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Abstract

Oscillating cytosolic calcium concentrations dictate the contraction-relaxation cycles of muscle
cells. Calcium release from the sarcoplasmic reticulum (SR) to the cytosol stimulates muscle
contraction, while active transport of calcium back into the SR triggers muscle relaxation. Calcium
reuptake involves the transport of calcium against its concentration gradient, which is facilitated by
the sarcoendoplasmic reticulum calcium ATPase, or SERCA. SERCA has been traditionally described
as an E1-E2 enzyme that follows the Post-Albers scheme for metal ion transport. SERCA undergoes
substantial structural changes from a high-affinity state (E1) to a low-affinity state (E2) to facilitate
calcium transport. SERCA’s calcium transport properties are regulated by small, tissue-specific,
transmembrane protein subunits; the most notable include phospholamban (PLN) and sarcolipin
(SLN). PLN and SLN alter SERCA’s calcium transport properties by reversibly interacting with the
transmembrane domain of SERCA, allowing for dynamic control of muscle contractility. Crystal
structures have revealed that PLN and SLN were both found to stabilize a calcium-free E1-like
intermediate by interacting with an inhibitory groove formed by M2, M6, and M9 of SERCA. This
interaction is involved in altering SERCA’s calcium affinity and was canonically thought to be the
primary mode of SERCA inhibition. We have identified through two-dimensional electron
crystallography (2D crystals) of SERCA and PLN/SLN in a lipid membrane that PLN/SLN interacts
with SERCA at a site distinct from the inhibitory groove, transmembrane segment M3. Both PLN
and SLN 2D crystals reveal that this interaction is mediated by an oligomer consistent with a
homopentamer.

Here, we functionally characterize the oligomeric interaction with SERCA for wild-type PLN,
wild-type SLN and determined that this interaction alters SERCA’s maximum turnover rate, with PLN
eliciting a stimulatory effect and SLN eliciting an inhibitory effect. Protein docking and molecular
dynamics simulations provided a model for this novel interaction, revealing a potential mechanism for
the distinct regulatory roles of the PLN and SLN interaction with M3. In addition, we identified that
SLN’s regulatory function is dependent on the E1-E2 conformation of SERCA, suggesting that there
are multiple modes of SERCA-SLN interaction that can persist throughout SERCA’s calcium
transport pathway and multiple turnover events. Based on our results, we have concluded that the
PLN pentamer naturally associates with SERCA, the SLN pentamer naturally and persistently
associates with SERCA, and the regulatory nature of these interactions with M3 is dependent on local

micro-environment perturbations.
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The SarcoEndoplasmic Reticulum Calcium ATPase

SERCA 1A (PDB:1VFP) in the E1eCa®ATP conformation
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Preface:

This introductory chapter contains excerpts from Primean |.O., Armanions G.P., Fisher M.E., Young
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Complexes: Structure and Function. Subcellular Biochemistry, vol 87. Springer, Singapore. The chapter has been
modified for relevancy and thesis rationale. Title page figure generated using Illustrate: Non-
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1.1 — Calcium drives the formation of early life
1.1.1 = Straining the primordial soup

Calcium is the paramount element in biology. From providing mechanical strength to
chordate skeletons to acting as a signalling molecule for wildly complex cellular processes, calcium is
essential to life on earth. The primordial oceans that served as the cradle for the beginnings of life
contained the ions utilized by our cells, setting in motion Life’s journey to contain and utilize the
oceanic ionic composition. Archaean oceans were likely more saline than present-day oceans (2), full
of sodium, magnesium, chloride, potassium, and calcium. However, evidence suggests that calcium
was initially in relatively low abundance (3) (as the fifth most abundant element in the earth's crust,
this is a surprise) and was injected into the sea in concentrated pockets from groundwater seepage,
continental runoff, and ancient hydrothermal vents. Acidification of the early oceans liberated calcium
sequestered in minerals, causing an enormous increase in oceanic calcium concentrations. The specific
presence of these soluble inorganic ions dictated the biochemistry of early life and, as such, the
primordial membrane-bound early organisms needed to modulate the access of these ions, as early
ocean ion concentrations would prove fatal to early life.

Homeostasis of ion-flux is a mechanism required by eatly life to monitor and adapt to its
environment. Maintaining a safe, low concentration of oceanic ions, such as calcium, became critical
for survival. Calcium is an interesting element, and it is not surprising that early life utilized ionic free-
calcium in the water for cellular processes. Calcium exists as a highly hydrated (6-8 H,O) divalent
cation with a propensity to interact with biological molecules. Due to its flexible electron-shell
coordination, fast binding kinetics (due to quick release of bound H,O), and high affinity for
carboxylate oxygens and phosphates (precursors for the formation of amino and nucleotides), the
early biochemistry of primitive organisms made use of calcium. The fundamental problem with
utilizing calcium in a biological system is that at high concentrations, it is inherently toxic and
incompatible with early life. Calcium can interact with and form an insoluble precipitate with proteins
and nucleic acids, placing a considerable strain on early cellular processes, energy metabolism, and
information storage. As such, it was critical for ancient organisms to develop a way to maintain low
intracellular levels of calcium. Maintaining a low level of calcium (~ 100 nmol/L) despite an
extracellular concentration in the mmol/L range placed evolutionary pressure on eatly organisms to
develop a strategy to maintain calcium homeostasis. Indeed, early organisms adapted by utilizing two
major approaches to preserve a low intracellular calcium concentration: exporting the calcium from

the intracellular milieu or sequestering the calcium away from essential biomolecules.
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The formation of calcium exporters was likely the first approach early life took (as calcium
channels are phylogenetically older than the onset of eukaryogenesis (4)). Large concentration
gradients between primitive intracellular milieu and the ion-rich seawater pressured early organisms to
find ways to export or contain the toxic material to a manageable level. Development of calcium-
binding proteins could serve this purpose; however, upon saturation, other methods of calcium
removal would be required. Active transport became the next viable solution to maintaining calcium
homeostasis. Rudimentary calcium pumps developed, with structural similarity to modern eukaryotic
and prokaryotic P-type ATPases (5) (Figure 1.1) for active transport of calcium against its
concentration gradient. Early organisms developed other methods in exporting calcium, such as early
co-transporters, voltage-gated calcium channels, linking calcium movement with other ion transfer
(such as potassium and sodium), leading to the development of calcium-dependent channels (6, 7).

Thus, primitive calcium signalling was becoming established as a viable biochemical process.

Figure 1.1: Members of the P-type ATPase family share similar structural motifs. Above are ribbon-structures of representative
members of different P-type ATPases: PMCA (blue; PDB: 6A69) Plasma Membrane Calcium ATPase. PACL (green; model based on
PDB: 5A3Q) bacterial P-Type ATPase. SERCA2a(pink; PDB: 6HXB) Sarco/Endoplasmic Reticulum Calcium ATPase. Note the

shared structural features between these eukaryotic and prokaryotic calcium-handling proteins.



1.1.2 — Onset of eukaryogenesis and multicellular organisms

The next major leap for both early life and calcium homeostasis involves the establishment of
endosymbiotic eukaryotic organisms (8). Evidence suggesting the acquisition of primitive
prokaryotes/archaea and the establishment of subcellular organelles prompted the development of
more complex cellular processes and a greater need for finely-tuned regulation of intracellular ionic
concentrations. Primitive calcium handling proteins inherited from the “acquiring of kernel” (9) event
prompted a more sophisticated, organelle-dependent control over local calcium concentrations.
Plasmalemma imbedded calcium pumps became established within subcellular compartments (10, 11),
allowing for a fine-tuning of calcium and many other ions. Intracellular signalling became more
complex, and calcium began to have a prominent role in intracellular signalling systems, as well as
being implemented into early cellular processes such as motor-function for motion, secretion systems,
cell-division and mitosis, metabolism, and contraction. Several calcium transport proteins were
inherited and evolved during the onset of eukaryogenesis (10, 12) that achieved the goal of pumping
ions across a membrane. Of the newly evolved calcium transporters, P-type ATPases are of particular
interest due to the transport of a broad range of ions (13), transition/heavy metals(14), lipids (15), e

cetera.

1.1.3 — P-type ATPase superfamily

The P-type ATPases are a class of integral membrane transport proteins that undergo a
phosphoenzyme intermediate during their catalytic transport cycle. The Na'/K" pump was first
identified in nerve membranes of crustaceans (16), which required phosphorylation to facilitate the
transport of Na* across a membrane. We now know that P-type ATPases are a large family of
evolutionarily related membrane proteins that span bacteria, archaea, and eukaryotes. These integral
membrane “pumps” perform active transport of a diverse array of ions and lipids across biological
membranes. Ligand transport and regulation divide the P-type ATPase superfamily into five
subfamilies, titled P7 through P5. The P2 subfamily is of particular interest, as it includes the most
well studied P-type ATPases, the Na'/K" ATPase and the sarcoplasmic reticulum calcium pump,
SERCA. The sodium pump is found in all eukaryotic cells where it maintains the cellular membrane
potential by transporting sodium and potassium across the plasma membrane and against their
concentration gradients. SERCA is also found in all eukaryotic cells where it maintains the low
cytosolic calcium concentration by transporting calcium ions across the endoplasmic reticulum (ER)

and sarcoplasmic reticulum (SR) membranes. In the case of SERCA, the hydrolysis of ATP is coupled



to the translocation of two calcium ions across the SR membrane and against their concentration
gradient. SERCA counter-transports two-to-three protons out of the SR, though a proton gradient is
not maintained across the SR membrane. Indeed, the generalized reaction scheme for P-type ATPases
involves the exchange (active transport) of two different metal ions across a membrane at the expense
of ATP (Figure 1.2). The Post-Albers scheme, proposed almost 50 years ago, is a simplistic but
relevant description of calcium transport by SERCA and the high (E1) and low (E2) affinity state that

SERCA populates during the reaction cycle and vectorial ion transport.
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Figure 1.2: General Post-Post-Albers scheme of metal transport for P-type ATPases. A generalized schematic for vectorial
transport of metal ions across a membrane at the expense of ATP, highlighting the transition from the high-affinity state (E1) to the
low-affinity state (E2). In the E1 state, high affinity binding sites for metal ion 1 face the one side of the membrane. This E1 state
corresponds to high affinity calcium binding sites that face the cytosol for SERCA. Upon ATP binding, the y-phosphate is passed from
ATP to the enzyme as a high energy aspartylphosphate intermediate. A major conformational change promotes the E2-P state, which
results in low affinity binding sites for metal 1 facing the other side of the membrane. The phosphate and metal ion 1 are released and

the enzyme ends in the E2 state with bound metal ion 2. This E2 state corresponds to SERCA with bound protons.

1.1.4 — From single-cell to multicellular organisms

Calcium-dependent cellular systems became critical during the establishment of multicellular
organisms. Intercellular signalling became prominent, allowing communication between cells in the
organism as a whole. Cellular specialization begat the formation of more complex organisms, with

the ability to manipulate and navigate its environment. Subcellular compartmentalization and



functionally specialized aqueous environments distinct from the cytosol allowed for increased control
over intracellular calcium concentrations. These intricate intracellular membrane systems include the
ER, nucleus, Golgi apparatus, endosomes and lysosomes, and mitochondria, amongst others. These
organelles perform distinct, essential physiological functions within the cell, and in many instances,
these functions require signal transduction pathways involving calcium as a second messenger (17).
For the signalling pathways to work, spatial and temporal calcium levels are tightly controlled and
highly regulated. The cytosolic calcium concentration is necessarily maintained at low resting levels
(<100 nmol/L, while the concentration of calcium within organelles can be much higher (~mmol/L).
The signalling pathways then rely on a rapid rise in cytosolic calcium to initiate a signal, and a rapid
decrease in cytosolic calcium to terminate the signal (18). Ozrganelles such as the ER and mitochondria
contain specialized calcium handling systems for the release and recovery of intracellular calcium
stores. Specialized muscle cells have further specialized ER, the sarcoplasmic reticulum, that serves
as a large intracellular calcium storage organelle. Locomotive organisms with specialized tissues for
movement utilized calcium as in intracellular signal to shorten the tissues, or, contract them. In
mammals, collections of these cells form the musculature utilized for a variety of tasks, like locomotor
activities or pumping activities. Myocytes, the single functional unit of the cell, are also specialized
depending on their tissue and function. Skeletal muscles, mostly used for locomotion and
environmental manipulation, voluntarily undergo contraction and relaxation cycles over time to
achieve a locomotor goal. Involuntary pumping organs, such as the heart, have a slightly more
specialized myocyte, a cardiomyocyte, that has the same function (to contract and relax) but has
specialized regulation and signalling to ensure involuntary contraction/relaxation cycles are smooth.
Muscle contraction is achieved by calcium release from the SR in muscles, crosslinking actin and
myosin filaments. The slding filament theory (19) dictates that the presence of calcium shortens the
contractile apparatus and contracts the cell. Calcium reuptake in the SR removes the cytosolic calcium
and initiates relaxation of the contractile elements. Both skeletal and cardiac myocytes utilize this
same contractile mechanism but have slightly different regulation of the calcium waves needed for
contraction and relaxation cycles. Comparing fast-twitch skeletal and cardiac muscle provides insight
into the diversity of cellular calcium signalling and how it enables vital physiological processes. Fast-
twitch skeletal muscle contracts quickly and powerfully in response to a “voluntary” impulse, and it is
the primary source of sudden, powerful bursts of movement (e.g., sprinting). In contrast, cardiac
muscle contracts more slowly, with variable force, and in a continuous “involuntary” and rhythmic

fashion (heartbeat). Similarities in the contractile machinery for these functionally different organs



requires an elaborate level of tissue-specific control that ultimately boils down to regulating the most

ctitical element in life, calcium.



1.2-SERCA
1.2.1 — Isoforms and tissue distribution

A signature example of organellar calcium storage and intracellular signalling is the
sarcoplasmic reticulum (SR). In addition to carrying out functions normally associated with the ER,
the SR is the primary storage site for the calcium used to trigger muscle contraction (20). On the one
hand, the SR must provide an environment for the proper enzymatic function of proteins involved in
protein folding, lipid biosynthesis, and the control of cell fate via apoptosis and cell growth. On the
other hand, calcium release channels mobilize calcium stored in the SR for the activation of the
contractile machinery within the cytosol. Following muscle contraction (systole), most of the cytosolic
calcium is then recovered into the SR to initiate muscle relaxation (diastole). The release and recovery
of calcium into the SR lumen ensures that the cell can begin the contraction-relaxation cycle anew.
Importantly, the luminal storage of calcium is essential for a diverse array of functions, as well as the
contractile role of the SR (21). An essential element of calcium reuptake in the SR is achieved by a
member of the P2A4-ATPase subfamily of P-type ATPases: The Sarco/Endoplasmic Reticulum
Calcium ATPase, also known as SERCA, the calcium pump, or Ca®*-ATPase.

Our detailed understanding of the structure and function of P-type ATPases is attributable to
SERCA1a, the isoform present in and readily isolated from rabbit fast-twitch skeletal muscle. It is
presumed that the structure and function of SERCA1a is generally reflective of the entire family of P-
type ATPases (22). As noted above, calcium pumps appear to be present in all living organisms from
prokaryotes to mammals, though our understanding of prokaryotic calcium pumps remains
rudimentary. Of the eukaryotic calcium pumps, three multigene families and nine members are
currently known. Three genes encode SERCA pumps (SERCA1-3 or ATP2A1-3), four that encode
plasma membrane calcium pumps (PMCA1-4 or ATP2B1-4), and two that encode secretory pathway
calcium pumps (SPCA1-2 or ATPC2A1-2). These genes give rise to more than 40 different splice
variants, which result in an impressive diversification of form, function, regulation, and physiological
role(23).

In vertebrates, a family of three genes encodes SERCA paralogues — SERCA1, SERCA2, and
SERCA3 — located on three different chromosomes. This family is highly conserved, with SERCA1
and SERCA2 being ~84% identical and SERCA3 being ~75% identical to either of the other
paralogues (Figure 1.3). The isoform diversity of SERCA is amplified by alternative splicing of
transcripts, which occur mainly in the C-terminus of the protein. These splicing variations give rise

to thirteen currently known isoforms (SERCAla-b, SERCA2a-d, and SERCA3a-f) (24, 25). These
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SERCA isoforms exhibit both tissue and developmental specificity, reflecting their diversified
functionality. The SERCA1 gene encodes two spliced variants primarily expressed in adult
(SERCA1a; 994 residues) and fetal-neonatal (SERCA1b; 1001 residues) fast-twitch skeletal muscle.
The SERCA1la and SERCA1D isoforms are functionally equivalent and differ by only seven additional
residues at the C-terminus. While there is no specific structure or function associated with the
extended C-terminus of SERCAI1b, it is highly charged and may play a role in skeletal muscle
development (26). It is also interesting to consider that the C-terminus of the related sodium pump
inserts into the membrane domain and modulates sodium affinity (27). Thus, the short extension
found in SERCA1b may modulate function during the developmental switch from fetal to adult

skeletal muscle.
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Figure 1.3: SERCA alignments of major isoforms show high identity. A representative image of aligned identical residues (Blue)

between respective canonical representatives of the three major isoforms of SERCA (SERCA1a, SERCA2a, SERCA2b, and SERCA3Db).
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The SERCA2 gene is best known for encoding both the ubiquitous and cardiac-specific isoforms of
SERCA (28). In all, alternative splicing of the SERCAZ2 gene transcript generates four isoforms of
SERCA (SERCA2a-d). SERCAZ2b is a ubiquitous isoform expressed in all cell types, whereas
SERCAZ2a is restricted to cardiac muscle, slow-twitch skeletal muscle, and smooth muscle cells. In
humans, SERCA2a encodes for a 997 amino acid protein and SERCA2b for a 1042 amino acid
protein. These two isoforms differ by an unusual addition of 45 amino acids at the C-terminus, which
gives SERCA2b an 11th transmembrane helix and places the C-terminus on the opposite side of the
membrane in the lumen of the SR. The luminal tail and 11th transmembrane helix of SERCA2b
imbue the highest calcium affinity amongst the SERCA isoforms (29, 30). A relatively new SERCA2c
isoform has been shown to encode a functional form of SERCA2 expressed in cardiac muscle (31).
This isoform is partially encoded by a short intronic sequence that results in a novel, truncated C-
terminus. It is tempting to speculate that in line with the logic of the luminal SERCAZ2b tail having a
regulatory capacity, this truncated version allows for alternative mechanisms of regulatory control.
Along with SERCA2a and SERCA2b, ventricular muscle appears to contain a total of three SERCA
isoforms. Finally, a novel SERCA2 variant (SERC2d) has been identified in skeletal muscle, though
the significance and functionality of this isoform remain unknown (32).

The third SERCA gene, SERCA3, encodes the most splice variants with six known isoforms
(SERCA3a-f). SERCA3 isoforms are expressed in non-muscle tissues including hematopoietic cells,
platelets, epithelial cells, endothelial cells, and fibroblasts; however, it has also been found in
cardiomyocytes (25). All SERCA3 isoforms are functional, though they appear to modulate cytosolic
calcium and ER calcium load differently. Compared to the high prevalence of the muscle and
ubiquitous SERCA isoforms (SERCA1 & SERCA2), SERCA3 is a more divergent, specialized
isoform with the functional characteristics of a rapid, low-affinity calcium pump. That said, most cells
likely contain multiple isoforms and splice variants as a means of diversifying intracellular calcium

signalling on both global cellular and localized subcellular scales.

1.2.2 — SERCA structure, function, and physiology
1.2.2.1 — Function and physiology

SERCA isoforms are highly conserved and predicted to share the same general fold,
transmembrane topology, and tertiary structure. Indeed, the highly conserved nature of SERCAs
underlies the sensitivity of all isoforms to sub-nanomolar inhibition by the plant-derived sesquiterpene

thapsigargin (Figure 1.4) (33). In contrast, other P-type ATPases such as the sodium pump are
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relatively insensitive to thapsigargin. The sequence differences between SERCA1, SERCAZ2,
SERCA3, and their splice variants are thought to involve relatively minor alterations in structure,
which impart small variations to the calcium affinity and turnover rate of the different isoforms. For
instance, the SERCA3 isoforms are faster, lower-affinity calcium pumps, while the SERCA2b isoform
is a slower, higher-affinity calcium pump. Similarly, the small structural differences inherent in the
many SERCA isoforms account for cell-specific functional and development differences at the level
of ER and SR calcium handling. The one exception to this is the novel splice variation and sequence
difference that occurs in the ubiquitous SERCA2b isoform. An extra, 11" transmembrane helix in
SERCAZ2b imparts a higher calcium affinity and creates a luminal C-terminus that may sense and

respond to the environment in the ER (30).

