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ABSTRACT

Sarco(endo)plasmic reticulum calcium ATPase (SERCA) is a transmembrane
protein whose function is regulated by its immediate lipid environment (annulus). The
composition of the annulus is currently unknown or it’s susceptibility to a high saturated
fat diet (HSFD). Furthermore it is uncertain if HSFD can protect SERCA from thermal
stress. The purpose of the study was to determine SERCA annular lipid composition,
resulting impact of a HSFD, and in turn, influence on SERCA activity with and without
thermal stress. The major findings were annular lipids were shorter and more saturated
compared to whole homogenate and HSFD had no effect on annular lipid composition or
SERCA activity with and without thermal stress. Both average chain length and
unsaturation index were positively correlated with SERCA activity with and without
thermal stress. These findings suggest that annular lipid 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 (Singer &
Nicolson, 1972). The primary function of the biological membrane is
compartmentalization, which is necessary for separation of fluids (cytosol from
extracellular fluid) and ions, uptake of nutrients, and disposal of waste, all of which are
crucial for the organism (Engelman, 2005). Several organelles within the cell are
membrane-enclosed such as mitochondria and nucleus (Singer & Nicolson, 1972). These
organelles require the membrane to establish ion gradients and synthesize ATP, and are
referred to as functional membranes (Fagone & Jackowski, 2009; Singer & Nicolson,
1972). Membranes are dynamic, meaning their structure (composed of lipid, protein and
oligosaccharides) is variable in order to regulate its function (Singer & Nicolson, 1972).
Studying the structural composition of cellular and subcellular membranes is necessary
for furthering the knowledge of the membrane’s role in cellular function.

1.1. Membranes
Despite its different functions, all biological membranes retain similar structures.
Most components (lipid, protein and oligosaccharides) within the membrane are
amphipathic, containing both hydrophobic and hydrophilic regions. 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 (proteins
that span the entire width of the membrane; Andersen & Koeppe, 2007). These
transmembrane proteins maintain control over polar molecules through the formation of
pores, channels and gates (Singer & Nicolson, 1972). This allows the membrane to be
selectively permeable (Singer & Nicolson, 1972). Additionally, proteins can be located on
the exterior (peripheral) or interior of the membrane, which provide other functions for
the membrane such as electron transport (peripheral) and signal transduction (interior).
Furthermore, oligosaccharides are also found within the membrane either bound to
proteins (glycoprotein) or lipids (glycolipid), which are necessary for cell-attachment and
cell recognition, respectively (Singer & Nicolson, 1972). Overall, proteins, lipids and
oligosaccharides within the membrane are highly structured and dynamic in order to
facilitate the many functions of the membrane.
1.1.1. Lipids
Lipids are defined as small hydrophobic or amphipathic 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, glycerophospholipids, sphingolipids, and sterol lipids
(Ratnayake & Galli, 2009). Glycerolipids, such as triacylglycerols (TG), are used for lipid
storage, found mainly as lipid droplets in adipose, liver, and skeletal muscle tissue (van
Meer et al, 2008), and will not be discussed further.

2
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i) Fatty Acids (FA)
FAs are the major building blocks of complex membrane lipids (Ratnayake &
Galli, 2009). This non-polar structure is comprised of a repeating methylene groups
which differ in saturation 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 (SFA), one double bond are monounsaturated FA (MUFA),
and two or more double bonds are polyunsaturated FA (PUFA) (Figure 1.1). SFAs are
the least chemically reactive (less likely to react with nucleophiles or electrophiles) and
range between 4-24 carbons (short 4-7; medium 8-13; long 14-20; very long >21)
(Ratnayake & Galli, 2009). Unsaturated FAs are unstable compared to SFAs, with
reactivity increasing with level of unsaturation (Ratnayake & Galli, 2009). This is due to
the number of double bonds present in the FA which contain greater electron density than
single bonds, making it susceptible to react with electrophiles. The double bond that
exists in FAs can be classified as cis (hydrogen atoms on same side of double bond) or
trans (hydrogen atoms on opposite side), with cis being more reactive and found in
almost all naturally occurring unsaturated FAs (Figure 1.1; Ratnayake & Galli, 2009).
Unsaturated FAs range between 14-25 carbons (short <19; long 20-24; very long >25)
while the double bond is most commonly found at the 3, 6 or 9 carbon counting from the
methyl end (known as n(omega)-3, 6, or 9; Ratnayake & Galli, 2009). Most PUFAs are
arranged in a methylene-interrupted pattern, with the most common being the n-3 and n-6
FAs (Ratnayake & Galli, 2009). Overall, FA’s ability to alter membrane function is
dependent on changes in fluidity and bilayer thickness, which will be discussed later
(section 1.1.3. Bilayer Thickness and Fluidity).

3
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A)
B)

C)

D)

Figure 1.1 A) Saturated fatty acid; B) mono-trans-unsaturated fatty acid; C) mono-cisunsaturated fatty acid; D) poly-trans-unsaturated fatty acid.
ii) Glycerophospholipids
Glycerophospholipids, more commonly referred to as phospholipids (PLs), are the
major constituents of the membrane (Ratnayake & Galli, 2009). They contain a polar
head group with a glycerol backbone, sn-glycerol-3-phosphate, where FAs are esterified
to sn-1 and sn-2 and the head group is bound to the phosphoryl group at the sn-3 position
(Figure 1.2). The polar head group and non-polar FAs create the amphipathic nature of
PLs.

Figure 1.2. sn-glycerol-3 phosphate. Glycerol backbone common to all
glycerophospholipids

4
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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). Together with the PL structure, they are known as phosphatidylcholine
(PC), phosphatidyl-ethanolamine (PE), phosphatidylinositol (PI), and phosphadtidylserine
(PS), respectively.
PC and PE are the most abundant PLs in biological membranes as they constitute
30-35% and 15-25% 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 the inner mitochondrial membrane,
where it is one of the major PL constituents (18%; Daum, 1985). Overall, the differing
size and charge of the head group affects bilayer thickness and fluidity of the membrane,
which alters its function.
iii) Sphingolipids
Sphingolipids share the common structure 2-amino-4-octadecene-1,3-diol, where
the phosphate and head group are bound to sn-1. These complex structures have a
sphingoid base as their backbone, with ceramide being the major contributor (Ratnayake
& Galli, 2009).The most common sphingolipid found in the membrane is sphingomyelin
(SM) which contains a choline headgroup and ceramide backbone (Ratnayake & Galli,
2009). Despite both SM and PC containing a choline as their 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 provide a unique

5
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function in certain tissues such as brain, peripheral nervous tissue and ocular lenses
(Slotte & Ramstedt, 2007).
iv) Sterols
Sterols are comprised of 4 saturated fused rings known as
cyclopentanoperhydrophenanthrene (Ratnayake & Galli, 2009). This 4-ring structure
contains a hydrocarbon side chain and a hydroxyl group (OH), and this gives sterols their
amphipathic nature (Goluszko & Nowicki, 2005). A common sterol found in the
membrane is cholesterol. Cholesterol is not evenly dispersed in the membrane, instead it
is preferentially confined to lipid rafts (insoluble complexes of cholesterol and SM;
Goluszko & Nowicki, 2005). Cholesterol’s presence is necessary for maintaining the
function of these lipid rafts by creating a compact, ordered structure (Goluszko &
Nowicki, 2005). This stems from its kinked shape which is capable of burying itself in the
membrane. Cholesterol’s ability to affect fluidity will be discussed in greater detail later
(section 1.1.3.ii Cholesterol Content).

6
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Table 1.1. Biological membrane phospholipid characteristics
PL
PC

Composition Charge
30-35%2
Neutral1

PE
SM

15-25%4,5
2-15%8,9

Neutral4,5
Neutral8

PI

10-15%1

Acidic1

PS

2-10%1

Acidic1

18% 7

Acidic

Primary Fatty Acids
High 16:0, 18:2n63
and low 22:6n32
High 18:03, 20:4n63
High 16:0 and 18:0,
low unsaturated FA,
24:1 and 22:01,8
18:0 in sn-1, 20:4 in
sn-21, 18:2n63
High 22:6n3

18:2n66, high levels
(80%) of
unsaturation6
Table derived from: (Stefanyk, 2008; Fajardo, 2011);
CL

Dominant location
Outer monolayer (66%)3
Inner monolayer (~20%)3,6
Extracellular monolayer of
sarcolemma 8,9
Inner monolayer
Inner monolayer of plasma
membranes, sarcolemma
Inner monolayer of
mitochondria6

Original data from: 1(Voet, 2004), 2(Mitchell et al, 2007), 3(Clore et al, 1998), 4(Bell,
1976), 5(Bleijerveld et al, 2007), 6(Ritov et al, 2006), 7(Daum,1985), 8(Tsalouhidou et al,
2006), 9(Ramstedt & Slotte, 2002). PL, phospholipids; SM, sphingomyelin; PC,
phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE,
phosphatidylethanolamine; CL, cardiolipin.
1.1.2. Phospholipid synthesis
PLs are synthesized in the Golgi and endoplasmic reticulum (ER) through a series
of enzymatic pathways. First, glycerolipid synthesis occurs in the ER through glycerol-3phosphate O-acyltransferase (GPAT) and 1-acyl-sn-glycerol-3-phosphate Oacyltransferase (AGPAT), attaching a fatty acyl chain to the sn1-position of glycerol-3phosphate and then adding a second fatty acyl chain to the sn2-position forming
diacylglycerol phosphate (DGP) (Fagone & Jackowski, 2009). DGP is then
dephosphorylated by phosphatidic acid phosphatase to yield diacyl glycerol (DG) which
will be used later on in phospholipid synthesis.
7
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For glycerophospholipid synthesis, choline or ethanolamine are phosphorylated
using ATP by choline kinase or ethanolamine kinase to form phosphocholine or
phosphoethanolamine, respectively (Figure 1.4; Gibellini & Smith, 2010). From there,
phosphocholine or phosphoethanolamine interact with cytidine triphosphate (CTP) and
cytidyltransferasephosphocholine or cytidyltransferasephospho-ethanolamine, which
displaces two inorganic phosphates creating cytidine diphosphate (CDP)-choline or CDPethanolamine (Gibellini & Smith, 2010). This structure interacts with the previously
formed DG and CDP-choline:1,2-diacylglycerolcholinephosphotransferase or CDPethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase, which displaces
cytidine monophosphate (CMP), to form either PC or PE (Gibellini & Smith, 2010). PE is
used as a precursor for PS, where the ethanolamine head group is exchanged for serine by
phosphatidyl serine synthase (Gibellini & Smith, 2010).
PI and CL are formed from a phosphatidic acid (PA) precursor (Figure 1.3). PA is
formed by phosphorylation of DG by diacylglycerol kinase (Fagone & Jackowski, 2009).
Like in PE and PC synthesis, PA interacts with CTP which displaces the two inorganic
phosphates forming CDP-DG (Fagone & Jackowski, 2009). From there, two different
pathways exist; 1) inositol displaces CMP, catalyzed by phosphatidylinositol synthase, to
form PI or 2) glycerol-3-phosphate displaces CMP to form phosphatidylglycerol
phosphate (Fagone & Jackowski, 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 phosphatidylglycerol is removed and the phosphatidyl binds to the
glycerol of the other phosphatidylglycerol, resulting in CL (Fagone & Jackowski, 2009).

8
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A)

B)

Figure 1.3. A) PC and SM synthesis via the Kennedy Pathway (similar for PE but
starting with ethanolamine). B) PI 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 group to N-acylsphingosine
(Figure 1.4; Tafesse et al, 2006). N-acylsphingosine is catalyzed in four reactions. First,
palmitoyl-CoA is condensed with serine by 3-ketospingamine synthase forming 3ketospingamine (Tafesse et al, 2006). Second, 3-ketosphingamine reductase catalyzes the
reduction of 3-ketosphingamine by NADPH to form sphingamine (Tafesse et al, 2006).
Third, acyl-CoA transferase transfers an acyl group to sphingamine to form
dihydroceramide (Tafesse et al, 2006). Finally, dihydroceramide dehydrogenase catalyses
the FAD-dependent oxidation of dihydroceramide into ceramide (N-acylsphingosine)
which is then used to form SM (Tafesse et al, 2006).

9
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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 from the bilayer
forming a fluid mosaic. This 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 layers through 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 rapid turnover and remodelling that is occurring within the
membrane, although the general structure 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 chain length, PL head group and FA chain saturation
(Johannsson et al, 1980; Lee, 2002; Kucerka et al, 2008). Fluidity refers to spatial
arrangement and motional freedom, as described by the fluid mosaic model (Singer &
Nicolson, 1972; van Meer et al, 2008). 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 liquid-like (Yeagle, 1989). This phase can be modulated by fatty acyl chain
length and saturation, cholesterol content, and PL head group.
i) Fatty Acyl Chain Length and Saturation
FA chain length and saturation affect fluidity, where longer, more saturated FA
result in a gel-like membrane resulting in a less fluid membrane (Benga & Holmes,
10
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1984). Chain length decreases fluidity because neighbouring carbons form van der Waals
forces with each other. The longer the chain length, the more interactions will occur
which restricts movement within the membrane (Benga & Holmes, 1984). This also
results in a thicker membrane. When FA are unsaturated, the double bonds that exist form
kinks, preventing intermolecular interactions, making the membrane more fluid (Benga &
Holmes, 1984). Also, saturated FAs are longer than unsaturated FA of the same carbon
length, making the membrane thicker (Johannsson et al, 1980).
ii) Cholesterol Content
Cholesterol content affects fluidity in two ways based on temperature. Cholesterol
promotes a solid membrane at high temperatures because of its kinked 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 fluidity (Goluszko & Nowicki, 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, 2013). SM is usually
saturated or monounsaturated, promoting its interaction with cholesterol (Slotte, 2013).
All of this contributes to cholesterol’s solid-forming property at high temperatures.
However at low temperatures, cholesterol promotes a fluid membrane, also due to
its kinked structure. Low temperatures cause the PL to aggregate together, forming strong
van der Waals forces, creating a solid membrane (Hazel & Williams, 1990). Cholesterol,
prevents these formations, acting as a barrier to these van der Waals forces. Membranes
that are usually susceptible to cooler temperatures are higher in MUFA and PUFA (Hazel
11
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& Williams, 1990). Since these PLs have a kinked structure, similar to cholesterol, they
cannot effectively order themselves with cholesterol (Hazel & Williams, 1990). This
allows the membrane to remain more fluid at low temperatures.
Cholesterol content is also capable of affecting membrane thickness. There are
two potential methods; 1) cholesterol’s rigid structure increases the FA chain order which
increases membrane thickness, and 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, 2008; de Meyer & Smit, 2008). Although
there is evidence supporting both methods, there is more recent and convincing evidence
to support the former. Studies have shown that even long chain FA increase membrane
thickness with the addition of cholesterol (Kucerka et al, 2008; de Meyer & Smit, 2008).
Therefore cholesterol content increases membrane thickness by increasing FA chain
order.
iii) Phospholipid headgroup
PL head groups are capable of affecting fluidity and bilayer thickness due to
differing shapes and sizes. Head group structure will affect the overall structure of the PL.
PC, PS, and PI create a cylindrical shape with the fatty acyl chains (Figure 1.5; Dickey &
Faller, 2008). PE and CL contain small head groups which forms a conical shape,
creating a curvature stress on the membrane, and ultimately decreasing fluidity (Dickey &
Faller, 2008; van Meer et al, 2008). Finally, SM creates an inverted cone due to its large
head group, allowing for tight packing, creating a more solid “gel-like” membrane
(Dickey & Faller, 2008; van Meer et al, 2008). SM’s ability to bind to cholesterol adds to
its tight packing ability (van Meer et al, 2008).
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In terms of bilayer thickness, the larger the head group, the thicker the membrane.
PC, PS, or PI, which have large head groups, will result in a thicker membrane compared
to PE or CL, which contains a smaller head group, even if the FA chain length and
saturation were to remain the same (Lee, 2002). Since SM has the same choline 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 environment for the membrane’s needs. As a result, it places an importance on
analyzing all membrane parameters in order to fully determine the membrane’s fluidity
and bilayer thickness and how it relates to the membrane’s regulatory function. However,
lipids are not the only component within the membrane and membrane-bound proteins aid
the membrane in several regulatory aspects, with changes to the membrane structure will
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 length of the FAs) should match the length of the protein’s
hydrophobic domain. 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 hydrophobic 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 extension (see Fig 3 in Anderssen & Koeppe,
2007).
Generally, the hydrophobic 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 nonpolar domain of the protein (see Figure 3 in Andersen & Koeppe, 2007). This will cause
outward stretching of the PLs so they can interact with polar region of the protein,
causing an outward bend in the membrane (Andersen & Koeppe, 2007). When the
membrane is too thick, the non-polar FAs interact with the polar region of the protein
(Andersen & Koeppe, 2007). The 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 favourable conformation (Andersen & Koeppe, 2007). Because of
the costs and stress imposed on the membrane and the protein, it is believed that bilayer
thickness is a significant contributor to protein function (Andersen & Koeppe, 2007).
v) Fluidity and Protein Function
It is necessary for the membrane to remain in a liquid crystalline-state for protein
function. The fluidity of the membrane affects the kinetics of the interconversion of the
protein between its different conformational states (Anderssen & Koeppe, 2007). If the
membrane is too fluid, the conformational state of the protein is not stable, and it cannot
adequately function (Squier et al, 1987). If the membrane is too solid, then the protein
cannot undergo conformational changes, which also impedes its 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 discussed in a general 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 muscle.

