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Abstract

Calcium homeostasis is essential and central to a variety of cellular processes from cell
life and death pathways to metabolism to muscle contraction. One component that is essential
to intracellular calcium regulation is known as the sarco(endo)plasmic reticulum Ca-ATPase, or
SERCA. SERCA resides in the sarcoplasmic reticulum (SR) membrane and is responsible for
pumping calcium ions across the SR membrane to be stored in the SR, the calcium storage
organelle. SERCA is expressed in almost all cell types, is involved in many physiological
processes, and is also regulated by a variety of single-pass transmembrane peptides, which
mostly act to lower SERCA’s apparent calcium affinity. The structure and function of two
regulatory peptides in relation to SERCA has been well studied over the years, and excitingly,
these studies can now be expanded to a family of peptide regulators. Recent bioinformatic
investigations have shed light on new SERCA-regulators expressed throughout the body
collectively referred to as the “regulins.” In this family there is myoregulin (MLN) in skeletal
muscle, ubiquitously expressed another-regulin (ALN), endoregulin (ELN) in endothelial and
epithelial tissue, and DWORF (Dwarf open reading frame) in cardiac muscle. Interestingly, Ca-
ATPase regulation is not isolated to mammals and a variety of invertebrate regulators, known as
sarcolambans (SLB), have also been identified and found to regulate the invertebrate Ca-
ATPase. While initial studies have been published to show physiological roles and their effect
on SERCA, specific kinetic details of these effects have not been established. Thus, one goal of
the work presented here was to characterize the effect of MLN and ALN on the maximal activity
and apparent calcium affinity of SERCA in a controlled, in vitro system. The second goal of this
study was to determine if sequence variation among regulators, SLB peptides in this case, could
influence SERCA regulation. To do this, purified SERCA, regulatory peptide, and lipids were
reconstituted to form isolated proteoliposomes from which SERCA activity could be measured
through a coupled-enzyme ATPase assay. Since this was the first time these regulators were
put in this system, a series of experiments to confirm the incorporation and orientation of these



peptides in proteoliposomes was done. From this, it was found that MLN incorporated into
proteoliposomes in the correct orientation and acted to lower the maximal activity of SERCA.
ALN also lowered the maximal activity in addition to lowering the apparent calcium affinity of
SERCA. The four SLB peptides used in this study all had distinct effects indicating that
sequence variation does have a role in the way SERCA is regulated. The work presented here
is the first to elucidate the specific kinetic effect of newly identified regulatory peptides of

SERCA.
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Chapter 1: Introduction

1.1: Calcium

Calcium cycling and signalling and the associated regulatory parts of these processes
are essential for a multitude of physiological processes (Figure 1). Almost all a mammal’s
calcium is stored in bones and teeth, however, about 1% of mammal’s total calcium is found in
intracellular stores in tissues like muscle and epithelial tissue and is greatly important for the
function of those tissues'. While calcium is not the most abundant ion in an organism, it is still a
primary signalling ion compared to the more abundant ion, magnesium. This is because calcium
is a larger ion, which allows for it to bind many different biomolecules in a cell. Additionally,
binding of calcium to a protein causes a change in shape and charge in the protein, two aspects
which make up the basis for signal transduction in a cell. With this, the use of calcium as a
messenger or signalling molecule in a cell became more favoured by evolution, eventually
leading to intracellular calcium homeostasis having integral role in cell life and death pathways,
regulation of gene expression, cellular metabolism, neuron signalling, and in muscle function

and metabolism?22.

Cell growth
and
development

Cell
metabolism

Neurotransmitter
release Calcium (Ca?")

Figure 1: Web diagram placing calcium to be central in a plethora of cellular processes

Gene
expression




1.1.1: Calcium and muscle

Calcium has a key role in many processes, particularly in the contraction/relaxation cycle
of muscle- the tissue that allows our bodies to move and function. There are different types of
muscle, from cardiac, to skeletal, to vascular smooth muscle, with the former two being of focus
for this work. Muscle is composed of specialized contractile cells that are arranged as
longitudinal myofibrils to generate a pattern of aligned bands that contain the contractile
machinery: troponin, tropomyosin, actin, and myosin filaments®. The myofibrils of muscle are
surrounded by the sarcolemma which contains collections of mitochondria, lipid droplets,
glycogen granules, sections of Golgi apparatus, along with the endoplasmic/sarcoplasmic
reticulum (ER/SR). The sarcolemma is further arranged to contain transverse tubules, or T-
tubules, which form folds that allow for electrical stimuli to travel within the cell and stimulate
calcium-mobilizing components and consequent contraction®’ (Figure 2). Cardiac muscle
shares the same general striated architecture as skeletal muscle with some differences®. The
components of muscle are arranged in organized repeating units, allowing for the biochemical

changes to be translated into mechanical movement as muscle contracts and relaxes.



Mitochondria

Myofibrils

Sarcolemma

Nucleus

Terminal cisterna
Triad

Sarcoplasmic Reticulum

Figure 2: Schematic of skeletal muscle
Top panel shows a muscle fibre encapsulated by the sarcolemma. Many mitochondria are also

seen to surround the myofibrils. The bottom panel (zoomed in from top panel) shows the
sarcoplasmic reticulum (blue webbed structure) that surrounds the myofibrils®. Image used
under Creative Commons Attribution Unported License™®.



1.1.2: Intracellular calcium signalling

Since calcium has an essential role in muscle contraction/relaxation in addition to other
physiological processes, calcium cycling throughout the entire cell is important and carried out
by multiple biomolecules. In line with calcium having a role in many pathways, four different
calcium channels exist in the plasma membrane of the cell, each of which acts to import calcium
initiated by different systems or stimuli®''. In muscle cells, the L-type voltage-gated calcium
channel resides in the T-tubule of the plasma membrane'?. Inside the cell, free calcium exists in
the cytoplasm at around 100 nM, with any remaining calcium being buffered or sequestered by
calsequestrin or calreticulin in the ER or SR'. Calcium is transported out of the cell via the
Plasma Membrane Calcium ATPase (PMCA) or the sodium/calcium exchanger (NCX).
Mitochondria also store calcium and utilize a uniporter to take up calcium. While calcium cycles
throughout the cell, most of the intracellular calcium is stored in the endoplasmic or

sarcoplasmic reticulum® (Figure 3).

The calcium that is stored in and cycles through the ER/SR is the most relevant to my
studies and with that, the molecular components involved in this will be explained in more detail.
When there is an external stimulus present, like an action potential to a muscle cell, it travels
down the T-tubule to signal the L-type voltage-gated calcium channel to open and release a
small amount of calcium into the cell”'2. This then signals the ryanodine receptor (RyR) to open,
allowing calcium to exit the SR, enter the cytoplasm, interact with the contractile machinery of
muscle, and cause the muscle to contract'>'. Following contraction, muscle relaxation occurs
as calcium is pumped across the SR membrane against its concentration gradient via the

sarco(endo)plasmic reticulum calcium ATPase, or SERCA (Figure 3).
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Figure 3: General schematic of calcium homeostasis and trafficking in a muscle cell.

In a relaxed state, the Ca?* concentration in the cytoplasm is 10, 000 times lower than in the SR,
where free calcium exists along with Ca?* bound to Ca?*-sequestering proteins. When an action
potential travels across the plasma membrane and into the transverse tubule, the L-type Ca?*
channel is activated, allowing a small amount of Ca?* into the cell. This influx then triggers the
ryanodine receptor to open and for Ca?* to exit the SR. This overall increase in Ca?* in the
cytosol leads to muscle contraction and triggers the sarco/endoplasmic reticulum Ca?*-ATPase
to pump calcium across the SR membrane back into storage causing the muscle to relax.
Regulatory peptides of SERCA are also present in the SR membrane and regulate SERCA’s
ability to pump Ca?*. Additional membrane transport proteins in the plasma membrane are
responsible for maintaining other cellular ion concentrations in addition to Ca?*.



1.2: P-type ATPases and SERCA

P-type ATPases are a large family of membrane proteins that function to transport a
variety of ions across cell and organelle membranes in all types of life. Because of this, P-type
ATPases have a role in a multitude of physiological processes. This family includes enzymes
like the PMCA, Na*/K* ATPase, and, H/K* ATPase all of which couple the transport of ions
across the membrane to the hydrolysis of ATP'®'6. The P-type ATPases are separated into five
different subfamilies based on the ions they transport: P1A ATPases are bacterial K* pumps,
P2A ATPases are Ca?* pumps, P2B ATPases are calmodulin-binding Ca?* ATPases, P2C
ATPases are Na*/K* pumps, P3 ATPases are plasma membrane H* ATPases, P4 ATPases are
phospholipid flippases, and P5 ATPases are orphan transporters. Each member does have
unique characteristics, but each subfamily shares common conserved motifs and sequences
that make up the similarities in the structure and reaction mechanism'’. With this, the P2A
ATPase, SERCA, is the focus of this work and its general structure and reaction mechanism will

be discussed in more detail.

SERCA is a 110 kDa P-type ATPase that exists throughout the body, acting to pump
calcium ions from the cytoplasm of the cell across the SR membrane back into storage. SERCA
specifically functions to transport two calcium ions at the expense of one ATP'. Since Ca?*-
ATPase has a central role in intracellular calcium cycling and regulation so the details of this

enzyme and its role will be described in the following sections.

1.2.1: Structural information on SERCA

All P-type ATPases contain 4 domains with slight variations in size amongst domains of
different sub family members. SERCA is made up of the P-domain (phosphorylation), N-domain
(nucleotide binding), A-domain (actuator), and M-domain (transmembrane helices) (Figure 4).
The P-domain is globular with a series of -sheets in the centre of the domain, flanked by a-
helices, which join to neighbouring domains and as the name suggests, is the site of

6



autophosphorylation. This domain is considered the catalytic core and contains the most
sequence conservation among the domains, alluding to its importance in the P-type ATPase
reaction mechanism'®. Phosphorylation occurs at a conserved Asp residue in a reversible
manner and forms a transient phosphoenzyme intermediate. Of note is the importance of a Mg?*
cofactor, which is important in balancing the charge repulsion between the negative Asp and
phosphate group, and specifically coordinating the enzyme so that the Asp residue can be

phosphorylated'®2°,

The N-domain is an insert that extends off of the P-domain and is connected by a
conserved link of anti-parallel strands. It also contains a central B-strand structure which has a
conserved motif and Lys reside, making up the nucleotide-binding domain. The adenosine is the
only part of ATP to reside in the binding domain and that the triphosphate moiety extended

toward the P-domain to phosphorylate the catalytic Asp residue?'22.

The A-domain is divided into two smaller sections connected to M1, M2, and M3
transmembrane helices of the M-domain. Initially, its function was unknown as it does not have
a cofactor or ion binding site. However, a series of structural studies investigating the various
reaction intermediates of P-type ATPases showed that the A-domain goes through a dramatic
conformational change through the reaction cycle'®?. These large movements by a single

domain is one of the unique characteristics of P-type ATPases.

The M-domain makes up the transmembrane domain; in SERCA there are ten a-helices,
namely M1-M10, that make up this domain and house the binding sites for two Ca?* ions. The
TM helices are unique in terms of their length, tilting, and rigidity and that the helices directly
involved in calcium binding have different folding patterns to create spaces for Ca?* to bind??. Of
the helices involved in calcium binding, M4-M6 and M8, M4 is partially unwound to
accommodate the binding and translocation of Ca?* ions?®. Also, the structural rearrangements

of the transmembrane helices allow for the transport of counter ions for SERCA, which are

7



protons?*24, Another aspect that is unique to the M-domain is that it has the least amount of
sequence conservation compared to the other domains of P-type ATPases. This is to account
for the difference in atomic radii of the various ions that each P-type ATPase can transport and

potentially to accommodate different regulatory peptides of these ATPases’®.
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Figure 4: General SERCA structure
Shown above is the crystal structure of SERCA2a with the ATP-binding domain (green), the

actuator domain (yellow), and the phosphorylation domain (pink). The TM helices are shown in
brown and blue, with the blue helices representing where the Ca?* binding sites are located.



1.2.2: Mechanism of Ca?* pumping by SERCA

All P-type ATPases share a general reaction scheme known as the Post-Albers
Scheme, though Ca?* transport by SERCA will be discussed in more detail here. This process is
highlighted by three main features: the sequential transfer of ions across the membrane against
their concentration gradient, the ion binding sites are in the TM region, and a common set of
steps that make up ion transport?. Generally, this reaction mechanism includes a high affinity

state and a low affinity state for ion binding with multiple intermediate steps in between'’.

The ion pumping reaction cycle that SERCA goes through includes 6 steps (Figure 5).
First, Ca?* binds in a sequential and cooperative manner to the high-affinity E1 state of SERCA
in exchange for 2-3 H*?. This ion binding leads to a TM helix rearrangement which propagates
to the P-domain, allowing for Mg?* to bind to this domain as a cofactor. Phosphorylation will not
occur if this does not happen, as the Mg?* is responsible for negating the electrostatic repulsion
between the Asp in the phosphorylation site and y-phosphate on ATP'"?7, Once these
components are in place, phosphorylation occurs, generating a phosphorylated intermediate
with Ca?* and ADP occluded, or (Ca?*),-E1P-ADP. Following this, ADP is exchanged for ATP
and the phosphorylated E1 state is changed to a phosphorylated low-affinity E2 state with Ca?*
and ADP, or (Ca?*),-E2P-ADP. Ca?* is then exchanged for protons, where the Ca?* exits
SERCA’s ion binding site into the lumen of the SR. Dephosphorylation occurs, resulting in an
intermediate where calcium can again bind in exchange for H* ions and SERCA can continue

with another pumping cycle?.

Also, of note is that the rate-limiting step of this reaction is thought to be between the
E1P to E2P transition or the return from E2 to E1 (Figure 5). Additionally, the rate-limiting step
was thought to include the large rotational movement of the A-domain during the E1P to E2P
transition. This movement is to help protect the phosphoryl group from hydrolysis as a

conserved loop in the A-domain is brought in close contact with the phosphorylation site. The
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other cytoplasmic domains also go through conformational movements as a result of the
movement of the A-domain and it has been observed that TM helices rotate or incline. The
movement of the cytoplasmic domains and rotation of the TM helices are linked, tightly
regulated, and coordinated, and they all must occur to ensure the P-domain is in the correct
orientation so that phosphorylation can take place'®?. Structures for almost all of SERCA’s
reaction cycle intermediates have been determined®. Studies utilizing single-molecule FRET
have also provided mechanistic details into the timescale and domain movements of P-type
ATPases?®?0. Single-molecule FRET studies showed that the rate-limiting intermediates of the
reaction are those that occur before the E1P formation?®3. These studies provide a means to
understand individual transition states in the reaction cycle and will help to elucidate complete

details of the reaction mechanism when paired with other structural studies of P-type ATPases.
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2 Ca? 2-3H*

Figure 5: General outline of SERCA's reaction mechanism to pump calcium

The cycle begins with Ca?* binding to the high affinity E1 state, forming a calcium and ATP-
bound intermediate. This intermediate is then phosphorylated and transferred to the E2P state.
Following this, H* (n=2-3) is exchanged for Ca?* (n=2). The cycle concludes with
dephosphorylation, resulting in a return to the low-affinity E2 state awaiting Ca?* binding.
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1.3: SERCA gene isoforms and expression patterns

In vertebrates, SERCA exists as three different genes and multiple splice variants (Table
1). Briefly, SERCA1 is expressed in fast-twitch skeletal muscle as two different isoforms, a and
b, which are the adult and neonatal forms, respectively®'. SERCA2a is expressed in cardiac and
slow-twitch skeletal muscle and SERCAZ2b is present in all tissues at low levels. SERCA3 is
expressed in non-muscle tissue and only isoforms a-c include evidence of protein expression.

Finally, SERCAZ2c has also been identified in cardiac muscle.

Table 1: Tissue expression of various SERCA isoforms

Isoform Tissue Expression

SERCA 1a Fast-twitch skeletal muscle, Adult

SERCA 1b Fast-twitch skeletal muscle, Neonatal

SERCA 23, 2¢ Cardiac and slow-twitch skeletal muscle

SERCA 2b All tissues at low levels: skeletal, cardiac, smooth, non-muscle
SERCA 3a-f Non-muscle tissues

Ca-ATPases are also present in invertebrates and they are encoded by a single gene
that can be alternatively spliced to form two isoforms. These isoforms in C. elegans slightly
resemble SERCA2a and 2b in vertebrates and that these isoforms in both C. elegans and D.
melanogaster are essential to the organism. In C. elegans, SERCA is required for proper
development and muscle function and in D. melanogaster, SERCA is also essential for muscle
function and for maintenance of heartbeat frequency®?23. Ultimately, this shows that SERCA'’s

expression and function is conserved through different domains of life.

As alluded to in Table 1 of SERCA distribution, the developmental stage of an organism
dictates the isoform and level of SERCA expression. For example, SERCA1b and SERCA2a
are co-expressed in developing skeletal muscle, but in adult tissue these isoforms are replaced
by SERCA1a. Some isoforms maintain expression during development, like SERCA2a, which

remains expressed in slow-twitch skeletal muscle and cardiac muscle, but not in any other
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forms of skeletal muscle in adulthood'®3*. The reason for this is unclear and it has been
suggested that the individual calcium transport features of each SERCA isoform are what make
up the characteristics of muscle at that stage of life'®. Increases in SERCA expression are due
to development of the SR in the tissue, which would then lead to greater muscle activity®*. Other
age-related changes have been observed, showing that SR calcium uptake decreases in aging
cardiomyocytes®':34. While the exact reason for these differences between the isoforms is

unknown, SERCA is a necessary player in maintaining intracellular calcium homeostasis.