Figure 1.4: Structure of SERCA bound to thapsigargin. The overall structure of SERCA in the E26 ATP conformation (PDB:
3AR4) highlighting SERCA’s structural domains. The actuator (A, yellow), nucleotide binding (N, blue), phosphorylation (P, red), and
transmembrane (TM, cream) domain are indicated. SERCA contains two calcium-binding sites (green, Site I: Asn7%8, Glu7"!, Thr7?,
Asp80, Glu?8,  Site II: Glu3?, Asn7, Asp8", backbone carbonyl oxygens contributed from Val304, Ala®5, and Ile37) that act to
coordinate two calcium ions. This structure contains the potent non-competitive inhibitor thapsigargin (stick model, cyan) binding

within the TM domain of SERCA, stabilizing the E2 conformation.
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As stated above, the primary SERCA isoform in fast-twitch skeletal muscle is SERCA1la, and the
isoform in cardiac muscle is SERCAZ2a. Studies exploring the differences between SERCA1la and
SERCAZ2a have demonstrated that SERCAla has a comparable calcium affinity to SERCA2a and a
maximal activity that is approximately double that of SERCA2a (SERCA1la is a faster pump) (34). In
addition, the density of SERCAT1a is higher in skeletal muscle SR than SERCAZ2a is in cardiac muscle
SR. Of course, there are many other protein and metabolic factors that contribute to the delineation
between fast-twitch skeletal and cardiac muscle. However, these tissue-specific differences in SERCA
function and distribution allow skeletal muscle fibres to achieve a faster rate of calcium uptake, more
significant calcium load, and more forceful contractile function. It is also important to remember that
skeletal and cardiac muscle cells contain multiple SERCA isoforms, which likely contribute to
additional diversification of function depending on the compliment and abundance of isoforms

present in a particular cell type. For instance, cardiomyocytes appear to contain at least four isoforms

— SERCA2a, SERCA2b, SERCA2c¢ and SERCA3D (35).

1.2.2.2 — Function and structure

The sodium pump was the first P-type ATPase identified in 1957 (16), and this seminal
observation earned Jens Christian Skou the 1997 Nobel Prize in Chemistry. Since this discovery, the
P-type ATPase superfamily of membrane-embedded pumps has been found to span all kingdoms of
life and transport monovalent and divalent cations, heavy metals, and lipids. For the majority of these
pumps, the mechanism of transport and physiological role remain unknown. Nonetheless, the
SERCA calcium pump — specifically SERCATa from rabbit skeletal muscle — has become a paradigm
for the P-type ATPase family thanks to another breakthrough in the field. In the year 2000, Chikashi
Toyoshima and colleagues reported the first crystal structure of SERCA with bound calcium ions (306).
For those working in the field, it was a stunning revelation of the architectural complexity and
molecular structure of a P-type ATPase. Since then, more than 70 structures of SERCA have been
deposited in the Protein Data Bank (PDB), effectively mapping out the entire calcium transport
reaction cycle. The myriad of SERCA structures have provided insight into the mechanism by which
these P-type pumps use ATP to move ions across the membrane. The vast majority of these structures
have come from the Toyoshima and Nissen laboratories, though our laboratory has also contributed
novel insights into the structure of SERCA (37, 38). SERCA is a 110 kDa protein consisting of ten
transmembrane helices that coordinate two calcium ions for transport into the SR lumen and two-to-

three protons for counter-transport into the cytoplasm. While the SR membrane sequesters the
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transported calcium against a concentration gradient, the SR membrane does not maintain a proton
gradient. Four of the ten transmembrane helices (M4, M5, M6 & MS8) form side-by-side calcium-
binding sites with two partially unwound transmembrane helices (M4 & M6) in the middle of the
membrane. The helix unwinding allows for the placement of the two calcium-binding sites at the
same height in the membrane and coordination of the two ions by both side-chain and backbone
carbonyl interactions. The first calcium ion (Site I) is coordinated by side-chain interactions with
Asn™ and Glu™" from M5, Thr™ and Asp®” from M6; and Glu™® from M8. Binding of the first
calcium ion and E1 state transition is thought to induce a conformational change in M4 and M6 to
allow binding of the second calcium ion (site II). The second calcium ion binds along the path of M4
in the gap created by the unwound helix, allowing both side-chain (Glu™” from M4; Asn™ and Asp™”
from MG6) and backbone carbonyl oxygens (Val’™, Ala®”, and 1l from M4) to contribute to ion
coordination.

Of the four transmembrane helices that coordinate calcium ions, two are very long (M4 & M5;
~60A) and extend into the cytoplasmic domain of the protein. Technically speaking, M4 is not a
continuous helix because it is found to be unwound in the center of the membrane; however, it is part
of a structural core that links the transmembrane and cytoplasmic domains of SERCA (22). SERCA
possesses three cytoplasmic domains that sit atop the transmembrane domain ‘impaled’ on M4 and
M5 — the nucleotide binding (N), phosphorylation (P), and actuator (A) domains. The heart of the
protein is the P domain, which contains the conserved aspartate residue (Asp™) that is the target of
phosphoryl-transfer from ATP. The y-phosphate of ATP is covalently passed with the retention of
energy to this catalytic aspartate residue. The N domain, with its high-affinity binding site for ATP,
emerges from the P domain. The N domain undergoes significant movement as the bound ATP must
travel over 25 A to reach its target catalytic Asp®™' in the P domain to facilitate phosphoryl-transfer.
In the primary structure, M4 is sequentially followed by the first half of the P domain, the N domain,
the second half of the P domain, and then M5. The N domain sits atop the protein furthest from the
membrane, and it is connected to the P domain by a narrow hinge region (Thr’**-Asn-GIn*” and the
signature Asp™'-Pro-Pro-Arg™ motif). The N domain contains consetved residues required for

*7and Lys’", and the hinge region allows an extensive range of

nucleotide recognition, such as Phe
domain motion for catalytic activation once nucleotide is bound. The two halves of the P domain
come together to form a Rossman fold, where the N-terminal portion packs against M4 and the C-
terminal portion packs against M5. Asp™' lies atop the central -strand that joins the two halves of

the P domain. The N domain caps this intriguing split topology of M4-M5 and the P domain, thereby
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linking calcium-binding in the membrane, nucleotide-binding in the N domain, and catalytic activation
of Asp™ in the P domain. Finally, the A domain is the most N-terminal domain and sits atop
transmembrane segments M1, M2, and M3. This domain consists of a jelly roll’ 3-rich region between
M2 and M3 and an N-terminal a-helical region that precedes M1 and packs against the 3-rich region.
As a result, the A domain is connected to M1, M2, and M3 by flexible linkers that allow large-range
motions that accompany ATP utilization and ion movement. The A domain contains a signature
sequence of the P-type ATPases, Thr'®-Gly-Glu-Ser'™ (TGES), which is essential for
dephosphorylation of Asp™ in the later stages of the transport cycle. From a historical perspective,
it is interesting to recall that several residues on the A domain were the targets of early proteolysis
experiments that defined the E1 and E2 conformational states. The large movements of the A domain
and the associated linkers in the absence and presence of calcium alternately exposed and buried
residues such as Arg'” (39).

With this domain architecture, SERCA uses the energy of ATP to move ions through the
membrane. In the process, it passes through several major reaction intermediates typically denoted
E1, E1P, E2P, and E2 (Figure 1.5), where E1 refers to a high-affinity state and E2 a low-affinity state
for calcium-binding (40). The progression through the cycle involves rigid-body movements of the
cytoplasmic domains and complex deformations of the transmembrane helices. The structures of the
intermediates are wildly different from one another, and it is fascinating to see how they combine to
animate the ion transport cycle. The P domain, containing the conserved Asp™', is locked against M4
and M5 of the membrane domain. A central feature of the calcium transport cycle is that the P domain
adopts a distinct orientation in each of the reaction intermediates, moving in a concerted way with M4
and M5. Additionally, the N and A domains adopt remarkably distinct orientations in each reaction
intermediate, due to their flexible connections to the rest of the protein. In contrast to the rigid-body
movements of the cytoplasmic domains, the membrane domain undergoes plastic deformations of
helices M1-M6. The rearrangements in the transmembrane domain cause the calcium-binding sites
to alternate their access to the cytosolic and luminal sides of the membrane. Upon phosphoryl-transfer
from ATP to Asp™', the A domain undergoes a significant rotation (41) that allows the conserved
TGES motif to displace ADP, now occupying the ATP binding site in the N domain. Because the A
domain links directly to M2 and M3, it serves to transduce movement in the cytoplasmic domain to
conformational changes in the transmembrane domain (calcium ion occlusion). The A domain
ultimately makes contact with both the P and N domains, such that the TGES motif can initiate the

dephosphorylation event and continue the cycle. This association causes significant movement in M2
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to M5, thereby exposing the calcium-binding sites to the SR lumen and allowing calcium release. The
direct connections between the ion-binding sites in the membrane and the cytoplasmic domains
provide a plausible mechanism for calcium transport, H" counter-transport, and phosphorylation and
dephosphotylation of Asp™'. For a more detailed description of the structure and function of SERCA,

there are many excellent reviews available (see (22, 42, 43)).
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Figure 1.5: SERCA catalytic cycle of ATP mediated calcium transport. SERCA undergoes enormous structural changes during
calcium transport. Major reaction intermediates are represented by SERCA crystal structures with major domains highlighted
(Cytoplasmic domain: Blue — nucleotide binding domain, N domain. Yellow — actuator domain, A domain. Red — phosphorylation
domain, P domain. Transmembrane domain, TM domain: Cream). Note significant conformation shifts in the cytoplasmic and TM
domain. E2 — Low-affinity state with no bound calcium and 2-3 bound protons (PDB: 1IWO). EleCa — Two cytosolic calcium ions
are bound to SERCA’s calcium-binding sites, and bound protons are released into the cytosol. Note that the calcium-binding event
poises SERCA in a high-affinity state, this movement translated into a sizeable conformational shift in the cytoplasmic domain, allowing
for easier nucleotide access to the N domain (blue) as well as a rearrangement in the TM domain (cream) allowing for calcium entry
(PDB: 1SU4). E26ATP- SERCA remains in a low-affinity state with ATP bound to the N domain (blue), note the stark contrast in the
cytoplasmic domain between E1eCa and E26 ATP. Despite SERCA being in a low-affinity state, there is evidence that nucleotide
binding to the N domain leads to a disordering event in the cytoplasmic domain that lowers the energy barrier for a conformational
shift to the next high-affinity reaction intermediate. It is important to note that both E1eCa and E26 ATP effectively fit the same ‘spot’
during the calcium transport reaction in that they are loading SERCA with calcium or ATP, preparing for nucleotide hydrolysis,
phosphoenzyme formation, and calcium transfer. Ele ATPeCa — With ATP and calcium bound, SERCA undergoes a conformational
shift in the cytoplasmic domain where the N and P domains become physically closer in space, ready for a phosphorylation event. More
subtle movements occur in the core of the TM domain, preparing for calcium release into the sarcoplasmic reticulum (SR) lumen (PDB:
1VFP). E1-PeCa — Phosphoenzyme formation induces a conformational change in the TM domain to a calcium-occluded state, further
preparing for calcium release (PDB: 5XA8). E2-P — Calcium is released into the SR lumen, and ADP is released from the N domain,
bringing the enzyme back to a low-affinity state (PDB: 3FPB). E2 Pi — SERCA binds 2-3 protons and forms a proton occluded state
with the release of inorganic phosphate, returning the enzyme to the low-affinity E2 state (PDB: 3B9B).
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With the many structures of SERCA available in the Protein Data Bank, one might assume
that we understand everything there is to know about the calcium transport cycle. Sadly, or perhaps
interestingly, this is not true. First, the structures provide snapshots of the stable intermediates
SERCA adopts as it progresses through the reaction cycle, and it gives us an impressive vision of the
mechanics of calcium transport. However, the molecular and energetic constraints that drive each
step in the reaction cycle from ATP hydrolysis to calcium transport against a concentration gradient
remain challenging to delineate. As an example, consider the transition from the E1*ATP+Ca state to
the E1~P+CasADP state following the transfer of the y-phosphate to Asp™' with nearly complete
conservation of energy. The structures of these two intermediates are known and represented by
E1+CasAMPPCP and E1~AlIF,»Ca*ADP complexes, respectively (44). These structures are identical,
yet they possess distinct biochemical characteristics — in particular, only the E1~AlF,CasADP
complex adopts a stable occluded state, a pre-requisite for progression to the next intermediate in the
transport cycle. Second, while such details may be of particular interest in the P-type ATPase field,
the large number of structures available for SERCA does not mean that we have mapped the entire
structural landscape of SERCA intermediates (there continue to be surprises in the field!). As an
example, recent structures of SERCA in complex with the regulatory subunits phospholamban (PLN)
and sarcolipin (SLN) revealed an unanticipated conformation of SERCA (45—47). In the complexes,
SERCA adopts a previously undescribed E1-like state with formed calcium-binding sites that are open
to the cytosol. In the two crystal structures of the SERCA-SLN complex, magnesium ions sit adjacent
to the two calcium-binding sites (sites I & II). In one of the structures (45), two magnesium ions were
found (adjacent to Asp™ and Glu™”), and in the other structure (46), one magnesium ion was found

(adjacent to Ala™”

). At physiological concentrations, magnesium is expected to interact with the
calcium-binding sites and modulate the transport cycle (48, 49), though the reaction cycle cannot
progress without both calcium and ATP binding. In this El-like state, the E2-to-E1 transition has
begun, and the calcium sites are formed, though the magnesium ions must be displaced for calcium

to bind. It is interesting to note that the SERCA-PLN complex is remarkably similar but does not

appear to have a bound magnesium ions (47).

1.3 — SERCA rcgulator Complexes
Historically, PLN and SLN were the only known regulators of SERCA (50-53). PLN is a 52
amino acid integral membrane protein found in cardiac and smooth muscle (54), and SLN is a

homologous 31 amino acid integral membrane protein found in skeletal and atrial muscle (52). The
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canonical model for SERCA regulation by PLN and SLN involved a reversible one-to-one association
that lowers the apparent calcium affinity of SERCA (55), and this has classically been termed SERCA
inhibition. The inhibition is maximal at low physiological calcium concentrations (~0.1 umol/L
cytosolic calcium) and reversed at higher calcium concentrations (>1 pmol/L). However, PLN has
also been reported to have a stimulatory effect on calcium reuptake (56), contrary to the classic
‘inhibitor’ designation, so perhaps the term ‘regulator’ would be a more suitable descriptor. The
complex regulatory axis involved in PLN and SLN mediated SERCA regulation has expanded to
include novel PLN and SLN functions and the discovery of additional regulatory peptides.
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Figure 1.6: Phospholamban structure and topology. (A) A solution and solid-state NMR ensemble structure of Ser!¢ phosphorylated
PLN (PDB: 2M3B) and a topology diagram (B) indicating the primary sequence as well as the domain architecture of PLN. PLN
cytoplasmic domain (yellow) is a highly dynamic helical structure containing two phosphorylation sites (crimson). A short linker (cyan)

region connects the cytoplasmic from the transmembrane (red) domains.

20



1.3.1 — Phospholamban

PLN is a 52 amino acid, single-pass, transmembrane protein that is best known for its
regulatory role in the heart. PLN is found predominantly in ventricular cardiac muscle and, to a lesser
extent, in slow-twitch skeletal muscle, smooth muscle, and atrial muscle. PLN contains three domains
(Figure 1.6) — a transmembrane helix responsible for most of its inhibitory properties (residues ~31—
52), a small, unstructured linker region (residues ~21-30), and a soluble cytoplasmic helix that is
thought to be more dynamic (residues ~1-20). PLN was discovered as the principal target of
phosphorylation in isolated SR membranes, and was named accordingly (phospholamban was derived
trom phosphate and the Greek word ‘#o recezve’) (50, 57). The name reflects the observation that protein
kinase A (PKA) regulates cardiac contractility by phosphotylating Set'® in the N-terminal domain of
PLN. In cardiac and smooth muscle, PLN is a reversible, calcium-dependent regulator of SERCA,
which modulates cardiac contractility in response to physiological cues (54, 58, 59). SERCA regulation
by PLN is a dynamic process that depends on the cytosolic calcium concentration, the
phosphorylation state of PLN, and the oligomeric state of PLN (54). First, PLN physically interacts
with and lowers the calcium-affinity of SERCA at sub-micromolar calcium concentrations, and this is
reversed by micromolar calcium concentrations (60). Maximal SERCA inhibition occurs within the
physiological window of cytosolic calcium (0.1-1.0 pmol/l). Second, the inhibition is relieved by
phosphorylation of PLN in a mechanism that is linked to B-adrenergic stimulation and PKA (61, 62).
Third, PLN forms a homopentamer which is in dynamic equilibrium with the inhibitory monomer
(63). The pentamer has been described as an inactive storage form of PLN, though it is required for
physiological function (64), and it also interacts with SERCA (65, 66). The synergistic effect of these
various regulatory mechanisms is a modulation of SR calcium stores and cardiac contractility that can

be finely tuned in response to activity, stress, or disease.
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Figure 1.7: Schematic of calcium homeostasis in a generalized cardiomyocyte. 1 — To initiate muscle contraction, an action
potential propagates into plasma membrane invaginations, known as transverse tubules, activating voltage-gated calcium channels
(orange, PDB: 2KLB), causing a small trickle of calcium (blue sphere) into the cytosol. 2 — This low concentration of calcium activates
calcium release channels (ryanodine receptor, RyR, green, PDB:3J8H) localized in the nearby localized sarcoplasmic reticulum (SR)
(dyad) to release calcium, flooding the cytosol with calcium ions. 3 — increased cytosolic calcium concentrations go on to activate the
contractile machinery in the cell and shorten the sarcomere. 4 — Calcium reuptake by SERCA (blue, red, yellow, cream PDB: E2 - 3AR4,
E1 - 1SU4) into the SR lumen removes cytosolic calcium and engenders sarcomere relaxation, returning the cardiomyocyte to a state
poised for subsequent contraction. This mechanism of calcium homeostasis can be modulated by catecholamines such as adrenaline,
acting through the B-adrenetgic signalling pathway. B-adrenergic receptor (purple, PDB:3SN6) stimulation liberates attached G-proteins
(orange, cyan, blue, PDB 3SN6) which go on to modulate the activity of sarcolemma bound membrane proteins such as adenylyl cyclase
(dark purple, PDB 3MAA) (a more in-depth analysis of this process can be found in (67, 68)). G-protein mediated activation of adenylyl
cyclase increases cytosolic cAMP levels, which can then bind to the regulatory subunit of protein kinase A (PKA) and activate the
catalytic subunit (PKAc, light purple, PDB:2PCK). PKAc phosphorylates PLN (green, PDB: monomer - 1ZLL, pentamer - 2KYL,
phosphorylated - 2M3B) and modulates PLN’s regulatory capabilities. Protein phosphatases (PP1c, blue, PDB: 4MOV) are responsible
for dephosphorylation of PLN, restoring PLN’s former regulatory capabilities. A large pool of SERCA and PLN monomers/pentamers
allows for dynamic modulation of cardiac muscle relaxation and SR calcium refilling for subsequent contractions. The SERCA-PLN
pool facilitates dynamic contractility in response to a swathe of environmental stimuli, dictating how the heart responds to different

cardiac needs.
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1.3.1.1 — Phospholamban structure and function

A primary mechanism for modulating SR calcium stores is through catecholamines, which act
through the $-adrenergic pathway to activate PKA and phosphorylate several cardiac proteins (Figure
1.7). The goal of this pathway is to modulate cardiac output by targeting the contractile apparatus and
calcium-handling proteins. Phosphorylation of PLN by PKA has a significant impact on cardiac
contractility via a mechanism that reverses the inhibitory properties of PLN and increases the apparent
calcium affinity of SERCA (61). Monomeric PLN inhibits SERCA, and phosphorylation of PLN is
believed to cause dissociation from SERCA and oligomerization of PLN into storage pentamers (55,
63, 69). PLN has two adjacent phosphorylation sites — it is phosphorylated at Ser'® by PKA (58) and
at Thr'” by calcium/calmodulin-dependent protein kinase IT (CAMKII) (62) and Akt (70). Separately,
or in combination, phosphorylation at these sites is essential for proper cardiac function (71). It is
not well defined as to whether these sites are phosphorylated independently and have separate effects
on the inhibition of SERCA or are phosphorylated concurrently and have a synergistic effect on
inhibition. There is some consensus that the primary mode of regulation is through PKA and Ser'’,
while Thr'" provides a means for tuning or terminating the response depending on physiological or
pathophysiological conditions (72). Nonetheless, the intricacies of PLN inhibition of SERCA are of
high clinical relevance in terms of cardiac health, where disruptions to the calcium cycle in the heart
lead to contractile dysfunction, cardiac hypertrophy, and dilated cardiomyopathy (73—78).

