletal Muscle Remodelling

Previous research has demonstrated that diet (Andersson et al, 2002; Ayre &

Hulbert, 1996a; Dannenberger et al, 2007; Hulbert et al., 2005; Stubbs & Smith, 1984)

and exercise (Andersson et al., 1998; Helge et al, 1999; Kriketos et ai, 1995; Nikolaidis

& Mougios, 2004) alter skeletal muscle membrane composition. It has subsequently been

shown that these changes affect cellular function, specifically insulin signalling

(Andersson et al, 1998; Benatti et al, 2004; Helge et al, 1998b; Nikolaidis & Mougios,
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MSc Thesis - L. E. Stefanyk Brock University

2004;Storlien et ai, 1996). However, limitations with regards to membrane analysis are

present in the available literature that prevents a clear understanding of relationship

between composition and function. The majority ofthese studies have analyzed the whole

muscle, and neglected to separate PLs from total lipids or individual PL species (Haag &

Dippenaar, 2005). In addition, rarely are fibre-type specific muscles or the membranes of

subcellular organelles analyzed independently. The absence from these factors in

membrane research limits the applicability ofthe resulting correlations to cellular

function.

Diet

The FA composition of skeletal muscle has been shown to be reflective of both

the enrichment and deficiency of dietary FAs (Ayre & Hulbert, 1996b). The turnover of

FAs in rat skeletal muscle is rapid, with changes observed after two to three days of diet

manipulation and plateauing after three to four weeks (Turner et ai, 2004). Effects of

modified diets have also been shown to be reversible after periods of adequate dietary

intake (Ayre & Hulbert, 1996a). Compositional changes are limited to an extent by the

biochemical preference ofPLs to have a SFA in the sn-1 position and an unsaturated FA

in the sn-2 position (Ayre & Hulbert, 1996b). Similarly, diets deficient in essential FAs

do not result in their absence from the membrane even after nine weeks (Ayre & Hulbert,

1996a). This finding illustrates the fact that FAs have different turnover rates and also

that essential FAs are likely critical in membranes. While the ratio ofunsaturated to SFA

remains relatively stable, proportions of specific FAs within the subclasses are more

readily changed (Ayre & Hulbert, 1996b).
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MSc Thesis - L. E. Stefanyk Brock University

^ Alterations in dietary fats have not been the only dietary intervention seen to alter

membrane composition. Vitamin composition of the diet has also been shown to

indirectly effect membrane composition. Increases in vitamin E have been shown to have

different effects depending on tissue types, increasing A-6 desaturase activities in

microsomal membranes and decreasing it in the liver (Benatti et ai, 2004). Vitamin B6,

commonly deficient in aged people, has also been seen to alter A-6 desaturase activities

for LA and ALA and as a result decreased AA and DHA levels, respectively (Benatti ei

a/., 2004).

The effect of dietary fat alterations has been explored in muscles differing in fibre

type composition (Ayre & Hulbert, 1996a). All muscles are influenced by dietary

changes, however conflicting results are presented with regards to the extent to which

their composition changes (Ayre & Hulbert, 1996a). For the most part, similar changes

have been observed in all muscle fibre types (Ayre & Hulbert, 1996a; Helge et al.^

1998b). Efficiency in reversing the changes brought on by dietary interventions, however,

has been seen to be more rapid in more oxidative muscle fibres compared to muscles

comprised ofpredominantly FOG and FG muscle fibres (Ayre & Hulbert, 1996a).

Exercise

Findings with regards to membrane alterations with exercise are inconsistent in

the literature, claiming both that exercise alters membrane composition, and that there is

no effect (Andersson et ai, 1998; Mitchell et al., 2004). Ofthose studies that demonstrate

an affect, both PL and FA appear to be altered. The PL that exhibits the largest change in

most cases is PE, which has been seen to decrease significantly with exercise training
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MSc Thesis - L. E. Stefanyk Brock University

(Mitchell et ai, 2004). With exercise training, palmitic acid (16:0) and linoleic acid

(18:2n6) tend to decrease, and oleic acid (18:1) and DHA levels increase along with

aerobic capacity (Andersson et ai, 1998). Often alterations in FA composition are

observed regardless ofPL species. Therefore, whether this change is due to changes in

PL species resulting in an indirect change in FA can not be determined (Andersson et al,

1998; Kriketos et al, 1995).

Alterations in the FA composition with exercise is different in muscles differing

in fibre type composition (Kriketos et al., 1995). Oxidative fibres are activated by lower

intensity endurance activities, where as glycolytic muscle fibres are activated primarily

by more intense activity. As a result, changes in the PL FA composition of different

skeletal muscle fibre types differ depending on the type of exercise training (Mitchell et

ai, 2004). Overall, changes are more predominant in muscles containing more FG fibres

than SO muscle fibres with both low and high intensity endurance exercise (Mitchell et

a/., 2004).

Exercise has been shown to not only change PL FA composition, but also overall

skeletal muscle fibre composition. Repeated bouts of aerobic exercise increase the

number of oxidative muscle fibres (SO and FOG). Because these muscle fibres contain

relatively more mitochondria compared to FG fibres, the result is more mitochondria. In

addition, this type of exercise also increases mitochondrial density within individual

muscle fibres (Holloszy & Booth, 1976). These alterations may be a major contributor to

changes seen in skeletal muscle PL FAs on mixed muscle samples if they have PL FA

compositions unique to Wm. Therefore, observations of overall relative proportions ofPL

or FAs may not be a fair indicator of lipid compositional changes but rather skeletal
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muscle adaptations. Thus, it is important to examine the PL FA composition subcellular

organelles in isolation in order to prevent the over or understating of the effects of an

intervention. v

Insulin Sensitivity .
,

li Skeletal muscle is the primary site of insulin stimulated glucose uptake due to the

fact that it is the largest tissue in the body and very metabolically active (Helge et al.^

1998b). The body's ability to use glucose for energy is regulated both by its entry into the

cell and subsequently into the mitochondria (Helge et ai, 1998b). Three main elements of

muscle morphology have been identified as being correlated with poor insulin signalling

and, as a result, insulin resistance; the membranes FA composition, TG storage, and

percentage of oxidative fibres in the muscle (Helge et aL, 1998a). Previous findings

conclude that insulin sensitivity is positively correlated with increased membrane FA

unsaturation, or in other words an increase in membrane fluidity (Storlien et ai, 1996).

Generally, insulin resistance is inversely related to the number ofpolyunsaturated

20 and 22 carbon FAs in skeletal muscle membranes, and thus membrane fluidity

(Warensjo et aL, 2008). Impaired desaturation and elongation ofLA and ALA, due to

environmental factors and subsequent alterations in enzyme activities, result in lower

long chain PUFA synthesis (AA and DHA), and ultimately insulin resistance (Benatti et

aL, 2004). The exact mechanism through which insulin signalling proteins are affected is

not yet known. A possible mechanism may be on their effect on membrane fluidity.

Important to note is that only the FA composition of specific PLs correlated with insulin
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resistance, specifically PC, therefore compositional analysis requires PL species

separation in order to reveal its link to insulin sensitivity (Nikolaidis & Mougios, 2004).

Changes in the lipid composition ofmembranes as a result ofboth diet and

exercise interventions have been found to alter insulin sensitivity (Andersson et al, 1998;

Benatti et al, 2004; Helge et aL, 1999). The activities of enzymes associated with the

transformation of FAs have also been shown to correlate with environmental changes and

metabolism (Storlien et al., 1996). Specifically, links between low A5-desaturase, and

high A9-desaturase and A6-desaturase activity and insulin resistance has been observed

(Storlien et al., 1996). Triglyceride stores, seen to increase with high-fat diets and

sedentary behaviour, correlate with insulin resistance in skeletal muscle (Helge et al.,

1998b). Increases in and FG muscle fibres, and decreased SO fibres have shown similar

effects (Benatti et al., 2004; Warensjo et al., 2008). Along with these changes a decrease

in membrane fluidity often results, and is what ultimately decreases the number of insulin

receptors at the membrane and insulin binding (Benatti et al., 2004). Decreases in insulin

binding inhibits the signalling cascade which stimulates glucose transporters to

translocate to the membrane (Benatti et al., 2004). Membrane FA composition effects

exocytosis, the mechanism which glucose transporters are distributed to the exterior of

the cell fi"om intracellular vesicles, this is one possible explanation for the reduction of

glucose entry (Helge et al., 1998b; Storlien et al., 1996; Voet & Voet, 2004). Postulations

on cellular processes in metabolism and how they are affected by diet and exercise

mediated chances in membrane composition have been made, however a definite causal

relationship can not be identified without the application of an in-depth protocol for

analysis. • », .
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Statement of the Problem

There appears to be growing correlative evidence on the effects of diet and

exercise on skeletal muscle membrane composition; however, divergent results due to

inconsistent and incomplete methods of analysis prevent clear insight into the underlying

mechanisms. Changes in diet and exercise have revealed changes in membrane structure

and intrinsic membrane protein ftmction, specifically membrane proteins involved in

insulin signalling, a topic of significant relevance in today's society (Nikolaidis &

Mougios, 2004). Potential influences of skeletal muscle membrane composition have

been suggested; however, these speculations, for the most part, have been based on

research with whole tissue or mixed muscle samples. Muscle fibre types and subcellular

organelles have distinct lipid compositions; therefore this level of analysis may be

insufficient and mask or falsely suggest changes (Fiehn et ai, 1971 ; Kriketos et al,

1995). To date, there has not been a study conducted that has addressed fibre types,

purified subcellular membrane fractions, all PL species, and individual FAs collectively

in skeletal muscle.

Purpose

Limitations in the literature with regards to the analysis of purified membrane

flections and the use of fibre type specific muscles are addressed in Chapter 2. The

purpose of this study was to quantify and improve isolated SS mitochondrial membrane

purity of specific skeletal muscle types (soleus, plantaris, and RG) and compare their

respective PL and FA compositions to that ofWm.
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Current literature with regards to membrane composition is often limited to Wm

analysis. The lack of sufficient subcellular analysis in membrane composition research is

addressed in Chapter 3. The purpose of this study was to expand on the subcellular

comparison made in Chapter 2 by comparing the PL and FA composition of sarcolemma,

t-tubule, and both mitochondria populations (SS and IMF) to that ofWm.

Hypotheses

It was hypothesized in the study presented in Chapter 2 that the PL FA

composition of non-purified and purified SS mitochondria would differ, and also that the

composition of purified SS mitochondria would differ fi'om Wm in all muscle types

examined. It was also hypothesized that the differences seen between the two

preparations would not be the same between the fibre-type specific muscles. For the

study presented in Chapter 3, it was hypothesized that the PL and FA composition of

each isolated membrane fi^ction would differ both between fi^actions and fi^om that of

Wm.
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Chapter 2 : Comparison of whole tissue and subsarcolemmal mitochondrial

membrane phospholipids fatty acid composition in rat soleus, plantaris, and red

gastrocnemius.
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Introduction r.'..-^ i.-:[\y'- .^...,i : r .!. ^

; , The PL FA composition of biological membranes is an important effector of cell

structure and function. One such example is mitochondria, subcellular organelles

surrounded by a biological membrane and the major contributor to energy production in

mammalian cells (Aw & Jones, 1989). The role of mitochondria in metabolism has been

readily examined; however the membrane composition ofmitochondria in skeletal

muscle has not been investigated in a detailed manor in studies where perturbations are

applied, preventing a clear understanding of their effect on function.

'-• r V Both diet and exercise have an effect on mitochondrial FA composition, size, and

number (Andersson et al^ 2000; Aw & Jones, 1989). As a result, analysis ofWm

membrane is an inaccurate method for relating change to specific functional differences.

This is especially true because the composition of mitochondrial membranes has been

shown to differ from that ofWm, sarcolemma, and fragmented sarcoplasmic reticulum,

(Fiehn et ai, 1971; Tsalouhidou et al., 2006). However, a limitation to these findings is

that relative contamination from other membrane in these isolated fractions was not

consistently addressed (Tsalouhidou e^ a/., 2006). '• • .'

r :• In addition to limitations in the literature at the level of subcellular organelle

membrane examination, skeletal muscle of varying fibre types may also have unique

membrane compositions. The functional properties of independent muscles depends on

the relative composition ofmuscle fibres (SO, FOG and FG; Delp & Duan, 1996). There

is evidence demonstrating that the PL FA composition ofmuscle membranes differs

based on fibre type constitution (Andersson et al., 2000; Blackard et al., 1997; Helge et

al., 1999; Mitchell et al., 2004; Storiien et al., 1991; Turner et al., 2004). In addition,
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membrane remodelling perturbations (e.g. exercise and diet) uniquely affect PL FA

composition of these muscles (Helge et al, 1999; Mitchell et ai, 2004; Storlien et al,

1991; Turner et al, 2004). Despite these findings, potential limitations include the lack of

individual PL species analyses (Helge et al., 1999; Mitchell et al, 2004; Storlien et al,

1991; Turner et al, 2004) or analysis ofpooled skeletal muscle membrane analyses rather

than isolated and purified subcellular organelles (Blackard et al., 1997). The PL FA

composition ofwhole mixed muscle samples have been shown to change with exercise

(Andersson et al., 2000), however results are variable in the literature, with some

showing no change at all (Kriketos et al, 1995). These discrepancies may be a result of

different fibre compositions ofmuscles being examined and the differing fibre type

specific exercise-induced membrane changes. Thus separation of individual muscle types

before analysis may be crucial in the understanding the relationship between muscle

structure and fimction.