1.2. Skeletal Muscle
Skeletal muscle is a contractile tissue that plays important roles beyond mobility
such as an energy reservoir (glycogen and lipid droplet) and shivering thermogenesis.
However muscle’s ability to produce high speed, force, power, endurance and efficiency
while undergoing work is what makes it so remarkable.
i) Muscle Cell
The muscle fibre, also known 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
(subsarcolemmal and intermyofibrillar), sarcolemma (plasma membrane), transverse
tubules, and sarcoplasmic reticulum (SR; endoplasmic reticulum) (Figure 1.7). The
sarcolemma, transverse tubules and SR are components that are unique to muscle, which
facilitate skeletal function. 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 calcium. The transverse tubules carry excitable signals from outside the
cell to the inside and are usually found sandwiched between the two ends of the SR (SR
cisternae) which forms a component known as the triad (Smith, 1966). The triad is
integral for muscle contraction via excitation-contraction coupling (as reviewed by
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Rebbeck et al, 2014). Within each myocyte are myofibrils which are composed of thick
(myosin) and thin (actin) filaments arranged parallel to each other, giving skeletal muscle
a striated appearance. This lattice structure provides the basis of contraction via cross
bridge cycling. The details of a contraction will be discussed next.
ii) Contraction
For a contraction to occur, an excitatory action potential is sent down the motor
neuron until it reaches the presynaptic vesicle where voltage-gated calcium channels
become open (as reviewed by Valtorta et al, 1990; and Takamori, 2012). This 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 cleft (Valtorta et al, 1990; Takamori, 2012). Acetylcholine
then binds to nicotinic acetylcholine receptors on the motor endplate and excites the
sarcolemma (Takamori, 2012). This is accomplished by triggering voltage gated Na+
channels (which are abundant in the sarcolemma), resulting in an influx of Na+ ions,
depolarizing the sarcolemma (displaying the excitability of the sarcolemma) (Smith,
1966; Hopkins, 2006; Lervik et al, 2012). This wave of depolarization is transferred to the
transverse tubules which carries the action potential into the cell (Figure 1.4; Smith, 1966;
Schneider & Chandler, 1973; Hollingworth & Marshall, 1981; Ríos & Brum,
1987; Tanabe et al, 1988). The action potential reaches the triad and causes a
conformational change to dihydropyridine receptors (voltage sensing molecules) found
embedded in the t-tubules (Ríos& Brum, 1987). This conformational change activates
ryanodine receptors (Ca2+ channel found in SR) which release calcium from the SR,
although the exact mechanism behind dihydropyridine and ryanodine receptors is still
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unclear (Rebbeck et al, 2014). Due to the large calcium gradient between SR and
sarcoplasm, calcium moves to the sarcoplasm where it binds to troponin and the resulting
troponin-Ca2+ complex moves tropomyosin to reveal the myosin binding site on the actin
filament (Cannell & Allen, 1984; Escobar et al, 1994; Baylor & Hollingworth,
1998; Hollingworth et al, 2000; Gómez et al., 2006; Lervik et al, 2012). At this point, the
myosin head contains ADP and inorganic phosphate and is in a “cocked” position
(brought on by ATP hydrolysis which was bound to myosin following the previous crossbridge cycle). When the binding site becomes 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 cross-bridge cycle (Lymn & Taylor, 1971).
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Figure 1.4. Components within a myocyte that are involved in skeletal muscle
contraction. T-tubule, transverse tubules; DHPR, dihydropyridine receptors; RyR,
ryanodine receptors; SR, sarcoplasmic reticulum; SERCA, sarco(endo)plasmic reticulum
calcium ATPase (Adapted from Rebbeck et al, 2014).
In order for contraction to cease, calcium needs to be removed from the cytosol
and sequestered into the SR. Removal of calcium allows tropomyosin to cover the
binding site for the myosin head, and prevent cross bridge cycling (Lervik et al, 2012).
Calcium removal is accomplished by the sarco(endo)plasmic reticulum calcium ATPase
(SERCA), where it translocates 2 calcium ions per ATP molecule. This is a difficult task
for SERCA since there is a 100 fold increase in myoplasmic calcium following
contraction. Despite this large increase in calcium, the concentration of calcium inside
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the SR lumen is still higher, requiring ATP to move calcium against its concentration
gradient.
During contraction, SERCA is continuously pumping calcium into the SR, while
action potential signals continue to release calcium. Once the action potential signals
cease, then there is a net increase in SR calcium. There is a point where the concentration
inside the SR becomes so high it begins to inhibit SERCA (discussed in section 1.3.1
Activity and Efficiency). To alleviate the concentration gradient, calcium binds to
calsequestrin, decreasing the amount of free calcium in the SR. Overall, this process is
energetically expensive and approximately 40-50% of the energy expended by the muscle
is through SERCA at rest (Smith et al, 2013).

1.3. SERCA Structure and Function
The SERCA protein was the first member of the P-type ATPase family to have its
crystal structure determined (Palmgren & Nissen, 2001; Thogerson & Nissen, 2012). Ptype ATPases are classified as proteins who couple ATP hydrolysis with movement of
ions across a biological membrane (Periasamy & Yanasunaram, 2006). This 110 kDa
transmembrane protein can be broken down into three main parts, a cytoplasmic
headpiece, a stalk region, and a transmembrane domain (see Figure 1 from Martonosi &
Pikula, 2003). The cytoplasmic head piece is the largest part of the protein, accounting for
more than half its mass. There are six domains within the headpiece: N-terminal region,
strand domain, phosphorylation domain, nucleotide binding domain, hinge region and Cterminal region (Martonosi & Pikula, 2003). ATP binds in 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, 2002). The headpiece contains charged
amino acid residues so it may interact with the polar PL head groups as well as the
aqueous environment (Yeagle, 1989). This feature also prevents the headpiece from
entering the lipid membrane. Next, the stalk domain simply connects the cytoplasmic
headpiece to the transmembrane domain (Martonosi & Pikula, 2003). Finally, the
transmembrane domain anchors the protein to the membrane, and forms a transmembrane
channel where calcium passes through (Martonosi & Pikula, 2003). This is accomplished
by hydrophobic interactions between PL FA and the hydrophobic amino acid residues
found within this region (Yeagle, 1989). The transmembrane domain is composed of 10
helices, 4 of which (M4, M5, M6 and M8) bind the two calcium ions (Lee, 2002). At first
glance, there are no distinct channels actually found in the transmembrane 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 model, which has been developed from Post-Elbers scheme for
Na+/K+-ATPase, is used to describe the mechanism behind SERCA’s conformational
changes (Figure 2 from Lee, 2002). Essentially, SERCA can only exist in one of two
states, either E1 or E2. In the E1 state, 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, Asp-351 is phosphorylated creating E2PCa2, a phosphorylated intermediate
(Lee, 2002). In this intermediate 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, which 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 three distinct genes which form 3 different
type of SERCA; SERCA1, SERCA2 and SERCA3 (Periasamy & Yanasundaram, 2007).
From these three genes, they are alternatively spliced to form more than 10 isoforms
which are muscle and fibre-type specific (Periasamy & Yanasundaram, 2007). SERCA1
is spliced into two isoforms, 1a and 1b. Both isoforms are expressed in fast-twitch
skeletal muscle, where 1a is found in adults and 1b is the fetal form (Periasamy &
Yanasundaram, 2007). SERCA2 also has two isoforms, 2a and 2b (Periasamy &
Yanasundaram, 2007). SERCA2a is found predominantly in cardiac and slow-twitch
skeletal muscle, while 2b is expressed at low levels in all tissues including non-contractile
tissue (Periasamy & Yanasundaram, 2007). Finally, SERCA3 is spliced into 6 isoforms
(a-f) and found mostly in non-contractile tissues, but can be found in skeletal muscle at
low levels (Periasamy & Yanasundaram, 2007). Despite having a high conservation of
structure (75-84%), their tissue-specificity strongly suggests that they are functionally
different, which allows appropriate maintenance of calcium homeostasis in each tissue
and cell (Martonosi & Pikula, 2003). For example, SERCA1 displays a higher ATPase
activity (higher Vmax) compared to SERCA2 (Szentesi et al, 2001). Fast twitch fibres
elicit quick repetitive contraction cycles; therefore it is imperative that SERCA1 sequester
the calcium quickly so another contraction can occur. In contrast, SERCA2 shows
increased ADP-induced calcium uptake and decreased leak (calcium flowing from lumen
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into cytosol via SERCA) compared to SERCA1 in fatigued skeletal muscles (Macdonald
& Stephenson, 2006). Since slow twitch fibres are more fatigue resistant than fast twitch
fibres, these properties of SERCA2 help maintain fatigue resistance.
1.3.1. Activity and Efficiency
SERCA’s main function is to facilitate muscle relaxation by pumping calcium
ions from the cytosol into the SR lumen (Periasamy & Yanasunaram, 2007). This reestablishes calcium homeostasis so contraction can occur again (Periasamy &
Yanasunaram, 2007). SERCA’s function can be characterized 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 stoichiometry (ratio of calcium ions
transferred per ATP hydrolyzed) varies under physiological conditions. In fact, in vitro
studies have calculated SERCA’s efficiency to be only 12% (Lervik et al, 2012).
There are three mechanisms where a ratio under 2 Ca2+/ATP 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 binding in the 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, slowing down 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 inside 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 intermediate of
SERCA (Mall et al, 2006). This is a 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 SERCA (discussed in section 1.4.1 ProteinProtein: Phospholamaban and 1.4.2 Protein-Protein: Sarcolipin) (Mall et al, 2006).
Regardless of the mechanism, a decreased stoichiometry of SERCA will result in the
increased ATP hydrolysis in order to maintain calcium homeostasis.

1.4. SERCA Regulation
Calcium ion concentration within the muscle cell is vital for many processes such
as secondary messengers and contraction/relaxation (Aschar-Sobbi et al, 2012). As a
result, it is important for SERCA activity to be regulated. There are many ways that
SERCA can be regulated but two that are of interest are protein-protein and protein-lipid
interactions.
1.4.1. Protein-Protein: Phospholamban
Phospholamaban (PLN) was first discovered in cardiac tissue in 1974 by Arnold
Katz and colleagues (Loss & Kranias, 1996). 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 AMP dependent protein kinase (Tada et
al, 1974). Phosphorylation occurred at a serine residue, and did not require Ca2+ unlike
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the phosphorylation of SERCA (Tada et al, 1974). This phosphoprotein was named
phospholamban, meaning “to receive phosphate”.
Today there exists more information regarding PLN. Co-immunoprecipitation
studies have found that PLN associates with SERCA2a in slow-twitch muscles, but not
SERCA1a (MacLennan et al, 2003). This transmembrane protein elicits SERCA2a
inhibition by decreasing KCa or Vmax at low calcium concentrations (Asahi et al, 2002).
This inhibition occurs while PLN is bound to SERCA2a. It exists in equilibrium between
its monomeric (52 amino acid; 6 kDa) and pentameric form. The N-terminal residues (130) of the monomer form an amphiphatic α-helical cytoplasmic domain where
phosphorylation occurs at the serine and threonine residues (Asahi et al, 2002). The Cterminal residues (32-56) also form an α-helical structure but it spans the SR membrane
which anchors the protein and is the site of SERCA-PLN interaction (Asahi et al, 2002).
Specifically, it is the M2, M4, M6 and M9 helices of SERCA2a which form the groove
where PLN binds (Gorski et al, 2013). Most research suggests that PLN regulates
SERCA2a in its monomeric form, however some research shows that in its pentameric
form PLN creates a funnel-like pore which may allow the passage of calcium and other
ions (Na+, K+, and Cl-) (Asahi et al, 2002). This assists SERCA2a in regulating SRcalcium in vivo, however this has not been definitively proven (Asahi et al, 2002).
When PLN binds to SERCA2a, it stabilizes it in its E2 free-calcium state, where
KCa is at its lowest (Gorski et al, 2013). There is mixed evidence on whether PLN remains
bound to SERCA2a during calcium transport (Gorski et al, 2013). The inhibitory function
of PLN is reversed when it is phosphorylated at Ser-16 by cAMP-dependent protein
kinase (PKA) and at Thr-17 by Ca2+/calmodulin-dependent protein kinase (CAMKII)
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brought on by β-adrenergic stimulation (Morita et al, 2008). PLN also dissociates from
SERCA2a at high cystolic calcium concentrations (Asahi et al, 2002). Since high cystolic
calcium levels are detrimental to the cell, it is important for SERCA2a activity to increase
and not be impaired by PLN and allowing calcium concentrations to return back to resting
levels.
1.4.2. Protein-Protein: Sarcolipin
Sarcolipin (SLN) was first mentioned in 1972 by Seeman and colleagues, as a copurified protein with SERCA1 (Odermatt et al 1998). At first it was known as a
proteolipid. However, later studies (Racker & Eytan, 1975) revealed that when SERCA1
was purified without SLN, its efficiency increased 5-fold (Odermatt et al 1998). SLN was
acting like an ionophore, abolishing the accumulation of Ca2+. However, Ca2+ uptake only
occurred in the presence of SERCA, suggesting that SLN did not have a primary role with
Ca2+ 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 slow- and fasttwitch muscles, therefore able to bind to both SERCA1a and 2a (MacLennan et al, 2003).
SLN and PLN co-expression in the same fibre-type suggests that the two proteins interact
with each other while bound to SERCA2a. In fact, in-vitro studies have found that coexpression of SLN and PLN leads to superinhibition (Asahi et al, 2002). The formation of
a ternary complex between SLN, PLN and SERCA2a decreases both Kca and Vmax (Asahi
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 SERCA2a and induce
inhibition (Fajardo et al, 2013). SLN and PLN are co-expressed in human skeletal muscle,
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however superinhibition in vivo or its physiological relevance has not been studied
(Fajardo et al, 2013).
Like PLN, SLN binds to SERCA (1a and 2a) in the transmembrane groove (M2,
M4, M6 and M9) to stabilize the E2-conformation (Gorski et al, 2013). The cytoplasmic
region contains the site of phosphorylation while the luminal domain spans the SR and
facilitates SERCA inhibition (Gorski et al, 2013). During β-adrenergic stimulation, SLN
is phosphorylated at Thr-5 by serine/threonine kinase 16 (STK 16) (Morital et al, 2008).
However, unlike PLN, SLN only exists as a monomer (Morita et al, 2008). Although it
also decreases KCa and Vmax, its inhibitory function is not reversed at high calcium
concentrations (Gorski et al, 2013). SLN is unique due to its ability to uncouple ATP
hydrolysis from calcium transport by both SERCA 1a and 2a, which 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 (Bombardier et al, 2013). It
is believed that SLN is necessary for nonshivering thermogenesis (NST) in mammals.
Previous study found that SLN-null mice are unable to maintain core temperature when
exposed to extreme cold temperatures (Bal et al, 2012). This same study also found that
these SLN-null 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 body resting metabolism
(Bombardier et al, 2013).
1.4.3. Protein-Lipid
Due to SERCA’s transmembrane nature, it is capable of being regulated through
protein-lipid interactions through bilayer thickness and fluidity. Specifically, it is the lipid
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annulus which would be most influential in altering SERCA activity (Figure 1.5; Yeagle,
1989). It has been determined that the lipid 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)

