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ABSTRACT

Sarco(endo)plasmic reticulum calcium ATPase (SERGA)transmembrane
protein whose function is regulated by its immediate lipid environment (annulus). The
composition of the annulus currently unknowror it's susceptibility t@ high saturated
fat diet (HSFD). Furthermore it is uncertain if HBFcan protect SERCA from thermal
stress. The purpose of the study wadeatermineSERCAannular lipidcomposiion,
resultingimpact ofa HSHD, and in turnjnfluence onSERCA activitywith and without
thermalstressThe major findings were annullpids were shorter and more saturated
compared to whole homogenaited HSFDhad no effect on annular lipid composition or
SERCA activity with and without thermal stred8oth average chain length and
unsaturation index were positively correlated with SERCAvagtwith and without
thermalstress. These findings suggest that aarydid composition is different than

whole homogenate and its composition appears to be related to SERCA function.
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CHAPTER 1.0. GENERAL INTRODUCTION

Biological membranes play an essential role in all cellular activities (Sé&ger
Nicolson, 1972)The primary function of the biological membrane is
compartmentalization, which is necesstnyseparation of fluids (cytosol from
extracellular fluid)andions, uptake of nutrientsand disposal of wastall of whichare
crucial for tre organism (Engelman, 20053everal organelles within the cell are
membraneenclosed such as mitochondria antleusSinger & Nicolson, 1972). These
organelles require the membrapeestablish ion gradients and synthesize ATP, and are
referred to as foctional membranes (Fagone & Jackowski, 2009; Singer & Nicolson,
1972). Membranes are dynamieeaning their structure (composed of lipid, protein and
oligosaccharides) is variable in order to regulate its function (Singer & Nicolson, 1972).
Studying the suctural composition of cellular and subcellular membsameecessary

for furthering the knowledge of the membrane r ol e i n .cel l ul ar func

1.1. Membranes

Despite its different functions, all biological membranes retain similar strgcture
Most components (lipid, protein and oligosaccharides) within the membrane are
amphipalic, containing both hydrophobic ahgdrophilicregions. Considering that the
cellular environment is hydrophilic, the membrane arranges itself into a bilayer. This is
thermodynamically favourable since the hydrophilic region is exposed to the aqueous
environment, maximizing hydrophilic interactions, while the hydrophobic region is
buried inside and interacting with other hydrophobic residues (Singer & Nicolson, 1972).

The bilayer structure is related to function, such that it prevents polar molecules from

1
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passing through the membrane and acts as a solvent for transmembrane proteins (
thatspan the entire width of the membrane; Andersen & Koeppe, 2007). These
transmembrane proteins maintain control over polar molecules through the formation of
pores, channels and gatéSinger & Nicolson, 1972). This allows the membrane to be
selectively permeable (Singer & Nicolson, 1972). Additionally, proteins can be located o
the exterior (peripheral)ronteriorof the membrane, which provide other functions for

the membransuch as electron transport (peripheral) and signal transdugattenidp).
Furthermore, oligosaccharides are also found within the membrane eithdrtboun

proteirs (glycoprotein) or lipid (glycolipid), whicharenecessary focell-attachment and

cell recognition respectivelySinger & Nicolson, 1972). Overall, proteins, lipids and
oligosaccharides within the membrane are highly structamedynamic in order to

facilitate the many functions of the membrane.

1.1.1. Lipids

Lipids are defined as small hydrophobicamnphipalic molecules that originate
(entirely or in part) by condensations of thioesters and/or isoprene units (Ratnayake &
Galli, 2009). Lipids make up the majority of the cell membrane (ranging anywhere from
50-75%), which form the matrix of the bilayer (Goose & Sansom, 2013; Singer &
Nicolson 1972). There are eight classes of lipids, of which five are worth mentioning:
fatty acids (FA), glycerolipids, glycerophospholipigdsphingolipids, and sterol lipids
(Ratnayake & Galli, 2009). Glycerolipids, such as triacylglycerols (TG), are used for lipid
storagefoundmainly aslipid droplets in adipose, liver, and skeletaliscletissue(van

Meer et al2008) and will not be discussed further
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i) Fatty Acids (FA)

FAs are the major building bloskf complexmembrandipids (Rathayake &
Galli, 2009).This nonpolar structure is comprised of a repeating methylene groups
which differ insaturation and length, and contain a polar carboxylic acid. The saturation
of the FAs depends on the number of double bonds present. FAs with no double bonds
are known as saturated FA (SEKAhe double bondremonounsaturated FA (MUFA)
and two or more ddble bonds are polyunsaturated FA (PUFRAurel.1l). SFAs are
the least chemically reactiykess likely to react with nucleophiles or electrophikasl
range between-24 carbons (short-4; medium 813; long 1420; very long >21)
(Ratnayake &Galli, 2009). Unsaturated FAs anastable compared ®FAs, with
reactivity increasing with level of unsaturation (Ratnayake & Galli, 2008} is due to
the number of double bonds presinthe FAwhich contain greater electron density than
single bavds, making it susceptible to react with electrophilé® double bond that
exists in FAs can be classified@s (hydrogen atoms on same side of double bond) or
trans (hydrogen atoms on opposite side), withbeing more reactive and found in
almostall naturally occurring unsaturated FASdurel.l; Ratnayake & Galli, 2009).
Unsaturated FAs range betweeh2b carbons (short <19; long-2@; very long >25)
while the double bond is most commonly found at the 3, 6oarl®on counting from the
methylend(known asn(omegaj3, 6, or 9;Ratnayake & Galli, 2009). Most PUFAs are
arranged in a methylensterruptedpattern, with the most common being th8 and r6
FAs (Ratnayake & Galli, 20090 v e r a | dbility té-aktér siembrane function is
dependent on changes in fluidity and bilayer thickness, which will be discussed later

(sectionl.1.3 Bilayer Thickness and Fluidity
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Figure 1.1 A) Saturatedatty acid; B) mono-trans-unsaturatedatty acid; C) mono-cis-
unsaturatedatty acid; D) polytrans-unsaturatedatty acid.

i) Glycerophospholipids

Glycerophospdblipids, more commonly referred to as phospholipids (PLs), are the
major constituents of the membrane (Ratnayake & Galli, 2009). They camtalar
headgroup with a glycerol backbonenglycerol3-phosphate, where FAs are esterified
to snl andsn2 andthe headyroup is bound to the phosphoryl group atdh& position
(Figurel.2). The polar heagroup and noipolar FAs create themphipatic nature of

PLs.

Figure 1.2. sn-glycerot3 phosphate. Glycerol backbone common to all
glycerophospholipids
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There are a variety of different structures of head groups which determine the type
of PL. The most common are choline, ethanolamine, inositol, and serine (Ratnayake &
Galli, 2009). Togethewith the PL structure, they are known as phosphatidylcholine
(PC), phosphatidyethanolamine (PE), phosphatidylinositol (PI), and phosphadtidylserine

(PS), respectively.

PC and PE are the most abundant iALtsological membraness they constitute
30-35% and 1825% of the membrane, respectively (Table 1; Mitchell et al, 2007; Bell,
1976; Bleijerveld et al, 2007). Another PL worth mentioning is cardiolipin (CL). CL is
different than most PLs because it contains 2 phosphatidylglycerols connected to the
glycerol backbone. This PL is found exclusively in it@ermitochondrih membrane
where it is one of the major PL constituents (18%; Daum, 1985). Overall, the differing
size and charge of the hegwbup affects bilayer thickness and fluidity of the membra

which alters its function.
iii) Sphingolipids

Sphingolipids share the common structtv@minc4-octadecend,3-diol, where
the phosphate and hegobup are bound tent1. These complex structures have a
sphingoid base as their backbone, with cerarb&leg the major contributoR@tnayake
& Galli, 2009)The most common sphingolipid found in the membrane is sphingomyelin
(SM) which contains a choline headgroup and ceramide backBateafyake & Galli,
2009. Despite both SM and PC containing a choéisgheir headgroup, their backbone is
different which leads to differences in chemical properties, such as hydrogen bonding

(Nyholm et al, 2008). SM favourably binds to sterol lipids which prosideique
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function in certain tissues such as brain, periplhm®ervous tissue and ocular lenses

(Slotte & Ramstedt, 2007).

iv) Sterols

Sterols are comprised of 4 saturated fused rings known as
cyclopentanoperhydrophenanthreRainayake & Galli, 2009 This 4ring structure
contains a hydrocarbon side chain and a hydroxyl group (OH), and this gives sterols their
amphipathicature (Goluszko & Nowicki, 20055\ common sterol found in the
membrane is cholesterol. Cholesterol is not evenly dispersbd meémbrangnstead it
is preferentially confined to lipid rafts (insoluble complexes of cholesterol and SM;
Goluszko & Nowicki, 2005). Chol esteerol s
function of these lipid raftby creating a compact, orderedusture (Goluszko &
Nowicki, 2005). This stems from its kinkettape which is capable of burying itself in the
membr ane. Cholesterol’s ability to affect

(sectionl.1.3.ii Cholesterol Content
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Table 1.1. Biological membrane phospholipid characteristics

PL Composition| Charge | Primary Fatty Acids | Dominant location

PC 30-35% Neutraf | High 16:0, 18:2n6 | Outer monolayer (66%)
and low 22:6n3

PE 1525%" | Neutraf | High 18:0°, 20:4n6 | Inner monolayer (~20%%

SM 2-15%"° Neutral | High 16:0 and 18:0, | Extracellular monolayer o
low unsaturated FA, | sarcolemm&?®
24:1 and 22:6°

PI 10-15%" Acidic' | 18:0in snl, 20:4 in | Inner monolayer
sn2t, 18:2n6
PS 2-10% Acidic' | High 22:6n3 Inner monolayer of plasm
membranes, sarcolemma
CL 18%" Acidic | 18:2n86, high levels | Inner monolayer of
(80%) of mitochondri§

unsaturatiof

Table derived from: (Stefanyk, 2008; Fajardo, 2011);

Original data from*(Voet, 2004)(Mitchell et al, 2007)3(Clore et al, 1998Y/(Bell,
1976),>(Bleijerveld et al, 2007f(Ritov et al, 2006)’(Daum,1985),%(Tsalouhidou et al,
2006),°(Ramstedt & Slotte, 2002). PL, phospholipids; SM, sphingomyelin; PC,
phosphatidylcholine; PS, phospidglserine; Pl, phosphatidylinositol; PE,

phosphatidylethanolamine; CL, cardph.

1.1.2. Phospholipid synthesis

PLs are synthesized in the Golgi and endoplasmic reticulum (ER) through a series
of enzymatic pathways. First, glycerolipid synthesis o&authe ERhroughglycerol3-
phosphat@®-acyltransferas€GPAT) andl-acylsnglycerot3-phosphaté-
acyltransferasAGPAT), attachinga fatty acylchainto the sniposition of glycerol3-
phosphate and then adding a second fatty@wjihto the snz2position forming
diacylglycerol phosphate (DGP) (Fagone & Jackowski, 2009). D@feimns
dephosphorylated by phosphatidic acid phosphatase to yield diacyl glycerol (DG) which

will be used later on in phospholipid synthesis.
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For glycerophospholipid synthesis, choline or ethanolammiaphosphorylated
using ATP bycholine kinase oethanolamine kinage form phosphocholine or
phosphoethanolaminesspectivelyFigurel.4; Gibellini & Smith, 2010). From there,
phosphocholine gphosphoethanolamine interact with cytidine triphosphate (CTP) and
cytidyltransferasephosphocholineaytidyltransferasephospkethanolamingwhich
displaces two inorganic phosphates creating cytidine diphosphate-@Di)eor CDR
ethanolamine(Gibellini & Smith, 2010). This structure interacts wilte previously
formedDG andCDP-choline:1,2diacylglycerolcholinephosphotransferaseCayP-
ethanolamine:1;@iacylglycerol ethanolaminephosphotransferagech displaces
cytidine monophodmate (CMP)to form either PC or PE (Gibellini & Smith, 2010). PE is
used as a precursor for Réhere he ethanolamine head group is exchanged for serine by

phosphatidyl serine synthase (Gibellini & Smith, 2010).

Pl and CL are formed from a phosphatidicda(PA) precursofFigurel.3). PA is
formed by phosphorylation of DG by diacylglycerol kinase (Fagone & Jackowski, 2009).
Like in PE and PC synthesis, PA interacts with CTP which disptae¢so inorganic
phosphateforming CDRDG (Fagone & Jackowsk2009). From there, two different
pathways existl) inositol displaces CMRcatalyzed by phosphatidylinositol synthaise
form Plor 2) glycerol3-phosphate displaces CMP to form phosphatidylglycerol
phosphate (Fagone &ackowski, 2009). One inorganic phosphate is removed from
phosphatidylglycerol phosphate to form phosphatdiylglycerol which is used for CL
formation (Fagone & Jackowski, 2009). Two phosphatidylglycerols are needed, where
one glycerol from the phosphatidjycerol is removed and the phosphatidyl binds to the

glycerol of the other phosphatidylglycerol, resulting in CL (Fagone & Jackowski, 2009).
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Choline B) Phosphatidic Acid
ATP /_\> Choline Kinase Uq
] CDP-DG
Phosphocholine Inositol glycerol-3-phosphate
CTP/_\" Cytidyltransferasephosphocholine CMP
J CMP <p| synthase
CDP-choline Pl Phosphatidyl
7 ™4 cDp-choline: 1, 2- glycerophosphate
DG .. diacylglycerolcholinephosphotransferase
PC «— €— «— PE PPi <]
SM 5E[ﬂ Phosphatidyl Phosphatidyl glycerol
CER” synthase serine synthase
CDP diglyceride
\ Ps ety N
M pag cmp &

CL

Figure 1.3. A) PC and SM synthesis via the Kennedy Pathway (sifoitaPE but
starting with ethanolamine). B) Pl and CL synthesis from PA. PC, phosphatidylcholine;
SM, sphingomyelin; PE, phosphatidylethanolamine; PS, phosphatidylserine; PI,

phosphatidylinositol; CL, cardiolipin; PA, phosphatidic acid (Bell et al, 1976).

Finally, SM is created by PC donating its choline grouN-tcylsphingosine
(Figure 1.4; Tafesse et al, 200Bl}acylsphingosine is catalyzed in four reactions. First,
palmitoylCoA is condensed with serine byk8tospingamine synthase forming 3
ketospingmine (Tafesse et al, 2006). Seconéie®sphingamine reductase catalyzes the
reduction of 3ketosphingamine by NADPH to form sphingamine (Tafesse et al, 2006).
Third, acytCoA transferase transfers an acyl group to sphingamine to form
dihydroceramide (Tiasse et al, 2006). Finally, dihydroceramide dehydrogenase catalyses
the FAD-dependent oxidation of dihydroceramide into ceramiacylsphingosine)

which is then used to form SM (Tafesse et al, 2006).
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1.1.3. Bilayer Thickness and Fluidity

The lipid bilayer is capable of changing its structure in order to influence
properties such as ion permeability, capacitance, and structure and function of
transmembrane proteins (Lewis & Engelman, 1983). This ability stems lietbilayer
forming a fluid mosaicThis model, as first described by Singer and Nicholson (1972),
describes how there is lateral diffusion of lipids and protein within the plane of the
membrane (Gummadi & Kumar, 2004). Along with lateral phase movements, lipids can
also move between layettsrough a process known as flipping, with the help of flippases.
This allows for appropriate bilayer assembly and maintenance (Gummadi & Kumar,
2004). There is also a rapigirnover and remodelling that is occurring within the

membrane, although the genlestucture remains constant (Hulbert et al, 2005).

Generally, structural changes that the membrane can impart are bilayer thickness
and fluidity. Bilayer thickness, as its name suggests, refers to the thickness of the
membrane. It is modulated by FA ch#mgth,PL head group and FA chain saturation
(Johannsson et al, 1980; Lee, 20RAcerka et al, 2008Fluidity refers to spatial
arrangement and motional freedom, as described by the fluid mosaic Boder (&

Nicolson, 1972yan Meer et al2008) The lipid membrane tends to remain in a liquid
crystalline state, where the interior is highly well ordered while a small region in the
middle is liquidlike (Yeagle, 1989). This phase can be modulated by fatty acyl chain

length and saturation, cholestecohtent and PL headjroup.

i) Fatty Acyl Chain Length and Saturation

FA chain length and saturation affect fluidity, where longer, more satuféted
result in a gelike membrane resulting in a less fluid membré®enga & Holmes,
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1984).Chain length decreases fluidibgcausaeighbouringcarbons fornvan der Waals
forces with each other. The longer the chain length, the more interaetlboscur

which restricts movementithin the membran@Benga & Holmes, 1984Yhis also

results ina thicker membran&VhenFA are unsaturated, the double bonds that exist form
kinks, prevening intermolecular interactions, making the membrane more (Beéthga &
Holmes, 1984)Also, satuatedFAs are longer thannsaturatedrA of the same carbon

length,making the membrane thickelohannsson et al, 1980).

if) Cholesterol Content

Cholesterol content affects fluidity two ways based on temperatutdolesterol
promotes a solid membrane at high temperatoeeause of its kirgd structure. As
mentioned previously, the kinked structure fits into the open spaces found in the
membrane. As a result, there is an increase in intermolecular interactions, which makes
the membrane ordered, decreasing membrane fl{@aiuszko & Nowick, 2005.
Cholesterol aggregates together with SM and preferably to other saturated FA to form
lipid rafts (Slotte, 2013). This is thermodynamically favourable, since cholesterol would
disorder these acyl chains therefore increasing entropy (Slotte, 3M33.usually
saturated or monounsa#igd, promoting its interaction with cholesterol (Slotte, 2013).

Al | of this cont r i-formibhge®peryat high kempemtarése r o | S

However at low temperatures, cholesterol promotes a fluid memlaisoedue to
its kinked structure. Low temperatures cause the PL to aggregate together, forming strong
van der Waals forces, creating a solid memb(atazel & Williams, 1990) Cholesterol,
prevents these formations, acting as a barrier to these vanadds brcesMembranes
that are usually susceptible to cooler temperatures are higher in MUFA and(PEEA
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& Williams, 1990) Since these PLs have a kinked structure, similar to cholesterol, they
cannot effectively order themselves with cholestéfalzel & Williams, 1990) This

allows the membrane to remain more fluid at low temperatures.

Cholesterol content @lsocapable of affecting membrane thickness. There are

two potential methoqgd ) chol esterol s rigid stwhichcture

increases membrane thickneasd?2) the inflexible cholesterol backbone tries to match

the FA chains of PL, therefore increasing membrane thickness in short FA and decreasing
membrane thickness in long FA (Kucerka et al, 2@@8Meyer & Smit, 2008 Although

there is evidence supporting both methods, there is more recent and convincing evidence
to support théormer. Studies have shown that even long chain FA increase membrane
thickness with the addition of cholesterol (Kucerka et al, 2888Veyer& Smit, 200§.
Therefore cholesterol content increases membrane thickness by increasing FA chain

order.

iii) Phospholipid headgroup

PL headgroups arecapable of affecting fluiditand bilayer thickessdue to
differing shapsand size. Headgroup structure will affect the overall structure of the PL.
PC, PS, and PI create a cylindrical shape with the fattycaayhs(Figurel.5; Dickey &
Faller, 2008)PE and CL contain small hegdoups which forms a conical shape,
creating a curvature stress on the membrane, and ultimately decreasing (Rickgy &
Faller, 2008 van Meer et al2008. Finally, SM creates an inverted cone due to its large
headgroup, allowing for tight packing;reating anores o | i dike™ngeradrane
(Dickey & Faller, 2008van Meer et aR008.SM’ s abi | i t yterbladddte n d
its tight packingability (van Meer et al, 2(8).
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In terms of bilayer thickess, the larger the head group, the thidkembembrane.
PC, PS or Pl whichhavelarge headjyrous, will result in a thicker membrane compared
to PEor CL, which contains a smaller hegtbup, even if the FA chain length and
sauration were to remain the same (Lee, 2082)ce SM has the sansholine head

group as PC, it should result in a thicker membrane as well.

There are many different factors that affect membrane fluidity and bilayer

thickness. This allows the membrane to fine tune these factors, in order to create an

optimal environmentdr t he membrane’ s needs. As a res
analyzing almembrangp ar amet ers in order to fully det
and bilayer thickness and how it relates t
lipids are notlie only component within the membraared membranéoundproteins aid
the membrane in several regulatory aspedts, changeso the membranstructurewill
affect protein function.
iv) Bilayer Thickness and Protein Function

An important regulator of protein function is bilayer thickness. This can be
described as hydrophobic matching (Anderssen & Koeppe, 2007). The hydrophobic
thickness (classified as the | ength of the

hydrophobicdomain. This hydrophobic domain is found in all transmembrane proteins,
and it is what allows the proteins to remain embedded in the membrane. When
hydrophobic matching occurs, there are minimal energetic costs (Andersen & Koeppe,
2007). However, when a tdyophobic region interacts with a hydrophilic region of either

the protein or membrane, then hydrophobic mismatching occurs, adding stress to the
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membrane in the form of compression or exten&eeFig 3 in Anderssen & Koeppe,

2007).