Examination ofmixed muscle samples, incomplete lipid analysis, and lack of

isolation and purification of individual membrane fractions prevent a complete

understanding to the relationship between membrane composition and function.

Therefore, the purpose of this study was to quantify and improve membrane purity ofthe

subpopulation of mitochondria located adjacent to the sarcolemma, SS mitochondrial, of

specific skeletal muscles types; soleus, plantaris, and RG and to compare SS

mitochondria membrane PL FA compositions to that ofWm. It was hypothesized that the

PL FA composition of purified and non-purified SS mitochondria would differ and the

PL FA composition of purified SS mitochondria and Wm would differ within and

between all three muscles types examined.
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Methods -''.-''' ••'> ''';-: Z^',-" '•

Animals '

-'' '•'': ':.-. '^ ••..•..,--.,.
,

'^.
:. ' '< ^'i- '^

* ^ Twelve Long-Evans rats (465 ± 43.3 g, approximately 4 months) were used in this

study. All rats were housed in the Brock University animal care facility and all

experimental procedures and protocols were approved by the Brock University research

subcommittee on animal care and conforming to the Canadian Council of Animal care

guidelines. Rats were housed in an environment maintained at 22±1°C with a 12:12 hour

light (6:00am to 6:00pm)-dark (6:00pm to 6:00am) cycle. Rats had free access to water

and a generic rodent chow diet (27% protein, 11% fat, 63% carbohydrate; 5012 Rat Diet,

Lab Diet, Oakville, Ontario) ad libitum. . » i .
ij:* K.

,

' o -
•

Specimen Collection , i^ pc • - - • ...-•m . '^ ^

V ^- Animals were anesthetised through an intraperitoneal injection of sodium

pentobarbital (6mg/100g body weight). Soleus (84% type I, 7% type Ila, 9% type Ild/x),

red gastrocnemeus (RG; 6% type I, 14% type Ila, 33% type Ild/x, 47% type lib), and

plantaris (51% type I, 35% type Ila, 13% type Ild/x, 1% type lid) (Delp & Duan, 1996)

from one hind limb were rapidly removed, cleaned of any visible fat, nerves and fasciae

and put on ice to be processed immediately for isolation the of SS. The same muscles

from the other hind limb were freeze clamped in liquid nitrogen and used forWm

analysis. The animals were killed by an overdose injection of anaesthetic to the heart.

SS Mitochondria Isolation /; "^
. i
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SS mitochondria were isolated based on methods from Peters et al. (2001) with

some modifications. Each muscle (soleus, 158.53 ± 43.3mg; plantaris, 307.7 ± 24.7mg;

RG 250.9 ± 12.3mg) was placed in 10 volumes of solution I (lOOmM KCl, 40mM Tris

HCl, lOmM Tris Base, 5mM MgS04, 5mM Na2EDTA, ImM ATP pH 7.4) and minced

with sharp scissors. The minced muscle was transferred to a glass potter and

homogenized by hand while being kept on ice. The homogenate was then centrifuged for

10 minutes at 700g. The supernatant (containing SS) was then centrifuged for 10 minutes

at 14,000g. The supernatant was discarded and the pellet was resuspended in 10 volumes

of solution n (lOOmM KCl, 40mM Tris HCl, 5mM Tris Base, ImM MgS04, O.lmM

Na2EDTA, and 0.25mM ATP pH 7.4), and centrifuged for 10 minutes at 7,000g. The

pellet was resuspended in 10 volumes of solution III (lOOmM KCl, 40mM Tris HCl,

5mM Tris Base, ImM MgS04, O.lmM Na2EDTA, 0.25mM ATP pH 7.4) and spun for 10

minutes at 7,000g. Lastly, the pellet was resuspend in sucrose/mannitol solution (220 mM

sucrose, 70mM mannitol, lOmM Tris HCl, 0.1 Na2EDTA, pH 7.4) in a volume equal to

the original tissue weight and stored in liquid N2 (Appendix 1 Part I).

Western Blot Analysis

Western Blot analysis was completed on the isolated SS mitochondrial fractions

to determine sarcolemmal, t-tubule, golgi apparatus, sarcoplasmic reticulum, or nuclear

membrane contamination ofmitochondrial fractions. This was achieved through the use

ofmonoclonal antibodies raised against membrane specific proteins Na^/K^-ATPase

alpha- 1 (Santa Cruz Biotechnologies, CA, USA) for sarcolemma; dihydropyridine

receptor (DHPR; Affinity BioReagents, CO, USA) for t-tubule; GM130 (Santa Cruz
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Biotechnologies, CA, USA) for golgi; sarco(endo)plasmic reticulum Ca^^-ATPase 1

(SERCAl; Santa Cruz Biotechnologies, CA, USA) for sarcoplasmic reticulum; emerin

(Santa Cruz Biotechnologies, CA, USA) for nucleus; and adenine nucleotide translocase

(ANT; Mito Science, Oregon, USA) for mitochondria. Prior to use, all antibodies were

tested to determine optimal protein loading (Appendix 2 Part I). „

iv • :. A Bradford protein assay was completed on theWm homogenate and SS

mitochondrial membrane fraction. Each sample was then diluted to a final protein

concentration of2ng nL"\ Standard SDS-PAGE electrophoresis was performed as

previously described (LeBlanc et ai, 2004), with the use of 10 (SERCAl, DHPR,

GM130, and Na^/K^-ATPase) or 12% (ANT, emerin) separating gel and 16ng of protein

loaded per lane. Alongside the samples, S^iL of a molecular weight standard was loaded

(BioRad Precision Plus Kaleidoscope Molecular Weight Maricer, CA, USA). -

Electrophoretically separated proteins were transferred onto polyvinylidene difluoride

(PVDF, Immobilon, Millipore, MA, USA) with transfer buffer (1 .25% SDS, 125mM

NaHCOs, 37.5niM NaCOa, 20% methanol). Membranes were then incubated in blocking

solution (TBST buffer: 20mM tris base, 137mM NaCl, and 0.1% (v/v) tween 20, pH 7.5)

with 5% (w/v) non-fat dry milk) overnight to block all non-specific binding sites.

Membranes were then incubated for 1 to 2 hours in blocking solution containing the

primary antibody, washed (3 times for 5 minutes with TBST buffer), and set to incubate

for 1 hour in blocking solution containing an HRP-conjugated secondary antibody.

Membranes were then washed (3 times for 5 minutes with TBST buffer), treated with

Chemi Glow West Substrate (Alpha-Innotec, CA, USA) for 5 minutes, developed using
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the FluroChem imaging system (Alpha-hinotec, CA, USA), and quantified using the

AlphaEaseFC Software (Alpha-Innotec, CA, USA) (Appendix 1 Part II).

Citrate Synthase

Citrate synthase (CS) activity of the total muscle homogenate (CShomog) and

mitochondrial suspensions were measured as an indicator ofmitochondrial recovery and

quality (Peters et ai, 2001). CS activity was measured spectrophometrically using an

enzymatic method linked to the release ofCoASH to the colourometric agent dithiobis-

nitrobenzoate (DTNB), as previously described (Srere, 1968).

Briefly, a small volume of the mitochondrial suspension, diluted 20-fold with

sucrose mannitol buffer (220 mM sucrose, 70 mM mannitol, 10 mM Tris HCl, 0.1

Na2EDTA, pH to 7.4) was divided into two flections. Extramitochondrial CS (CSem) was

measxired in intact mitochondrial preparation and CS activity in the total suspension

(CSts) was measured after the preparation was fi-eeze-thawed twice to lyse the

mitochondria. Quality and recovery of intact mitochondria were checked with each

extraction (Appendix 1 Part III).

Percoll Gradient

A 60% Percoll gradient was used to purify SS mitochondrial membranes

(HoUoway et al.^ 2006). Briefly, isolated mitochondria were layered onto ImL of60%

Percoll mix (1.336mL of 5X SMEA + 4mL of Percoll + 1.334mL ofH2O) and spun at

20,000g for 1 hour (deceleration set to 0). The middle layer, containing the mitochondria.
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was removed and spun at 2,000g for 5 hours. The middle layer, containing purified

mitochondria, was then removed and stored at -80°C (Appendix 1 Part IV).

Lipid Analysis

Thin Layer Chromatography

Thin layer chromatography (TLC) was used to separate individual PL species

(PC, PE, CL, PI, PS, and SM) fi-om Wm homogenate and unpurified and purified SS

mitochondria as per Mahadevappa and Holub (1987). Briefly, precoated silica gel 60

plates (EMD, Mississauga, Ontario, CA) were heated at 1 10°C for 60 minutes and kept in

a desiccating chamber to cool before use. Prior to spotting, tissue FA (300^L ofwhole

muscle homogenate or ISO^iL of isolated SS mitochondria membrane) were extracted

(Bligh and Dyer, 1958; Appendix 1 Part V), dried down and resuspended in 2S\\L of

chloroformimethanol (2:1). In addition, a blank lane of25nL 2:1 chloroform:methanol

was also spotted. The plates were then placed in a chamber containing a solvent system

(chloroform:methanol:acetic acid:water; 50:37.5:3.5:2) for approximately 2 hours. The

plate was removed and set to dry before being sprayed with dichloroflouroscene (DCF)

solution (1:1 methanol:water and 2',7'-DCF filtered and washed with petroleum ether)

and set in a chamber containing 25% anmionium hydroxide for 5 minutes to develop. The

plate was viewed under ultraviolet light and the bands marked (fi"om solvent fix)nt: CL,

PE, PI, PS, PC, SM) and scraped into individual 15mL kimex culture tubes (Appendix 1

Part VI).

Methylation
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The scrapings were methylated as per Mahadevappa & Holub (1987). In brief, 6%

H2SO4 was added to each tube with lO^ig of internal standard (tridecanoic acid; 13:0) and

incubated at 80°C for 2 hours. Samples were allowed to cool, ImL of water and 2 mL of

petroleum ether were added, and the solution was vortexed before being centrifiiged for 6

minutes at 720g. The top phase was extracted and put into a microvial (Fisher Scientific,

CA, USA), dried down under nitrogen and resuspeded in lOjiL hexane for analysis by gas

chromatography (Appendix 1 Part VI). N' ^
' -^ ;» r,mF ^

• \k ;e= ., : ^ • hv. ..

t .

»

'\
.

;.'

Gas Chromatography \) v ti^ ;. . yi i-.r v' y^a^ -UtiA ;. u t-

The FA composition of each PL was analyzed by gas chromatography (GC;

Bradley et ai, 2008). A 0.1-1 .O^iL sample ofmethyl esters fi*om each sample was

injected into a GC (Trace GC Ultra, Thermo Electron Corp, Milan, Italy) fitted with a

split/splitless injector, a fast flame ionization detector (FFID), and Triplus AS

autosampler (Trace GC Ultra, Thermo Electron Corp, Milan, Italy). FA methyl esters

were separated on a UFM RTX-WAX analytical column (Thermo Electron Corp., Milan,

Italy) using helium as a carrier gas. FAs were identified by comparison of retention times

with those of a known standard solution (Supelco 37 component FAME mix, Supelco,

Bellefonte, PA, USA). The areas of each individual FA peak were calculated with the aid

ofthe internal standard, tridecanoic acid (13:0). Preliminary analyses indicated no

detectable endogenous 13:0 in the samples analyzed (data not shown).

Statistical analysis nvp/* :4.:<j) i 5i ^^
.

rj^ ^

All values are expressed as the mean ± standard error (SE). Differences in the FA
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profile of SS mitochondria and Wm of each muscle examined were analyzed by a two

way (preparation X PL species) analysis of variance (ANOVA). Analysis between

muscle fibre types forWm and SS mitochondria was also through a two-way ANOVA.