Along with being expressed in different tissues, each SERCA isoform has unique
structural and functional characteristics. Overall, the various isoforms do share the same
general primary structure and tertiary structure, indicating that the differences in expression
patterns may be connected to distinct functional characteristics that would ultimately govern
calcium homeostasis in a cell type'®. In cells, SERCA1a had a higher turnover rate compared to
SERCAZ2a, hinting that perhaps the skeletal muscle isoform is specialized to accommodate
greater contractile action®*. SERCA2b has a higher affinity for calcium and slower turnover rate
than SERCA2a. Of note, SERCA2b has an extended C-terminal tail that may be the reason for
the kinetic difference between isoforms3¢3”. SERCA3 showed a decreased affinity for calcium
and a higher pH dependence from the other isoforms3®. With regard to the neonatal isoform,
SERCA1b has a lower level of activity compared to SERCA1a with a comparable affinity for
calcium®. By combining the unique expression patterns and kinetic properties of SERCA

isoforms, studies have begun to deduce subtle physiological features of each isoform.

1.4: Physiological role of SERCA isoforms

In line with the knowledge that SERCA isoforms show tissue-specific expression, some
isoforms have been implicated in physiological processes with clinical relevance for disease.

Specifically, defective calcium signalling has been shown to lead to heart failure, muscular
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dystrophy, sarcopenia, sepsis, and cancer, as examples*°. The most-studied isoforms of

SERCA and their associated physiological roles will be discussed here.

SERCAA1a, expressed in fast-twitch skeletal muscle, is essential to contraction/relaxation
coupling in muscle and is thought to be associated with muscular dystrophy and Brody
Myopathy. Briefly, muscular dystrophies are a group of disorders characterized by the
breakdown or weakening of muscle over time and Brody myopathy is defined by excessive
cramping of skeletal muscle*'*?. Both disorders have links to altered calcium regulation in
muscle. Extensive studies of mutations in SERCA1a showed that mutations caused decreased
expression or lowered maximal activity, lessening the amount of calcium to be pumped back

into the SR and consequently, decreasing the relaxation of muscle**-4°.

SERCA1b, the neonatal isoform, was implicated in muscle growth and development
based on the observation of insufficient diaphragm development in rats and mice lacking
SERCA1b. This implication was further supported by the finding that isolated BCsH1 cells, which
differentiate into myocytes, would not express SERCA1b but would express SERCA1a*. A
decrease in mRNA transcript levels of SERCA1b in rabbit muscle 2-weeks after birth and into
adult development was also observed*’. In combination, these findings show that SERCA1b is a

key component in muscle differentiation and development, but not in adult muscle.

SERCAZ2a is expressed in slow-twitch skeletal muscle and cardiac muscle, with the
majority of literature focusing on SERCA’s role in the heart. In slow twitch skeletal muscle,
SERCAZ2a is not as highly expressed as the isoform in fast-twitch skeletal muscle, indicating
that rapid calcium transport is not as important in slow-twitch muscle**. SERCAZ2a, the cardiac
isoform, has a role in cardiac ischemia, hypertrophy, and dilated cardiomyopathy in the case of
lower-than-normal expression levels. Elevated expression levels have also been linked to
hypertrophy and congestive heart failure*®. A SERCA2a knock-out mouse is embryonic lethal,

but the heterozygous offspring could live with impaired SERCA2a expression and function,
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eventually leading to heart failure. This indicated that another mechanism is available to
maintain some level of calcium regulation*®. Nonetheless, SERCA2a is considered a therapeutic
target in heart failure. Multiple therapeutic approaches have been explored to improve the
expression or function of SERCAZ2a in humans, but no potential treatment has made it though

clinical testing yet*®.

SERCAZ2b has an overarching calcium housekeeping function as it is expressed in all
tissues at low levels*, In line with its widespread expression, SERCA2b has been implicated in
in many pathways such as the cell surface expression of GPCRs, to cell differentiation in
liposarcomas, and store-operated calcium entry in platelets®®-2, In addition to this, it has been
proposed that the kinetic differences between the SERCA2 isoforms is due to the interaction of
the 2b tail with calreticulin or calnexin®. In this model, it is suggested that in resting conditions,
the tail of SERCAZ2b interacts with the luminal tail of calnexin leading to a decrease in activity
and increase in sensitivity of SERCA. During active conditions, this interaction shifts to the
opposite scenario leading to the higher activity and lower sensitivity that is previously reported
for SERCA2b*>53. SERCA2b mutations have also been linked to Darier’s disease, a skin
disorder characterized by a decreased epidermal cell adhesion and altered keratinization, which
is caused by altered calcium homeostasis in skin cells®*®. While these links are not completely
defined, SERCA2b mutations may be linked to neurological disorders, but not cardiovascular
function in humans®+*’. Adding to its widespread expression and physiological role, SERCA2b
has also been implicated in ER stress response, apoptosis, and cell growth. A complete map of
the interactions of other cellular components with SERCA2b has not been done, but SERCA2b

does have a broad and important role in calcium homeostasis**%8,

SERCAS3 exists as 6 different isoforms and is the least conserved SERCA isoform; it is
expressed in non-muscle tissues, has a much lower affinity for calcium, and functions at a

higher pH. Initially, no obvious phenotype was observed from SERCAS3 ablation studies but
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some disturbance to non-muscle cell relaxation was seen%%. It is also co-expressed with
SERCAZ2Db, hinting towards a housekeeping function, but SERCA3 behaves differently and
follows a unique expression pattern in endothelial cells®'. In pancreatic beta cells, calcium
homeostasis is an important regulator of insulin release and overall glucose metabolism®263,
With this, SERCA isoforms have been implicated in diabetes. SERCA3 is presumed to have a
role in glucose metabolism because of a noticeable decrease in SERCAZ in type-2 diabetes, but
not SERCAZ2b in diabetic rats. This would indicate that it is SERCAS3 that has the main role in
maintaining calcium homeostasis for proper insulin secretion and glucose metabolism®*.
SERCAZ2a also has a role in diabetic cardiomyopathy through modes that are not well
understood, but theorized, nonetheless. In type 1 diabetes, hyperglycemia leads to the
oxidization of SERCA, decreasing its activity, ability to pump calcium, and consequently, altering
the contraction/relaxation cycle of the heart. In type 2 diabetes, decreases in calcium uptake,
contractility, and expression were all seen, though it is unclear whether this is a cause or
consequence of the disease®®. Similarly, studies have linked altered calcium homeostasis to
skeletal muscle function and diabetes®®. All in all, SERCA has widespread physiological
importance, making it a valuable potential therapeutic target in many conditions. Because of
this, all aspects surrounding SERCA-dependent calcium homeostasis and, regulation are

considered important research targets.

1.5: Requlatory subunits of SERCA

SERCA is regulated by multiple single-pass transmembrane peptides. These regulatory
peptides have been identified through a variety of means and so far, they appear to regulate
different isoforms of SERCA in unique ways. Historically, the two most well-studied regulators

are phospholamban (PLN) and sarcolipin (SLN).
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1.5.1: Phospholamban (PLN)

PLN was discovered in the 1970’s through experiments that aimed to phosphorylate the
cardiac isoform of SERCA, SERCA2a. Instead of phosphorylating SERCA, a small peptide was
the target of phosphorylation in crude microsomal vesicles®”-%8. Studies building from this found
that PLN has a role in cardiac function by decreasing the calcium affinity of SERCA2a%°.
Furthermore, phosphorylation of PLN by protein kinase A (PKA) or calmodulin-dependent
protein kinase Il (CAMKII) led to a decrease in PLN'’s ability to inhibit SERCA®®-"2, This process
is controlled via the B-adrenergic signalling pathway, which is activated by adrenalin, leading to
the activation of G-proteins, adenylyl cyclase, cyclic AMP, and consequently PKA, which
phosphorylates PLN3. These critical studies began to clarify PLN’s role in regulating cardiac

muscle.

An important next step was the ablation of PLN in mice, which led to increased levels of
contractility and an increased apparent calcium affinity of SERCA, indicating that PLN has an
essential role in maintaining these two processes’. This is important as common indications of
heart failure are abnormal calcium transients and disrupted muscle contractions’. A number of
mutations in human PLN have been identified and shown to alter both of these aspects.
Mutations are found throughout the peptide sequence, with notable mutations being R9C, ROL,
R14del, and L39stop, each of which has been implicated as lethal or greatly damaging to heart
function”®78. The focus of the work discussed in the latter part of this thesis is on regulatory
peptides homologous to PLN, so it is instructive to note that a peptide regulator of SERCA can
have an overall essential physiological function, is held under another level of regulation by

phosphorylation, and is found to have disease-associated genetic variants in humans.

Numerous structural and interaction studies have been conducted to explore the
relationship between SERCA and PLN. Generally, PLN has both a-helical and B-sheet

structure, with the a-helical region corresponding to the transmembrane domain’®#. PLN also
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exists as a monomer and as a pentamer, though the role of each of these forms in regulating
SERCA is still debated in the field®!. Studies employing NMR, cross-linking, and modelling from
X-ray crystal structures of SERCA, all show that there is an interaction between SERCA and
monomeric PLN8'. Again, since PLN is not the focus of this thesis work, details into its structure
and interaction with SERCA will not be described here in detail, however, it is important to note
that PLN’s structure has been determined and that it's structure and interaction with SERCA has

been explored through a variety of means like NMR, FRET, and crystallography.

1.5.2: Sarcolipin (SLN)

In addition to PLN, SLN is another regulatory peptide with a plethora of physiological
roles, some of which have been uncovered in recent years. SLN was initially discovered
because it co-purified with SERCA during purifications from rabbit hind-leg muscle®. Later, it
was found that SLN is mainly expressed in fast-twitch skeletal muscle with SERCA1a and in the
atria of the heart with SERCA2a%384, Additionally, SLN acts to inhibit SERCA’s ability to pump
calcium across the SR membrane, much like PLN®®. This inhibitory action on SERCA in
combination with varied tissue expression led to a variety of proposed physiological roles for
SLN from atrial function and remodelling, to muscle thermogenesis, and to mitochondrial
biogenesis®-*. Studies involving a SLN knockout mouse model showed increased cardiac
contractility and calcium transport rates compared to WT mice, indicating SLN to have an
important role in regulating these processes®’. Studies following this showed that an increase in
fibrosis and altered expression of genes encoding for extracellular matrix proteins in the atria,
hinting that disrupted calcium cycling due to a lack of SLN leads to changes in atrial tissue®®. In
studies taking an opposite approach overexpression of SLN in cardiac tissue, showed impaired
cardiac contractility and inhibition of SERCA, also supporting the notion that SLN is essential to

proper atria function and calcium cycling within cardiac tissue®'.
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Moving away from SLN’s role in the heart, the fact that SLN is also present in skeletal
muscle raised questions as to its role there. Initial studies using isothermal calorimetry
measured an increase in heat output from ATP hydrolysis by SERCA when SLN was present®2,
By combining this result and the finding that Ca?* tended to accumulate in the presence of SLN,
it was proposed that SLN uncouples ATP hydrolysis by SERCA from its ability to pump
calcium®®4, This is distinct from PLN since SLN likely binds to SERCA throughout its transport
cycle, whereas PLN only binds to the Ca?*-free E2 state of SERCA%%. On a more physiological
note, this uncoupling and consequent heat production and increase in energy expenditure has
been implicated in non-shivering thermogenesis and is potentially a mammalian adaptation to
colder temperatures®®%. SLN in skeletal muscle has a role in metabolism, and consequently,
obesity, as a lack of SLN leads to an increase in obesity in mice®%. Altered Ca?* regulation in
the presence of SLN has been shown to increase signals to activate mitochondrial biogenesis®.
With the results of each of these functional explorations, it is clear that SLN has a role in muscle

thermogenesis and metabolism.

SLN also has unique characteristics in terms of residues that are essential to its mode of
regulating SERCA. One important aspect of SLN to note is that its main inhibitory function is
encoded in the last five residues of its C-terminal tail, consisting of the residues RSYQY.
Removal of this sequence resulted in a loss of inhibition by SLN and the addition of this
sequence to PLN resulted in super-inhibition of SERCA®’. X-ray crystal structures of SLN and
SERCA together have also been determined, showing that it interacts with SERCA in the same
site as PLN®%. Although SLN is not the focus of this thesis, its most noteworthy aspects are its
varied physiological function in different tissues and its distinct set of residues that contribute to

function compared to PLN.

20



1.5.3: Small requlators, growing family: General “requlin” introduction

While both of these regulators interact with SERCA, they each have their own pattern of
expression, physiological consequences, and unique structural features. What’s more, we now
know that SERCA regulation, and Ca-ATPase regulation overall, does not stop with only PLN
and SLN. Technological advances in bioinformatic screening have led to the discovery of
additional small peptide regulators®®'%. What is especially unique about these new regulators is
that they were initially hidden in sequences of RNA that were annotated as long, non-coding.
With the identification of these various regulatory peptides, we have taken to referring to this

family as the “regulins” (Figure 6).

The expansion of the family of SERCA-regulatory began with identification of the
sarcolamban peptides, which are found in insects and are orthologues to the mammalian
regulators. Some of these peptides have been found to be more similar to PLN and others to
SLN in terms of sequence identity and their effect on SERCA'®'. These regulators have a
specific role in modulating the activity of insect Ca-ATPase, hinting at roles to modulate
cardiovascular function or temperature regulation'2. More details into the insect orthologues will

be discussed in Chapter 4.

In addition to these inhibitory regulins, a peptide with a unique effect on SERCA was
identified; Dwarf open reading frame (DWORF), was identified and found to enhance SERCA
activity in the heart (Figure 6). The mode in which DWORF enhances SERCA activity is
debated, though it has been suggested that it acts by displacing the other regulators, particularly

PLN, since it is also expressed in the heart'®.

Another muscle-specific regulator, myoregulin (MLN), was identified in skeletal muscle,
found to impair SERCA’s ability to pump calcium back into the SR, and to have a role in muscle

performance’® (Figure 6). Details into this regulator will be discussed further in Chapter 3.
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Figure 6: Topology and sequences of the mammalian regulin family.

(A) Topology diagrams of each regulin peptide. Transmembrane domains (grey) were predicted
using TMHMM'%, (B) Sequence alignment of the human sequences of the regulin peptides.
Alignments were done using Clustal omega software and adjusted manually to maximize for
overlap of the transmembrane domains (grey highlight)'%. It can be seen that there is a lot of
variation between these peptides in terms of sequence identity and length.
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Lastly, the first SERCA regulators in non-muscle tissue have been identified as well;
endoregulin (ELN) and another-regulin (ALN) have been discovered to regulate isoforms of
SERCA in non-muscle tissue'"” (Figure 6). Details into ALN will be discussed in Chapter 3.
Each regulator has been shown to localize to the ER membrane and is co-expressed with the
tissue-specific isoform of SERCA'03.104.107 - Additionally, each regulator is predicted to have a-
helical structure in the transmembrane domain and is either unstructured or B-sheet in the
remaining domains of the peptide. Detailed structural studies combining techniques like NMR,
CD spectroscopy, or co-crystallization with SERCA have yet to be done for these new regulins
and remain as something to be explored'?!193.104107 Tq date, the studies exploring these new
regulators have been conducted in mice or in whole-cell systems. These studies are useful in
providing insight to the physiological role of the peptide and for providing details like localization,
expression, and activity in a cell. While the existence of these peptides is known and some
details into their regulatory effect on SERCA have been explored, a full and detailed

understanding of their structure, kinetic effect, and physiological role remains unknown.

1.6: Aims and hypotheses

The expansion of SERCA-regulatory peptides has consequently opened many doors in
this field of research. Specific information into the structure of the regulators and their interaction
with SERCA along with physiological roles or disease-association in humans remains largely
unknown. In addition to this, detailed kinetic information into how these regulators alter
SERCA’s activity in an isolated system is yet to be explored. Thus, the overarching goal of my
thesis is to characterize the kinetic effect of six different regulatory peptides on SERCA’s
maximal activity and apparent calcium affinity in isolated proteoliposomes. The work carried out
to address these aims is separated into two different chapters; one chapter will address the
regulatory effect of MLN and ALN on SERCA and the other chapter will address the effect of

sequence variation through four SLB peptides on SERCA.
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1.6.1: Myorequlin and another-requlin will requlate SERCA

The first studies of MLN and ALN showed that both of these peptides lowered SERCA’s
affinity for calcium without altering the maximal activity'®*'°”. The aim of my work is to determine
the effect of MLN and ALN on SERCA in an isolated proteoliposome system. To do this, purified
SERCA, regulatory peptide (MLN or ALN), and lipids are co-reconstituted into proteoliposomes
at varying molar ratios of SERCA to regulatory peptide. To address this aim, the majority of
work presented in this thesis was to optimize and confirm the reconstitution process in addition
to characterizing the kinetic effects on SERCA. As background knowledge, a previous study that
MLN and ALN lower SERCA’s calcium affinity in whole-cell homogenates. In addition, the
underlying assumption was that the regulins will function as tissue-specific SERCA inhibitors,
much like PLN and SLN. Thus, it was hypothesized that the same inhibitory effect will be seen

in isolated proteoliposomes for each regulatory peptide.

1.6.2: Sequence variation will alter SERCA reqgulation

Another aspect of SERCA regulation that is yet to be clearly defined is the role of
sequence variation. So far, it can be concluded that peptides with different sequences can
interact with and regulate SERCA in a similar manner. It can also be said that Ca-ATPases are
regulated by transmembrane peptides in different phyla, as seen with the SLB peptides in
Drosophila and that these mammalian and insect regulators evolved from a common ancestor.
With this, the aim of this part of the thesis is to determine how sequence variation in these
transmembrane regulators alters the kinetic effect on SERCA. To do this, four different SLB
peptides were reconstituted with SERCA and the kinetic effect was measured through an
coupled-enzyme activity assay as for the other peptides mentioned previously. With the
understanding that certain residues or motifs in PLN and SLN are essential to their inhibitory

function and that combinations of these structural elements lead to increased or altered SERCA
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regulation, it was hypothesized that the sequence variation seen in the SLB peptides will

provide insight on the range of kinetic effects on SERCA activity.
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Chapter 2: Purification and preparation of SERCA, regulatory
peptides, and isolated proteoliposomes

2.1: Purification of sarcoplasmic reticulum membrane and SERCA

Sarcoplasmic reticulum (SR) was purified from rabbit hind-leg muscle as reported
previously, with some modifications'®. Tissue (~300 g) was homogenized in 0.1 mM EDTA in a
blender for 30 seconds with 1-minute rest to ensure tissue remained ice cold and this cycle was
repeated 12 times. The homogenate was then centrifuged at 15 000xg for 20 mins and the
supernatant was filtered through 16 layers of cheesecloth. SR membranes were separated from
other tissue components using a series of differential centrifugation steps. Solubilized SR (~30

mg/mL) was frozen in liquid nitrogen and stored at -80 °C for future SERCA puirification.