Generally, the hydgghobic mismatch can be caused by a thin and thick membrane.
When the membrane is too thin, the polar head group of the PL will interact with the non
polar domain of th@rotein §eeFigure3 in Andersen & Koeppe, 2007). This will cause
outward stretchingfdhe PLs so thegan interact with polar region of the protein,
causing an outward bend in the membrane (Andersen & Koeppe, 2007). When the
membrane is too thick, the n@olar FAs interact with the polar region of the protein
(Andersen & Koeppe, 2007)h& PLs will compress inwards to allow for the appropriate
interaction, causing an inward bend (Andersen & Koeppe, 2007). In both situations,
energy is expended, known as bilayer deformation energy, in order to rearrange the
membrane in a more favourablendormation (Andersen & Koeppe, 2007). Because of
the costs and stresaposedon the membrane and the protein, it is believed that bilayer

thickness is a significant contributor to protein function (Andersen & Koeppe, 2007).

v) Fluidity and ProteirFunction

It is necessary for the membrane to remain in a liquid crystetate for protein
function. The fluidity of the membrane affects the kinetics of the interconversion of the
protein between its different conformational states (Anderssen & ko@pp7). If the
membrane is too fluid, the conformational state of the protein is not stable, and it cannot
adequaely function (Squier et al, 1987f the membrane is too solid, then the protein
cannot undergo conformational chaggehich also impedeiss function(Squier et al,

1987) Generally, membrane fluidity is known to affect transport activity, enzyme activity
folding and gating, with each protein requiring its own specific level of fluidity.
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Up to this point membranes have been discussedémeral sense. However
different organelles in different tissues have differing membrane structures and functions.
Hence it is important to specify the organelle and tissue. Therefore the focus will shift to

the sarcoplasmic reticulum (SR) in skeletal oleis

1.2. Skeletal Muscle

Skeletal muscle iacontractile tissue thatlaysimportant roledeyond mobility
such asnenergy reservoir (glycogen and lipid droplet) and shivering thermogenesis.

However muscle’s ability to produce high

while undergoing work is what makes it so remarkable.

i) Muscle Cell

The muscle fibre, alsknown as the muscle cell, is the smallest part of the muscle
where all reactions occur in order to facilitate contraction and relaxation. There are many
components found within each muscle cell such as the sarcoplasm (cytosol), mitochondria
(subsarcolemmadnd irtermyofibrillar), sarcolemma (plasma membrane), transverse
tubules, and sarcoplasmic reticulum (SR; endoplasmic retickigyre1.7). The
sarcolemma, transverse tubules and SR are components that are unique to muscle, which
facilitate skeletaldnction. The sarcolemma is a PL bilayer that, like other membranes,
regulates substrate entry, but, unlike other membranes, is also excitable. The SR is a
storage site for calciunThe transverse tubulearry excitable signals from outside the
cell to theinside andare usually found sandwiched between the two ends of the SR (SR
cisternae) which forms a component known as the (8adth, 1966. The triad is

integral for muscle contraction via excitatioantraction couplingas reviewed by
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Rebbeck et aR014). Within each myocyte are myofibrils which are composed of thick
(myosin)and thin(actin)filamentsarranged parallel to each other, giving skeletal muscle
a striated appearanckhis lattice structurprovides the basis @bntraction via cross

bridge cycling. The details of a contraction will be discussed next.

if) Contraction

For a contraction to occuan excitatory action potential is sent down the motor
neuron until it reaches the presynaptic vesicle where vejage calcium channels
become opefas reviewed by Valtorta et al, 1990; and Takamori, 200t&#¥ allows an
influx of calcium from the cytosol into the presynaptic vesicle which then binds to
vesicles containing the neurotransmitter, acetylcholine and facilitates exocytosis of
acetylcholine into the synaptic cl¢italtorta et al, 1990; Takamori, 201Acetylcholine
then binds to nicotinic acetylcholine receptors on the motor endpidtexcites the
sarcolemmgTakamori, 2012)This isaccomplished byriggering voltage gateNa’
channels (which are abundant in the sarcolemma), resulting in an influx afrisa
depolarizing the sarcolemngdisplaying the excitability of the sarcolemn{&mith,
1966;Hopkins, 2006]_ervik et d, 2012). This wave of depolarizatiatransferred to the
trarsverse tubules which carries the action potemitalthe cell Figure1.4; Smith, 1966;
Schneide& Chandler,1973 Hollingworth & Marshall,1981 Rios& Brum,
1987 Tanabeetal, 1988. The action potential reaches the triad aadses a
conformational change tard/dropyridine receptoréroltage sensing moleculesund
embedded in thetubules(Rios% Brum,1987) This conformational change activates
ryanodine receptors (€achannel found in SR) which release calcium from the SR,

although the exact mechanism behind dihydropyridine and ryanodine receptors is still

16



MSc Thesis- Natalie Trojanowski Brock University

unclear (Rebbeck et al, 2018)ue to the large calcium gradient between SR and
sarcoplasmgalcium moves to theascoplasm where it binds to troponin and the resulting
troponinC&* complexmoves tropomyosin to reveal the myosin binding site on the actin
filament Cannell& Allen, 1984 Escobaretal, 1994 Baylor & Hollingworth,

1998 Hollingworth etal, 2000 Gomezetal., 2006;Lervik et al, 2012)At this point, the
myosin head contains ADP and inorganic pho
(brought on by ATP hydrolysis which was bound to myosin following the previous cross

bridge cycle). When the binding sibecomes available, myosin binds to actin and

releases the inorganic phosphate allowing a power stroke to occur (Lymn & Taylor,

1971). ATP binds to the myosin head, and removes ADP, which releases the myosin head

from actin and this ends the first crdssdge cycle (Lymn & Taylor, 1971).
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terminal cisternae of SR

Ca?* store

T-tubule DHPR tetrads

terminal cisternae of

SR Ca* store

SR membrane

Figure 1.4. Components within a myocyte that are involved in skeletal muscle
contraction. Ttubulg transverse tubules; DHPR, dihydropyridine receptoyR,R
ryanodinereceptors; SR, sarcoplasmic reticulum; SERCA, sarco(endo)plasmic reticulum

calcium ATPaséAdapted fromRebbeck et al, 2014)

In order for contraction to cease, calcium needs to be removed from the cytosol
and sequestered into the S®Rmoval of calciumlebws tropomyosin to cover the
binding site for the myosin head, and prevent cross bridge cycling (Lervik et al, 2012).
Calcium removal imccomplished byhe sarcendgplasmic rettulum calcium ATPase
(SERCA),where it translocates 2 calcium ions per AmBlecule This is a difficult task
for SERCA since there is a 1@8ld increase in myoplasmic calcium following

contraction. Despite this large increase in calcium, the concentration of calcium inside

18



MSc Thesis- Natalie Trojanowski Brock University

the SR lumeiris still higher, requiringATP to movecalciumagainst itsconcentration

gradient.

During contraction, SERCA is continuouglymping catium into the SR, while
actionpotentialsignals continuéo rdease calcium. Once the actipatentialsignals
cease, then there is a net increase in&@&lwm. There is a point where the concentration
inside the SR becomes Bigh it begins to inhibit SERCA (discusseusectionl.3.1
Activity and Efficiency To alleviate the concentration gradient, calcium binds to
calsequestrin, decreasing the amodrite®e calcium in the SROverall, this process is
energetically expensivend approximately$0-50% of the energy expended by the muscle

is through SERCAat rest(Smithet al, 2013).

1.3. SERCA Structure and Function

The SERCA protein was the first memlo¢ithe Rtype ATPase family to have its
crystal structure determined (Palmgren & Nissen, 2001; Thogerson & Nissen,2012).
type ATPases are classified as proteins who couple ATP hydrolysis with movement of
ions across a biological membrane (Periasamy &anaram, 2006). This 110 kDa
transmembrane protein can be broken down into three main geytsplasmic
headpieceastalk regionandatransmembrane domaisdgeFigurel from Martonosi &
Pikula, 2003). The cytoplasmic head piece is the largesbptm protein, accounting for
more than half its mass. There are six domains within the headpiteanMal region,
strand domain, phosphorylation domain, nucleotide binding domain, hinge regionr and C
terminal region (Martonosi & Pikula, 2003). ATP b#ith the nucleotide binding domain

while the aspartic residue in the phosphorylation domain is the location which the
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terminal phosphate of ATP is transferred (Lee, 2008¢ headpiece contains charged
amino acid residues so it may interact with the pBlaheadgroups as well as the
agueous environment (Yeagle, 1989). This feature also prevents the headpiece from
entering the lipid membranblext, the stalk domain simplgonnects the cytoplasmic
headpiece to the transmembrane domain (Martonddk&la, 2003). Finally, the
transmembrane domain anchors the protein to the membrane, and forms a transmembrane
channel where calcium passes through (Martonosi & Pikula, 2003)is accomplished

by hydrophobic interactions between PA andthe hydroplbbic amino acid residues
found within this region (Yeagle, 1989)he transmembrane domain is composed of 10
helices, 4 of whictiM4, M5, M6 and M8 bind the two calcium ions (Lee, 200t first
glance, there are no distinct channels actually foundeitréimsmembrane domain, which
is normally found in porins or ion channels. This suggests that SERCA must undergo
conformational changes to transport calcium, which is a much slower process than ion

movement through an ion channel (Lee, 2002).

An E1-E2 modé which has been developed from RB#ibers scheme for
Na+/K+ATPase, is used to describe the mechanism bé&hiBR C Adnfermational
changs (Figure2 from Lee, 2002). Essentially, SERCA can only exist in one of two
states, either E1 or E2. In the Elts;s&SERCA binds two calcium ions from the cytosol,
while in E2 the binding site is closed (Lee, 2002). When ATP is bound to the nucleotide
binding site, Asg351 is phosphorylated creating E2RBGaphosphorylated intermediate
(Lee, 2002). In this intermeatie state, the two calcium ion binding sites are faced inwards

and have low affinity for calcium, allowing calcium to enter the SR lumen (Lee, 2002).
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Following this loss, SERCA is dephosphorylated into the E2 state and then returns back

to its E1 state, hich has a high affinity for calcium (Lee, 2002).

SERCA is a highly conserved protein which has been found through the animal
and plant kingdom, as well as in prokaryotes and eukaryotes (Periasamy &
Yanasundaram, 2007). In vertebrates, there are thréectigenes which form 3 different
type of SERCA; SERCA1, SERCA2 and SERCAS (Periasamy & Yanasundaram, 2007).
From these three genes, they are alternatively spliced to form more than 10 isoforms
which are muscle and fibitgpe specific (Periasamy & Yanaswandm, 2007). SERCA1L
is spliced into two isoforms, 1a and 1b. Both isoforms are expressed-iwitabt
skeletalmuscle, where 1a is found in adidind1b is the fetal form (Periasamy &
Yanasundaram, 2007). SERCAZ2 also has two isoforms, 2a and 2b (Periasamy &
Yanasundaram, 2007). SERCA2a is found predominanttgidiac andglow-twitch
skeletalmuscle, while 2b is expressed at low levels in all tissues includingommactile
tissue(Periasamy & Yanasundaram, 2007). Finally, SERCA3 is spliced into 6 isoforms
(a-f) and found mostly in norontractiletissues, but can be foundskeletalmuscle at
low levels (Periasamy & Yanasundaram, 2007). Despite having a high conservation of
structue (7584%), their tissuespecificity strongly suggests that they are functionally
different which allows appropriate maintenance of calcium homeostasis in each tissue
and cell (Martonosi & Pikula, 2003yor example, SERCAL1 displays a higher ATPase
activity (higher Vinay compared to SERCAGzentesi et al, 2001 )Fast twitch ibres
elicit quick repetitive contractioaycles;therefore it is imperative that SERCAL sequester
the calcium quickly so another contraction can odeucontrastSERCA2 shows

increased ADRnduced calcium uptake and decreased (ealcium flowing from lumen
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into cytosol via SERCAyompared to SERCAID fatigued skeletal muscléMacdonald
& Stephenson, 2006%ince slowtwitch fibres are more fatigueesistant than fast twitch

fibres, these properties of SERCAgIp maintairfatigueresistance

1.3.1. Activity and Efficiency

S E R C mairs functionis to facilitate muscle relaxation by pumping calcium
ions from the gtosol into the SR lumen (Periasamy & Yanasunaram, 2007)ré&his
establishesalciumhomeostasiso contraction can occur again (Periasamy &
Yanasunaram, 200/ E RC A’ s dambe charactemnzed in two ways: activity and
efficiency. SERCA activity is measured as amount of calcium translocated per unit of
time. However, this does not take the stoichiometry of the reaction into account. Although
SERCA can bind up to two calcium ions, the actual stoichignfedtio of calcium ions
transferred per ATP hydrolyzedaries under physiological conditions. In faotyitro

studies have calculated SERCA’'s efficiency

There are three mechanisms where a ratio undef"22A0#® will be observed in
physiological conditions. First is calcium leakage, which occurs when the concentration
of calcium inside the SR rises beyond its micromolar range (Yu & Inesi, 1995; Reis et al,
2001; Reis et al, 2002). This favours calcium bindimthe E2 state right before it
converts back to E1, allowing calcium to pass from the lumen into the cytosol (Yu &

Inesi, 1995; Reis et al, 2001; Reis et al, 2002). Second, pump efficiency is also modified
when SR calcium concentration is too high, stigwilown the forward reaction increasing

the number of pumps in the intermediate state (Yu & Inesi, 1995; Reis et al, 2001; Reis et
al, 2002). This promotes the cleavage of the phosphorylated intermediate which releases

calcium before it is translocated ids the SR lumen but after ATP has been hydrolyzed
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(Yu & Inesi, 1995; Reis et al, 2001; Reis et al, 2002). Finally there is slippage where
calcium is released prematurely before entering the phosphorylated interroédiate
SERCA(Mall et al, 2006). This ia result of calcium having a lower affinity for the
phosphorylated intermediate due to the increased calcium concentration in the lumen or
the presence of other proteins in contact with SERdiscussed igectionl.4.1Protein
Protein: Phospholamabaand 1.4.2ProteinProtein: Sarcolpin) (Mall et al, 2006).
Regardless of the mechanism, a decreased stoichiometry of SERCA will result in the

increased ATP hydrolysis in order to mainteaicium homeostasis

1.4. SERCA Regulation

Calcium ion concentration within the muscle cell is vital for many processes such
as secondary messengers and contraction/relax@smharSobbi et al, 2012)As a
result, it is important for SERCA activity to be regulated. Thererameyways that
SERCAcan be regulatedut two that are of interest gpeoteintprotein and proteHfipid

interactions.

1.4.1. Protein-Protein: Phospholamban

Phospholamaban (PLN) was first discovered in cardiac tissue in 1974 by Arnold
Katz and colleagues (Loss & Kranias98Y. It was observed that phosphorylation of
SERCA occurred on a lower molecular weight protein (Tada et al, 1974). This
phosphoprotein contained the stability characteristics of a phosphoester, and was
catalyzed by endogenous and exogenous cyclic AMPndieppe protein kinasel tda et

al, 1974). Phosphorylation occurredaaerineresidue and did not require Gaunlike

23



MSc Thesis- Natalie Trojanowski Brock University

the phosphorylation of SERCA&da et al1974). This phosphoprotein was named

phospholamban, mesng“ t o r ecei ve phosphate?”.

Today thee exists more information regarding PLEo-immunoprecipitation
studies have found that PLN assocateh SERCAZ2a irslow-twitch muscles, but not
SERCAla (MacLennan et al, 2003). This transmembrane pedteits SERCARa
inhibition by decreasing &0r Vmaxat low calcium concentrations (Asahi et al, 2002).
This inhibition occurs while PLN is bound to SERE& It exists in equilibrium between
its monomeric (52 amino acid; 6 kDa) and pentameric form. TFtexminal residues (1
30) of the monomer forrmnamphiphatia-helical cytoplasmic domain where
phosphorylation occurs at the serine and threonine residues (Asahi et al, 2002). The C
terminal residues (33 6 ) a | s ohelical structure but ittspans the SR membrane
which anchors the protein arglthe site of SERCALN interaction (Asahi et al, 2002).
Specifically, it is the M2, M4, M6 and M9 helices of SERZ2Avhich form the groove
where PLN binds (Gorski et al, 2013). Most research suggests that PLN regulates
SERCA2ain its monomeric form, hower some research shows that in its pentameric
form PLN creates a funnéike pore which may allow the passage of calcium and other
ions (N4, K*, and CI) (Asahi et al, 2002). This assists SERZ4n regulating SR

calciumin vivo,however this has not bedefinitively proven (Asahi et al, 2002).

When PLN binds to SERCAZ2a, it stabilizes it in its E2 fta&ium state, where
Kcals at its lowest (Gorski et al, 2013). There is mixed evidence on whether PLN remains
bound to SERCA2a during calcium transp@b(ski et al, 2013). The inhibitory function
of PLN is reversed when it is phosphorylated at Beby cAMRdependent protein

kinase (PKA) and at Tht7 by C&"/calmodulinrdependent protein kinaseA® KII)
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br ou g h t-adrenmergib stimufation (Morita at, 2008). PLN also dissociates from
SERCAaat high cystolic calcium concentrations (Asahi et al, 2002). Since high cystolic
calcium levels are detrimental to the cell, it is important for SERLA&Livity to increase
and not be impaired by PLahdallowing calcium concentrations to return back to resting

levels.

1.4.2. Protein-Protein: Sarcolipin
Sarcolipin ELN) was first mentioned in 1972 by Seeman and colleagises;o-
purified proteinwith SERCA1 (Odermatt et al 1998). At first it was known as a
proteolipid. However, later studi¢Racker & Eytan, 197%evealed that when SERCA
was purified withouSLN, its efficiency increased-ld (Odermatt et al 19985LN was
acting like an ionopore, abolishing the accumulation of?CaHowever, C& uptake only
occurred in the presence of SERCA, suggesting that SLN did not have a primary role with

C&" translocation.

Today, SLN is known as a 31 amino acid transmembrane protein which is a
functional homolog of PLN (Morita et al, 2008). SLN is expressed in both-dod fast
twitch muscles, therefore able to bind to both SERCAla and 2a (MacLennan et al, 2003).
SLN and PIN co-expression in the same fféstype suggests that the two proteins interact
with each other while bound to SERE& In fact,in-vitro studies have found that-co
expression of SLN and PLN leads to superinhibition (Asahi et al, 2002). The formation of
a ternary complexdiween SLN, PLN and SERQA decreases both.dand Vjhax (Asah
et al, 2002). It is believed that SLN may disrupt the PLN pentamer structure, therefore
allowing more PLN to exist in monomeric form which will bind to SERXaAnd induce

inhibition (Fajardo et al, 2013). SLN and PLN areesgressed in human skeletal sole,
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however superinhibitiom vivoor its physiological relevandgas not been studied

(Fajardo et al, 2013).

Like PLN, SLN binds to SERCALa and 2ain the transmembrane groove (M2,
M4, M6 and M9) to stabilize the E@nformation (Gorski et al, 2013)he cytoplasmic
region contains the site of phosphorylation while the luminal domain spans the SR and
facilitates SERCA i nhi bi-adrenengic étiGuaaticnkSLN e t
is phosphorylated at T+ by serine/threonine kinase 16 (STK {@lprital et al, 2008).
However,unlike PLN, SLN only exists as a monomer (Morita et al, 2008). Although it
also decreasesdgand Vimax its inhibitory function is not reversed at high calcium
concentrations (Gorski et al, 2013). SLN is unique due &bitgy to uncouple ATP
hydrolysis from calcium transport lipth SERCAla and 2awhich increases the amount
of heat released per mole of ATP hydrolyzed (Bombardier et al, 2013). This is
accomplished by SLN increasing the rate of SERCA slippage (Bombatdik 2013). It
is believed that SLN is necessary for nonshivering thermogenesis (NST) in mammals.
Previous study found that SEhUll mice are unable to maintain core temperature when
exposed to extreme cold temperatures (Bal et al, 2012). This saiyealsto found that
these SLNnull mice gained significantly more weight than wild type when fed a high fat
diet (HFD) (Bal et al, 2012). This strengthens the argument that SLN increases SERCA
ATP usage through slippage which ultimately affects whole bestyng metabolism

(Bombardier et al, 2013).