All pairwise comparisons were completed by a Tukey post hoc analysis. Assumptions for

normality were verified for each test. Data was transformed (log, square root, and inverse

square) to meet the above assumption or nonparametric statistics were run on data that

did not meet the assimiption (Kruskal-Wallis ANOVA by ranks). The level of statistical

significance was set at P<0.05 for all analysis. Sigma Stat software (Version 3.11 Systat

Software, Inc. Chicago IL, USA) was used for all statistical analysis.

Results

Mitochondrialpurification

Citrate Synthase . >' I ,^

Utilizing CS as a marker, SS mitochondrial membrane preparations were

concentrated ~6 fold. The activities of soleus, RG, and plantaris, were 14.6±2.9,

26.0±4.8, and 19.9±6.8 jimol-min'^g wet tissue wt"^ respectively. The percent fi^ction

recoveries of mitochondria for each muscle were 10±2%, 9±2%, and 18±2%, and the

percent of intact mitochondria were 79±5%, 83±3%, and 89±3%, respectively.

I-
f.

^ -

Western Blot analysis

Western blot analyses revealed contamination in isolated SS mitochondria

fi-actions before purification (Non-purified) fi"om sarcolemmal, t-tubule, and golgi

membranes (12.7, 7.0, and 6.0% respectively; Figure 2.1). Purification of the SS
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mitochondria through the 60% Percoll gradient reduced the contamination from the

aforementioned membranes by 37.2, 49.7, and 34.4% respectively. No detectable

contamination was present from nucleus or sarcoplasmic reticulum membrane markers

(<1%) (Appendix 2 Part II).

Wm Non-purified Purified

ANT

Na^/K^-ATPase alpha-1

DHPR

GM130

Emerin

SERCAl

Figure 2.1. Representative Western blots ofwhole muscle (Wm), subsarcolemmal (SS)

mitochondria prior to (Non-purified) and after (Purified) purification with a 60% Percoll

gradient reveals the decrease in contamination from sarcolemmal, transverse-tubule, and

golgi membranes. Probed for mitochondria, sarcolemma, transverse-tubules, golgi

apparatus, nucleus, and sarcoplasmic reticulum, respectively. ANT, adenine nucleotide

translocase; DHPR, dihyropyridine receptor; SERCAl, sarcoplasmic reticulum Ca2+-

ATPasel.

Phospholipidfatty acid comparison

Five major FA subclasses were classified (SFA, MUFA, PUFA, n3 and n6) and

significant differences were found between purified and non-purified SS mitochondria

within all three muscles (Figure 2.2). For all skeletal muscle types examined, purification
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of SS mitochondria resulted in higher % SFA and % MUFA and lower % n3 and n6

PUPA (Appendix 3 Table A3.1).

NpSSSoleus
SSSoleus

SFA

eaMUFA
D n3 PUPA
m n6 PUPA

NpSSRG SSRG

NpSS Rantaris SS Plantaris

Figure 2.2. Percent mole fraction of the major fatty acid subclasses of non-purified

(NpSS) and purified (SS) subsarcolemmal mitochondria in rat soleus, red gastrocnemius

(RG), and plantaris. * denotes a significantly higher difference within the same muscle, f

denotes a significantly lower difference within the same muscle, J denotes a significant

difference from soleus within the same major fatty acid subclass. SFA, saturated fatty

acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids.
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The FA differences with purification appear to be confined mostly to the PL

species PE and CL. Within PE, purification of SS mitochondria resulted in higher%

MUFA (mainly 24:1) and lower % n3 PUFA (mainly 22:6n3). In CL, purification

resulted in lower % n6 PUFA (mainly 1 8:2n6). In addition to changes in major FA

subclasses see similarly across all muscle types examined, there were imique differences

seen within muscle types. Purification of soleus SS mitochondria significantly increased

the amount ofCL % MUFA whereas purification of plantaris SS mitochondria

significantly increased CL % SFA (Appendix 3 Tables A3 .2-A3.7).

Purified subsarcolemmal mitochondrial membrane and whole muscle comparison

Five FA subclasses were examined (SFA, MUFA, PUFA, n3 and n6) and

significant differences were seen between SS mitochondria and Wm. In all skeletal

muscle types examined, the SS mitochondria demonstrated significantly higher % SFA

and % MUFA and lower % n6 and % n3 PUFA compared to Wm. Percent SFA in

purified soleus SS mitochondria were significantly higher and % n6 PUFA was

significantly lower than both the plantaris and RG (Appendix 3 Table A3.1).
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Wm Soleus

Brock University

WmRG

Wm Plantaris

SS Soleus

SSRG

SFA
QMUFA
D n3 PUFA

n6 PUFA

SS Plantaris

*t

Figure 2.3 Percent mole fraction of the major fatty acid subclasses ofwhole muscle (Wm)
and purified subsarcolemmal (SS) mitochondria in rat soleus, red gastrocnemius (RG),

and plantaris. * denotes a significantly higher difference within the same muscle, t
denotes a significantly lower difference within the same muscle, J denotes a significant

difference from soleus. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid;

PUFA, polyunsaturated fatty acid.

The FA differences between Wm and purified SS mitochondrial membranes

appear to be confined mainly to the PL species CL . Within CL, purified SS mitochondria

had higher % MUFA (mainly 18:1) and lower% n6 PUFA (mainly 18:2n6). hi addition

42



>. in:

''^k il



MSc Thesis - L. E. Stefanyk Brock University

to changes in major FA subclasses see similarly across all muscle types examined, there

were unique differences seen within muscle types. Both purified soleus and plantaris SS

mitochondria had significantly higher PE % MUFA (mainly 24:1) whereas purified

soleus SS mitochondria had significantly higher SM % SFA (mainly 16:0 and 18:0). The

only differences seen between skeletal muscle types was that plantaris had significantly

higher PI % n3 PUFAs (mainly 20:3n3) compared to soleus (Appendix 3 Table A3.2-

A3.7).

Discussion

The composition of lipids has been studied extensively in various tissues;

however the understanding of skeletal muscle membrane composition is limited. One

specific limitation in the literature is with regards to the lack of analysis on purified

subcellular organelles, more specifically mitochondria. This represents the first study to

examine the extent to which contamination of isolated SS mitochondrial membrane

flections can influence PL FA composition. The PL FA composition of SS mitochondria

membranes was subsequently compared to that ofWm of different skeletal muscle types,

specifically slow-twitch oxidative soleus, fast-twitch oxidative glycolytic RG, and fast-

twitch glycolytic plantaris. The major findings fi-om this study were 1) SS mitochondrial

membrane fi-actions contained on average 26% total contamination fix)m sarcolemma, t-

tubules and golgi apparatus, which was reduced by 48% through the use of a 60% PercoU

gradient; 2) purification of SS mitochondria membranes altered the PL FA composition;

3) the membrane composition of purified SS mitochondria differs significantly fi-om that
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ofWm; and 4) PL FA composition ofWm and purified SS mitochondria were quite

similar between muscle types examined.

Mitochondrialpurification

Purification of SS mitochondria resulted in significant differences in PL FA

composition, with Western blot analyses revealing that the main contributors to this

contamination were sarcolenmial, t-tubule, and golgi membranes. Although difficult to

compare to this study, previous research has demonstrated that sarcolemmal membranes

have more SFA and MUFA and less PUFA compared to mitochondria (Fiehn et al.,

1971). To the best of the author's knowledge, no study has examined the PL FA

compositions of t-tubule and golgi membranes. Thus, it may be the collective

contributions of sarcolemmal, t-tubule, and golgi membranes which are resulting in

proportionally lower MUFA and higher PUFA content in non-purified SS. Data presented

in Chapter 3 will attempt, in part, to address this association through the quantification of

PL FAs in sarcolemma and t-tubule membranes.

Purification of SS mitochondria resulted in significant alterations in the percent

distribution ofmajor FA subclasses, with higher SFA and MUFA and lower n3 and n6

PUFA post-purification. These changes may have an impact on current perceptions of the

role PL FA composition ofmitochondria has on fimction. Given the metabolic role

mitochondria play, one of the by products of oxidative metabolism are fi-ee radicals. Free

radicals cause membrane damage, through lipid peroxidation, with PUFAs being more

susceptible than SFA and MUFA (Hulbert et al, 2006). As a result, Tsalouhidou and

colleagues (2006) contend that mitochondria with less PUFA and more MUFA will be
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more resistant to oxidative damage. The current study supports and magnifies this

relationship, as purification decreased mitochondrial PUFA content by 11-12% and

increased SFA and MUFA content by 5-8% and 5-6%, respectively. Despite similar

trends, purified mitochondrial membrane PL FA composition of the current study

provides a more accurate representation of this subcellular membrane fraction and future

studies should consider the purification protocol.

Whole muscle comparison

In comparison to Wm, purified SS mitochondria contain proportionally more SFA

and MUFAs, and less PUFAs. In fact, the 1.2-1.8 fold lower proportional PUFA content

in purified SS mitochondria compared to Wm is a more modest change compared to an

~3 fold lower change in non-purified SS mitochondria demonstrated by (Tsalouhidou et

al, 2006). As a result, the PL FA data presented in the current study may be a more

accurate representation of SS mitochondria.

Differences in CL observed between purified SS mitochondria andWm were

expected, as CL is produced and most prominent in mitochondria (Voet & Voet, 2004).

Within purified SS mitochondria CL, lower % PUFA content compared to Wm may

reflect a potential protective adaptation to minimize oxidative damage as PUFAs are

more susceptible to peroxidation compared to MUFAs or SFA (Hulbert et al, 2005). In

addition, higher CL % MUFA in purified SS mitochondria compared to Wm may

represent a counterbalance to the lower % PUFA in an attempt to regulate mitochondrial

membrane fluidity (Tsalouhidou et al, 2006). Future research may help reveal whether
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the PUFA and MUFA percent content is protected in mitochondria after known

membrane remodelhng perturbations (e.g. diet, exercise).

Skeletal muscle type comparison

To the author's knowledge, this represents the first study to comprehensively

examine PL FA composition of soleus, plantaris and RG. There were only two significant

differences observed between purified SS mitochondria preparations between the three

muscles examined. The significant differences seen were higher % SFA and lower % n6

PUFA in the soleus compared to the plantaris and RG. The plantaris and RG did not

differ at this level of analysis. Although difficult to compare due to differences in skeletal

muscle types examined and level ofPL FA analysis, Kriketos and colleagues (1995)

demonstrated similar results in that no significant differences were seen in total PL n3

PUFA between slow-twitch, oxidative muscle (soleus) and fast-twitch, oxidative

glycolytic muscle (red quadriceps) and both were significantly higher than fast-twitch,

glycolytic muscle (white quadriceps).

Unique metabolic properties and relative organelle composition, specifically

mitochondria, of different skeletal muscle types (Delp & Duan, 1996) may suggest

inherent differences in membrane PL FA composition. Despite limited differences

between skeletal muscle types foxmd in this analysis, the PL FA composition of SS

mitochondria between fibre-types may be crucial only during interventions that initiate

membrane remodelling (e.g. diet, exercise; Helge et al, 1998b). For example, exercise

has been shown to have a greater affect on PL FAs in primarily fast-glycolytic muscle

fibres compared to more oxidative muscles (Mitchell et al, 2004). Thus, fiiture
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membrane remodelling studies should consider isolation and examination of skeletal

muscle type-specific cellular and subcellular membranes.

The importance ofremoving contamination fix)m isolated membranes and the

magnitude to which it can influence compositional analysis was demonstrated in this

study. The present study was successful in yielding purified SS mitochondrial membranes

and subsequently analyzing their PL FA content in comparison to that ofWm in three

skeletal muscle types. Future research will need to characterize the specific lipid

compositions of other subcellular organelles isolated and purified fi"om skeletal muscle. It

is only through an in-depth analysis, like the one presented here, that a true structure-

function relationship can be understood.
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Chapter 3 : Phospholipid fatty acid composition of whole hindlimb skeletal muscle

sarcolemmal, transverse tubule and subsarcolemmal and intermyofibrillar

mitochondrial membranes in rat.
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Introduction

Biological membranes are selectively penneable barriers that carry out many

critical cellular processes. Skeletal muscle fibres are surrounded by a lipid bilayer, as are

the subcellular organelles which are located within the fibre. The membrane composition

of intracellular organelles is unique and this has been demonstrated in numerous

manmialian tissues (Fiehn et ai, 1971 ; Tsalouhidou et al., 2006). This evidence,

however, is often limited to whole mixed muscle samples in skeletal muscle (Andersson

etai, 2000).