SERCA

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

Bilayer thickness regulates SERCA activity by allowing appropriate
hydrophobic/hydrophilic interactions to occur between the protein and the membrane. As
mentioned previously, the transmembrane domain of SERCA is composed of
hydrophobic amino acids, so it may be compatible with the hydrophobic interior 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 allows proper hydrophobic and hydrophilic matching with SERCA (Yeagle,
1989). Bilayer thickness can be modulated through fatty acyl chain length and saturation,
and PL head group composition.
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As for membrane fluidity, its regulation is based on SERCA’s ability to undergo
conformational changes to transport calcium. In vitro studies have shown that SERCA
conformational changes are the rate-limiting step for calcium transport, therefore
membrane fluidity is essential for affecting SERCA activity (Squier et al, 1987). When
the membrane is too fluid or solid, optimal conformational changes cannot occur and
SERCA activity is impaired (Squier et al, 1987). Specifically, under solid conditions,
SERCA conformational changes cannot occur due to physical impedance (Squier et al,
1987). In contrast, more fluid conditions provide SERCA with too much mobility which
prevents it from remaining in the differing conformational states, resulting in SERCA
dysfunction (Squier et al, 1987). Thus membrane fluidity is fundamental for SERCA
function. Alterations to membrane fluidity include fatty acyl chain length and saturation
and PL head group composition.
i) Protein-Lipid: Fatty-Acyl Chain Length
As mentioned previously, FA 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 undergoes a conformational change. Overall, longer chains
result in a thicker, less fluid membrane due to the increased intermolecular bonds.
Previous research in synthetic membranes has shown that PL with 22-carbons long result
in highest SERCA1 Vmax (See Figure 1 from Gustavsson et al, 2011; Anderssen &
Koeppe, 2007). However the lowest KCa (or highest calcium affinity) is observed in 1822-carbon long FAs. This coincides with other synthetic membrane studies that have
found increased SERCA1 activity with 16-20 carbon long 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 membrane in vivo, in order to achieve either maximal activity or
affinity depending on its needs (Gustavsson et al, 2011). However, this does not give any
indication about efficiency. Another study calculated the efficiency of SERCA in
synthetic membranes of varying fatty-acyl chain length and saturation (Table 1.2; Lervik
et al, 2012). It appears that SERCA is most efficient in 18-22-carbon long FAs, and is
least efficient in <16-carbon long FAs (Lervik et al, 2012). This suggests that Vmax and
KCa of SERCA seen with 18-22-carbon PL may be a result of improved efficiency.
Table 1.2. Calculated efficiency of SERCA in vesicles of different phosphatidylcholine
fatty acids*
Name

Carbon Length:
Double Bonds
Myristelaidic 14:0
Myristoleic
14:1
Palmitelaidic 16:0
Palmitoleic
16:1
Elaidic
18:0
Linoleic
18:2
Oleic
18:1
Petroselaidic 18:1
Vaccenic
18:1
Eicosenoic
20:1
Erucic
22:1
Nervonic
24:1
* Adapted from Lervik et al, 2012

Efficiency (%)
4.8 ± 1.2
4.6 ± 1.1
2.6 ± 0.6
6.4 ± 1.6
5.7 ± 1.4
6.7 ± 1.6
6.3 ± 1.5
5.2 ± 1.3
5.5 ± 1.3
11.0 ± 3.0
9.0 ± 2.0
4.0 ± 0.9

Knowing the optimal environment for SERCA function gives no indication of the
environment in 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
location of 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 Å
(Lee, 2003). Using diPC reconstituted vesicles of different lengths, it was determined that
21 Å is associated with 12-14 carbon long FAs (Lewis & Engleman, 1983). This suggests
that SERCA’s annulus should contain FAs that are 12-14 carbons long, although this will
be associated with less than optimal SERCA activity (Vmax and KCa) and efficiency. This
supports the notion that SERCA may localize itself to thicker parts of the membrane to
achieve increased SERCA activity and efficiency (Gustavsson et al, 2011).
ii) Protein-Lipid: Fatty-Acyl Chain Saturation
Fatty acyl chain saturation also affects membrane thickness and saturation.
PUFAs are shorter, than SFAs of the same chain length, due to the abundance of kinks
caused by double bonds. These kinks also prevent intermolecular bonds from forming,
making the membrane more fluid. If the membrane thickness promotes hydrophobic
mismatching, 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 will affect SERCA’s ability to undergo conformation changes
associated with translocating calcium. In synthetic membranes, Vmax and KCa were
compared between MUFA (cis and trans configuration) and PUFA (See Figure 2 from
Gustavsson et al, 2011). It appears that Vmax and KCa are highest in cis-MUFA compared
to PUFA and in trans-MUFA compared to cis-MUFA, suggesting that SERCA functions
optimally in more saturated membranes (Gustavsson et al, 2011). This does not give any
indication about efficiency. Looking at saturation only, it appears that SERCA is most
efficient in cis-MUFA and PUFA compared to SFA and trans-MUFA (Table 1.2; Lervik
et al, 2012). Unlike FA chain length, increased Vmax and KCa is not a result of increased
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efficiency. However, there are no values comparing unsaturation and saturation in higher
carbons (20-24), therefore a concrete conclusion cannot be made.
iii) Protein-Lipid: Phospholipid Head Group Composition
As mentioned previously, it is necessary for polar PL head groups to interact with
the hydrophilic residues on SERCA to promote hydrophobic matching (Andersen &
Koeppe, 2007). The type of head group can disrupt the thickness of the membrane where
larger head groups, such as PC, make the membrane thicker as opposed to PE, which is
smaller (Andersen & Koeppe, 2007; Dickey & 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 conical-forming head groups (PE and CL) which make the membrane
less fluid (Dickey & Faller, 2008). Synthetic membranes containing both PC and PE in a
4:1 ratio resulted in high Vmax compared to PC alone and PC:PS at 9:1 and 4:1 ratios (See
Figure 3 from Gustavsson et al, 2011). However, KCa is highest in PC:PS 4:1 membranes,
although the difference between PC:PS 9:1 and PC:PE 4:1 is minimal (Gustavsson et al,
2011). This suggests that PE has an activating role in SERCA activity, but the ability of
PS to increase KCa implies that it is not a result of membrane thickness or fluidity since
PS is similar in size to PC. Since PE and PS have different sized head groups, there must
be another quality that activates SERCA. Unlike PC, PE and PS are hydrogen donors who
potentially form hydrogen bonds with SERCA (Gustavsson et al, 2011). Crystallography
studies have shown PE bound in the groove located between helices M2, M4 and M6
which might be responsible for its activating effects (Gustavsson et al, 2011). This groove
overlaps with the binding site of SLN and PLN, both of which affect the efficiency of
SERCA. Thus it can be hypothesized that the subsequent increase in SERCA Vmax
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following PE binding may not be a result of a direct decreased efficiency but possibly due
to indirect inhibition of SLN and PLN binding. By preventing PLN and SLN from
binding, SERCA Vmax will not be decreased. Overall, polar interactions between PL and
SERCA may be integral to enzyme function.
iv) Protein-Lipid: PLN
Since PLN is a transmembrane protein, its ability to interact with SERCA may
also be affected by the membrane. When reconstituted in synthetic membranes, PLN
decreases KCa at all carbon-lengths, with 16 carbons resulting in the lowest KCa, which is
shorter than SERCA alone (18-20 carbons) (See Figure 4 and 5 from Gustavsson et al,
2011). However, Vmax is increased at 14-20 carbons in the presence of PLN, with 20
carbons resulting in the highest Vmax, which is also shorter than SERCA alone (22
carbons) (Gustavsson et al, 2011). This suggests that SERCA may localize itself to a
thinner region of the membrane while bound to PLN in order to relieve some level of
inhibition. Alternatively, thinner membranes may prevent SERCA-PLN interaction.
Also, the activating effect of PE is diminished in the presence of PLN (Gustavsson et al,
2011). The lipid binding site of PE overlaps with the binding site of PLN, therefore PE
and PLN may compete for the same binding site, possibly explaining a part of the
inhibitory effect of PLN on SERCA (Gustavsson et al, 2011).
More recently, it has been suggested that the membrane may affect the
conformation of PLN which may influence the PLN-SERCA interaction. PLN exists in
four conformational states: detached/unfolded (R), absorbed/unfolded (R’),
absorbed/partially folded (T’) and absorbed/fully folded (T), where T state results in the
inhibition of SERCA and R state does not (Gustavsson et al, 2013). When PLN is
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reconstituted in isolated native SR membranes, the addition of negatively charged
phosphatidylglycerol promotes T-state conformation (Gustavsson et al, 2013). Therefore
lipid-PLN interaction may regulate SERCA function. However, to the author’s
knowledge, no studies exist documenting the effect of head group, chain length or
saturation on PLN-SERCA 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). To the author’s knowledge, there are no studies to date 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 shown that quantity and type
(saturated, monounsaturated or polyunsaturated) of fat consumed in the diet is reflected in
the membrane. This has been observed in several tissues such as liver, brain, heart
plasma, RBC and skeletal muscle membranes (Abbott et al, 2012). Quantity is as
important as type to 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 dietary types (saturated, monounsaturated
and polyunsaturated) can exert some compositional 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 increase in 16:0 and 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 results are observed in Ayre
& Hulbert (1996) where they compared high n-6, high n-3 or essential fatty acid-deficient
for 9 weeks. The high n-3 and high n-6 resulted in increased levels of n-3 and n-6 in the
membrane PL of soleus and gastrocnemius in their respective diets. However the essential
fatty acid deficient group had significantly lower levels of both. It appears that lack of
substrate leads to a decrease or no change in the composition of the membrane.
Conversely an overabundance of substrate is more likely to lead to diet reflective changes
to the membrane. Hence quantity of fat is a crucial factor.
Type is another important factor for diet-mediated changes to the membrane.
There are studies that show that a diet high in PUFAs is reflective in the membrane
(sarcolemmal, SR, mitochondria) of skeletal muscle (Table 1.3). One study by Andersson
et al (2002) randomly assigned humans to high SFA (36% total energy; SFAs 18% of
energy; MUFAs 10% of energy) or high MUFA (35% total energy; SFAs 9% of energy;
MUFAs 19% total energy) for 3 months and measured the PL composition of mixed
muscle (vastus lateralis). They added a group to each diet (SFA and MUFA) that
consumed fish oil capsules (high n-3 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 the n-3 PUFA supplementation, also lead to increased SFA or MUFA (depending
on their respective diet) in the PL composition of the vastus lateralis muscle. 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, n-6 PUFA, n-3 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, rats fed high long-chain n-6, high long chain n-3 or essential fatty
acid-deficient (EFAD; % total energy unknown) diet for 9 weeks showed significant
increase or decrease of long chain n-6 and long chain n-3 in membrane PL of soleus and
gastrocnemius in their 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 and Membrane Composition Studies
Authors

Model

Abbott, Else
& Hulbert
(2010)
Ayre &
Hulbert
(1995)

Rats

Janovska et
al (2009)

Rats

Type and Quantity (% energy)
of Dietary Fat
SFA (25%) vs MUFA (25%)
vs PUFA (25%) vs
initial(Chow)
Essential FA deficient (10%)
vs high n-6 (10%) vs high n-3
(10%)

Duration
of Study
8 weeks

Membrane Analyzed

Major Findings

Whole lipid
medial gastrocnemius

9 weeks

Whole lipid soleus and
gastrocnemius

-

High Fat (60%; ↑ 18:0, ↑18:1,
↓ 18:2n6, ↓ 18:3n3) vs Low
Fat (11%)

20 weeks

High SFA (36%) vs High
MUFA (35%) vs High SFA +
n-3 vs High MUFA + n-3

12 weeks

Hoeks et al
(2011)

Mice

High Fat (45%; ↑ 16:0 and ↓
18:1) vs Low Fat (10%)

8 and 20
weeks

Skeletal Mitochondria

-

Taffet et al
(2003)

Rats

3 weeks

Cardiac Sarcoplasmic
Reticulum

-

Stubbs &
Kisielewski
(1990)

Rats

4 weeks

Skeletal Sarcoplasmic
Reticulum

-

Fish: ↑ 20:5n3, ↑ 22:5n3, ↑ 22:6n3
Corn: ↑ 18:2n6

Fajardo et al
(2015)

Rats

Fish (17%; ↑ 14:0, ↑ 16:0, ↑
16:1, ↑ 18:0, ↑ 20:5n3) vs
Corn (20%; ↑ 18:1, ↑ 18:2n6)
Fish (12%; ↑ 14:0, ↑ 16:0, ↑
16:1, ↑ 18:0, ↑ 20:5n3, ↑
22:5n3, ↑ 22:6n3)vs Corn
(12%; ↑ 18:1, ↑ 18:2n6)
DHA (15.8%; ↑ 22:6n3) vs
Control (15.8%)

SFA ↔
MUFA ↑
PUFA ↑
↓ essential FA in essential FA
deficient
↑ n-6 in high n-6
↑ n-3 in high n-3
EDL: ↑18:0,↔ 18:1, ↔ 18:2n6, ↓
18:3n3
SOL ↑ 18:0, ↑ 18:1, ↑ 18:2n6, ↓
18:3n3
↑ n-3 content in both High SFA + n-3
and High MUFA + n-3
↑ SFA in High SFA
↑ MUFA in High MUFA
↑ 16:0 in High Fat at both 8 and 20
weeks
↓ in 18:1 in High Fat
Fish: ↑ 14:0, ↑ 20:5n3
Corn ↑ 18:1, ↑ 18:2n6

8 weeks

Skeletal Sarcoplasmic
Reticulum

-

DHA: ↑ 22:6n3, ↓ 20:4n6, ↓ 22:4n6,
↓22:5n3/n6

Andersson et
al (2002)

Rats

Human

Whole lipid
Soleus (SOL) and
Extensor Digitorum
Longus (EDL) Muscle
Whole lipid vastus
lateralis
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Previous research has found that diets high in SFA result in increased SFA content
in membranes (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 20 weeks
(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 (Hoeks et al, 2011). 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 protein may potentially be affected. Previous research has shown
that rats fed either corn oil (high 18:1 and 18:2) or fish-oil (high 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 oil diet led to a 30% increase in SERCA activity compared to
fish-oil. Moreover, corn oil diet resulted in increased Ca2+ uptake, while the coupling
ratio was unaffected. Looking at the FA composition of the isolated and purified cardiac
SR, corn oil diet had significantly higher 18:1 and 18:2n6, average chain length around 18
and lower unsaturation index. All of this supports the concept that SERCA may have an
optimal Vmax with FA that are ~18 carbons long and more saturated (Gustavsson et al,
2011; Lervik et al, 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 observed in synthetic membranes
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(Gustavsson et al, 2011). 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 skeletal muscle SR (Stubbs & Kisielewski, 1990). However, when
SERCA activity was measured, there was no difference. The authors speculate that
SERCA activity may not be modulated by saturation but chain length, which was not
measured. This contradicts the observations by Gustavsson et al (2011), however
difference of lipid substrate (synthetic vs native) may be the factor. No studies to date
have observed the effect of diet on membrane lipid composition, specifically those lipids
in close association with the protein of interest, and SERCA function 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 diet for this 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). SERCA also prefers a more
saturated membrane, hence a diet high in SFAs would be beneficial (UI 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 SERCA activity.