1.4.3. Protein-Lipid
Due to SERCA's transmembrane natur e,

proteintlipid interactionghroughbilayer thickness and fluidity. Specifically, it is the lipid
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annulus whiclwould be most influential in altering SERG&tivity (Figure 15; Yeagle,

1989). It has been determined thatlip&l annulus directly associated with SERCA is
composed of at least 30 PL, since this amount leads to full activation of SERCA (Yeagle,
1989).Newer studies have confirmed this number by measuring the circumference of

crystallized SERCA (Lee, 2003)

Figure 1.5. SERCA surrounded by annular (red) and-aonuluar (blue) PL

Bilayer thickness regulates SER@aAtivity by allowing appropriate
hydrophobic/hydrophilic interactions to occur between the protein and the membrane. As
mentioned previouslyhetransmembrandomain of SERCA is composed of
hydrophobic amino acids, so it may be compatible with the hydtmplnterior of the
lipid membrane, while the headpiece contains charged amino acids so it may interact with
the aqueous surroundings (Yeagle, 1989). SERCA activity is optimized when the bilayer
thickness allowgroperhydrophobic and hydrophilic matchingth SERCA (Yeagle,

1989). Bilayer thickness can be modulated through fatty acyl chain length and saturation,

and PL heagroup composition.
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As for membrane fluidity, its regulatio
conformational changes to transpeoalcium.In vitro studies have shown that SERCA
conformational changes are the rlteiting step for calcium transport, therefore
membrane fluidity is essential for affecting SERCA activity (Squier et al, 1981@n
the membrane is too fluid or solidptimalconformational changes cannot occur and
SERCAactivity isimpaired(Squier et al1987). Specifically, under solid conditions,
SERCA conformational changes cannot occurtdyghysical impedance (Squier et al,
1987). In contrastnore fluidconditions provide SERCA with too much mobility which
prevents it from remaining ithe differing conformational states, resulgiin SERCA
dysfunction (Squier et al, 987). Thus membrane fluidity is fundamental for SERCA
function.Alterations to membrane fluiditinclude fatty acyl chain length and saturation

and PL headjroup composition.

i) Protein-Lipid: Fatty-Acyl Chain Length

As mentioned previouslfA chain length affects both membrane fluidity and
bilayer thickness. The length of these FAs chains will determine the level of hydrophobic
matching which will affect SERCA function. Furthermore, fluidity will determine the
degree of which SERCA undergoesamformational change. Overall, longer chains
result in a thicker, less fluid membrane due to the increased intermolecular bonds.
Previous research in synthetic membranes has showRlihvaith 22-carbors long result
in highestSERCAL V nax(SeeFigurel from Gustavsson et a2011 Anderssen &
Koeppe, 200). Howeverthe lowesKc, (or highest calcium affinity)s observed in 1.8
22-carbon londg~As. This coincidesvith other synthetic membrane studies that have

found increased SERQAactivity with 16-20 carbonlong FAs (Lervik et al, 2012; Lee,
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1998; Caffrey & Feigenson, 1981). It is hypothesized that SERCA will localize itself to
different parts of the membrairevivo, in order to achieve either maximal activity or
affinity depending on its needs (Gustaonet al 2011).However this does not give any
indication about efficiency. Another study calculated the efficiency of SERCA in
synthetic membranes of varying fatgyl chainlength and saturatiod éblel.2; Lervik

et al, 2012). It appears that SERE most efficient in 1&2-carbon long FAs, and is
least efficient in <1&arbon long FAs (Lervik et al, 2012). This suggests thak &hd

KcaOf SERCA seen with 122-carbon PLmay bea result of improved efficiency.

Table 1.2. Calculated efficiency of SERCA in vesicles of different phosphatidylcholine

fatty acids*
Name Carbon Length: | Efficiency (%0)
Double Bonds

Myristelaidic | 14:0 48 £12
Myristoleic 141 46+11
Palmitelaidic | 16.0 2.6+ 06
Palmitoleic 161 6.4+ 16
Elaidic 18.0 57+14
Linoleic 182 6.7+ 16
Oleic 181 6.3+ 15
Petroselaidic | 181 52+13
Vaccenic 181 55+ 13
Eicosenoic 20:1 11.0+ 30
Erucic 221 9.0+ 20
Nervonic 24:1 4009

* Adapted from Lerki et al, 2012

Knowing the optimal environment for SERCA function gives no indication of the
environmenin vivo. The best method for determining FA chain length for SERCA in
normal conditions so far is through measurements of recrystallized SERCA. Based on the

locationof hydrophobic and hydrophilic amino acid residues in recrystallized SERCA
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models, it was determined that bilayer thickness surrounding SERCA should be 21 A
(Lee, 2003). Using diPC reconstituted vesicles of diffelemgths, it was determined that
21 A isassociated with 124 carborlong FAs (Lewis & Engleman, 1983). This suggests
t hat SERCA’ s an nFAdthatsard®-Maardomtong, atmotgh this will
be associated witless than optima@ERCA activity (Mhaxand Keg) and efficiency. This
supports the notion that SERCGwaylocalize itself to thicker parts of the membrane to

achieve increased SERCA activity and efficiency (Gustavsson et al, 2011).

i) Protein-Lipid: Fatty-Acyl Chain Saturation

Fatty acylchainsaturation also affects membrane thickness and saturation.
PUFAs are shorter, than SFAs of the same chain ledgéhto the abundance of kinks
caused by double bondBhese kinkslso prevent intermolecular bonds from forming,
making the membrane moreifiulf the membrane thickness promotes hydrophobic
mismatcling, there will be a stress and energetic cost associated with the membrane
trying to rearrange itself into a more stable conformation (Andersen & Koeppe, 2007)
Membrane fluidity willaffecERCA’ s abi |l ity to ngemder go
associated with translocating calcium. In synthetic membrangsaid K-, were
compared betweeUFA (cis and trans configuration) and PUBeeFigure2 from
Gustavssomet al,2011). It appears that,¥xand Kcq are highest irtisMUFA compared
to PUFA andn transMUFA compared teissMUFA, suggesting that SERCA functions
optimally in more saturated membrarf€aistavsson et a2011).This does not give any
indication about efficiency. Looking at satuoationly, it appears that SERCA is most
efficient incisMUFA and PUFA compared to SFA atrdnsMUFA (Tablel1.2; Lervik

et al, 2012). Unlike FA chain length, increaseg\and Kz, is not a result of increased
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efficiency.However, there are no values comparing unsaturation and saturation in higher

carbons (2@4), therefore a concrete conclusion cannot be made.

iii) Protein-Lipid: Phospholipid Headsroup Composition

As mentioned previously, it is necessary for polahadgroups to interact with
the hydrophilic residues on SERCA to promote hydrophobic matching (Andersen &
Koeppe, 2007). The type of hegwbup can disrupt the thickness of the membrane where
larger head groupsuch a?C, make the membrane thicker agpoped to PEwhich is
smaller(Andersen & Koeppe, 200Dickey & Faller, 2008)The head group also affects
fluidity where PC, PS, and PI create a cylindrical shape making the membrane more fluid,
in comparison to conicdbrming head groups (PE and CL) i make the membrane
less fluid(Dickey & Faller, 2008)Synthetic membranentaining both PC and PE in a
4:1 ratio resulted in high ¥ix compared to PC alone and PC:PS at 9:1 and 4:1 r&es (
Figure3 fromGustavsson et a2011). However, K,is highest in PC:PS 4:1 membranes,
although the difference between PC:PS 9:1 and PC:PE 4:1 is minimal (Gustivakon
2011). This suggests that PE has an activating role in SERCA activity, but the ability of
PS to increase & implies that it is not a resulif membrane thickness or fluidigince
PS is similar in size to PGince PE and PS have different sized hggadips, there must
be another quality that activates SERChlike PC, PE and PS are hydrogen donors who
potentially form hydrogen bonds with SERCA (Gustavssioal,2011). Crystallography
studies have shown PE bound in the groove located between helices M2, M4 and M6
which might be responsible for its activatieffects (Gustavssaoet al,2011). This groove
overlaps with the binding site of SLN and PLN, both of which atteeefficiency of

SERCA. Thus it can be hypothesized that the subsequent increase in SERCA V
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following PE bindingmaynotbea result ofadirectdecreased efficiendyut possibly due
to indirectinhibition of SLN and PLN bindingBy preventing PLN and SLN from
binding, SERCA W.axWill not be decreasedOverall, polar interactions betwe®h and

SERCAmaybe integral to enzyme function

iv) Protein-Lipid: PLN

Since PLN is a transmembrane protein, its ability to interact with SER&A
alsobeaffected by the membrane. When reconstituted in synthetic membranes, PLN
decreases K at all carborlengths, with 16 carb@resulting in thdowestK ¢, which is
shorter than SERCA alone (P® carbon} (SeeFigure4 and 5 fromGustavsson et al,
2011). However, Maxis increased at 220 carbons in the presence of Pluith 20
carbons resulig in the highest Wax Which is also shorter tneéSERCA alone (22
carbon} (Gustavsson et a&2011). This suggests that SERGraylocalize itself to a
thinner region of the membrane while bound to PLN in order to relieve some level of
inhibition. Alternatively,thinner membranemayprevent SERCAPLN interaction.
Also, the activating effect of PE is diminished in the presence of PLN (Gustaatszion
2011). The lipid binding site of PE overlaps with the binding site of PLN, therefore PE
and PLNmaycompete for the same binding sp@ssiblyexplaining gpart of the

inhibitory effect of PLN on SERCA (Gustavsson et2011).

More recently, it has beesuggestedhat the membranmay affect the
conformation of PLN whicmay influence th®LN-SERCA interaction. PLN exists in
four conformational states: deth e d/ unf ol ded (R), absorbed/ ur
absorbed/ partially folded (T’) and absorbe
inhibition of SERCA and R state does not (Gustavsson et al, 2013). When PLN is
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reconstituted in isolated native SR memiegrihe addition of negatively charged
phosphatidylglycerol promotes&tate conformation (Gustavsson et al, 2013). Therefore

lipid-PLN interactiormayregulate SERCA function. Howevér,o t he aut hor ' s
knowledge no studies exist documenting the effeche&dgroup, chain length or

saturation on PLMNSERCA interaction.

V) Protein-Lipid: SLN

Due to its homology with PLN, it can be hypothesized that SLN interaction with
the lipid membrane is similar. Like PLN, SLN also contains T and R conformations
where the lipid membrane affects which state the protein primarily exists (Traaseth,
2007).Toth e aut hor ' Berelars wowtudees tg @ate depicting the specifics of

the membrane on SLN conformation, as well as SERCA function.

1.5. Dietary Manipulation

Previous research in animals and humans has showquhatity andype
(saturated, masunsaturated or polyunsaated) of fat consumed in the diet reflecedin
the membrane. This has been observed in several tissues such as liver, brain, heart
plasma, RBC and skeletal muscle membranes (Abbott et al, ZDA&@tity is as
important astypeto exert this effect on the membrane where an increase or decrease in
dietary fat (either a single FA or entire FA group) results in reflective changes in the
membrane. There is evidence to support that all diggpes(saturated, monounsaturated

and polyunsaturatedjan exersomecompositional differences on the membrane.

Quantity of fat is a significant contributor to changing the composition of the
membrane. One study compared the composition of mitochondrial membrane of mice
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hindlimb of a high fat (40% kcal) and low fat diet (10% kcal) after 8 and 20 weeks. The
high fat diet was significantly higher in 16:0 and significantly lower in 18:1 compared to
the low fat diet. After 8 and 20 weeks there was a significant increaseiarid a
significant decrease in 18:1 in the mitochondrial membrane compared to low fat. Low fat
diet exerted no changes to the membrane, since there was less substrate available for
membrane remodeling compared to the high fat diet. Similar resultsseevet in Ayre

& Hulbert (1996) where they compared higié nhigh n3 or essential fatty acideficient

for 9 weeks. The high-8 and high 6 resulted in increased levels e8rand r6 in the
membrane PL of soleus and gastrocnemius in their respedatige ldowever the essential
fatty acid deficient group hagignificantlylower levels of bothlt appears that lack of
substrate leads to a decrease or no change in the composition of the membrane.
Conversely amverabundancef substrate is more likely fead to diet reflective changes

to the membrane. Hence quantity of fat is a crucial factor.

Typeis another important factor for dietediated changes to the membrane.
Thereare studies that shotivat a diet high in PUFAs is reflective in the membrane
(sarcolemmal, SR, mitochondria) of skeletal muscle (Tae One study by Andersson
et al (2002) randomly assigned humans to high SFA (36% total energy; SFAs 18% of
energy; MUFAs 10% of energy) digh MUFA (35% total energy; SFAs 9% of energy;
MUFAs 19% total energy) for 3 months and measuredPtheomposition oimixed
muscle Yastus lateraliz They added a group to each diet (SFA and MUtRA)
consumd fish oil capsules (high-8 PUFA content). There was a subsequent increase in
n-3 PUFAs in those supplemented with fish oils regardless of diet (SFA, MUFA).

However, it is important to mention that those in either a high SFA or high MUFA diet
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without then-3 PUFA supplementation, also lead to increased SFA or MUFA (depending
on their respective diet) in the PL composition ofvhstus lateralisnuscle. Another

study fed rats for 8 weeks on one of twelve moderate fat diets (25% of total energy)
which differed in fatty acid profile (SFA, MUFA, PUFA-6 PUFA, n3 PUFA) and
measured the PL composition of the medial gastrocnemius (Abbott et al, 2009). There
was a subsequent increase of MUFAs and PUFAs but no change in SFAs (Abbott et al,
2009). Furthermore, tafed highong-chain n-6, highlong chainn-3 or essential fatty
acid-deficient (EFAD; % total energy unknown) diet for 9 weeks showed significant
increase or decreaselohg chainn-6 andlong chainn-3 in membrane Pbf soleus and
gastrocnemius in tir respective diets (Ayre & Hulbert, 1996). Although PUFAs may
show some response in skeletal membrane, there is evidence to show that SFAs illicit a

similar response.
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Table 1.3. High Fat Diet andMembrane Composition Studies

Brock University

Authors Model Typeand Quantity (% energy| Duration | Membrane Analyzed Major Findings
of Dietary Fat of Study
Abbott, Else | Rats SFA (25%) vs MUFA (25%) | 8 weeks | Whole lipid - SFA o
& Hulbert vs PUFA (25%) vs medialgastrocnemius |- MUFA 1t
(2010) initial(Chow) - PUFA 1
Ayre & Rats Essential FA deficient (10%) | 9 weeks | Whole lipid soleusand |- | essenti al FA i
Hulbert vs high r6 (10%) vs high 8 gastrocnemius deficient
(1995) (10%) - 1t -6nn high n6
- 1 -3nn high r3
Janovska et | Rats Hi gh Fat ( 60 9% 20 weeks | Whole lipid - EDL: 118: 0, o« 18:
al (2009) I\ 18:2n6, 1 Soleus (SOL) and 18:3n3
Fat (11%) Extensor Digitorum - SOL t+ 18:0, t 18
Longus (EDL) Muscle 18:3n3
Andersson ef Human | High SFA (36%) vs High 12 weeks | Whole lipid vastus - 1 n-3 content in both High SFA +8
al (2002) MUFA (35%) vs High SFA + lateralis and High MUFA + n3
n-3 vs High MUFA + R3 - 1 SFA in High SF
- 1 MUFA in High M
Hoeks et al | Mice Hi gh Fat (45 % 8and?20 | Skeletal Mitochondria |- *+ 16: 0 in High F
(2011) 18:1) vs Low Fat (10%) weeks weeks
- 1l in 18:1 in Hig
Taffet et al Rats Fi sh (17 9%; 1 3 weeks | Cardiac Sarcoplasmic |- Fi s h: t 14: 0, 1
(2003) 16: 1, t 18:0, Reticulum - Corn 1t 18:1, T 1
Corn (20%;r 18 : 1,
Stubbs & Rats Fi sh (129%,; 1 4 weeks | SkelethSarcoplasmic |- Fi s h: t+ 20:5n3,
Kisielewski 16: 1, t 18: 0, Reticulum - Corn: t 18:2n6
(1990) 22:5n3, T 22
(12 %,; t 18:1
Fajardo et al | Rats DHA (15. 8 %; 1| 8 weeks | Skeletal Sarcoplasmic |- DHA t 22:6n3, !
(2015) Control (15.8%) Reticulum 122:5n3/ n6
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Previous research has found that diets high in SFA result in increased SFA content
in membrang(Hoeks et al, 2011; Andersson et al, 2002). The same study by Andersson
et al (2002) found that those in the SFA diet had higher 14:0, 15:0 and 17:0 and lower
18:1 than the MUFA diet. Another study randomly assigned mice to low fat diet (LFD;
10% kcal) or high fat diet (HFD; 40% kcal) with palm oil as the fat source (high 16:0 and
18:1) and measured the lipid composition of hindlimb mitochondria after 8 and&&w
(Hoeks et al, 2011). There was a significant increase in 16:0 in the HFD at both times (8
and 20 weeks) but a decrease in 18:1, compared to LFD (Hoeks et al, 2011). The decrease
in 18:1 may be a form of compensation with the increase in 16:0 (Hoak6tL.1). This

demonstrates that high SFA diets are reflective in the membrane of skeletal muscle.

If diet can influence the composition of the membrane, then the interaction
between membrane and protemay potentially be affected. Previous research has shown
that rats fed either corn oil (high 18:1 and 18:2) or-68Khigh 16:0 and 20:5) for 3
weeks resulted in changes in protein function of SERCA in cardiac SR (Taffet et al,
1993). Specifically, corn oliet led to a 30% increase in SERCA activapmparedo
fish-oil. Moreover, corroil diet resulted in increased Eaiptake, while the coupling
ratio was unaffected. Looking at the FA composition ofisbéated and purifiedardiac
SR, corn oil diet hadgignificantly higher 18:1 and 1&18, average chain length around 18
and lowerunsaturation indexAll of this supports theoncepthat SERCAmay have an
optimal VimaxWith FA that are-18 carbons long and more satura{&listavsson et al,
2011;Lervik etal, 2012; Lee, 1998; Caffrey & Feigenson, 1981). Furthermore, it appears
that SERCA activity is impeded in a high PUFA content membrane, but is improved in a

high MUFA content membrane, which was also observegnthstic membranes
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(Gustavsson et a2011). Another similar study fed rats either corn oil (high 18:1 and

18:2) or fish oil (high 16:0, 20:5n3, 22:5n3 and 22:6n3) for 3 weeks resulted in reflective
dietary changes to skeletaluscleSR (Stubbs & Kisielewski, 1990). However, when
SERCA activity vas measured, there was no difference. The authors speculate that
SERCA activitymaynot bemodulated by saturation but chain lengithich wasot
measured. This contradicts the observations by Gustavsson et al (2@44yer

difference of lipid substrate (synthetic vs native) may be the fablorstudies to date
haveobserve the effect of diet on membrafipid composition, specifically those lipids

in close association with the protein of interasiti SERCA fundbn in skeletal muscle.

Since it appears that dietary changes to membrane may have an effect on SERCA
function perhaps it is possible to supply a diet that will provide an optimal environment
for SERCA function. A HSF diet would be the most ideal diettia purpose. As
mentioned previously, SERCA prefers a thin membrane based on ideal hydrophobic and
hydrophilic matching (Lee, 2003). Saturated fats are usually associated with shorter chain
lengths(ACL of CON vs HSF: 17.7 vs 17.3 respectively). SERCgogirefers a more
saturated membrane, hence a diet high in SFAs would be beneficial (Ul of CON vs HSF:
150.4 vs 78.1 respectively). Therefore a diet high in SFA appears to be the best method

for creating an ideal lipid environment to support maximal SERCWvity.