Skeletal muscles sarcolenmia and transverse (t)-tubules are both critical in the

regulation of nutrient transport and muscle contractions (Voet & Voet, 2004). Within

muscle fibres, two populations ofmitochondria exist; SS, which are located just beneath

the sarcolemma, and the intramyofibrillar mitochondria (IMF), which are located

between the myofibrils (Palmer et ai, 1977). Differences between these subpopulations

ofmitochondria have been demonstrated (Cogswell et al., 1993), however their

respective PL FA compositions has not been investigated in detail. Significant differences

have been observed between SS mitochondria and Wm with regards to individual FA, PL

species and FA subclasses (Tsalouhidou et ai, 2006). However, comparisons ofIMF

mitochondria to Wm or SS mitochondria have not been made, nor has there been analysis

with regards to sarcolemmal and t-tubule membrane domains.

The limited research on individual subcellular membrane composition and

subsequent intra-fi^ction comparison identify a need for further research. Thus, it is

necessary to establish and refine techniques to examine the composition of purified

membrane fractions of, sarcolemmal, t-tubule, and both mitochondrial subpopulations
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(SS and IMF) and compare them amongst each other. Therefore, the purpose of this study

was to analyze and compare the PL FA composition of sarcolemmal, t-tubule, SS

mitochondria, IMF mitochondria, and Wm. It was hypothesized that the PL FA

composition of each isolated membrane fraction would differ both between fractions and

from that ofWm.

Methods

Animals

Eight Long-Evans rats (337.5 ±7.6g; approximately 4 months) were used in this

study. All rats were housed in the Brock University animal care facility and all

experimental procedures and protocols were approved by the Brock University research

subcommittee on animal care and conforming to the Canadian Council ofAnimal care

guidelines. Rats were housed in an environment maintained at 22±1°C with a 12:12 hour

light (6:00am to 6:00pm)-dark (6:00pm to 6:00am) cycle. Rats had free access to water

and a generic rodent chow diet (27% protein, 11% fat, 63% carbohydrate; 5012 Rat Diet,

Lab Diet, Oakville, Ontario) ad libitum.

Specimen Collection

The animals were anesthetised through an intraparitaneal injection of sodium

penrobaibital (6mg/100mg body weight). Lower hind limb muscles (1 .7-2.1 g),

representing a mixed muscle sample, were removed from both hind limbs, one was used

immediately to isolate mitochondria and the other was freeze clamped in liquid nitrogen
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and kept for sarcolemmal, t-tubule andWm analysis. The animals were killed by an

overdose injection of anaesthetic.

Mitochondrial isolation

SS and IMF mitochondria were isolated based on a method from Peters et al

(2001) with some modifications. The whole hind limb muscle was removed and placed

onto an ice-cold Petri dish. Muscle was then weighed and placed in 10 volumes of

solution I (lOOmM KCl, 40mM Tris HCl, lOmM Tris Base, 5mM MgS04, 5mM

NaiEDTA, ImM ATP. pH 7.4) and minced. The minced muscle was transferred to a

glass potter and homogenized by hand. The homogenate was then centrifuged for 10

minutes at 700g. The supernatant (containing SS) was retained and kept on ice. The pellet

was re-suspended in 10 volumes of solution I and centrifuged for 10 minutes at 700g. The

pellet was then re-suspended in 10 volumes of solution II (lOOmM KCl, 40mM Tris HCl,

5mM Tris Base, ImM MgSO4,0.1mM Na2EDTA, 0.25mM ATP pH 7.4) containing

0.25mg of nagarse per mL, and incubated for 5 minutes. After 5 minutes, nagarse action

was terminated by the addition of20-25mL of solution II and immediately centrifiiged for

5 minutes at 5,000g. The pellet was retained and suspended in 10 volumes of solution II

and spun for 10 minutes at 700g. The resulting supernatant (containing IMF) was retained

and put on ice. Both supematants (SS and IMF mitochondria) were centrifuged separately

for 10 minutes at 14,000g. Pellets were resuspended in 10 volumes of solution II and

centrifuged for 10 minutes at 7,000g. The pellets were then be resuspended in 10 volumes

of solution III (lOOmM KCl, 40mM Tris HCl, 5mM Tris Base, ImM MgSO4,0.1mM

Na2EDTA, 0.25mM ATP pH 7.4) and spun for 10 minutes at 7,000g. Lastly, the pellets
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MSc Thesis - L. E. Stefanyk Brock University

were resuspended in a volume equal to original tissue weight with sucrose/mannitol

(220mM sucrose, 70mM mannitol, lOmM Tris HCl, 0.1mM Na2EDTA, pH 7.4) and

stored in liquid N2 (Appendix 1 Part I).

Percoll Gradient

A 60% Percoll gradient was used to purify SS and IMF mitochondrial membranes

(Holloway et al, 2006). Briefly, isolated mitochondria were layered onto ImL of60%

Percoll mix and spim at 20,000g for one hour (deceleration set to 0). The middle layer,

containing mitochondria, was removed and spun at 2,000g for 5 hours. The middle layer,

containing purified mitochondria, was removed and stored at -80°C (Appendix 1 Part

IV).

Citrate Synthase

CS activity of the total muscle homogenate and mitochondrial suspensions were

measured as an indicator ofmitochondrial recovery and quality (Peters et al., 2001). CS

activity was measured with a spectrophotometer using the enzymatic method to link the

release ofCoASH to the colourometric agent dithiobis-nitrobenzoate (DTNB), as

previously described by Srere et al. (1969).

Briefly, a small volume of the mitochondrial suspension, diluted 20-fold with

sucrose mannitol buffer (220 mM sucrose, 70 mM mannitol, 10 mM Tris HCl, 0.1

Na2EDTA, and DDW, pH to 7.4) will be divided into two fractions. CSem was measured

in the intact mitochondrial preparation and the CS activity in the CSts was measured after

the preparation is freeze-thawed twice to lyse the mitochondria. Recovery of intact
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MSc Thesis - L. E. Stefanyk Brock University

mitochondria will be calculated as the percent fractional recovery. The quality of the

preparation will be checked with each extraction and calculated as the percentage of

intact mitochondria (Appendix 1 Part III).

Sarcolemma and T-tubule Isolation

T-tubule and sarcolemmal membrane were isolated as described by Dombrowski

et al. (1996). In brief, the muscle sample was cleaned of fat, nerves and vessels and

minced in 15 volumes ofbuffer A (lOmM NaHCOs, 0.25M sucrose, 5mM NaNs, lOOjiM

phenylmethylsulfonylfloride, pH 7.4). The sample was then homogenized by hand and

centriftiged for 10 minutes at l,300g. The supernatant was retained, and spun at 9,000g

for 10 minutes. The resulting supernatant was retained and centrifuged at 190,000g for 1

hour, after which the pellet was retained. The pellet was layered on top of a discontinuous

sucrose gradient of 25, 32, and 35% (wt/wt) and centrifuged at 180,000g for 16 hours,

resulting in three interphases with their respective membranes; plasma (sample to 25%),

t-tubule (32 to 35%). Each interphase was extracted, resuspended in sucrose free buffer A

and spun separately at 190,000g for 1 hour. The pellet of each was retained and

resuspended in buffer A and frozen at -80°C until use (Appendix 1 Part VII).

Immunoconcentration

The t-tubule fraction acquired after sucrose gradient separation was fiirther

purified through an immunoconcentration protocol as described by Zorzano et al (2006)

and represents a membrane fraction more closely associated with membrane associated

dihyropyridine receptor (DHPR). In brief, 75^L of goat anti-mouse IgG coupled agarose
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beads (Protein G PLUS-Agarose, Santa Cruz Biotechnologies, CA) was washed twice in

ImL PBS (137mM NaCl, 2.7niM KCl, 4.3mM Na2HP04, 1.42mM NaH2P04, pH 7.4)

and centrifuged for 6 seconds at 14,000g, discarding the supernatant. Five \ig ofDHPR

antibody was added to the bead pellet, and brought to a final volume of 50nL with PBS.

This was set to incubate overnight at 4°C with constant shaking on an orbital shaker. The

coupled beads were then washed 4 times by adding 1 .25mL blocking solution (1% BSA

in PBS, pH 7.4) to the pellet, incubating it for 15 minutes with sporadic shaking and

centrifuging at 14,000g for 6 seconds. The pellet was then washed once with PBS

solution. To couple the beads with the t-tubule protein, 25\ig ofprotein fix)m t-tubule-

enriched fraction was added to 200^1L of Ix immunoadsorption solution and the coupled

beads. This was left to incubate overnight at 4°C on an orbital shaker. The tube was then

spun at 14,000g for 6 seconds, after which the pellet was collected, washed twice with

PBS and then stored for fiirther analysis (Appendix 1 Part VIII).

Western Blot Analysis

Western blot analysis was completed on Wm and each of the isolated fractions to

measure for sarcolemmal, t-tubule, golgi apparatus, sarcoplasmic reticulum, or nuclear

membrane presence, and to confirm the presence ofmitochondria. This was achieved

through the use ofmonoclonal antibodies raised against membrane specific proteins;

Na^/K^-ATPase alpha- 1 (Santa Cruz Biotechnologies, CA, USA), DHPR (Affinity

BioReagents, CO, USA), GM130 (Santa Cruz Biotechnologies, CA, USA),

sarco(endo)plasmic reticulum Ca^^-ATPase 1 (SERCAl; Santa Cruz Biotechnologies,

CA, USA), emerin (Santa Cruz Biotechnologies, CA, USA), and adenine nucleotide
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MSc Thesis - L. E. Stefanyk Brock University

translocase (ANT; Mito Science, Oregon, USA), respectively. Each antibody was tested

prior to the analysis to optimize protein loading (Appendix 2 Part I).

A protein assay was completed on the Wm homogenate and SS mitochondria

fraction. Each sample was then diluted to a final protein concentration of 2|ig ^iL"*.

Standard SDS-PAGE electrophoresis was performed as previously described (LeBlanc et

al.y 2007) with the use of 10 or 12% separating gel and 16fxg of protein loaded per lane

(10% for SERCAl, DHPR, GM130 and Na^/K^-ATPase, and 12% for ANT and emerin).

Alongside the samples, 3^L of a molecular weight standard was present (BioRad

Precision Plus Kaleidoscope Molecular Weight Marker, CA, USA). Electrophoretically

separated proteins were transferred onto polyvinylidene difluoride (PVDF) transfer

membranes (hnmobilon, Millipore, MA, USA) with transfer buffer (1.25% SDS, 125mM

NaHCOs, 37.5mM NaCOs, 20% Methanol). Membranes then incubated in blocking

solution (TBST buffer: 20mM tris base, 137mM NaCl, and 0.1% (v/v) tween 20, pH 7.5)

with 5% (w/v) non-fat dry milk) overnight to block all non-specific binding sites.

Membranes incubated for 1 to 2 hours in blocking solution containing the primary

antibody. The membranes were washed (3 times for 5 minutes with TBST buffer) and set

to incubate for 1 hour in blocking solution containing an HRP-conjugated secondary

antibody. Membranes were washed (3 times for 5 minutes with TBST buffer), treated

with Chemi Glow West Substrate (Alpha-Innotec, CA, USA) for 5 minutes, developed

using the FluroChem imaging system (Alpha-Innotec, CA, USA), and quantified using

the AlphaEaseFC Software (Alpha-Innotec, CA, USA) (Appendix 1 Part II).

Lipid Analysis
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Thin Layer Chromatography »m«'

TLC was used to separate individual PL species (PC, PE, CL, PI, PS, and SM) *:

fix)m Wm homogenate and unpurified and purified SS mitochondria as per Mahadevappa

and Holub (1987). Briefly, precoated silica gel 60 plates (EMD, Mississauga, Ontario)

were scored with a line 1cm fi-om the top of the plate, heated at 1 10°C for 60 minutes,

and kept in a desiccating chamber to cool before use. Prior to spotting, tissue FA , -iA^

(l,300ngWm protein, 30ng sarcolemma protein, SO^ig t-tubule protein, 550p,g SS and

IMF mitochondrial protein) were extracted (Bligh & Dyer, 1958; Appendix 1 Part V),

dried down and resuspended in 25p,L of chloroform:methanol (2:1). In addition, a blank

lane of 25fiL 2:1 chloroform:methanol was also spotted. The plates were then placed in a

chamber containing a solvent system (chloroform:methanol:acetic acid:water;

50:37.5:3.5:2) for approximately 2 hours. The plate was removed and set to dry before

being sprayed with DCF solution (1 : 1 methanol:water and 2%7'-DCF filtered and washed

with petroleum ether) and set in a chamber containing 25% ammonium hydroxide for 5

minutes to develop. The plate was viewed under black light and the bands marked (fi*om

solvent fi-ont: CL, PE, PI, PS, PC, SM) and scraped into individual 15mL kimex culture

tubes (Appendix 1 Part VI).