1.6 Stress on SERCA Function
Duchenne muscular dystrophy (DMD) is a disease characterized by muscle
wasting, weakness and loss of function, caused by lack of dystrophin (Hyser, 1989;
Hoffman, Brown & Kunkel, 1987; Mastaglia & Walton, 1982). Dystrophin 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 cell (Hyser, 1989; Hoffman, Brown & Kunkel, 1987).
Without dystrophin, the myofibre becomes fragile and is subject to repeated cycles of
necrosis and regeneration for the entire duration of the organism’s life (Hoffman, Brown
& Kunkel, 1987; Bridges 1986; Dubowitz 1985). These cycles lead to the replacement of
muscle fibre with fibrous connective tissue (Hoffman, Brown & Kunkel, 1987; Bridges
1986; Dubowitz 1985). The exact mechanism behind necrosis is unclear, however there
are some speculated mechanisms. The two proposed biggest contributors to muscle
damage are increased reactive oxygen species (ROS) and increased intracellular calcium.
The site of ROS production is the mitochondria. In DMD, mitochondrial oxidative
phosphorylation is impaired due to increased Ca2+ overload which is known to increase
ROS production (Brookes et al; 2004; Nethery et al, 2000; Kuznetsov et al, 1998). The
increased intracellular calcium is due, in part, to dysfunctional SERCA, where SERCA
cannot remove the cytosolic calcium into the SR quickly and effectively (Schneider et al,
2013). This is a result of oxidation, nitrosylation, S-glutathiolation and nitration of the
Cys and Tyr residues found on SERCA which result in damage to the protein and loss of
function (Fu & Tupling, 2009). The increased oxidation, nitrosylation, S-glutathiolation
and nitration of SERCA are due to the increased oxidative stress (caused by increased
ROS production) that occurs in the cell during DMD (Schneider et al, 2013). However,
when SERCA function is conserved, there is an improvement in muscle strength and
function, due to the improved calcium handling (Schneider et al, 2013). Hence improving
SERCA function in DMD has been an attractive treatment strategy for improving the
effects of DMD.
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Fortunately, the cell has an adaptive strategy to improve SERCA function by
coupling SERCA with heat shock protein 70 (Hsp70). Hsp70 is a 70 kDa protein that is
upregulated under conditions of stress (Fu & Tupling, 2009; Soti & Csermely, 2007).
While under stress, proteins become denatured and misfolded and begin to aggregate,
which compromises cellular function (Soti & Csermely, 2007). Hsp70 prevents protein
aggregation and assists in refolding of misfolded proteins, making the cell resistant to
lethal levels of stress (Fu & Tupling, 2009). Previous in vitro studies have shown that
while under stress, there is an increased 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, 2004). SERCA activity can be inactivated by structural
alterations to the ATP binding site, which can be quantified by fluorescein isothiocyanate
(FITC) binding (Fu & Tupling, 2009; Tupling et al, 2004). Cells expressing Hsp70
preserved FITC binding capacity and reduced carbonyl formation and nitration of
SERCA 1 and 2 compared to those lacking Hsp70 (Fu & Tupling, 2009; Tupling et al,
2004). Overall it is clear that induction of Hsp70 can improve SERCA function during
stress.
As mentioned previously, DMD can elicit 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 (Gehring et al, 2012). Specifically,
induction of Hsp70 in dystrophic rodents increased SERCA Vmax, muscle force
production and survival, and lowered markers of damage and necrosis (Gehring et al,
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2012). Therefore, increasing Hsp70 content may be a key factor in developing 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 method for inducing Hsp70 content. On study found that when
monkeys were fed a high saturated fat diet (35% fat from calories) for a short period of
time, Hsp70 content in the biceps femoris significantly increased (Kavanagh et al, 2012).
It was suggested that 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 temporarily (Kavanagh et al, 2012). However, after a long duration of consuming
a HSF diet (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
demonstrated that 24 weeks of a HSF diet (16% kcal) resulted in increased running ability
and decreased myofibre necrosis, suggesting the dystrophic phenotype was improved
(Radley-Crabb et al, 2011). These results are similar to the previous studies that had
genetic and 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 the mdx-mice was improved. This theory became discredited by the
observations 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 speculated the 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 diet (60% fat from calories) for 6 weeks had a trend for down regulation of Hsp70
in soleus muscle (p < 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 et al, were too high in saturated fat, where the
progression of insulin resistance was high which decreased Hsp70 content in 60% HSF
diet and may have continued to diminish in the 42% HSF. However, it may be possible
that Hsp70 may have a minimal role in the potential protection of high-fat feeding.
There are other ways that the cell can provide an adaptive strategy for protection
against oxidative damage. One way is by manipulating the cellular membrane, making it
more saturated. For example, mitochondrial membranes of soleus (a site for reactive
oxygen species production) are more saturated and less polyunsaturated compared to red
gastrocnemius and plantaris (Stefanyk et al, 2010; Tsalouhidou et al, 2006). Increasing
the saturation in the membrane makes it more resistant to oxidative damage due to the
lack of double bonds. As previously mentioned (Section 1.1.1.i) Fatty Acids), saturated
FAs are less chemically reactive due to the decreased electron density in the bonds,
compared to double bonds found in MUFAs and PUFAs (Ratnayake & Galli, 2009).
Therefore, it is beneficial for the cell to increase the saturation of certain membranes 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 less ROS-production
(Stefanyk et al, 2010). For other tissues such as red gastrocnemius and plantaris, 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 large changes 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 demand, there is less ROS production so it
is not necessary to signal to decrease ROS (Stefanyk et al, 2010). Yet, to protect itself
from ROS when it does occur, the high level of saturation is beneficial. Although this
ability to alter the membrane to protect against oxidative damage is observed in
mitochondrial membranes, there is no evidence to suggest that similar effects cannot be
seen in the SR, especially when subject to a life-long stress such as DMD. Perhaps, to
improve the likely-hood of increasing the saturation of the membrane, it may be crucial
for the diet to also increase in its level of saturation. As previously mentioned (Section 1.5
Dietary Manipulations), diets high in saturated fat did lead to a subsequent increase in
saturated fat in the membrane (Andersson et al, 2002; Janovska et al, 2009; Hoeks et al,
2011). Therefore, a diet high in saturated fat may lead to increased saturation of the SR,
which may protect SERCA from oxidative damage. However, damage to SERCA brought
on by oxidative stress occur on the protein itself and not the membrane, therefore the
membrane might not be directly protecting SERCA from oxidative damage. None 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 stressinduced damage.
Perhaps high-fat feeding offers protection in another way. It might be possible that
a HSF diet might promote SERCA and Hsp70 interaction. It has been documented in the
literature that Hsp70 is capable of embedding itself into the plasma membrane (De Maio
2011). In fact Hsp70 prefers environments that are generally less fluid and contain a
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negative charge (from PS; Armijo et al, 2014). It might be possible that the increased
level of saturation in the SR brought on by diet-mediated 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 the SR (Herbette
et al, 1984). Furthermore, there is no evidence to suggest that Hsp70 can embed itself into
any membrane beyond the plasma membrane. However this has not been fully explored
therefore the possibility cannot be excluded.
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1.7. Purpose
Previous research, which has been limited to synthetic membranes, has
demonstrated that SERCA activity is affected by membrane composition, specifically
through fatty acyl chain length and saturation and head group composition of the PL
immediately around SERCA (lipid annulus). Changes in fatty acyl chain length and
saturation also affects SERCA efficiency. It has also been shown in cardiac and skeletal
tissue that SR membrane lipid composition is influenced by diet and diet-induced changes
may directly affect SERCA activity. However, currently no research looks at the lipid
annulus specifically. SERCA activity can also be influenced by thermal stress, which can
be reversed through Hsp70 induction. Similar 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 composition around SERCA in rat soleus muscle

ii) determine if a high saturated fat diet will alter the annular lipid composition
2) Determine if the high saturated fat diet-mediated changes in annular lipids will
affect SERCA activity and protect SERCA from thermal stress.
These objectives will be accomplished by:
1) Immunoprecipitating SERCA2 from soleus muscle and performing lipid analysis
(thin layer and gas chromatography) from:
i)

CON-fed (7% soybean oil by weight) Wistar rats to determine the
composition of the lipid annulus in native membrane (CON)

ii) HSF-fed (20% lard by weight) Wistar rats determine if the lipid annulus
changes with diet
2) Measuring SERCA activity of whole soleus muscle by an in-vitro NADH-linked
spectrophotometric assay and then repeating the protocol after 30 and 60 min of
incubation at 37°C.
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1.8. Hypothesis
It is hypothesized that:
1) the lipid annulus around immunoprecipitated SERCA will contain fatty acids that
are 12-14 carbons long (associated with 21Å, the bilayer thickness of the
hydrophobic amino acid residues found on SERCA) and saturated. This will be
associated with a lower Vmax
2) in response to a HSF (20% lard by weight) diet, the lipid annulus will contain
longer (14-18) and more saturated FA, which will:
i)

increase maximal SERCA activity and

ii) decrease the percent reduction of maximal SERCA activity during thermal
stress
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Chapter 2.0 Influence of lipid annulus on maximal Ca2+-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 translocating 2 Ca2+ from the
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 II, fast-twitch fibres, and 2a, found
predominantly in type I, slow twitch fibres (Periasamy & Yanasundaram, 2007). SERCA
can be regulated by protein-protein and protein-lipid interactions (Asahi et al, 2002, Lee,
2003, Anderssen & Koeppe, 2007). Given SERCA’s role as a major regulator of
intracellular free Ca2+ 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 PLN decreases SERCA Ca2+ affinity and activity (Vmax;
Asahi et al, 2002). Inhibition is relieved when PLN or SLN are phosphorylated (brought
on by β-adrenergic stimulation) at the Ser-16 and Thr-5 residues found on PLN and SLN,
respectively, resulting in a change in physical interaction between PLN or SLN and
SERCA (Reddy et al., 2003, MacLennan et al., 2003; Asahi et al., 2012; Odermatt et al.,
1998). Protein-protein regulation of SERCA has been extensively studied, yet the
sarcoplasmic reticular (SR) lipid membrane’s ability to regulate SERCA is still fairly
unknown. This is due to the diverse nature of the lipid composition of membranes,
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 protein counterpart due to hydrophobic and
hydrophilic matching (Anderssen & Koeppe, 2007).
Membranes and membrane associated proteins both have hydrophobic and
hydrophilic regions which allow for matching (Anderssen & Koeppe, 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, less fluid membranes (Benga & Holmes,
1984). PL species affects the membrane where larger head groups such as PC are
associated with thicker membranes compared to PE (Andersen & Koeppe, 2007; Dickey
& Faller, 2008). Membrane fluidity may also be an important 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 al, 1987, Anderssen & Koeppe, 2007).
Specifically, PC forms a cylindrical shape with the FA tails making the membrane more
fluid compared to PE (Dickey & Faller, 2008). Ideal bilayer thickness and membrane
fluidity ensure optimal SERCA function (Anderssen & Koeppe, 2007).
It has been suggested that the PL’s ability to regulate SERCA applies to those PLs
in direct contact, known as the lipid annulus (Yeagle, 1989; Lee, 2003). Previous
research in synthetic membranes has determined the optimal environment for SERCA
function. Specifically, more saturated and longer (chain length of 20-22 carbons) FA,
reflective of thicker, less fluid membranes, were associated with higher SERCA Vmax and
Ca2+ affinity (Gustavsson et al, 2011, Anderssen & Koeppe, 2007). However, based on
the hydrophobic regions of SERCA, the bilayer thickness that would provide appropriate
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matching is ~21 Å (as measured through crystallography; Lee, 2003). This thickness can
be achieved with 12-14 carbon FA chain length, which is significantly shorter than the
ideal environment as described as Gustavsson et al (2011). No research to date has
explored the influence of membrane lipid properties on SERCA function in biological
membranes.
Recent evidence in cardiac tissue has demonstrated that dietary lipids alter cardiac
SR membrane lipid composition which, in turn, may have directly 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 in SERCA activity compared to
fish oil (Taffet et al., 1993). Although membrane lipid composition in skeletal muscle can
be altered with diet (Hoeks et al., 2011; Andersson et al., 2002; Abbott et al., 2009; Ayre
& Hulbert, 1996; Abbott et al., 2011), no studies have examined the influence of diet on
the annular lipids surrounding SERCA and the potential resulting impact on SERCA
function.
SERCA dysfunction is associated with multiple myopathies where SERCA’s
inability to cycle Ca2+ leads to cellular stress and eventual necrosis (Schneider et al,
2013). Upregulation of heat shock protein (Hsp) 70 allows the cell to resist lethal levels of
oxidative and thermal stress caused by SERCA dysfunction by binding to the denatured
protein and allowing proper refolding or assisting in degradation (Fu & Tupling, 2009).
Previous in vitro cell studies have found that while under thermal stress, there is an
increased level of Hsp70 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 during thermal stress.
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Similar results are observed through dietary interventions. Previous research has
found that supplementing a diet high in saturated fat (16% kcal) resulted in improved
muscle strength and function in mdx mice (Radley-Crabb et al, 2011). Another study
found that a high saturated fat diet (42% kcal) lead to decreased thermal inactivation of
SERCA when subject to 60 min of 37°C heat stress (Fajardo, unpublished data). Since
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 studies may be
connected, however it is uncertain how. Since saturated fats are less susceptible to
peroxidation by stress (Ratnayake & Galli, 2009) it is possible that a diet high in saturated
fat lead to an increase in saturation in the membrane, specifically the lipid annulus, 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, annular lipid composition
and the ability to protect SERCA from heat stress-induced damage. Thus the purpose of
this study, using soleus muscle from chow-fed (CON; 7% soybean oil by weight) and
high saturated fat-fed (HSF; 20% lard by weight) rats, was to 1) determine the annular
lipid composition of SERCA in biological membranes, 2) determine if HSF diet will alter
annular lipid composition, and 3) if the diet-mediated changes in annular lipid
composition will affect SERCA activity and protect SERCA from thermal stress. It is
hypothesized that the lipid annulus in biological membranes will contain FAs that are 1214 carbons long (carbon chain length associated with hydrophobic matching of SERCA)
and saturated, which will be associated with decreased Vmax compared to Vmax at optimal
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chain length (18-20). In response to a HSF diet, the lipid annulus will contain longer (1418) saturated FAs which will increase SERCA Vmax and decrease percent reduction of
SERCA activity during thermal stress.
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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 (Saint-Constant, Quebec, Canada) and
housed at 22± 1ºC with a 12:12 h light-dark 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 2.1) with ad libitum access to water. After
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 animal care
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 of age. Dams
were anesthetized with sodium pentobarbital in the intraperitoneal cavity (6mg/100g body
weight). Soleus (84% type I, 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 (162.6 ± 5.3) and added to a glass homogenizer containing
homogenization buffer (250 mM sucrose, 5 mM HEPES, 10 mM NaN3, phosphatase
inhibitor cocktail (PhosSTOP; Roche, Laval, QC, Canada), protease inhibitor cocktail
(cOmplete Mini EDTA-free; Roche, Laval, QC, Canada), pH 7.5) to a final concentration
of 11:1 (v/w). The sample was homogenized using glass-on-glass manual
homogenization. Protein concentration was then measured using Bradford protein assay
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(Bradford, 1975). Muscle homogenates (1.6 mg of protein) were aliquoted into eppendorf
tubes and stored in -80°C freezer for future use. For each diet, 3 random food pellets were
selected and homogenized in 5 volumes of double distilled water.
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Table 2.3 Macronutrient and bone-specific micronutrient content of the diets.
Ingredient
Energy (Kcal/g)
Protein (% Kcal)
Carbohydrate (% Kcal)
Lipid (% Kcal)

CON
3.76
18.8
63.9
17.2

HSF
4.40
19.1
39.8
41.0

Protein (% by weight)
Casein (g/kg)
L-cystine (g/kg)

17.7
200
3.0

21.2
240
3.6

Carbohydrate (% by weight)
Corn starch (g/kg)
Maltodextrin
Sucrose
Cellulose

60.1
397
132
100
50

44.2
217
132
100
50

Lipid (% by weight)
Lard (g/kg)
Soybean oil (g/kg)

7.2
70

20.2
200
-

Vitamin mix (g/kg)*
Vitamin D3 (g/kg vitamin mix)
Vitamin K1 (g/kg vitamin mix)

10
0.2
0.075

12
0.2
0.075

Mineral mix (g/kg)‡
Calcium carbonate (g/kg mineral mix)
Potassium phosphate (g/kg mineral mix)
Zinc carbonate (g/kg mineral mix)
Sodium fluoride (g/kg mineral mix)
Cupric carbonate (g/kg mineral mix)
Ferric citrate (g/kg mineral mix)
Magnesium oxide (g/kg mineral mix)

35
357
196
1.65
0.0635
0.31
6.06
24.3

42
357
196
1.65
0.0635
0.31
6.06
24.3

CON, AIN-93G control diet; HSF, high saturated fat diet (AIN-93G with 20% lard)
*

Vitamin mix for high fat diets (AIN-93G-VX; g per kg vitamin mix): niacin, 3; calcium
pantothenate, 1.6; pyridoxine HCl, 0.7; thiamine HCl, 0.6; riboflavin, 0.6; folic acid, 0.2; biotin,
0.02; vitamin B12, 2.5; DL-alpha tocopheryl acetate, 15; vitamin A palmitate, 0.8; sucrose,
974.705
‡