SERCA was purified via Reactive Green, an affinity chromatography dye ligand attached
to agarose beads (Sigma Aldrich, ON). This protocol has been adjusted from an original method
to accommodate the discontinuation of the original resin'®. Resin was stored in 2M NaCl and
nutated overnight at 4 °C prior to purification. Resin was then rinsed with 200 mL of water and
equilibrated with 25 mL of wash buffer (1 mg/mL C+2Es, 1mM CaCl,, 50 mM MOPS pH 7.0, 1
mM DTT, 20% Glycerol v/v). Frozen SR aliquots equalling about 100mg of SR, were gently
thawed on ice, added to extraction buffer (10 mg/mL C12Es v/v, 8mM CaClz, 50mM MOPS pH
7.0, 5mM DTT, 20% Glycerol v/v), and gently stirred for 1 hour at 4 °C. The solubilized SR
membranes were then centrifuged at 117 734xg for 20 mins (Optima L-90K Beckman-coulter
centrifuge, Type Ti70 rotor). The supernatant was added to the resin and nutated for 2 hours at
4 °C. The column was then washed with wash buffer and elution buffer (1 mg/mL C12Es, 1mM
CaClz, 50 mM MOPS pH 7.0, 1 mM DTT, 20% Glycerol v/v, 20 mM ADP, 100mM KCI, 20mM
KOH) was added to the resin and left to incubate for 1.5 hours at 4 °C. Fractions were collected
and protein concentration was estimated through a BioRad Assay and SDS-PAGE visualization

(Figure 7). The highest concentrated samples that appeared to be greater than 0.4 mg/mL as a
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result of the BioRad Assay were pooled, egg-yolk phosphatidylcholine (EYPC, Avanti Polar
Lipids) was added to 0.25 mg/mL and the pool of purified SERCA was frozen in liquid nitrogen
and stored at -80 °C. To quantify the amount of SERCA, one aliquot was thawed and SERCA
activity was determined by measuring the ATPase activity in a reaction mixture over a 50
second time period using 1 mL reaction volume on a Perkin Elmer Lambda 35 UV/Vis
spectrometer (See Measuring ATPase Activity in Proteoliposomes). The concentration of

SERCA was confirmed by assuming a maximum specific activity of 12 ymol/min/mg.
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Figure 7: Representative gel of fractions from a typical SERCA purification
For this gel specifically, fractions 2-6 and 7-10 were pooled in two separate batches yielding
concentrations of 5.7 mg/mL and 5.5 mg/mL, respectively.

2.2: Synthetic myorequlin (MLN) and another-requlin (ALN) peptides

Myoregulin and another-regulin were purchased from Peptide 2.0 (Chantily, VA). To
ensure the peptides were pure and were the correct molecular weight, the peptides were
analyzed by mass spectrometry (Proteomics and Mass Spectrometry Facility at the University of
Alberta) and assessed via SDS-PAGE (Figure 8). Upon analysis, each peptide was found to be
the correct and expected molecular weight (Figure 8). To store for future experiments, peptides
were weighed and separated in 1 mg amounts, resuspended in 80 % isopropanol to 1 mg/mL,
and aliquoted in amounts suitable for reconstitution at different SERCA to peptide molar ratios
(1:2.5, 1:5, 1:7.5). Isopropanol was evaporated via a speed vacuum concentrator (Savant SPD

2010) and dried-peptide aliquots were stored at -80 °C.
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Figure 8: Purity checks for synthetic MLN and ALN

Mass spectrometry and SDS-PAGE (inset) analysis for (A) MLN and (B) ALN. MLN’s expected
molecular mass is 5194 Da and ALN’s expected mass is 7604 Da. Other peaks were attributed
to oxygen or sodium adducts.
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2.3: Recombinant sarcolamban (SLB) peptides

Genes and primers for SLB peptides were purchased from Integrated DNA Technologies
(Coralville, lowa), resuspended in water and stored at -20 °C SLB genes were generated using
three-step PCR, where two halves of the gene were created and then stitched together (Table
2, Figure 9). Following PCR mutagenesis, PCR product was digested with restriction enzymes
BamH1 and EcoR1 (Anza Cloning System, ThermoFisher Scientific) where 1 yL of each
enzyme was added to 0.2-1 ug of DNA with 3 yL Anza Enzyme reaction buffer in a total reaction
volume of 30 uL. It was then isolated and purified from an agarose gel using GenepHlow
GelPCR kit (FroggaBio, North York, ON). Purified PCR product was stored at -20 °C for future

ligation reactions.

The expression vector used for cloning experiments was pMal-C2X (New England
Biolabs MA), which contains a maltose-binding protein (MBP) engineered for optimal affinity to
amylose resin (used for purification) and an ampicillin-resistant selection marker. This
expression vector was also engineered to contain a tobacco etch virus (TEV) protease site for
cleavage of the MBP fusion protein product. Expression vector was stored in DH5a E. coli
glycerol stocks at -80 °C and used to inoculate cultures to start the expression of the fusion
protein. Expression vector was purified with the GeneAid Presto Mini Plasmid Kit (FroggaBio,
North York, ON) and stored at -20 °C until further use. Vector was digested and purified in the

same manner as the PCR product (Figure 9).

Digested plasmid and PCR product were ligated overnight using a ligase kit (Anza T4
Ligase Master Mix, Invitrogen, CA) at a 3:1 ratio of insert to vector (Figure 9). Ligated products
were transformed into DH5a E. coli by adding 1 pL ligated DNA to 50 uL cells, followed by a
subsequent incubation on ice for 40 minutes, heat shock at 42 °C for 30 seconds, addition of
200 pL LB media, and growth at 37 °C for 1 hour. Cells in media were then plated onto agarose

plates containing 100 pg/mL carbenicillin in either 50 pyL or 150 pL amounts. Plates were
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incubated at 37 °C overnight. Colonies were screened for positive transformation of vector
containing PLN or SLN mutants or SLB peptides by inoculating 2 mL LB media containing 100
pg/mL carbenicillin with a single colony, growing at 37 °C overnight, then purifying the plasmid

using the same method and GeneAid Kit as before.

=
I
I
—

PCR to generate SLB gene
v
—
]
————————————
f—

PCR to amplify gene

A\

BamH1 x SLB sequence x EcoR1

Digest gene (and plasmid
pMal-C2X) and perform
ligation

SLB

Final gene construct to be
used for
expression/purification

Figure 9: Flow diagram of cloning steps used to generate the SLB gene

Overlapping primers were used to generate the SLB gene, which was then amplified with a
separate set of primers (Table 2). This gene product and pMal-C2X were double-digested with
BamH1 and EcoR1. Between each of these steps, gel purification was performed. Following
digestion and purification, gene products were ligated. The last step in the diagram shows the
final gene construct that exists within pMal-C2X, with maltose-binding protein (MBP), a TEV
(tobacco etch virus) cleavage site, along with the SLB gene of interest.
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Table 2: Primer sequences for the generation and amplication of SLB genes

Primer Name and Use

Sequence (5'2>3)

MalEF- for sequencing

5’ GGTCGTCAGACTGTCGATGAAGCC3’

MalER- for sequencing

5’CGGGCCTCTTCGCTATTACGCCAGY’

BtSLB FWD- to make gene

5’ AGATGCATCCCCGCAGGCGGCGCACGAAACCAAAAACATTCTGA
GCACCTACTTCATCCTGATCCTGCTG3’

BtSLB REV- to make gene

5’ATACCAATTCTCAGAACAGACCAGAGTACAGCAGCCACAGGCAG
ATCAGCAGCAGGATCAGGATCAAG3’

DmSLB FWD- to make
gene

5’AGATGGATCCTCTGAAGCGCGTAACCTGTTCACCACCTTCGGTAT
CCTGGCGATCCTGCTGTTC3’

DmSLB REV- to make
gene

5’ ATAGGAATTCTCAGAGAACCGCGTAGATCAGGTACAGGAAGAAC
AGCAGGATCGCCAGGATACC3’

DpSLB FWD- to make
gene

5’AGAAGGATCCAACAACCCGGAACACGCGCACGCGAAATCTCTGA
TCATCAACTACGTTGTTATCATCCTG3’

DpSLB REV- to make gene

5’ATAGGAATTCTCACATACCTTCGCACAGCAGCCACAGCAGAGACA
GCAGCAGGATGATAACAACGTAGTTGY’

TcSLB FWD1- to make
gene

5’AGATGGATCCGCCGATACCCGTCGTAAATCTATCATGGACCAGGT
TACCGCGCTGAAAAACCGTGY’

TcSLB FWD2- to make
gene

5’CCGCGCTGGAAAACCCTCAAGCGAAATCTCTGGTTGTTAACTACC
TGGTTATCATCCTGCTGCTG3’

TcSLB REV- to make gene

5’ATAGGAATTCTCACGCACCAGTGTACAGCAGCCACAGGATACCC
AGCAGCAGGATGATAACCAG3T’

BtSLBF- to amplify gene

5’AGATGGATCCCCGCAGG3’

BtSLBR- to amplify gene

5’ATAGGAATTCTCAGAACAGACY’

DmSLBF- to amplify gene

5’AGATGGATCCTCTGAAGCGCGTAAZ’

DmSLBR- to amplify gene

5’ATAGGAATTCTCACAGAACCGY

DpSLBF- to amplify gene

5’AGATGGATCCAACAACCCGY

DpSLBR- to amplify gene

5’ATAGGAATTCTCACATACCTTC3

TcSLBF- to amplify gene

5’AGATGGATCCGCTGATACCC3

TcSLBR- to amplify gene

5’ATAGGAATTCTCACGCACCAG3’

Sanger sequencing was used to determine the sequence cloned into pMal (TAGC,

University of Alberta) and PCR screening was done in concert with this as another method to

isolate positive colonies for future purification. A sequencing primer was designed to be in the

MBP region of the plasmid to allow for a full reading of the inserted gene (Table 2). PCR
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screening was done using the forward and reverse primers corresponding to the gene of
interest (Table 2). Positively screened purified DNA was stored at -20 °C for later large-scale

expression and purification.

2.4: Expression and purification of SLB peptides

Expression and purification of SERCA-regulators has been described previously'°. To
start large-scale expression, DH5a E. coli was transformed with positively sequenced plasmid
DNA corresponding to the pMal plasmid containing one of four SLB sequences. While DH5a is
not an expression strain of E. coli, previous expression studies with PLN showed that this cell
line led to suitable expression levels for purification and thus it was used for the expression of
other regulatory peptides. Transformation was carried out as in section 2.3. Single colonies
were used to inoculate 100 mL of overnight culture (LB media + Vitamin B1 + 100 ug/mL
carbenicillin) and were left to shake at 230 rpm overnight at 37 °C. Following overnight
incubation, 25 mL of overnight culture was added to 1 L media (LB media + Vitamin B1 + 0.1 %
Glucose + 100 pg/mL carbenicillin) in a 4 L flask. Cultures were incubated at 37 °C and shaken
at 200 rpm. Optical density at 600 nm was used to monitor growth of cells and when OD600
reached 0.6-0.8, 0.5 mM IPTG was used to induce expression. Following induction, cultures
were grown at 22 °C for 24 hours. Cells were harvested by centrifugation (Sorvall RC 6+) at
8000 x g for 15 minutes. Cell pellets were resuspended in 50 mM Tris-HCI, pH 7.5 and
centrifuged again at 4000 xg for 10 minutes (Beckman Coulter Allegra 64R, C0650 rotor).
Remaining buffer was removed, cells were flash frozen in liquid nitrogen, and stored at -20 °C

for subsequent purification.

To purify the various peptides, cells were thawed on ice, resuspended in 60 mL of lysis
buffer (20 mM NaH2PO4/Na2HPO4, 120 mM NacCl, 0.5% azide, 0.5 % glycerol, 0.5 % Triton X-
100), and homogenized with a Dounce homogenizer. Cells were then lysed via sonication using

a Branson Sonicator at 70 % amplitude for 45 seconds, pulsing for 0.5 seconds on and off.
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Soluble and insoluble material following cell lysis were separated by centrifugation at 49 000 xg
for 25 minutes (Optima L90-x, Beckman-coulter, Type Ti70 rotor). The soluble supernatant
fraction containing the MBP-peptide fusion was added to an amylose affinity column and
nutated for 1 hour at room temperature. The amylose affinity column was equilibrated with 500
mL PSE buffer (20 mM NaH2PO4/Na;HPO4, 120 mM NaCl, 0.5% azide). Following nutating and
binding, the column was washed with 500 mL PSE buffer to remove contaminating proteins.
MBP-fusion protein was eluted by adding 80 mM maltose (dissolved in PSE) and a nutating for
30 minutes, followed by gravity-flow of 200 mL of 40 mM maltose in PSE. Between 200-250 mL
of elution was collected and concentrated to 30-50 mL using an Amicon concentrator (Model
402 max, 75 PSI). TEV protease (purified in lab) was added to about 5 U/mg of protein with 1
mM DTT and left to incubate at room temperature overnight. Cleavage was monitored by SDS-
PAGE and more TEV protease and DTT was added if cleavage was incomplete If cleavage was
complete, MBP was separated by guanidine-hydrochloride extraction or chloroform-isopropanol

extraction.

For peptide extraction with guanidine-hydrochloride, cleaved peptide was centrifuged at
117 000 xg for 45 minutes (Optima L-90x, Beckman-coulter, Type Ti70 rotor) to collect
precipitated protein. The pellet was resuspended in 1 M guanidine hydrochloride to solubilize
MBP from cleaved peptide by homogenization with a Dounce homogenizer, and then incubated
at room temperature for 1 hour. The insoluble material was separated by centrifugation at 117
000 xg for 25 minutes (Optima L-90x, Beckman-coulter, Type Ti70 rotor). This pellet was
resuspended by homogenization in 7 M guanidine hydrochloride. The solubilized peptide was

suitable for purification by high performance liquid chromatography (HPLC, Varian 940 LC).

HPLC was performed using a reverse-phase Zorbax SB-300 C8 silica-based column on
a Varian 940 LC HPLC. The 7 M guanidine hydrochloride solution containing protein was

injected onto the HPLC column and was purified using gradient consisting of a 20-minute wash
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with 0.05 % trifluoroacetic acid and water, then followed by a gradual increase of isopropanol to
with 80 % isopropanol over 180 minutes. During the experiment, the column was heated to 60
°C to accommodate for the viscosity of 7M guanidine hydrochloride. Two mL fractions were
collected every minute and fractions were analyzed via SDS-PAGE. The purest and most
concentrated samples were pooled, isopropanol was evaporated under nitrogen gas, and the
sample was lyophilized overnight. The lyophilized sample was resuspended in 80 % isopropanol
and protein concentration was measured via a BCA colorimetric assay. Protein was aliquoted in
50, 75, or 100 ug quantities and solvent was evaporated using a speed vacuum concentrator.
Samples were stored at -80 °C. Purity was confirmed through MALDI-TOF mass spectrometry
and SDS-PAGE as with the synthetic peptides (Figure 10). Peptides were found to be of
variable purity, though levels determined from mass spectrometry analysis showed that purity

was acceptable for further experiments (Figure 10).
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Figure 10: Purity checks for SLB peptides

Each mass spectrometry result from MALDI-TOF analysis (A-D) shows the peaks seen as well
as the numerical values obtained (inset). (E) SDS-PAGE of pure peptide. 5 ug of each was
added. B. terrestris SLB can be seen between 5 and 11 KDa, which could correspond to a
dimer from two 3.6 KDa monomers. D. melanogaster SLB is difficult to visualize, though faint
bands can be viewed between 5 and 11 KDa. D. pulex is seen as two major bands below and
above 11 KDa, which may correspond to monomers and dimers. T. cancriformis is seen as
several bands. This peptide was the most difficult to express and purify and was the least
soluble, which may explain why this lane was so streaky compared to the others. The expected
molecular masses for each peptide are 3853 Da,3253 Da, 3762 Da, and 5106 Da for B.
terrestris, D. melanogaster, D. pulex, T. cancriformis, respectively.
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2.5: Reconstitution of SERCA and peptide into proteoliposomes

Reconstitutions were prepared as described previously''!. To prepare for reconstitutions,
thin-lipid films were generated using egg-yolk phosphatidylcholine (EYPC) and egg-yolk
phosphatidic acid (EYPA). Lipid was stored in chloroform as a 25 mg/mL stock and was added
to reconstitutions to achieve a weight of lipid to protein final ratio of 9 EYPC to 1 EYPA.
Reconstitutions performed for a SERCA alone control and for SERCA in the presence of
peptide. For reconstitutions including peptide, stored peptide was resuspended in a mixture of 2
parts chloroform to 1-part trifluoroethanol, to achieve a final concentration of 1 mg/mL. Lipids
were then added to the peptide as described above. For some sets of experiments with MLN,
half of the detergent C12Es was added at this stage with the goal of increasing the solubility of
MLN for incorporation into the reconstitution. Thin films were generated by evaporating under
nitrogen gas while gently vortexing. Prepared films were then stored in a desiccator overnight to

remove residual organic solvent before reconstitution (Figure 11).