Functionally, PLN inhibition is measured as an effect on the apparent calcium affinity of
SERCA, with the main target being the SERCA2a isoform. However, PLN also inhibits SERCA1a
and SERCA2b, but not SERCA3 (79, 80). SERCA inhibition is primarily encoded by the
transmembrane domain of PLN (~80% of inhibition; (81)), while the linker region mitigates the
inhibitory interaction, and the N-terminal helix allows for reversibility of inhibition via
phosphorylation (and ~20% of the inhibitory activity). The transmembrane domain of PLN contains
the structural determinants for SERCA inhibition (e.g., Leu” & Asn™) and structural determinants
that are responsible for homopentamer formation (Figute 1.8) (Leu-lle zipper motif; e.g. Leu” &
Tle*) (63, 69, 82, 83). The monomeric form of PLN is sufficient for SERCA inhibition, though the
recent crystal structures demonstrate that the interaction site could also accommodate an oligomeric
form of PLN (47). By default, the PLN pentamer has been described as an inactive storage form,

though there has been no direct demonstration of the functional capacity of oligomeric forms of PLN.
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Figure 1.8: Phospholamban spontaneously forms homopentamers stabilized by an Ile /Leu zipper motif. PLN monomers
(cream) arranged as a pentamer (PDB: 2KYV) with Ile in pink (Tle%0 and Tle*”) and Leu residues in blue (Leu?’, Leu*t, and Leu’?) indicated
to display the Ile/Leu zipper motif stabilizing the oligomer.

The linker region of PLN (residues ~21-30) modulates the interaction of PLN’s
transmembrane domain with SERCA through charge repulsion. Residues such as Arg® and Lys” of
PLN are proximal to residues such as Arg’** and Lys™ of SERCA. These adjacent charges are thought
to “tune” the interaction of the transmembrane domain to achieve modest SERCA inhibition over a
precise, physiological range of calcium concentrations. Furthermore, this linker region must transmit
the reversal of inhibition from the N-terminal domain (Ser'® & Tht'") to the transmembrane domain
(residues ~31-52). As stated above, PLN is phosphorylated at Ser'® via the 3-adrenergic pathway as
a direct result of sympathetic nervous system activation. PKA targets Ser'® through the consensus
recognition motif of Arg"-Arg-Ala-Ser'® (54). Once phosphorylated, Ser'® may form salt bridges with
Arg" and/or Arg", thereby distorting the N-terminal helix of PLN and relieving SERCA inhibition
(84). Phosphorylation alters the conformational dynamics of PLN’s cytoplasmic domain and the
interaction with SERCA (85, 86). PKA can target and phosphorylate PLN monomers bound to
SERCA. In this context, PKA recognition of PLN is the first step in the reversal of SERCA inhibition

and phosphorylation of Ser'® serves to maintain the non-inhibitory state. PKA can also target PLN
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monomers in the context of the PLN pentamer (87, 88) and shift the dynamic monomer-pentamer
equilibrium toward the PLN pentamer (63). The PKA recognition motif is absolutely required for
this to occur, though there are additional, unique structural determinants that allow PKA to recognize
SERCA-bound PLN (Arg’ & Ser'”) and the PLN pentamer (Arg’) (87). There is an ongoing debate
whether phosphorylation causes the PLN monomer to dissociate from SERCA following
phosphorylation, though we consider PLN to be a subunit of SERCA. Instead, conformational
changes in the N-terminal domain of PLN transmit to the transmembrane domain, allowing calcium
translocation to occur without PLN dissociation from SERCA. We acknowledge that it may be
advantageous, under physiological conditions such as exercise or stress, to fully dissociate the SERCA-

PLN complex for maximal SERCA turnover.

1.3.1.2 — PLN phosphorylation state

The residues of PLN that directly associate with the catalytic subunit of PKA span from
approximately Lys’ to Ile'®. In addition to the canonical recognition motif, PKA has a preference for
upstream positively-charged residues and downstream hydrophobic residues. Arg’ and Ile' of PLN
fit these criteria, though Ile'® has not been the focus of much attention. Extensive mutagenesis of
Arg’ in PLN revealed that PKA has a strong preference for this residue, particularly in the pentameric
state. In the peptide-binding groove of PKA, Arg’ of PLN packs against Glu®” and Asp*' of PKA,
eliciting a strong influence on substrate recognition. PKA recognizes substrates by conformational
selection (89), and the most efficient substrates are peptides in solution because of their
conformational dynamics (90). Indeed, PKA-mediated phosphorylation is most efficient for a peptide
corresponding to the cytoplasmic domain of PLN. By comparison, phosphorylation is less efficient
for monomeric, full-length PLN, and far less efficient for the PLN pentamer or the SERCA-PLN

complex. Arg’, as well as Ser', and Ile'® assist in recognition of PLN when its conformational

dynamics are more constrained (i.e., PLN pentamer or SERCA-PLN complex). Arg’ is so vital for
PLN function and B-adrenergic signalling that human mutations at this locus (Arg’-to-Cys & Arg’-to-
Leu) give rise to lethal, hereditary dilated cardiomyopathy. These mutations abrogate PLN function
and create a kinetic trap for PKA, sequestering it from phosphorylating other cellular targets (75, 87).
Perhaps equally important to phosphorylation of PLN by PKA is the dephosphorylation by Protein
Phosphatase-1 (PP-1), which reactivates PLN for SERCA inhibition (91, 92). However, very little is

known about the sequence determinants of PLN that govern its dephosphorylation. In addition, it

remains uncertain as to which isoform of PP-1 dephosphorylates PLN in the myocardium. PP-1§ is
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the major isoform that co-localizes with the SERCA-PLN complex in cardiomyocytes, though PP-1a
and PP-1y can also dephosphorylate PLN. PP-2 has also been reported to dephosphorylate PLN (91).
Regardless of which isoform is responsible for dephosphorylation of PLN in human myocardium, it
is well-known that PP-1 activity has significant control over SERCA-PLN function and cardiac
contractility. As another layer of complexity, these proteins form a regulatory complex at the level of
the SR that includes SERCA, PLN, A kinase anchoring protein (AKAP186 & v), PKA (catalytic &
regulatory subunits), PP-1, inhibitor-1 (I-1), small heat shock protein 20 (Hsp20), the HS-1 associated
protein X-1 (HAX1), small ubiquitin-related modifier (SUMO-1), and phosphodiesterase (PDE4D,
3A). Furthermore, these interactions may involve oligomeric assemblies of both SERCA (93) and
PLN (65, 88, 94). Finally, one must keep in mind that the copy number of SERCA and PLN molecules
far exceeds the calcium release channel. Thus, compared to calcium release, calcium recovery involves
a large “pool” of SERCA pumps that can be differentially and dynamically activated or suppressed

depending on cardiac output.

1.3.1.3 — PLN oligomeric state

As stated earlier, PLN exists in a dynamic equilibrium between monomeric and oligomeric
states.  Canonically, PLN homopentamers have been described as an inactive store of inhibitory
monomers, despite the absence of direct experimental evidence. Initial studies attempting to elucidate
the function of the pentamers revealed that the pentameric form of PLN is essential for myocardial
relaxation and contractility (64). Transgenic mice expressing Cys*'-to-Phe monomeric PLN exhibit
reduced muscle relaxation when compared to wild-type pentameric PLN. In contrast, PLN knockout
mice in this study were reported to have peak contraction and relaxation cycles in the heart. Efforts
by Chu et al. determined that the wild-type, pentameric PLN was more effective in reversing the PLN
knockout phenotype in mice than its Cys*-to-Phe monomeric counterpatt. I vitro studies suggested
that, biochemically, both the mutant and wildtype PLN appeared to inhibit SERCA equally, but the 7z
vivo studies paint a different picture. Wild-type PLN pentamers were found to depress cardiac
relaxation to a greater extent than the monomeric mutant PLN, effectively reversing the phenotype
and restoring cardiac contractility. The authors tried to rectify the discrepancy between biochemical
and physiological data by suggesting that the ratios of PLN to SERCA appear to play a significant role
in effective regulation, as well that PLN pentamers behave differently in a membrane, and, most

interestingly, that PLN pentamers may cause a calcium leak in the membrane. Other groups, following
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this study, have concluded that PLN pentamers may form a cation-selective channel in a membrane
(95-97) as an explanation for an observed calcium leak.

These previous observations are consistent with direct experimental evidence that the PLN
pentamer interacts with SERCA at a site distinct from the inhibitory groove (M2, M6, & M9) (65, 60).
Two-dimensional cocrystals of SERCA and PLN revealed that PLN pentamers interact with SERCA
at a non-inhibitory secondary site consistent with the transmembrane region around M3. When
phosphorylated, the PLN pentamers were found to remain associated with SERCA and still form two-
dimensional crystals. The fact that PLN pentamers were found to remain associated with SERCA is
bolstered by observations of phosphorylated PLN pentamers continuing to modulate SERCA
maximal activity (Vimax) (98). Trieber et al. observed that, apropos to PLN pentamers, phosphorylation
of PLN reversed the effect on the apparent calcium affinity of SERCA (Kc,) but did not affect the
stimulation of SERCA’s maximal activity. This suggests that PLN remains associated with SERCA
because it is still modulating SERCA activity, though the association must be distinct from the
inhibitory interaction. Evidence from two-dimensional cocrystals also suggests that PLN remains
associated with SERCA in a functional state that is distinct from the inhibitory interaction.

Additionally, PLN pentamers appear to modulate the PKA mediated phosphorylation of PLN
monomers. Wittman et al. 2015 (88) revealed that pentameric PLN is the preferred substrate of PKA.
The presence of pentameric PLN delayed the phosphorylation of monomeric PLN, and conversely,
the absence of pentameric PLN resulted in phosphorylation of monomeric PLN at the same rate as
if PLN were pentameric. Additionally, co-IPs of PLN pentamers and PKA revealed that more PKA
precipitated with pentameric PLN over monomeric mutants. These same co-IP experiments indicated
that phosphorylated PLN pentamers are proximal to SERCAZ2a, with the conclusion that
phosphorylated PLN pentamers naturally associate with SERCA. These experiments contradict the
canonical model where PLN dissociates from SERCA after phosphorylation AND PLN pentamers
exist as a non-functional storage bundle. It is clear that PLN pentamers are of critical importance for
SERCA-mediated calcium homeostasis in cardiomyocytes and smooth muscle. However, a
fundamental question remains: What is the function of the PLN pentamer? Investigating this
phenomenon demands an explanation for the exact function of the PLN pentamer and how it is
involved in differential regulation of SERCA under multiple stimuli. This thesis hopes to answer these
questions by showing that PLN can regulate SERCA through a natural association with a site

independent of the inhibitory groove.
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1.3.2 — Sarcolipin

Historically, the SERCA regulator PLN received much attention because of its role in cardiac
muscle and the potential link to human heart disease (73, 75). Comparatively, SLN received less
attention because it was assumed to mirror PLN function in skeletal muscle, and the potential human
health implications were not obvious. However, with the recent identification of novel functions for
SLN, attention has refocused on this important SERCA regulator. SLN is a 31 residue, mostly o-
helical, integral membrane protein (Figure 1.9) that is the principal regulator of SERCA in skeletal

and atrial muscle.
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Figure 1.9: Sarcolipin structure and topology. (A) A solution and solid-state NMR structure of synthetic SLN in a lipid environment
(PDB: 1JDM) and a topology diagram (B) indicating the primary amino acid sequence as well as the domain architecture of SLN. SLN
contains a short, N-terminal, cytoplasmic domain (yellow) that is thought to contain a potential CAMKII phosphorylation site (crimson)
and be involved in uncoupling SERCA ATPase activity from calcium transport (99). A transmembrane domain that interacts with the
inhibitory groove of SERCA (red) spans the membrane and a highly conserved C-terminal tail (cyan) that is responsible for the bulk of

SLN’s inhibitory properties(100).

1.3.2.1 = SLN structure and function
First described as a proteo-lipid associated with SERCAla (53), SLN is structurally and
functionally homologous to PLN (with ~80% sequence homology between SLN and PLN TM

domains), and it is postulated to regulate SERCA in a similar manner (52). SLN contains a short,
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variable cytoplasmic domain (residues ~1-7), a transmembrane a-helix (residues ~8-26), and a short,
highly-conserved luminal tail (residues 27-31). Like PLN, SLN alters the apparent calcium affinity of
SERCA by binding in a groove formed by transmembrane helices M2, M6, and M9 (Figure 1.10).
Crystal structures of a SERCA-SLN complex reveal that PLN and SN use overlapping binding sites
to interact with an E1-like state of SERCA (46, 101). However, despite the homology to PLN, there
are substantial differences in the way that SLN regulates SERCA. SLN’s unique and highly conserved
C-terminal tail (Arg”’-Ser-Tyr-Gln-Tyr’") encodes most of its inhibitory properties (100). Indeed, this
C-terminal RSYQY sequence can be transferred to the C-terminus of a generic transmembrane helix,
turning it into a SERCA inhibitor with SLLN-like properties. Additionally, the transfer of SLN’s C-
terminus to PLN results in a chimeric protein with enhanced inhibitory and oligomeric properties
(102). In the SERCA-SLN crystal structures, the RSYQY sequence is helical and not in direct contact
with SERCA, suggesting that it serves to position SLN in the inhibitory groove of SERCA for optimal
inhibition. For instance, the arginine and tyrosine residues could sit at the hydrocarbon core-water
interface of the lipid bilayer, thereby positioning the transmembrane helix relative to SERCA. The
RSYQY luminal tail is a distinct, essential and transferrable domain that contributes directly to SERCA
inhibition (100). Thus, it seems likely that the SERCA-SLN inhibitory complex involves contacts
between the RSYQY luminal tail of SLN and the luminal loops and calcium-exit channel of SERCA,

though the structure of this inhibitory state remains unknown.
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Figure 1.10: SLN occupies the same canonical inhibitory groove as PLN. Crystal structures of SLN with SERCA, shown with
the A-domain (yellow), P-domain (red), N-domain (blue), TM domain (cream), and SLN (cyan), (PDB: 3W5A) reveals that SLN binds
to SERCA’s inhibitory groove (orange, TM segments M2, M6, and M9), stabilizing an E1-like state. Hydrophobic sidechains of SLN
contribute to the binding interface formed by M2, M6, and M9 and ovetlap with residues contributing to PLN binding to the inhibitory
groove. Val? of SLN was found to closely interact with Val® of M2, which lines up with Val* of PLN interacting with Val® of
SERCA, confirming that SLN and PLN exhibit very similar binding characteristics.

In addition to altering the apparent calcium affinity of SERCA (Kc,), one of the signatures of
SLN inhibition is a decrease in the maximal activity of SERCA (Vi) (100, 103). This Vi depression
is opposite to the trend observed for PLN, which increases the maximal activity of SERCA at
saturating calcium concentrations (81, 87, 98, 104). These trends have been consistently observed
using a highly purified membrane reconstitution system (co-reconstituted proteoliposomes), though
other reports in the literature suggest that SLN could either decrease (105-107) or increase (52) the
Vimax of SERCA. Nonetheless, it is clear that SLN is a distinct regulatory subunit of the SERCA
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calcium pump, and this has culminated in the observation that SLN may also possess a unique

physiological role in skeletal muscle.

1.3.2.2 — Non-shivering thermogenesis

It has been reported that SLN promotes futile cycling of SERCA and increases the net balance
of ATP consumption to calcium transport (a process termed uncoupling). The excess ATP hydrolysis
contributes to heat production. Considering that skeletal muscle makes up ~40% of body mass,
SERCA and SLN may be significant contributors to non-shivering, muscle-based thermogenesis
(108). Also, the abundance of skeletal muscle and the role of SLLN make it a potential contributor to
metabolic demand and human disorders such as obesity, diabetes, and metabolic syndrome.

The idea of uncoupling ATP hydrolysis from calcium transport was first postulated by Lee et
al. (109), wherein they suggest SLN association with SERCA promotes more ATP hydrolysis than
calcium transport. They postulated that the observed uncoupling effects could be simulated by
‘slippage’ of calcium from SERCA’s calcium-binding sites back to the cytosol. Based on these
observations, they speculated on the role of SLN-mediated ATPase uncoupling as a mechanism for
heat-generation in mammals. Since then, several groups have investigated this phenomenon to
determine SLN’s role in thermogenesis.

Speculation as to the mechanism by which SLN uncouples SERCA is a controversial research
topic. As previously mentioned, SLN’s C-terminal tail is highly conserved and critical for SLN’s
regulatory properties but appears not to affect ATPase uncoupling (102). An important detail to note
is that SLN has been reported to depress the Vi of SERCA calcium uptake, but not the consumption
of ATP (103). Recent research indicates that the N-terminal domain of SLN is essential for its
uncoupling function (99, 102), in addition to its regulatory function (110). It has been posited that
this region can induce structural rearrangement in SERCA’s ‘energy-transduction domain’ (99) causing
the region to become more plastic. In particular, charged glutamate residues in the N-terminus of
SLN appear to be essential to uncoupling function, and removal of the N-terminus results in a
truncated SLN that can still bind to SERCA’s inhibitory groove. This indicates that SLN binding to
SERCA’s inhibitory groove is independent of its uncoupling effects on SERCA. SLN’s N-terminus
is variable in mammals and it is unclear how this variability contributes to SLN-mediated ATPase
uncoupling in thermogenesis.

SLN’s contribution to physiological thermogenesis continues to be a controversial topic. A

number of research groups postulate that SLN is involved in adaptive thermogenesis (111-113), while
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other groups reluctantly admit it may be involved in thermogenesis, but not in an adaptive capcity
(114). These conflicting reports indicate a gap in the understanding of SLN mediated uncoupling of
SERCA and its physiological relevance that, if resolved, provides an alluring explanation for cold
adaptation (108, 115), and non-shivering heat generation in brown adipose tissue-deficient animals

(99, 102).

1.3.2.3 — SLN regulation

The elaborate regulatory axis that targets SERCA-SLN is similar to that described above for
SERCA-PLN. This is of particular importance in atrial muscle, where SLN and PLN are both present
in a potential ternary, super-inhibitory complex with SERCA (116). The presence of SLN and PLN
in the same tissue presents a unique challenge for both peptide and SERCA regulation. Given that
there are also reports of SLN and PLN expression in diseased ventricles of patients with chronic
isolated mitral regurgitation (117) and reports of SLN regulating cardiac SERCAZ2a (and conversely,
PLN regulating SERCA1a (80)), it seems likely that the combination of PLN and SLN represents a
unique signalling pathway dependent on the distinct regulatory capabilities of PLN and SLN. Despite
the evident structural homology between SLN and PLN;, relatively little is known about SLN
regulation (perhaps the lack of disease association has failed to motivate a robust investigation). The
N-terminus of SLN has a conserved threonine residue (Tht’) that appears to be a target for
phosphorylation.  Two kinases have been reported to target SLN, CAMKII (110) and
serine/threonine kinase 16 (118). It is also clear that Thr’ is essential for normal SLN function and
that phospho-mimetic mutations disrupt function (110), though the physiological mechanisms and
consequences remain unknown. The cytoplasmic domain of SLN is the likely site for binding
scaffolding proteins (AKAPSs) and regulatory complex formation (kinases, phosphatases, oligomers, ez
cetera). However, this concept is obfuscated by the fact that the cytoplasmic domain of SLN is the
most variable region and unique in humans. This sequence is MGINTRE in humans and MERSTQE
in mice and many other mammals, and this contrasts sharply with the highly conserved cytoplasmic
domain of SLN. Perhaps this variability reflects the relative role of SLN in different organisms and
the requirement for thermogenesis, as well as skeletal and atrial muscle calcium homeostasis and

contractility.
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1.3.2.4 — SLN oligomers

SLN is considered a functional homologue of PLN,; it occupies the same inhibitory groove as PLN
(45—47) and it alters SERCA’s apparent calcium affinity in the same manner as PLN. As a functional
homologue of PLN, it would not be surprising if SLN could also form higher-order oligomers.
Previous work indicates that much of the stability of the PLN pentamer stems from an Ile-Leu zipper
motif (119), wherein successive Ile and Leu residues lie on the same ‘face’ of the PLN TM domain
and interact with neighbouring PLN molecules to form a stable pentamer. The Ile-Lue residues
inSLN’s TM domain are not completely conserved but they align on the same TM domain face as
PLN. Helical-wheel diagrams of SLN indicate that SLN may also form a pentamer, albeit perhaps
less stable than PLN (Figure 1.11). Additionally, SLN dimers have been observed in MD simulations
of mutated SLN (120), indicating that the molecular interactions in SLN multimers can be energetically

favourable, but low-affinity.