Mineral mix for high fat diets (AIN-93G-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 meta-silicate nonahydrate, 1.45; chromium potassium sulphate dodecahydrate. 0.275;
lithium chloride, 0.0174; boric acid, 0.0815; nickel carbonate hydroxide tetrahydrate, 0.0318;
ammonium meta-vanadate, 0.0066; sucrose, 220.716
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Immunoprecipitation
SERCA2a was immunoprecipitated (as described previously by Zorzano &
Camps, 2006 and modified by Fajardo et al, 2013) to isolate and examine the lipid
annulus surrounding the protein. A 50% bead slurry [1:1 (v/v)] was prepared using
protein-G bound to agarose beads (Santa Cruz Biotechnology, Dallas, Texas, USA, sc2002). Three hundred µl of 1:1 (v/v) bead slurry was coupled with 40µg of SERCA2a
antibody (2A7-A1, Abcam, Cambridge, MA, USA, ab2861) along with 180µL of
phosphate-buffed saline buffer (PBS; 13.7 mM NaCl, 0.27 mM KCl, 0.43 mM Na2HPO4,
0.14 mM NaH2PO4, pH 7.4) and incubated overnight at 4°C with constant shaking. The
bead-antibody 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 mixer, centrifuged,
and supernatants were discarded. Blocking with BSA blocking solution was repeated 3
times followed by a final wash with PBS. Four hundred µl of 2x Co-IP 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 double distilled water to make and total
volume 800 µL. The samples were incubated overnight at 4°C with constant shaking,
centrifuged for 1 min at 20,500g (4°C), and supernatants were discarded. The pellets were
washed with 1x Co-IP buffer (5 min on nutation mixer at 4°C), centrifuged for 1 min at
20,500g (4°C) and supernatants discarded. The pellets were washed two more times
followed by a wash with wash buffer (150 mM NaCl, 25 mM Tris Base, pH 7.2). One
hundred and forty four µL 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 20,500g,

57

MSc Thesis – Natalie Trojanowski

Brock University

4°C), supernatants (contained protein and antibody) were collected, and 8 µL 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 sample or 250 µL 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) and dH2O (1.25 mL)
were subsequently added and vortexed followed by centrifuge 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 (mono- and di-glicerides,
cholesterol and hydrocarbons) as per Kupke et al. (1978). TLC plates (60Ǻ, EMD,
Mississauga, Ontario) were baked for 10 min at 110°C prior to use and kept in
desiccating chamber to cool. Lipid extracted samples were dried under a constant stream
of N2, 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 acid (70:30:1) for
~30 min. Plates were removed from the tank and left to dry for 5 min, followed by
spraying with dichlorofluorescein (DCF) solution (methanol: water (1:1) saturated with
2’, 7’, -DCF filtered and washed with petroleum ether) and then developed (25%
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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% H2SO4 in methanol was added to
each tube along with 10 µl 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 dH2O were added to each sample, vortexed and centrifuged at 720g for
6 min. The top layer containing petroleum ether and fatty acid methyl esters was removed
and dried under a constant stream of N2. Samples were resuspended in 10 µL 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 Bradley et al. (2008). Briefly, 1 µL 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 GC Ultra, Thermo Electron Corp, Milan, Italy). FAMEs were
separated on a UFM RTC-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 those of a known standard solution (Supelco 37 component FAME
mix, Supelco, Bellefonte, PA, USA). The areas of each individual FA peak were
calculated with the aid of the internal standard (13:0).
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Ca-ATPase activity Assay
SERCA activity (Vmax) was measured using an in-vitro NADH-linked
spectrophotometric assay (340 nm; millimolar extinction coefficient ε340, 6.22; path
length was measured and adjusted by spectrophotometer) as per Duhamel et al (2007).
Briefly, 10 µl of soleus homogenate was added to a reaction master mix (5 mL of ATPase
buffer (200 mM KCl, 20 mM HEPES, 10mM NaN3, 1 mM EGTA, 15 mM MgCl2, 5 mM
ATP, 10 mM phosphoenol pyruvate and 2 N KOH, pH 7.0), 12.7 µl lactate
dehydrogenase (18U/mL), 18 µl pyruvate kinase (18U/mL), and 10.5 µl of Ca2+
ionophore A23187 (1mg/mL)). This cocktail was vortexed and aliquoted to 16 eppendorfs
containing [Ca2+]f ranging from pCa 7.0-5.0 to create a pCa curve which will be used for
calculating SERCA Vmax. The Ca2+ concentrations have been optimized based on soleus
muscle to create the ideal curve. The eppendorfs were vortexed and 100 µl was
transferred onto a 96-well plate (in duplicate). Two µl of NADH (1.9% (w/v)) was added
to each well quickly, and the plate was loaded onto the spectrophotometer
(SPECTRAMAX plus; molecular devices; 37°C, 30 min kinetic reading,) for reading.
This reading provided the total ATPase activity in the sample. Cyclopiazonic acid (CPA;
40 µM; Seidler et al, 1989), a SERCA-specific inhibitor, was added to the last sample,
and its ATPase activity was subtracted from the total ATPase activity to provide SERCAspecific activity.
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Thermal Stress
To measure the effect of thermal stress on SERCA activity, muscle homogenates
were incubated in a water bath (37°C). Ca-ATPase 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
immunoprecipitation. This was achieved by using monoclonal antibodies raised against
membrane specific protein SERCA 2a (2A7-A1, Abcam, Cambridge, MA, USA,
ab2861). Prior to use, antibodies were tested to determine optimal protein loading.
SERCA2a was immunoprecipitated as previously mentioned but with only ¼ of the
quantity of protein, beads and buffers. Following neutralization buffer addition, 9 ul of 5x
solubilizing/loading buffer (87.5 mM Tris-HCl (pH 6.8), 45% glycerol (v/v), 1.25%
bromophenol blue (w/v), 12.5% β-mercaptoethanol (v/v), 5% sodium dodecyl sulfate
(w/v)) was added to each immunoprecipitated sample. A 10% separating gel was used
and topped off with 4% stacking gel. Twenty µl of sample was loaded alongside 7 µl of a
molecular weighted standard (BioRad Precision Plus Kaleidescope Molecular Weight
Marker, CA, USA), 30 µg of whole homogenate muscle as a positive control, 20 µl of
supernatant and wash supernatant to measure unbound protein. Standard SDS-PAGE
electrophoresis was performed as previously described (LeBlanc et 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% methanol). Membranes were
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incubated with blocking solution (TBST buffer: 20mM Tris base, 137 mM NaCl, and
0.1% (v/v) tween 20, pH 7.5) with 5% (w/v) non-fat dry milk for 1 hour to block all nonspecific binding sites followed by incubation with SERCA 2a (1:1000; mouse
monoclonal; reacts with rat; Abcam, Cambridge, MA, USA, ab2861) in blocking solution
for 1 hour. Membranes were washed 3 times for 5 minutes with TBST buffer and then
incubated in blocking solution containing an HRP-conjugated secondary antibody
(1:20000; anti-mouse produced in goat; Sigma-Aldrich, Oakville, ON, CA) for 1 hour.
Membranes were washed again (3 times for 5 minutes with TBST buffer), treated with
LuminataTM Forte Western HRP Substrate (Millipore, MA, USA) for 2 minutes,
developed using the FluroChem imaging system (Alpha-Innotec, CA, USA), and
quantified using Image J software.
Statistical Analysis
All values are expressed as means ± standard errors (SE). Statistical analyses were
performed using IBM SPSS Statistics (version 22, SPSS Inc., Chicago, IL). A two-way
analysis of variance (ANOVA) was used to establish differences between membrane
(lipid annulus and whole homogenate) and diet (CON and HSF). A significant interaction
(p < 0.05) was followed up by a Post-hoc Tukey analysis. Pearson correlations were used
to test the relationship between SERCA activity and membrane lipid composition.
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Results
Diet
The HSF diet contained greater percent mole fraction of saturates (14:0, 16:0 and
18:0) and monoenes (16:1 and 18:1) and lower n3 (18:3n3) and n6 (18:2n6) polyenes
compared to CON (Table 2.2; Miotto et al, 2013). There were no significant changes in
dam weight after breeding nor changes in fat pad mass (omental, retroperitoneal or
parametrial) between diets. However HSF-fed dams had higher weights are lactation (p <
0.05; Table2.3; Miotto et al, 2013)
Lipid Analysis
The annulus had significantly higher SFA (mainly 12:0, 14:0) and lower n3
(mainly 20:3n3 and 22:6n3) and n6 (mainly 18:2n6) PUFA compared to whole
homogenate (Table 2.4). The annulus also had FAs that were shorter and more saturated.
The HSF diet had no impact on annular lipid composition but resulted in a significant
decrease in n6 polyenes (mainly 18:2n6) in whole homogenate.
SERCA Activity and Lipid Annulus Correlations

Maximal SERCA activity (time point 0) of CON was not significantly different
from HSF. Maximal Ca2+-ATPase activity was correlated against annular lipid measures
deemed to be most influential based on previous research, namely the length of the acyl
carbon chains and the unsaturation. Unsaturation index (UI) was positively correlated
with absolute maximal Ca2+-ATPase activity (Fig 2.2, p < 0.01), whereas average 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 time (p = 0.791), however
there was a significant main effect for time (p <0.001 for each time point) for maximal
Ca-ATPase activity with thermal stress (Figure 2.1). When examining the reduction in
maximal Ca2+-ATPase activity after 60 min of heat stress, ACL and UI were both
positively correlated (Fig 2.4, p < 0.01; Fig 2.5, p < 0.05 respectively).
Western Blotting

Western Blotting revealed no significant difference (p =0.45) in SERCA
expression between CON and HSF diet.
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Table 2.4 Fatty acid composition of treatment diets.
Fatty acid
14:0
16:0
18:0

CON
0.59 ± 0.01
12.25 ± 0.10
4.19 ± 0.02

HSF
2.31 ± 0.03*
25.79 ± 0.03*
11.95 ± 0.21*

16:1
18:1

0.20 ± 0.01
20.42 ± 0.36

2.75 ± 0.01*
36.34 ± 0.17*

18:3n3

8.46 ± 0.06

0.82 ± 0.01*

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 ± 0.01*
n6 PUFAs
52.00 ± 0.30
17.14 ± 0.29*
Average CL
17.7 ± 0.01
17.3 ± 0.01
UI
150.4 ± 0.4
78.1 ± 0.4*
Values are expressed as percent mole fraction of total fatty acids; CON, AIN-93G control
diet; HSF, high saturated fat diet (AIN-93G with 20% lard) (Miotto et al, 2013).
* denotes significance from CON.

Table 2.3 Bodyweight and Fat pad mass outcomes in Dams
Outcome
Body Weight
Time of breeding (g)
Final body weight (g)

CON

Treatment
HSF

P Value
Diet

330 ± 9
324 ± 5

343 ± 12
350 ±10

0.412
0.028

Body Composition
% OM fat pad mass
1.33 ± 0.12
1.56 ± 0.11
% RTP fat pad mass
1.52 ± 0.13
1.75 ± 0.13
% PM fat pad mass
1.86 ± 0.15
2.27 ± 0.23
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
acid
12:0
14:0
16:0
18:0

Lipid Annulus
CON
HSF
30.6 ± 3.6
31.3 ± 4.4
19.2 ± 1.2
17.9 ± 0.8
13.7 ± 1.3
11.5 ± 1.1
13.0 ± 1.4
11.1 ± 1.2

Whole Homogenate
CON
HSF
nd*
nd*
0.3 ± 0.03*
0.3 ± 0.02*
19.8 ± 1.2*
18.6 ± 1.3*
23.0 ± 1.5*
27.9 ± 1.7*†

16:1
18:1
22:1

2.1 ± 0.9
3.4 ± 1.6
9.7 ± 2.6

3.0 ± 1.1
1.2 ± 0.4
13.6 ± 1.7

0.9 ± 0.1
11.5 ± 1.0*
nd*

1.0 ± 0.1
15.0 ± 1.2*†
0.2 ± 0.09*

18:3n3
20:3n3
22:6n3

0.5 ± 0.2
nd
nd

1.2 ± 0.5
nd
nd

0.07 ± 0.01*
11.3 ± 2.2*
2.0 ± 0.6*†

18:2n6
18:3n6

1.5 ± 0.5
3.0 ± 0.8

0.6 ± 0.3
5.7 ± 2.0

0.2 ± 0.03
9.8 ± 1.6*
5.1 ± 1.1 *
.9**
26.7 ± 1.3*
nd*

19.8 ± 1.4*†
nd*

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
7.5 ± 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*†
UI
33 ± 5
39 ± 7
130 ± 12*
107 ± 12*
ACL
15.1 ± 0.3
15.3 ± 0.3
18.0 ± 0.1*
18.0 ± 0.1*
Values are expressed as means ± SE, n=9 for both control and high fat diet, percent mole
fractions of fatty acids below 1% across both diets are not shown * denotes significance
due to tissue source independent of diet. † denotes significance due to diet independent of
tissue source; CON, control diet; HSF, high saturated fat diet; nd, not detectable; UI,
unsaturation index = ∑mi×ni where mi is the mole percentage and ni is the number of
carbon-carbon double bonds of the fatty 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 control and high fat diet.
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Figure 2. 9 Correlation between reduction 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 between reduction in calcium ATPase activity and average chain
length (r=0.524, p < 0.05) 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 densities. Mean values are shown (± SE).
Densities were calculated on ImageJ; statistical analysis 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 annulus, may
influence SERCA function. Major contributing factors from the membrane are bilayer
thickness and fluidity, which can be modulated by FA saturation and chain length.
Previous research in synthetic membranes has found the optimal lipid environment for
SERCA function, yet research in biological membranes is limited, especially when
looking at the lipid annulus. Furthermore, the quantity and type of fat consumed in the
diet has been known to change the lipid composition in whole homogenate as well as
subcellular compartments (SR and mitochondria), yet annular changes have not been
explored. Finally, the lipid composition of the lipid annulus is speculated to affect
SERCA during thermal stress, where more saturated fat would result in less SERCA
inactivation. However this diet-mediated protective effect on SERCA has 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, PUFA, n3, n6, UI
and ACL, 2) HSF diet resulted in minor changes in whole homogenate (significant
decrease in PUFA) but no change in annular lipid composition, and 3) diet did not change
maximal SERCA activity or protect it from heat stress but certain lipid parameters
(average chain length and unsaturation index) did positively correlate to SERCA activity.
Whole Homogenate Lipid Composition

The whole homogenate lipid measures for soleus of this study are comparable to
those documented in the literature. Several studies have measured the percent mole
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fraction of SFAs, MUFAs, n3 and n6 and ACL and UI of whole soleus muscle (Skop et
al, 2015; Stefanyk et al, 2010; Nikolaidis et al, 2004; Backard et al, 1997). These values
were similar to those obtained in this study. Therefore, it can be determined that the lipid
composition of whole soleus presented in the current study is accurate 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 (74.4-79% mole fraction) with 12:0 and 14:0 being
the two most abundant (~50%) FAs. Looking in the literature, SERCA requires a thin
membrane for ideal hydrophobic and hydrophilic matching (Lee, 2003). X-ray
crystallographic measurements of the hydrophobic amino acid residues of SERCA have
determined that the bilayer thickness of SERCA must be 21 Å 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 & Engelman, 1983). This study found that 21 Å is achieved with 1214 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 the annular lipid composition is different
from whole homogenate. The distribution of SFAs and PUFAs were significantly
different between lipid fractions, specifically the annulus contained higher SFAs and
lower PUFAs compared to whole homogenate, which resulted in significantly different
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ACLs and UIs. Since the whole homogenate and annular lipid measures are comparable
to the literature, the significant differences in lipid composition may be solely attributed
to the lipid fraction. Therefore, studying whole skeletal muscle tissue may not tell the
whole story and the need to isolate and analyze the annular composition may prove to be
important.
The use of whole homogenate may not be ideal since it provides the lipid
composition of all membranes found within the tissue, possibly masking membrane lipid
influences at the subcellular level. Previous research has proceeded beyond whole
homogenates and has isolated SR from skeletal muscle (Fajardo et al, 2015; Stubbs &
Kisielewski, 1990) and cardiac (Taffet et al 1993) tissue to develop more accurate
representation of the lipid composition. Despite isolating SR from whole muscle, the
lipid composition of isolated SR in both skeletal muscle and cardiac tissue was more
similar to whole homogenate findings than annular in the current study (Table 2.5). Since
the isolated SR is more similar to whole homogenate than to the lipid annulus, it can be
concluded that the isolated SR may still not be satisfactory for assessing associations with
SERCA function. It is important to mention that isolated SR from the Stubbs & Kisieleski
(1990) study were from white gastrocnemius, which is composed mostly (92%) of type
IIB fibres vs soleus muscle which is primarily (84%) type I (Delp & Duan, 1996). Fajardo
et al (2015) isolated SR from red vastus lateralis muscle which is composed of mostly
type II fibres (IIA 33%; IIB 19%; IID/X 32%). Since fibre type differences result in fatty
acid compositional differences (Stefanyk et al, 2010; Janovska et al, 2009), direct
comparisons should be done with caution. However, it can still be said that 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 thickness 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 in the SERCA annulus, Yeagle
1989) were created (Caffrey & Feigenson, 1981; Lee, 1998; Lervik et al, 2012;
Gustavsson et al, 2011). However, compared to the native lipid annulus, these synthetic
membranes are different. Because of the complexity of creating synthetic membranes,
they are overly simplified, where only one PL species, chain length and saturation are
being used. As seen in Fajardo et al (2015) and Stubbs & Kisielewski (1990), the SR is a
diverse structure containing a variety of PLs, saturations and carbon chain lengths,
therefore synthetic membranes 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, despite containing 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 composition of lipids affects SERCA function
and future 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 UI and
ACL of different lipid sources
Lipid
Source