1.6 Stress on SERCA Function

Duchennemusculardystrophy (DMD) is a disease characterized by muscle
wasting, weakness and loss of functicaused by lack of dystrophiriyser, 1989;

Hoffman, Brown & Kunkel, 1987; Mastaglia & Walton, 198Dystrophin is a protein
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that connects the cytoskeleton of a muscle fibre (by binding to a protein complex) with
the extracellular matrix of the ceMyser, 1989Hoffman, Brown & Kunkel, 198)7

Without dystrophin, the myofibre becomes fragile ansligject to repeated cycles of
necrosis and regeneration f orHoffnae Brewmt i r e d
& Kunkel, 1987; Bridges 1986; Dubowitz 1989 hese cycles lead to the replacement of
muscle fibre with fibrous connective tissudoffman, Brown & Kunkel, 1987; Bridges
1986; Dubowitz 198p The exact mechanism behind resis is unclear, however there
are somespeculatednechanisms. The two proposed biggest contributors to muscle
damage are increased reactive oxygen species (ROS) agasedntracellularcalcium.
The site of ROS production is the mitochondria. In DMD, mitochondrial oxidative
phosphorylation is impaired due to increase@ @aerload which is known to increase
ROS production (Brookes et al; 2004; Nethery et al, 2000n&tsov et al, 1998Y.he
increasedntracellularcalcium is due, in part, to dysfunctional SERCA, where SERCA
cannot remove theytosoliccalcium into the SR quickly and effectively (Schneider et al,
2013).This is a result of oxidation, nitrosylatiorsgiutathiolation and nitration of the

Cys and Tyr residues found on SER@Aich result in damage to the protein and loss of
function (Fu & Tupling, 2009)The increased oxidation, nitrosylationgkitathiolation

and nitration of SERCA are due to the inceshexidative stres&aused by increased
ROS productionjhat occurs in the cell during DM{Bchneider et al, 2013However,
when SERCA function is conserved, there is an improvement in muscle strength and
function, due to the improved calcium handl{@ghneider et al, 2013}jence improving
SERCA function in DMD has been an attractive treatment strategy for improving the

effects of DMD.
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Fortunately, the celias an adaptive stratetgyimprove SERCA functioby
couplingSERCA with heat shock proteitd (Hsp70). Hsp70 is a HDa protein that is
upregulated under conditions of stress (Fu & Tupling, 2009; Soti & Csermely, 2007).
While under stress, proteins become denataretinisfolded and begin to aggregate
which compromises cellular function (Sé&tiCsermely, 2007). Hsp70 prevents protein
aggregation and assists in refolding of misfolded proteins, making the cell resistant to
lethal levels of stress (Fu & Tupling, 2009). Previousitro studieshave shown that
while under stress, there is an &sed level of Hsp70 bound to SERCA (1 and 2) (Fu &
Tupling, 2009; Tupling et al, 2004). Furthermore, while under stress, SERCA inactivation
was prolonged in cells expressing Hsp70 compared to those lacking Hsp70 (Fu &
Tupling, 2009; Tupling et al, 20043ERCA activity can be inactivated by structural
alterations to the ATBinding site, which can be quantified by fluorescein isothiocyanate
(FITC) binding (Fu & Tupling, 2009; Tupling et al, 2004). Cells expressing Hsp70
preserved FITC binding capacity aretluced carbonyl formation and nitratioh
SERCA 1 and 2 compared to those lacking HY{-t0& Tupling, 2009; Tupling et al,
2004).Overall it is clear that induction of Hsp70 can improve SERCA function during

stress.

As mentioned previous\p)MD can elidt stress on the cell which impairs SERCA
function and further progresses the state of the disease. However genetic and
pharmacological induction of Hsp70 is capable of improving SERCA function, and
therefore improving the pathology of the disease (Gelwirad, 2012). Specifically,
induction of Hsp70 imlystrophicrodents increased SERCAy), muscle force

production and survival, and lowered markers of damage and necrosis (Gehring et al,
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2012).Thereforejncreasing Hsp70 content may be a key factateweloping a treatment
strategy for those with DMD. However, the consequences of genetic and/or
pharmacological induction of Hsp70 has not been fully studied, therefore other strategies

for improving SERCA function should be explored.

Diet may be a safe rtleod for inducing Hsp70 cdéent. On study found that when
monkeys were fed a high saturated fat (&% fat from caloriesfor a short period of
time, Hsp70 contenh the biceps femorisignificantly increase¢Kavanagh et al, 2012)
It was suggestetthat perhaps the rising glucose levels and exposure to high dietary FA
that occurs as a result of the high saturated fat diet, increases Hsp70 content in muscle
tissues temporarilyavanagh et al, 2012However, after a long duration of consuming
a HSF det (6 years), Hsp70 content dramatically decreased, to levels below the starting
time point. Therefore diet might be a good short term treatment for improving SERCA
function and DMD symptoms. In fact, a previous study in dystrophic rodents has
demonstrate that 24 weeks of a HSF diet (16% kcal) resulted in increased running ability
and decreased myofibre necrosis, suggesting the dystrophic phenotype was improved
(RadleyCrabb et al, 2011). These results are similar to the previous studies that had
geneticand pharmacological induction of Hsp70. It may be possible that 24 weeks of a
HSF diet was a short enough time to maintain an increased level of Hsp70, therefore the
phenotype of thendxmice was improvedThis theorybecane discreditedby the
observatios of an unpublished study by Fajardo et al. In this study, it was found that rats
fed a high saturated fat diet (42% kcal) for 8 weeks resulted in decreased thermal
inactivation of SERCA when subject to 60 min of heat stress compared to control (5%

kcal). It was speculatethe Hsp70 protein expression had increased however Western
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blotting found no difference in expression. This is similar to another study where rats fed
a HSF die(60% fat from calories) for 6 weeks had a trend for down regulation aftHsp

in soleus musclgy(< 0.10; Gupte et al, 2009). It has been proposed that a HSF diet
lowers Hsp70 levels due to the development of insulin resistance. Perhaps the HSF diets
in Gupte et al (2009) and Fajardo etvegre too high in saturated fat, where the

progression of insulin regance was high which decreased Hsp70 content in 60% HSF
diet and may have continued to diminish in the 42% H&wever, it may be possible

that Hsp70 may have a minimal role in thegmbial protection of higiat feeding.

There are other ways that the cell can provide an adagitategyfor protection
against oxidative damage. One way is by manipulating the cellular membrane, making it
more saturated. For exampieitochondrial memianes of soleuga site for reactive
oxygen species productioajemore saturated and less polyunsaturatedpared toed
gastrocnemius and planta(iStefanyk et al, 2010;salouhidou et aR006) Increasing
the saturation in the membrane makes it mesestant taxidative damagedue to the
lack of double bond#s previouslymentioned Section 1.1.1.i) Fatty Acidissaturated
FAs are less chemically reactive due to the decreased electron density in the bonds,
compared to double bonds found in MUFAs and PUFAs (Rathayake & Galli, 2009).
Therefore, it is beneficial for the cell to increase the saturatioertdinmenbranes to
protect against oxidative damage. This phenomenon is observed in soleus since it is less
likely to undergo large changes in energy demand, therefore have legsr&DStion
(Stefanyk et al, 2010)-or other tissues such as red gastrocnemiuplantaris, having a
higher level of unsaturation is beneficial since the increased amount of lipid peroxidation

acts a signalling mechanism to decrease ROS production (Stefanyk et al, 2010). However
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this is only useful in these tissues since there are lgrgnges in energy demands due to
red gastrocnemius and plantaris being locomotory muscles (Stefanyk et al, 2010). Since
soleus does not have large changes in energy dethanel is less ROS production so it

is not necessary to signaldecrease ROtefanyk et al, 2010). Yet, to protect itself

from ROS when it does occuhehigh level of saturation is benefici@lithough this

ability to alterthemembrane to protect against oxidative damage is observed in
mitochondrial membranes, there is no evidetcsuggest that similar effects cannot be
seen in the SR, especially when subject to dadifigg stress such as DMD. Perhaps, to
improve the likelyhood of increasing the saturation of the membrane, it may be crucial
for the diet to also increase in el of saturation. Apreviouslymentioned Section 1.5
Dietary Manipulation}, diets high in saturated fat did leadatsubsequent increase in
saturated fat in the membrane (Andersson et al, 2002; Janovska et al, 2009; Hoeks et al,
2011). Therefore, diet high in saturated fat may lead to increased saturation of the SR,
which may protect SERCA from oxidative damagewever, damage to SERCA brought

on by oxidative stress occur on the protein itself and not the membrane, therefore the
membrane might ndie directly protecting SERCA from oxidative damaddane of

these studies looked at the composition of the membrane; therefore no relationships have
been made between the lipid annulus and its ability to protect SERCA from stress

induced damage.

Perhaps higtiat feeding offers protection in another way. It might be possible that
a HSF diet might promote SERCA and Hsp70 interaction. It has been documehied in
literature that Hsp70 is caple of embedding itself into the plasma memb(@eMaio

2011) In fact Hsp70 predrs environments that are generally less fluid and coatai
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negative charge (from PS; Armijo et al, 2014)might be possible that the increased

level of saturation in the SR brought on by dietdiated changes may promote Hsp70
interaction with the membrane which may promote its interaction with SERCA. Although
the SR does contain PS, it mostly remains localized in the inner layer of {lite8Rette

et al, 1984)Furthermore, there is no evidence to suggest that Hsp70 can eselfadto

any membrane beyond the plasma membrane. However this has not been fully explored

therefore the possibility cannot bgcluded.
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1.7. Purpose

Previous researchvhich has been limited &ynthetic membranebas
demonstratethat SERCA activity is affected by membrane composition, specifically
through fatty acyl chain length and saturatamulhead grougompositionof the PL
immediately around SERCA (lipid annulus). Changes in fatty acyl chain length and
saturation also affée SERCA efficiencylt hasalso beershownin cardiacand skeletal
tissuethat SR membrandipid composition isnfluenced bydietanddietinduced changes
maydirectly affect SERCA actiity. However, arrently no researclooks at the lipid
annulus spefically. SERCAactivity can also be influencday thermalstresswhichcan
be reversed through Hsp70 inducti®milar effects on SERCA activity with stress have
been seen with high SFA diets, but it is unclear if the dietary influence is directed to the

annular lipids
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Objectives
The objectives of this thesis were to

1) Develop a method of isolating and analyzing the lipid annulus which would allow
to:
i) determine the annular lipid compositiomand SERCA in rat soleus muscle
i) determine if a high saturated fat diet will alter the annular bpitiposition
2) Determineif the high saturated fat diehediated changes in annular lipids will

affect SERCA activity and protect SERCA from thermal stress.

These objectives will baccomplished by:

1) Immunoprecipitating SERCA2 from soleus muscle and performing lipid analysis
(thin layer and gas chromatography) from:
1) CON-fed (7% soybean oil by weight) Wistar rats to determine the
composition of the lipid annulus in native membrane (CON)
i) HSFfed (20% lard by weight) Wistar rats determine if the lipid annulus
changes with diet
2) Measuring SERCA activityf whole soleus muscley anin-vitro NADH-linked
spectrophtometric assay and then repeating the protaftel 30 and 60 min of

incubation at 37°C
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1.8. Hypothesis

It is hypothesized that:

1) the lipid annulusround immunoprecipitated SERGWII containfatty acids that
are12-14 carbors long(associated with 21A, the bilayer thickness of the
hydrophobic amino acid residues found on SER&@#JsaturatedThiswill be
associated witla lowerV nax

2) inresponse to a HSF (20% lard by weight) diet, the lipid annulus will contain
longer(14-18) andmoresaturated FAwhich will:

I) increasemaximalSERCA activity and
i) decreas¢hepercent reduction ahaximalSERCA activty duringthermal

stress
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Chapter 2.0 Influence of lipid annulus on maximal Ca?*-ATPase activity in rat
soleus muscle
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Introduction

The sarco(endo)plasmic reticulum calcium ATPase (SERCA) is a 110 kDa
transmembrane protein that facilitates muscle relaxation by translocatirfg 2d@athe
cytosol into the sarcoplasmic reticulum (SR) lumen at the expense of 1 ATP (Martonosi
& Pikula, 2003; Periasamy & Yanasunaram, 2007). Two isoforms found in adult skeletal
muscle are SERCA 1a, found predominantly in type Ilfiagth fibres, and 2a, found
predominantly in type I, slow twitch fibres (Periasamy & Yanasundaram, 2007). SERCA
can be regulated by proteprotein and protehfipid interactiors (Asahi et al, 2002, ee,
2003 Anderssen & Koeppe, 200Gi ven SERCA’s role as a majo
intracellular free CH in skeletal muscle, changes to regulatory proteins and lipids may

influence its function.

Phospholamban (PLN; 52 amino acid residues) and sarcolipin (SLN; 31 amino
acid residues) are two functionally homologous proteins that physically interact with
SERCA with evidence that PLMecreass SERCAC& " affinity and activty (Vimax
Asahi et al, 2002). Inhibition is relieved when PLN or SLN are phosphorylated (brought
o n agren@rgic stimulation) at the §88 and Thi5 residues found on PLN and SLN
respectively, resulting in a change in physical interaction betweeroPBNN and
SERCA(Reddy etal., 2003 MacLennan eal.,2003; Asahi etl., 2012; Odermatt l.,
1998. Protein-protein regulation of SERCAas been extensivesjudied, yet the
sarcoplasmic reticular (SR) | i pilfdrlymembr ane
unknown. This is due to the diverse nature of the lipid composition of mersbrane
making it difficult to determine the exact mechanism of action (Anderssen & Koeppe,

2007). One common theme that is observed from all transmembrane proteins is the
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membrane’s ability to regulate their prote

hydrophilic matching (Anderssen & Koeppe, 2007).

Membranes and membrane associated proteins both have hydrophobic and
hydrophilic regions which allow for matching (Anderssgefoeppe, 2007). Changes in
phospholipid (PL) species, fatty acid (FA) chain length and saturation can alter the
alignment of membrane and protein hydrophilic and hydrophobic regions. Specifically,
longer, more saturated FA chains result in thick, [lesd8 membrane¢§Benga & Holmes,
1984).PL species affects the membrane where larger ¢peaghs such as P&e
associated with thicker membraregsnpared to PEAndersen & Koeppe, 200Dickey
& Faller, 200§. Membrane fluidity may alsbe animportant modulator of SERCA
function as it affects the kinetics of the interconversion of SERCA into its different states,
where too solid of a membrane impedes SERCA movement and too fluid removes
support from each conformational state (Squier et &7 18nderssen & Koeppe, 2007).
Specifically,PC forms a cylindrical shape with the f&ils making the membrane more
fluid compared to PEDickey & Faller, 2008 Ideal blayer thicknes&nd membrane

fluidity ensureoptimal SERCA function (Anderssen & Kpge, 2007).

It has been suggested that the PL’s abi
in direct contact, known as the lipid annulus (Yeagle, 1989; Lee, 2003). Previous
research in synthetic membranes has determined the optimal environmerR@A SE
function. Specifically, more saturated and longer (chain length-@22tarbons) FA,
reflective of thicker, less fluid membranegreassociated withigherSERCA Vax and
cd™ affinity (Gustavsson et al, 2011, Anderssen & Koeppe, 2007). Howeser oa

the hydrophobic regions of SERCA, the bilayer thickness that would provide appropriate
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matching is~21 A (as measured through crystallography; Lee, 2003). This thickness can
be achieved with 224 carbon FA chain length, which is significantly seothan the

ideal environment as described as Gustavsson et al (2011). No research to date has
exploredthe influence of membrane lipid properties on SERCA functidnalogical

membranes.

Recent evidencm cardiac tissubas demonstrated thdietary lipids alter cardiac
SRmembrane lipid compositiowhich, in turn, may havdirectly affected SERCA
function(Taffet et al., 1993)Specifically, corn oil diet led to changes in the cardiac SR
(shorter, more saturated FA) which led to a 30% increase itCBERtivity compared to
fish oil (Taffet et al., 1993)Althoughmembrane lipid composition in skeletal muscle can
be altered with diefHoeks etl.,2011; Andersson e&il., 2002; Abbott eal.,2009; Ayre
& Hulbert, 1996; Abbott eal., 2011), no studiehave examined the influence of diet on
the annular lipids surroundifgERCAand the potential resulting impact on SERCA

function.

SERCA dysfunction is associated with mu
inability to cycle C4&" leads to cellular stress ardentual necrosis (Schneider et al,
2013). Upregulation of heat shock protein (Hsp) 70 allows the cell to resist lethal levels of
oxidative and thermatress caused by SERCA dysfunction by binding to the denatured
protein and allowing proper refolding or assisting in degradation (Fu & Tupling, 2009).
Previousin vitro cell studies have found that while undieermalstress, there is an
increased level dfisp70 bound to SERCA, whereas cells lacking Hsp70 were unable to
prevent SERCA inactivation (Fu & Tupling, 2009; Tupling et al, 2004). As a result, it

appears that the induction of Hsp70 improves SERCA function dilmangalstress.

51



MSc Thesis- Natalie Trojanowski Brock University

Similar results arebserved through dietary interventions. Previous research has
found that supplementing a diet high in saturated fat (16% kcal) resulted in improved
muscle strength and functionnimdxmice (RadleyCrabb et al, 2011). Another study
found that a high satued fat diet (42% kcal) lead to decreased thermal inactivation of
SERCA when subject to 60 min 87°Cheat stress (Fajardonpublished dajaSince
SERCA function was not affected by thermal stress when supplemented with a high
saturated fat diet, and improved SERCA function is associated with improved progression
of DMD (Goonasekera et al, 2011), it is speculated that the two studiebe
connected, however it is uncertain how. Since saturated fats are less susceptible to
peroxidation by stresfR@tnayake & Galli, 2009t is possible that a diet high in saturated
fat lead to an increase in saturation in the membrane, specifically tharipidus, which
protected SERCA from heat or oxidative stress, therefore maintaining SERCA function,

and ultimately skeletal muscle function.

To date, no studies have looked at the link between diet,aripid composition
andtheabhility to protect SERCA fronheatstressinduced damage. Thus the purpose of
this studyusingsoleusmuscle from chowed (CON; 7% soybean oil by weight) and
high saturated faed (HSF;20% lard by weightrats, wasto 1) determine the anrarl
lipid composition of SERCA in biological membran2sdetermine if HSF diet will alter
annular lipid compositiorand3) if the dietmediated changes in annular lipid
composition willaffect SERCA activityandprotect SERCA fromthermalstress. It is
hypothesied that the lipid annulus in biological membranes will confdis that arel 2-

14 carbos long(carbon chain length associated with hydrophobic matching of SERCA)

andsaturatedwhich will be associated with decreaseg.yompared to Waxatoptimal
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chainlength (1820). In response to a HSF diet, the lipid annulus will contain longer (14
18) saturated FAs which will increase SERCA.Mand decrease percent reduction of

SERCA activity duringhermalstress.
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Materials and Methods

Animals and Diet

This study was a subset of a larger study looking at the influence of maternal diet
on offspring musculoskeletal health (Miotto et al, 2013). Female Wistar rats (28 days old
) were obtained from Charles River Laboratories (S@mstant, Quebec, Canada) and
housed at 22 1°C with a 12:12 h lightlark cycle For 10 weeks, the animals were fed
either control (CON, AIN93G with 7% by weight soybean oil) or high saturated fat (HSF,
AIN93G with 20% by weight lard) diet (Table 2.W)ith ad libitumaccess to water. &dr
10 weeks, the animals were bred (1 week) and remained on their respective diets
throughout gestation (3 weeks) and lactation (3 weeks; ~17 weeks total). All experimental
protocols were approved by the Brock University research subcommittee on amnal ca

and followed the Canadian Council of Animal Care guidelines.

Sample collection and processing

The dams were sampled after the offspring were weaned at 19 days Daatge.
were anesthetized with sodium pentobarbital in the intrapexal cavity (6mg/100g body
weight). Soleus (84% type |, 7% type IIA, 9% type IID/X; Delp & Duan, 1996) was
removed from the right leg and frozen in liquid nitrogen immediately. The whole muscle
sample was weighed (162t6.3) and added to a glass homagencontaining
homogenization buffef250 mM sucrose, 5 mM HEPES, 10 mM NapNhosphatase
inhibitor cocktail PhosSTOPRoche, Laval, QC, Canada), protease inhibitor cocktalil
(cOmplete Mini EDTAfree;Roche, Laval, QC, Canada), pH )y & a final concentration
of 11:1 (v/iw). The sample was homogenized using glasgiass manual
homogenization. Protein concentration was then measured using Bradford protein assay
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(Bradford, 1975). Muscle homogenates (1.6 mg of proteerg aliquoted intopgendorf
tubes and stored H80°C freezer for future use. Feach diet, 3 random food pellets were

selected and homogenized5 volumes of double distilledater.
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Table 2.3 Macronutrient and borgpecific micronutrientontent of the diets.