Following preparation of the lipid-peptide thin films, water was added, and the mixture
was incubated at 37°C for 30 minutes. Detergent was then added to achieve a final weight ratio
of 1 lipid: 1 protein: 2 detergent and the resuspension was vortexed for 3 minutes. Buffer was
added (7 yM imidazole, 33 mM NaCl, 0.006 % azide, and 3.3 mM MgCl,) and the suspension
was briefly vortexed again. Reconstitution buffer (1 mg/mL C12Es, 1mM CaCl,, 50 mM MOPS pH
7.0, 1 mM DTT, 20% Glycerol v/v, 20 mM ADP, 100mM KCI, 20mM KOH) and 300 ug of
SERCA were added in a total volume of 200 uL. Reconstitutions with SERCA, peptide, lipid, and
detergent were gently mixed for about 30 minutes. After this time, SM2 Biobeads (20-50 mesh,
BioRad) were added slowly in four 1 mg additions followed by a 5 and 10 mg addition to slowly
and then completely remove the detergent in solution and to allow proteoliposomes to form with
correctly oriented protein. Proteoliposomes were then isolated through sucrose-gradient

centrifugation (106000 xg, 1 hour, Optima TLX, TLS-55 rotor) and collected at the interface
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between 20 % and 50 % sucrose layers. Proteoliposomes were mixed, aliquoted, flash frozen in

liquid nitrogen and stored at -80 °C (Figure 11).
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[ Peptide + Lipid (1:1, w/w) ]

Gnditions adjusted here: \

1. SERCA to peptide ratio (1:2.5,
1:5,1:7.5)

2. Lipid content (EYPC:EYPA,
EYPC:EYPE at 9:1, or EYPC
only)

3. Addition of half of total C;,E4

4. Solubilization conditions- ALN,

MLN, SLN, and SLB were
resolubilized in 2:1 CHCI;: TFE

and PLN was resolubilized in 80%
\ TFE (v/v with water) /
Storeas a

thin film

Resuspend lipid and peptide
Add C,Eg
Add SERCA

Conditions adjusted here:

1. Addition of C,,Eg- either a total
amount of detergent was added or
the remaining half was added to
obtain a final ratio of 1 peptide: 1
lipid: 2 detergent

Mix at RT

Detergent removal via
Biobeads and proteoliposome
isolation

Figure 11: Flow diagram of the main steps of proteoliposome reconstitution

For a typical 1:5 SERCA:MLN reconstitution, 85 ug MLN, 385 g lipid (38.5 ug EYPA and 346.5
pug EYPC), 300 ug SERCA, and 570 ug C12Es were used to achieve a final protein: lipid:
detergent ratio of 1:1:2, respectively.CHCIs- chloroform, TFE: trifluoroethanol, EYPC- egg yolk
phosphatidylcholine, EYPA- egg yolk phosphatidic acid, EYPE- egg-yolk phosphatidyl
ethanolamine, RT- room temperature.
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2.6: Quantification of protein in proteoliposomes

Protein concentration determination in proteoliposomes was carried out in two different
ways: BCA (bicinchoninic acid) colorimetric assay and SDS-PAGE quantification. The former
measured total protein concentration and the latter allowed for the quantification of SERCA

alone, also allowing for the indirect calculation of peptide present in the proteoliposome.

The BCA assay was carried out using 0.5 mg/mL BSA (bovine serum albumin) to
generate a standard curve ranging from 1-5 mg/tube (Figure 12). For the protein samples, 5, 5,
and 7.5 L of proteoliposomes were measured and compared to the standard curve. Here,
protein was added to 50 pL of 2 % SDS, vortexed, and then mixed with 1 mL of assay reagent
(50 parts Pierce BCA Assay Reagent A from Thermofisher Scientific and 1 part 4% CuSOa).
The standard curve and protein samples were then incubated in a 60 °C water bath for 30
minutes. Samples were then transferred to a room-temperature water bath and absorbance
readings at 562 nm were taken on the UltroSpec 2000 UV/Vis spectrometer. A standard curve
was plotted as absorbance against mg of protein per tube using linear regression analysis.
From this linear relationship, total protein concentration in each proteoliposome sample was

calculated (Figure 12).

Gel quantification by SDS-PAGE was done by loading 5, 6, and 7 uL of each sample as
a set onto a 10 % polyacrylamide gel (Figure 12). Electrophoresis was carried out at 160 V for
45 minutes. Gels were stained using Bio-Safe Coomassie G-250 protein stain (Biorad,
Hercules, CA). After destaining, gels were digitally scanned using an Epson V800 Scanner and
SilverFast Software. Images were uploaded into the image analysis software, ImageQuant.
From here, SERCA band density was integrated and the calculated area value was used to
measure the relative amounts of SERCA in each reconstitution. SERCA reconstituted alone was
considered to have a value of 1 and the SERCA concentrations in the remaining reconstitutions

were calculated as ratios of that based on the integrated areas. This ratio was multiplied by the
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total protein concentration obtained from the BCA assay to calculate the concentration of
SERCA in the proteoliposomes. The values obtained for SERCA concentration were used for

further calculation of specific activity (Figure 12).

5puL 6 pL
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Figure 12: Representative SDS-PAGE and BCA assay curve of reconstituted
proteoliposomes

Top panels show results from two separate experiments. The bands seen correspond to
SERCA from different reconstitution conditions and different volumes are added to compare and
monitor consistency. The bottom panel shows a typical BCA assay result where absorbance is
plotted against mg protein per tube. From this, a linear equation is generated and used to
calculate mg protein in proteoliposome samples. Concentration in mg/mL can be calculated with
the volume added to the tube.

2.7: Measuring ATPase activity in proteoliposomes

ATPase activity of SERCA was measured using a coupled-enzyme assay (Figure 13).
The calcium-dependent hydrolysis of ATP to ADP by SERCA was coupled to the oxidation of
NADH to NAD" by lactate dehydrogenase. The coupled-enzyme assay uses pyruvate kinase,
which converts phosphoenolpyruvate to pyruvate and regenerates ATP from ADP. Lactate
dehydrogenase then converts pyruvate to lactate and oxidizes NADH (absorbs at 340 nm) to

NAD* (no absorbance at 340 nm). Thus, the hydrolysis of ATP by SERCA is stoichiometrically
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coupled to the decrease of NADH, and the concentration of NADH is easily determined from the

absorbance at 340 nm (Figure 13).

The assay contains three main components: assay mix (50 mM imidazole, 100 mM KClI,
5 mM MgClz, 0.5 mM EGTA, 2.4 mM ATP, 0.18 mM NADH, 0.5 mM PEP, 9.6 U/mL lactate
dehydrogenase and pyruvate kinase), calcium solution (1mM CacCls, diluted from 100 mM with
assay mix), and reconstituted proteoliposomes (diluted to 1/6- 1/8) (Figure 14). Measurements
were conducted in a 96-well plate format over a range of calcium concentrations (pCa 4.8, 5,
54,56,5.8,6,6.2,6.4, 6.6, 6.8, 7, 7.2) with the central values corresponding to the
physiological range of calcium in the cell cytoplasm. Absorbance readings were started
immediately after the addition of proteoliposomes and were conducted on either a Molecular
Dynamics M3 spectrophotometer or a BioTek spectrophotometer to measure the decrease in
absorbance at 340 nm. In the case of the M3 spectrophotometer, readings were taken every 28
seconds with shaking in between, for a total of 50 minutes at 37 °C. For the BioTek
spectrophotometer, readings were taken every 39 seconds, with shaking in between, for a total
of 50 minutes. From these reads, specific activity was calculated for SERCA proteoliposomes at

each calcium concentration.
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ATP ATP + pyruvate + NADH
Lactate
Pyruvate
SERCA P!((inase Dehydrogenase
Lactate +
ADP ADP + PEP NAD

Figure 13: Reaction mechanism of the input and output components of the ATPase
activity assay

As SERCA uses ATP, pyruvate kinase regenerates ATP via PEP, forming pyruvate. Lactate
dehydrogenase oxidizes NADH to form lactate and NAD*. Measurements were taken at 340 nm
as NADH was depleted.
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[ To prepare
1. Assay Mix
2. Calcium Mix
3. Dilute proteoliposomes

(1/6-1/8 with 20%
sucrose)
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To measure

]

‘1.

Oxidation of NADH at

340 nm over 50 minutes }

To pipette

N

Assay and calcium mix

to obtain a range of
final calcium
concentrations

Proteoliposomes to
initiate the reaction

Gssay Mix Recipe
50 mM imidazole, pH 7.0
100 mM KCI

Figure 14: Schematic of the preparation and additions for the ATPase assay

The top panel shows what was prepared, the order in which it was pipetted and what was
measured. The bottom panel shows specific recipes used to make each component mentioned

in the top panel.
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5 mM MgCl, Volume of assay and calcium mix added to obtain specific pCa values
0.5 mM EGTA pCa 48 | 50 | 54 | 56 | 58 | 60 | 62 | 64 | 66 | 68 | 70 | 72
2.4 mMATP
0.18 mM NADH Volume of
0.5 mM PEP Assay Mix | 734 | 758 | 808 | 846 | 896 | 958 | 1034 | 112.0 | 1206 | 128.2 | 1346 | 139.4
9.6 U/mL lactate dehydrogenase (ut)
9.6 U/mL pyruvate Kinase Volume of
\ Calcium 76.6 74.2 69.2 65.4 60.4 542 46.6 38.0 29.4 218 15.4 106
Mix (uL)
. i _ N
Calcium Mix Recipe
100 mM stock CaCl,
Diluted to 1mM with assay mix )




2.8: Calculating ATPase Activity

From absorbance values obtained from the spectrophotometer, slopes were calculated
from the decrease in absorbance over time corresponding to the oxidation of NADH as SERCA
uses ATP to pump calcium. From these slope values, specific activity of SERCA for each
reconstitution condition and calcium concentration could be calculated using equation 1.
Specific activity was plotted against increasing calcium concentrations on a logarithmic scale
and curves were fit using the Hill equation (equation 2) in SigmaPlot software. From this
analysis, three important values could be obtained: maximal activity (Vmax), apparent calcium

affinity (Kca), and the Hill coefficient or cooperativity of SERCA (nH).

- (AO.D./min)

Specific activity 6.22+[protein]

Equation 1: To calculate specific activity of SERCA at a single calcium concentration. Where
AO.D is the change in optical density or absorbance over time, 6.22 M/cm is the extinction
coefficient of NADH, and where the protein concentration refers to the concentration of SERCA
in a single well.

Vmaxx[S|"

Velocity = Ko™ +[ST"

Equation 2: Hill equation. Where Vnax is the maximal velocity of the enzyme, S is the substrate
concentration (calcium), n is the Hill coefficient, Kca is the apparent calcium affinity. This 3-
parameter Hill equation was used via SigmaPlot software to calculate maximal activity, apparent
calcium affinity, and cooperativity of SERCA.

2.9: Method to observe the incorporation of protein into proteoliposomes

The incorporation of the various peptides into proteoliposomes was analyzed via tris-
tricine SDS-PAGE with 4%, 10%, and 16% acrylamide layers. A sample of 10 puL was taken at
the beginning of the reconstitution process before the addition of Biobeads. Using SDS-PAGE,
this ‘before’ sample of known composition (300 ug SERCA and 85 ug MLN, for example) was

compared to a sample of proteoliposomes after reconstitution and isolation. Equal volumes
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were applied to SDS-PAGE so that the amounts of SERCA and peptide before and after the

reconstitution could be compared.

To quantify any differences observed here, Image Studio Lite (LICOR Biosciences)
software was used. Identical rectangular boxes were drawn around each band of interest, which
allowed for the calculation of band intensity. From the differences in intensity values, percent

differences of final reconstitution samples from control or ‘before’ samples could be calculated.

2.10: Biotinylation and orientation of MLN in proteoliposomes

Biotin labelling to determine the orientation of peptides in proteoliposomes has been
done for PLN in the past''?''3, For labelling, the WT sequence of MLN was used as it has 2
lysine residues on the cytoplasmic region of the peptide, with one more in the transmembrane
region. To label these residues, EZ-Link Sulfo-NHS-LC-biotin (ThermoFisher Scientific) was
used in combination with IRdye 800CW Streptavidin (LI-COR Biosciences) to visualize and
quantify the level of biotinylation. Labelling was carried out by combining 20 pL of reconstitution
and 16.7 mM borate-KOH, pH 9.0 along with either 0.5 % octylpyranoglucoside (OG) or water.
In these experiments, one set of reactions included a detergent to solubilize the proteoliposome
membrane for complete labelling of the peptides, while the other reaction did not contain
detergent and only externally oriented peptides. After the addition of 45 mM Sulfo-NHS-LC
biotin, reactions were carried out on ice for two hours. Reactions were quenched with 1 uL of
10X Tris/Glycine running buffer without SDS followed by the addition of 30 uL of 2X SDS-PAGE

loading buffer.

Biotin labelled samples were analyzed by tris-tricine SDS-PAGE with 4%, 10%, and 16%
polyacrylamide and western blotting. Electroblotting was carried out at 100 V for 1 hour onto

Immun-Blot PVDF 0.2 ym membrane. Biotinylated protein was probed with 0.2 yg/mL IRdye
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800CW Streptavidin (LI-COR Biosciences). Blots were imaged using a LI-COR Odyssey IR

scanner and exposures to 700 and 800 nm light lasted for 30 seconds or 1 minute.

Bands were quantified using Image Studio Lite (LI-COR Biosciences). Rectangular
boxes of equal size were drawn around each band so that the area and intensity could be
calculated. Samples treated with detergent were considered to be completely labelled and the
percentage of labelling was calculated for non-detergent samples was based on the ratio of
areas determined for each protein band. Three independent experiments were completed in the

same manner to determine the amount of labelling.

2.11: CD spectroscopy: sample preparation, measurements, and analysis

Secondary structure of MLN was characterized using a Chirascan circular dichroism
spectrometer (Applied Photophysics). For MLN, 500 uL of buffer (10 mM Tris-HCI pH 7.5, 2.5 %
dodecylmaltoside (DDM), 0.5 mM DTT) was added to a thin film of 100 ug of MLN peptide.
Samples were stirred overnight and centrifuged the following day to remove any precipitate. The

concentration of the supernatant was measured via a BCA assay (described previously).

Measurements were taken on a Chirascan CD spectrometer (Applied Photophysics,
Surrey, UK). A baseline measurement without any sample or cuvette present was taken to
ensure minimal background signal. Following this, 10 scans of the buffer used to solubilize MLN
were recorded and then 10 scans of the peptide in detergent micelles were taken.
Measurements were recorded between 190-280 nm every 0.5 seconds in a 1 mm cuvette at
room temperature. An average of these 10 scans was calculated and smoothed in the
Chirascan analysis software. Data was then input into the CD analysis software, Dichroweb
(London, UK) under the following input conditions: wavelength range of 190-280nm, step size of
1 nm, input units as mdeg/machine units, and output units of mean residue ellipticity’™. The
K2D analysis algorithm along with the reference data set of SMP 180 optimized for 190-240 nm
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was used''®'"5, The K2D analysis program calculates secondary structure by self-organizing the
input dataset (CD dichroism wavelength) and generating a topological map in order to calculate

protein secondary structure. A reference dataset is not required, though the SMP 180 dataset is
generated from a set of membrane proteins, making it the most suitable set of references for the
peptides of interest in this study. Following analysis on Dichroweb, data was plotted as mean

residue ellipticity versus wavelength.

2.12: Statistical Analysis

A minimum of three independent reconstitutions and activity assays were performed for
each sample and the ATPase activity was measured over a range of calcium concentrations
(0.1-10 uM). For each individual dataset (single ATPase activity assays), the calcium
concentration at half-maximal activity (Kca) and the maximal activity (Vmax) were calculated
based on non-linear least-squares fitting of the activity data to the Hill equation using Sigma Plot
software (SPSS Inc., Chicago, IL). The reconstituted proteoliposomes containing SERCA alone
are a well-characterized control for all peptide-containing proteoliposomes. The known Vmax and
Kca values for SERCA were used to correct for small inaccuracies in the determination of
specific activity and calcium concentration, and these correction factors were applied to the
individual ATPase activity datasets’®°'"1, The individual ATPase activity datasets were
averaged, and errors were calculated as the standard error of the mean for a minimum of three

independent reconstitutions.

To determine statistical significance, the Hill parameters were calculated for each
individual assay after correction. These kinetic parameters (Vmax, Kca, and nH) were used to
determine statistically significant differences between SERCA reconstituted alone and SERCA
reconstituted with a regulatory peptide. Calculations were once again completed in Sigma Plot

software using a one-way ANOVA on ranks. If there was a significant difference between these
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groups (P<0.001), Dunn’s multiple comparison test was used to determine the statistical
probability of the difference between the test group (SERCA reconstituted with peptide) and the

control group (SERCA reconstituted alone). A difference was considered significantly different if

P<0.05.
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Chapter 3: Regulation of SERCA by MLN and ALN

3.1: An introduction to MLN and ALN

Improvements in bioinformatic technology have led to the identification of functional
peptides encoded by small open reading frames or sequences concealed within RNAs
previously annotated as long non-coding RNAs. It is known that SERCA is regulated by
transmembrane peptides, two of which are phospholamban (PLN) and sarcolipin (SLN)'03.104.107,
Recently it has become apparent that SERCA is regulated in every tissue it is expressed in by a
family of peptides which we collectively refer to as the “regulins”2103.194.107 "|Individually, these
regulators are known as myoregulin (MLN), another-regulin (ALN), endoregulin (ELN), and
DWOREF (Dwarf open reading frame). The focus of my thesis research has been on MLN and

ALN104,116_

MLN was discovered through a bioinformatic screen scanning uncharacterized skeletal
muscle genes'®. The gene was identified as a long non-coding RNA transcript which encoded a
138-nucleotide sequence and was found to be translated into a 46 amino acid peptide. Briefly,
this peptide was found to be an interactor and regulator of SERCA in fast-twitch skeletal muscle,
implicating it in calcium cycling and skeletal muscle function. Moreover, when MLN was
knocked out in mice, the knock-out mice showed an overall significant increase in running
distance and duration compared to WT mice. Knock-out mice also showed an increase in SR
calcium levels, indicating that more calcium can be pumped across the membrane in the
absence of MLN'%. While there is no specific physiological or disease-associated role for MLN
in humans yet, these in vivo studies first implemented MLN as a functional SR peptide. These
studies showed that skeletal muscle performance increased when MLN was removed from the

calcium transport system in skeletal muscle*'42117.118 "With this, MLN could be a potential
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therapeutic target for skeletal muscle diseases where calcium cycling and muscle performance

is impaired.