Lipid
Annulus

Whole
Homogenate
(soleus)

Isolated Skeletal Muscle SR

SFA

79

44.5

(Corn oil; Stubbs &
Kisieleski, 1990)
39.55

(CON diet; Fajardo et
al, 2015)
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

UI

33

130

116

75.3

ACL

15.1

18.0

18.08

18.01

Lipid Annulus and Whole Homogenate values are from CON (control) diet. All values 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; UI, unsaturation index; ACL, 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 on the type of lipid source chosen. Based on the current study, it appears that whole
homogenate, isolated skeletal SR and synthetic membranes are greatly different than the
lipid annulus in terms of percent mole fraction of SFA, MUFA, n3, n6 as well as UI and
ACL. As seen in Gustavsson et al (2011) minor changes in carbon chain length and
saturation have a major influence on SERCA function. Thus previous research not
examining annular lipid composition around a membrane bound protein may not provide
a clear understanding of the role of membrane structure on protein function in biological
membranes.
SERCA Activity
SERCA function was measured via maximal SERCA activity. Maximal SERCA
activity of CON-fed rats was found to be 38.99 µmoles/g protein/min (mean; n=8). These
activities are ~ 60% lower compared to human vastus lateralis (Duhamel et al, 2007) and
rat soleus (Holloway et al, 2006) using similar protocols. One difference between the
current and past protocols was tissue preparation where the current study used hand,
glass-on-glass homogenization whereas Duhamel et al (2007) and Holloway et al (2006)
used polytron homogenization. There 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 than glass-on-glass, perhaps the increased efficiency
or decreased amount of time spent grinding the tissue decreased the amount of SERCA
that may have been destroyed 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 speculative. Another discrepancy is that the current study used sodium vanadate
(found in the protease cocktail) in the homogenization buffer which can inhibit ATPase
activity (Na+/K+ ATPase as well as SERCA; Socci & Delamere, 1988; Shimanda et al,
1986). Despite having lower maximal activity, comparisons can still be made between
diet groups and lipid 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 SERCA activity and the
composition of the lipid annulus. Maximal SERCA activity was positively trending with
ACL (r=0.492, p = 0.053; Figure 2.3) where longer acyl chains were associated with a
higher maximal activity. The bilayer thickness appears to coincide with the hypothesis
and previous research where a thicker membrane is associated with higher SERCA Vmax
(Lervik et al, 2012; Gustavsson et al, 2011; Lee, 1998; Caffrey & Feigenson, 1981).
However, despite seeing a potential positive relationship with carbon chain length and
SERCA Vmax, approximately 50% of the FAs in the annulus were 12-14 carbons long,
which are associated with a lowerd Vmax (Gustavsson et al, 2011). Specifically, previous
research has shown that SERCA’s maximal activity is found with acyl carbon chains
between 18-22 carbons long (Lervik et al, 2012; Gustavsson et al, 2011; Lee, 1998;
Caffrey & Feigenson, 1981). Thus in biological membranes with shorter acyl chains,
SERCA may be found in an environment supportive of submaximal activity. It has been
suggested that although SERCA maybe in a “submaximal” lipid environment, SERCA
may “move” laterally within the membrane to a region of the SR with a thicker
membrane to maximize its activity when necessary (Gustavsson et al, 2011), highlighting
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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 correlated with lipid parameters associated
with fluidity where SERCA Vmax was positively correlated with UI (r=0.722, p < 0.01;
Figure 2.2). Contrary to what was observed with bilayer thickness, the fluidity of the
membrane was the opposite of expected and reported. Less fluid membranes are
associated with higher Vmax and lower KCa (Gustavsson et al, 2011), yet the relationship
shown in the current study suggests the opposite. Considering that the lipid annulus is
more saturated than whole homogenate, it might be possible that the lipid annulus is too
saturated for optimal SERCA function. The only study comparing saturation and SERCA
activity was Gustavsson et al (2011) in synthetic membranes, where the greatest SERCA
activity was found with 18:1 (trans). However SERCA activity in the presence of 18:0 or
saturated 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 MUFAs. It appears that the lipid annulus provides a submaximal
environment for SERCA, highlighting another regulatory property of the membrane.
A limitation associated with Gustavsson et al (2011) and their comparison
between saturation and SERCA activity is that only one carbon chain length was used,
specifically 18 carbons long. It was shown that SERCA activity is greatest at 18:1 trans
vs 18:1 cis and 18:2 (Gustavsson et al, 2011). This suggests that SERCA prefers a more
rigid, and saturated membrane to obtain Vmax. 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 thickness and fluidity of the membrane are being changed. In this study the
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ACL of the annulus was 15 which is significantly shorter than 18 carbons. Not only is
bilayer thickness being changed, but also the fluidity of the membrane. Shorter
membranes are more fluid, even at the same saturation level since longer carbons involve
greater intermolecular bonds. Since there are many differences, the relationships
developed by Gustavsson et al (2011) cannot be applied to this study. Therefore it can be
speculated that the relationship observed in this study is representative of a shorter
membrane and may be true for all similar length membranes.
Another reason for the discrepancy between the findings of the current study and
that of Gustavsson et al (2011) is the isoform of SERCA and animal used. The current
study examined SERCA2a from rat whereas Gustavsson et al (2011) examined SERCA1a
from rabbit. The use of a different animal may contribute to some differences, however
SERCA is known to be highly conserved among mammals within each isoform
(Periasamy & Yanasundaram, 2007) therefore differences that may exist between species
would be minor (if comparing SERCA 1a between species). However there are major
functional differences in the isoforms which may contribute to this discrepancy.
SERCA2a is found predominately in slow-twitch muscle fibres and is associated with
slower kinetics whereas SERCA1a is found in fast-twitch muscle fibres and is associated
with fast kinetics (Periasamy & Yanasundaram, 2007; Macdonald & Stephenson, 2006;
Szentesi et al, 2001). Structurally, these isoforms are fairly similar, where their sequences
are 84% identical (Periasamy & Yanasundaram, 2007). Majority of the differences that
existed between the two isoforms are near the nucleotide-binding and phosphorylation
domains (34%), which may contribute to their kinetic differences (Brandl et al, 1986).
The hydrophobic transmembrane domain was less variable (7.4%; Brandl et al, 1986),
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where most changes in amino acids were within their own group (non-polar amino acid
switched to another non-polar amino acid ie Leu for Gly). Yet the variation in the
transmembrane domain still exists, where SERCA isoform structure differences could
result in different membrane requirements. This could very well explain the discrepancy
between this study and Gustavsson et al (2011) since SERCA1a is meant to operate at
maximal levels (since it is found in fast-twich fbres) whereas SERCA2a operates at
submaximal (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 between the current study’s findings and Gustvsonn et al
(2011) regarding membrane structure and SERCA function, it appears that a solid
membrane may not be supportive of maximal activity. As mentioned previously, the
fluidity of the membrane allows SERCA to undergo conformational changes where too
fluid of a membrane 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 of either 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 phosphorylation-rate of SERCA by ATP is slower
in a gel phase in the presence of Mg2+. Specifically, it is the phosphate transfer that is
affected; therefore the gel phase favours the E1 conformation. This coincides with the
relationship that more unsaturated FAs are associated with increased SERCA activity, as
observed in the current study. Therefore, the UI associated with the lipid annulus may be
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closer to a gel phase and the saturated annular environment may be supportive of
submaximal SERCA activity.
One observation that is consistently being made in this study is that SERCA
activity is not maximized in native membranes, which provides buffer room to allow the
membrane to “move” the protein in a desired environment to achieve a higher Vmax. This
idea, that the annular composition 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 I fibres (84%; Delp & Duan 1997), is a slow-twitch muscle and
contains SERCA2a (Periasamy & Yanasundaram, 2007). SERCA2a has been
documented in the literature as having slower kinetics compared to SERCA1a (which is
expressed in fast-twitch muscles; Macdonald & Stephenson, 2006; Szentesi et al, 2001).
The decreased kinetics of SERCA2a supports soleus’ slow contraction speed, and
increased resistance to fatigue (Macdonald & Stephenson, 2006; Szentesi et al, 2001).
Therefore, it makes sense that SERCA2a operates at submaximal activity and the lipid
annulus supports this environment. This submaximal regulation is also seen with PLN
and SLN where both regulatory proteins are expressed with SERCA2a whereas SLN is
only found with SERCA1a (Fajardo et al, 2013; Asahi et al, 2002). Furthermore, the idea
of superinhibition exists, where the presence of both regulatory proteins further
suppresses SERCA2a function 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 regulatory properties exists to
provide this environment.
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High Saturated Fat Diet
Looking at the whole homogenate, the HSF diet had no change in SFA content
compared to the CON diet. This is contrary to Andersson et al (2002) where high SFA
diet (butter high in 14:0, 16:0, 18:0) lead to significant increases in 14:0, 15:0, 17:0 in
human vastus lateralis muscle (percent mole fraction of SFA was not calculated)
compared to MUFA. However another study by Abbott et al (2010) found no difference
between a diet high in SFA (coconut oil high in 8:0, 12:0 and 14:0) and a control diet.
Specifically, there was no significant difference between percent mole fractions of SFA
between diets, but there was a significant increase in 14:0 in the high SFA diet. In both
studies (Andersson 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 lateralis) and rats (medial gastrocnemius). However, in this study there was no
change in 14:0 content in rat soleus muscle despite having a high amount of 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
significant decrease in 18:3n3, 22:6n3 and 18:2n6. Looking at the lipid composition of
the diet (Table 2.2), HSF 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
muscle on an individual FA basis. Furthermore, a study by Janovska et al (2009) found
that the PL FA profile is fibre-type 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 study. It may be
attributed to soleus’ decreased expression of lipid desaturating and elongating enzymes
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(desaturase-1, elongase-5 and elongase-6) 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 homogenate may
be due to fibre-type composition.
Looking at other FA groups, there was a significant decrease in n6 PUFAs
(18:2n6) in rats fed HSF vs CON. The 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 changes in whole skeletal muscle lipid
composition. Looking at the current study, it appears that n6 PUFA content was the most
sensitive to the diet. PUFAs have the greatest response to diet changes due to the cell’s
inability to synthesize these FAs de novo (Hulbert et al, 2005; Abbott et al, 2011). The
skeletal muscle membrane’s responsiveness to diet was measured by Abbot et al (2009)
where they plotted muscle FA composition vs dietary FA composition and measured the
slope. A slope of 1 indicated that the membrane completely 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 and n6, n6 was more responsive than n3 (0.23 vs
0.14, respectively) (Abbott et al 2009). This explains 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 CON. Overall it appears that the diet was
moderately reflective in whole soleus muscle where percent mole fraction of n6 PUFAs
was affected.
Despite seeing some changes to the PL content of whole homogenate, the lipid
composition of the lipid annulus was completely conserved as there were no significant
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changes in response to the HSF diet. The ability to conserve the lipid annulus around
SERCA may be attributed to the need to conserve SERCA function and maintain
thermodynamic favourability. If the annulus was responsive to the HSF diet, creating a
shorter and more saturated membrane, it could change the bilayer thickness (shorter) and
fluidity (more rigid) of the annulus, therefore impacting SERCA function. One
mechanism to explain annular lipid conservation in the face of dietary changes could be
related to hydrophobic matching where the hydrophobic and hydrophilic regions of
SERCA interact with the appropriate regions of the amphipathic PL creating an
energetically favourable system (Anderssen & Koeppe, 2007). When mismatch occurs,
the membrane exhibits stress in the form of compression and extension, so it must
rearrange the membrane, using energy, to return SERCA in a more favourable
environment (Anderssen & Koeppe, 2007). By conserving the structure of the lipid
annulus in the face of dietary manipulation, it ensures that thermodynamics are met and
that SERCA can function. Otherwise SERCA dysfunction may occur which can lead to
negative effects, which will be discussed later (Implications of Research).
One possibility of the diet having minor effects on PL composition in whole
homogenate and no influence on lipid annulus may be related quantity 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 showed diet-mediated changes in membranes of
whole muscle and individual organelles (SR, mitochondria), the quantity of fat varied
from 12-60% energy by fat (Fajardo et al, 2015; Abbott et al., 2011; Hoeks et al., 2011;
Janovska et al, 2009; Taffet et al, 2003; Andersson et al, 2002; Ayre & 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 of fat should
have been high enough to elicit an effect. As for duration of the diet, these same previous
studies lasted from 3 to 20 weeks. The current study’s duration is at the higher end of the
spectrum (17 weeks) therefore the duration should be sufficient to elicit an effect. Overall
the study design was strong enough to potentially observe changes in PL composition of
whole muscle and lipid annulus therefore lack of changes may be explained by other
factors.
A potential factor for the lack of dietary effect on the lipid composition of the
annulus is that the Wistar rats underwent pregnancy and lactation, as the current study
was part of a larger study. Pregnancy and lactation do have an effect on lipid metabolism
however, to the author’s knowledge, no studies have observed skeletal muscle lipid
compositional differences due to the increased metabolic demands seen with pregnancy
and lactation. However, one study did measure the lipid content in plasma during
pregnancy and lactation of ruminant animals (Dawes & Shelley, 1968). During
pregnancy, the lipids consumed in the diet are being used for neural development. Prior to
parturition, there is a sharp increase in plasma lipids due to the increased metabolic
demands of labour (Dawes & Shelley, 1968). However post-parturition plasma lipid
levels dropped and then rose again once lactation began (Dawes & Shelley, 1968). The
increased metabolic demands of lactation are the reason behind the rise in plasma lipids
as well as for milk production. This phenomenon of increasing plasma lipid is explained
by the fact that during 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 effect is observed during lactation where lipids become the primary fuel
source and is being used for milk production (Stuebe & Rich-Edwards, 2009). Since
lipids are the primary fuel source during pregnancy and lactation, it may be possible that
the fat being consumed during the study was being diverted to oxidation/neural
development/milk production because of the increased lipid metabolic demand, instead of
being used for PL remodelling of the skeletal membrane. Therefore the lack of annular
changes could be explained 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. However, maximal SERCA activity
was compared between diet groups and there were no significant differences (38.99 vs
44.01 µmoles/g protein/min for CON and HSF respectively). Since there were no annular
changes, and it is assumed that lipid composition is related to SERCA activity, it was
reasonable to not see differences between diet groups. A lack of change to SERCA
activity in response to a HSF diet has been seen previously. A study by Stubbs &
Kisielewski (1990) fed rats either a fish or corn oil diet for 4 weeks. There were dietmediated changes (Fish: increased 20:5n3, 22:5n3 and 22:6n3; Corn: increased 18:2n6) in
the isolated white gastrocnemius skeletal muscle SR; however SERCA activity did not
change. Their presented theory was that bilayer thickness did not change (ACL remained
the same; 18.08 corn vs 18.50 fish) hence why SERCA activity did not change either.
Despite observing changes in saturation (UI; 58 corn vs 65.41 fish), the authors believe
that saturation is not a SERCA function modulator. However, with the current study, it
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has been shown that the lack of change in SERCA activity may be due 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 study by Fajardo measured soleus SERCA heat
inactivation between control (5% kcal of fat) and high fat diet (42% kcal of fat) at 37°C
for 0, 30 and 60 min. There were no significant effects; however there was a trend (p =
0.11) that the high fat diet had a lower % SERCA inactivation after 60 min. It was
speculated that the high fat diet was protecting SERCA from heat stress by changing the
lipid environment surrounding SERCA into a more saturated one which is potentially
allowing maintenance of function. This approach was replicated in the current study so as
to determine if the membrane was involved in SERCA heat protection. However this
study showed that the HSF diet did not change the lipid annulus. This could explain why
there were no significant differences in SERCA inactivation between diets. Despite
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 lipid environment 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 effect of diet, lipid composition and heat stress affecting protein
function has not been shown directly, another study by Tsalouhidou et al (2006) found
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that mitochondrial membranes (a site for reactive oxygen species production) were more
saturated and less polyunsaturated compared to whole tissue lipid, making it more
resistant to peroxidative damage. Therefore, if the membrane composition is being used
to protect mitochondrial proteins from oxidative damage, it may be possible that the same
effect may occur in the SR. Situations where the SR may be susceptible to oxidative
damage are aging, exercise hyperthermia and certain diseases (such as muscular
dystrophy) (Vigna, 2008). Therefore, it may be necessary for the cell to develop methods
of protecting SERCA through SR lipid composition. If using the membrane is sufficient
for protecting mitochondria from constant oxidative damage, then it is possible that it will
be sufficient for protecting the SR. It is important to highlight that the stress being applied
in the current study is heat stress and not oxidative stress. Heat stress occurs when there is
an increase above basal temperature resulting in protein unfolding, aggregation and
degradation (Rhoads et al, 2013; Soti & Csermely, 2007; Roi Roti, 2008; Caspani et al,
2004; Lindquist, 1986). Oxidative stress occurs when there is an increase in reactive
oxygen species which also leads to protein unfolding, aggregation and degradation as
well as lipid peroxidation. (Rhoads et al, 2013). Although these stresses are different, heat
stress does lead to oxidative stress in oxidative skeletal muscle (Rhoads et al, 2013).
Therefore heat stress can be used to simulate an oxidative stress environment. Just as
observed by Tsalouhidou et al (2006), the saturation of the lipid membrane may be a
protective mechanism to prevent lipid peroxidation in the SR that occurs in oxidative
stress brought on by heat stress.
Looking at the reduction in SERCA activity from 0 to 60 min at 37°C and
correlating this to UI and ACL, there was a positive relationship for both (p < 0.05;