Ingredient CON HSF
Energy (Kcal/g) 3.76 4.40
Protein (% Kcal) 18.8 19.1
Carbohydrate (% Kcal) 63.9 39.8
Lipid (% Kcal) 17.2 41.0
Protein (% by weight) 17.7 21.2
Casein (g/kg) 200 240
L-cystine (g/kg) 3.0 3.6
Carbohydrate (% by weight) 60.1 44.2
Corn starch (g/kg) 397 217
Maltodextrin 132 132
Sucrose 100 100
Cellulose 50 50
Lipid (% by weight) 7.2 20.2
Lard (g/kg) - 200
Soybean oil (g/kg) 70 -
Vitamin mix (g/kg) 10 12
Vitamin D3 (g/kg vitamin mix) 0.2 0.2
Vitamin K; (g/kg vitamin mix) 0.075 0.075
Mineral mix (g/kg) 35 42
Calcium carbonate (g/kg mineral mix) 357 357
Potassium phosphate (g/kg mineral m 196 196
Zinc carbonate (g/kg mineral mix) 1.65 1.65
Sodiumfluoride (g/kg mineral mix) 0.0635 0.0635
Cupric carbonate (g/kg mineral mix) 0.31 0.31
Ferric citrate (g/kg mineral mix) 6.06 6.06
Magnesium oxidég/kg mineral mix) 24.3 24.3

CON, AIN-93G control diet; I9F, highsaturatedat diet (AIN-93G with 20%ard)

" Vitamin mix for high fat diets (AIN93G-VX; g per kg vitamin mix) niacin, 3; calcium
pantothenate, 1.6; pyridoxine H@I,7; thiamine HCI, 0.6; riboflavin, 0.6; folic acid, 0.2; biotin,
0.02; vitamin B,, 2.5; DL-alpha tocopheryl acetate, 15; vitamin A palmitate, 0.8; sucrose,
974.705

* Mineral mix for high fat diets (AINN3G-MX; g per kg mineral mix): potassium citrate
monohydrate, 70.78; sodium chloride, 74; potassium sulphate, 46.6; manganous carbonate, 0.63;
potassium iodate, 0.01; sodium selenate, 0.0103; ammonium paramolybdate tetrahydrate, 0.008;
sodium metsasilicate nonahydrate, 1.45; chromium potassium sulphatecabgdrate. 0.275;
lithium chloride, 0.0174; boric acid, 0.0815; nickel carbonate hydroxide tetrahydrate, 0.0318;
ammonium metaanadate, 0.0066; sucrose, 220.716
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Immunoprecipitation

SERCA2a was immunoprecipitatéas described previously by Zorzano &
Canps, 2006 and modified by Fajardo et al, 20tb3}o0late and examine the lipid
annulus surrounding the protein. A 50% bead slurry [1:1 (v/v)] was prepared using
proteinG bound to agarose beads (Santa Cruz Biotechnology, Dallas, Texas, USA, sc
2002).Threehundredul of 1:1 (v/v) bead slurry was coupled with 40ug of SERCA2a
antibody (2A7A1, Abcam, Cambridge, MA, USA, ab2861) along with 180uL of
phosphatéuffed saline buffer (PBS; 13.7 mM NaCl, 0.27 mM KCI, 0.43 mMHNRO,,
0.14 mM NaHPOQy, pH 7.4) and ingbated overnight at 4°C with constant shaking. The
beadantibody complex was incubated with bovine serum albumin (BSA blocking
solution; 1% BSA in 1x PBS, pH 7.4) for 15 min at 4°C on nutation meesrifuged,
and supernatasitverediscarded. Blocking ith BSA blocking solution was repeated 3
times followed by a final wash with PBBour hundrequl of 2x CoIP Buffer (300 mM
NaCl, 40 mM HEPES, 2 mM EDTA, 10mM MgCl, 1% Tween (v/v), pH 7.5) was added
along with 1.6 mg of sample protein and enough doulskdldd water to make and total
volume 800 pL. The samples were incubated overnight at 4°C with constant shaking,
centrifuged for 1 min at 20,5009 (4°C), and supernatants were discarded. The pellets were
washed with 1x CoP buffer (5 min on nutation mixett 4°C), centrifuged for 1 min at
20,5009 (4°C) and supernatants discarded. The pellets were washed two more times
followed by a wash with wash buffer (150 mM NacCl, 25 mM Tris Base, pH@r&.
hundred and forty foyuL of elution buffer (100 mM glycine, pH 2.8) was added to elute
the adsorbed material from the beads. Samples were incubated for 15 min on ice with

periodic manual agitation. Samples were centrifuged one last time (1 min at 20,5009,
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4°C), supernatantsgaotained protein and antibody) were collected, and 8 pL of

neutralization buffer (1 M Tris Base, pH 9.0) was added.
Lipid Extraction

Lipid extraction was performed as previously described (Bligh and Dyer, 1959)
with the following modifications. The IP s®le or 250 uL of whole homogenate was
added to 3.75 mL of chloroform:methanol (1:2) with 0.1% butylated hydroxytoluene in a
15 mL Kimax tube and vortexed for 2 min. Chloroform (1.25 mL) angadfd.25 mL)
were subsequently added and vortexed followeddmyrifuge at 720g for 6 min. The top
phase was aspirated, and the bottom chloroform phase, containing the lipids, was

removed and immediately processed by thin layer chromatography (TLC).
TLC

TLC was used to separate total PL from neutral lipids (manddi-glicerides,
cholesterol and hydrocarbons) as per Kupke ¢18r9. TLC plates(6 0 A , EMD,
Mississauga, Ontarjavere baked for 10 min at 110°C prior to use and kept in
desiccating chamber to cool. Lipid extracted samples were dried under a canstent s
of N, reconstituted in chloroform:methanol (2:1), and manually spotted on the plates
(blank lanes containing only chloroform:methanol (2:1) were also spotted). Plates were
incubated in a tank saturated with hexane/diethylether/glacial acetic &30:@) for
~30 min. Plates were removed from the tank and left to dry for 5 min, followed by
spraying with dichlorofluorescein (DCF) solutimethanol: wate(l:1) saturated with

2 ', -DQFfiltered and washed with petroleum ejlard then develope@%%
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ammonium hydroxide). Under ultraviolet light, PL lane was marked (PL remained at the

origin) and scrapped into individual 15 mL Kimax tubes in preparation for methylation.

Methylation

Kimax tubes containing silica from TLC underwent methylation as per
Mahadevappa and Holub (1987). Briefly, 2 mL of 6%58, in methanol was added to
each tube along with 10 ul of 13:0 (tridecanoic acid) internal standard, capped, vortexed
and incubated at 50°C overnight. Samples were allowed to cool and 2 mL of petroleum
ether and 1 mL of dkD were added to each sample, vortexed and centrifuged at 7209 for
6 min. The top layer containing petroleum ether and fatty acid methyl esters was removed
and dried under a constant stream af 8amples were resuspended in 10 pL of

dichloromethane and analyzed by gas chromatography (GC).

Gas Chromatography (GC)

The fatty acid composition of each PL sample was analyzed by GC as described
by Bradleyet al.(2008). Briefly, 1 uL of fatty acid methyl esters (FAMES) was injected
into the 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 GClith, Thermo Electron Corp, Milan, Italy). FAMEs were
separated on a UFM RT®WAX analytical column (Thermo GC Ultra, Thermo Electron
Corp, Milan, Italy) using a carrier gas (helium). Fatty acids were identified by comparison
of retention times with thosd 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 of the internal standard (13:0).
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Ca-ATPase activity Assay

SERCAactivity (Vmay Was measured usiraqnin-vitro NADH-linked
spectrophotometric assay (340 nm; millimolar extinction coeffi@gipt 6.22 path
length was measured and adjusted by spectrophotorasp)Duhamel et al (2007).
Briefly, 10 pl of soleus homogenate was eddo a reaction master mix (5 mL of ATPase
buffer (200 mM KCI, 20 mM HEPES, 10mM NgNL mM EGTA, 15 mM MgCJ, 5 mM
ATP, 10 mM phosphoenol pyrusaand 2 N KOH, pH 7.0), 12.7 jdctate
dehydrogenase (18U/mL), 18 pl pyruvate kinase (18U/mL), and 105G#6
ionophoreA23187(1mg/mL)). This cocktail was vortexed and aliquoted to 16 eppendorfs
containing[C& "]+ ranging frompCa 7.05.0to create a pCa curve which will be used for
calculating SERCA V. The C&* concentrations have been optimized based on soleus
muscle to create the ideal curve. Eppendorfs were vortexed and 100 pl was
transferred onto a 9@ell plate (in duplicate)Two pul of NADH (1.9% (w/v)) was added
to each well quickly, and the plate waaded onto the spectrophotometer
(SPECTRAMAX plus; molecular device37°C, 30 min kinetic reading,) for reading.
This reading provided the total ATPase activity in the sample. Cyclopiazonic acid (CPA;
40 uM; Seidleretal, 1989, a SERCAspecific inhibtor, was added to the last sample,
and its ATPase activity was subtracted from the total ATPase activity to provide SERCA

specific activity.
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Thermal Stress

To measure the effect dfermalstress on SERCA activity, muscle homogenates
were incubated ia water bath (37°C). GATPase activity was performed at time points

0, 30, and 60min. The difference in activity was used to determine the percent reduction.

Western Blotting

Western Blotting was performed as a confirmatory measure of
immunoprecipitatbn. This was achieved by using monoclonal antibodies raisadsig
membrane specific proteBERCA 2a2A7-Al, Abcam,Cambridge, MA, USA,
ab2861). Prior to usentibodies were tested to determine optimal protein loading.
SERCA2awas immunoprecipitateas previously mentioned but with only % of the
guantityof protein, beads and buffers. Following neutralization buffieitaon, 9 ul of 5x
solubilizing/loading buffe(87.5 mM TrisHCI (pH 6.8), 45% glycerol (v/v), 1.25%
bromophenol b | -mnexcap(oethianol) (v/v), 392 soduth dddlecyl sulfate
(w/v)) was added to each immunoprecipitated sampldd?%4 4eparing gel was used
andtopped off with 4% stacking gefwentypul of sample was loaded alongsidgl of a
molecular weighted standard (BioRad Fsem Plus Kaleidescope Molelar Weight
Marker, CA, USA), B ug of whole homogenate muscle as a positive control, 20 pl of
supernatanand wash supernatatot measure unbound proteBtandard SDEAGE
electrophoresis was performesl@reviously describefd.eBlancet al, 2007). Proteins
were separated electrophoretically and transferred onto a polyvinylidene difluoride
(PVDF) transfer membrane (Immobilon, Millipore, MA, USA) with transfer buffer

(0.05% SDS, 25mM glycine, 192 mM Tris base, 20% methala&nbrans were
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incubated with blocking solution (TBST buffer: 20mM Tris base, 137 mM NacCl, and
0.1% (v/v) tween 20, pH 7.5) with 5% (w/v) ndéat dry milk for 1 hour to block all nen
specific binding sitefollowed byincubaton with SERCA 2a (1:1000mouse

monoclonal; reacts with rat; Abcam, Cambridge, MA, USA, ab2B6llocking solution
for 1 hour. Membranes were washed 3 times for 5 minutes with TBST buffer and then
incubated in blocking solution containing an HB#hjugated secondary antibody
(1:20000 antrmouse produced in goat; Signddrich, Oakville, ON, CA for 1 hour.
Membranes were washed again (3 times for 5 minutes with TBST buffer), treated with
Luminatd™ Forte Western HRP Substrate (Millipore, MA, USA) for 2 minutes,
developed using the tiloChem imaging system (AlpHanotec, CA, USA), and

guantified using Image J software.
Statistical Analysis

All values are expressed as means + standard errors (SE). Statistical analyses were
performed using IBM SPSS Statistics (versa@ SPSS IncChicago, IL). Atwo-way
analysis of variance (ANOVA) was used to establish differences betwesbrane
(lipid annulus and whole homogengamddiet (CON and HSF. A significant interaction
(p < 0.05) was followed up byRosthoc Tukey analysid?earsorcorrelations were used

to test the relationship between SERCA activity and membrane lipid composition.
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Results

Diet
The HSF diet contaed greater percent mole fraction of saturates (14:0, 16:0 and

18:0) and monoenes (16:1 and 18:1) and lower n3 (1B&8mBn6 (18:2n6) polyenes
compared to CON (Table2 Miotto et al, 201R There were no significant changes in
dam weight after breeding nor changes in fat pad mass (omental, retroperitoneal or
parametrialpetween diets. However HSEd dams had higheveights are lactatiorp(<

0.05; Tabl@.3, Miotto et al, 2013)

Lipid Analysis

The annulusad significariy higherSFA (mainly12:0, 14:0 and lower n3
(mainly 20:3n3 and 22:6n3) and n6 (maitB:2n§ PUFA compared tavhole
homogenatéTable 2.4. The annulus also had FAs that were shorter and more saturated.
TheHSFdiet had no impact on annular lipid composition but resultedsigraficant

decrease in n6 polyenésainly 18:2n6)n whole homogenate

SERCA Activity and Lipid Annulus Correlations

Maximal SERCA activity (time point 0) of CON was not significantly different
from HSF. Maximal C&-ATPase activity was correlated against annular lipid measures
deemed to be most influential based on previous research, namely the length of the acyl
cabon chains and the unsaturation. Unsaturation index (Ul) was positively correlated
with absolute maximal G&ATPase activity (Fig 2.2 < 0.01), whereaaverage chain
length ACL) also showed a positive relationship but did not reach significance (Fig 2.3,

p=0.053).
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Heat Stress and Lipid Annulus Correlations

There was no significant interaction between diet and tpe(791), however
there was a significant main effect fone (p <0.001 for each time point) for maximal
CaATPase activitywith thermal stres@igure 2.1) When examining the reductiom
maximal CA"-ATPase activityafter60 min of heat stress, ACL and Ul were both

positively correlated (Fig 2.4,< 0.01; Fig 2.5p < 0.05 respectively).

Western Blotting

Western Blotting revealed rsignificantdifference(p =0.45)in SERCA

expression between CON and HSF diet.
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Table 2.4 Fatty acid composition of treatment diets.

Fattyacid CON HSF
14:0 0.59+0.01 2.31+0.03
16:0 12.25 +0.10 25.79 £ 0.03
18:0 4.19 £ 0.02 11.95+0.21
16:1 0.20+0.01 2.75+0.0%
18:1 20.42 + 0.36 36.34 £ 0.17
18:3n3 8.46 + 0.06 0.82 £ 0.0%
18:2n6 51.91+0.31 16.38 £ 0.29
Total SFAs 18.52 + 0.10 41.67 £0.12
Total MUFAs 21.01 £ 0.36 40.10 £ 0.21
n3 PUFAs 8.46 = 0.06 1.10 £ 0.0%
n6 PUFAs 52.00 £ 0.30 17.14 +0.29
Average CL 17.7+0.01 17.3+0.01
Ul 150.4+ 0.4 78.1+ 0.4

Brock University

Values are expressed as percent mole fraction offadtglacids CON, AIN-93G control

diet; HSF, highsaturatedat diet (AIN-93G with 20% lard) (Miotto et al, 2013).

* denotes significanckom CON

Table 2.3 Bodyweight and Fat pad mass outcomes in Dams

Outcome Treatment P Value
CON HSF Diet
Body Weight

Time of breeding (Q) 3309 343+ 12 0.412
Final body weight (g) 3245 350 £10 0.028

Body Composition
% OM fat pad mass 1.33+0.12 156 +0.11 0.179
% RTP fat pad mass 1.52+0.13 1.75+0.13 0.244
% PM fat pad mass 1.86 + 0.15 2.27+0.23 0.150

Data is expressed as mean + SEM (n = 9 per group)
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Table 2.4 Percent mole fraction of individual fatty acids and major fatty acid classes of
the lipid annulus and whole homogenate from soleus muscle from control or high fat fed

rats.

Fatty Lipid Annulus Whole Homogenate
acid CON HSF CON HSF
12:0 30.6 +3.6 31.3+44 nd* na*
14:0 19.2 +1.2 17.9 £0.8 0.3 £ 003* 0.3x0.@*
16:0 13.7 1.3 115+1.1 19.8 +1.2* 18.6 +1.3*
18:0 13.0+1.4 11.1+1.2 23.0 £ 15* 279+ 1.7%
16:1 2.1+0.9 3.0+1.1 09+01 1.0+0.1
18:1 3.4+16 1.2+04 11.5 +1.0* 15.0 £1.2*t
22:1 9.7+26 13.6+1.7 nd* 0.2 £ 0.09*
18:3n3 0.5+0.2 1.2+0.5 0.2+0.03 0.07+ 0.01*
20:3n3 nd nd 9.8+ 1.6* 11.3+2.2*
22:6n3 nd nd 51+1.1* 2.0 £ 0.6%
18:2n6 1.5+05 0.6 £0.3 26.7 +1.3* 19.8 + 1.4%
18:3n6 3.0+£0.8 57+2.0 nd* na*
Total saturates 79.0 £3.2 74.4 +3.1 44.5 £2.7* 48.4 £ 2.9*
Total monoenes 15.8+2.9 18.1+£2.0 12.7+£1.2 17.3+1.4
Total polyenes 5.2+1.0 75+2.3 42.8 + 3.9* 34.3+4.2*
n3 polyenes 0.5%0.2 1.2+0.5 15.4 £ 2.7* 13.6 £ 2.8*
n6 polyenes 4.7 £0.9 6.3+£1.9 31.3+1.3* 20.7 £ 1.5%
Ul 33x5 3917 130 + 12* 107 + 12*
ACL 15.1 + 03 15.3 + 03 18.0 + 0.1* 18.0 + 0.1*

Values are expressed as mear&E, n=9 for both control and high fat digtercent mole

fractions of fatty acids below 1% across both diets are not shownotes significance

due to tissusourceindependent of diet:

denot es

s i g nindépencentot e

tissue sourceCON, control diet; HSF, high saturated fat pret, not detectable; Ul,

unsat ur at imemwheremdisthe mele pgrcentage ands the number of

carboncarbon double bonds of tiatty acid ACL, average chain length
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Figure 2. 6 Maximum calcium ATPase activity at various time points of heat (37°C)
incubation in soleus muscle of rats fed control or high saturated fat diet. Values are

expressed as means + SE. n=8 for both control and high fat diet
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Figure 2. 7 Correlation between maximal calcium ATPase activity and unsaturation
index (r=0.722, p <0.01) in soleus muscle of rats fed control or high saturated fat diet.

n=8 for both control and high fat diet.
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Figure 2. 8 Correlation between maximal calcium ATPase activity and average chain

length (r=0.492, p = 0.053) in soleus muscle of rats fed control or high saturated fat diet.

n=8 for both cont

rol and high fat diet.
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Figure 2. 9 Correlation between redueoh in calcium ATPase activity and unsaturation
index (r=0.641, p < 0.01) in soleus muscle of rats fed control or high saturated fat diet.

n=8 for both control and high fat diet.
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Figure 2. 10 Correlation betweereduction incalcium ATPase activity and average chain
length (r=0.524, p ©.05) in soleus muscle of rats fed control or high saturated fat diet.

n=8 for both control and high fat diet.
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Figure 2.6. Western Blot SERCA 2a protein densitiddean values are shown (+ SE).

Densities were calculated on ImageJ; statisticalysis revealed no difference between

CON and HSF. CON, control; HSF, high saturated fat; n=7
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Discussion

The lipid composition of the membrane, specifically the lipid annohas;,
influenceSERCA function. Major contributing factors from the membrane are bilayer
thickness and fluidity, which can be modulated by FA saturatiorclaaidlength.
Previous research in synthetic membranes has found the olppiich@&nvironment for
SERCA functionyet research in biological membranes is limited, especially when
looking at the lipid annulus. Furthermore, theantity andype of fat consumed in the
diet has been known to change the lipid composition in whole homogenatel as
subcellular compartments (SR and mitochondsia) annular changes have not been
explored. Finally, the lipid composition of the lipid annulsispeculated to affect
SERCA during thermatress, where more saturated fat would result in IESC3\
inactivation. However thidietmediatedorotective effecon SERCAhas not been fully

explored.

The major findings of the study were that 1) the lipid composition of the annulus
significantly differs from the whole homogenate with respect to SFA/AUB, n6, Ul
and ACL, 2) HSF diet resulted in minor changes in whole homogenate (significant
decrease in PUFA) but no change in aanljhid composition and3) diet did notchange
maximal SERCA activity oprotectit from heat stresBut certainlipid parameters

(averagechain length and unsaturation indehgl positively correlate t& ERCA activity

Whole Homogenate Lipid Composition

The whole homogenate lipid measures for soleus of this study are comparable to

those documented in the literatugmveral studies have measured the percent mole
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fraction of SFAs, MUFAs, n3 and n6 and ACL and Ul of whole soleus muSktp(et
al, 2015;Stefanyk et al, 201ikolaidis et al, 2004Backard et al, 1997Yhese values
were similar to those obtained indfstudy. Therefore, it can be determined that the lipid

composition of whole soleysesented in the current stugdyaccurate and representative.

Lipid Annulus Composition

The annular lipid measures for soleus in native membranes cannot be compared to
the literature since this thesis is the first to attempt to quantify the composition of the
annulus. However indirect comparisons can be made. This study found that the lipid
annulus is composed mostly of SFAs (749% mole fraction) with 12:0 and 14:0 bgi
the two most abundant (~50%As. Looking in the literature, SERCA requires a thin
membrane for ideal hydrophobic and hydrophilic matching (Lee, 2008}y X
crystallographic measurements of the hydrophobic amino acid residues of SERCA have
determinedhat the bilayer thickness of SERCA must be 21 A to ensure ideal
hydrophobic and hydrophilic matching (Lee, 2003). Another study used diPC
reconstituted vesicles of different carbon lengths to determine their associated bilayer
thicknesses (Lewis & Engelmah983). This study found that &lis achieved with 12
14 carbon PLs (Lewis & Engelman, 1983). Thus it appears that the findings in biological

membranes in this thesis agree with synthetic membrane literature.