Proper calcium homeostasis is essential for skeletal muscle function and a disruption to
this process underlies different muscle diseases like Brody myopathy and muscular
dystrophies*'*2, Brody myopathy is excessive muscle stiffening or cramping with minimal
relaxation during exercise as a result of SERCA1a not being completely active*':'"”. Muscular
dystrophies are classified as degenerative muscle disorders'”. Interestingly, one study done in
mice showed that muscle performance increased with increased expression of SERCA1a'%.
Knowing that SERCA is important in calcium transport in muscle and that its regulation is
important for proper muscle function, the new SERCA regulator, MLN, could be an important
target in finding a therapy for these diseases. For example, there is the potential to
pharmacologically disrupt the interaction between MLN and SERCA with the goal of improving
muscle function, especially considering MLN knock-out mice showed enhanced exercise

performance’%120,

While the exact physiological role of MLN in calcium cycling remains unknown, details
into its gene control, expression, and function have already been explored. The components
involved in calcium regulation, SERCA, MLN, and RyR, are all co-regulated by the transcription
factor, MyoD (myogenic differentiation 1), which has been implicated in muscle cell
differentiation’'®'2° This suggests an overall core genetic element controlling calcium movement
in skeletal muscle. Additionally, the MLN gene showed two highly conserved binding sites for
MyoD and for MEF2 (myocyte enhancement factor)'%. MEF2 has been implicated in muscle cell
differentiation and development'?'. Overall, MLN is likely targeted by transcription factors with

roles in skeletal muscle development'®,

MLN is mainly expressed in skeletal muscle and co-localizes in the SR membrane with

SERCA1a. Real-time PCR analysis showed that MLN is expressed the most with SERCA1a in
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skeletal muscle'®. The same analysis also showed that PLN is co-expressed with SERCA2, the
cardiac isoform, and that SLN is co-expressed with both SERCA1 and SERCAZ2. Of note, even
though both MLN and SLN are expressed in skeletal muscle, SLN is downregulated in adult
skeletal muscles in mice'®. MLN appears to be the highest expressing peptide in skeletal
muscle'®. That said, these expression analyses were completed in mice, so further studies to

confirm these expression levels and patterns in humans need to be completed.

Additionally, MLN was shown to interact with SERCA and adopt the same general
structure and function as PLN and SLN. When a series of residues within the TM domain of
MLN were each mutated to alanine, the interaction observed with co-immunoprecipitation
experiments was abolished. Also, docking studies using ClusPro software predicted that MLN
and SLN occupy the same binding groove in SERCA1'%7, Lastly, a series of functional studies
involving the transfection of a regulatory peptide and SERCA into HEK293 cells and
measurements of calcium uptake rate demonstrated an effect of MLN on SERCA activity. From
this, it was shown that PLN, SLN, and MLN all decreased calcium uptake, corresponding to a
decreased calcium affinity of SERCA'Y. While these are important experiments, the use of
HEK293 cells has been criticized in the field as they have yielded inconsistent results for the

effect of peptide regulators on SERCA?”.

While the discovery of MLN has expanded the field of calcium regulation in skeletal
muscle, another newly identified regulator of SERCA, another-regulin (ALN), was also studied in
my thesis research. The same group that identified MLN and DWOREF as functional regulators
of SERCA also carried out a bioinformatic screen of the mouse genome for uncharacterized
peptides with the same SERCA-binding motif as the other regulators. Two genes were identified
through this screen and they were named endoregulin (ELN) and ALN, with the latter being the
focus of this work. The most striking finding of these peptides is that they are the first SERCA

regulators to be expressed in non-muscle tissues®*. Like MLN, there is no current
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physiological or disease-associated role for ALN, though the identification of SERCA regulators
in non-muscle cell types adds to our understanding and to the importance of the tight regulation

of Ca%* ions in cells.

Like the muscle-specific regulators, ALN shares the same SERCA-binding site, localizes
to the SR membrane, and is a helical transmembrane peptide'”. In SERCA, a space is formed
between the M2, M6, and M9 helices where PLN and SLN have been shown to bind, so the
question was raised if ALN also bound to this space'?”. Competition studies where PLN and
ALN were labelled and expressed equally in COS-7 cells showed that when PLN levels were
increased, less ALN was seen to associate with SERCA'". While this did not directly show the
interaction between ALN and SERCA, it showed that ALN likely binds to the same place as
PLN. In addition to this, subcellular distribution studies involving labelled SERCA isoforms and
the various regulators showed that both components localized to the SR membrane*®107:122.123,
ALN does have some similarities to the other regulators, but the most intriguing difference lies in

their tissue expression patterns.

To gain understanding of the expression patterns of ALN and various SERCA isoforms,
mRNA expression was measured during development and in adult mice'””. From this, ALN was
found to be expressed in a pattern similar to SERCA2b, the ubiquitously expressed isoform of
SERCA'Y, Quantitative RT-PCR also showed corresponding expression patterns between
SERCA2b and ALN, making ALN the only ubiquitously expressed regulator. Important to note is
that ALN alone was detected in a variety of tissues from skeletal and cardiac muscle to
endothelium. With that, the question was raised of whether ALN would serve a redundant or
compensatory role, especially in tissues where it was co-expressed with other SERCA isoforms
and regulators’®""-%7 An additional unique difference with ALN and SERCA isoforms is the
change in calcium affinity and activity; ALN was found to decrease the calcium affinity of

SERCA2b and SERCAZ3, but not alter the maximal activity'.
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Another interesting aspect of ALN is its potential to be regulated by phosphorylation.
ALN contains a PKA recognition motif (RxxS) in the cytoplasmic region, which also happens to
be a key regulatory feature of PLN'’s effect on SERCA. It has been well established that upon
phosphorylation, PLN loses its ability to inhibit SERCA and that a structural change is induced in
PLN so that it becomes disordered and can no longer inhibit SERCA'®’. From a physiological
perspective, this puts PLN under control of B-adrenergic signalling’'. With the existence of the
PKA phosphorylation motif in ALN, it is possible that these two peptides share a conserved
mechanism to control their regulatory effect on SERCA'%. Nonetheless, the identification of
these new regulatory peptides and their implication in regulating SERCA throughout the body
has opened many doors towards gaining a fuller understanding of intracellular calcium

homeostasis.

Even though MLN and ALN have been identified as functional regulators, key kinetic
details into this regulatory effect remain undefined. Previous functional studies used whole-cell
homogenates, which do not allow for this system to be studied in isolation. Additionally, these
studies were completed using the mouse sequences of the peptides, which have some
differences from the human sequence and potential roles in human physiology and disease.
Thus, the goal of my thesis research was to characterize the effect of MLN and ALN on SERCA
activity in reconstituted proteoliposomes. More specifically, this work aimed to carefully optimize
the reconstitution method and measure the maximal activity (Vmax), apparent calcium affinity
(Kca), and cooperativity (nH) of SERCA in the absence and presence of MLN and ALN. Based
on previous work by others, it was hypothesized that MLN and ALN will regulate SERCA by

lowering the calcium affinity without altering the maximal activity.
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3.2: Results: MLN and ALN depress the Vmax of SERCA

3.2.1: MLN

When reconstituted at a 1:5 molar ratio of SERCA to peptide, both MLN and ALN were
seen to lower the maximal activity (Vmax) of SERCA (Figures 15, 16, and Table 3). For MLN, the
greatest depression in Vmax was seen in the 1:5 molar ratio reconstitution, where activity
dropped to 3.41 pymol/min/mg from 3.98 pymol/min/mg when SERCA was reconstituted alone. A
depression in maximal activity was also seen with SERCA:MLN reconstitutions at 1:2.5 and
1:7.5 molar ratios, though to a lesser extent than at 1:5. Activity dropped from 3.98 pmol/min/mg
to 3.67 pymol/min/mg and 3.57 ymol/min/mg for 1:2.5 and 1:7.5 molar ratios, respectively.
Regarding the 1:7.5 molar ratio, it is possible that not all MLN was incorporated into the
proteoliposome or that the maximal amount of peptide was added to the proteoliposome,
leading to a less dramatic effect despite the addition of more regulatory peptide. Additionally, for
each of these ratios and reconstitutions, there was no significant change to SERCA’s apparent
calcium affinity or cooperativity in the presence of MLN (Figure 16, Table 3). Thus, MLN’s main
regulatory effect on SERCA is to depress the maximal activity. This finding is unique to MLN,
since the other well-studied regulators, PLN and SLN, have been found to decrease SERCA’s
affinity for calcium, as seen by an increase in Kca (Figure 16), as the main mode to regulating

SERCA.
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Figure 15: ATPase activity measurements of SERCA reconstituted with MLN at various
molar ratios

Activity measurements are shown over a range of calcium concentrations for SERCA
reconstituted alone (black circles), with MLN at 1:5 (clear circles), at 1:2.5 (blue triangles), at
1:7.5 (teal triangles) molar ratios. N values (separate reconstitutions) and n values (number of
assays) are N=8, n=39 for 1:5, N=4, n=14 for 1:2.5, N=3, n=14 for 1:7.5.
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Figure 16: Maximal activity and apparent calcium affinity values of SERCA reconstituted
with MLN

(A) Maximal activity, Vmax and (B) Apparent calcium affinity, Kca, of SERCA reconstituted with
MLN. Apparent calcium affinity values for SERCA reconstituted with phospholaman (PLN) and
sarcolipin (SLN) are also shown to emphasize how MLN does not affect Kca as greatly as other
well-studied peptides.
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Table 3: Kinetic parameters of SERCA reconstituted with MLN at different molar ratios

Vmax Apparent Kca Hill coefficient
(umol/min/mg) (UM)
SERCA 3.98 £ 0.07 0.44 +0.02 1.65+0.10
SERCA + MLN (1:2.5) | 3.67 £ 0.05* 0.47 £ 0.02 (NS) 1.55 + 0.08 (NS)
SERCA + MLN (1:5) 3.41+£0.05* 0.47 £ 0.02 (NS) 1.62 £ 0.09 (NS)
SERCA + MLN (1:7.5) | 3.57 £ 0.07 ** 0.47 £ 0.02 (NS) 1.69 £ 0.13 (NS)

Note: * indicates P<0.05 and ** indicates P<0.001

3.2.2: ALN

When reconstituted with ALN at a 1:5 molar ratio, both the Vmax and apparent calcium
affinity (Kca) were lowered (Figures 17,18). Reconstitution with ALN led to a drop in Vimax from
4.07 pmol/min/mg to 3.37 umol/min/mg and an increase in Kca or decrease in apparent calcium
affinity from 0.44 uM to 0.58 uM (Table 4). There was no significant change to the cooperativity.
From these experiments, it was found that ALN’s regulatory effect on SERCA is to depress

maximal activity and calcium affinity.
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Figure 17: ATPase activity measurements of SERCA reconstituted with ALN
Measurements are for SERCA reconstituted alone (black circles) or with ALN (purple circles) at
a 1:5 molar ratio. A slight decrease in maximal activity and rightward shift of the curve can be
seen when SERCA is reconstituted with ALN. N values (separate reconstitutions) and n values
(individual assays) are N=4, n=32 for ALN 1:5
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Figure 18: Maximal activity and apparent calcium affinity of SERCA reconstituted alone
or with ALN

(A) Maximal activity and (B) apparent Kca values from SERCA reconstituted alone (black) or with
ALN (purple) at a 1:5 molar ratio. ALN depresses the maximal activity and increases the
apparent Kca of SERCA, meaning that ALN inhibits SERCA.
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Table 4: Kinetic parameters of SERCA reconstituted with ALN

Vmax Apparent Kca Hill coefficient
(umol/min/mg) (UM)
SERCA 4.07 £ 0.11 0.45+0.03 1.42+0.12
SERCA + ALN (1:5) 3.37+0.11** 0.58 + 0.05** 1.34 + 0.13 (NS)

Note: ** indicates P<0.001

3.3: MLN also depresses the Vmax of SERCA when detergent is
incorporated at different steps

The effect of MLN on SERCA was further explored by altering the reconstitution process.
In this set of experiments, reconstitutions were prepared by adding half of the total amount of
detergent at the same time the thin lipid films were formed. The remaining amount of detergent
was added when lipid films were resuspended in water and buffer. Proteoliposomes were

formed and isolated in the same manner as the other method mentioned previously.

Following this method, the greatest effect on ATPase activity was seen when SERCA
was reconstituted with MLN at a 1:7.5 molar ratio (Figures 19, 20). Here, maximal activity
dropped from 4.02 pmol/min/mg to 2.95 pmol/min/mg in the presence of MLN. Decreases in
maximal activity were also seen at 1:2.5 and 1:5 ratios, dropping from 4.02 pmol/min/mg to 3.62
and 3.65 ymol/min/mg, respectively. Like the trend seen in the first reconstitution method, there
was no significant change to calcium affinity or cooperativity of SERCA when reconstituted with

MLN (Figure 20, Table 5).

Additionally, for the 1:7.5 molar ratio reconstitution for this method, the difference in
maximal activity from when SERCA was reconstituted alone was about 1 pmol/min/mg- a
greater difference than any change seen for the first method of reconstitution. This is potentially
due to more MLN being solubilized with the addition of detergent at the initial lipid film step,

leading to a greater amount of MLN to be incorporated into the proteoliposome.
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Figure 19: Activity measurements for SERCA reconstituted with MLN using a new
method

For these experiments, half of the detergent was added at the initial lipid film step and the
remainder was added during thin film solubilization. Activity measurements are shown for
SERCA reconstituted alone (black circles), SERCA reconstituted with MLN at 1:2.5 (orange
circles), 1:5 (red circles), and 1:7.5 (open grey circles) molar ratios. The most dramatic change
is seen with a decrease in maximal activity when SERCA was reconstituted with MLN at 1:7.5.
Small decreases in maximal activity were also seen at the other ratios. N values (separate
reconstitutions) and n values (individual assays) are N=5, n=23 for 1:5, N=4, n=14 for 1:2.5,
N=3, n=9 for 1:7.5.
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Figure 20: Maximal activity and apparent calcium affinity values for SERCA reconstituted
with MLN (new method)

(A) Maximal activity of SERCA reconstituted alone (black) or with MLN at 1:2.5 (orange), 1:5
(red), or 1:7.5 (grey outline) molar ratios. (B) Apparent calcium affinity for the same groups as in
A, but with the added groups of PLN and SLN at 1:5 molar ratios to highlight the lack of Kca
effect compared to MLN.
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Table 5: Kinetic parameters for SERCA reconstitued with MLN following the new reconstitution

method
Vmax Apparent Kca Hill coefficient
(umol/min/mg) (UM)
SERCA 4.02+0.10 0.44 +0.03 1.531+0.14
SERCA + MLN (1:2.5) | 3.62+0.07 * 0.46 £ 0.03 (NS) 1.57 £ 0.11 (NS)
SERCA + MLN (1:5) 3.65+0.09 * 0.49 £ 0.04 (NS) 1.40 £ 0.13 (NS)
SERCA + MLN (1:7.5) | 2.95+£0.07 ** 0.46 £ 0.03 (NS) 1.68 £ 0.16 (NS)

Note: * indicates P<0.05 and ** indicates P<0.001

3.4: Observing the incorporation of protein into proteoliposomes

3.4.1: Incorporation of MLN using both reconstitution methods

In order to confirm that MLN and ALN were being incorporated into the proteoliposome

and to compare the amount of peptide incorporated through different reconstitution methods,

the reconstitution process was observed via SDS-PAGE. MLN, with calculated molecular weight

of 5.2 kDa, is seen between the 5 and 11 kDa standards. SERCA is also present in isolated

proteoliposomes at levels compared to the expected amount and is not lost during the

reconstitution process (Figure 21). SDS-PAGE protein quantitation showed that about 60-70%

of SERCA or MLN was present in isolated proteoliposomes relative to the starting material or

‘before biobead’ sample of the reconstitution process (Figure 21). Important to note is that an

equal or similar amount of SERCA and MLN was maintained relative to the starting material,

meaning that the final ratio of SERCA to MLN was not perturbed.
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Figure 21: SDS-PAGE showing the incorporation of MLN and SERCA

10 uL of sample was loaded for each condition. (A) Observations of the incorporation of MLN
through the first method of reconstitution at a 1:5 molar ratio. MLN does not appear to be lost at
any step. SERCA only and MLN only refer to amounts of pure protein expected in isolated
proteoliposomes.
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Regarding the second method of reconstitution, SDS-PAGE protein quantitation showed
that SERCA and MLN were both lost to a small degree through the reconstitution process and it
appeared as though more MLN was present in the 1:7.5 molar ratio condition compared to the
other molar ratios (Figure 22A). In fact, when comparing samples from each method to an
expected amount for the 1:7.5 molar ratio condition, more MLN was present in the sample from
the second method compared to the expected amount of protein (Figure 22B). Also, important
to note is that SERCA is also lost through the reconstitution process, meaning that the final
desired ratio of SERCA:MLN is more likely to be maintained in the isolated proteoliposome.
Protein quantitation estimated that roughly 50% of SERCA was retained and that about 45% of
MLN for the 1:2.5 and 1:5 ratios was retained. More MLN was retained for the 1:7.5 ratio, where
60% was estimated to be retained. Ultimately, enough SERCA and MLN were retained to

maintain the desired ratios.
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Figure 22: SDS-PAGE analysis showing the incorporation of MLN (new method)