90

MSc Thesis – Natalie Trojanowski

Brock University

figures 2.4 and 2.5). As unsaturation increased, there was an increase in the change of
SERCA activity; therefore a more saturated membrane is protective of heat stress. This
makes sense since PUFAs are more susceptible to oxidative damage (Hulbert et al, 2005).
Additionally, studies in dystrophic mice (whose muscle is highly susceptible to oxidative
damage) found that a diet high in saturated fat improved muscle strength and function
(Radley-Crabb 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 with MD. Although the diet had no effect on the lipid
annulus, the same pattern of saturation preserving SERCA function can be seen. It is
possible that in a diseased state, the annulus may be more receptive of the diet in order to
preserve SERCA function hence why Radley-Crabb et al (2011) observed protective
effects of a HSF diet and the current study did not. However this is speculative 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 et al, 1989; Mrak & Fleischer, 1982; Owens & Hughes, 1970) reported a decrease
in PC and increase in PE content in mdx-mice vs normal as well as a decrease in 16:0,
22:6 and 18:2 and an increase in 18:0, 18:1. All of these SR membrane changes coincide
with maximal activity of SERCA as found by Gustavsson et al (2011) where SERCA
Vmax was greatest with PE, 18:1 trans FA. This might be a mechanism to preserve
SERCA function where MD inactivates and decreases SERCA function. Therefore there
is some evidence to suggest that the SR membrane will alter itself in response to MD to
preserve SERCA function, therefore it may be possible that the annulus would have
changed in an mdx-model as well.
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Looking at average chain length, as ACL increased, so did the reduction in
SERCA activity. This suggests that a longer, thicker membrane may be less protective in
the face of heat stress. Chain length alone is inversely proportional to oxidation, therefore
longer chains are less susceptible to oxidation, opposite to what was observed 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 unsaturation. Looking at
Table 2.2, the ACL of detectable PUFAs, MUFAs and SFAs was 18, 20 and 14
respectively. Additionally, ACL was positive correlated with UI (p < 0.05). Therefore
longer chains are associated with a higher degree of unsaturation and it follows suit that
longer more unsaturated chains resulted in the greatest reduction in SERCA activity.
A potential reason why the diet was not protective in heat stress but was protective
in the Radley-Crabb et al (2011) study is the amount of stress being used. Radley-Crabb
et al (2011) used dystrophic mice, where the only stress being applied is oxidative stress.
This is in contrast to the current study 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 stress environment, 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 dismissed. Future 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 affecting HSP70 expression. Previous studies using monkeys have found that a
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diet high in saturated fat (35% fat from calories) significantly decreased HSP70 protein
expression in biceps femoris after 6 years of nutritional stress (Kavanagh et al, 2012). A
similar observation was seen with rats in soleus muscle who were fed a HSF diet (60% fat
from calories) for 6 weeks where there was a trend for down regulation of HSP70
(p<0.10; Gupte et al, 2009). It has been proposed that a HSF diet lowers HSP70 levels
due to the development of insulin resistance. Although insulin resistance and/or HSP70
protein expression were not measured in the current study, it may be possible that the lack
of protective effect may be due to this phenomenon. However, the HSF diet did have
higher SERCA Vmax at all time points (0, 30 and 60 min), although it was not significant.
Thus the theory that the HSF diet decreased protein expression of HSP70 is not likely.
However this is purely speculative at this point and future research should aim 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 function. This is important, since the lipid annulus
of SERCA appeared to be different from whole homogenate. This stresses the importance
of isolating the lipid annulus of SERCA when associating membrane composition with
protein function. Making these associations with whole homogenate or even isolated SR
may not provide accurate results. Contrary to what was hypothesized, the lipid annulus
composition remained conserved when a HSF diet was imposed, while the whole
homogenate changed. It was speculated that since the diet has been shown to influence
membrane lipid composition, similar results would be seen at the annular level. The lack
of annular lipid changes suggests that the lipid annulus composition around SERCA
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remained conserved and is integral for protein function. Given the diet had no effect on
the lipid annulus; it may help explain the lack of difference in SERCA Vmax and %
reduction by heat stress between diet groups. However, when SERCA Vmax and reduction
in SERCA activity (after 60 min) was correlated with ACL and UI, significant positive
relationships were seen. This suggests that SERCA function is impacted by lipid annulus
composition, specifically longer, more unsaturated FA is associated with greater Vmax and
is less protective of SERCA during heat stress.
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Chapter 3.0 General Conclusions
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Implications of Research

Duchenne muscular dystrophy (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 extracellular matrix (Hyser, 1989; Hoffman, Brown & Kunkel,
1987; Mastaglia & Walton, 1982). Without functional dystrophin there is increased
myofibre membrane fragility, myofibre necrosis and replacement of skeletal muscle with
fibrous connective tissue (Hoffman, 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 mechanisms (Brookes et al; 2004;
Nethery et al, 2000; Kuznetsov et al, 1998). Increased intracellular calcium is in-part, due
to dysfunctional SERCA (Schneider et al, 2013). In-fact DMD is often used as a model
for SERCA dysfunction. Previous animal studies using mdx mice, a genetic mouse model
lacking dystrophin that is widely used for pre-clinical DMD research (Radley-Crabb et al,
2011), have found that SERCA mitigation leads to the improvement in DMD phenotype
(histological and biochemical markers of DMD; Goonasekera et al, 2011). This shows
that a link may exist 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 DMD, it has been proposed that
induction of Hsp70, a heat shock protein involved in refolding denatured proteins during
times of stress (oxidative and heat), would benefit SERCA function in DMD by
preventing SERCA inactivation due to oxidative stress. This effect was observed as
genetic and pharmacological induction of Hsp70 improved SERCA function and the
pathology of DMD in mdx mice (increased muscle force production, decreased markers
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for damage and necrosis; Gehring et al, 2012). Although promising, genetic manipulation
in humans is not reasonable, and pharmacological treatments may not be safe. Thus other
methods have been explored.
Alternatively, there are dietary measures that produce similar results to those
observed with pharmacological and genetic induction of Hsp70. A study by Radley-Crabb
et al, (2011) demonstrated that a high saturated fat (HSF; 16% kcal) diet was effective in
improving running ability and decreasing myofibre necrosis in mdx mice. It is speculated
that the diet increased the amount of saturated FA in the lipid annulus, protecting it from
oxidative damage. Our research aimed at deciphering whether the positive effects of the
HSF diet, as seen in Radley-Crabb et al, (2011) were due to annular changes which
protected SERCA from heat stress. Although no significant changes were seen in this
study, this may be due to differences in the model examined (WT rat vs mdx-mouse).
Before finding methods to improve SERCA dysfunction, it is beneficial to
understand how SERCA is regulated in a healthy (wild-type) setting. By understanding
how the membrane and other lipid-bound proteins regulate SERCA, the development of
future treatment strategies can occur. These regulations include, but are not limited to,
hydrocarbon chain length, unsaturation, PL headgroup and PLN/SLN interaction with
SERCA. By finding ways to alter these regulators, through diet, we can find suitable
treatments for humans that 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, which should be sufficient time for diet-mediated influence on membrane lipid
composition. Previous studies (Fajardo et al, 2015; Abbott et al., 2011; Hoeks et al., 2011;
Janovska et al, 2009; Taffet et al, 2003; Andersson et al, 2002; Ayre & Hulbert, 1995;
Stubbs & Kisielewski et al, 1990) found significant membrane changes after dietary
interventions from 3 weeks to 20 weeks. Additionally, the quantity of fat in the high
saturated fat diet (20% lard by weight or 41% by energy) should also be sufficient, as it
was similar to previous studies (12-60% by energy) (Fajardo et al, 2015; Abbott et al.,
2011; Hoeks et al., 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 the 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 through x-ray crystallography that the hydrophobic region
of SERCA (which is related to bilayer thickness) of SERCA is 21 Å (Lee, 2003), which is
comparable to 12-14 saturated FA (Lewis & Engleman, 1983). Since the ACL of our lipid
annuls was 15, ~50% of which were composed of 12:0 and 14:0, it provides support that
the novel technique used in the current study may be accurate and representative of the
lipid annulus.
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Limitations

One limitation in the study is the animals sampled had undergone pregnancy and
lactation in addition to the diet manipulation. The main study, of which this thesis was a
subset, was 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 result. It has been observed in ruminant animals that there are
changes to 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 to
increased metabolic demand (Dawes & Shelley, 1968). Although 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 the skeletal
membrane. Therefore the lack of annular changes could be explained by this
phenomenon. Future research should aim to replicate this study using animals that have
not undergone pregnancy and lactation.
Secondly, this study primarily focused on protein-lipid regulation. However,
SERCA can also be regulated through protein-protein 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 membrane affected the conformational
state of PLN (R vs T) which affects its regulation with SERCA (Gustavsson et al, 2013).
When PLN is reconstituted in isolated native membranes, the addition of negatively
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charged phosphatidylglycerol promotes T-state conformation, which allows PLN to
inhibit SERCA (whereas R state does not) (Gustavsson et al, 2013). No studies to date
have looked at SLN. It is possible that shorter, more saturated FA promote SLN /PLN:
SERCA interaction, promoting inhibition (hence the submaximal activity that was
observed). Future research should consider how SLN and PLN interaction with SERCA
changes when the composition of the annulus changes.
Thirdly, the low lipid content post-IP prevented the separation of the PLs by
headgroup. Due to lack of substrate and tissue availability, the lipid content could not be
increased. PL headgroup is a potential regulator of SERCA and it should therefore be
explored further. Cholesterol content was not measured either despite being a potential
regulator of SERCA. Future research should aim to study the PL head group composition
and cholesterol content of the lipid annulus in biological membranes.
Future Research

Future work should examine how PLN/SLN, PL 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 cross-linking, should be developed, to study how SLN/PLN interact with
SERCA based on the lipid annulus. PL head group could be measured using this
technique of isolating SERCA through immunoprecipitation followed by lipid analysis,
pending access to more substrate (such as agarose beads, and antibody) and tissue
availability. Mass spectrometry is another technique that could be used for measuring PL
since it is far more sensitive than TLC/GC.
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In regards to SERCA activity and heat stress, there is an assumption that heat
stress is comparable to the stress imparted by muscular dystrophy, which is a life-long
stressor. Therefore, the non-existent effects of diet on the lipid annulus could be due to
the limited duration of stress, something longer than 1-24 hours. Perhaps using a
dystrophic model would result in significant changes to the lipid annulus following a high
saturated fat diet. Previous research, using mdx mice, did show that a HF diet did result in
improved muscle function (Radley-Crabb et al, 2011). It is possibly due to annular
changes and SERCA protection, however this is entirely speculative.
In addition to potential annular differences following a HSF diet, the lipid annulus
in a dystrophic CON-fed rodent may also prove to be significantly different than that of a
WT CON-fed rodent. This could be due to the constant presence of stress which results in
the body’s need to protect SERCA function via the membrane. A similar effect could be
observed when comparing dystrophic HSF-fed rodent with WT HSF-fed rodent. It would
also be reasonable that the lipid annulus might be significantly different between CONfed and HSF-fed dystrophic models, possibly due to the increased need to protect SERCA
from oxidative stress. However this is still speculation. Therefore future studies should
repeat this study but in an mdx model to see how and if 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
- 5 mM HEPES
- 10 mM NaN3
- pH 7.5
2. BSA standard
- 1mg/ml of BSA
- Store -20°C
3. Bradford Buffer
- Dilute 1 part Bio-Rad Protein Assay Dye 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
2. Take glass homogenizer and add 500 µl of homogenization buffer. Keep on ice
3. Weigh muscle sample and add it to homogenizer.
4. Add homogenization buffer so 11:1 (w/v) is achieved (accounting for the 500 µl)
5. Manually homogenize on ice (~5 min)
6. Transfer samples to eppendorfs
Protein Determination
1. Make up or remove BSA standard from -20°C
2. Make up standard:
Final protein
Volume of BSA (ul)
concentration (mM)
1
Leave as is
0.5
500 from ‘1’
0.25
500 from ‘0.5’
0.125
500 from ‘0.25’
0.05
100 from ‘0.5’
0
0
3. Pipette the 5 µl of sample into 95 µl of dH2O, vortex.
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4. Pipette everything in 10 µl amounts in micropipette plate in triplicate
5. Add 200ul of Bradford reagent to each sample
6. Let incubate for 5 min then read absorbance at wavelength 595 nm
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Part IIa: Immunoprecipitation for Lipid Analysis
REAGENTS
1. Blocking Solution. pH 7.4
- 1% BSA in PBS
2. 10X Phosphate-buffered saline (PBS). pH 7.4
- 137 mM NaCl
- 2.7 mM KCl
- 4.3 mM Na2HPO4
- 1.42 mM NaH2PO4
3. 2x co-IP buffer
- 300 mM NaCl
- 40 mM HEPES
- 2 mM EDTA
- 10 mM MgCl2
- 1% Tween (v/v)
- pH to 7.5 and store -20
4. Wash Buffer
- 150 mM NaCl
- 25 mM Tris Base
- pH to 7.2 and store at -20
5. Elution buffer
- 100 mM Glycine
- pH to 2.8 and store at -20
6. Neutralizing Buffer
- 1M Tris Base
- pH to 9.0 and store at -20
PROTOCOL
Couple antibody to anti-IgG-coupled agarose beads
1. Pipet 300µL of the suspension of goat anti-mouse IgG coupled to agarose beads
[1:1(v/v)] into a microcentrifuge tube.
2. Wash beads by adding 1.5 ml PBS, shaking gently, and microcentrifuge 6 seconds at
max speed, room temperature. Discard supernatant.
3. Repeat wash. Discard supernatant
4. Add 40 µg of antibody to the bead pellet, and then bring to a final volume of 200µL
with PBS. Incubate overnight at 4°C with constant shaking on an orbital shaker.
5. Wash the coupled beads by adding 1.5 mL blocking solution to the pellet, incubating
15 min at 4°C with sporadic shaking, then microcentrifuging 6 seconds at maximum
speed, room temperature. Discard supernatant.
6. Repeat wash with blocking solution twice.
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7. Wash once with PBS solution
Immunoadsorb and collect vesicles
1. Add 1600 µg of protein to 800µl of 1x Co-IP buffer to the coupled beads (Add 400
µl of 2x Co-IP solution and volume of sample to achieve 1600 ug of protein and fill
up to 800 µl with water). Incubate beads overnight at 4°C with shaking on an orbital
shaker.
2. Centrifuge for 1 min at 20 500g. Collect the 180 µl of supernatant to measure
unabsorbed proteins, and then work with the pellet (agarose beads and the vesicles
bound to them).
3. Wash pellet three times (~5 min on rotator in fridge) with 1x co-IP buffer by adding
1.5 ml and then centrifuging 1 min at 20 500 x g (Quad centrifuge). Discard
supernatant.
4. Wash one last time with 1.5 ml of wash buffer (5 min in rotator in fridge).
5. Centrifuge 1 min at 20 500 g
6. Elute the adsorbed material from the beads by adding 144 µL of low-pH elution
buffer. Incubate 15 min on ice and flick periodically.
7. Centrifuge 1 min at 20 500 g (Quad centrifuge). Collect the supernatant (eluted
material from the beads, containing the proteins that were bound as well as the eluted
antibody) and add 8 μL of neutralization buffer.
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Part IIb: Immunoprecipitation for Western Blot