Methylation •
- nwam* SE. Dif4ei'^»*i^!& le ihe r A ^?i"o& beiv/f^^* the

The scrapings were methylated as per (Mahadevappa & Holub, 1987). In brief, v a

6% H2SO4 was added to each tube with lO^iL of internal standard (tridecanoic acid; 13:0)

and incubated at 80°C for 2 hours. Samples were allowed to cool, then ImL of water and

2mL of petroleum ether were added and the solution was vortexed before being
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centriftiged for 6 minutes at 720g. The top phase was extracted and put into a microvial

(Fisher Scientific, CA), dried down under nitrogen and resuspeded in 35-50nL hexane for

GC analysis (Appendix 1 Part VI).

Gas Chromatography

The FA composition ofeach PL was analyzed by GC (Bradley et ai, 2008), and

FA subclasses (SFA, MUFA, PUFA) were subsequently analyzed. A 3.0-4.0nL sample of

methyl esters fi-om each sample was injected into a GC (Trace GC Ultra, Thermo

Electron Corp, Milan, Italy) fitted with a split/splitless injector, a FFID, and Triplus AS

autosampler (Trace GC Ultra, Thermo Electron Corp, Milan, Italy). FA methyl esters

were separated on a UFM RTX-WAX analytical column (Thermo Electron Corp., Milan,

Italy) using helium as a carrier gas. FAs were identified by comparison ofretention times

with those of a known standard solution (Supelco 37 component FAME mix, Supelco,

Bellefonte, PA, USA). The areas of each individual FA peak were calculated with the aid

ofthe internal standard, tridecanoic acid (13:0). Preliminary analyses indicated no

detectable endogenous 13:0 in the samples analyzed (data not shown).

Statistics

Values are expressed as the mean ± SE. Differences in the FA profile between the

five preparations (Wm, sarcolemma, t-tubule, SS, and IMF) examined were analyzed by a

two way (preparation X PL species) ANOVA. All pairwise comparisons were completed

by a Tukey post hoc analysis. Assumptions for normality were verified for each test. Data

was transformed (log, square root, and inverse square) to meet the above assumption or
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MSc Thesis - L. E. Stefanyk Brock University

nonparametric statistics were run on data that did not meet the assumption (Kruskal-

Wallis ANOVA by ranks). The level of statistical significance was set at P<0.05 for all

analysis. Sigma Stat software (Version 3.1 1 Systat Software, Inc. Chicago IL, USA) was

used for all statistical analysis. 'h r

Results ;/ I.
'

/ J .

Citrate synthase

Utilizing CS as a marker, the activities of the SS and IMF mitochondrial

preparations were 16.7±5.2 and 0.3±5.2 jimolmin'^g wet tissue wt'\ respectively. The

percent fraction recoveries ofmitochondria for each muscle were 58±15% and 2±0%, and

the percent of intact mitochondria in that sample were 96±1% and 48±11%, respectively.

Western blot analysis

Western blot analysis revealed contamination in the t-tubule fraction from the

golgi apparatus, mitochondria and the sarcoplasmic reticulimi (Figure 3.1).

Immunoconcentration of the t-tubule membrane fraction decreased contamination from

the respective membranes by 43, 28, and 57%. Isolated sarcolemmal membrane fractions

had minimal contamination (nuclear) (Appendix 2 Part II).
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Wm Sarco Npt-t t-tubule

Brock University

^mw^miit^^

DHPR

GM130

ANT

SERCA

Na^/K^-ATPase

Emerin

Figure 3.1 Representative Western blots ofwhole muscle (Wm), sarcolemmal (Sarco),

non-purified (Npt-t) and purified (t-tubule) transverse-tubule membranes. Each fi-action

was probed for transverse-tubule, golgi, mitochondria, sarcoplasmic reticulum,

sarcolemmal, and nuclear membranes, respectively. ANT, adenine nucleotide translocase;

DHPR, dihydropyridine receptor; SERCA 1, sarco(endo)plasmic reticulum Ca^^-ATPase

1.

Subcellular membrane composition compared to whole muscle

When comparing each subcellular membrane fi:^ction to that ofWm, a number of

significant differences were observed. When examining major FA subclasses regardless

ofPL species in each membrane fi-action, t-tubule and both mitochondrial subpopulations

were similar to Wm whereas sarcolenmia had more % MUFA and less % n3 and n6

PUFA (Figure 3.2).

When comparing each PL species regardless ofFA subclass, between subcellular

organelles and Wm, significant differences were confined to seen in SM, PC, PS and CL

(Figure 3.3). Specifically, all subcellular fractions except for t-tubule examined had

significantly less proportional PC compared to Wm, and SS and IMF mitochondria
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MSc Thesis - L. E. Stefanyk Brock University

exhibited significantly higher proportional CL compared to Wm. Lastly, Sarcolemma

membranes had significantly higher % SM and PS than Wm (Appendix 3 Table A3. 8).

The FA differences between Wm and the isolated membrane fi-actions appear to

be confined mostly to the PL species PC, PI, PE and CL and mostly to the sarcolemmal

fi^action. Specifically, sarcolemmal membranes demonstrated significantly less PC %

PUFA (mainly 18:2n6, 20:3n3, and 22:6n3), PE % n3 PUFA (mainly 22:6n3), and CL %

n6 PUFA (mainly 18:2n6) and significantly more PE % MUFA (mainly 18:1) and CL %

SFA (mainly 16:0) compared to Wm. The only other difference compared to Wm was PI

% SFA (mainly 16:0) was significantly lower in SS (Appendix 3 Table A3.9-A3.1 1).

Intra-subcellularfraction membrane comparison

Significant differences were also seen between isolated subcellular membrane

fi-actions (Figure 3.2). The sarcolemma was significantly different than SS mitochondria

in all FA subclasses, and significantly different fi-om t-tubule and IMF mitochondria

fi-actions, having higher % MUFA and lower % n3 and n6 PUFAs. When comparing each

PL species regardless ofFA subclass, differences between subcellular fi-actions were seen

within SM, PC and CL. Compared to the t-tubules, % SM in the sarcolemma was higher,

% PE in the sarcolemma and SS mitochondria was lower, and % CL was higher in the SS

mitochondria. (Figure 3.3; Appendix 3 Table A3. 8).
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Whole musde

bO '

r '0

Sarcotemma

*tt¥

'-tu > ^"^ O 'r

SFA
QMUFA
DnSPLFA
n6PUFA

Transverse-tubule

SSMtochondria IMF K^tochondria

Figure 3.2 Percent mole fraction ofmajor fatty acid subclasses ofwhole muscle,

sarcolemmal, transverse-tubule, and subsarcolemmal (SS) and intermyofibrillar (IMF)

mitochondrial membranes in rat hindlimb. Similar symbols denote a significant

difference between preparations within the same FA subclass. SFA, saturated fatty acid;

MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.
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Wm Q Sarcx)lemma BT-tubule SSS DIMF

60 n

: b .t^r> mttd*. T'""'' •s^ ^"^ nnn a!».

xXii <D 20
p

accUit:^

Figure 3.3. Whole muscle (Wm), transverse-tubule (T-t), subsarcolemmal mitochondria

(SS), and intermyofibrillar mitochondria (IMF) preparations separated by PL species. *

denotes significance fi-om Wm, f denotes significance fi^om sarcolemma, { denotes

significance fi^om t-tubule. SM, sphingomyelin; PC, phosphatidylcholine; PS,

phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidylethanolamine; CL,

cardiolipin.

i
'. FA differences between isolated membrane fi-actions were also confined to the PL

species PC, PI, PE and CL and mostly between sarcolemmal and SS mitochondrial

membranes. In general, sarcolemmal membranes had significantly less PC % PUFA

(mainly 18:2n6 and 20:3n3) and CL % n6 PUFA (mainly 18:2n6) compared to other

subcellular fi'actions. In addition, sarcolemmal membranes had significantly lower PI %

n3 PUFA, CL % SFA (mainly 16:0), and PE % n3 PUFA (mainly 22:6n3) and y. ^

significantly higher PE % MUFA (mainly 18:1) compared to SS mitochondrial ^ "

membranes (Appendix 3 Table A3.9-A3.il). r: :^

Discussion

42
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The sarcolemma, t-tubules, and SS and IMF mitochondria are independent

constituents of skeletal muscle that play unique roles in maintaining proper cell function.

The PL FA composition of skeletal muscle has been shown to correlate with cell

function; however this observation has been made primarily from whole tissue analysis.

This represents the first study to examine membrane PL FA compositions of subcellular

components (sarcolemmal, t-tubule, SS, and IMF) as they compare to Wm and each other

in rat skeletal muscle. The major findings from the present study were that 1) Wm did not

accurately reflect the PL FA composition of all subcellular membrane fractions and 2)

each subcellular membrane fraction was unique in its PL FA composition, especially

sarcolemma.

Subcellular membranefractions compared to whole muscle

Traditionally, biological membrane composition analysis have been limited to

Wm PLs and FAs (Storlien et ai, 1996). Wm is inclusive of all PLs and their respective

FAs of all subcellular membranes. The data from this study revealed significant

differences betweenWm and all isolated membrane fractions and brings into question the

relevance of whole tissue analysis in the quest to understanding the structure-fimction

relationship of skeletal muscle cells.

With the exception of t-tubules, all membrane preparations exhibited significantly

lower % PC thanWm % PC. Previous characterization ofmitochondria has demonstrated

this trend in comparison to Wm (Tsalouhidou et ai, 2006). This observation suggests that

organelle membranes not isolated in this analysis, such as nuclear, sarcoplasmic

reticulum, or golgi, may be contributing to the high overall PC along with t-tubules. This
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is supported by comparisons within rat liver subcellular membranes, where microsomes

and endoplasmic reticulum membranes (smooth and rough) were seen to have higher PC

(60%) than inner and outer mitochondrial membranes (40 and 50%, respectively; ''

Colbeaue/fl/., 1971). %w:K;i<rv^v .^ n- r \.,rPf^^ -..-j^r ^'*
>.

The FA composition ofWm differed most significantly fi-om the sarcolemma,

specifically, Wm had higher % n3 and % n6 PUFA and lower % MUFA. It is therefore

proposed that other organelle membranes were contributing to the difference observed. T-

tubule, SS and IMF mitochondria membranes reflected the FA composition ofWm and

each differed significantly fi"om sarcolenmial membranes within the same FA indices. It

has also been shown by Fiehn et al (1971), in an unknown sample of skeletal muscle, that

sarcoplasmic reticulum PLs contain high amounts of unsaturated FAs. It is evident fi"om

these results how differences in one organelle are masked with Wm analysis. *- *• •

' •
^ Separation ofPL species and subsequently individual FAs revealed more '

' ^
•

significant differences between the isolated membrane domains and Wm. For example,

no significant difference was seen between Wm and t-tubules and IMF membranes before

this comparison was made. Lx)w DHA (22:6n3) levels were noted in the sarcolemma, and

IMF compared to theWm within PE. This characterization ofWm is consistent with

previous observations in both cardiac and skeletal muscles (Stubbs & Smith, 1984).

Individual FAs are known to influence cellular processes such as ion homeostasis, gene

expression, signal transduction, and the synthesis ofmessengers (Tsalouhidou et al,

2006). The differences found between fi^actions in this study with regards to individual

FAs may play important roles in specific cellular processes not currently identified. This

study's findings stress the importance of an in-depth analysis when examining membrane
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composition between subcellular organelles. Further, these observations strengthen the

argument ofWm's poor representation of the FA characterizations of its respective

organelles. The vast array of functions carried out by subcellular organelles can not be

correlated to these broad characteristics of total membrane PLs.

Subcellularfraction comparison

It was observed that certain subcellular fractions isolated in this study were

xmique in their PL FA composition. To the author's knowledge, limited literature exists

that accurately compares PL FA composition of subcellular components. Despite limited

comparative literature, important trends were observed in this analysis between plasma

membrane domains (sarcolemma and t-tubule) and mitochondrial subpopulations.

The relative content ofPL species was seen to be distinctly different between

membrane fractions, specifically with regards to significantly higher CL in SS and IMF

mitochondria compared to sarcolemma and t-tubule flections. This was not surprising, as

CL is synthesized within mitochondria (Ritov et al.^ 2006). Within the mitochondrial

subpopulations, slightly higher CL content seen in SS compared to IMF mitochondria is

consistent with previous literature (Cogswell et ai, 1993). Within CL FAs, differences

between preparations were also observed. CL contained the highest amount of

unsaturated FA (-60%) in all preparations, with the exception of the sarcolemma (40%).