Figure 1.11: An SLN Ile/Leu Zipper motif. (A) Helical wheel schematic of SLN TM residues Leu!® — Leu?4, highlighted tesidues
indicate successive Ile/Leu residues on the same face of the helix (focusing on residues 10-24). (B) A representative schematic of
multiple helical wheel SLN schematics indicating the Ile/Leu zipper interactions between SLN monometrs. (C) A pseudo-atomic model
of SLN TM residues Leu!® — Leu?* from the NMR structure of SLN (PDB: 1JDM) showing the interaction of Leu/Ile sidechains in a

potential SLN pentamer.
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Thus far, there is little direct experimental evidence of SLN forming higher-order oligomers
in atrial and skeletal muscle to the same degree as PLN. The PLN pentamer is readily observable by
SDS-PAGE; however, there is evidence showing that SLN can form dimers by SDS-PAGE. In
addition, crosslinking and FRET spectroscopy have indirectly provided evidence of SLN oligomers
(121, 122). Considering that SLN works as a homologue of PLN,; it would be not surprising if SLN
forms a pentamer that interacts with SERCA in a similar manner as PLN, but perhaps with lower
stability of the pentamer and lower affinity for SERCA. As described above, previous work hints
towards the existence of an SLN pentamer as a functional unit, not unlike PLN. This thesis hopes to
prove that SLN oligomers are both present and naturally associate with SERCA throughout the
transport cycle and have a measurable effect on SERCA regulation independent of the canonical

inhibitory association.

1.4 — New regulatory peptides

The convergence of techniques such as bioinformatics, transcriptomics, and proteomics has
recently led to the identification of hundreds of putative coding smORFs in vertebrate long noncoding
RNAs. Since these smORFs encode theoretical peptides of less than ~100 amino acids, they have
been described as micropeptides within the microproteome. However, these peptides have been
overlooked because of the large number of potential smORFs and the difficulty in validating their
expression and physiological roles.

Careful bioinformatic analysis of long noncoding RNAs has yielded the discovery of several
new regulatory peptides. This discovery included the identification of two new muscle-specific
peptides myoregulin (MLN) and DWORF (123, 124), and two non-muscle specific peptides
endoregulin (ELN) and another-regulin (ALN). There is an overlap in the tissue-specific expression
of SERCA isoforms and these newly identified regulators (125), which hints at their regulatory targets
and properties. The SERCA1la isoform and MLN appear to be co-expressed in skeletal muscles and
absent in most other tissues. Similarly, the ubiquitous expression pattern of the SERCA2b isoform is
mirrored by ALN expression, and ELN mirrors the endothelial and epithelial expression pattern of
SERCA3 isoforms. By comparison, the expression patterns of SERCA2a, PLN, and SLN are much
more restricted to cardiac muscle (PLN in ventricular and atrial muscle; SLN in atrial muscle). This
overlap in expression is not surprising as it is not unreasonable to assume that the complexity of

calcium homeostasis in muscle cells is also reflected in all other cell types. As stated earlier, calcium
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homeostasis is of the utmost importance and stands to require careful attention to avoid potentially
fatal fluxes in calcium concentrations. Multiple SERCA isoforms in multiple cells and tissue types
play a role in a vast array of signalling pathways and physiological processes. It stands to reason that
tissue specific modulators of SERCA activity could fulfill the unique calcium regulatory needs found
in other cell types that the SERCA2b isoform cannot accommodate.

Preliminary research has determined that these novel regulators share secondary structural
characteristics with PLN and SLN and likely occupy the same inhibitory groove formed by M2, M6,
and M9 of SERCA. This is not an unreasonable assumption, as SERCA has been found to interact
with a wide range of hydrophobic peptides in its inhibitory cleft (100, 126—128). Functional homology
of the newly discovered regulatory peptides with PLN and SLN begets speculation that these peptides
could also share PLN and SLN’s propensity to form oligomers. The proposal of a universal oligomeric
association of regulatory peptides with SERCA is tantalizing as it brings to light an exciting new
regulatory avenue for SERCA-mediated calcium homeostasis. How these new peptides fit into the
extensive microproteome involved in calcium homeostasis remains an active area of research with a

very bright future.

1.5 — The big picture

Our current understanding of SERCA, PLN, and SLN structure and function has evolved
over the last 50 years as an immensely complicated regulatory network that controls SERCA-
dependent calcium homeostasis. Considering that there are multiple SERCA isoforms in most cell
types, and now multiple SERCA regulatory subunits in some tissues, there must be an elaborate
regulatory network and spatio-temporal control mechanism for fine-tuning calcium handling. A gap
remains in the understanding of PLN and SLN oligomers association with SERCA. This thesis aims
to fill this gap by determining the function of PLN and SLN oligomers as a regulatory unit of SERCA.
The understanding of this arm of the calcium regulatory network is of critical importance because the

dysfunction of calcium homeostasis is a significant feature of human heart failure.

1.6 — Thesis outline
1.6.1 - Chapter 2: The phospholamban pentamer alters function of the sarcoplasmic reticulum
calcium pump

In Chapter 2, we intended to challenge the current paradigm of PLN pentamer function. In

this study, we demonstrate that PLN pentamers naturally associate with SERCA, which offers an
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explanation for why they are required for the regulation of SERCA’s calcium transport properties The
evidence supporting this hypothesis was attained through a comparative analysis of different classes
of two-dimensional co-crystals of SERCA in the presence and absence of PLN. MD simulations of
PLN oligomers associated with SERCA and functional analysis of differing PLN to SERCA molar
ratios further verified our assertion that the PLN pentamer is a functional regulatory subunit that acts

to stimulate the V. of SERCA.

1.6.2 — Chapter 3: Interaction of a sarcolipin pentamer and monomer with the sarcoplasmic
reticulum calcium pump, SERCA

In chapter 3, we investigate the existence of an SLN pentamer and its function as a SERCA
regulatory unit. Analysis of two-dimensional crystals of SLN and SERCA revealed that SLN
oligomers interact with SERCA in a similar way to that identified in PLN previously, but have a unique
arrangement and an additional caveat of the presence of an interacting monomer. These observations
suggest that not only does SLN form regulatory oligomers that naturally associate with SERCA, but
they remain associated with SERCA even when an inhibitory monomer is present in complex with
SERCA. This research was further bolstered by MD simulations and functional analysis of differing
SLN to SERCA molar ratios. This work verified our assertions that SLN forms a pentamer and that

it functionally regulates SERCA’s by depression Vi at elevated calcium concentrations.

1.6.3 — Chapter 4: Conformational diversity and memory in the interaction of sarcolipin with
the sarcoplasmic reticulum calcium pump SERCA.

In chapter 4, we demonstrate that SLN continuously associates with SERCA throughout its
catalytic cycle (E1-E2 transition). ATPase activity of proteoliposomes co-reconstituted with SERCA
was measured under different starting conditions in the presence or absence of SLN. The starting
conditions poise SERCA in different conformational states from which the catalytic cycle and SLN
interaction can be initiated. The presence of SLN in co-reconstituted proteoliposomes appears to
regulate SERCA throughout its catalytic cycle, suggesting that SLN does not dissociate entirely from
SERCA as SERCA undergoes E2-E1 conformational transitions. SLN has differential inhibitory
effects dependent on the starting conformation of SERCA, and this “conformational memory”
persists during calcium transport and multiple turnover events, suggesting that there are multiple

modes of interaction between SERCA and SLN. This work demonstrates that SLN remains
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associated with SERCA and the interaction depends on the conformational state of SERCA,

consistent with evidence that both the SLN monomer and pentamer act as regulatory units of SERCA.

1.6.4 — Chapter 5: Cryo-EM of two-dimensional crystals of SERCA and PLN

In chapter 5, we initiate structural studies of a unique variant of PLN. A human mutation in PLN

(Pro*-to-Thr) renders PLN entirely alpha-helical. We combine this human mutation with a ‘supet-

inhibitory’ mutation (Lys*'-to-Ala) creating a double mutant Pro”'-to-Thr & Lys”-to-Ala.

1.6.5 — Chapter 6: Conclusions

In chapter 6, we state the major conclusions of this thesis and explore future directions for the field

of SERCA-regulin interactions.
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Stylized model of PLN interacting with M3 of SERCA

See Figure 2.7 and section 2.5.6
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2.1 — Summary

The interaction of phospholamban (PLN) with the sarco-endoplasmic reticulum Ca**-ATPase
(SERCA) pump is a significant regulatory axis in cardiac muscle contractility. The prevailing model
involves reversible inhibition of SERCA by monomeric PLN and storage of PLN as an inactive
pentamer. However, this paradigm has been challenged by studies demonstrating that PLN remains
associated with SERCA and that the PLN pentamer is required for the regulation of cardiac
contractility. We have previously used two-dimensional (2D) crystallization and electron microscopy
to study the interaction between SERCA and PLN. To further understand this interaction, we
compared small helical crystals and large 2D crystals of SERCA in the absence and presence of PLN.
In both crystal forms, SERCA molecules are organized into identical antiparallel dimer ribbons. The
dimer ribbons pack together with distinct crystal contacts in the helical versus large 2D crystals, which
allow PLN differential access to potential sites of interaction with SERCA. Nonetheless, we show
that a PLN oligomer interacts with SERCA in a similar manner in both crystal forms. In the 2D
crystals, a PLN pentamer interacts with transmembrane segments M3 of SERCA and participates in
a crystal contact that bridges neighbouring SERCA dimer ribbons. In the helical crystals, an
oligomeric form of PLN also interacts with M3 of SERCA, though the PLN oligomer straddles a
SERCA-SERCA crystal contact. We conclude that the pentameric form of PLN interacts with M3 of
SERCA and that it plays a distinct structural and functional role in SERCA regulation. The interaction
of the pentamer places the cytoplasmic domains of PLN at the membrane surface proximal to the
calcium entry funnel of SERCA. This interaction may cause localized perturbation of the membrane

bilayer as a mechanism for increasing the turnover rate of SERCA.
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2.2 — Introduction

Membrane transport by the sarco-endoplasmic reticulum Ca**-ATPase (SERCA) is central to
restoring cytosolic calcium levels after intracellular calcium release. In muscle, calcium release from
the sarcoplasmic reticulum (SR) leads to contraction. During the subsequent relaxation phase, SERCA
transports two cytoplasmic calcium ions into the SR in exchange for two to three luminal protons and
at the expense of one molecule of ATP. We currently have an excellent understanding of the SERCA
transport cycle from crystallographic studies (reviewed in (2—4)). SERCA consists of three
cytoplasmic domains (nucleotide-binding, phosphorylation, and actuator domains) connected to a 10-
helix transmembrane domain. SERCA’s cytoplasmic domains mediate the ATP binding and
phosphoryl transfer, and the associated conformational changes are coupled to changes in the calcium-
binding sites located in the transmembrane domain.

Physiologically, SERCA function depends on the differential expression of SERCA isoforms
and splice variants as well as the differential co-expression of small regulatory transmembrane
proteins. The SERCA2a isoform is predominantly expressed in cardiac muscle and is regulated by the
co-expression of phospholamban (PLN), a 52 amino acid integral membrane protein that binds to
and lowers the apparent calcium affinity (Kc,) of SERCA. In fast-twitch skeletal muscle, SERCA1la is
predominantly expressed and is regulated by the co-expression of sarcolipin (SLN), a 31- amino-acid
integral membrane protein homologous to PLN. Although this regulatory pattern is representative of
cardiac and skeletal muscle, respectively, SLN and PLN are co-expressed in some human skeletal
muscle fibres (5). Thus, PLN is also a physiological regulator of SERCAla. The prevailing model for
PLN inhibition of SERCA involves the reversible association of a PLN monomer (6), which binds to
the calcium-free state of SERCA and dissociates under conditions of elevated cytosolic calcium or
PLN phosphorylation. This model originated with the observation that monomeric forms of PLN
(i.e., mutants that disrupt the pentameric assembly of PLN) were better inhibitors of SERCA (7, 8).
Later, cross-linking (9) and coimmunoprecipitation (10) studies suggested that relief of SERCA
inhibition was accompanied by the dissociation of PLN. Monomeric and pentameric forms of PLN
were said to be in dynamic equilibrium in the membrane, with the pool of monomers and pentamers
influenced by the phosphorylation status of PLN (11). Finally, the PLN pentamer was described as
an inactive storage form (6, 12) despite the absence of direct experimental evidence.

This paradigm for SERCA inhibition by PLN has been challenged by discrepant results as well
as recent studies that show a persistent association between SERCA and PLN. Initial indications were

from coimmunoprecipitation studies (10) and electron paramagnetic resonance spectroscopy (13),
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which demonstrated that phosphorylated PLN did not dissociate from SERCA as expected. Since
then, many studies using Forster resonance energy transfer (14—16), electron paramagnetic resonance
(17, 18), and NMR (19) have reinforced the concept that PLN appears to be a constitutive regulatory
subunit of SERCA. In addition, the PLN pentamer is required for normal cardiac development and
function (20) despite being described as an inactive storage form. The active roles proposed for the
PLN pentamer include a cation-selective channel (21, 22), modulation of PLN phosphorylation (23,
24), and direct interaction with SERCA (25, 26). Regarding this latter point, it is interesting to note
that the crystal structure of the SERCA-PLN complex contains two PLN molecules in complex with
a single SERCA molecule (27). Although only one PLN molecule directly interacts with SERCA, the
structure reveals that an oligomeric form of PLN interacts with SERCA. Recall that PLN is proposed
to exist as a dynamic equilibrium of oligomeric states ranging from pentamer to monomer (11). The
crystal structures of the SERCA-PLN and SERCA-SLN complexes revealed a novel calcium-free E1-
like state of SERCA (27-29). In these structures, the binding groove for PLN and SLN formed by
transmembrane helices M2, M6, and M9 of SERCA is shallow enough to accommodate oligomeric
forms of PLN. Thus, the interaction potential of PLN oligomers with SERCA remains an outstanding
question in the field.

Toward this goal, our laboratory previously showed that PLN pentamers interacted with
SERCA in two-dimensional (2D) co-crystals in a manner dependent on the functional state of PLN
(25, 26). The physical interaction in these crystals occurred at an accessory site on SERCA
(transmembrane segment M3), yet it bore all the hallmarks normally associated with SERCA inhibition
by the PLN monomer in that crystal formation depended on the functional, oligomeric, and
phosphorylation states of PLN. Although this suggested that PLN pentamers contribute to SERCA
regulation in some unappreciated fashion, uncertainty remained because PLN participates in a crystal
contact with SERCA in the large 2D co-crystals. To further examine this SERCA-PLN interaction,
we undertook a comparison with helical crystals of the SERCA-PLN complex by electron cryo-
microscopy. The site of interaction between SERCA and PLN in the large 2D crystals (i.e.,
transmembrane segment M3 of SERCA) is involved in a SERCA-SERCA crystal contact in the helical
crystals. Because the SERCA-SERCA contact facilitates helical crystal formation, a PLN interaction
at this site is not required for crystal formation. Nonetheless, we found transmembrane densities in
the helical crystals that were attributable to PLN and associated with M3 of SERCA. We also
demonstrated that the functional effects of PLN on SERCA depend on the stoichiometry, suggesting

that PLN oligomers have a unique functional effect on SERCA. Combined, the results support
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evidence of an association between PLN pentamers and SERCA, with structural and functional
consequences that are distinct from the inhibitory interaction. A molecular model of this SERCA-
PLN pentamer complex was generated using protein docking and molecular dynamics (MD)

simulations.

2.3 — Results

The regulatory target of PLN in cardiac muscle is the SERCA2a isoform, which is 85%
identical in primary structure to the skeletal muscle SERCAla isoform used in this study. PLN has
been shown to regulate both SERCA isoforms in a similar manner (30, 31). Perhaps more important,
the physiological relevance of PLN regulation of SERCA1a has been demonstrated by the finding that
PLN and SERCA1a are both present in human skeletal muscle (5).

2.3.1 — Functional differences between the PLN monomer and pentamer

The PLN-SERCA molar ratio reported for cardiac SR membranes varies from 1:1 (32) to 4:1
(33-35), suggesting that modulation of PLN content in the SR membranes may play a role in the
regulation of SERCA and cardiac contractility. Yet the effect of PLN on the apparent K¢, of SERCA
saturates at a molar ratio of approximately one PLN monomer per SERCA (33, 36). These
observations raise the question, “what are the consequences of excess PLN in cardiac SR
membranes?” To investigate this, we measured the calcium-dependent ATPase activity of SERCA
alone and in the presence of two molar ratios of SERCA-PLN (1:2.5 and 1:5; Figure 2.1). These
SERCA-PLN ratios were chosen to saturate the effect of the PLN monomer (1:2.5 ratio) and reveal
any effects of the PLN pentamer at a higher ratio (1:5). Whereas the effect of PLN on the Kc, of
SERCA remained unchanged under these conditions, there was a statistically significant increase in
the maximal activity (Vima) of SERCA at the 1:5 molar ratio of SERCA-PLN. The Vi values for
SERCA alone (4.10 £ 0.05 pmol/min/mg), SERCA with 2.5 mol of PLN (4.95 £ 0.08
umol/min/mg), and SERCA with 5 mol of PLN (6.10 £ 0.20 pmol/min/mg) were all statistically
significant from one another (p < 0.01). This result supports the notion that the membrane
concentration of PLN influences SERCA activity (37-39). The dependence of Vi, but not Ke,, on
the SERCA-PLN membrane concentration, suggests that there are multiple modes of interaction
between PLN and SERCA involving more than a simple one-to-one inhibitory interaction between

these proteins.
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SERCA  PLN25:1  PLN5:1
Ke, | 0.46+0.01 | 0.86+0.06* | 0.89 +0.03*
Viax | 4.10£0.05 | 4.95+0.08* | 6.10 £ 0.20*

01 571 2971

PLN pentamer

ATPase activity (umoles/min/mg)

0.01 U8 1 10
[UM free calcium]

Figure 2.1: ATPase activity as a function of calcium concentration for SERCA proteoliposomes in the absence and presence
of PLN. Proteoliposomes containing SERCA alone (filled circles, black line), proteoliposomes containing SERCA and a 2.5:1 molar
ratio of PLN (open circles, gray dashed line), and proteoliposomes containing SERCA and a 5:1 molar ratio of PLN (filled triangles,
gray line) are shown. The lines represent the curve fitting of the experimental data using the Hill equation, and the Vi, (maximal
activity) and Kc, (apparent calcium affinity) are indicated in the inset table. The asterisk (*) indicates statistical significance (p < 0.01)
compared to SERCA alone. The Viax values in the presence of PLN ate also statistically significant from one another (p < 0.01). Each
data point is the mean % standard error (n=4). The inset shows 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel of
the reconstituted proteoliposomes of SERCA in the absence and presence of PLN. The bands corresponding to SERCA and the PLN
pentamer are indicated. The molar ratio of PLN to SERCA is indicated for each lane (0:1, 5:1, and 2.5:1). *ATPase activity measurements

and inset gel collected by J.O.P.