REAGENTS
1. 5x Laemmli Sample Buffer
- 1.75 mL 0.5M Tris-HCl pH 6.8
- 4.5 mL glycerol
- 2 mL of 25% SDS (0.25 g per ml Tris-HCl)
- 0.5 mL of 0.25% Bromophenol Blue (25 mg in 10 mL water)
- 1.25 mL beta-mercaptoethanol
Rest are same as above
PROTOCOL
Couple antibody to anti-IgG-coupled agarose beads
1. Pipet 75µL of the suspension of goat anti-mouse IgG coupled to agarose beads
[1:1(v/v)] into a microcentrifuge tube.
2. Wash beads by adding 1 ml PBS, shaking gently, and microcentrifuge 6 seconds at
max speed, room temperature. Discard supernatant.
3. Repeat wash. Discard supernatant
4. Add 10 µg of antibody to the bead pellet, and then bring to a final volume of 50 µL
with PBS. Incubate overnight at 4°C with constant shaking on an orbital shaker.
5. Wash the coupled beads by adding 0.5 mL blocking solution to the pellet, incubating
15 min at 4°C with sporadic shaking, then microcentrifuging 6 seconds at maximum
speed, room temperature. Discard supernatant.
6. Repeat wash with blocking solution twice.
7. Wash once with PBS solution
Immunoadsorb and collect vesicles
8. Add 400µg of protein to 200µl of 1x Co-IP buffer to the coupled beads (Add 100 µl
of 2x Co-IP solution and volume of sample to achieve 400 ug of protein and fill up to
200 µl with water). Incubate beads overnight at 4°C with shaking on an orbital
shaker.
9. Centrifuge for 1 min at 20 500g. Collect the 180 µl 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 fridge) with 1x co-IP buffer by adding
0.5 ml and then centrifuging 1 min at 20 500 x g (Quad centrifuge). Discard
supernatant.
11. Wash one last time with 1.5 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 adsorbed material from the beads by adding 36 µL of 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 were bound as well as the eluted
antibody) and add 2 μL of neutralization buffer. Add 9 μL of 5x sample buffer and
analyze by SDS-PAGE. If using PLN or SLN boil at 95°C for 10 min.
15. Add 45 µl of 5x buffer to the 180 µl of unabsorbed proteins collected in step 2 above,
and another 45 µl of 5x buffer to the 180 µl of the last wash in step 4 above.
For the western blot you can blot in this order: IP, Wash, Unbound
REFERENCE
Zorzano A & Camps M (2006). Isolation of T-tubules from skeletal muscle. Curr Protoc
Cell Biol Chapter 3, Unit 24.
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Part III: Lipid Extraction
1. Add 152 µl of IP samples or 250 µl 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 HPLC grade water, vortex (2 sec) until noticeable colour change (white)
5. Centrifuge 2000RPM for 6 min
6. Aspirate the top phase and then remove chloroform phase (2 mL) with 9” Pasteur
pipette i.e. Bottom phase
7. Use medium-sized screw cap vials

REFERENCE
Bligh, EG & Dyer, WJ. 1958. A rapid method of total lipid extraction and purification. Can
J Biochem Physiol 37:911.
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Part IV: Thin Layer Chromatography
REAGENTS
1. DCF Solution (for 4 L)
1.
2.
3.
4.
5.

To 4 L methanol:water (1:1), add about 2g (saturating) 2’,7’-dichloroflourescein.
Stir for about 7-8 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 in dark bottle.

2. Tridecanoic acid (13:0)
- 1 µg/µL in hexane
- Seal with lid and parafilm and store in -20°C.
3. 6% H2SO4
1. For 100 mL use 94 mL methanol, cool on ice.
2. Carefully drip 6 mLs H2SO4 into methanol slowly
-use a large beaker
-drip the H2SO4 down the sides of the beaker
PROTOCOL
Solvent Solution
1. Using clean pointed object (e.g. pipette tip), press chromatography paper into corners
of tank.
2. Make up solvent system:
hexane: diethyl ether: glacial acetic acid (70: 30: 1 mL)
3. Pour into bottom of tank, cover and let sit ~ ½ hour.
Samples
1. Transfer 1.5 mL sample into mini vial and dry down under N2.
2. Add 0.5 mL C:M (2:1), vortex and dry down under N2.
3. Add 50 µl C:M (2:1), vortex and dry down under N2
Plate
1. Place plate in oven at 110 C for 10 min.
2. Let cool in dessicator until use.
Spotting
1. Resuspend sample in 15 µL of C:M (2:1).
2. Spot the 15 µL sample onto plate using microsyringe.
3. Add an additional 15 µL 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. For blank, spot 15 µL C:M (2:1). (2x).
5. Place plate in chamber (leaning against back) with silica side up.
6. Takes about 30 min to run (solvent should reach top).
Spraying
1.
2.
3.
4.

Remove plate from tank and let dry in fume hood for several minutes.
Set plate in spraying chamber.
Spray evenly with DCF solution.
Set plate in chamber containing 25% ammonium hydroxide, for about 5 minutes.

Scoring
1. View plate under UV light. Samples should remain at origin
2. Use pencil to mark bands.
3. Remove excess silica (from sides and top) using razor blades
Rinse with C:M between uses.
4. Scrape each band into a kimex tube *** (use weight paper as a funnel)
***Mini stir bars (precleaned with C:M) were added to Kimax tubes which should be
pre-rinsed with C:M, then vortexed.
REFERENCES
Kupke, I. R., & Zeugner, S. (1978). Quantitative high-performance thin-layer chromatography of
lipids in plasma and liver homogenates after direct application
Mahadevappa, V. and Holub, B. 1987. Quantitative loss of individual eicosapentaenoyl-relative
to arachidonoyl-containing phospholipids in thrombin-stimulated human platelets. J
Lipid Res. 28:1275-1280.
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Part V: Methylation
1. To each tube, add 2 mL of 6% H2SO4
2. As accurately as possible, add 10 µL of 13:0 (Internal standard) (Rinse syringe in
Hexane)
3. Close tightly, and incubate overnight at 50°C in block heater and turn on stir
magnets.
4. Cool 10 min. then break seal.
5. Add 1 mL H2O
6. Add 2 mL petroleum ether, vortex.
7. Centrifuge 6 min. at 2000 RPM.
8. Extract petroleum ether phase (top) into medium-sized screw vial
REFERENCES
Mahadevappa, V. and Holub, B. 1987. Quantitative loss of individual eicosapentaenoyl-relative
to arachidonoyl-containing phospholipids in thrombin-stimulated human platelets. J
Lipid Res.28:1275-1280.
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Part VI: Gas Chromatography
1. Dry down samples under N2
2. Resuspend in 500 µl of dichloromethane (DCM), vortex and dry down under N2
3. Resuspend samples in 50 µl of DCM, vortex and dry down under N2
4. Resuspend samples in 20 µl of DCM, vortex and dry down under N2
5. Resuspend samples in 10 µl of DCM, cap with cringe caps and then vortex
6. Inject 1 µl of sample at 300:1
*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 will prevent problems
with evaporation.
REFERENCES
Mahadevappa, V. and Holub, B. 1987. Quantitative loss of individual eicosapentaenoyl-relative
to arachidonoyl-containing phospholipids in thrombin-stimulated human platelets. J
Lipid Res. 28:1275-1280.
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Part VII: Western Blotting
REAGENTS
1. 5x Laemmli Sample Buffer
- 1.75 mL 0.5M Tris-HCl pH 6.8
- 4.5 mL glycerol
- 2 mL of 25% SDS (0.25 g per ml Tris-HCl)
- 0.5 mL of 0.25% Bromophenol Blue (25 mg in 10 mL water)
- 1.25 mL beta-mercaptoethanol
2. 10X Running Buffer
- 15.15g Tris Base
- 72.05 g glycine
- 450 mL DDW
- pH 8.5
- 50 mL of 10% SDS
3. 10X Transfer Buffer
- 3.03g Tris Base
- 14.4g of glycine
- 200 mL methanol
- 790 mL DDW
- 10 mL 10% SDS
4. 10X TBS
- 24.2g Tris Base
- 80.06g NaCl
- 38 mL of 1M HCl
- 962 mL DDW
5. TBST
- Dilute 100 mL of 10x TBS in 900 mL DDW
- Add 4mL 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 glass-holding apparatus with 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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DDW (mL)

Protogel (mL)
Gel Buffer (mL)
30% acrylamide
6.1
1.3
4 (Stacking)
2.5 Stacking
3.96
3.33
10 (Running)
2.5 Resolving
4. Add 100 µl of APS (30 mg/300 µL) and 10 µl 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
5. Add 100 µl of APS and 20 µL of TEMED to stacking 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
6. Place gel cassettes into electrode assembly with the short plates facing inwards,
clamp down firmly and place into mini-tank.
7. Take whole homogenate sample and add DDW and 5X Laemmli buffer to make
protein concentration 5 µg/µl. Use IP samples from Part IIb. Do not boil
8. Prepare running buffer by diluting 50 mL of 10X Running Buffer in 450 mL of
DDW
9. 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
Supernatant
Amount
7 µl
6 µl (30 µg)
20 µl
20 µl
20 µl
11. Run electrophoresis at 120-volts for 90-minutes
Transfer
1. Prepare transfer buffer (always fresh)
2. Remove gels carefully, discard stacking gel, and transfer to a plastic tray to
equilibrate in transfer buffer
3. Create the “transfer sandwich”
 White/clear side of 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 holder
4. Roll out air bubbles, close firmly and place black side of holder to the black side of
electrophoresis apparatus
5. Fill tank with transfer buffer and the surrounding environment with plenty of ice to
prevent from cooking the gel and add a stir-bar to help with heat loss
6. Run transfer buffer at 100-volts for 60 min
Antibodies
1. Discard gel and filter papers and transfer membrane to small dish
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2. Block with 10 mL of 5% TBST skim milk blocking solution for 1 hour
3. Discard blocking solution and add 1° antibody (SERCA 2a) to 5% TBST skim milk
(1:1000) for 1 hour
4. Wash 3x with 10 mL of TBST, 5 min each
5. Add 2° antibody (goat anti-mouse) in 10 mL of 5% TBST skim milk solution (1:20
000) for 1 hour
Enhanced Chemiluminescence
1. Wash 3x for 5 min with TBST (10 mL)
2. Combine 1mL of each chemiluminescent HPR substrate (peroxide solution + luminal
reagent) over membrane and continue to pipette over membrane for 5 min
3. Place membrane protein-side down between two transparencies
4. Place the enclosed membrane, protein side up, in the Gel Dock and run the “auto
expose” function
5. If quantifying use Image J.
REFERENCES
LeBlanc, PJ, RA Harris, SJ Peters. 2007. Skeletal muscle fiber-type comparison of pyruvate
dehydrogenase phosphatase activity and isoform expression in fed and food deprived
rats. Am J Physiol Endocrinol Metab 292:E571
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Part VIII: Ca-ATPase Activity Assay and Heat Stress
REAGENTS:
1. Ca2+ stock solution
- 10 mM CaCl2
2. ATPase Buffer
- 200 mM KCl
- 20 mM HEPES
- 10 mM NaN3
- 1 mM EGTA
- 15 mM MgCl2
- 5 mM ATP
- 10 mM Phosphoenol pyruvate
- Heat to 37°C and then pH to 7.0 with 2 N KOH
- Store at -4°C
3. Reaction Master Mix
- 5 mL ATPase Buffer
- 12.7 µl lactate dehydrogenase (18 U/mL)
- 18 µl pyruvate kinase (18 U/mL)
- 10 µl of soleus homogenate
- 10.5 µl of Ca2+ ionophore (1mg/mL; 10 mg in 10 mL of HPLC grade 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
Ca2+-ATPase activity
1. Pipette Ca2+ from 10 mM CaCl2 stock into 16 eppendorfs to get 16 concentrations
(9, 12, 15, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 29 µl). * These amounts
have been optimized for soleus and will differ on each muscle type*
2. Add 1 µl of CPA to last tube to measure basal SERCA activity
3. Reaction master mix was made
4. Reaction master mix was vorted and 300 µl 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 bottom of tube*
5. 100 µl 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 µl of NADH was added immediately prior to running, using a repeater-pippette
*this needs to be done quickly and accurately as this 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
340 nm).
9. Absorbance is converted to absolute values and then absorbance from CPA
Eppendorf is subtracted from all the other Ca2+ concentrations to remove any
ATPase activity from other proteins
10. Concentration of NADH is determined using Beer’s law [A= absorbance on spec
reader, ε340 =6.22, Ɩ = 1 (absorbance is already corrected to the 0.33cm path
length)]
11. Correct for volume of sample (100 µl). This provides mmol/min of NADH being
absorbed
12. Use Bichinchoninic acid (BCA) protein assay to determine protein concentration.
Protein concentration will be used to normalize the rate of NADH absorbance.
13. NADH rate is 1:1 with ATP hydrolysis which equals Ca2+-ATPase activity
Heat Stress
1.
2.
3.
4.
5.

Ca2+-ATPase activity of soleus was measured at time point 0
Soleus was then incubated in a water bath (37°C) for 30 min
Ca2+-ATPase activity was measured again using the incubated soleus
Repeat for time point 60, 90 and 120.
Calculate Ca2+-ATPase activity for each time point and ratio of activity from time
point 0 will provide reduction [(activity 30 min)/ (activity 0 min) = % reduction
after 30 min]
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APPENDIX II: REPRESENTATIVE WESTERN BLOTS
Part I: Determination of optimal whole homogenate protein loading
Optimal whole homogenate protein loading was determined by homogenizing soleus
muscle and loading a protein gradient (10 µg, 20 µg, 30 µg, 40 µg, 50 µg). Primary and
secondary dilutions (based on previous work by Fajardo, MSc Thesis, 2011) were used to
Western Blot SERCA 2a. Protein concentrations were determined by Bradford Assay
(Appendix I).

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 protein; 1° = 1/1000, 2° = 1/20 000)
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Part II: Determination of SERCA expression between CON and
HSF diet
CON
CON

HSF

HSF

Figure A2.2 Representative Western Blot of SERCA expression

Figure A2.3 Ponceau stain of Western Blot from Figure A2.2 for

between CON and HSF diet of whole soleus muscle (1° = 1/1000,

loading control

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

To ensure that the immunoprecipitation was successful at isolating SERCA, western
blotting was performed. Looking at Figures A3.1-A3.4, it is clear that SERCA is being
successfully isolated with minimal protein being lost in the wash and supernatant. Once the
protocol was considered optimized and complete, lipid analysis was performed post-IP. First
the IP was lipid extracted followed by TLC which separated the PL from the neutral lipids.
The plate was charred to reveal some amount of lipid on the plate; however it was not
enough for further lipid analysis. The amount of IP was increased 2-fold and then 4-fold,
until there was sufficient lipid 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) and all solvents were HPLC grade. Blanks were done with each
round of analysis to subtract any contamination that may still appear. It is important to note
that there is no way to ensure that the lipid being analyzed is solely the lipid annulus. It is
possible that our results may be just a smaller subset of the SR and this limitation is
recognized.
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Figure A3.2 Ponceau stain of Western Blot from Figure A2.4 for

Figure A3.1 Representative Western Blot #1 of SERCA

loading control. Arrow indicates 110 kDa. PC, positive control;

expression between CON and HSF diet of immunoprecipitated

NC, negative control; W, wash; SN, supernatant

soleus muscle (1° = 1/1000, 2° = 1/20000). Arrow indicates 110
kDa. PC, positive control; NC, negative control; W, wash; SN,
supernatant
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C22 W SN HF4 W SN HF7 W SN

PC NC
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C20 W SN

HF4 W SN

HF7 W SN

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 control. Arrow indicates 110 kDa. PC, positive control;

soleus muscle (1° = 1/1000, 2° = 1/20000). Arrow indicates 110

NC, negative control; W, wash; SN, supernatant.

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