Based on this research, it appears that tinelar lipid composition is different
from whole homogenat&he distribution of SFAs and PUFAs were significantly
differentbetween lipid fractionsspecifically the annulus contained higher SFAs and

lower PUFAscompared to whole homogenatdyich resulted m significantly different
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ACLs and Uls. Since the whole homogenate and annular lipid measures are comparable
to the literatue, thesignificant differences lipid compositionmay besolely attributed

to the lipid fraction Therefore, studyig wholeskeletal muscléssuemaynottell the

whole storyand the need to isolate and analyze the annular compasidipprove to be

important

The use of whole homogenate may not be ideal since it provides the lipid
composition of all membranes foundthin the tissuepossibly masking membrane lipid
influences at the subcellular levBirevious research has proceeded beyond whole
homogenates and hsslatedSR from skeletamuscle(Fajardo et al, 20153tubbs &
Kisielewski, 1990rnndcardiac (Taffeet al 1993})issueto develop more accurate
representation of the lipid compositioBespite isolating SR from whole muscleet
lipid composition of isola® SRin both skeletainuscleand cardiac tissue was more
similar to whole hmogenate findings thamnularin the current studgTable 2.9. Since
the isolated SR is more similar to whole homogenate than to the lipid annulus, it can be
concluded that the isolated Sy still not be satisfactory foassessingssociations with
SERCA function. It is important to mention that isolatedf&if the Stubbs & Kisieleski
(1990) studywerefrom white gastrocnemius, which is composed mostly (92%) of type
lIB fibres vs soleus muscle which is primarily (84%) tyg®¢lp & Duan, 1996. Fajardo
et al (2015) isolated SR from red vastus lateralis muscle which is compfasedtly
type Il fibres (IIA 33%; IIB 19%; IID/X 32%)Since fibre type differences result in fatty
acid compositional differencéStefanyk et al, 201@anovska et al, 2009jirect

comparisons should be done with caution. However, it can sskiokhat annular lipids
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are vastly different from whole homogenate and isolated SR lipids. These differences are

most likely due to the specific bilayer thiedss and fluid needs of SERCA.

Since the isolated SR is still not specific enough to create appropriate associations
between lipid composition and protein function, synthetic membranes, composed of
approximately 30 PL (the approximate amount of PL irSE®CA annulus, Yeagle

1989) were createdC@ffrey & Feigenson, 1981ee, 19981 ervik et al, 2012;

Gustavsson et al, 2011). However, compared to the native lipid annulus, these synthetic
membranes are different. Because of the complexity of creatingesigmiembranes,

they are overly simplified, where only one PL species, chain length and sataration

being used. As seen ajardo et al (2015) arfskubbs & Kisielewski (1990), the SR is a
diverse structure containing a variety of PLs, saturations @t chain lengths,

therefore synthetimembranes may still not be the best method of creating associations
between lipid composition and SERCA function. In fact, looking at the data from the
current study, it can be seen that the lipid annulus, despitaining such few PLs, is

diverse, containing a variety of saturation and carbon chain lengths (Table 2.4; PL species
was not measured). Thus, isolating the annulus from whole homogenate appears to be the
best method, to date, for studying how the contjmosof lipids affects SERCA function
andfuture studies should attempt to focus on the lipid annulus when examining

membrane structure influence on transmembrane proteins.
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Table 2.5 Comparison of the percent mole fraction of SFA, MUFA, n3 and n6 as well as Ul and

ACL of different lipid sources

Brock University

Lipid Lipid Whole Isolated Skeletal Muscle SR
Source Annulus Homogenate
(soleus) (Corn oil; Stubbs & | (CON diet; Fajardo et
Kisieleski, 1990) al, 2015)
SFA 79 44.5 39.55 38.9
MUFA 15.8 12.7 11.47 6.9
PUFA n3 0.5 15.4 9.77 4.1
PUFA n6 4.7 31.3 39.21 49.9
ul 33 130 116 75.3
ACL 15.1 18.0 18.08 18.01

“Lipid Annulus and Whole Homogenate values are from CON (control) dietahies for

Stubbs & Kisieleski (1990) and Fajardo et al (2015) were calculated from the percent mole

fraction of individual FA provided. SFA, saturated fatty acid; MUFA, monounsaturated fatty

acid; PUFA, polyunsaturated fatty acid; Ul, unsaturation ind€X;, average chain length
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Overall, it appears that previous research attempts to study how the membrane
affect SERCA function may not be accurate or representative of the native membrane
based onhetype of lipid source chosen. Basedtba currenstudy, it appears that whole
homogenate, isolated skeletal SR and synthetic membranes are greatly differtrd than
lipid annulus in terms of percent mole fraction of SFA, MUFA, n3, n6 as well as Ul and
ACL. As seen in Gustavsson et al (2011) minor chamgearbon chain length and
saturation have a majorfluenceon SERCA functionThus previous research not
examining annular lipid composition arounchambrane boungrotein may not provide
a clear understanding of the role of membrane structure ogirpfanction in biological

membranes.

SERCA Activity

SERCA function was measured via maximal SERCA actiiigximal SERCA
activity of CON+fed rats was found to be 38.99 pumoles/g protein/min (mean; H&dse
activities are ~ 60% lowemompared tdhhumanvastus lateraligDuhamel et al, 20Q7and
rat soleusKlolloway et al, 2006)using similar protocols One difference betweéhe
current and pagirotocols was tissue praadion whereghe currenstudyused hand
glasson-glass homogenizatiomhereas Dhamel et al (2007) and Holloway et al (2006)
usedpolytron homogenizatiohere is nothing in the literature to suggest that tissue
preparation may affect SERCA function. However it is possible that since polytron
homogenizations are usually faster théasgon-glass, perhaps the increased efficiency
or decreased amount of time spgrinding the tissue decreakthe amount of SERCA
that mayhavebeendestroyed in the process. Therefore if less SERCA is destroyed or

damaged in the process, then a higher maximal activity will occur. This is, however,
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purely speculativeAnother discrepancy is thdte currenstudy usegodium vanadate
(found in the prtease cocktailin the homogenization buffevhich can inhibit ATPase
activity (Na'/K* ATPase as weths SERCA; Socci & Delamere, 1988; Shimanda et al,
1986. Despite having lower maximal activity, comparisons can still be made between
diet groups and lipi parameters within this study. However comparisons being made to

other studies should be done with caution.

Maximal SERCA activity was correlated with lipid parameters associated with
bilayer thickness to determine if a relationship exists between SERIAty and the
composition of the lipid annulus. Maximal SERCA activity pasitively trending with
ACL (r=0.492, p = 0.053Figure 2.3)where bnger acyl chaing/ere associated with a
higher maximal activity. The bilayer thickness appears to coineitttethe hypothesis
and previous research where a thicker membrane is associated with higher SERCA V
(Lervik et al, 2012Gustavsson et al, 201Lee, 1998; Caffrey & Feigenson, 1981).
However, despite seeing a potential positive relationshipaaithon chain length and
SERCA Vjhax approximately 50% of the FAn the annulusvere 1214 carbons long,
which areassociated with a lowerdn¥x (Gustavsson et al, 2011). Specifically, previous
research has shown that SERa€yAcarbonchainsi mal ac
between 182 carbons longLrvik et al, 2012; Gustavsson et al, 2011; Lee, 1998;
Caffrey & Feigenson, 1981Thus in biological membranes with shorter acyl chains,
SERCA may be found in an environment supportive of submaximal activitsts been
suggested that although SERCA maybe in a -

may move” |l aterally within the membrane t

membrane to maximize its activity when necessary (Gustavsson et al, 2011), higgnlighti
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the potential regulatory properties of the membrane. However, this is purely speculative

and further studies would be needed to confirm this theory.

Maximal SERCA activity was also correlatedth lipid parameters associated
with fluidity where SERCA VWaxwaspositively correlated with UIr€0.722, p <0.01
Figure 2.2. Contrary to what was observed with bilayer thickngesfluidity of the
membrane was the opposite of expected and reported. Less fluid membranes are
associated with higher\ixand bwer Kca(Gustavsson et al, 201 ettherelationship
shown in the current studuggess the opposite. Considering thtelipid annulus is
more saturated than whole homogenate, it might be possible that the lipid annulus is too
saturatedor optimal SERCA functionThe only study comparing saturation and SERCA
activity was Gustavsson et al (2014 )synthetic membranewhere the greatest SERCA
activity wasfoundwith 18:1 ¢rans). However SERCA activity in the presence of 18:0 or
saturagd FAs was not studied. Perhaps, this level of saturation would have led to a
decrease in SERCA activity suggesting that the ideal fluidity for SERCA is somewhere
between SFAs and MUFAK.appears that the lipid annulus provides a submaximal

environmentdr SERCA, highlighting another regulatory property of the membrane.

A limitation associated with Gustavsson et al (20d4rig theircomparison
between saturation and SERCA activity is that only one carbon chain length was used,
specificallyl8 carbondong. It was shown that SERCA activity is greatest at 16afs
vs 18:1cisand 18:2Gustavsson et al, 2011his suggests that SERCA prefers a more
rigid, and saturated membratweobtain Vo However this relationship is only true at 18
carbons. It is uncertain if the same effect would be seen at different carbon lengths since

now bilayer thicknesand fluidity of the membrane abeing changed. In this study the
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ACL of the annulus was 15 wtti is signifcantly shorter than 18 carborgot only is
bilayer thickness being changed, bubadhe fluidity of the membraneéhorter
membranes are more fluid, evat the same saturation level sinaeder carbons involve
greater intermolecular bondSincethere arenany differences, the relationships
developed by Gustavsson et al (2011) cannot be applied to this Bhadgfore it can be
speculated that the relationship observed in this study is representative of a shorter

membrane and may be true &l similar length membranes.

Another reason for the discrepancy betwdefindingsof the current studgnd
that of Gustavsson et al (2011) is the isoform of SERCA and animalTusedurrent
studyexaminedSERCAZ2a from rat whereas Gustavsson e2@1{)examinedSERCAla
from rabbit. The use @ different animal may contribute to some differences, however
SERCA is known to be highly conservacshongmammalswithin each isoform
(Periasamy & Yanasundaram, 2007) therefore differences that mapetisen species
would be minoi(if comparing SERCA 1a between specié¢g)wever there are major
functional differences in the isoforms which may contribute to this discrepancy.
SERCAZ2a is found predominately in skawitch muscle fibres and is associated with
slower kinetics whereas SERCA1la is found in-fastch muscle fibre and is associated
with fast kinetics (Periasamy & Yanasundaram, 2007; Macdonald & Stephenson, 2006;
Szentesi et al, 2001$tructurally, these isoforms are fairly similar, where their sequences
are 84% identicalPeriasamy & Yanasundaram, 200Vigjority of the differences that
existed between the two isoforms are near the nuclebiming and phosphorylation
domains (34%), which may contribute toithlanetic differenceg¢Brandl et al, 1986)

The hydrophobic transmembrane domain was less varialdi;(Brandl et al, 1986)
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where most changes in amino acids were within their own groupp@lan amino acid
switched to another ngmolar amino acid ie Leu for GlyY.et the variation in the
transmembrane domain still exists, where SERCA isoform strudiffieeences could

result in different membrane requirements. This could very well explain the discrepancy
between this study and Gustavsson et al (26ihte SERCAla is meant to operate at
maximal levelqsince it is found in fastwich fbres)whereas SERA2a operates at
submaxima(slow-twitch). Therefore comparing the kinetics of SERCA of these two

different isoforms may not be suitable and should be done with caution.

Despite the discrepancy betweerin e ¢ u r r fexdings asdt Gustvgohrset al
(2011) regardingnembrane structure aiBERCA function, it appears that a solid
membrane may not be supportive of maximal actiiiymentioned previously, the
fluidity of the membrane allows SERCA to undergo conformational changes where too
fluid of a membane will not support each conformational state of SERCA (ie E1 to E2)
and too solid of a membrane will prevent conformational changes. This phenomenon was
observed by Starling et al (1995) who compared the activity of SERCA in a reconstituted
membrane ofigher a gel phase (solid membrane) or a liquid crystalline phase (fluid
membrane). SERCA activity was lower in the gel phase compared to liquid crystalline.
The reasoning behind this was that the phosphorylasitnof SERCA by ATP is slower
in a gel phas in the presence of Mg Specifically, it is the phosphate transfer that is
affected; therefore the gel phase favours the E1 conformation. This coincides with the
relationship that more unsaturatedsakeassociated with increased SERCA actiyviy

observed inthe currenstudy Therefore, the Ul associated with the lipid annulus may be
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closer to a gel phasad thesaturated annat environmeninay besupportive of

submaximaSERCAactivity.

Oneobservatiorthatis consistently being made in this study is tB&RCA
activity is not maximized in native membranes, which provides buffer room to allow the
membr ane to “move” the protein | pBa Bhisdesire
idea, that the annular comptish supports a submaximal environment for SERCA may
be attributed to the isoform of SERCA and the fibre type of the muscle. Soleus, which is
comprised of mostly type | fibres (84%; Delp & Duan 1997), is a$leich muscle and
contains SERCAZ2a (Periasa®yyanasundaram, 2007). SERCAZ2a has been
documented in the literature as having slower kinetics compared to SERCA1la (which is
expressed in fagtvitch muscles; Macdonald & Stephenson, 2006; Szentesi et al, 2001).
The decreased kinetics of SERCA2a supporesl eus’ sl ow contraction
increased resistance to fatigue (Macdonald & Stephenson, 2006; Szentesi et al, 2001).
Therefore, it makes sense that SERCAZ2a operates at submaximal activity and the lipid
annulus supports this environment. This submakiegulation is also seen with PLN
and SLN where both regulatory proteins are expressed with SERCA2a whereas SLN is
only foundwith SERCAla (Fajardo et al, 2013; Asahi et al, 2002). Furthermore, the idea
of superinhibition exists, where the presence ofi lbegulatory proteins further
suppresssSERCA2afunction than when expressed in isolation (Fajardo et al, 2013;
Asahi et al, 2002). Therefore it appears that the need for SERCA2a to operate at
submaximal activity is there as both protein and lipid requygbroperties exists to

provide this environment.
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High Saturated Fat Diet

Looking at the whole homogenate, the HS&t thiad no change in SFA content
compared to the CON diethik is contrary to Anderssaat al (2002where high SFA
diet (butter kgh in 14:0, 16:0, 18:0)ead tosignificant increaesin 14:0, 15:0, 17:0in
humanvastus lateralisnuscle(percent mole fraction of SFA was not calculated)
compared to MUFAHowever another study by Abbott et al (2010) found no difference
betveen a diet higin SFA (coconut oil high in 8:0, 12:0 and 14:0) and a control diet
Specifically, there was no significant difference between percentfract@nsof SFA
between diets, but there was a significant increase in 14h@ imgh SFA dietln both
studies (Adersson et al, 2002; Abbott et al, 2010), it appears that individual SFAs,
specifically 14:0 PL in skeletal tissue, is more responsive to the diet in both humans
(vastus lateralisand ratymedial gastrocnemiusiHowever, in this study there was no
change in 14:0 content in rat soleus musdéspite having a highmountof 14:0 in the

diet Overall it appears that SFA content as a whole is not responsive to the diet.

As for individual FAs, there was a significant increase in 18:0, 18:1, and a
significantdecrease in 18:3n3, 22:6n3 and 18:2n6. Looking at the lipid composition of
the diet (Table 2.2KISF diet had significantly higher 18:0 and 18:1 and significant lower
18:2n6 compared to CON diet. This shows that diet was reflective in whole homogenate
musde on an individual FA basis. Furthermore, a study by Janovska et al (2009) found
that the PL FA profile is fibréype dependent, specifically, soleus muscle (vs extensor
digitorum longus muscle; EDL) preferentially accumulated C18 (18:0, 18:1 and 18:2n6)
over C16 and n6 PUFAs over n3. This exact profile was seen in this stadhy be

attributed to sol eus
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(desaturasé, elongasé and elongas6) compared to EDL based on their different
metabolic needs (soleus, oxidative; EDL, glycolytic) (Janovska et al, 2009). Therefore the
lipid changes that were observed due to dietary intervention on whole homageryate

be due tdibre-typecomposition

Looking atother FA groupsthere was a significant decreasa6PUFAs
(18:2n6) in rats fed HSF vs COMhe HSF diet had significantly lower n6 PUFAs
compared to CON. The literature has shown that changes in dietary n6 PUFAs (Ayre &
Hulbert, 1995) does result in subsequent chaimgesiole skeletal muscle lipid
composition. Looking athe current studyt appears that n6 PWcontent wathe most
sensitive to the diet. PUFAs have the grea
inability to synthesize these FAle novo(Hulbert et al, 2005; Abbott et al, 201The
skel et al mus cl e metmbiet\was méasured by Abbpai e(2009Y e ne s s
where they plotted muscle FA composition vs dietary FA composition and measured the
slope. A slope of 1 indicated that the memnigraompletely conformed to the diet. PUFAS
as a whole are not more responsive than MUFAs (0.10 vs 0.11 respectively), however
when PUFAs were separated into n3 afdn6 was more responsive the$(0.23 vs
0.14, respctively) (Abbott €al 2009). This eglains why there was a significant change
for n6 PUFAs and not for n3 PUFAs despite the HSF diet containing significantly lower
amounts of both n3 and n6 compared to COMerall it appears that the diet was
moderately reflective in whole soleus muscle vehgercent mole fraction o6 PUFAS

wasaffected.

Despite seeing some changes to the PL content of whole homogeedigd

composition of the lipid annulus was completely conserved aswsgeeno significant
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changesn response to the HSF didthe ability to conserve the lipid annulaund
SERCA maybe attributed to the need to conserve SERCA function and maintain
thermodynamic favourabilityf the annulus was responsive to tH8F diet, creating
shorterandmore saturated membrane, iutthchange the bilayer thickness (shorter) and
fluidity (more rigid) of the annulus, thereforapactingSERCA functionOne
mechanisnio explain annular lipid conservation in the face of dietary charmdd be
related tahydrophobic matchingvherethe hydrophobic and hydrophilic regions of
SERCA interact with the appropréategions of the amphipathic PL creating an
energetically favourable system (Anderssen & Koeppe, 200[gn mismatch occurs,
the membrane exhibits stress in the form of compressidexension, so it must
rearrange the membrane, using energy, to return SERCA in a more favourable
environmen{Anderssen & Koeppe, 20QBy conserving the structure of the lipid
annulus in the face of dietary manipulatiorensures that thermodynames met and
that SERCA can functiorDtherwise SERCA dysfunction may occur which can lead to

negative effects, which will be discussed laterglications ofResearch

One possibility of the diet having minor effects on Pimposition in whole
homogenatandno influence oripid annulusmay be relatequantity of fat and/or the
duration of the diet. The HSF diet was 20% lard by weight or 41% energy from fat
compared to CON which was 7% soybean oil or 17.2% energy from fat (Miotto et al,
2013). Looking at other studies that showlezt-mediatecchangesn membranes of
whole muscle and individual organelles (SR, mitochondria), the quantity of fat varied
from 1260% energy by fat (Fajardo et al, 20 Mhibott etal., 2011 Hoeks etal., 2011;

Janovska et al, 2009; Taffet et al, 2003; Andersson et al, 2902:& Hulbert, 1995;
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Stubbs & Kisielewski et al, 1990). Since dietary changes were observed in quantities of

fat significantly lower than this diet, it can be concluded that the quantity sifidaid

have beeimigh enough to elicit an effect. As for dticen of the diet, these same previous
studies lasted from 3to 20 weekble currens t udy’ s dur ati on i s at
spectrum(17 weeks) thereforthe duratiorshould be sufficiento elicit an effect. Overall

the study design was strong enbugpotentiallyobserve changes in PL composition of

whole muscle and lipid annulus therefore lack of changggbe explained by other

factors.

A potential factor for the lack of dietary effect on tiped composition of the
annulus is that the Wistaats underwent pregnancy and lactatias the current study
was part of a larger studregnancy and lactation do have an effect on lipid metabolism
however, to the author’s knowledge, no stu
compositional differeres due to the increased metabolic demaeds with pregnancy
and lactationHowever, one study did measure the lipid content in plasma during
pregnancy and lactation of ruminant animals (Dawes & Shelley, 1D68hg
pregnancy, the lipids consumed in thet are being used for neural developmnior to
parturition, there is a sharp increase in plasma lipids due to the increased metabolic
demands of labour (Dawes & Shelley, 1968)weverpostparturition plasma lipid
levels dropped and theénseagain once lactation began (Dawes & Shelley, 196&).
increased metabolic demands of lactation are the reason behind the rise in plasma lipids
as well as for milk productiohis phenomenon of increasing plasma lipid is explained
by the fact that durig late pregnancy the body enters a catabolic state, breaking down

adipose tissue to create free FA, as it becomes the primary fuel source in attempt to
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conserve glucose and amino acids (Lain & Catalano, 2007; Butte, 2000; Homko et al,
1999).The same effads observed during lactation where lipids become the primary fuel
sourceand is being used for milk producti¢Btuebe & RichkEdwards, 2009)Since

lipids are the primary fuel sourckiring pregnancgnd lactationit may be possible that

the fat being ansumediuring thestudywasbeing divertedo oxidation/neural
development/milk productiobecause of the increased lipid metabolic demand, instead of
being used for Pkemodellingof the skeletal membran&herefore the lack of annular

changes could bexplained by this phenomenon.