2.3.2 = Crystallization
Our previous studies of large 2D crystals of the SERCA-PLN complex identified an M3
accessory site with characteristics consistent with a functional interaction (25, 26). However, these

observations contradicted the central dogma that the pentamer is an inactive storage form of PLN.
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Because PLN also participated in a crystal contact in the 2D crystals, the relevance of this interaction
remained ambiguous. Thus, it became essential to determine if the interaction between SERCA and
the PLN pentamer is a crystal contact or a natural association. To address this issue, we re-examined
helical crystals of the SERCA-PLN complex (40—42) and compared them to the large 2D crystals (25,
26) (Figure 2.2). Helical crystals and large 2D crystals are grown from reconstituted proteoliposomes
containing either SERCA alone or SERCA in the presence of PLN. The proteoliposomes readily
form crystals when incubated in decavanadate and EGTA buffer (20 mmol/L imidazole (pH 7.4), 100
mmol/L KCl, 5 or 35 mmol/L MgCl,, 0.5 mmol/L EGTA, and 0.25 mmol/L Nas;VO, converted to
decavanadate), followed by several freeze-thaw cycles to promote proteoliposome fusion and the
growth of large crystals. Incubation at 4°C produces optimal crystal formation within 3-5 days.
Importantly, these experimental conditions are identical for the formation of helical and large 2D
crystals except for the concentration of magnesium; 5 mmol/L. MgCl, promoted the formation of
helical crystals, and 35 mmol/L MgCl, promoted the formation of large 2D crystals. The fundamental
units of both crystal forms are the well-characterized antiparallel dimer ribbons of SERCA molecules
(25, 41), which are known to be a stable structural element induced by decavanadate in the absence of
calcium (43, 44). However, the SERCA dimer ribbons are organized differently in the helical and large
2D crystals (Figure 2.3). Important for this study, the organization of the SERCA dimer ribbons in
the helical crystals had a significant impact on the pentamer interaction site observed in the large 2D

crystals.
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70 nm

500 nm

Figure 2.2: Representative examples of frozen-hydrated SERCA — PLN co-crystals. Helical crystals (A) and large 2D crystals (B)
of SERCA and PLN.
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2.3.3 — Helical versus large 2D crystals

In both crystal forms, the native-like membrane environment is well suited for structural
studies of SERCA regulatory complexes (25, 26, 45). The helical crystals are membrane cylinders with
relatively narrow diameter (~70 nm) in which the SERCA dimer ribbons are arranged with p2
symmetry (Figure 2.3). All SERCA molecules are oriented with their large cytoplasmic domains on
the exterior of the membrane cylinder, and there is no gap between neighbouring SERCA dimer
ribbons. The important point is that the inhibitory binding site for PLN (M2, M6, and M9 of SERCA)
is unobstructed, whereas the accessory site (M3) is involved in a SERCA-SERCA crystal contact that
brings together neighbouring dimer ribbons in the helical lattice (Figure 2.3). The crystal contact
occurs between the M3 and M4 loops of neighbouring SERCA molecules, thus limiting access of the
PLN pentamer to M3 of SERCA. The large 2D crystals form as single- or double-layered membrane
tubes with a relatively large diameter (0.5-3 pm). The large 2D crystals are composed of the same
SERCA dimer ribbons that make up the helical crystals, yet they are arranged differently in a p22:2,
lattice (Figure 2.3; (25)). The SERCA molecules are oriented with their cytoplasmic domains
alternately extending from both sides of the membrane, and there is a large gap between neighbouring
SERCA dimer ribbons. Thus, both the inhibitory binding site for PLN (M2, M6, and M9 of SERCA)
and the accessory site (M3) are open and unobstructed (Figure 2.3). In comparing the two crystals
forms, the inhibitory site on SERCA is accessible in both helical and large 2D crystals, whereas a

SERCA-SERCA crystal contact limits access to the M3 accessory site in the helical crystals.
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C - Large 2D crystals

N

Figure 2.3: Arrangement of SERCA molecules in the helical and large 2D crystals. (A) Two orthogonal views of the antiparallel
SERCA dimer that is a fundamental repeating unit of the helical and large 2D crystals are shown. Relative positions of the PLN
inhibitory site (I; M2, M4, M6, and M9 of SERCA) and the M3 accessory site in the SERCA dimer are indicated. Pseudo-atomic models
and projection contour maps for the helical crystals (B) and large 2D crystals (C) of SERCA and PLN are shown. The SERCA molecules
are arranged in antiparallel dimer ribbons in both lattices. Top panels are the view orthogonal to the membrane bilayer (PDB: 1IWO);
bottom panels are the view normal to the membrane bilayer. The locations of the inhibitory binding sites for PLN (I; M2, M4, M6, and
M9 of SERCA) are open in both crystal forms. The dashed line indicates the location of the accessory site for PLN binding (M3 of
SERCA), which is limited in the helical crystals and open in the large 2D crystals. Middle panels are the projection contour maps for
helical crystals (B) and large 2D crystals (C) The additional densities in the projection map of the large 2D crystals correspond to PLN

pentamers (between the dashed lines; the density for two pentamers is shown).
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2.3.4 — Helical crystals

In this study, we reanalyzed the helical crystals of SERCA and PLN (45) to identify densities
associated with the transmembrane domain of PLLN. Recall that our previous studies of the regulatory
SERCA-PLN complex using helical crystals at 10 A resolution provided a well-defined three-
dimensional structure for SERCA and weak, discontinuous densities attributable to the cytoplasmic
domain of PLN (45). To observe these PLN densities, it was necessary to calculate difference maps
between helical reconstructions of SERCA in the absence and presence of PLN. Nonetheless, a model
was proposed in which the cytoplasmic domain of PLN interacted with two SERCA molecules,
though no difference densities were observed for the transmembrane helix of PLN (45).

To improve upon our previous analyses, we hypothesized that a higher-resolution control
would facilitate comparison with our SERCA-PLN data sets and lead to the identification of
transmembrane densities. A 6 A resolution structure of SERCA by electron cryo-microscopy was
reported, which improved upon our previous control data set by increasing the number of helical
crystals included in the analysis (Table 2.1; (41)). The quality of the resultant density map was
sufficient for fitting of SERCA atomic coordinates, which required rigid-body docking of SERCA
domains into corresponding regions of the map. This higher-resolution control data set (SERCA in
the absence of PLN) was necessary for the visualization of PLN densities. Second, to identify
transmembrane densities, we focused on the highest resolution data set for SERCA in the presence
of PLN (25). This higher-resolution data set of SERCA-PLN helical crystals was satisfied by 1) the
super-inhibitory pentameric form of PLN (Asn®’-to-Ala mutant; canine PLN sequence), 2) a 1:3.5
molar ratio of SERCA to PLN, and 3) the absence of thapsigargin, which has traditionally been used

to promote helical crystals.
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SERCA® SERCA-PLN?

Number of crystals 58 32
Helical symmetries 5 2
Reference symmetry -22.6 -27.9

Twofold phase statistics (A)°

40 1.1° 0.7°
30 1.7° L.7°
20 4.0° 3.8°
14 15.2° 12.5°
10 27.5° 23.8°
8 37.2° 38.8°

*Previously described in (34).
bPIeviousl}' described in (33).
cAmplimide-weighted phase resiudals for twofold symmetry, including 100% of the off-equatorial data

for the indicated resolution ranges. Random phases produce a phase residual of 45°.

Table 2.1: Crystallographic data for frozen-hydrated helical crystals of SERCA in the absence and presence of PLN is

summarized

To determine structural differences in the presence of PLN, we focused on helical crystals of
the super-inhibitory pentameric form of PLN (Asn*-to-Ala mutant). The crystallographic data for
the control and Asn”-to-Ala data sets have similar twofold phase statistics as a function of resolution
to 8 A (Table 2.1). The helical reconstructions for SERCA in the absence and presence of PLN at 8
A resolution were subjected to two rounds of density scaling and real space alignment, followed by
density subtraction to produce a difference map (Figures 2.4 and 2.5). This comparison finally
revealed densities attributable to the transmembrane domain of PLN, which could be interpreted in
terms of a pseudoatomic model for SERCA in the helical crystals (41). A set of densities was found
at the M3 accessory site, along a twofold axis that relates a pair of SERCA molecules from
neighbouring dimer ribbons. The twofold axis corresponds to a crystal contact between SERCA
molecules involving M3 and M4 loop in which four PLN densities traverse the membrane and straddle
a pair of M3 segments (Figure 2.4). Similarly, a series of densities were observed at the surface of the

membrane, directly above the transmembrane densities (Figure 2.5). Although the densities were
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consistent with a PLLN tetramer, the observed oligomeric state is likely influenced by the twofold axis
formed by the SERCA-SERCA crystal contact. An additional weak density was observed adjacent to
the PLN tetramer, suggesting partial occupancy of a fifth PLN molecule (i.e., a PLN pentamer; Figure
2.4, arrow). Nonetheless, an oligomeric form of PLN was found associating with M3 of SERCA in
the helical crystals, which is precisely what was observed in large 2D co-crystals of the SERCA-PLN
complex (25, 20).
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Figure 2.4: Transmembrane difference density map from helical crystals of SERCA in the absence and presence of PLN. (A)
A projection map for the helical crystals with a box indicating the area of the helical lattice shown in the following panels and a pseudo-
atomic model with a gray bar indicating the section of the map shown for the difference densities. (B) A difference density map at 8 A
resolution revealing transmembrane densities attributable to PLN (gray contours; 0.75 ¢ increment) is shown. The organization of
SERCA’s 10 transmembrane helices are shown as a black silhouette (four SERCA molecules are shown). (C) A pseudo-atomic model
of the transmembrane domain, shown for four symmetry-related SERCA molecules in the helical crystals (viewed normal to the
membrane bilayer). The difference density map (gray contours) is overlaid on the transmembrane helices of SERCA. Four discrete
densities are observed for PLN; there is a weak fifth density adjacent to these densities (arrow). The transmembrane helix M3 is
indicated by an asterisk in the four symmetry-related SERCA molecules. (D) The positions of the 10 transmembrane segments of
SERCA and the PLN transmembrane helices (orange circles), as indicated by the difference density map shown in (B) and (C), are

shown.
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Figure 2.5: A difference density map at the surface of the membrane from helical crystals of SERCA in the absence and
presence of PLN. (A) Shown again for clarity is the projection map for the helical crystals with a rectangle indicating the area of the
helical lattice shown in the following panels. The pseudo-atomic model is also shown with a gray bar indicating the section of the map
corresponding to the difference densities. (B) A difference density map at 8 A resolution revealing discrete densities attributable to the
cytoplasmic domain of PLN (gray contours; 0.75 & increment) is shown. The organization of SERCA’s “stalk” region is shown as a
black silhouette (four SERCA molecules are shown). (C) A pseudo-atomic model for this region of SERCA, showing four molecules
in the helical lattice viewed normal to the membrane bilayer, is shown. The difference density map (gray contours) is overlaid for
comparison. There are two sets of four discrete densities observed for PLN within this region of the map. The transmembrane helices
M1-M5 are indicated in one of the four symmetry-related SERCA molecules. (D) The positions of the helical segments of SERCA and
the PLN cytoplasmic domains (only the central four are shown as blue cylinders) as indicated by the difference density map shown in
(B) and (C) are shown. The positions of the PLN transmembrane densities are also indicated (orange circles). Asterisks indicate the

location of the calcium access funnel of SERCA.
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2.3.5 — Molecular model of the SERCA-PLN pentamer complex

To generate a molecular model of the SERCA-PLN pentamer complex that was representative
of the state found in the 2D crystals without the constraints of crystal contacts, we performed protein-
protein docking and MD simulations. After the protein-protein docking, the SERCA-PLN complex
that most closely matched the arrangement in the 2D crystals was selected. This complex was
embedded in a lipid bilayer (consisting of POPC, POPE, and POPA), fully hydrated to mimic
physiological conditions, and subjected to 500-ns MD simulations. This latter step was done to
validate the stability of the complex and ensure appropriate packing constraints at the molecular
interface between SERCA and the PLN pentamer (Figure 2.6). We found that transmembrane
segment M3 of SERCA interacts with the PLN pentamer at the interface between two PLN molecules
within the pentamer (Figure 2.7). The interaction occurs along the entire length of the PLN
transmembrane domains and M3 of SERCA (Figure 2.8; Figure 2.9). The N-terminus of one PLN
transmembrane domain interacts with the N-terminus of transmembrane segment M3 of SERCA
(Gln® and Phe™ of PLN molecule 1 ate proximal to Lys** of SERCA). The C-terminus of a second
PLN transmembrane domain interacts with the C-terminus of transmembrane segment M3 of SERCA
(Ile® of PLN molecule 2 is proximal to Trp*”* of SERCA). Between these regions, a lipid acyl chain
bridges the interface between the two PLN molecules and M3 of SERCA. The residues involved in
the lipid interaction include Leu” of PLN molecule 1, Ile* and Cys* of PLN molecule 2, and Ser*”
and Val*® of SERCA. The cytoplasmic domain of PLLN molecule 1 also interacts with M3 of SERCA,

with Arg25 forming an electrostatic pair with Glu*8

and Glu™).

amid a cluster of acidic residues (including Asp™*
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Figure 2.6: Time-dependent changes in the RMSD for the PLN pentamer and SERCA in MD simulations of the complex.
(A) Structure of the complex showing the location of each PLN unit. (B) RMSD values calculated for the cytosolic (red line) and

transmembrane (black line) domains of SERCA in the complex. (C) RMSD of the cytosolic and transmembrane domains of each unit

of the PLN pentamer. The RMSD plots indicate that the time scale in this study is sufficiently long for convergence of the

transmembrane regions of SERCA and the PLN pentamer in the modelled complex. In all cases, RMSD values were calculated using

backbone alignment for transmembrane helices of the complex. Note that PLN1 and PLN2 are involved in the interaction with

transmembrane segment M3 of SERCA (cyan).
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N domain

A domain

P domain

Figure 2.7: Molecular model for the interaction of SERCA with the pentameric form of PLN. Shown are the side view of the
full atomistic model (A) and the SERCA-PLN complex (B) generated from protein-protein docking and MD simulations. The top views
are shown in (C) and (D). SERCA and PLN are in cartoon cylinder representation, and the lipid bilayer is shown in stick representation.
PLN is in orange and red, and SERCA is coloured in a spectrum from blue at the N-terminus to orange at the C-terminus. The locations
of the A, N, and P domain are indicated in (A). Note that in the colour spectrum, the A domain is blue, the N domain is green, and the

P domain is yellow. The transmembrane segment M3 of SERCA is visible as a cyan cylinder behind the PLN pentamer in (B).

68



{®%wmy N domain
Kk 2ol
\ \’\‘\\V'(‘

£

i\\

N\

Figure 2.8: Interaction between SERCA and PLN oligomers. (A) Interaction interface between SERCA and the pentameric form
of PLN. SERCA and PLN are shown in ribbon representation, with PLN in orange to red and SERCA in spectrum from blue at the
N-terminus to orange at the C-terminus. (B) The interface between transmembrane segment M3 of SERCA (cyan) and two PLN
molecules in the pentamer (red) is shown. The cytoplasmic end of M3 interacts with the transmembrane domain of one PLN molecule
(PLNT1), whereas the luminal end of M3 interacts with the transmembrane domain of a second PLN molecule (PLN2). Lys202 of M3
interacts with GIn? and Phe3? of PLNT1, and Trp22 of M3 interacts with Ile*> of PLN2. In between these regions, a lipid acyl chain
(green spheres) inserts into the SERCA-PLN interface and interacts with several residues from M3 (Ser?6> and Val?®), PLN1 (Leu®),
and PLN2 (Cys*! and Ile). (C) During the time course of the MD simulation, a stable salt bridge formed between Arg?> of PLN1 and
Glu?8 on M3 of SERCA. There are additional negatively charged residues in this region of M3 (Asp®* and Glu?%) that could interact
with positively charged residues of PLN.
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Figure 2.9: Distance evolution between residue pairs associated with binding of the PLN pentamer to SERCA. Distances

between key contacts (Figure 2.7) involving PLN monomers PLN1 and PLN2 and SERCA were calculated by measuring the center-

to-center distance of the sidechain of each residue. Intermolecular interactions are considered at center-to-center distance values <7.5

A (dashed line).
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Figure 2.10: The maximal activity of SERCA is plotted for a series of alanine substitutions spanning the transmembrane
domain of PLN. (data from Trieber, et at al., 2009(38)). The data is shown from residue 34 (Asn3*-to-Ala) to the C-terminus of PLN
(Leu®2-to-Ala). The lower grey line is the maximal activity of SERCA in the absence of PLN, the upper grey line is the maximal activity
of SERCA in the presence of PLN, and the grey arrow indicates the observed increase in the maximal activity of SERCA in the presence
of PLN (at a molar ratio of 5 PLN to 1 SERCA). The dotted line is a trend curve indicating that the N- and C-termini of PLN’s
transmembrane domain have the largest impact on the ability of PLN to increase the maximal activity of SERCA. This is consistent

with the structural model shown in Figures 2.7 & 2.8.
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2.4 — Discussion

Early studies of PLN focused on the monomeric state as the species responsible for SERCA
inhibition (7, 8), whereas the pentamer was assigned the default role of an inactive storage form. These
conclusions were based on the observation that periodic mutations in the transmembrane domain of
PLN disrupt the pentamer, enhance monomer formation, and increase SERCA inhibition. The
consensus model that emerged included SERCA inhibition by monomeric PLN, a reversible
association between PLN and SERCA (40), and the dissociation of PLN as the primary mechanism
for relieving SERCA inhibition (i.e., after phosphorylation of PLN or elevated cytosolic calcium).
Molecular models of the SERCA-PLN inhibitory complex, based on the calcium-free E2 state of
SERCA, also appeared to support the monomer as the inhibitory form of PLN. In the E2 state, there
is a deep groove formed by transmembrane segments M2, M4, M6, and M9 of SERCA. Modeling
PLN’s transmembrane helix into this groove provided a plausible mechanism for SERCA inhibition
(47, 48). PLN would impede groove closure and the E2-E1 transition that accompanies calcium
binding by SERCA. In these molecular models, the deep binding groove could not accommodate a
PLN pentamer. However, recent crystal structures of the SERCA-PLN (27) and SERCA-SLN (28,
29) complexes have shed new light on the regulatory interaction. The structure of SERCA in these
complexes is an El-like, calcium-free state with PLN or SLN bound in a partially closed groove
formed by M2, M6, and M9 of SERCA. In the structure of the SERCA-PLN complex, there are two
PLN transmembrane helices associated with SERCA, and the shallow binding groove could
accommodate a PLN pentamer (27). Thus, the consensus model no longer adequately describes all

the available evidence regarding SERCA-PLN interactions.

2.4.1 — Functional consequences of PLN oligomers

In this study, the proteoliposomes containing SERCA and PLN provided a well-defined and
well-characterized (25, 26, 37, 42, 45) starting material for functional analysis and crystal formation.
Like cardiac and skeletal muscle SR membranes, the proteoliposomes are densely packed with SERCA
molecules uniformly oriented with their cytoplasmic domains on the exterior side of the lipid
membrane (molar ratio of ~120 lipids per SERCA (42)). The proteoliposomes also contain a molar
excess of PLN (~2.5-5 molecules of PLN per SERCA) in which the majority of PLN is similarly
oriented with the cytoplasmic domains on the exterior side of the membrane (38). These SERCA-
PLN ratios are similar to cardiac SR membranes (33-35). PLN exists as both a monomer and a

pentamer, with ~80% of PLN in the pentameric state (7, 11, 26, 38, 49, 50). Thus, the stoichiometry
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in the proteoliposomes ranges from 0.4 to 0.8 PLN pentamers per SERCA, respectively. These
proteoliposomes were used to measure SERCA ATPase activity in the absence and presence of PLN
(Figure 2.1). Two molar ratios of PLN were chosen to demonstrate the dependence of SERCA
function on increasing concentrations of the PLN pentamer. We observed an increase in the Vi, of
SERCA at the higher concentration of PLN pentamers. In contrast, the effect of PLN on the K¢, of
SERCA saturated at the lower concentration of PLN pentamers, as expected. Thus, the effect on the
Vimax of SERCA is dependent on the concentration of PLN pentamers and separate from the inhibitory

interaction between PLN and SERCA.

2.4.2 — Structural consequences of PLN oligomers

The proteoliposomes used for functional assays were the same as those used to generate helical
and large 2D crystals of SERCA in the absence and presence of PLN (25, 20, 45). These two crystal
morphologies were formed under relatively similar and straightforward crystallization conditions.
Besides the difference in magnesium concentration discussed above, the essential components
included EGTA to remove calcium and decavanadate to induce the formation of the SERCA dimer
ribbons. The removal of calcium promotes a calcium-free state of SERCA that is compatible with
PLN binding. Decavanadate interacts with SERCA at two sites, one that encompasses the nucleotide-
binding site and a second site that bridges the actuator domains of two SERCA molecules and thereby
stabilizes the antiparallel dimer ribbons (51).