For these experiments, half of the total amount of detergent was added at the initial lipid step.
(A) Observations of the incorporation of MLN at varying molar ratios to SERCA through the
second method of reconstitution (where detergent was added at the start). Start refers to the
stage in reconstitution before biobeads are added and isolated refers to a sample from isolated
proteoliposomes. MLN does not appear to be lost through the reconstitution process of this
method. (B) Comparison of 1:7.5 molar ratio reconstitution condition between reconstitution
methods to show that more MLN is incorporated with the new method.
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3.4.2: Observing the incorporation of ALN into proteoliposomes

Similar to MLN, ALN was also shown to be present in the final reconstitution and can be
seen between the 5 and 11 KDa molecular weight markers at two different molecular weights
(Figure 23). This was also seen when pure ALN was separated via SDS-PAGE (Figure 23B).
The pattern of these bands does not obviously correspond to a monomer-dimer pattern for ALN,
but it is possible for this to be the oligomeric profile of ALN. It is also possible that peptide
fragments were generated as a result of the synthesis process. It is also not likely for the
smaller of the two bands to be SLN (which can be co-purified with SERCA), as it is not seen in
the SERCA-only reconstitutions. SDS-PAGE protein quantitation analysis estimated that about
27% was retained for the larger band and 40% for the smaller band. When both bands were
quantified together, about 31% was retained (as quantified using Image Studio Lite).
Additionally, quantitation also showed that some SERCA appeared to be lost through the
process and it was estimated that about 60% of SERCA was retained through the reconstitution
process. In combination, these quantitative estimates show that more ALN was lost through the
reconstitution process compared to SERCA, indicating that the desired final 1:5 ratio of
SERCA:ALN was not maintained. With the results here, it is likely that the final ratio may be
between 1:2.5 and 1:5, hinting that future optimization will be required beyond the completion of

this thesis.
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Figure 23: SDS-PAGE analysis showing the incorporation of ALN into proteoliposomes
(A) Comparison of ALN reconstitutions before and after the addition of biobeads. It can be seen
that SERCA and ALN are not completely incorporated into the proteoliposome. (B) A
comparison of pure SERCA and ALN to samples of reconstituted proteoliposomes. C refers to
the control sample and R refers to a reconstituted sample.
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3.5: Determining if lipids have a role in the way MLN regulates SERCA

Another aspect of regulation that was probed was to determine if lipid composition of the
liposome may have an impact on the way MLN regulates SERCA. Thus far, all reconstitutions
were carried out using a 9:1 ratio of egg yolk phosphatidylcholine and phosphatidic acid,
respectively. Since MLN has a cluster of negative charges close to the membrane surface, we
predicted that the negative charges from EYPA headgroup may impede the interaction between
MLN and SERCA, and thus prevent it from regulating (Figure 24). In these experiments, the lipid
composition was altered so that only EYPC or a 9:1 ratio of EYPC to EYPE (egg yolk
phosphatidylethanolamine), a zwitterionic lipid, was used. In both conditions, the negative

charge present on the surface of the membrane is removed.

MTGKNWILISTTTPKSLEDEIVGRLLKILFVIFVDLISIIYVVITS

Figure 24: Primary sequence of MLN highlighting the negative residues near the
transmembrane domain

Bold letters indicate the transmembrane domain and the cluster of negative residues are
highlighted in grey.

When reconstituted with EYPC only, MLN’s regulatory affect on SERCA was unchanged
from what was previously observed (Figure 24, 25, Table 6). There is a slight decrease in
maximal activity when SERCA is reconstituted with MLN in EYPC proteoliposomes, however
the difference is not as dramatic as with previous conditions. Similarly, with EYPC/EYPE
proteoliposomes, no significant change to maximal activity was seen when SERCA was
reconstituted with MLN (Figure 25B, 26). For both of these lipid conditions, no significant

change to apparent calcium affinity was observed (Figure 25, 26, Table 6).
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Figure 25: ATPase activity measurements from reconstitutions using varied lipid

conditions
(A) Activity measurements of SERCA reconstituted alone (black circles) or with MLN at a 1:5

molar ratio (grey circles) in liposomes with only EYPC. N values (separate reconstitutions) and n
values (individual assays) are N=4, n=21 (B) Activity measurements of SERCA reconstituted
alone (black circles) or with MLN at a 1:5 molar ratio (light purple circles) in liposomes with
EYPC and EYPE. N values (separate reconstitutions) and n values (individual assays) are N=3,

n=22.
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Figure 26: Maximal activity and apparent calcium affinity for reconstitutions using varied

lipid conditions

(A) Maximal activity (Vmax) for and (B) apparent calcium affinity (Kca) values for SERCA:MLN
reconstitutions composed of EYPC only or EYPC and EYPE
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Table 6: Kinetic parameters for SERCA reconstituted with MLN using varied lipids

Vmax
(umol/min/mg

)

Apparent Kca
(uM)

Hill coefficient

Reconstitution with EYPC only

SERCA

4.04 £ 0.09

0.45+0.03

1.74 £ 0.16

SERCA + MLN (1:5)

3.67 £ 0.08**

0.44 £ 0.03 (NS)

1.71 £ 0.14 (NS)

Reconstitution with

EYPC and EYPE

SERCA

4.02+0.09

0.45+0.03

1.74 £ 0.15

SERCA + MLN (1:5)

3.96 + 0.09 (NS)

0.43 £ 0.03 (NS)

1.77 £ 0.17 (NS)

Note: ** indicates P<0.001

3.6: Biotinylation of MLN to determine orientation in proteoliposomes

In addition to altering reconstitution conditions to elucidate the effect of MLN on calcium

pumping by SERCA, the orientation of MLN in the proteoliposome was also determined. To do

this, a biotinylation assay was employed, which took advantage of the lysine residues in the

cytoplasmic domain of MLN (Figure 27). Here, NHS-linked biotin was used to label these

residues, and IR-dye streptavidin was used to probe for these labelled resides in intact

proteoliposomes or in proteoliposomes where the membrane was solubilized with

octylglucoside, leading to complete labelling of MLN.
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Figure 27: Topology diagram of MLN highlighting different domains and lysine residues
Highlighted are the transmembrane domain (blue) and the cytoplasmic domain (light blue) and
lysine residues (green). The lysine residue located in the transmembrane domain is likely
protected from labelling and experiments using unreconstituted MLN did not show comparable
labelling likely due to it being insoluble in similar buffer to reconstituted conditions.

Following this reaction, MLN was found to be about 83 % correctly oriented (Figure 28).
This result agreed with experiments completed for PLN, another well-characterized cardiac
SERCA regulator''%25, Of note, experiments were also carried out using pure MLN
resuspended in buffer as a control to determine complete labelling. In doing this, it was difficult
to solubilize MLN in comparable buffer conditions to what was used for labelling protein in
reconstituted proteoliposomes. Thus, it was difficult to carry out a control reaction with MLN at
the same concentration in proteoliposomes and obtain a signal similar to that from the labelled
MLN in proteoliposomes. It was assumed that lysine 27 in the TM domain of MLN was protected

by the membrane and unable to be labelled.

73



A SERCA+MLN B

(15)
+ -
oG 80
W s ~200 KDa g
2 60
SERCA ~110 KDa
- - g
3
8 40
>
w
X
20
MLN W s  -5KDa 0

+0G -0G

Figure 28: Surface labelling and orientation of MLN in proteoliposomes

(A) Representative blot following labelling with biotin and probing with IRdye streptavidin in the
presence (+) and absence (-) of detergent. In the presence of detergent, all of SERCA or MLN
should be labelled. The uppermost band seen on the western blot likely corresponds to a dimer
of SERCA. For these experiments, the orientation of SERCA was not calculated as the signal
was too strong relative to that obtained from MLN. (B) Percent surface labelling of MLN in
proteoliposomes with OG added to show complete labelling (black) and without OG to only label
protein that is oriented outside of the proteoliposome (dotted). Results were obtained from three
independent labelling experiments and blots.
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3.7: Circular dichroism (CD) spectroscopy and secondary structure of MLN

Circular dichroism results and calculations obtained via Dichroweb showed that MLN
was 37% alpha helical, and 63 % random coil or beta sheet. These results corresponded with in
silico results obtained to predict secondary structure. TMHMM results indicated that residues
21-43 were predicted to be alpha-helical and that residues 25-43 were the most likely residues
to be alpha-helical'>'%, An important observation to note is that the cytoplasmic domain is
generally unstructured, especially between residues serine 10 and glutamate 20, which contains
several serine and threonine residues which have the potential to be phosphorylation sites

(Figure 29).
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Figure 29: Secondary structure determination of MLN

(A) Circular dichroism spectra of MLN. Measurements are from 10 separate acquisitions with
background noise from buffer components subtracted. (B) Topology diagram highlighting
residues strongly predicted to be alpha helical (grey), less strongly predicted to be alpha helical
(purple), and disordered (white)

75



3.8: Discussion

The goal of this work was to determine the kinetic effect that MLN and ALN have on
SERCA in isolated proteoliposomes. Moreover, because this was the first time these peptides
were reconstituted, significant optimization of this process was also done to ensure they were
incorporated and functional in this system. It was found that MLN decreased maximal activity
but had no effect on the calcium affinity of SERCA and that ALN on the other hand decreased
both parameters. It was also shown that changing the method of reconstitution alters the effect
and that these peptides to incorporate into the proteoliposome in the correct orientation. These
experiments begin to break the surface to show that these regulators each have a unique way

of regulating SERCA, though there is still a lot left to be investigated.

Many methods of reconstitution are available, and each is valuable for studying different
things. In our case, the formation of unilamellar vesicles containing pure lipid, peptide, and
SERCA has been documented as the best to maintain SERCA activity and for structural
studies™". Alterations can be made to this method and that is what was done here; the addition
of Ci2Es at two different stages of the reconstitution process led to a more dramatic effect of
MLN on SERCA activity. The likely explanation is that the initial addition of detergent allowed
more MLN to be solubilized and thus, be incorporated into the proteoliposome. There are other
options to improve solubilization, like sonication, which have been used commonly and can
serve as options to improve potentially troubling reconstitutions, especially with the unstudied
regulators'~'2% |n addition to knowing that MLN does incorporate into the proteoliposome,
further confirmation that the effect on SERCA is true comes from the correct orientation of MLN
in the proteoliposome. Previous orientation studies with PLN and SERCA in proteoliposomes
show that about 70-80% of PLN is correctly oriented, which is comparable to the results

obtained here'%°.
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One thing that was not explored in this work was a method to identify a direct interaction
between MLN or ALN and SERCA. Previous studies employing FRET have shed light on the
reaction mechanism of SERCA, binding affinity of PLN to different SERCA isoforms, and the
effect that phosphorylation of PLN has on the reaction mechanism™'. Given that these systems
have provided detailed information for PLN, it would be useful to study the other regulators in
this context as well. In fact, experiments to determine oligomerization and binding affinity of
MLN and ALN to SERCA have already begun'"'32, Another technique that may be useful to
investigate the interaction between SERCA and its various regulators is microscale
thermophoresis, or MST. This relatively new technique measures the motion of molecules
through fluorescence along at temperature gradient created by an infrared laser. MST is
sensitive to changes that occur in the experimental set up from protein unfolding to the binding
of two biomolecules, as these changes lead to varied movement along the created temperature
gradient'®. This technique does not have some of the challenges that others have; it can be
used label-free if intrinsic fluorescence is sufficient and it removes the requirement for a tag or
immobilization, thus removing multiple steps that require optimization'®. Regarding label-free
MST with membrane proteins, the greatest challenges would come from the solubility of the
proteins involved and from the level of intrinsic fluorescence that can be obtained. Nonetheless,
these techniques could provide a plethora of information to supplement activity studies with

SERCA and its regulatory peptides.

When comparing the results of experiments obtained here with those completed by
Anderson et al. (2015), there is a striking difference in how MLN regulates SERCA. In these
experiments it was found that MLN did not change SERCA’s calcium affinity and decreased
maximal activity whereas it was previously found that MLN decreased the calcium affinity with
no effect on maximal activity”®71:124134135 Qne explanation for this could be that isolated

proteoliposomes and whole-cell homogenate are such different sources of material. It is
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possible that in a whole-cell system, a post-translational modification occurred allowing for MLN
to regulate SERCA by decreasing calcium affinity. It is also possible that the levels of MLN to
SERCA are different from those obtained in an isolated proteoliposome system. Additionally, it
is currently unclear of what role the TM domain plays in comparison with the cytoplasmic
domain of MLN with regard to regulation. It is possible that the regulatory function of MLN lies
within one of these domains, and further experiments to clarify this will be necessary. With this,
by looking at the primary sequence of MLN, particularly in the cytoplasmic region, it appears to
be a candidate for phosphorylation by casein kinase 2 (CK2) and glycogen synthase 3 (GSK3)

(Figure 30).

MTGKNWILISTTTPKSLEDEIVGRLLKILEFVIFVDLISIIYVVITS
GSK3 CK2

Figure 30: Primary sequence of MLN showing possible phosphorylation sites for CK2
and GSK3

The transmembrane domain is also represented (bold). The CK2 recognition site requires acid
residues C-terminal to the modification site and the general GSK3 site that is phosphorylated is
SXXXP133,

It is known that PLN’s inhibitory action on SERCA is regulated through phosphorylation
via protein kinase A (PKA, or cAMP-dependent kinase) and through dephosphorylation by
protein phosphatase 1 (PP1)'3137_ Knowing this, it is possible that MLN’s effect on SERCA is
also regulated through phosphorylation; however, rather than the effect being diminished as
with PLN, phosphorylation of MLN would lead to inhibitions as seen in activity studies done in
whole-cell homogenate. MLN has several threonine and serine residues in the cytoplasmic
domain, making it an ideal candidate for phosphorylation (Figure 30). Notably, it has two motifs

that would allow for synergistic phosphorylation by CK2 which would prime for phosphorylation
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by GSK3 (Figure 30)'%13° Physiologically, CK2 is a ubiquitous, constitutively active enzyme
with a vast number of substrates like signalling proteins, transcription factors, regulators, and
structural proteins”'?*, GSK3 is also involved in a variety of pathways from glucose metabolism
to developmental pathways and recent research has specified one isoform of GSK3 to have a
specific role in glucose metabolism in muscle'?. While it may be too early to make any direct
conclusions, these observations provide a novel future direction for the regulation of MLN and

consequently, SERCA in skeletal muscle.

ALN also appears to have the potential to be phosphorylated. One site that has the
potential to be phosphorylated is RRXS, which is the recognition motif in PLN that is recognized
by PKA (Figure 31). As mentioned, phosphorylation by PKA removes PLN’s inhibitory effect on
SERCA and is under control of B-adrenergic signalling™'. Of note, this motif is different between
the human and mouse sequence of ALN, meaning that this site may not be of great importance
for phosphorylation, or that this difference does not affect phosphorylation (Figure 31).
Additionally, ALN also appears to have a recognition motif for AMP-activated kinase (AMPK)

(Figure 31)™2,

Mouse ALN MEVSQAASGTDGVRERRGSFEAGRRNQDEAPQSGMNGLPKHSYWLDLWLFILFDLALEFVEVYLLP

PKA
Human ALN MEVDAPGVDGRDGLRERRGFEFSEGGRONFDVRPQSGANGLPKHSYWLDLWLFILFDVVVFLEVYFLP

PKA AMPK
Human PLN MEKVQYLTRSAIRRASTIEMPQQARQKLONLFINFCLILICLLLICIIVMLL

PKA

Figure 31: ALN and PLN primary sequences indicating potential and known
phosphorylation sites

Primary sequences of mouse ALN (top), human ALN (middle), and human PLN (bottom)
highlighting potential protein kinase A (PKA) and AMP-activated protein kinase (AMPK)
phosphorylation sites in ALN and known phosphorylation sites in PLN.
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Physiologically, PKA is also ubiquitous enzyme with many substrates involved in cardiac
and endocrine function and in cancer'®. AMPK also has a central role as mediating energy
homeostasis and thus has been implicated in many different tissues and diseases?3:86-88.90.96
Again, while the results of these experiments are preliminary, these connections provide a
source of speculation for ALN’s place in the body. Since ALN is ubiquitously expressed,
perhaps it may have a central role in energy homeostasis or perhaps it has a role in regulating
Ca?* pumping activity by SERCA when the other regulators are incapable of doing so.
Additionally, current experiments do not hint at whether phosphorylation will be an inhibiting or
activating action, or if it could be controlled. Nonetheless, with the existence of kinase
recognition motifs and the knowledge that other regulators are phosphorylated, the

phosphorylation of ALN remains something to be explored.

Currently, our lab has an established protocol to phosphorylate transmembrane peptides
in vitro by PKA, so it could be used with the other regulators as well. This protocol also allows
for proteoliposome reconstitution and activity assays to be carried out afterwards to determine if
there is any effect on activity. This protocol could be adapted for the other kinases like CK2,
GSK3 and AMPK. Additionally, phosphomimetic mutations of the predicted target serine or
threonine residues could be made. Because of challenges in expressing and purifying these
regulators and because of the cost of obtaining hydrophobic peptides, the latter option may not
be the most immediately fruitful. Other approaches could be taken to observe phosphorylation,
and these include the use of phospho-specific antibodies which could detect phosphorylated

protein in whole-cells or cell lysates'*3.

Another question to ask is the reason that skeletal muscle would evolve to have two
transmembrane peptide regulators of SERCA. Perhaps these regulators are involved in different
pathways, are regulated separately, or maybe MLN and SLN have a compensatory or additive

role in altering calcium cycling in skeletal muscle (Figure 32). With recent studies, it is known
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that MLN has a role in muscle performance and potentially myogenesis because its expression
is regulated by the transcription factors, MyoD and MEF2'#. SLN however, has been implicated
in a variety of systems in recent years, from non-shivering thermogenesis, to mitochondrial
biogenesis, to proper functioning of the atria of the heart'%4. With these vastly different roles, it is
possible that SLN and MLN are part of separate physiological and regulatory systems in skeletal
muscle. Another aspect that is yet to be answered is the relative expression levels between
MLN and SLN at different stages of life. It has been mentioned that SLN is downregulated in
adult skeletal muscle, leaving MLN to be dominantly expressed®8%_ |t may also be that other
environmental or physiological factors could alter levels of MLN or SLN. For example, if muscle
performance needed to be regulated or if new muscle is generated, MLN would be more greatly
expressed. If a body needs to generate heat through thermogenesis, then SLN would be more
greatly expressed. While this is speculative, it will be exciting for another aspect of skeletal

muscle function to be mapped out.