High Saturated Fat Diet and SERCA Activity

It was hypothesized that a HSF would result in annular changes (shorter, more
saturated) which would increase SERCA activity. Howeverimal SERCA activity
wascompared between digroupsand there were no significant differences (38.99 vs
44.01 pmoles/g protein/min for CON and HSF respectiv8ly)ce there were no annular
changes, ant is assumed thaipid composition is related to SERCA activitywas
reasonable to not seédferences between diet groupgslack of change to SERCA
activity inresponséo a HSF diet has been seen previously. A study by Stubbs &
Kisielewski (1990) fed rats either a fish or corn oil diet for 4 we€ksre werdaliet
mediatecchangegFish: ingeased 20:5n3, 22:5n3 and 22:6n3; Corn: increased 18r2n6)
the isolatedvhite gastrocnemiuskeletalmuscleSR; howeverSERCA activity did not
change. Their presented theory was that bilayer thickness did not ¢d&ligeemained
the samge18.08corn vs18.50 fish) hence why SERCA activity did not change either.
Despiteobservingchanges in saturatiql; 58 corn vs 65.4Xish), the authors believe

that saturation is not a SERCA function modulaittowever, withthe currenstudy,it
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has beeshown thathe lack of change in SERCA activityay bedue to the conservative

nature of the lipid annulus.

Heat Stress

Contrary to what was predicted, HSF did not protect SERCA from heat stress
(Figure 2.1) A previous unpublished studhy FajardomeasuredoleusSERCA heat
inactivation between control (5% kcal of fat) and high fat diet (42% kcal of faty@t 37
for 0, 30 and 60 min. Thekgereno significant effect however there was a trefj=
0.11)thatthe high fat diet had a lower % SERCA inactivatafter 60 min. It was
speculated that the high fat diet wastpcting SERCA from heat stress by changing the
lipid environment surrounding SERCA into a more saturated one whidtestially
allowing maintenance diunction. This approach was replicatedthe current study so as
to determine ithemembraneavasinvolved in SERCA heat protectioHowever this
study showed that the HSF diet did not change the lipid annulus. This could explain why
there were no significant differences in SERCA inactivalietween dietdespite
Fajardo observing a trend, there was no significant difference therefore it is possible that
a HSF has no effect on SERCA heat protection due to the lipid annulus conserving its
lipid composition. It is still possible that a more saturated lipdrenment is beneficial
for SERCA during heat stress; however, the lipid annulus remained unchanged even with
dietary perturbation, therefore it may not be possible to test this theory in native

membranes.

Although this effecbf diet, lipid composition ad heat stress affecting protein

functionhas not been shown directly, another studyr§glouhidou et al (2006) found
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that mitochondrial membraséa site for reactive oxygen species productisajemore
saturated and less polyunsaturatethpared to wHe tissue lipid making it more

resistant to peroxidative damage. Therefore, if the membrane composition is being used
to protect mitochondrial proteins from oxidative damageay be possiblthat the same
effectmayoccur in the SRSituations where t1SR may be susceptible to oxidative
damage are aging, exercisgperthermiaand certain diseas (such as muscular

dystrophy) (Vigna, 2008). Therefore nitay benecessary for the cell to develop methods

of protecting SERCA through Siid composition If using the membrane is sufficient

for protecting mitochondria from constant oxidative damage, thepdassiblethat it will

be suffigent for protecting the SRt is important to highlight that the stress being applied
in the currenstudy is heastress and not oxidative stress. Heat stress occurs when there is
an increase above basal temperature resulting in protein unfolding, aggregation and
degradatior{fRhoads et al, 201%oti & Csermely, 2007; Roi Roti, 2008; Caspani et al,
2004; Lindquist, 186). Oxidative stress occuvehenthere is an increase in reactive

oxygen species which also lead protein unfolding, aggregation and degradation as

well as lipid peroxidation.Rhoads et al, 20)3Although these stressaee different, heat
stress doglead to oxidative stregs oxidative skeletal musci&khoads et al, 2013)
Thereforeheat stress can be used to simulate an oxidative stress environment. Just as
observed by'salouhidou et al (20Q6the saturation of the lipid membramaybe a

protective mechanism to prevent lipid peroxidaiimthe SRthat occurs in oxidative

stress brought on by heat stress.

Looking at thereductionin SERCA activity from Go 60 min at 37°C and

correlating this to Ul and ACL, there was a positive relatigmni&ir both(p < 0.05
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figures 2.4 and 2)5As unsaturationncreased, there was an increase in the change of
SERCAactivity; therefore a more saturated membrane is protective of heat stress. This
makes sense since PUFAs are more susceptible to oxidativege (Hulbert et al, 2005).
Additionally, studies in dystrophic migezhose muscle is highly susceptible to oxidative
damagefound that a diet high in saturated fat improved muscle strength and function
(RadleyCrabb et al, 2011 Since SERCA activity is necessary for muscle strength and
function, it would suggest that the high fat diet, which is lower in saturation, protected
SERCA from the stress associated viitB. Although the diet had no effect on the lipid
annulus, the sanpattern of saturation preserving SERCA function can be #eisn.
possible that in a diseased state, the annulus may be more receptive of the diet in order to
preserve SERCA functidmence why RadlegZrabb et al (2011) observed protective
effects of a HE diet andhe currenstudy did notHowever this is spetative and has

not been directly studied, although there are studies that measured the differences in
whole and SR lipid composition between normal and dystrophic mice. All of the studies
(Futo etal, 1989; Mrak & Fleischer, 1982; Owens & Hughes, 1970) reported a decrease
in PCand increase in Péontent inmdxmice vs normal awell as a decrease in 16:0,
22:6and 18:2and a increase in 18:0, 18:1All of these SR membrane changes coincide
with maximal activity of SERCA as found by Gustavsson et al (2011) where SERCA
VmaxWas greatest with PE, 18:1 trans FA. This might be a mechanism to preserve
SERCA function where MD inactivates and decreases SERCA funttienefore there

is some evidence tauggest that the SR membrane will alter itself in response taaviD
preserve SERCA functignherefore it may be possible that the annulus would have

changed in amdxmodel as well.
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Looking at average chain length, as ACL increased, so dig:thetionin
SERCA activity This suggests thatlonger, thicker membrameay belessprotectivein
the face ohea stress. Chain length alominversely proportional to oxidation, therefore
longer chains are less susceptible to oxidation, opposite to whabsawed with
unsaturation (Hulbert et al, 2005). However the length itself may not be protective, but
that longer chains are usually associated with higher degree of unsaturatiking at
Table2.2, the ACL of detectable PUFAs, MUFAs and SFAs was208nd 14
respectivelyAdditionally, ACL was positive correlated with Up& 0.05). Therefore
longer chains are associated with a higher degree of unsaturatiariciogvs suit that

longer more unsaturated chains resulted in the greathsttionin SERCA activity.

A potential reason why the diet was not protective in heat stress but was protective
in the RadleyCrabb et al (2011) study is the amount of stress being used. Radlely
et al (2011) used dystrophic mice, where the only stress beingadjgpbxidative stress.
This is in contrast tthe currenstudy which used heat stress, which also leads to
oxidative stress. Therefore there was an extra stress being imparted on SERCA which the
HSF diet could not protect. Perhaps in an oxidative semggsonment, a HSF diet is
enough to protect from lipid peroxidation and maintain SERCA function but with the
addition of heat, diet is not enough. Therefore the theory that HSF diet can protect
SERCA function from oxidative stress should not be dismidsetire studies should
attempt to impart an oxidative stress environment without the use of heat to determine

whether the diet is protecting SERCA from stress.

Another potential reason why the diet was not protective of heat stress is that it

may be affeting HSP70 expressioRrevious studies using monkeys have found that a
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diet high in saturated fat (35% fat from calories) significantly decreased HSP70 protein
expressionn biceps femoris after 6 years of nutritional strig&svanagh et al, 20127
similar observation was seen with rats in soleus muscle who were fed a H&0%dht
from calories) for 6 weeks where there was a trend for degulation of HSP70

(p<0.1Q Gupte et al, 20091t has been proposed that a HSF diet lowers HSP7& leve
due to the development of insulin resistariéhough insulin resistance and/or HSP70
protein expressiowerenot measureth the current studyit may be possible that the lack
of protective effecmay bedue to this phenomenon. However, the HSF dithave
higher SERCA W,axat all time pointg0, 30 and 60 minalthoughit was not significant.
Thus the theory that the HSF diet decregsetein expression of HSP70 is not likely.
However this is purely speculative at this point and future reselocidsaim to resolve

how a HSF diet actually protects against heat stress.

Conclusion

In summary, this study was the first to analyze the lipid annulus of SERCA in a
biological membrane and relate it to its functidhis is important,since the lipid annulus
of SERCAappeared to beifferent from whole homogenate. This stresses the importance
of isolating the lipid annulus of SERCA when associatirgnbraneeomposition with
protein function. Making these associations with whole homatgeor even isolated SR
may not provide accurate resultSontrary to what was hypothesizéide lipid annulus
composition remained conserved when a HSF diet was imposed, while the whole
homogenate changell was speculated that since the diet has beewrsioinfluence
membrandipid composition similar results would be seen at the annular level. The lack
of annularipid changesuggests that the lipid annulus composiaooundSERCA
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remained conserved amlintegral forprotein function Giventhe det had no effect on

the lipidannulusjt may help explain the lack of differenceSiERCA Vinaxand %

reduction by heat stress between diet groups. However, when SERGandreduction

in SERCA activity (after 60 min) was correlated with ACL and significant positive
relationshipsvere seenThis suggests that SERCA function is impacted by lipid annulus
composition, specifically longer, more unsaturated FA is associated with greatany

is less protective of SEEA during heat stress.
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Chapter 3.0 General Conclusions
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Implications of Research

Ducheme musculardystrophy DMD) is a disease characterized by muscle
weakness and wasting due to the lack of dystrophin, a cytoplasmic protein that connects
the muscle fibre to the exicellular matrix Hyser, 1989; Hoffman, Brown & Kunkel,

1987; Mastaglia & Walton, 1982Without functional dystrophin there is increased
myofibre membrane fragility, myofibre necrosis and replacement of skeletal muscle with
fibrous connective tissu¢lpffman, Brown & Kunkel, 1987; Bridges 1986; Dubowitz
1985. The cause of necrosis is still uncertain however increased intracellular calcium and
elevated oxidative stress are among many speculated mechaBrisiise§ et al; 2004,
Nethery et al, 2000; Kuznets et al, 1998 Increased intracellular calciumin-part, due

to dysfunctional SERCASchneider et al, 2013)n-fact DMD isoften used as a model

for SERCA dysfunction. Previous animal studies usintbxmice a genetic mouse model
lacking dystrophirthat is widely used for prelinical DMD researchRadleyCrabb et al,
2011),have found that SERCA mitigation leads to the improvemebMiD phenotype
(histological and biochemical markers@D; Goonasekera et al, 201This shows

that a linkmay exi$ between SERCA function and DMD.

Improving SERCA function has been one proposed option for treatment of DMD.
Due to the elevated oxidative stress associated with DMiasibeemroposed that
induction of Hsp70, a heat shock protein involved in refoldiegatured proteins during
times of stresgoxidative and heatwould benefit SERCA function in DMD by
preventing SERCA inactivatiodue to oxidative stresghis effect was observed as
genetic and pharmacological induction of Hsp70 improved SERCA funatidthe
pathologyof DMD in mdxmice (increased muscle force production, decreased markers
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for damage and necrosis; Gehring et al, 20ARhough promising, genetimanipulation
in humans is not reasonable, githrmacologicalreatments may not be safiéhus other

methods have been explored.

Alternatively, there are dietary measures that produce sinesaltsto those
observed with pharmacological and genetic induction of Hsp&udy by RadleyCrabb
et al,(2011) demonstrated that a high saturated fat (HSF; 16%dietlyas effective in
improving running ability and decreasing myofibre necrosimdixmice. It is speculated
that the diet increased the amount of saturated FA in the lipid annulustipgpitsfitom
oxidative damage. Ouesearch aimed decipheringvhether the positive effects of the
HSFdiet, as seen in Radlgyrabbet al,(2011)weredue to annular changes which
protected SERCA from heat stress. Although no significant changes weiia ggen

study, this may be due to differencestire modelexamined WT rat vsmdxmouse).

Before finding methods to improve SERCA dysfunction, it is beneficial to
understand how SERCA is regulated in a healthy ¢tyiet) setting. By understanding
how themembrane and other lipldound proteins regulate SERCA, the development of
future treatment strategies can ocdurese regulations include, but are not limited to,
hydrocarbon chain length, unsaturation, PL headgroup and PLN/SLN intenattion
SERCA By finding ways to alterttese regulators, through diate can find suitable

treatments for humarthat are safe and effective.
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Strengths and Limitations

Strengths

There are several strengths associated with the design of the study, especially the
duration of high fat feeding. The rats were kept on their respective diets for a total of 17
weeks, whictshould be sufficientime for dietmediated influencen membranépid
composition Previous studiesHajardo et al, 2015Abbott etal., 2011, Hoeks etl., 2011;
Janovska et al, 2009; Taffet et al, 2003; Andersson et al, 2002; Ayre & Hulbert, 1995;
Stubbs & Kisielewski et al, 199@ound significant membrane changes after dietary
interventions from 3 weeks to 2@eeks. Additionally, the quantity of fat in the high
saturated fat @t (20% lard by weight or 44 by energyshouldalsobe sufficient, ast
was similar tgorevious studig(12-60% by energy) Fajardo et al, 2015Abbott etal.,

2011, Hoeks etl.,2011;Janovska et al, 2009; Taffet et al, 2003; Andersson et al, 2002;

Ayre & Hulbert, 1995; Stubbs & Kisielewski et al, 1990

Another strength is the novel method of isolating lipid annulus and analyzing
its lipid composition. This allows the ability to directly associate the lipid composition
and SERCA function, since these lipids are the ones directly in contact with SERCA.
Additionally, it was discovered throughray crystallographythat thehydrophobic region
of SERCA (which is related to bilayer thicknes§ SERCA is 21 AlLee, 2003) which is
comparable to 124 saturated FA (Lewis & Engleman, 1983nc¢e the ACL of outipid
annuls was 15, ~50% of which waesempo®d of 12:0 and 14:0, it provides support that
thenovel techniqueised in the current studiyay beaccurate and representative of the

lipid annulus.
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Limitations

One limitation in the studis theanimals sampled had underggregnancy and
lactationin addition to the diet manipulatiofthe mainstudy, of which this thesis was a
subsetwas designed to measure dietary genetic programming in offspring (Miotto et al,
2013). Since both diet groups underwent pregnancy and lactation, relative comparisons
can be made. Additionally, pregnancy and lactation does affect lipid metabolism,
however no studies to date have measured whether the lipid composition of skeletal
muscle changes as a reslilhas been observed in ruminant animals that there are
changesd lipid content in the plasma during pregnancy. Specifically, there is a sharp
increase in plasma lipids prior to parturition due to increased metabolic demands (Dawes
& Shelley, 1968). Plasma lipids then dropped before rising again during lactation, due t
increased metabolic dema(idawes & Shelley, 1968Although speculative, it might be
possible that the fat being consumed by the diet was being diverted for the increased lipid
metabolic demand, instead of being used for the PL construction of theakkele
membrae. Therefore the lack of anamichanges could be explained by this
phenomenont-uture research should aim to replicate this study using animals that have

not undergone pregnancy and lactation.

Secondly, this study primarily focused on protkid regulation. However,
SERCA can also be regulated through prefeitein interactions. It is possible that the
membrane affected how SERCA and its regulatory proteins interacted. Specifically, a
previous study noted that the composition of the mengbadfected the conformational
state of PLN(R vs T)which affects its regulation with SERCA (Gustavsson et al, 2013).
WhenPLN is reconstituted in isolated native membranes, the addition of negatively
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charged phosphatidylglycerol promotestate conformation, which allows PLN to
inhibit SERCA (whereas R state does not) (Gustavsson et al, 201.8)udies to date
have lookedat SLN. It is possible that shorter, maagurated FA mmote SLN PLN:
SERCAiInteraction pranotinginhibition (hence the submaximal activity that was
observed)Future research shoutdnsider how SLN and PLN interaction with SERCA

changes when the composition of the annulus changes.

Thirdly, the low lipid content posP preverted the separation of the PLs by
headgroup.Due to lack of substrate and tissue availability, the lipid content could not be
increasedPL headgroup is a potential regulator of SERCA and it should therefore be
explored furtherCholesterol content was nmteasured either despite being a potential
regulator of SERCAFuture research should aim to study the PL head groogposition

andcholesterol contertf the lipid aanulus in biological membranes.

Future Research

Future work should examine how PLN/SLIRL, head group and cholesterol affect
SERCA function in biological membranes. All three components have been documented
in the literature as important SERCA regulators. A more appropriate and efficient
method such as crosinking, should be developed, to study how SLN/PLN interact with
SERCA based on the lipid annulus. PL head group could be measurethissing
techniqueof isolating SERCA through immunoprecipitation followed by lipid analysis
pending access to more substi@ieh as agarose beads, and antibahg tissue
availability. Massspectrometry is another technique that could be used for measuring PL

since it is far more sensitive than TAGC.
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In regards to SERCA activity and heat strélssre is an assumption thaa
stresds comparabléo the stress imparted by muscular dystrophy, which is-éolifg
stressor. Therefor¢ghe norexistent effects of diet on the lipid annulus could be due to
the limited duration of stressomething longer than24 hours Perhapsising a
dystrophic modelvould result in significant changes to the lipid annulus following a high
saturated fat diePrevious research, using miahce, did show that a HF diet did udtsin
improved muscle function (Radlgyrabb et al, 2011). It igossilly due to annular

changes and SERCA protection, howetss is entirely speculative.

In addition to potential annular differences following a HSF dmet lipid annulus
in a dystrophic COMNed rodent may also prove to be significantly different thandhat
WT CON-fed rodent This could belue to the constant presence of stress which results in
the body’ s need to prot ec tAsiBiaRR@eécouldbect i on
observed when comparing dystrophic Hf@B rodent with WT HSHed rodent. t would
also be reasonable that the lipid annulus might be significantly different between CON
fed and HSHed dystrophic modelgossibly due tdéheincreasedeed to protect SERCA
from oxidative stress. However this is still speculatibimerefore futurstudies should
repeat this study but in andxmodel to see howndif the lipid annulus can change with

a HSF diet and whether it protects SERCA from heat stress.
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APPENDIX I: LABORATORY PROCEDURES

Part I: Sample Preparation
REAGENTS

1. Homogenization Buffer
- 250 mM sucrose
- 5mM HEPES
- 10 mM NaN
- pH75

2. BSA standard
- 1mg/ml of BSA
- Store-20°C

3. Bradford Buffer
- Dilute 1 part BieRad Protein AssaDye Reagent with 4 parts DDW

PROTOCOL
Homogenization

1. Take 10 mL of homogenization buffer and dissolve one tablet each of protease () and
phosphatase () inhibitors. Keep on ice

Take glass homogenizer and add 500 pl of homogenization buffer. Keep on ice
Weigh muscle sample and add it to homogenizer.

Add homogenization buffer so 11:1 (w/v) is achieved (accounting for the 500 pl)
Manually homogenize on ice (~5 min)

Transfer samples to eppendorfs

o gk whN

Protein Determination

1. Make up or remove BSA standard fre20°C
2. Make up standard:

Final protein Volume of BSA (ul) Volume of dH,O
concentration (mM)
1 Leave as is 0
0.5 500 from 500
0.25 500 from 500
0.125 500 from 500
0.05 100 from 900
0 0 Leave as is

3. Pipette the 5 pl of sample into §bof dH,O, vortex.
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4. Pipette everything in 10 pl amounts in micropipette plate in triplicate
5. Add 200ul of Bradford reagent to each sample
6. Letincubate for 5 min then read absorbance at wavelength 595 nm
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Part Ila: Immunoprecipitation for Lipid Analysis
REAGENTS

1. Blocking Solution. pH 7.4

1% BSA in PBS

2. 10X Phosphatduffered saline (PBS)pH 7.4

137 mM NaCl
2.7 mM KClI

4.3 mM NaHPQO,
1.42 mM NaHPO,

3. 2x colP buffer

300 mM NacCl

40 mM HEPES

2 mM EDTA

10 mM MgChb

1% Tween (v/v)

pH to 7.5 andtore-20

4. Wash Buffer

150 mM NacCl
25 mM Tris Base
pH to 7.2 and store a20

5. Elution buffer

100 mM Glycine
pH to 2.8 and store a20

6. Neutralizing Buffer

1M Tris Base
pH to 9.0 and store a20

PROTOCOL

Couple antibody to amigG-coupledagarose beads

1.

Pipet 30QiL of the suspension of goat antiouse IgG coupled to agarose beads
[1:1(v/v)] into a microcentrifuge tube.