Our initial finding that PLN pentamers interacted with SERCA in large 2D crystals was a
surprise (25). Nonetheless, this interaction was observed using wild-type PLN, Ile*-to-Ala PLN
(previously thought to be a monomeric form of PLN (46)), Lys*-to-Ala PLN (a supet-inhibitory
mutant), and Arg'*-to-Ala PLN (a partial loss of function mutant). In all cases, the oligomeric densities
were observed proximal to M3 of SERCA. At the time, the simplest explanation was that the PLN
pentamer makes a crystal contact with SERCA that is not relevant to the function of these two
proteins. However, further studies revealed that the SERCA-PLN interaction in the crystals
responded to physiological perturbations (26); namely, phosphorylation of PLN and mutations that
impact PLN function also impeded crystal formation. These perturbations have been used as
hallmarks for the functional interaction between SERCA and PLN. Thus, the PLN pentamer
appeared to interact with SERCA in a functionally relevant, though unexpected manner. However,
there were two SERCA interaction sites identified in the crystal lattice, one with M3 and one with

M10 of SERCA, and the PLN pentamer clearly participates in a crystal contact. This ambiguity led us
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to consider another crystal form capable of discriminating between a crystallographic and non-
crystallographic interaction. The helical crystals of the SERCA-PLN complex satisfied this
requitement. A simple change in the crystallization conditions (i.e., 5 vs. 35 mmol/L magnesium)
dramatically altered the crystal packing and the relative accessibility of transmembrane segment M3 of
SERCA. 'The helical crystals form at a lower magnesium concentration (5 mmol/L), and they
transform into the large 2D crystals at a higher magnesium concentration (35 mmol/L).

With this small change in magnesium, a significant difference between the helical and large 2D
crystals was the accessibility of transmembrane segment M3 of SERCA. In the helical crystals, M3 is
involved in a SERCA-SERCA crystal contact, which is absent in the large 2D crystals. Thus, the
helical crystals offer limited access to the M3 accessory site, whereas this site is accessible in the large
2D crystals. Despite the limited access to M3 in the helical crystals, an oligomeric form of PLN was
found straddling the M3 transmembrane segments of adjacent SERCA molecules (Figure 2.4). Four
discrete transmembrane densities were found, which correspond to the transmembrane helices of a
PLN oligomer. The evidence for the densities corresponding to PLN include the following
observations:

1) the size and density of each peak (~3.5 ©) are consistent with transmembrane helices;

2) besides SERCA, the only other protein present in the co-reconstituted proteoliposomes is

PLN (at ~1:3.5 SERCA/PLN molar ratio);

and

3) we know that PLN is present in the crystal lattice because an anti-PLN monoclonal antibody

disrupts crystallization (45).

We observed four densities rather than the five expected for a PLN pentamer; however, the PLN
oligomer sits across a twofold axis, and this must influence the interaction and the observed densities.
There is an adjacent fifth density (Figure 2.4), though it is weak and may represent partial occupancy
of an additional PLN molecule. We also observed four densities at the surface of the membrane
(equivalent to the cytosolic side of the SR membrane), situated above the PLN transmembrane
densities (Figure 2.5). These densities are consistent with the N-terminal o-helix of PLN and
molecular models that place it at the membrane surface (19, 52). In this case, the PLN oligomer does
not appear to interact with M10 of SERCA or another PLN oligomer, as was observed in the large
2D crystals. Thus, the data presented herein indicate that PLLN associates with the M3 accessory site

of SERCA independent of crystal contacts (Figure 2.7).
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2.4.3 — The PLN pentamer and SERCA activity

The increased Vi of SERCA in the presence of PLN pentamers has been shown to be
sensitive to mutation and the oligomeric state of PLN (37, 39). Here, we show that the increase in
the Vi of SERCA depends on the abundance of PLN pentamers in the same proteoliposomes used
for 2D crystallization (Figure 2.1). Thus, we can consider the interaction in the helical and large 2D
crystals in the context of the effect on the Vi of SERCA. Based on the protein-protein docking and
MD simulations, the SERCA-PLN interaction involves the transmembrane domains of two PLN
molecules within the pentamer (Figure 2.8). The N-terminus of one PLN transmembrane domain
interacts with the N-terminus of transmembrane segment M3 of SERCA, whereas the C-terminus of
a second PLN transmembrane domain interacts with the C-terminus of M3. The main stabilizing
interactions appear to be Arg” of PLN and Glu™® of SERCA, Phe” of PLN and Lys*” of SERCA,
and Ile” of PLN and Trp*” of SERCA. Between these regions, a lipid acyl chain lies at the interface
between the two PLN molecules and M3, lined by a series of hydrophobic residues. The cytoplasmic
domain of PLN molecule 2 (Figure 2.8C) lies closest to the calcium access funnel of SERCA. How
does this interaction increase the turnover rate of SERCA?

There are two well-known mechanisms for increasing the Vi, of SERCA. The first is to
solubilize SERCA in the detergent Ci2Es (53, 54), which frees SERCA from the lateral constraints of
the lipid bilayer and increases its Vm. approximately twofold. The second is to reconstitute SERCA
in the presence of a mixture of lipids including PC, PE, and PA. The addition of lipids that mildly
destabilize the bilayer (PE and PA) also increases SERCA’Ss Via (42, 55). With this context in mind,
the observed physical interaction between the PLN pentamer and SERCA offers a plausible
explanation for the stimulation of SERCA V... M3 acts as an activation site that lines the calcium
entry funnel of SERCA formed by transmembrane segments M1 and M2. In particular, the
transmembrane densities (Figure 2.4) and the membrane-surface densities flank the calcium access
funnel (Figure 2.5, asterisks). The cytoplasmic domain of PLN is highly basic and lies along the
membrane surface (19). As such, it would be expected to perturb lipid packing adjacent to the calcium
access funnel and transmembrane segments M1 and M2 of SERCA. This region of SERCA is highly
mobile in the SERCA transport cycle, and the membrane perturbation may facilitate the movement
of transmembrane helices and thereby increase the turnover rate of SERCA.

As mentioned above, the effect of PLN on the V. of SERCA is sensitive to PLLN mutation,
but not to PLN phosphorylation or anti-PLN antibodies (38). Merging our current findings with

previous mutagenesis studies revealed that particular residues in the primary structure of PLN, when
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mutated to alanine, failed to increase the Vi, of SERCA (35, 37, 38). The residues found to have the
largest loss of function included Val’, Gln>, Asn™, Leu”, Met”, and Leu’'. The first two residues, Val*
and Gln’, have minimal impact on the ability of PLN to shift the Kc. of SERCA, whereas the
remaining residues are critical for PLN function (Asn™) and pentamer formation (Leu®’, Met”, and

50 and

Leu™). It is interesting that residues at the N-terminus (Val* and Gln®) and C-terminus (Met
Leu’) of PLN are critical for this effect, suggesting that coordinated positioning of the cytoplasmic
and transmembrane domains may play a role (Asn® and Leu’ may also contribute). Moreover,
previous alanine-scanning mutagenesis of PLN (38) revealed that the N- and C-termini of the
transmembrane domain were most important for influencing the Vi, of SERCA, whereas residues in
the central portion of the transmembrane domain had a lesser effect (Figure 2.10). At the time, we
lacked an explanation for this effect, though we can now interpret these data in terms of the structural
model for the interaction between SERCA and the PLN pentamer. The molecular interactions that
appear to stabilize the pentamer interaction with SERCA are localized to the N- and C-termini of
PLN’s transmembrane domain (Figure 2.8), and this correlates with the functional consequences of
alanine-scanning mutagenesis, which also localizes to these regions of PLN (Figure 2.10). It is
important to note that there must be competing consequences of alanine-scanning mutagenesis of the
transmembrane domain of PLN. A particular alanine substitution may directly influence the Vi of
SERCA or indirectly influence the Vi of SERCA by disrupting the pentameric state of PLN. The
pentamer stabilizing residues include Leu”, 1le*’, Leu®, Ile’, and Leu™ (7, 8). Finally, residues were
also found to increase the Vi of SERCA further when mutated to alanine, including Arg’, Arg", and
Arg" in the cytoplasmic domain of PLN (35). The modulation of charged residues in the cytoplasmic
domain would be expected to alter the amphipathic membrane interactions of PLN. Together with
the coordinated positioning of the cytoplasmic and transmembrane domains of PLN, these
observations are consistent with the hypothesis that membrane perturbation may facilitate a more

rapid turnover rate for SERCA.

2.5 — Experimental procedures
2.5.1 — Materials

All reagents were of the highest purity available: octaethylene glycol monododecyl ether (Ci2Es;
Barnet Products, Englewood Cliff, NJ); egg yolk phosphatidylcholine, egg yolk
phosphatidylethanolamine (PE), and egg yolk phosphatidic acid (PA) (Avanti Polar Lipids, Alabaster,

AL); all reagents used for crystallization and the coupled-enzyme assay including sodium
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orthovanadate, NADH, ATP, phosphoenolpyruvate, lactate dehydrogenase, and pyruvate kinase
(Sigma-Aldrich, Oakville, ON, Canada).

2.5.2 — Co-reconstitution of PLN and SERCA

Recombinant PLN was expressed and purified, as previously described (56). SERCA1la was
purified from rabbit skeletal muscle SR (53, 57). Lyophilized PLN (100 or 50 pg) was suspended in a
100-uLL. mixture of chloroform-trifluoroethanol (2:1) and mixed with lipids (400 ng egg yolk
phosphatidylcholine (PC), 50 pug egg yolk PE, and 50 pg egg yolk PA) from stock chloroform solutions.
The peptide-lipid mixture was dried to a thin film under nitrogen gas and desiccated under vacuum
overnight. The peptide-lipid mixture was hydrated in buffer (20 mmol/L imidazole (pH 7.0); 100
mmol/L KCI; 0.02% NaNs) at 37°C for 10 min, cooled to room temperature, and detergent
solubilized by the addition of Ci2Es (0.2% final concentration) with vigorous vortexing. Detergent-
solubilized SERCAla was added (500 pg in a total volume of 500 uL), and the reconstitution was
stirred gently at room temperature. Detergent was slowly removed by the addition of SM-2 Bio-Beads
(Bio-Rad, Hercules, CA) over a 4-h time course (final weight ratio of 25 Bio-Beads to 1 detergent).
After detergent removal, the reconstitution was centrifuged over a sucrose gradient for 1 h at 100,000
x RCF. The resultant layer of reconstituted proteoliposomes was removed, flash frozen in liquid N,

and stored at -80°C. The final approximate molar ratios were 120 lipids to 3.5 PLN to 1 SERCA (45).

2.5.3 — Crystallization conditions

The helical and large 2D crystal data sets used in this study have been previously published
(26, 41, 45). The methods used to generate these crystals are reiterated here. Co-reconstituted
proteoliposomes were collected by centrifugation in crystallization buffer (20 mmol/L imidazole (pH
7.4), 100 mmol/L KCl, 5 or 35 mmol/L MgCl,, 0.5 mmol/L. EGTA, and 0.25 mmol/L Na;VO,, with
or without 30 mmol/L thapsigargin). The 0.25 mmol/L Na;VO, was converted to decavanadate form
by lowering the pH to 2 on ice, then slowly raising the pH to ~7 and immediately using the solution
for crystallization. The pellet was subjected to two freeze-thaw cycles, resuspended with a
micropipette, followed by two additional freeze-thaw cycles. The samples were incubated at 4°C for
several days to 1 week. The use of 5 mmol/L. MgCl; in the crystallization buffer promoted the
formation of helical crystals, whereas the use of 35 mmol/L MgCl, promoted the formation of large
2D crystals. The large 2D crystals were formed from SERCA in the presence of a Lys”'-to-Ala PLN

mutant (human PLN sequence (26)), whereas the helical crystals were formed from SERCA in the
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presence of an Asn”’-to-Ala PLN mutant (canine PLN sequence (45)). Note that these two sequences
are nearly identical, with two minor sequence variations (Glu* and Lys* in human PLN are Asp® and
Asn” in canine PLN). Thus, the PLN variants in the crystals differ only by having Glu® or Asp®, and

they are both super-inhibitory pentameric forms of PLN.

2.5.4 — ATPase activity assays of SERCA reconstitutions

A coupled-enzyme assay measured ATPase activity of the co-reconstituted proteoliposomes
over a range of calcium concentrations from 0.1 to 10 umol/L (38, 58, 59). The assay has been
adapted to a 96-well format utilizing Synergy 4 (BioTek Instruments, Winooski, VT) or SpectraMax
M3 (Molecular Devices, San Jose, CA) microplate readers. Data points were collected at 340 nm
wavelength, with a well volume of 150 mL containing 10-20 nmol/L. SERCA at 30°C (data points
were collected every 28-39 s for one hour). The reactions were initiated by the addition of
proteoliposomes to the assay solution, which corresponds to the simultaneous addition of calcium
and ATP condition reported previously (59). The V. (maximal activity) and Kec. (apparent calcium
affinity) were determined based on nonlinear least-squares fitting of the activity data to the Hill
equation (Sigma Plot software; SPSS, Chicago, IL). Errors were calculated as the standard error of

the mean for a minimum of four independent reconstitutions.

2.5.5 — Data processing

The helical crystals data sets have been previously published (Table 1; (41, 45)). The structure
from helical crystals of SERCA alone was an average generated from five helical symmetry groups (-
22, 6 reference symmetry). The structure from helical crystals of SERCA in the presence of PLN
(Asn”-to-Ala mutant; canine sequence) was an average generated from two helical symmetry groups
(-27, 9 reference symmetry). Density maps were calculated for the SERCA-PLN helical crystals
without enforcing twofold symmetry. The two molecules composing the unit cell for the control
structure (SERCA alone) were masked and aligned by cross-correlation with the corresponding
molecules from the SERCA-PLN map. After alignment, the two molecules composing the unit cell
for the control structure were summed to generate a single map and back-transformed to Fourier
space to generate layer-line data with the SERCA-PLN helical symmetry (-27, 9 reference symmetry).
Density maps were then calculated from the control and PLN layer-line data with and without twofold

symmetry enforced. Because the control and PLN layer-line data were now of the same helical
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symmetry group, a difference map could be calculated by simple density scaling and pixel-by-pixel

subtraction.

2.5.6 — Atomistic modelling of the PLN pentamer bound to SERCA

The crystal structure of SERCA1a in the E2eMgF,” state (Protein Data Bank (PDB): IWPG)
and the NMR structure of the PLN pentamer (PDB: 2KYV) were used as templates for the
construction of an atomic model of the SERCA-PLN complex. The model of the SERCA-PLN
complex was guided by the relative positions of SERCA and the PLN pentamer in projection maps
of the large 2D crystals (Figure 2.3; (25, 26)). Protein-protein docking simulations identified an
appropriate binding interface between the M3 helix of SERCA and the PLN pentamer. The program
ClusPro (60) was used to dock the M3 helix (residues Pro*® to Phe” were included) to the
transmembrane helices of the PLN pentamer (residues Gln® to Leu™ were included). We chose to
dock the pentamer onto the isolated M3 helix of SERCA to avoid artifacts inherent to the hydrophobic
nature of SERCA’s transmembrane domain, which can result in many false positives during the
protein-protein docking process. Only residues that do not participate in intramolecular SERCA
contacts were considered as potential SERCA-PLN interaction sites (i.e., Glu®™®, GIn*’, Lys*®, Leu™,
Val*®, Trp*?, Leu®”, 1le’”, and Phe”). The resulting docked orientations were clustered and
compared against the 2D crystallographic data to select the most appropriate M3-PLN pentamer

complex. The SERCA-PLN pentamer complex was then constructed by superposing the coordinates

of the M3 helix onto the crystal structure of the E26MgF,” state of SERCA. This initial model was
relaxed by performing a 0.2-ms MD simulation in the presence of ions, lipids, and water molecules.
To obtain the full-length PLN pentamer in the SERCA-PLN complex, we inserted the cytosolic
domain (residues 1-27) of each PLN unit into the relaxed model of SERCA bound to the
transmembrane helices of the PLN pentamer; we used the approximate location of the cytosolic
domains as found in the 2D crystals. The final full-length model of the SERCA-PLN complex was

then subjected to 5000 steps of energy minimization.

2.5.7 = MD simulations of the SERCA-PLN pentamer complex

The atomistic SERCA-PLN pentamer complex served as a starting structure to obtain a
structural model of the complex at physiologically relevant simulation conditions. Based on previous
studies of the E2 state of SERCA (61), we modelled transport site residues Glu™’, Glu™', and Glu™®

800
a

as protonated and residue Asp™" as ionized. The complex was inserted in a pre-equilibrated 150 X
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150 A bilayer of POPC:POPE:POPA (1-palmitoyl-2-oleoyl-sz-glycero-3-phosphocholine:1-palmitoyl-
2-oleoyl-s#-glycero-3-phosphoethanolamine:1-palmitoyl-2-oleoyl-sz-glycero-3-phosphate) lipids
(8:1:1). This lipid-protein system was solvated using three-site transferrable intermolecular potential
(TIP3P) water molecules with a minimal margin of 15 A between the protein and the edges of the
petiodic box in the z-axis, and K" and CI ions were added (KCl concentration of ~0.1 mmol/L). To
generate a reliable model of the complex, we performed MD simulations of the fully solvated complex
using NAMD 2.12 (62) with periodic boundary conditions (63), particle mesh Ewald (64, 65), a
nonbonded cut-off of 9 A, and a 2-fs time step. The CHARMMB3G6 force field topologies and
parameters were used for the proteins (60), lipids (67), water, and ions. The constant-temperature,
constant-pressure ensemble was maintained with a Langevin thermostat (310 K) and an anisotropic
Langevin piston barostat (1 atm). The system was first subjected to energy minimization, followed by
gradually warming up of the system for 200 ps. This procedure was followed by 10 ns of equilibration
with backbone atoms harmonically restrained using a force constant of 10 kcal mol' A2 The MD

simulation of the complex was continued without restraints for 500 ns.
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Stylized model of SLN interacting with M3 of SERCA

See Figure 3.7 and section 3.5.8

87



Preface

This chapter represents the culmination of the work published in the Biophysical Journal on
January 22, 2020. (Glaves, J. P., Primeau, J. O., Gorski, P. A., Espinoza-Fonseca, L. M., Lemieux, M.
J., and Young, H. S. (2019) Interaction of a sarcolipin pentamer and monomer with the sarcoplasmic
reticulum calcium pump, SERCA. Bigphys. 118, 518-531). JPG, JOP, and PAG performed the
research, analyzed data, and contributed to the writing and editing of the manuscript; MJL contributed
to the design and analysis of the data, and editing of the manuscript; LMEF performed and analyzed
the protein-protein docking and molecular dynamics simulations; HSY designed the research, analyzed
the data, and wrote the manuscript. This manuscript has been adapted and edited from its
original state to fit the format of the thesis presented. Title page figure generated using

Illustrate: Non-photorealistic Biomolecular Illustration (1).

88



3.1 — Summary

The sequential rise and fall of cytosolic calcium underlie the contraction-relaxation cycle of
muscle cells. While the initiation of contraction occurs by the release of calcium from the sarcoplasmic
reticulum, muscle relaxation involves the active transport of calcium back into the sarcoplasmic
reticulum. This re-uptake of calcium is catalyzed by the sarco-endoplasmic reticulum Ca®*-ATPase
(SERCA), which plays a lead role in muscle contractility. Small membrane protein subunits regulate
the activity of SERCA, the most well-known being phospholamban (PLN) and sarcolipin (SLN). SLN
physically interacts with SERCA and differentially regulates contractility in skeletal and atrial muscle.
SLN has also been implicated in skeletal muscle thermogenesis. Despite these important roles, the
structural mechanisms by which SLN modulates SERCA-dependent contractility and thermogenesis
remain unclear. Here, we functionally characterized wild-type SLN and a pair of mutants, Asn*-to-
Ala and Thr’-to-Ala, which yielded gain-of-function behaviour comparable to previous findings with
PLN. Next, we analyzed two-dimensional crystals of SERCA in the presence of wild-type SLN by
electron cryo-microscopy. The fundamental units of the crystals are anti-parallel dimer ribbons of
SERCA, known for decades as an assembly of calcium-free SERCA molecules induced by the addition
of decavanadate. A projection map of the SERCA-SLN complex was determined to a resolution of
8.5 A, which allowed the direct visualization of an SLN pentamer. The SLN pentamer was found to
interact with transmembrane segment M3 of SERCA, though the interaction appeared to be indirect
and mediated by an additional density consistent with an SLN monomer. This SERCA-SLN complex
correlated with the ability of SLN to decrease the maximal activity of SERCA, which is distinct from
the ability of PLN to increase the maximal activity of SLN. Protein-protein docking and molecular
dynamics simulations provided models for the SLN pentamer and the novel interaction between

SERCA and an SLLN monomet.
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3.2 — Introduction

A major regulator of cellular calcium homeostasis in skeletal muscle is the sarcoendoplasmic
reticulum Ca’*-ATPase (SERCA). Calcium release channels trigger muscle contraction by releasing
calcium stored in the sarcoplasmic reticulum (SR). In turn, the SERCA pump (SERCA1la isoform)
triggers muscle relaxation by returning calcium from the cytosol to the lumen of the SR. In skeletal
and atrial muscle, SERCA is regulated by sarcolipin (SLN), which allows for dynamic control of
calcium homeostasis and the contraction-relaxation cycle in skeletal muscle and the atria of the heart.
SLN is a 31-residue tail-anchored integral membrane protein that resides in the SR membrane and
acts as an inhibitor of SERCA. SLN is homologous to phospholamban (PLN), a well-known
regulatory subunit of SERCA in cardiac muscle (SERCA2a isoform). Both regulatory subunits inhibit
SERCA by lowering its apparent affinity for calcium. The relief of inhibition and re-activation of
SERCA is mediated by adrenergic signalling pathways and the reversible phosphorylation of PLN and
SLN, which in turn has significant effects on calcium uptake in muscle tissues.