These observations are similar to what has been seen in liver, where non-mitochondrial

CL had a higher SFA content (Colbeau et aL, 1971). In skeletal muscle it is believed that

CL is contained exclusively within mitochondria, and therefore a good marker for

mitochondrial content (Ritov et al, 2006). However, this data demonstrates CL in all
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membrane fractions to some extent. This is the first study to analyze CL in these

subcellular fi^actions, therefore it is suggested that previous thinking may have been

misguided, and is an area that requires further investigation. Overall, these membrane

fi^actions were observed as being very unique in their PLs FA composition.

A surprising observation made in this analysis was similar PUFA content of

purified SS and IMF mitochondria in comparison to whole hindlimb membranes, which

was unlike the trend demonstrated in Chapter 2 where purified SS mitochondrial

membranes had significantly less % PUFA compared to Wm. Previous research has

suggested that mitochondrial membranes have relatively less PUFA and more MUFA to

protect against free radical damage (Fiehn et al., 1971 ; Hulbert et ai, 2005). A lack of

significance in mitochondrial % PUFA in the current study may be a consequence of

utilizing whole hindlimb instead of individual skeletal muscle types, as they were

inclusive ofmore glycolytic fibres that those examined in Chapter 2. This provides

evidence that future work should include skeletal muscle type-specific analyses.

The sarcolemma and t-tubules are skeletal muscle plasma membrane domains and

both play very distinct roles in skeletal muscle cell function. However PL and FA

analyses of their respective membrane fi^actions revealed that they had distinctly different

membrane compositions. Sarcolemmal membrane % SM was ~2.5 fold higher compared

to t-tubules. Specialized micro domains rich in SM and cholesterol, called lipid rafls have

been found to a lesser degree in t-tubule membranes (Ring et al, 2006) but more so in

sarcolemmal membranes (Galbiati et ai, 2001). The presence of lipid rafts in the

sarcolemma is further supported by a high SFA content of SM, a characteristic ofSM

FAs contained within these micro domains (Ring et al, 2006).
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^
. The t-tubules are a primary site ofGLUT 4 translocation when stimulated by

insulin or contractions (Lauritzen et ai, 2006). GLUT 4 receptors are distributed from

subcellular vesicles onto the membrane through exocytosis, and recycled back into the

cell through endocytosis mechanisms (Spector & Yorek, 1985). It has been established

that endocytosis is negatively affected by high levels of saturation. Hence, the

characteristics of the PL FAs found in t-tubule may reflect a balance which is optimal for

GLUT4 and other membrane associated proteins. Future research should focus on the

association between t-tubule membrane composition and glucose transport.

It is clear from this study that differences in PL FA composition do exist between

subcellular fractions, specifically sarcolemmal, t-tubule, SS and IMF mitochondrial

membranes. It is currently unknown in the literature how each fraction will respond in the

face ofknown skeletal muscle remodelling perturbations, such as diet and exercise.

Future research should apply similar in-depth methodological protocols for acquiring

purified membrane fractions before the application of a perturbation to fiirther our

understanding of the structure-function relationship.
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Chapter 4 : General Conclusions

This thesis was successful in addressing limitations in the literature with regards

to membrane PL FA composition analysis. The novelty of these experiments was with

regards to 1) sarcolenmial and t-tubule isolation procedures, 2) the identification and

quantification of contamination of isolated membrane fractions, and subsequent

purification of SS, IMF and t-tubule fractions, and 3) individual skeletal muscle type

analyses. The list of future research avenues with regards to membrane composition is

extensive, as there are many questions yet to be answered. This thesis provides the

methodological framework for fiiture analyses to further our understanding of the

relationship between membrane composition and cellular function.

A novel component to this study was with regards to the isolation of sarcolemmal

and t-tubule membranes. Traditionally, a minimum of 5 (Dombrowski et ai, 1996) to 12g

(Zorzano & Camps, 2006) of fresh or frozen muscle is used for sarcolemmal and t-tubule

isolation protocols. To obtain this amount oftissue, multiple rats would have to be

combined, limiting the ability to analyze individual skeletal muscle types. In addition,

with regards to human studies, these procedures would be unrealistic due to the fact that a

muscle biopsy may weigh only 75-120mg. This research has shown that a frozen muscle

weighing only ~1.5g is sufficient for this protocol, yielding enough membranes for

immunoconcentration, lipid extraction, and analysis. Future studies can attempt to further

decrease this requirement potentially to the extent that 75-120mg is muscle is adequate

for such an analysis.

Identification of contamination from the isolation procedures supported the need

for additional steps for purifying the membranes. Traditionally, purification of t-tubule
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fractions is achieved through calcium loading procedures or wheat germ agglutination to

remove sarcoplasmic reticulum contaminants (Zorzano & Camps, 2006). These

techniques, however, target the removal of only one membrane domain.

hnmunoconcentration has been shown here to be an effective alternative to previous

techniques to reduce contamination in t-tubule membranes. An assumption with regards

to immunoconcentration, however, is that the t-tubule membranes in their entirety are

pulled down with the immuno-targeted membrane associated protein. Alternative, the

membrane fraction purified by immunoconcentration may be PLs associated only with

the immuno-targeted membrane specific proteins. Future research is needed to test these

hypotheses and confirm the assumption.

Purification techniques used in this thesis, immunoconcentration and the PercoU

gradient, are not newly developed techniques, however they are not readily used in

membrane composition research. These studies were successfiil in applying these

techniques to reduce contamination in their respective membrane fractions. The

comparisons between purified and non-purified mitochondria in Chapter 2 demonstrate

the need for the application of purification procedures in order for more accurate

observations to be had with regards to lipid composition. There is potential for fiirther

development ofthese techniques, and this is a new avenue for fiiture research to explore.

hi the first study, fibre-type specific muscles were used. To the author's

knowledge, no comparisons had previously been completed on subcellular organelles in

different skeletal muscle types. Skeletal muscle type analysis in the first study revealed

that characterization of whole muscle and SS mitochondrial membranes may not be

muscle-type specific to an extent that requires separation. Thus, in addition to muscle
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weight requirements, absence ofmuscle type membrane differences in the first study

resulted in the use ofmixed hindlimb muscle for the second study. However, the fact that

differences were not revealed between Wm and SS mitochondria in the soleus, plantaris

and RG does not rule out potential differences between sarcolemma, t-tubules, or IMF

and Wm. It is only now that the limits of tissue required for sarcolemma and t-tubule

isolation have been extended, that we know these questions can be answered through

such an analysis. It is also not known whether significant differences may arise in

membrane remodelling analyses that were not seen in the muscles examined in the first

study. Future research should consider skeletal muscle type comparison.

Future Directions

The current thesis has attempted to address many limitations seen in the literature

with regards to skeletal muscle cellular and subcellular membrane PL FA composition.

This methodological advancement will provide a much needed starting point to

thoroughly investigate the extent of current membrane remodelling theories that exist in

response to diet and exercise. Despite the contributions this thesis provides, future

research can also focus on extending skeletal muscle membrane PL FA analysis further.

Analysis of FAs in these studies was completed on a GC. This results in the FAs

fi-om each isolated PL being "pooled" before being quantified. This form of analyses does

not identify the positioning ofFAs on the PL head groups, with regards to the sn-1 or sn-

2 positions, whereas GC mass spectrometry enables the analysis of the whole PL

molecular species. Mass spectrometry analysis has been completed on PLs in muscles

differing in fibre type composition and shown alterations in FA arrangement when an
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exercise intervention is introduced, and differences in these aherations between muscle

fibre types (Mitchell et ai, 2004). No mass spectrometry analysis has been completed on

subcellular membrane fractions; however this may prove to be important as it has been

shown that PLs and FAs in isolation do differ between subcellular membrane fi^actions.

The implications of these differences at the level ofwhole PL molecular species are not

currently known. Future analysis at this level may reveal further differences between

membrane domains, subcellular organelles or muscles differing in fibre-type

composition, and help to understand how they affect cell function, ir hc''^^ i^ :,'\ >

Secondly, lipid rafts that reside in sarcolemmal and t-tubule membranes are

associated with specific membrane associated processes, such as lipid (Ring et al, 2006)

and glucose (Yuan et ai, 2007) transport. Alterations to the composition of these lipid

domains may affect these transport processes. This level of control will affect metabolism

as nutrient transport is often a rate limiting step in this process (Helms & Zurzolo, 2004;

Ring et ai, 2006). Characterization of the PL FA composition of these domains and their

respective proteins may further our understanding of the relationship between membrane

structure and subcellular function. Further, the isolation ofthese domains after diet or

exercise interventions may reveal another level of remodelling, potentially unique to

subcellular organelles. :r^ ; itut luif lir it, v><. vi i>- ui< .. s^cvr^ r^et?; ( ' t.

] . < Lastly, cholesterol is an extremely relevant measurement of cell function, as it

affects membrane dynamics, protein function, and is altered with diet and exercise '•v
;

(Esfahani & Swavey, 1990). Cholesterol levels in skeletal muscle have been linked to diet

and exercise, and also health, such as cardiovascular disease (Esfahani & Swavey, 1990).

Future research can apply measures of cholesterol to isolated membrane fractions in
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attempts to understand how it relates to organelle function. The structure-function

relationship of cellular membranes is extremely complex, and it is proposed that no one

change affects cell function but an interaction of effectors that result in an adaptation. The

study ofmembrane composition is an extremely relevant area of investigation.

Rationale and implications

Dietary fat intake amounts to 25-45% of total energy, this is why, from a

biochemical point ofview, lipids and FAs attract a great deal ofresearchers interests

(Benatti et al., 2004). Cardiovascular disease, dyslipidemias, diabetes, osteoporosis,

inflammatory diseases and cancer are all diet related, therefore stress the importance and

relevance of lipid research (Benatti et al, 2004). The development of agriculture over

time has changed nutritional composition of food, creating deficiencies in some areas,

specifically resulting in imbalances in the n6/n3 ratio (Benatti et al., 2004). Along with

this, increases in the prevalence of certain diseases have increased in newer generations

due to poor dietary habits ofparents resulting in genetic predispositions (Benatti et al.y

2004). Therefore, sales in supplements and fortified foods have increased drastically now

that knowledge if in the area of lipids and their benefits are being noticed (Benatti et al,

2004). PUFAs have attracted the bulk of lipid research, as they have been seen to be a

potential therapeutic approach to many illnesses; cancer, cardiovascular disease, bone

deterioration, and brain dysfunctions (Benatti et al, 2004; Rodriguez-Cruz et al, 2005).

PUFAs have also been seen to correlate with proper neurological and cognitive

development in newborns (Rodriguez-Cruz et al, 2005). Most talked about, however has

been with regards to diabetes, insulin resistance, and obesity, pathologies becoming
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almost an epidemic in today's society (Daniels & Greer, 2008). The effects of lipids on

cellular function are very complex and vary between tissues and subcellular membranes.

The literature on membrane composition at this time is not complete and specific effects

of diet and exercise can not be concluded. The two studies completed in this thesis are

unique and address certain limitations in the literature, including tissue specificity,

individual muscle analysis, subcellular fractionation, and the purity of isolated fractions.

The structure and composition of lipids in biological membranes is a matter of

considerable discussion and speculation. With the methodology laid out in this thesis, a

more powerful approach can be taken towards understanding the complexity of activities

carried out by living skeletal muscle cells.
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APPENDIX 1: LABORATORY PROCEDURES

PartL Subsarcolemmal and intermyofibriUar mitochondrial isolation

REAGENTS

Brock University

1. Solution I lOOmMKCl
40mMTrisHCL
lOmMTris Base

5 mM MgS04
5 mM Na2EDTA
ImMATP

2. Solution II

3. Solution III

pH to 7.4 and bring to final volume with DDW.

lOOmMKCl
40 mM Tris HCL
5 mM Tris Base

1 mM MgS04
0.1mMNa2EDTA
0.25 mM ATP

Addl%BSA(10g/L)
pH to 7.4 and bring to final volume with DDW.

lOOmMKCl
40 mM Tris HCL
5 mM Tris Base

1 mM MgS04
0.1mMNa2EDTA
0.25 mM ATP

pH to 7.4 and bring to final volume with DDW.

Sucrose/Mannitol Solution

220 mM sucrose

70 mM mannitol

lOmMTrisHCl
0.1mMNa2EDTA

pH to 7.4 and bring to final volume with DDW.