. Wash beads by addingsIml PBS, shaking gently, and microcentrifuge 6 seconds at

max speed, room temperature. Discard supernatant.
Repeat wash. Discard supernatant
Add 40ug of antibody to the bead pellet, amem bring to a final volume of BQIL
with PBS. Incubate overnight 4tC with constant shaking on an orbital shaker.
Wash the coupled beads by adp1l.5mL blocking solution to the pellet, incating
15 min at 4°Gwith sporadic shaking, then microcentrifuging 6 seconds at maximum
speed, room temperature. Discard supemata
Repeat wash with blocking solution twice.
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7.

Wash once with PBS solution

Immunoadsorb and collect vesicles

1.

Add 1600 pg of protein to@pl of 1xCo-IP bufferto the coupled beadadd 400

pl of 2x CoIP solution and vaime of sample to achieve Bug ofprotein and fill
up to 800 jkwith water). Incubate beads overnight &C4with shaking on an orbital
shaker.

. Centrifuge for 1 min at 20 500g. Collect th®0 | of supernatant to measure

unabsorbed proteins, and then work with the pellet (agarose behtiseavesicles
bound to them).

Wash pellet three times (~5 min on rotator in fridgéh 1x colP buffer by adding
1.5 ml and then centrifuging 1 min at 20 500 x g (Quad centrifuge). Discard
supernatant.

Wash one last time with.3 ml of wash buffer (5 m in rotator in fridge).
Centrifuge 1 min at 20 500 g

Elute the adsorbed matarifrom the beads by adding 144 pf low-pH elution
buffer. Incubate 15 min on ice and flick periodically.

Centrifuge 1 min at 20 500 g (Quad centrifuge). Collect the suaain@luted
material from the beads, containing the proteins that were bound as well as the eluted
antibody) andadd 8y L neuftralization buffer.
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Part IIb: Immunoprecipitation for Western Blot

REAGENTS

1. 5x Laemmli Sample Buffer

1.75 mL 0.5MTris-HCI pH 6.8

4.5 mL glycerol

2 mL of 25% SDS (0.25 g per ml T+#4Cl)

0.5 mL of 0.25% Bromophenol Blue (25 mg in 10 mL water)
1.25 mL betamercaptoethanol

Rest are same as above

PROTOCOL

Couple antibody to arigG-coupled agarose beads

1.

6.
7. Wash once with PBS solution

Pipet 7%L of the suspension of goat amtiouse 1gG coupled to agarose beads
[1:1(v/V)] into a microcentrifuge tube.

Wash beads by adding 1 ml PBS, shaking gently, and microcentrifuge 6 seconds at
max speed, room temperature. Discard supernatant.

Repeat wash. Discardgernatant

Add 10pug of antibody to the bead pellet, amem bring to a final volume of 5L

with PBS. Incubate overnight at 4°C with constant shaking on an orbital shaker.
Wash the coupled beads by aad0.5mL blocking solution to the pellet, incating

15 min at 4°Gwith sporadic shaking, then microcentrifuging 6 seconds at maximum
speed, room temperature. Discard supernatant.

Repeat wash with blocking solution twice.

Immunoadsorb and collect vesicles

8.

Add 400ug of proteirto 200l of 1xCo-IP bufferto the coupled beadq#add 100 pl

of 2x CcaIP solution and valme of sample to achiev@@ug of protein and fill up to

200 u with water). Incubate beads overnight &4wvith shaking on an orbital

shaker.

Centrifuge for 1 min&20 500g. Collect th&80 | of supernatant to measure
unabsorbed proteins, and then work with the pellet (agarose beads and the vesicles
bound to them).

10.Wash pellet three times (~5 min on rotator in fridgéh 1x colP buffer by adding

0.5 ml and therentrifuging 1 min at 20 500 x g (Quad centrifuge). Discard
supernatant.

11.Wash one last time with.3 ml of wash buffer (5 min in rotator in fridge).
12.Centrifuge 1 min at 20 500 g and collect 180 ul of supernatant to blot for the last

wash.

13. Elute the adsorlskmateral from the beads by adding 36 pf low-pH elution

buffer. Incubate 15 min on ice and flick periodically.
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14.Centrifuge 1 min at 20 500 g (Quad centrifuge). Collect the supernatant (eluted
material from the beads, containing the proteins that waredas well as the eluted
antibody) ancdadd 2py L noefut r al i zati on buffer. Add 9
analyze by SDFAGE. If using PLN or SLN boil at 95°C for 10 min.

15. Add 45 pl of 5x buffer to the 180l @wf unabsorbed proteins collectedstep 2 abve,
and another 45Iof 5x buffe to the 180 juof the last wash in step 4 above.

For the western blot you can bliot this order: IP, Wash, Unbound

REFERENCE
Zorzano A & Camps M (2006)solation of Ftubules from skeletal muscl€urr Protoc

Cell Biol Chapter 3, Unit 24.
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Part Ill: Lipid Extraction
1. Add 152 pl of IP samples or 250 ul of homogenized sample to a kimax tube
2. Add 3.75 mL of Chloroform:Methanol [C:M; (2:1)], vortex well (2 min)
3. Add 1.25 mL of chloroform, vortex (10 sec)
4. Add 1.25 of HPLCgrade water, vortex (2 sec) until noticeable colour change (white)
5. Centrifuge 2000RPM for 6 min
6. Aspirate the top phase and then remove
pipette i.e. Bottom phase

7. Use mediurrsized screw cap vials

REFERENCE

Bligh, EG & Dyer, WJ. 1958. A rapid method of total lipid extraction and purificatam

J Biochem PhysioB7:911.
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Part IV: Thin Layer Chromatography
REAGENTS

1. DCF Solution (for 4 L)

To4 Lmethanolwatef 1 : 1) , add ab o u-tichl@2rgfloufescain. ur at i n
Stir for about 78 hours in fume hood or covered (parafilm).

Filter out precipitate.

Wash filtrate with petroleum ether (about 500mL) in separatory funnel.

Remove lower phase (DCF) and store ankdbottle.

agrwnE

2. Tridecanoic acid (13:0)
- 1 pg/pL in hexane

- Seal with lid and parafilm and store-20°C.
3. 6% HSO,

1. For 100 mL use 94 mL methanol, cool on ice.
2. Carefully drip 6 mLs HSQO,into methanol slowly
-use a large beaker

-drip the HSO, down thesides of the beaker

PROTOCOL
Solvent Solution

1. Using clean pointed object (e.g. pipette tip), press chromatography paper into corners
of tank.
2. Make up solvent system:
hexane: diethyl ether: glacial acetic acid (70: 30L)

3. Pour into bottom of tank, covand let sit ~ 2 hour.
Samples

1. Transfer 1.5 mL sample into mini viahédry down under N
2. Add 0.5mL C:M (2:1), vortex and dry down underN
3. Add 50ul C:M (2:1), vortex and dry down underN

Plate

1. Place plate in oven at 110 C for 10 min.
2. Let cool indessicator until use.

Spotting

1. Resuspend sample in ik of C:M (2:1).
2. Spot the 1L sample onto plate using microsyringe.
3. Add an additional 3 pL of C:M (2:1) to sample vial, vortex, spot over sample.
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Rinse syringe x5 in C:M (2:1) after each sample.

4. Forblank, spot & pL C:M (2:1). (2x).
5. Place plate in chamber (leaning against back) with silica side up.
6. Takes about 30 mito run (solvent should reach top).
Spraying
1. Remove plate from tank and let dry in fume hood for several minutes.
2. Set plate in sprayinghamber.
3. Spray evenly with DCF solution.
4. Set plate in chamber containing 25% ammonium hydroxide, for about 5 minutes.
Scoring
1. View plate under UV lightSamples should remain at origin
2. Use pencito mark bands.
3. Remove excess silica (from sides and taphali razor blades
Rinse with C:M between uses.
4. Scrape each bandita kimex tube *** (use weight paper as a funnel)
*** Mini stir bars (precleaned with C:M) were added to Kimizbeswhich should be
prerinsed with C:M, then vortexed.
REFERENCES

Kupke, I.R., & Zeugner, S. (1978). Quantita high-performance thidayer chromatography of

lipids in plasma and liver homogenates after direct applicatio

Mahadevappa, V. and Holub, B. 1987. Quantitative loss of individual eicosapenteslatiye

to arachidonoyicontaining phospholipids in thrombgtimulated human platelets.

Lipid Res 28:12751280.
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Part V: Methylation

1.
2.

w

©No oA

To each tube, add 2 mL of 6%$0,

As accuratly as possible, add 10 pL of:D3Internal standard) (Riessyringe in
Hexane)

Close tightly, and incubate overnighit 0°C in block heater and turn on stir
magnets

Cool 10 min. then break seal.

Add 1 mL HO

Add 2 mL petroleum ether, vortex.

Centrifuge 6 min. at 2000 RPM.

Extract petroleunether phase (top) into mediusized screw ial

REFERENCES

Mahadevappa, V. and Holub, B. 1987. Quantitative loss of ishai¥ eicosapentaencytlative

to arachidonoyicontaining phospholipids in thrombstimulated human platelets.

Lipid Res28:12751280.
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Part VI. Gas Chromatography

1. Dry down samples under N
Resuspend in 5001 of dichloromethane (DCM), vortex and dry down under N
Resuspend samples in fDof DCM, vortex and dry down underN
Resuspend samples in gDof DCM, vortex and dry down underN
Resuspend samples in iDof DCM, cap with cringe caps and then vortex
Inject 1l of sample at 300:1

o gk wnN

*Because only adding 10 ul of DCM samples will have to be watched. Dry down and
reconstitute samples in 10 ul of DCM 1 sample at a time. This wilivpere problems
with evaporation.

REFERENCES

Mahadevappa, V. and Holub, B. 1987. Quantitative loss of individual eicosapentesdatye

to arachidonoyicontaining phospholipids in thrombstimulated human platelets.

Lipid Res28:12751280.
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Part VII: Western Blotting

REAGENTS

1. 5x Laemmli Sample Buffer
- 1.75mL 0.5M TrisHCI pH 6.8
- 4.5 mL glycerol
- 2mL of 25% SDS (0.25 g per ml T+#3Cl)
- 0.5 mL of 0.25% Bromophenol Blue (25 mg in 10 mL water)
- 1.25 mL betamercaptoethanol

2. 10X Running Buffer
- 15.15¢g Tris Base
- 72.05 gglycine
- 450 mL DDW
- pH85
- 50 mL of 10% SDS

3. 10X Transfer Buffer
- 3.03g Tris Base
- 14.4q of glycine
- 200 mL methanol
- 790 mL DDW
- 10 mL 10% SDS

4. 10X TBS

- 24.2g Tris Base
80.06g NacCl
- 38 mL of 1M HCI
962 mL DDW

5. TBST
- Dilute 100 mL of 10x TBS in 900 mL DDW
- Add4mL of 25% Tween 20 while stirring (polyoxyethylenesorbitan
monolaurate)

6. Blocking Solution
- Add 5g of skim milk powder to 100 mL TBST

PROTOCOL
Electrophoresis preparation
1. Wipe glass plates with methanol and kimwipe
2. Assemble the glagsolding apparatuwith the short plate facing front. Ensure plates

are flush and level before locking and inserting onto the gel casting stand
3. Prepare gels (makes 2):
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8.

9.

Brock University

Percent Gel DDW (mL) Protogel (mL) Gel Buffer (mL)
30% acrylamide

4 (Stacking) 6.1 1.3 2.5 Stacking

10 (Running) 3.96 3.33 2.5 Resolving

Add 100ul of APS (30 mg/30@L) and 10ul of TEMED to running gel. Swirl and

pour until reaching the depth of the comb. Use methanol to remove any bubbles and
dump once hardened

Add 100pl of APS and 2QL of TEMED tostacking gel. Swirl and pour until the

top of the short plate is reached. Insert combs of desired size. Once hardened, remove
combs and rinse with DDW

Place gel cassettes into electrode assembly with the short plates facing inwards,
clamp down firmly and lace into minitank.

. Take whole homogenate sample and add DDW and 5X Laemmli buffer to make

protein concentration pg/ul. Use IP samples from Part IIb. Do not boil

Prepare running buffer by diluting 50 mL of 10X Running Buffer in 450 mL of
DDW

Fill inner chamber of the apparatus with diluted running buffer and add ~200 mL to
the outside of the chamber. Check for leaks.

10. Load the samples accordingly:

Sample

Standard | Wm (Pos Con)| IP Wash Supernatan

Amount

7 pl 6 pl (30 pg) 20 ul 20 ul 20 ul

11.Run electrophoresis at 12@lts for 90minutes

Transfer

1.
2.

3.

5.

6.

Prepare transfer buffer (always fresh)

Remove gels carefully, discard stacking gel, and transfer to a plastic tray to
equilibrate in transfer buffer

Create the “transfer
White/clear sidef holder
Sponge/fibre pad (presoaked in transfer buffer)
Filter paper (presoaked in transfer buffer)
Membrane (PVDF presoaked in methanol)

Gel

Filter paper (presoaked in transfer buffer)
Sponge/fibre pad (presoaked in transfer buffer)
Black side of holde

sandwi ch?”

=4 =4 =4 -8 _98_9_95_-°

. Roll out air bubbles, close firmly and place black side of holder to the black side of

electrophoresis apparatus

Fill tank with transfer buffer and the surrounding environment with plenty of ice to
prevent from cooking the gel and add a-k#ar to helpwith heat loss

Run transfer buffer at 10@olts for 60 min

Antibodies

1.

Discard gel and filter papers and transfer membrane to small dish
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2.
3.
4.
5. Add 2° antibody (goat antnouse) in 10 mL of 5% TBST skim milk solution (1:20

Block with 10 mL of 5% TBST skim milk blocking solution for 1 hour

Discard blocking solution and add 1° antibody (SBRZa) to 5% TBST skim milk
(1:1000) for 1 hour

Wash 3x with 10 mL of TBST, 5 min each

000) for 1 hour

Enhanced Chemiluminescence

=

Wash 3x for 5 min with TBST (10 mL)
CombinelmL of each chemiluminescent HPR substrate (peroxide solution + luminal
reagent) over membrane and continue to pipette over membrane for 5 min

3. Place membrane protegide down between two transparencies
4. Place the enclosed membrane, protein side up, i@thé Dock and r un
expose” function
5. If quantifying use Image J.
REFERENCES

LeBlanc, PJ, RA Harris, SJ Peters. 2007. Skeletal muscletfipercomparison ghyruvate

dehydrogenase phosphatase activity and isoform expression in fed and foodddepriv

rats.Am J Physiol Endocrinol Meta2092:E571
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Part VIII: Ca-ATPase Activity Assay and Heat Stress

REAGENTS:

1. Cc&" stock solution

10mM CaCb

2. ATPase Buffer

200 mM KCI

20 mM HEPES

10 mM NaN

1 mM EGTA

15 mM MgCb

5 mM ATP

10 mM Phosphoenol pyruvate

Heat to 37°C and then pH to 7.0 with 2 N KOH
Store at4°C

3. Reaction Master Mix

5 mL ATPase Buffer

12.7 pl lactate dehydrogenase (18 U/mL)

18 pl pyruvate kinase (18 U/mL)

10 pl of soleus homogenate

10.5 pl of C&" ionophore (Img/mL; 10 mg in 10 mL of HPlgEade ethanol)

4. Cyclopiazonic acid (CPA)

40 mM CPA (50 mg in 3.71 mL choloform)

5. NADH

1.9% (w/v) NADH (Divide mass of NADH by 19 to get volume of water)
Only good for 6 hours, keep it away from light

PROTOCOL

Cd*-ATPase activity

1.

Pipette C&" from 10 mM CaCl stock into 16 eppendorfs to get 16 concentrations
(9, 12, 15, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 29 ul). * These amounts
have been optimized for soleus and will differ on each muscle type*

Add 1 pl of CPA to last tube to maas basal SERCA activity

Reaction master mix was made

Reaction master mix was vorted and 300 pl mix was then added to each
Eppendorf. * Make sure you vortex the master mix every 4 samples to ensure the
EGTA remains dissolved and does not sit at bottorlwé*

100 pl of each tube was added to a 96 well plate. Each Eppendorf was vortexed
before being transferred and run in duplicate.
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6. 2 ul of NADH was added immediately prior to running, using a repgappette
*this needs to be done quickly and accuratslyhés is the substrate that starts the
reaction*

7. Plate is loaded onto Spec Plate reader and complete a path length correction read
* this corrects the path length to 1/3 cm*

8. Then read plate on Spec Plate reader for kinetic assay * Temp 37°C, 30 min at
340nm).

9. Absorbance is converted to absolute values and then absorbance from CPA
Eppendorf is subtracted from all the othef @ancentrations to remove any
ATPase activity from other proteins

100.Concentration of NADH is det eeomspeced uUS
readergz4=6.22 | = 1 (absorbance is already
length)]

11.Correct for volume of sample (1Q0). This provides mmol/min of NADH being
absorbed

12.Use Bichinchoninic acid (BCA) protein assay to determine prat@icentration.
Protein concentration will be used to normalize the rate of NADH absorbance.
13.NADH rate is 1:1 with ATP hydrolysis which equals’GATPase activity

Heat Stress

Ca*-ATPase activity of soleus was measured at time point 0

Soleus was then inbated in a water bath (37°C) for 30 min

Cd*-ATPase activity was measured again using the incubated soleus

Repeat for time point 60, 90 and 120.

Calculate C&-ATPase activity for each time point and ratio of activity from time
point O will provide redudbn [(activity 30 min)/ (activity O min) = % reduction
after 30 min]

arwnE
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APPENDIX Il: REPRESENTATIVE WESTERN BLOTS

Part I: Determination of optimal whole homogenate protein loading

Optimal whole homogenate protein loading was determined by homogesditéas
muscle and loading a protein gradient (10 pg, 20 ug, 30 ug, 40 ug, 58ngary and
secondary dilutions (based on previous work by Fajardo, MSc Thesis, 2011) were used to
Western Blot SERCA 2a. Protein concentrations were determined by Bradfsag A

(Appendix ).

Figure A2.1 Representative Western Blots of an increasing protein concentration gradient of
whole soleus muscle homogenate probed for sarco(endo)plasmic reticulum calcium ATPase

2a (SERCA 2a; 110 kDa prate 1° = 1/1000, 2° = 1/20 000)
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Part Il: Determination of SERCA expression between CON and
HSF diet

CON HSF
CON . HSF

Figure A2.2 Representative Western Blot of SERCA expression  Figure A2.3 Ponceau stain of Wesh Blot from Figure A2.2 for

between CON anHSF diet of whole soleus muscle (1° = 1/1000,  |pading control

2° = 1/20000)
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APPENDIX I11: LIPID ANNULUS ISOLATION METHOD DEVELOPMENT

To ensure that the immunoprecipitation was successful at isolating SERCA, western
blotting was performed.ooking atFigures A3.1-A3.4, it is clear that SERCA is being
successfully isolated with minimal protein being lost in the wash and superdatastthe
protocol was considered optimized and complete, lipid analysis was performdg.geisst
the IP was lipid extracted followed BY.C which separated the PL from the neutral lipids.
The plate was charred to reveal some amount of lipid oplaite;however it was not
enough for further lipid analysis. The amount of IP was increageldl 2nd then 4old,
until there was sulfficierltpid for lipid analysis. Due to the small amount of lipid being
collected, measures were taken to ensure there was no lipid contamination which would
affect the results. All glassware, vials and caps were vigorously washed with
chloroform:methanol (2:1)ral all solvents were HPLC grade. Blanks were done with each
round of analysis to subtract any contamination that may still agdpesaimportant to note
that there is no way to ensure that the lipid being analyzed is solely the lipid annulus. It is
possble that our results may be just a smaller subset of the SR and this limitation is

recognized.
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PC NC Cl3 W SN Ci16 W SN HF2 W SN HF3 WPEN NC Cl3 W SN Cil6 W SN HF2 W SN HF3

e b

Figure A3.1 Representative Western Blot #1 of SERCA Figure A3.2 Ponceau stain of Western Blot from Figure A2.4 for

expression between CON and HSF diet of immunoprecipitated loading contral Arrow indicates 110 kDa. PC, positive control;

soleus muscle (1° = 1/1000, 2° = 1/2000Qyow indicates 110 NC, negative controlV, wash; SN, supernatant
kDa. PC, positive control; NC, negative contiM; wash; SN,

supernatant
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PC NC Cl18 W SN C22 W SN HF4 W SN HF7 W SNPC NC Cl8 W SN C20 W SN HF4 W SN HF7

Figure A3.3 Representative Western Blot #2 of SERCA Figure A3.4 Ponceau stain of Western Blot from Figure A2.6 for
expression between CON and HSF diet of immunoprecipitated loading contral Arrow indicates 110 kDa. PC, positive control;
soleus muscle (1° = 1/1000, 2° = 1/2000QYyow indicates 110 NC, negative control; W, wash; SN, supernatant.

kDa. PC, positive control; NC, negative control; W, wash; SN,

supernatant.
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