Over the last few years, studies have revealed that SLN belongs to a family of regulatory
subunits that target SERCA in a tissue-specific manner, herein collectively described as the
“regulins”(2—4). Prior to this, PLN and SLN were the only known SERCA regulatory subunits, with
the importance of PLN in cardiac muscle overshadowing the role of SLN in skeletal muscle. However,
SLN is also found in atrial muscle, alongside PLN, where it plays an important, albeit undefined, role
in cardiac contractility. In addition, interest in SLN has intensified with the identification of a new
physiological role — SLN appears to be involved in non-shivering, skeletal muscle-based thermogenesis
(5). The current theory is that SLN promotes uncoupling of SERCA, where the net balance of ATP
hydrolysis does not correlate with productive calcium transport. The excess ATP hydrolysis
contributes to thermal energy in skeletal muscle, the largest tissue mass in the human body. Given
the abundance of skeletal muscle and the role of SLN in thermogenesis and energy balance, SLN may
also contribute to metabolic disorders such as obesity and diabetes. With this potential new
functionality of SLN, a molecular understanding of the SERCA regulatory mechanism is imperative.
The homology between SLN and PLN lies within their transmembrane domains, and this has long
suggested commonality in function. However, the structure of SLN is quite distinct, with a short
cytoplasmic domain (residues 1-7), a transmembrane a-helix (residues 8-20), and a unique luminal tail
(residues 27-31). Like PLN, SLN alters the apparent calcium affinity of SERCA, yet there are

substantial differences in the mechanism (6). The inhibitory properties of SLN are strongly dependent
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on the highly conserved C-terminal tail (Arg”-Ser-Tyr-Gln-Tyr’' or RSYQY sequence), whereas the
inhibitory properties of PLN are encoded in its transmembrane domain. In addition, SLN appears to
remain associated with SERCA throughout the calcium transport cycle (7). Recall that PLN is thought
to interact with calcium-free forms of SERCA and dissociate from the enzyme under certain
conditions (e.g., elevated calcium plus PLN phosphorylation). Crystal structures of a SERCA-SLN
complex have been determined, revealing SLN binding to the inhibitory groove (M2, M6, & M9) in a
novel El-like state of SERCA (8, 9). This novel conformation of SERCA was not the anticipated
calcium-free E2 state and the luminal RSYQY sequence of SLN was not in direct contact with
SERCA. Thus, it seems likely that the crystal structures represent one intermediate as SERCA and
SLN progress together through the calcium transport cycle, and that the SERCA-SLN complex
involves multiple conformational states. How the regulatory RSYQY sequence of SLN interacts with
SERCA remains elusive.

We have previously shown that PLN pentamers interact with SERCA in the membrane
environment of large two-dimensional (2D) co-crystals and that the association is distinct from the
inhibitory interaction and dependent on the functional state of PLN (10, 11). Our recent study
compared helical crystals of the SERCA-PLN complex with the large 2D crystals, which allowed us
to conclude that the PLN pentamer naturally associates with SERCA at a distinct site (12). This
interaction correlated with the ability of PLN pentamers to increase the maximal activity of SERCA
at high calcium concentrations, and a molecular model of the novel SERCA-PLN complex was
presented. Given the similar functional properties of SLN and observations that SLN can form
oligomers (13, 14), we set out to determine if SLN could co-crystallize with SERCA. Here, we
functionally characterized wild-type SLN, as well as gain-of-function mutants Asn*to-Ala and Tht*-
to-Ala (Figure 3.1). These mutants confirm structural and functional elements that are conserved in
PLN and SLN. Additionally, we analyzed large 2D crystals of the SERCA-SLN complex by electron
cryo-microscopy. Both wild-type SLN and a gain-of-function mutant (Asn*to-Ala) were evaluated.
We report the first direct observation of an SLN pentamer and we show that it interacts with SERCA
in a manner similar, but distinct, to that previously observed for PLN. Instead of direct interaction
between the SLN pentamer and transmembrane segment M3 of SERCA, this interaction is mediated
by an additional density most consistent with an SLN monomer. The ability of SLN and PLN to
interact with an accessory site of SERCA (M3) appears to contribute to the regulatory mechanism.

However, the interactions of the PLN and SLN pentamers with SERCA are different, and the
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functional effects on the maximal activity of SERCA are opposite; PLN increases while SLN decreases

the maximal activity of SERCA.

Phospholamban

Sarcolipin

Figure 3.1: Topology diagrams for human phospholamban (PLN) and sarcolipin (SLN). The transmembrane domains are
coloured grey and the cytoplasmic and luminal domains are coloured white. Asn* and Thr® are indicated in black, as are the comparative
residues in PLN (Lys?” and Thr!7). The Leu-Ile residues of PLN that stabilize the pentameric state are outlined in black (Ile3?, Leu?’,

I1e40, Leu*4, Ile¥’, and Leu’?), as are the comparative residues in SLN (Leu!?, Ile'4, Ile'7, Leu?!, Leu?4, and Ser28).

3.3 — Results

Since SLN is a homolog of PLN found in skeletal muscle and the atria of the heart, it was
reasonable to consider whether SLN can interact with transmembrane segment M3 of SERCA. While
SLN and PLN have a similar inhibitory effect on SERCA, the molecular mechanisms by which they
regulate SERCA are distinct. The inhibitory properties of PLN are encoded in the transmembrane
domain, whereas the unique luminal domain of SLN strongly influences its inhibitory properties of

SLN (6). The cytoplasmic domains of both PLN and SLN allow for the reversal of SERCA inhibition
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by phosphorylation, though the signaling pathways and molecular mechanisms are different. In
addition, PLN is known to form a pentamer that persists in SDS-PAGE analyses, whereas SLN has a
reduced tendency to form higher-order oligomers with monomers and dimers being the prevalent
species identified by SDS-PAGE (13). Thus, the interaction of an oligomeric species (e.g. pentamer)
with SERCA may not occur or may be different for SLN. To investigate this, we co-reconstituted
SERCA with wild-type and mutant forms of SLN. ATPase activity of the co-reconstituted
proteoliposomes demonstrated a functional interaction between the proteins, and we correlated these

data with structural analyses from 2D crystals and molecular dynamics (MD) simulations.

3.3.1 - Co-reconstitution of SERCA and SLN

In the present study, we produced proteoliposomes containing a high density of SERCA and
SLN with a lipid-to-protein molar ratio of approximately 120-to-1 and a SERCA-SLN molar ratio of
either 1:2 or 1:5 (10, 11, 15-17). The 1:5 SERCA-SLN ratio was used throughout, with the exception
of the 1:2 ratio used for comparative activity assays (see below). Focusing on wildtype and two mutant
forms of SLN, we measured the calcium-dependent ATPase activity of SERCA with or without SLN.
The measurement of ATP hydrolysis rates by reconstituted SERCA proteoliposomes yielded an
apparent calcium affinity (Kc,) of 0.41 £ 0.02 umol/L for SERCA alone and 0.76 + 0.02 pmol/L for
SERCA in the presence of wild-type SLN (Figure 3.2A). This level of inhibitory activity is consistent
with earlier SLN and SERCA co-reconstitution (13, 15, 18) and heterologous co-expression studies
(19). We also studied two mutants of SLN, a previously characterized gain-of-function mutant (Thr’-
to-Ala; not shown) and an uncharacterized mutant (Asn*-to-Ala; Figure 3.2A) designed to mimic the
Lys”-to-Ala gain-of-function mutant at the homologous position in human PLN (10). Asn*to-Ala
and Thr’-to-Ala were both gain-of-function mutants, further reducing the appatent calcium affinity of
SERCA (K¢, values were 1.27 + 0.05 pmol/L and 0.95 + 0.05 pmol/L, respectively). Thus, the potent
gain of function observed for the Asn*-to-Ala mutant supported the notion that Asn* of human SL.N
and Lys” of human PLN (Figure 3.1) serve the analogous function of influencing the stability of the
inhibitory complex (20). In addition, the gain of function observed for the Thr’-to-Ala mutant
compares well with a similar mutation in PLN, Thr'’-to-Ala, which has been reported to be a gain-of-

function form of PLN (21).
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Figure 3.2: ATPase activity of co-reconstituted proteoliposomes containing SERCA and SLN. (A) ATPase activity of SERCA
reconstituted in the absence (SERCA; circles) and in the presence of wild type SLN (SERCA + SLN; triangles) and Asn*-to-Ala SLN
(SERCA + N4A; squares) at a 1:5 molar ratio. The calcium affinity values (Kc,) are shown in the inset table, and all curves have been
normalized to the maximal activity (V/Vmay). Notice the gain-of-function behaviour obsetved for the Asn*-to-Ala mutant (larger
rightward shift of the ATPase activity curve). (B) ATPase activity of SERCA reconstituted in the absence of SLN (black circles), in the
presence of 1:2 molar ratio (white circles) and a 1:5 molar ratio (triangles) of SERCA to wild-type SLN. The calcium affinity (Kc,) and
maximal activity (Vmax) values are shown in the inset table. Notice the decrease in the Vi of SERCA at the 1:5 molar ratio of SERCA-

SLN. *ATPase activity measurements collected in (B) were collected by J.O.P.
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The effect of PLN on the apparent calcium affinity of SERCA saturates at a molar ratio of
approximately one PLN monomer per SERCA (22, 23) and it is assumed that SLN behaves in a similar
manner. However, the PLN pentamer also affects the maximal activity of SERCA in a concentration-
dependent manner (12). This raises the question what are the consequences of higher ratios of SLN
on SERCA maximal activity? To address this, we measured the calcium-dependent ATPase activity
of SERCA alone and in the presence of two molar ratios of SERCA-SLN (Figure 3.2B). The
SERCA-SLN ratios were designed to saturate an effect on the apparent calcium affinity of SERCA
(1:2 ratio) and uncover any effects on the maximal activity of SERCA (1:5 ratio). Similar to what was
observed for PLN, the effect of SLN on the apparent calcium affinity (Kc,) of SERCA remained
unchanged for the two molar ratios. In contrast to what was observed for PLN, there was a statistically
significant decrease in the maximal activity (Vima,) of SERCA at the 1:5 molar ratio of SERCA-SLN.
The Vimax value for SERCA alone (4.10 £ 0.05 umoles/min/mg) was similar to SERCA in the presence
of the 1:2 ratio of SLN (4.12 £ 0.12 pmoles/min/mg). In contrast, the decreased Vi for SERCA in
the presence of the 1:5 ratio of SLN (3.06 + 0.06 umoles/min/mg) was statistically significant from
SERCA alone and SERCA in the presence of the 1:2 ratio of SLN (p<0.01). This result supports the
notion that SERCA activity is influenced by the membrane concentration of SLN, though the effect
is opposite to that seen for PLN. The decrease of SERCA’s V. occurs at the higher concentration
of SLN in the membrane, suggesting that it may involve an oligomeric form of SLN and a distinct

interaction between SLLN and SERCA.

3.3.2 — Two-dimensional co-crystals of SERCA and SLN

Proteoliposomes containing SERCA in the presence of a 1:5 molar ratio of wild-type and
mutants forms of SLN were capable of forming large 2D crystals (10, 11). Interestingly, wild-type
SLN generally produced fewer co-ctystals with SERCA than the Asn*-to-Ala gain-of-function mutant
of SLN. A similar trend was observed for wild-type PLN and the Lys*-to-Ala gain-of-function mutant
(10). Despite the differences in crystal frequency, the morphology and lattice parameters were
comparable to one another and to those previously reported for SERCA-PLN crystals (p22,2; plane
group symmetry; a ~ 346 A and b ~ 70 A (10, 11)). Given that the fundamental units of the crystals
are SERCA dimer ribbons rigidly held together by decavanadate (24, 25), this was an indication that
PLN and SLN may have a similar mode of interaction with SERCA. For wild-type SLN, a projection
map of negatively stained 2D crystals was calculated after averaging Fourier data from at least five

independent crystals (~20 A resolution). We used standard methods for correcting lattice distortions,
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and no CTF correction was applied. The projection map from negatively stained crystals revealed
SERCA dimer ribbons as a fundamental feature of the crystals, with densities consistent with SLN
oligomers interspersed between the SERCA dimer ribbons (Figure 3.3). The relative size and
position of the SLN oligomer density was similar to PLN. We concluded that an oligomeric form of
SLN could interact with SERCA in the 2D co-crystals, though the negative stain projection maps did

not reveal the size and stoichiometry of the complex.

0909,

SERCA SLM
maolecules oligomers

Figure 3.3: Two-dimensional crystals of SERCA and wild-type SLN. (A) Negatively stained image of two side-by-side crystals.
The central crystal is a flattened cylinder approximately 0.5 um wide, with the two independent lattices (one from each side of the
crystal) appearing as diagonal arrays in the image. The scale bar is 0.1 um. (B) Projection map from negatively stained 2D crystals of
SERCA and wild-type SLN (SERCA density is highlighted in green; SLN density is white contours). The projection map is contoured,
showing only positive (continuous lines) densities; each contour level corresponds to 0.25 6. The relative positions of the nucleotide

binding (N) and actuator (A) domains of SERCA are indicated.
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The level of detail required for the structural characterization of a SERCA-SLN complex in a
membrane environment demanded the use of frozen-hydrated specimens. In the case of PLN (10),
we focused on SERCA co-ctrystals with the Lys”-to-Ala gain-of-function mutant because the
abundance of crystals facilitated data collection. Indeed, we initially pursued the Asn*to-Ala mutant
of SLN for this same reason. However, the direct observation of an SLN oligomer required that we
image co-crystals of wild-type SLN. Images from frozen-hydrated co-crystals displayed computed
diffraction to 15 A, which improved to approximately 8.5 A with the averaging of multiple datasets in
the p22:2; space group (Table 3.1 & Figure 3.4A). The projection map for wild-type SLN revealed
an oligomeric density (Figure 3.4B) that was similar to previous observations for PLN (10, 11).
However, despite the quality of the data, it was unclear how many SLN molecules were present in the
oligomer density. A comparison of the frozen-hydrated projection maps for SERCA-PLN and
SERCA-SLN crystals revealed a slightly more compact density for SLN. An interesting difference in
the SERCA-SLN crystals was the presence of an additional density adjacent to transmembrane
segment M3 of SERCA (Figure 3.4C). The additional density was well resolved in the projection
map for wild-type SLN co-crystals, which included 34 images and an excellent overall phase residual
(Table 3.1). Moreover, this feature was uniquely observed in wild-type SLN co-crystals and has not
been observed in any co-crystals containing PLN, including wild-type and the Ile*-to-Ala and Lys”-
to-Ala mutants of PLN (10, 11).

witSLN
Number of images 34
Cell parameters a=346.8A
b=70.5 A
y=902°
Weighted phase residual 14.8°

Table 3.1: Summary of crystallographic data for frozen-hydrated two-dimensional co-crystals of SERCA and SLN.
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Figure 3.4: Two-dimensional crystals of SERCA and wild-type SLN. (A) Negatively stained image of two side-by-side crystals.
The central crystal is a flattened cylinder approximately 0.5 um wide, with the two independent lattices (one from each side of the
crystal) appearing as diagonal arrays in the image. The scale bar is 0.1 um. (B) Projection map from negatively stained 2D crystals of
SERCA and wild-type SLN (SERCA density is highlighted in green; SLN density is white contours). The projection map is contoured,
showing only positive (continuous lines) densities; each contour level corresponds to 0.25 6. The relative positions of the nucleotide

binding (N) and actuator (A) domains of SERCA are indicated.
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We next sought a more definitive interpretation of the density associated with the SLN
oligomer. As a first approach, we integrated and compared the densities corresponding to the PLN
pentamers and SLN oligomers in their respective co-crystals. The total density in projection maps
corresponding to the PLN pentamer (Figure 6 in (10)) and the SLN oligomer (Figure 3.4) was
calculated (Table 3.2) and compared to the molecular weights for SLN and PLN. Since the density
and molecular weight ratios were in excellent agreement and the PLN density is known to be a
pentamer (10), we concluded that the oligomeric state of SLN was consistent with a pentamer. To
better visualize the SLN pentamer, we enhanced the high-resolution terms of the cryo-EM density
projection map by applying a negative B-factor (temperature factor) of 500 A? during Fourier synthesis
(Figure 3.5). The application of a negative B-factor is a standard approach for restoring high-
resolution information in cryo-EM density maps. The SLN density resolved into a five-lobed
pentamer following the truncation of Fourier data at 8.5 A to minimize the contribution of noise in
the map and temperature factor sharpening to improve the contrast and detail for the SLN density.
Compared to PLN (10), there were shared and unique features of the SLN projection map. As shared
features, both the PLN and SLN densities interacted with the same region of SERCA (transmembrane
segment M3) and deviated from the expected five-fold symmetry of a pentamer. As unique features,
the SLN density was clearly more pentameric in shape and had a central depression consistent with a
central pore. There was an additional density that appeared to connect SERCA and the SLN

pentamer, which was consistent with an SLN monomer bridging the interaction.

Integrationof Molecular
Projection Map Oligomer density Ratio® weight Ratioc
PLN® 41674 AU 6108 Da
wtSLN 25234 AU 0.61 3761 Da 0.62
Asn*-Ala SLN 26929 AU 0.65 3718 Da 0.61

a Projection map from glaves et al, 2011
b Ratio of the integradated density for SLN versus PLN for the projection maps indicated.

¢ Ratio of the molecular weights for SLN versus PLN

Table 2: Densities associated with PLN and SLN oligomers.
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-
N domain

Figure 3.5: The projection map for SERCA in the presence of wild-type SLN recalculated with an applied negative B-factor.
(A) In the sharpened projection map, the contrast and level of detail are enhanced for both SERCA and SLN. (B) A close-up view of
the density associated with SLN. The size and shape of the SLN densities are now compatible with a pentamer, and there is an additional
density adjacent to transmembrane segment 3 (M3) of SERCA. (C) The overall shape of the SLN density is consistent with a pentamer,
though individual monomers are not resolved. There is a central depression in the SLN density (asterisk), further supporting pentameric

architecture.

3.3.3 — Molecular model of the SERCA-SLN complex

Molecular models of the SLN pentamer and the SERCA-SLN heterodimeric complex were
generated using protein-protein docking and MD simulations to examine these complexes without the
constraints of crystal contacts. For the SLN pentamer, the initial model was constructed based on the
symmetric structure of the PLN pentamer (PDB ascension code 2KYV (20)); however, the relaxed
structure following MD simulation deviated from the expected structure of a symmetric SLN
pentamer (Figure 3.6A). The molecular model was elongated, asymmetric, and appeared to be a
complex between an SLN dimer and an SLN trimer. Nonetheless, the ez face view of the molecular
model for the SLN pentamer (Figure 3.6B) closely matched the density for the SLN pentamer in the
projection map from 2D crystals (Figure 3.5C). The Leu-Ile repeat that forms the core of the PLN
pentameric assembly is relatively conserved between SLN and PLN (Figure 3.1). The SLN residues

involved (Leu', lle', Tle", Leu®, Leu™, and Ser”) compare favourably with the PLN resides implicated
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in pentamer formation (Ile”, Leu”, lle”, Leu™, 1le”, and Leu™). However, the SLN residues formed
complementary interfaces that separately stabilized an SLN dimer and trimer (Figure 3.6C), which
together form the SLN pentamer. The model offers an explanation for the reduced stability of the
SLN pentamer compared to PLN, and the observation of lower molecular weight species by SDS-
PAGE (i.e., monomers & dimers rather than a pentamer). The arrangement of the complementary
interfaces in the molecular model also suggests that SLN may be capable of forming an additional

oligomeric assembly, such as a hexamer.