Proteinase solution - Based on the wet tissue weight, make up 10 volumes of

proteinase solution by add 0.25 mg of nagarse per mL of Solution II.
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PREPARATION

1

.

Place 1 mL of Solution I in labelled 2 mL eppendorf and place on ice. Turn on
centrifiige to chill (4°C).

2. Place petri dish on ice and label extra 1 .5 mL eppendorf tubes for citrate synthase (CS)

sample and extra muscle.

MITO-ISOLATION (completed on ice):

1

.

Remove muscle from animal or fresh biopsy from needle (not N2frozen) and

place onto ice-cold petri dish (>65 mg). Take ~10 mg, place in labeled eppendorf

(for CS) and freeze in liquid N2 immediately.

2. Weigh remaining muscle, record weight, and place in 2 mL eppendorf containing

Solution I.

3. Mince the muscle with sharp scissors.

4. Transfer minced muscle to glass potter, add 10 volumes of Solution I (remember

to subtract 1 mL) and homogenize by hand.

5. Take 5 ^L for CS whole muscle. Resuspend in 45 ^iL lOOmM Tris 8.3 (See CS
protocol)

6. Transfer homogenized muscle to Falcon tubes and centrifiige for 10 min. at 700 g.

7. The next steps are done on the different components of the centrifiiged

homogenized muscle

Supernatant (SS) Pellet (IMF)

a. Retain supernatant on ice. a. Resuspend pellet in 10 volumes of

Solution I with glass potter.

b. Centrifiige for 1 min. at 700 g.

Retain pellet.

c. Resuspend pellet in 10 volumes of

proteinase solution and incubate for

5 min. on ice. Transfer to falcon

tube.

d. Terminate proteinase action by

adding 20-25 ml of Solution II and

centrifiige for 10 min. at 7,000 g.

Retain pellet.

e. Resuspend pellet in 1 volumes of

Solution II and centrifiige for 10
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min. at 700 g. Retain supernatant.

8. Centrifuge supematants for 10 min. at 14,000 g. Retain pellet.

9. Resuspend pellets in 10 volumes of Solution II. Use pipet tip to gently resuspend.

Centrifuge suspension for 10 min. at 7,000 g. Retain pellet.

10. Resuspend pellet in 10 volumes of Solution III. Use pipet tip to gently resuspend.

Centrifuge suspension for 10 min. at 7,000 g. Retain pellet.

11. Resuspend final pellet in weight/volume of Sucrose/Marmitol Solution (e.g. 50 mg
tissue = 50 ^iL Sucrose/Mannitol Solution.

12. Take 5|xL and resuspend in 95^L S:M

a. Put 50 \\L in eppindorf for CS (extra mitochonodrial & total suspension).

b. Put 50 ^L in eppindorf for protein assay (keep fi-ozen in liquid nitrogen).

REFERENCES

Cogswell AM, Stevens RJ, & Hood DA (1993). Properties of skeletal muscle

mitochondria isolated from subsarcolemmal and intermyofibrillar regions. Am J
P/i^5/o/264,C383-C389.

Campbell SE, Tandon NN, Woldegiorgis G, Luiken JJ, Glatz JF, & Bonen A (2004). A
novel fimction for fatty acid translocase (FAT)/CD36: involvement in long chain

fatty acid transfer into the mitochondria. J Biol Chem 279, 36235-36241.

84



.
; ,;.''./ :(-'>"•' 'iri'./.)



MSc Thesis - L. E. Stefanyk Brock University

PartIL Western blotting

REAGENTS

1. Sample Buffer3.0x

1.875 mL 1 M Tris base solution (1 M Tris Base Solution = 1.21 14g of

Tris in 10 mL DDW) (pH 6.8)

3.625 mLDDW
0.6 g SDS
3 mL glycerol

1.5mLof2-ME
0.006 g B-Blue

2. 20x Protease Inhibitor (PI)

20 mM benzamidine (peptidase inhibitor)

2 mg/mL 5% trypsin inhibitor

0.02 mg/mL 0. 1% aprotinin (serine protease inhibitor)

2 mM TLCK (trypsin and other serine and cysteine protease inhibitor)

20 |iM leupeptin (serine and cysteine protease inhibitor)

20 ^M pepstatin A (aspartic protease inhibitor, eg. pepsin)

3. Ammonium Persulfate

0.06 g ammonium persulfate (APS)

600 nL DDW
* Make fresh daily

4. Resolving Gel Buffer. pH 8.8

1.5MTris-HCl

0.4% SDS

5. Stacking Gel Buffer. pH 6.8

0.5 M Tris-HCl

0.4% SDS

6. lOx electrode (running) Buffer

250 mM Tris base

1 .92 M glycine

1% SDS
* Store at 4°C. If precipitation occurs, warm to room temp before use.

* Dilute 50 mL of lOX electrode buffer per 450 ml ofDDW before use.

7. 10 X TBS. pH 7.5

200 mM Tris base

1.37MNaCl
38mL of IM HCl/L ofTBS made
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8.TBST
Dilute 1 Ox TBS to 1 X with DDW.

!

.

25% Tween needed (mL) = Volume ofTBS (mL) x 0.004

9. Blocking Solution w'
Add 5g of skim milk powder per 1 00ml TBST.

10. 1 Ox Transfer Buffer ^ *>-
.^.-.

i.
. • -

>i,,.,v 1.25% SDS . ^, ^
;f- ,;c 125mMNaHC03 ; ,

, - ' 37.5mMNaC03

; Methanol 20% (add day of) " . ^
* Before use, dilute lOx to Ix with DDW and add methanol.

1 1

.

Coomaisse Blue Gel and Membrane Stain

40 mL methanol

10 mL acetic Acid

0.25g Coomassie Blue ,

50mLDDW
"

'^t\

n - ..•.- r

PROTOCOL ' c

Muscle Homogenization

a) Weigh muscle tissue (mg) that is cleaned of all visible fat and connective tissue.

b) Add 10 volumes of lOOmM Tris (pH 8.3) and homogenize tissue by hand with a

glass potter, (e.g. 653mg muscle, 6.53mL).

c) Save at least 5nL to determine protein content of samples.

Protein Assay

a) A standard curve using bovine serum albumin (BSA) is run with each new
microplate. Each point on the calibration curve is run in triplicate.

b) Make up a lOmg/mL BSA protein standard (100 mg BSA in 10 mL DDW). Label

7 eppendorfs: 0, 0.05, 0.125, 0.25, 0.5, and 1.0. Dilute the lOmg/mL stock

solution further to yield desired protein concentrations.

c) Prepare dye reagent by diluting 1 part Dye Reagent Concentrate with 4 parts

DDW. Filter through a Whatman #1 filter to remove particles.

d) Dilute sample lOx (5nL sample to 45nL DDW).
e) Pipette 10|iL of each standard and sample solution into separate microtiter plate

wells. Standards and samples are normally assayed in duplicate of triplicate.

f) Add 200uL of diluted dye reagent to each well. Mix the sample and reagent

thoroughly using a multi-channel pipette when the reagent is dispensed. Replace

with clean tips and add reagent to the next set of wells.

U
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g) Incubate at room temperature for at least 5 minutes. Absorbance will increase

over time; samples should incubate at room temperature for no more than 1 hour,

h) Measure absorbance at 595 nm.

Samples are prepared in accordance with the Laemmli sample buffer calculations to the

desired final protein concentration.

Original

[Protein]
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Separating 12%
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b) Equilibrate the gel and soak the membrane, filter paper, and fibre pads in transfer

buffer (5 min. to 1 hour depending on gel thickness).

c) Prepare the gel sandwich.

a. Place the cassette, with the clear side down, in a container (shallow

tupperware) containing transfer buffer.

b. Place one pre-wetted fibre pad on the clear side of the cassette.

c. Place a sheet of filter paper on the fibre pad.

d. Place the pre-wetted membrane on the filter paper.

e. Place the equilibrated gel on the membrane.

f. Place a filter paper on the gel.

g. Complete the sandwich by placing the fibre pad on the filter paper.

* Remove any air bubbles which may have formed with a glass

tube, gently roll the tube over the sandwich in one direction.

h. Close the cassette firmly, being careful not to move the gel and filter paper

sandwich.

i. Lx)ck the cassette with the white latch.

j. Place cassette in module *black at back'. Repeat with other cassettes.

d) Add the fi-ozen Bio-Ice cooling unit. Fill the tank with buffer.

e) Add a standard stir bar to help maintain even buffer temperature and ion

distribution in the tank. Set the speed for as fast as possible.

f) Put on lid, plug the cables into the power supply, and run the blot. (1 hour at

lOOV).

g) Upon completion ofthe run, dissemble the blotting sandwich and remove the

membrane for development. Clean and save the fibre pads and cassettes with

detergent and DDW and dispose of the gel and filter pads.

Membrane Blocking

a) Once transfer is complete, remove the membranes fi'om the sandwich and place

them protein side up in square Petri dishes.

b) Block membrane with TBST with 5% skim milk for at least one hour at room
temperature with gentle agitation (can be left overnight in blocking solution). Use
~5 mL per gel.

Incubations and Membrane Exposure

Antibodies

a) Dispose ofblocking solution and add 1° Antibody in TBST with 5% skim milk as

follows:

Antibody Size (kPa) Dilution Amount (jxL in 1 mL)
ANT
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Part IIL Citrate synthase and mitochondrial quality

REAGENTS

1

.

Homogenization buffer - 1 00 mM KH2PO4, pH to 7.3 then add 0.05% BS

A

2. lOOmMTris. pH 8.3

Trisma- 3.03g

DDW - 250mL

Bn)ck University

3. 1 mM DTNB (dissolve in Tris buffer)

DTNB - 3.963mg

Tris 8.3 - lOmL
*Make fresh daily

4. 10 mM oxaloacetate (dissolve in Tris buffer)

Oxaloacetate - 1 .321mg

Tris 8.3 - ImL
*Make fresh daily

5. 3 mM acetyl-CoA
* freeze in aliquots to avoid freeze-thaw cycles.

6. 10% Triton X- 100

PROTOCOL

Total Muscle (tm)
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CALCULATIONS

CS activity = (absorbance/extinction co-efficient [13.6])*(dilution factor of

cuvette/sample amount)* dilution factor of sample

% fractional recovery = ((CSfc - CSem/ 2) / CShomog) *100

% intact mitochondria = ((CSts - CSemV CS^) *100

REFERENCE

Peters SJ, Harris RA, Wu P, Pehleman TL, Heigenhauser GJ, & Spriet LL (2001).

Human skeletal muscle PDH kinase activity and isoform expression during a 3-day

high-fat/low-carbohydrate diet. Am J Physiol Endocrinol Metab 281, El 151-El 158.
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Part IV, Mitochondrialpurification

REAGENT

5X SMEA Buffer (pH 7.0)- 1.25 M sucrose

- 25 mM MOPS
- 5 mM EDTA
- 25 mM NaN3

PROTOCOL

1. Make 60% Percoll: 1.336 mL of 5X SMEA + 4 mL ofPercoU + 1.334 mL of

H2O (the density should be 1 .1 g/mL).

2. Isolate mitos following standard protocol.

3. In each preparation, add 1 mL of60% Percoll mix on top of mitochondria in an

eppendorf

4. Spin tubes at 20,000g for 1 hour (set deceleration to '0').

5. Remove middle mitochondria layer, and place in eppendorf.

6. Spin at 20,000g for 5 h (deceleration at '0').

7. Remove mitochondria layer (middle).

8. Store at -80°C.

REFERENCE

Holloway GP, Bezaire V, Heigenhauser GJ, Tandon NN, Glatz JF, Luiken JJ, Bonen A,

& Spriet LL (2006). Mitochondrial long chain fatty acid oxidation, fatty acid

translocase/CD36 content and carnitine palmitoyltransferase I activity in human
skeletal muscle during aerobic exercise. J Physiol 571, 201-210.
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Part V, Lipid extraction

1

.

Add 250 jiL ofhomogenized sample (1 :5 buffer/DDW) to a kimex tube.

2. Add 3.75 mL C:M (1 :2), vortex well (2 min.).

,' 3. Add 1.25 mL chloroform, vortex (10 sec.).

4. Add 1 .25 mL DDW, vortex (2 sec.) until noticeable colour change ie.

turns white.

5. Centrifuge 2000 RPM for 6 min.

6. Remove chloroform phase (2 mL) with 9" Pasteur pipette, i.e. Bottom

phase.

7. Use medium size screw cap vials; seal with parafilm.

8. Store at -20°C.

REFERENCE

Bligh, EG 8c Dyer, WJ. 1958. A rapid method of total lipid extraction and purification.