Although MLN has not been directly related to any disease or specific physiological
process, it is interesting to think of MLN’s role in calcium handling in skeletal muscle which may
be related to muscle performance or to energy homeostasis (Figure 32). Another future path for
these regulators is their potential to be therapeutic targets. Knowing that MLN has a direct role
in skeletal muscle performance and that the removal of MLN leads to enhanced muscle
performance in mice, the disruption of the interaction between SERCA and MLN could be a
pharmacological target for degenerative muscle diseases®*%'22, Also, studies have implicated
SERCA activity to have a role in energy homeostasis in skeletal muscle, opening questions that
MLN may also play a part in this process® . These questions are entirely unexplored and

answering them will eventually paint a clear picture of the workings of skeletal muscle.

81



Both SLN and MLN are expressed in skeletal
muscle and are regulators of SERCA

l Vmax

lvmax
) | Ca?* affinity
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Potential
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Role: non-shivering thermogenesis in
muscle, proper atrial function

Role: muscle performance

Do MLN and SLN work together or
alone?

Figure 32: Schematic showing MLN, SLN, and SERCA in the SR membrane with potential
roles for these proteins

Our current outlook is that MLN and SLN have independent effects on SERCA, but further
research could bridge the gap between the regulatory effects on SERCA. Perhaps each peptide
acts under a completely different system for a different purpose. This last notion may be likely
because of MLN’s and SLN'’s currently known physiological functions
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Many of the same questions surround the existence of ALN. Being the only known
ubiquitously expressed regulator, it could be that it is an overall compensatory mechanism for
intracellular calcium cycling and that it serves an otherwise redundant role if a body is in
homeostasis or a healthy state (Figure 33). In the case of non-muscle tissues, SERCA2b and 3
have been implicated in cell death and survival pathways along with store-operated calcium
entry'®%". Additionally, altered calcium cycling and SERCA expression levels have been
implicated in diabetes, but role of these regulators, especially in the context of non-muscle
tissues, is yet to be investigated'®. Our current knowledge does not allow for conclusions
regarding ALN, so future combinatory or loss-of-function studies both in vitro and in vivo will
help to patch the gaps in our understanding. Another limitation to this study was that the skeletal
muscle isoform of SERCA was used rather than the ubiquitously expressed isoform SERCA2b,
which is the main isoform that ALN is expressed with. It is known that different isoforms of
SERCA do have different kinetic properties, so further experiments matching different regulators
with other SERCA isoforms could be done to fill in these gaps'®''4¢. What's more, is that the
identification of these new SERCA regulators and of regulatory peptides of other enzymes is

likely just touching the surface of all the functional regulators that exist.
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Figure 33: ALN decreases the maximal activity and calcium affinity of SERCA, but its
physiological role remains undetermined

These results show that ALN alone decreases the maximal activity and calcium affinity of
SERCA, however future experiments will need to show what is the role of ALN.
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Chapter 4: Sarcolamban and the effect of sequence variation
on SERCA regulation

4 .1: An introduction to sarcolamban

Sarcolambans (SLB) are a group of peptides that initially sparked interest in long non-
coding RNAs as a source of small open reading frames. The long non-coding RNAs were found
to encode functional peptides, which eventually lead further discoveries and the family of
SERCA-regulatory peptides that is known today'#’. SLB peptides were identified as small open-
reading frames (smORFs) through a bioinformatic screen of long non-coding RNA14%146.148-151
Prior to this study, it was known that smORFs were abundant in plant and animal genomes,
though little knowledge into their relevance or function in these living systems was known due to
difficulties with identifying, validating, and studying short peptide sequences'®'. Nonetheless,
multiple studies were done in the context of insect, mouse, and human genomes to identify new,
small, and functional genes, extensively demonstrating that smORFs are not an aspect of life to

be ignored'’.

SLB peptides are considered the invertebrate orthologues of mammalian SERCA-
regulatory peptides, with some similarities to their mammalian counterparts'. Upon the
identification of potentially functional smORFs in the fly genome located in the putative non-
coding RNAO0O3 in 2L (pncr003:2L), it was found that they were expressed in somatic muscle
and the post-embryonic heart of Drosophila''. Moreover, these encoded peptides were
localized to the area between the sarco-endoplasmic reticulum membrane and plasma
membrane of the sarcomeres, shedding light on a potential role for these peptides. With this, it
was proposed that these peptides may have a role in facilitating the transfer of voltage
stimulation to calcium release from the sarcoplasmic reticulum and consequent muscle

contraction'®".
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While a BLAST search only identified other fly SLBs, a search based on structural
homologues showed that human sarcolipin (SLN), a regulator of SERCA in atrial and skeletal
tissue, was a match®®283152 Also, sequence alignments and the generation of a phylogenetic
tree showed that SLB, SLN, and the longer mammalian peptide, PLN, all originated from a
single smORF, making this study the first to show the conservation and evolution of a
smORF102.153.154 "\\jith this and the knowledge that SLN and PLN function to regulate SERCA’s
ability to pump calcium across the SR membrane, the role for SLB in regulating SERCA-

dependent calcium transport and has become an important point to investigate'®'.

The equivalent of mammalian SERCA in insects, referred to as Ca-P60A, is about 70%
identical to mammalian SERCA isoforms 1 and 2, has an identical hydropathy profile, and has
the same essential residues responsible for Ca?* binding in mammalian SERCA'®'. Combinatory
experiments using PLN, SLN, and Ca-P60A showed that either mammalian peptide localizes
and interacts with Ca-P60A'%5-'%7 Additionally, when PLN was expressed with Ca-P60A in
Drosophila (where endogenous SLB is mutated to be non-functional), cardiac function and
measured calcium levels return close to trends seen with WT Drosophila SLB. These results, in
combination with modelling studies of the structure of Ca-P60A with bound PLN and SLN, show
that these regulatory peptides share a common mechanism in regulating Ca-ATPases. Another
point to note is that because of the similarities to SLN and PLN, these names were combined to

create the name sarcolamban'.

In insects, Ca-P60A is an important player in calcium homeostasis. Studies have shown
that the removal or alteration of Ca-P60A leads to dysregulation of calcium signalling, disrupted
protein trafficking to the membrane, and many homozygous mutations are lethal in early stages
of development'®®. It is highly expressed in the central nervous system. muscles, and shows
ubiquitous low-level expression, suggesting both specific and maintenance functions'®. Proper

calcium cycling is essential throughout eukaryotic life; this is reflected by the facts that calcium
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cycling is centrally important in insect and mammalian cells and that SERCA and Ca-P60A have
about 70% sequence identity. With this, studying the unknown aspects of these regulatory
systems becomes hugely important to further our understanding of the ever-important process

of calcium cycling in the cell.

Since it was observed that mammalian peptide regulators affect invertebrate Ca-
ATPases, the opposite scenario becomes open for investigation as well. With this, the goal of
my work was to investigate how four different SLB peptides effect the maximal activity, calcium
affinity, and cooperative calcium binding of mammalian SERCA. Furthermore, we wanted to
investigate the role that sequence variation amongst peptide regulators may have on SERCA
regulation. While PLN and SLN are highly conserved amongst mammails, invertebrate SLBs
exhibit broad sequence variation that ranges from more PLN-like to more SLN-like. To examine
this sequence variation, four different SLB peptides from four different invertebrate species were
generated as recombinant MBP-fusion proteins and purified via affinity chromatography (see
Chapter 2). Specifically, Bombus terrestris, Drosophila melanogaster, Daphnia pulex, and
Triops cancriformis were used (Figure 34). Purified peptides, lipids, and SERCA were co-
reconstituted into proteoliposomes, which were used to measure the effect each peptide had on
SERCA’s calcium handling. In doing this, it was found that each SLB peptide had a unique
effect on SERCA, showing that sequence variation does have a role in the regulation of
SERCA. More broadly, this work shows how the regulatory function of these peptides is
conserved across species and that the level or type of variation (maximal activity or calcium

affinity) can vary greatly.

86



B. terrestris D. melanogaster D. pulex T. cancriformis

Bumble bee Fruit fly Waterflea Tadpole shrimp

Figure 34: Topology diagram of the various SLB peptides
Sequences from four different species are shown. Transmembrane domains (grey circles) were
predicted using TMHMM software’2 %8,

4 .2: Sequence variation of requlatory peptides changes the way SERCA is
requlated

Four different insect orthologues of SERCA-regulatory peptides were used to observe
how sequence variation may have a role in the regulation of calcium pumping by SERCA.
Two regulators, B. terrestris and T. cancriformis SLB, were seen to be strong inhibitors of
SERCA. When reconstituted at a 1:5 SERCA-SLB molar ratio, both regulators significantly
depressed the maximal activity from 4.1 pmol/min/mg to 1.1 and 2.3 pmol/min/mg, respectively
(Figure 35, 36, Table 7). Additionally, the apparent Kca increased from 0.44 uM calcium to 1.82

and 2.05 uM, for B. terrestris and T. cancriformis. D. pulex SLB also increased the apparent Kca
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of SERCA when reconstituted at a 1:5 molar ratio, increasing this value from 0.44 yM calcium to
1.53 uM (Figure 35, 36, Table 7). Interestingly, this regulator also showed a slight increase in
maximal activity, increasing from 4.08 pmol/min/mg for SERCA alone to 4.80 pmol/min/mg in
the presence of D. pulex SLB. In contrast with the other peptides, D. melanogaster SLB did not

appear to alter SERCA’s maximal activity or apparent Kca (Figure 35, 36, Table 7).

SERCA

SERCA + Bt SLB
SERCA + Dm SLB

SERCA + Dp SLB

SERCA + Tc SLB

ndd400

Activity (umol/min/mg)
w

Calcium (pM)

Figure 35: ATPase activity measurements for SERCA reconstituted with SLB peptides
Measurements for SERCA reconstituted alone (black circles), with B. terrestris SLB (Bt, blue
cirlces), with D. melanogaster SLB (Dm, teal triangles), with D. pulex SLB (Dp, purple triangles),
and with T. cancriformis SLB (Tc, green squares) are shown. N values (separate
reconstitutions) are N=3 for each SLB peptide and n values (individual assays) are n=15 for Bt
and Dm and n=10 for Dp and Tc.
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Figure 36: Maximal activity and apparent calcium affinity values for SLB reconstitutions
Values are shown for SERCA reconstituted alone (black), with B. terrestris SLB (Bt, blue), D.
melanogaster SLB (Dm, teal), D. pulex SLB (Dp, purple), and T. cancriformis SLB (Tc, green).

Table 7: Kinetic parameters for SERCA reconsituted with the various SLB peptides

Vmax (Mmol/min/mg) Apparent Kca (UM)
SERCA 4.08 £ 0.09 0.44 £0.03
SERCA + Bt SLB 1.07 £ 0.06** 1.82 £ 0.15*
SERCA + Dm SLB 4.02 £ 0.09 0.38 £ 0.02
SERCA + Dp SLB 4.80 +0.25 1.53+£0.15*
SERCA + Tc SLB 2.33 £ 0.09** 2.05+0.12*

Note: * indicates P<0.05 and ** indicates P<0.001
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4 .3: Observing the incorporation of SLB peptides into proteoliposomes with
SERCA

Similar to the peptide studies discussed above, reconstitutions containing SERCA and
SLB peptides were separated and analyzed via SDS-PAGE. Regarding B. terrestris SLB, silver
staining showed the incorporation of the peptide between 5-11 kDa, close to the expected mass
of 3.8 kDa (Figure 37). Additionally, image quantification through Image Studio Lite showed that
about 30% of the peptide was retained through the reconstitution process. For D. melanogaster
SLB, the peptide was difficult to observe on both methods of staining the gel at the expected
mass of 3.3 kDa (Figure 37). D. pulex and T. cancriformis were also seen to be present in
isolated proteoliposomes, adding to the point that these peptides reconstituted with SERCA in
proteoliposomes (Figure 37). For the peptides that are visible in either method of staining,
multiple bands can be seen between 5 and 17 kDa around the expected masses for each
respective peptide (Figure 37). These additional bands likely correspond to oligomers of the
peptide, as PLN and SLN are known to oligomerize®’. Again, image quantification of the
intensity of the bands though Image Studio Lite revealed that these main bands corresponded

to about 20-30% incorporation.
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Figure 37: SDS-PAGE analysis of reconstitutions containing SERCA and different SLB
peptides

1 refers to a sample taken before the addition of biobeads and proteoliposome reconstitution
and 2 refers to a sample taken from isolated proteoliposomes. (A). Coomassie stained gel
showing the incorporation of D. pulex SLB (Dp), and T. cancriformis SLB (Tc) with SERCA in
proteoliposomes. (B) Silver stained gel from A, showing the incorporation of B. terrestris SLB
with SERCA in proteoliposomes.
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4 .4: Discussion

The goal of this work was to elucidate how sequence variation in regulatory
transmembrane peptides alters the action of SERCA to pump calcium across a membrane. This
was carried out by reconstituting four different insect Ca-ATPase regulators, or sarcolamban
(SLB) peptides, with SERCA into proteoliposomes and measuring changes in ATPase activity of
SERCA. From these experiments, it was found that each SLB peptide regulated SERCA in a
unique way. Two peptides, B. terrestris and T. cancriformis SLB, were both strong inhibitors of
SERCA as they greatly depressed maximal activity and calcium affinity of SERCA. D.
melanogaster SLB did not alter SERCA activity and D. pulex SLB slightly increased maximal
activity and decreased the calcium affinity of SERCA. Bringing these functional results in
context with the functional effect of PLN and SLN, it appears as though B. terrestris and T.

cancriformis are more SLN-like and D. pulex is more PLN-like.

While each SLB peptide behaved independently of the other, some also behave like
their mammalian counterparts. For example, D. pulex SLB increased maximal activity and
decreased calcium affinity, which is the same effect seen from WT PLN when reconstituted and
measured in the same way'?'. Also, T. cancriformis SLB decreased both maximal activity and
calcium affinity, the same overall trend seen for WT SLN'%1°_ |t is also important to note that
these experiments were completed at the same molar ratio of peptide to SERCA and overall
lipid to protein ratio. Thus, the functional differences observed between the various SLB
peptides are less likely to be from dramatic differences in peptide-SERCA-lipid ratio, which is
known lead to varied effects in a reconstituted system. Moreover, when aligning the different
groups of SLN-like or PLN-like peptides to SLN or PLN, some conserved or similar residues do
exist, though there is no obvious pattern or region that is conserved. For the SLN-like peptides,
there is a conserved “WLL” motif towards the C-termini of the sequences, though the exact

functional importance of these residues in SLN has not been determined (Figure 38). Also, the
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highly conserved “RSYQY” motif in mammalian SLN that is responsible for its inhibitory action is
not present in B. terrestris or T. cancriformis SLB (Figure 38). For the PLN-like peptide, D. pulex
SLB, there are also conserved residues, but no obvious conserved motif between these
sequences (Figure 38). The maijority of conserved residues reside in the TM region, so these
residues may be important for both peptides to carry out their inhibitory action on SERCA, or
they may be conserved because they are in the TM region. Also noteworthy is that while these
peptides can be separated into functional groups, the length of the peptide and the TM regions
vary in length. With this, it is difficult to determine the exact residue or region of the peptides that
is responsible for the effect observed here. One approach to clarify this could be to conduct
alanine-scanning mutagenesis of the conserved residues in each peptide and then follow
through with activity studies. Overall, this sequence variation could have an interesting

application, which will be discussed in the following paragraphs.

Regarding D. melanogaster, it is was difficult to observe via SDS-PAGE and Coomassie
staining, so it is possible that it did not efficiently and effectively reconstitute with this method,
explaining why it seemed to have no effect on SERCA’s maximal activity or calcium affinity. This
process could be improved for future experiments by changing the initial solubilization of D.
melanogaster SLB, perhaps using the same method as in Chapter 3 where detergent was
added twice through the reconstitution process. Despite this unusual result, phylogenetic and
bioinformatic analysis of mammalian and invertebrate peptide regulators showed that each
peptide likely originated from a single ancestor of about 30 amino acids'®. A common ancestor
amongst these peptides could explain why some invertebrate peptides may act like mammalian
PLN or SLN and why some may act with a unique effect. Knowing this, it is possible that D.
melanogaster SLB could be categorized as SLN or PLN-like following optimization to protocols
used here. Individual sequence alignments between D. melanogaster SLB and PLN or SLN do

show identical or similar residues between the different sequences, however, some of these
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residues are also conserved between PLN and SLN (Figure 38). With similarities to both PLN
and SLN, it could be that D. melanogaster SLB lowers the calcium affinity of SERCA, though
any alteration to be maximal activity remains in question. It is also possible that D. melanogaster

does not have as dramatic of an effect on SERCA as it would Ca-P60A.

Human PLN MEKVOYLTRSAIRRASTIEMPOOAROKLONLFINFCLILICLLLICIIVMLL -

Human SIN ———--—-—-————————m————— MGINTRELFLNFTIVLITVIIMWLLVRSYQY
Complete B. terrestris —-—————-——————"—————-——— MPOAAHETKNILTTYFILILLLICLWLLYSGLF -
Alignment D. melanogaster ———-——-——————————————————— MSEARNLFTTFGILAILLFFLYLIYAVL——

D. pulex = —————————————————— MNNPEHAHAKSLIINYVVIILLLSLIWLLCEGM-—

T. cancriformis -——————— MADTRRKSIMDOQVTALENREAKSLVVNYLVIILLLGILWLLYTGA ——

. . e e . * .

Human SILN = @ —m———— MGINTRELFLNFTIVLITVIIMWLLVESYQY

SLN-like B. terrestris = ——————————— MPOAAHETKNILTTYFILILLLICLWLLYSGLE -

T. cancriformis MADTRRKSIMDQVTALENREAKSLVVNYLVIILLLGILWLLYTGA--

s kok ok

PLN-like D. pulex "~ MNNPEHAHAKSLIINYVVIILLLSLLWLLCEGM
) Human PLN MEKVOQYLTRSATRRASTIEMPOOARQOKLONLFINFCLILICLLLICIIVMLL
* . e e kakk e akeas K ko

Figure 38: Sequence alignment of mammalian and invertebrate peptide regulators
Alignments were completed using Clustal Omega and then adjusted manually to maximize the
amount of overlap over the transmembrane domains (bold font)'*. Transmembrane domains
were predicted for SLB peptides using TMHMM'®. A period indicates weakly similar properties,
a colon indicates strongly similar properties, and an asterisk indicates nearly identical properties
between sequences.

Broadly, these sequences are varied so it is difficult to determine if part of a sequence is
important, especially with these experiments (Figure 38). With the well-studied regulator, PLN, it
is known that single amino acid changes can have a dramatic effect on the peptide’s regulation
of SERCA, rendering it either non-functional or as a super-inhibitor. For example, R9C and
R14del mutations to PLN have been implicated in lethal dilated cardiomyopathy'®°. From these
studies, it was concluded that hydrophobic balance in the cytoplasmic domain of PLN is

important for proper regulation of SERCA in a physiological context'®'-164_In light of these small

sequence changes, it is not surprising that completely different sequences have varied effects
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on SERCA’s activity. From these activity experiments, it is difficult to determine what specific
part of each SLB peptide is responsible for the effect seen, thus, future experiments could probe
into identifying structural elements. That said, these activity experiments show that sequences

that deviate from PLN and SLN can regulate SERCA activity in a similar manner.

In line with this, SERCA’s site to bind regulatory peptides is not very specific and has
been screened for a variety of site-specific molecules to be used as potential therapeutics in
diseases where SERCA regulation is disrupted®”. With the results of these experiments showing
that sequence variation is essential in the way SERCA is regulated, it is possible that other
peptides or effector molecules could be designed and tailored for a specific effect on SERCA
based on the sequences of known regulators. Three different studies using AAV gene therapy
were carried out with the aim of improving heart failure by increasing the amount of SERCA2a
and upregulating calcium cycling'®®'5”. Currently, none of these trials have been successful,
leaving the opportunity for another approach, which could be to design and use tailored peptide
regulators as a means to upregulate calcium cycling in a diseased state. These regulators could
be designed as activators of SERCA so that calcium cycling is upregulated. This approach
would be challenging to design and implement, yet gene therapy may be more effective with a
small peptide compared to the much larger SERCA2a only- which is already present in cardiac
tissue. Despite this, the idea that sequence variation is important and that peptide regulators

can be designed with specific functionality remains open for investigation in the future.

While one perspective is to think about peptide variation and how that could be
implicated in a human context, there is another perspective- the importance of these regulators
in an invertebrate system and their overall role in calcium signalling within these organisms. As
mentioned previously, it is known that Ca-P60A is essential for calcium homeostasis in an
invertebrate''192_ |t has also been observed that diminished Ca-P60A function leads to

temperature sensitivity, decreased heartbeat and altered rhythm, and that heat exposure leads
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to paralysis or seizure-like behaviour in D. melanogaster because of altered calcium
signalling'®'%¢_Currently, no conclusions have been made as to why Ca-P60A needs to be
regulated, but perhaps this allows the organism to conserve energy and to survive in higher
temperatures. It has also been observed that too much or no SLB leads to arrhythmias and
altered calcium transients, and that no SLB (and consequently unregulated Ca-ATPase activity)
can be rescued by decreasing Ca-P60A activity'®®. Thus, both players need to be present and
functional for proper calcium homeostasis. One potential, speculative application of this is to use
gene editing as a method to control insect populations or to impart vulnerable populations more
resistant to changing environmental temperatures. Gene editing of insects thus far has mostly
been to control populations by altering development and reproductive systems'®. Additionally,
completing and implementing the results of these experiments is challenging as there are not
well-defined regulations to using genetically modified insects'". Despite that, it is interesting to

think of a different application of this system
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Chapter 5: Conclusions and future directions

The goal of this thesis was to investigate the effects of various transmembrane
regulators of SERCA in an isolated system. To date, MLN, ALN, and the various SLB peptides
in the context of sequence variation have not been studied in this system before. The research
completed here found that each of these regulators has a unique mode of regulation; MLN
lowers the maximal activity, ALN lowers both the maximal activity and apparent calcium affinity,
and the SLB peptides are unique amongst themselves (Tables 8 and 9). Specifically, B.
terrestris SLB and T. cancriformis SLB lower the calcium affinity and maximal activity greatly, D.
pulex SLB lowered the calcium affinity, and D. melanogaster SLB did not appear to regulate
SERCA (Table 9). Overall, it was found each regulatory peptide has a distinct function and that
sequence variation is an important factor in the regulatory effect on SERCA, as shown by the
SLB peptides. Also, most of these regulators reconstitute to expected levels, though further
optimization could be carried out to improve this process. While some interesting conclusions
were drawn from these studies and while some questions were answered, these results

ultimately led to many more future questions.
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Table 8: Summary of mammalian SERCA regulators

Requlin Peptide size Tissue Coexpressed Action on
9 (KDa) Expression SERCA Isoform SERCA
Cardiac, slow-
PLN 6.1 twitch skeletal SERCA2a | Ca?* affinity
muscle
SLN 3.8 Atria, skeletal SERCA2a | Ca?* affinity
muscle
DWORF 3.8 Atria SERCA2a 1 Ca?* affinity
b i
ALN 76 Ubiquitous SERCA2b + Ga_ afinty,
max
ELN 7.0 Endothelial and SERCA3 | Ca? affinity
epithelial tissue
MLN 5.2 Skeletal muscle SERCA1a 1 Vmax

Note: underlined regulators studied in this thesis

Table 9: Summary of invertebrate Ca-ATPase regulators

SLB Peptide size Tissue and isoform
(insect . Action on SERCA
(KDa) coexpression
orthologue)
B. terrestris 3.9 | Ca?* affinity, Vimax
D. melanogaster 3.3 --
Cardiac muscle, Ca-P60A Ca?* affinit
D. pulex 3.8 | Ca” affinity, T
max
T. cancriformis 51 | Ca?* affinity, Vimax

Note: underlined regulators studied in this thesis
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5.1: Transmembrane peptide requlators at large

SERCA is not the only P-type ATPase that is regulated by transmembrane peptides.
Complicating the regulatory system even further, the known SERCA regulators can interact with
other peptide regulators. One example of this is HAX1 and PLN, where it is thought that HAX1,
a mitochondrial protein with antiapoptotic function, inhibits SERCA alone or through PLN, thus
implicating it in calcium cycling'’. Another example of this is SLN and small ankyrin 1, which
have all been shown to interact with SERCA and modulate its activity'®®. Seipin is another small
regulator that has been identified recently with a potential role in mediating fat storage through
interacting with SERCA'®°. While all these interactions have been identified, a complete map of
the relevant complexes and their importance is yet to be determined and remains for future

researchers to investigate.

Other P-type ATPases, like Na*/K* ATPase and MgtA, have regulatory subunits as well.
Regulators of the Na*/K* ATPase, known as the FXYD family because of an associated motif,
act in excitable and osmoregulatory tissues and are highly conserved amongst species'’.
MgtA, a bacterial Mg?* transporter, is regulated by MgtR, which has been shown to limit the
expression of MgtA at low Mg?* levels'°. Ultimately, this field has grown into a very complex
network of peptides that act through intracellular ion transport in a variety of cells and tissues in
a species-specific manner. It will be exciting to see what the future holds and to continue to map

out the complicated web of interactions that control life.

Seeing as there are many different P-type ATPases, it is interesting to think about how
many other regulatory peptides or subunits exist to control the transport of ions by this class of
biomolecules. What's more, is the identification of other interactors with the SERCA-regulatory
peptide pair or with just the regulatory peptide, as with HAX-1. Ultimately, technological
advances in bioinformatic screening and the newfound importance of smORFs has opened a

vast area of research towards mapping out these interactions, structures, and specific functions.
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The research carried out for my thesis began to answer some questions while bringing up new
ones, paving the way for future research into SERCA-regulators and potentially, other regulatory
peptides discovered through smORFs. Perhaps the system used here could be adapted to

study other regulatory peptide/enzyme pairs.

5.2: Tip of the iceberg? Future paths to explore the depth of SERCA
requlation

Since the discovery of these regulators, the opportunity and potential to learn about
another level of calcium regulation in the body has grown. Branching out from the work done
here and from the first studies for these regulators, studies combining co-expressed regulatory
peptides with the corresponding isoform of SERCA would be a start and might provide insight
into difference between experimental systems. This could be carried out either by
proteoliposome reconstitution or co-transfection into mammalian cells. There are limitations to
the expression levels of peptides or SERCA that can be achieved in mammalian systems, so
some optimization may be required for effective comparison to reconstitution methods. One
approach is to add regulatory components that may be present in whole cells (e.g. kinases) that
to reconstitute the full regulatory pathway in isolated proteoliposomes. An example of this was
mentioned previously and would involve phosphorylating peptides in vitro, then reconstituting
and measuring activity. Mass spectrometry (MS) can also be used to determine whether or not
a protein is phosphorylated and improvements to identification search tools for MS data mean

that this may also be an appropriate technique to explore phosphorylation'".

Mutagenesis studies and perhaps the generation of chimeras will also be key in
answering questions about important residues or motifs found in these new regulators. Building
from the previous points, phosphomimetic mutants could be generated to study any potential
effect of phosphorylation on these peptides. Additionally, alanine-scanning mutagenesis could

be done to determine the importance of individual residues in the peptide. Another area yet to
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be investigated that would give insight into the important domains for regulation by these
peptides is the effect of the transmembrane domains alone. Also, important to note is that this
work discussed ALN and MLN, but ELN is yet to be studied in this system. Previous work has
shown that ELN lowers maximal activity and calcium affinity of SERCA when co-transfected into
mammalian cells**. However, as seen with MLN, different methods of studying the effect of
these peptides, can lead to different observations as well as the hypothesis that some of these
peptides may be further regulated by post-translational modifications (e.g. phosphorylation).
Furthermore, reconstitution of the exact SERCA isoform that is co-expressed with a specific
peptide would need to be done. Previous work has shown that SERCA1a purified from rabbit
tissue is a suitable model for the cardiac isoform of SERCA because it is the most understood
isoform and that the sequences between isoforms are nearly identical’®. However, it is known
that different isoforms of SERCA do show variations in their kinetics, thus it would be most
suitable to use the appropriate SERCA/regulin pair for activity studies'2'"3, Overall, this has

opened a large area to be explored in the context of calcium regulation in tissues.

Another aspect that is yet to be explored in detail is the structure of these peptides alone
and in complex with SERCA. The structure of the peptides has been predicted using in silico
analysis and CD spectroscopy could be done to understand the secondary structure
components. However, since these peptides are small, NMR could be used to gain more
detailed insight into their structure. This technique has been used previously to determine the
structure of PLN in membrane environments, so it is likely that the same or similar approaches
could be used for these new regulators®. Co-crystallization studies of PLN and SERCA as well
as SLN and SERCA have been done and have shed light on the binding site on SERCAZ12°,
Various studies using FRET have also furthered our understanding of the reaction mechanism

of SERCA alone and in the context of peptide regulators of SERCA'"*. Since each of these
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approaches has been useful in obtaining structural information about PLN and SLN, it is likely

that they will be valuable to understand the relationship between the regulins and SERCA.

The exact physiological role or disease-association of most of these peptides also
remains elusive. PLN and SLN have been well implicated in heart function and disease and
MLN is thought to have a role in muscle performance. ALN and ELN however, do not have
specific roles yet. Speculations could be made based on their expression patterns, though in
vivo knock-out studies would be most useful in determining a physiological role. Additionally, it
is known that single-point mutations in PLN can lead to heart disease, so it will be interesting to
see if the same relationship will be true with the other regulins. To date, SERCA and its
regulators have been mostly studied in the context of cardiac or skeletal muscle, though SERCA
has also been implicated in diabetes and cell death and survival. With this, it is possible that the
regulators in non-muscle tissue, ALN and ELN, may have a part in calcium regulation in these
processes. Moving forward, expression levels of these regulators in humans, both individually
and relative to one another, need to be investigated. Future studies into these peptides will
certainly elucidate details into the place these peptides have in calcium signalling in non-muscle
tissues, deepening our understanding of the metaphorical “tip of the iceberg” of SERCA-

regulation.
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Appendix

Information on proline mutations made to phospholamban and sarcolipin

In this appendix, information regarding some preliminary experiments is presented. In
these experiments, the effect on SERCA activity was compared when an essential asparagine
residue in phospholamban and sarcolipin was mutated to a proline, mirroring the proline present
in SERCA’s activator, DWORF. Some changes to the methodology as described in the main

text were made and are described below.

Instead of LB media M9 minimal media was used and cultures were left for 40 hours

after induction rather than 24 hours.

Instead of guanidine hydrochloride extraction to remove MBP, organic extraction was
used. For extraction by chloroform-isopropanol, cleaved peptide was diluted to 5 mg/mL, mixed
with 60% TCA to precipitate all the protein present, and incubated on ice for 30 minutes.
Precipitated protein was isolated by centrifugation in a clinical centrifuge for 1 hour. The pellet
containing precipitated protein was washed with water three times, then covered with a layer of
water and incubated on ice for 10 minutes. Following this, a mixture of 1 part chloroform, to 1
part isopropanol, to 0.5 parts water was added to the pellet. The pellet was resuspended and
broken into smaller pieces and transferred to a Dounce homogenizer. The mixture was
homogenized once and then incubated on ice for 1 hour. Homogenization was then carried out
until almost all the pellet was homogeneous in solution. The mixture was then separated into
equal volumes in 6 test tubes, 1.6 mL of water was added to each tube, and tubes were left to
incubate overnight at room temperature. The following day, the chloroform-isopropanol layer
was transferred to new tubes and more water was added as before. Once the layers separated,

the organic layer was transferred to a round-bottom flask and the solvent was evaporated using
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a rotary evaporator. The remaining thin film was solubilized in 7 M guanidine hydrochloride and

was ready for further refinement and purification using HPLC.

Another point to mention is that single amino acid mutations to PLN and SLN can lead to
a loss of inhibition of SERCA. The reasoning behind this came from a sequence alignment
between the mammalian peptides including the first endogenous activator of SERCA, DWORF
(Figure )°. DWORF contains a proline in the same position that PLN and SLN contain an
essential asparagine. When this residue in PLN and SLN is mutated to a proline, all or some of
the inhibitory function of these peptides is lost. However, PLN and SLN are not turned into
activators (like DWORF) and SLN still inhibits SERCA to some extent since SLN’s C-terminal
tail plays a main role in its inhibitory function (Figures S1-S3, Table S1). This could be because
SLN’s C-terminal tail has been implicated as essential to its inhibitory function'®'5”, While my
experiments are preliminary, they support the notion that a single amino acid change can make
a dramatic difference and that peptide regulators could be tailored and utilized in gene editing

approaches.
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Figure S1: ATPase assay measurements of SERCA reconstituted with wild-type (WT) peptides
and peptides with proline mutations. Each peptide was reconstituted with SERCA at a ratio of 1
SERCA: 5 peptide. (A) Measurements for SERCA reconstituted alone (black circles), with WT
PLN (clear circles), or with N34P PLN (orange circles). N values (separate reconstitutions) and
n values (individual assays) are N=4, n=17 for WT PLN and N34P PLN. (B) Measurements for
SERCA reconstituted alone (black circles), with WT SLN (clear circles), or with N11P SLN (teal
circles). For these conditions, N=3, n=19 for WT SLN and N11P SLN.
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Figure S2: Maximal activity and apparent Kca values for SERCA reconstituted alone (black),
with WT PLN (black outline), or with N34P PLN (orange). (A) Maximal activity values. There is a
slight decrease in SERCA’s maximal activity when it is reconstituted with WT PLN or N34P
PLN, though it is not significant. (B) Apparent Kca values. An increase in Kca is seen when
SERCA is reconstituted with WT PLN, corresponding to a decrease in calcium affinity. This
change in Kca is not seen when SERCA is reconstituted with N34P PLN.
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Figure S3: Maximal activity and apparent Kca values for SERCA reconstituted alone (black),
with WT SLN (black outline), or with N11P SLN (teal). (A) Maximal activity values. No change is
seen when reconstituted with WT SLN and an increase is seen when reconstituted with N11P
SLN. (B) Apparent calcium affinity values. An increase in Kca is seen when reconstituted with
WT SLN, indicating a decrease in calcium affinity of SERCA. An increase is also seen when
reconstituted with N11P SLN, though not as dramatic as with WT.

Table S1: Kinetic parameters for SERCA reconstituted with WT or proline mutants of
hospholamban or sarcolipin

Vmax Apparent Kca Hill coefficient
(umol/min/mg) (UM)
SERCA 4.05+0.08 0.43 £ 0.02 1.65+0.12
SERCA + WT PLN 3.77 £ 0.06* 0.80 £ 0.03 ** 1.82 £ 0.12 (NS)

SERCA + N34P PLN

3.77 + 0.07 (NS)

0.41 £ 0.02 (NS)

1.74 £ 0.14 (NS)

SERCA 4.01+0.08 0.44 +0.02 1.69+0.13
SERCA + WT SLN 3.92 £ 0.11 (NS) 0.86 + 0.06 ** 1.73 £ 0.16 (NS)
SERCA + N11P SLN | 4.73£0.12 (NS) 0.70 £ 0.05 ** 1.41 £ 0.11 (NS)

Note: * indicates P<0.05 and ** indicates P<0.001
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