Can JBiochem Physiol 37:91 1

.
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Part VI. Thin layer chromatography

REAGENTS

l.DCF Solution (for 4 L)

1) To 4 L methanol:water (1:1), add 2g (saturating) 2',7'-dichloroflourescein.

2) Stir for 7-8 hours in fume hood or covered (parafilm and foil).

3) Filter out precipitate.

4) Wash filtrate with petroleum ether (~500mL) in separatory funnel.

5) Remove lower phase (DCF) and store in dark bottle.

2. Tridecanoic acid (13:0)

1 |ig/|iL in hexane

Seal with lid and parafilm and store in -20°C.

3. 6% H2SO4

1) For 100 mL use 94 mL methanol, cool on ice.

2) Carefully drip 6 mLs H2SO4 into methanol slowly,

-use a large beaker.

-drip the H2SO4 down the sides of the beaker.

PROTOCOL

Solvent Solution

1

)

Using clean pointed object to press chromatography paper into comers of tank.

2) Make up solvent system:

Chloroform: methanol: acetic acid: water (50: 37.5: 3.5: 2mL)
1 plate: (100: 75: 7: 4)

2 plates: (134.4: 100.8: 9.4: 5.4)

3) Pour into bottom of tank, cover and let sit at lease Vi hour.

Samples

1

)

Transfer 1 .5 mL of sample into mini vials and dry down under N2 in fume hood.

2) Add 1 mL C:M (2: 1), vortex and dry down under N2.

Plate

1) In a fume hood, using template, mark off lanes on the silica plate.

Leave a lane on each side and one at the top (1 division wide) to stop solvent.
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2) Put the plate in the oven 1 10°C for 1 hour to evaporate any water. Place in a

desiccating chamber until spotting.

Spotting

1) Resuspend sample in 25 |iL ofC:M (2:1).

2) Spot the 25 ^L sample onto plate using microsyringe.

3) Add an additional 25 nL ofC:M (2:1) to sample vial, vortex, spot over sample.

Rince syringe x5 in C:M (2:1) after each sample.

4) For blank, spot 25 ^L CM (2:1). (repeat 2x).

5) Place plate in chamber (leaning against back) with silica side up.

6) Takes about ~ 2 hours to run (solvent should reach top).

Spraying

1) Remove plate from tank and let dry in fume hood for several minutes.

2) Set plate in spraying chamber.

3) Spray evenly with DCF solution.

4) Set plate in chamber containing freshly made 25% ammonium hydroxide, for

about 5 minutes.

Scoring

1

)

View plate under UV light.

Band separation expected: -solvent front- (with NL)
CL
PE
PI

PS
PC
SPH
-origin-

2) Use needle to mark bands.

3) Remove excess silica (from sides and top) using razor blades

Rinse with C:M between uses.

4) Scrape each band into a kimex tube * (use fimnel)

* Kimex tubes should be pre-rinsed with C:M, then vortexed.

* Can leave scraped samples capped with parafilm in freezer overnight

METHYLATION

1) Toeachtube, add2mLof6%H2S04.
2) As accurately as possible, add 10 ^iL of 13:0 (internal standard) (Rince syringe in

hexane).

96





MSc Thesis - L. E. Stefanyk Brock University

3) Close tightly with new caps.

4) Incubate for 2 hours at 80°C.

5) Cool 10 min. then break seal.

6) AddlmLDDW.
7) Add 2 mL petroleum ether, vortex.

8) Centrifuge 6 min. at 2000 RPM.

9) Extract petroleum ether phase (top) into mini vial.

10) Seal cap with parafilm, store at -20°C.

GAS CHROMATOGRAPHY

1

)

Dry down samples with N2.

2) Resuspend in 50|aL hexane.

3) Vortex.

4) Cap with crimp caps.

REFERENCE

Mahadevappa, V.G. and Holub, B.J., in Chromatography of Lipids in Biomedical

Research and Clinical Diagnosis, pp. 225-265 (1987).
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Part VII. T'tubule and sarcolemmal membrane isolation

REAGENTS

Buffer A
lOmMNaHCOa
0.25M sucrose

5mMNaN3
lOO^iM phenylmethylsulfonylfloride (PMSF)

Sucrose Free Buffer A
lOmMNaHCOa
5mMNaN3
lOOuMPMSF

PROTOCOL

1. All steps are carried out on ice (4°C).

2. Clean muscle of fat, nerves and vessels.

3. Mince muscle in Buffer A (wt/vol) for 5 minutes.

4. Transfer minced muscle to glass potter, add lg/15mL dilution [buffer A] (remember to

subtract buffer added to mince muscle) and homogenize by hand.

5. Centrifuge homogentate at l,300g for 10 min.

6. Retain supernatant.

7. Centrifuge at 9,000g for 10 min.

8. Retain supernatant.

9. Centrifuge at 190,000g for 1 hour.

10. Retain pellet.

1 1

.

Resuspend pellet in Buffer A (wt/vol).

12. Apply on a discontinuous sucrose gradient 25, 32, and 35% (wt/wt).

13. Centrifuge at 150,000g for 16 hours.

14. Results in 3 protein fractions.

1) sample-25% sucrose interphase (PM)

2) 32-35% sucrose interphase (TT)

15. Dilute samples in sucrose free Buffer A.
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16. Centrifuge at 190,000g for 1 hour.

1 7. Resuspend in Buffer A and used fresh for enzymatic activity measurement, or fi-ozen

in -80°C until used for Western blot analysis.

REFERENCE

Dombrowski, L., Roy, D., Marcotte, B., & Marette, A. (1996). A new procedure for the

isolation ofplasma membranes, T tubules, and internal membranes from skeletal

muscle. Am J Physiol 270, E667-E676.
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Part VIIL Immunoconcentration

REAGENTS

1

.

Blocking Solution. pH 7.4

l%BSAinPBS

2. Phosphate-buffered saline (PBS). pH 7.4

137mMNaCl
2.7mMKCl
4.3 mM Na2HP04
1.42NaH2P04

3. 2x hnmunoadsorption solution

0.2%(w/v)BSA
2 mM EDTA
Create solution with PBS
* Preparefreshjust before use

4. Ix Laemmh Sample Buffer -
^

0.625mL IM Tris base solution

7.87 mL DDW
1 mL glycerol

0.5 mL 2-mercaptoethanol

0.002g bromphenol-blue

PROTOCOL

Couple antibody to anti-IgG-coupled agarose beads

1

.

Pipet 75nL of the suspension of goat anti-mouse IgG coupled to agarose beads

into a microcentrifuge tube.

2. Wash beads by adding 1 ml PBS, shaking gently, and microcentrifuge 6 seconds

at max speed, room temperature. Discard supernatant.

3. Repeat wash. Discard supernatant

4. Add 5 |ig of antibody to the bead pellet, and then bring to a final volume of SO^iL

with PBS. Incubate overnight at 4°C with constant shaking on an orbital shaker.

5. Wash the coupled beads by adding 2 mL blocking solution to the pellet,

incubating 1 5 min at room temperature with sporadic shaking, then

microcentrifuging 6 seconds at maximum speed, room temperature. Discard

supernatant.

6. Repeat wash with blocking solution twice.

7. Wash once with PBS solution
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Immunoadsorb and collect vesicles

1

.

Add 25(ig of protein from t-tubule-enriched fraction in 200|il of Ix

immunoadsorption solution to the coupled beads. Incubate beads overnight at 4C
with shaking on an orbital shaker.

2. Microcentriftige 6 seconds at max speed, room temperature. Collect the pellet

(agarose beads and the vesicles bound to them).

3. Collect supernatant to measure unabsorbed membranes by SDS-PAGE
4. Wash pellet twice by adding 1 ml PBS, microcentriftiging 6 seconds at max

speed, room temperature. Discard supernatant. ** For TLC stop here, for WB
continue on**

5. Elute the adsorbed material from the beads by adding 0. 1 mL of 1 x Laenmili

sample buffer. Incubate 5 min. at 95C

6. Microcentrifrjge 6 seconds at max speed, room temperature. Collect the

supernatant (eluted material from the beads, containing the proteins that were

bound as well as the eluted antibody) and analyze by SDS-PAGE.

REFERENCE

Zorzano A & Camps M (2006). Isolation of T-tubules from skeletal muscle. Curr Protoc

Ce// 5/0/ Chapter 3, Unit 24.
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APPENDIX 2. Representative Western Blots

Brock University

Part I Determination ofoptimalprotein loading

DHPR

2500

2000

1500

o 1000
M

500

10 15 20 25

Protein loaded (ug)

30 35

Figure A2.1. Representative Western blots of a gradient of increasing protein

concentration of whole muscle homogenate probed for the t-tubule specific protein

DHPR (200 kDa protein).

m *

GM130

600n

500

400

• 300-

100

18

Protein loaded (ug)

30

Figure A2.2. Representative Western blots of a gradient of increasing protein

concentration of whole muscle homogenate probed for GM130, a golgi membrane

marker (130 kDa protein).
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Part II Quantifiable contamination in each membranefi-action

113kDa

37kDa

Figure A2.7. Representative Western blots of uniform bands from IgG beads after 1 hour

of gel electrophoresis.

*' .
B)

113 kDa

mmmimm*''^ i 113 kDa

Figure A2.8. Representative Western blots probed for Na"^/K^-ATPase alpha- 1 (113 kDa),

a protein marker of sarcolemma on A) whole muscle (left), and the transverse-tubule

before (middle) and after (right) immunoconcentration after 2 hours of gel

electrophoresis, and B) non-purified (left) and purified (right) subsarcolemmal

mitochondria after 1 hour of gel electrophoresis.
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A) B)

130 kDa

mmm^, '^*f^i*^

32 kDa

-5*-.t

Figure A2.9. Representative Western blots probed for ANT (32 kDa), a protein marker of

mitochondria on A) whole muscle (left), transverse-tubules before (middle) and after

(right) immunoconcentration, and B) non-purified (left) and purified (right)

subsarcolemmal mitochondria after 1 hour of gel electrophoresis.

200 kDa

130 kDa

Figure A2.10. Representative Western blots probed for DHPR (200 kDa), a protein

marker of transverse-tubules on A) whole muscle (left), transverse-tubules before

(middle) and after (right) immunoconcentration, and B) non-purified (left) and purified

(right) subsarcolemmal mitochondria after 2 hours of gel electrophoresis.
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A)

200 kDa

^«f^

110 kDa

Figure A2.1 1. Representative Western blots probed for SERCAl (110 kDa), a protein

marker of sarcoplasmic reticulum on A) whole muscle (left), transverse-tubules before

(middle) and after (right) immunoconcentration, and B) non-purified (left) and purified

(right) subsarcolemmal mitochondria after a 2 hour gel electrophoresis.

A) B)

113 kDa

'J '<><t?l.|»«l»MI<««Hij)t||ii i

37 kDa

Figure A2.12. Representative Western blots probed for emerin (37 kDa), a protein marker

of nucleus on A) whole muscle (left), transverse-tubules before (middle) and after (right)

immunoconcentration, and B) non-purified (left) and purified (right) subsarcolemmal

mitochondria after 1 hour of gel electrophoresis.
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B)

200 kDa

llOkDa

Brock University

< 200 kDa

/ * 1

110 kDa

Figure A2.13. Representative Western blots probed for GM130 (130 kDa), a protein

marker of the golgi apparatus on A) whole muscle (left), transverse-tubules before

(middle) and after (ri^t) immunoconcentration, and B) non-purified (left) and purified

(right) subsarcolemmal mitochondria after 2.5 hours of gel electrophoresis.
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APPENDIX 3: COMPLETE Data Tables
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Table A3. 8. Indicies of the phospholipid fatty acid profile ofwhole muscle, sarcolemmal,

t-tubule, SS and IMF mitochondrial membranes in rat hind limb.
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APPENDIX 4. List of fatty acids

FA
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APPENDIX 5. Contamination Calculation

ForWm
Protein (mg/mL) * Volume ofbuffer in homogenate (mL)

= answr (mg) / original tissue weight (g)

= answr (mg/g) * 1 000

= answr (ng/g) / protein loaded in Western blot

= answr * spot density (arbitrary units)

= answr (arbitrary units/g)

For Mito

Protein (mg/mL) * Volume ofS&M in re-suspension (mL)

= answr (mg) / original tissue weight (g)

= answr (mg/g) * 1 000

= answr (ixg/g) / protein loaded in Western blot

= answr * spot density (arbitrary units)

= answr (arbitrary units/g)

Answr Mito (arbitrary units/g) * 1 00 = % contaminatioii

AnswrWm (arbitrary units/g)
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APPENDIX 6. Animal Ethics Approval
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