A

Complementary  Complementary  Non-complementary Complementary  Non-complementary
Interface Interface Interface Interface Interface
({trimer M1-M2) (trimer M2-M3)  (dimer-trimer M3-M4) (dimer M4-M3) (dimer-trimer M5-M1)

Human PLN MERVOYLTRSATIRRASTIEMPOQARORLONLFINFCLILICLLLICIIVMLL

Human SLN MGINTRELFLNFTIVLITVIIMWLLVRSYQY

Consensus SLN MERSTRELFLNFTVVLITVIIMWLLVERSYQY
Figure 3.6: Molecular model for the SLN pentamer. (A) Side view of the model with the SLN monomers shown in cartoon format.
(B) En face view of the SLN pentamer with the helices shown as cylinders and residues Leu'?, Tle!4, Tle!7, Leu?!, Leu?4, and Ser?8 shown
as spheres and the SERCA-SLN complex (B) generated from protein-protein docking and MD simulations. M1, M2, and M3 appear
to form a trimer, and M4 and M5 appear to form a dimer. (C) Side views of the SLN pentamer showing each of the monomer-monomer
interfaces. M1-M2, M2-M3, and M4-M5 form complementary hydrophobic interfaces. The non-complementary interfaces between
M3-M4 and M5-M1 delineate the SLN dimer and trimer that come together to form the pentamer. A sequence alignment is shown for

human PLN, human SLN, and the consensus SLN sequence. The sequence of pentamer interface residues are highlighted in yellow.
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The SERCA-SLN heterodimeric complex was constructed based on the interaction of an SLN
monomer with transmembrane segment M3 of SERCA in the 2D crystals (Figure 3.7). Following
protein-protein docking, the SERCA-SLN complex that most closely matched the arrangement in the
2D crystals was selected. This complex was embedded in a lipid bilayer, fully hydrated to mimic
physiological conditions, and subjected to 400 ns MD simulations. These conditions allowed for the
formation of a stable complex with appropriate packing constraints at the SERCA-SLN molecular
interface (Figure 3.8). We found that transmembrane segment M3 of SERCA formed a
complementary hydrophobic interface with an SLN monomer. The interaction involved the opposite
face of SLN’s transmembrane helix (residues Leu®, Phe"?, Leu'’, & Ile™) and the central region of
transmembrane segment M3 of SERCA (Leu™’, Val*”, & Leu””). In addition, Asn* and Arg® of SLN
were positioned near a cluster of negatively charged residues on M3 of SERCA (Asp™*, Glu™, &
Glu™), which is comparable to the interaction between Arg” of PLN and Glu™ of SERCA (12).
There is limited data on mutagenesis of these residues and the impact on SLN function, with the
exceptions being Asn*-to-Ala (Figure 3.1) and Leu®to-Ala (19). The Asn*-to-Ala mutation results in
a gain of function, while the Leu®-to-Ala results in a loss of function. A lipid straddles the SERCA-
SLN interaction on the luminal side of the membrane. Trp” of SLN interacts with the glycerol
backbone of the lipid, appearing to position the lipid headgroup toward the M3-M4 loop of SERCA
(Figure 3.8C, arrow). This interaction could impact the movement of the M3-M4 loop during the

calcium transport cycle, thereby decreasing the turnover rate of SERCA.
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A N domain

A domain

P domain

Figure 3.7: Molecular model for the interaction of SERCA with an SLN monomer. Shown are the side view of the full atomistic
model (A) and the SERCA-SLN complex (B) generated from protein-protein docking and MD simulations. The lipids are shown in
stick representation. SERCA and SLN are in cartoon cylinder representation. SLN is in the foreground (cyan) adjacent to
transmembrane segment M3 of SERCA (red). SERCA is coloured according to the domain architecture. The nucleotide binding (N
domain; green), actuator (A domain; yellow), and phosphorylation (P domain; magenta) domains are indicated. Also indicated are M3

(red), M4 and M5 (blue), and SLN (cyan).
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Figure 3.8: Interaction interface between transmembrane segment M3 of SERCA and an SLN monomer. (A) SERCA and
SLN are shown in ribbon representation. SERCA is coloured according to the domain architecture, with the N domain (green), A
domain (yellow), and P domain (magenta) indicated. Also indicated are M3 (red), M4 and M5 (blue), and SLN (cyan). Green spheres
represent a lipid that straddles the interface. (B) The interface between transmembrane segment M3 of SERCA (red) and the SLN
monomer (cyan) is shown. The residues involved in the interaction include Leu26¢, Val2®, and Trp?”2 of M3 and Leu8, Phe'?, Leu!S, and
Ile?) of SLN. The same interface is shown in (C) with the lipid that straddles the interface on the luminal side of the membrane (spheres
representation). The acyl chains straddle each side of the SERCA-SLN interface, and Trp?? of SLN interacts with the glycerol backbone
of the lipid and appears to cause the lipid headgroup to impinge on the M3-M4 loop.
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3.4 — Discussion
3.4.1 - The PLN pentamer associates with SERCA

The initial model for SERCA inhibition involved reversible binding of monomeric PLLN and
the dynamic equilibrium of the monomer between the SERCA-bound and pentameric states (27). In
this scenario, the pentamer was considered an inactive storage form of PLN. However, active roles
have been proposed for the PLN pentamer, including the modulation of SR cation homeostasis (28)
and PKA-mediated phosphorylation (29, 30). The PLN pentamer has also been found to stimulate
the Vi of SERCA (12, 16, 17, 31-33), which depends on the SERCA-PLN molar ratio and density
in the membrane (12, 31). Providing a context for this latter effect was the finding that PLN
pentamers associate with SERCA (10-12). We concluded that the PLN pentamer spontaneously
associates with SERCA at a site distinct from the inhibitory groove (M2, M6, & M9 of SERCA (8,
34)). The interaction provides an explanation for the stimulation of SERCA’s maximal activity, and a

molecular model of the complex has been presented (12).

3.4.2 — Functional comparison of SLN and PLN

Does SLN, a PLN homologue, interact with and similarly modulate SERCA maximal activity?
To address this question, we focused on large 2D crystals of the SERCA-SLN complex. We
characterized wild-type SLN, and a gain-of-function mutant deemed suitable for structure
determination. Prior mutagenesis studies of SLN targeted select residues homologous to either the
functional interface or the pentamer interface of PLN (19). Essential functional residues such as Leu®
and Asn'' (Leu” and Asn™ of PLN) were found to cause loss of function when mutated to alanine,
yet mutagenesis revealed little similarity to the pentamer interface of PLN. Nonetheless, SLN has
since been shown to form a pentamer (13, 14). In the cytoplasmic domain of SLN, only Thr’ was
studied as a potential site of regulation by phosphorylation. Sequence comparison with PLN indicated
that the cytoplasmic domain of SL.N consists of the first seven residues (Figure 3.1; M'GINTRE' in
humans; M'ERSTQE’ consensus sequence), followed by the transmembrane domain (residues 8-26),
and a luminal extension (residues 27-31).

In the present study, we mutated Asn* of human SLN to alanine (Asn*-to-Ala) and found it to
result in a gain of function. Asn* of SLN is similar to Lys” of human PLN, and both residues deviate
from the consensus sequence and are unique to humans (and primates). The gain-of-function

behaviour observed for both residues suggests a commonality in function between the membrane-
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proximal region of PLN and the N-terminus of SLLN, despite low overall sequence conservation. The
crystal structure of the SERCA-PLN complex (34) places this residue (Asn® in canine PLN; Lys” in
human PLN) between Phe™” and Trp”* of SERCA, which draws this region of PLN closer to M6 and
M9 of SERCA. The homologous consensus residue in the crystal structures of the SERCA-SLN
complex (8, 9) is Ser* of rabbit SLN. This residue does not interact with Phe®” and Trp”* of SERCA,
which allows a small rotation of the SLN helix in this region. However, this residue is Asn* in human

SLN, and there is a functional similarity to Asn*" in canine PLN and Lys*" in human PLN. Thus, Asn*

809 932

in human SLN may interact with Phe™ and Trp ™ of SERCA, thereby playing a role in positioning
the N-terminus of SLN. Moreover, Asn*in SLN and Lys” in PLN appear to be evolutionary sequence

modifications unique to primates (35).

3.4.3 —SLN as a pentamer

The original mutagenesis studies of SLN did not reveal the expected gain-of-function pattern
associated with PLN pentamer destabilization, supporting observations by SDS-PAGE that SLN did
not appear to form an oligomeric structure (19). However, several studies have since shown that SLN
can form a mixture of oligomeric species including a pentamer (13, 14) and that mutations can
depolymerize SLN oligomers (14). Intriguingly, recent studies have reported chloride and phosphate
transport properties for SLN (36, 37) and potassium transport properties for PLN (38), which would
be consistent with a similar oligomeric architecture for the two proteins. Here, we report the first
direct observation of an SLN pentamer in 2D crystals with SERCA. Both the PLN pentamer
characterized previously (10), and the SLN density observed in this study (Figure 3.5) deviate from
the five-fold symmetry expected for a pentamer, though the SLN density is more symmetric than the
observed PLN density. The SLN density also displayed a distinct central depression (Figure 3.5C)
consistent with a channel-like architecture, which was not as well defined for the PLN pentamer (10).
The distortion of symmetry for both the PLN and SLN pentamers may be due to noise and the
moderate resolution (8.5 A) of the projection maps, or it may be a modulation of the PLN and SL.N
pentamers due to the physical interaction with SERCA. This latter point seems plausible, given that
molecular dynamics simulations of the SERCA-PLN complex revealed that the symmetry of the PLN
pentamer is altered in the interaction with SERCA (12).

Protein-protein docking and MD simulations generated a molecular model of the SLN
pentamer. An initial symmetric model of the SLN pentamer was generated based on the docking of

SLN monomers to the PLN pentamer (26). Following MD simulations, the final model of the SLN
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pentamer was asymmetric and elongated (Figure 3.6B), which agreed well with the density map from
2D crystals (Figure 3.5C). Moreover, the SLN pentamer appeared to be a complex of a SLN dimer
and an SLN trimer, with complementary hydrophobic interfaces that stabilize the dimer and trimer

(Figure 3.6C).

3.4.4 — Interaction between SERCA and SLN

As with PLN, an interaction between an oligomeric form of SLN and transmembrane segment
M3 of SERCA was observed in the 2D crystals. This interaction site does not correspond to the
inhibitory groove of SERCA (M2, M6, & M9). This interaction only occurs at a high membrane
density and molar excess of PLN relative to SERCA, similar to what is found in cardiac SR membranes
(22,33, 39—42). This packing density of SERCA and PLN is also similar to what is found in large 2D
crystals (10, 11), albeit without the regular order induced by the crystal lattice. The molar ratio of
SERCA-SLN in the reconstituted proteoliposomes, 1:5, is higher than that found in skeletal muscle
SR membranes (19). At these ratios and membrane densities, SLN and PLLN monomers and oligomers
will be in close proximity to SERCA molecules in their respective SR membranes. Given their close
proximity, it is not surprising that the oligomeric forms of these proteins are capable of a physical
association with SERCA. In the case of PLN, we found that the interaction of the PLN pentamer
with M3 of SERCA correlates with an increase in the Vi of SERCA (12). The proximity of this
interaction to the calcium entry funnel of SERCA provided an explanation for the increased turnover
rate of SERCA — namely, the cytoplasmic domains of PLN lie along the membrane surface and
perturb lipid packing adjacent to the calcium access funnel.

The interaction of a pentamer with the M3 accessory site was also observed for 2D crystals of
SLN and SERCA. The PLN and SLN pentamers occupy a similar position, though the SLN pentamer
has a narrower density profile reflecting its smaller size (Figure 3.4C). While the PLN pentamer
directly contacts M3 of SERCA, the SLN pentamer is more distant from M3, and an additional density
bridges the interaction (Figure 3.5B). The additional density has the appearance of an a-helix oriented
perpendicular to the membrane plane as visualized by cryo-electron crystallography (43), consistent
with an SLN monomer lying adjacent to M3 of SERCA. The question then becomes, why do PLN
and SLN interact with this region of SERCA? In the model of the SERCA-PLN pentamer complex,
the interaction appears to be stabilized by electrostatic interactions between the cytoplasmic domain
of PLN and transmembrane segment M3 of SERCA. Indeed, there is a cluster of negatively charged
residues on M3 of SERCA at the cytoplasmic membrane surface (Asp™*, Glu™’, & Glu™"). The
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cytoplasmic domain of PLN is highly basic and a stable electrostatic interaction forms between Arg®
of PLN and Glu™® of SERCA. There are additional negatively charged residues on M1 along the
calcium access funnel of SERCA (Glu™, Glu”, Glu™®, & Asp™). Complementary to this, there are
several positively charged residues in the cytoplasmic domain of PLN (Arg’, Arg"”, Arg', & Lys”).
Thus, the electrostatic attraction may drive the interaction between the PLN pentamer and SERCA.

28 of SERCA in a similar manner

By comparison, Asn* and Arg® of human SLN are proximal to Glu
as Arg” of PLN (the consensus SLN sequence includes Ser*, which is Asn* in humans and primates
(35)). Thus, SLN may be electrostatically drawn to M3 of SERCA, though this is likely reduced
compared to PLN.

In the model of the SERCA-SLN complex, the monomer forms a complementary
hydrophobic interface with a central region of transmembrane segment M3 of SERCA (Figure 3.8).
This interface, combined with the reduced stability of the SLN pentamer, may explain why a SLN
monomer was found associated with the M3 site. As stated above, the residues involved are on the
opposite face of the SLN transmembrane helix (Leu®, Phe', Leu'®, & 1le*’) compared to the residues
that stabilize the model of the SLN pentamer (Leu'’, Tle', Tle"’, Leu®, Leu™, & Ser*), and the SLN
monomer appears to form a more direct interface with M3 of SERCA than the PLN pentamer. The
different interactions between PLN and SLN and the M3 site of SERCA correlate with distinct
functional effects on the Vi of SERCA. The PLN pentamer increases the Vi of SERCA, while
SLN decreases the Vi, of SERCA. In the model of the SERCA-PLN pentamer complex, a cluster
of negatively charged residues on M3 of SERCA attracts the cluster of positively charged residues in
the cytoplasmic domain of PLN. This draws the PLN pentamer toward M3, with an interaction-
interface that involves two PLN monomers and a lipid acyl chain (12). This places the cytoplasmic
domains of PLN proximal to the calcium access funnel of SERCA, without impeding the movement
of M3 during the calcium transport cycle. The Vi stimulation by the PLN pentamer was attributed
to membrane destabilization by the cytoplasmic domain of PLN near the calcium access funnel of
SERCA, thereby allowing a more rapid turnover rate (12). This is absent in the SERCA-SLN complex,
suggesting that the M3 interaction alone does not stimulate SERCA. Indeed, the model of the
SERCA-SLN monomer complex involves a complementary hydrophobic interface, which would be
expected to reduce the turnover rate of SERCA by impeding the movement of M3 during the calcium
transport cycle. A lipid straddles the SERCA-SLN interface on the luminal side of the membrane and
may play a role in mediating the functional effect of SLN. We have previously shown that the unique

luminal tail at the C-terminus of SLN (R”’SYQY’' sequence) contributes to the decrease in the Vi
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of SERCA (6). The crystal structures of the SERCA-SLN inhibitory complex (8, 9) and the model of
the SERCA-SLN complex presented herein (Figure 3.7 & 3.8), suggest that the luminal tail serves to
position the transmembrane helix of SLN in the membrane for optimal interaction with SERCA.
Finally, the full complex that interacts with M3 of SERCA involves an SLN monomer that
mediates the interaction between the SLN pentamer and M3 of SERCA, though the role of the SLN
pentamer in this complex remains unknown. However, compared to PLN, the lower stability of the
SLN pentamer combined with the M3 interaction may select for an SLN monomer. Indeed, the
molecular models for the SLN pentamer and the SERCA-SLN interaction raise the possibility that the
full complex represents a transition state in which the interaction of M3 with an oligomeric form of
SLN causes an SLN monomer to dissociate for optimal interaction with M3. Since both the SERCA-
PLN (12) and SERCA-SLN (Figure 3.8) complexes appear to involve a lipid molecule at the interface,
this may explain the dependence of the interaction on high membrane densities and low lipid-to-

protein ratios.

3.5 — Experimental procedures
3.5.1 — Materials

The following reagents were of the highest purity available: octaethylene glycol monododecyl
ether (Ci2Es; Barnet Products, Englewood Cliff, NJ); egg yolk phosphatidylcholine (EYPC),
phosphatidylethanolamine (EYPE) and phosphatidic acid (EYPA) (Avanti Polar Lipids, Alabaster,
AL); reagents used in the coupled enzyme assay (Sigma-Aldrich, Oakville, ON Canada).

3.5.2 — Expression and purification of recombinant SLN

Recombinant SLN was expressed and purified, as previously described (15), with an additional
organic extraction step. Following protease digestion of a maltose-binding protein and SLN fusion
protein, trichloroacetic acid was added to a final concentration of 6%. This mixture was incubated on
ice for a minimum of 20 minutes. The resultant precipitate was collected by centrifugation at 4°C and
subsequently homogenized in a mixture of chloroform-isopropanol-water (4:4:1) and incubated at
room temperature for 3 hours. The organic phase, highly enriched in recombinant SLN, was removed,
dried to a thin film under nitrogen gas and resuspended in 7 M GdnHCI. Reverse-phase HPLC was
performed as described (15).
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3.5.3 Co-reconstitution of SLN and SERCA

Lyophilized SLN (30 pg or 75 ng) was resuspended in a 75 pl mixture of chloroform :
trifluroethanol (2:1) and mixed with lipids (400 ug EYPC, 50 pg EYPE, 50 ug EYPA) from stock
chloroform solutions. The peptide-lipid mixture was dried to a thin film under nitrogen gas and
desiccated under vacuum overnight. The peptide-lipid mixture was hydrated in buffer (20 mmol/L
imidazole pH 7.0; 100 mmol/L KCI; 0.02% NaN3) at 37 °C for 10 min, cooled to room temperatute,
and detergent-solubilized by the addition of Ci2Es (0.2 % final concentration) with vigorous vortexing.
Detergent-solubilized SERCA was added (500 pg in a total volume of 200 ul) and the reconstitution
was stirred gently at room temperature. Detergent was slowly removed by the addition of SM-2
biobeads (Bio-Rad, Hercules, CA) over a 4-hour time course (final ratio of 25 biobeads: 1 detergent
w/w). Following detergent removal, the reconstitution was centrifuged over a 20-50% sucrose step-
gradient for one hour at 100,000 x g. The resultant layer of reconstituted proteoliposomes was
removed, flash-frozen in liquid nitrogen and stored at -80 °C. The final approximate molat ratios

were 120 lipid : 2 or 5 SLN: 1 SERCA (10).

3.5.4 — ATPase activity assays of SERCA reconstitutions

ATPase activity of the co-reconstituted proteoliposomes was measured by a coupled enzyme
assay over a range of calcium concentrations from 0.1 umol/L to 10 umol/L (16, 44). The Kc.
(apparent calcium affinity) and V., (maximal activity) were determined by fitting the data to the Hill
equation (Sigma Plot software, SPSS Inc., Chicago, IL). Errors were calculated as the standard error

of the mean for a minimum of three independent reconstitutions.

3.5.5 — Crystallization of SLN with SERCA

SLN and SERCA were co-reconstituted in the presence of a lipid mixture (final lipid ratio of
8 EYPC:1 EYPA:1 EYPE) that promoted vesicle fusion and crystallization (10, 17, 18). Co-
reconstituted proteoliposomes were collected by centrifugation in crystallization buffer (20 mmol/L
imidazole pH 7.0, 100 mmol/L KCl, 35 mmol/L MgCl,, 0.5 mmol/L EGTA, 0.25 mmol/L Na;VOs,
30 umol/L thapsigargin). Note that the sodium orthovanadate (Na;VO,) was converted to
decavanadate and immediately added to the crystallization buffer (12). The samples were subjected
to four freeze-thaw cycles, followed by incubation at 4°C for up to one week. Three to five days were
optimal for the highest frequency and quality of two-dimensional crystals. For initial screening of

crystals by negative stain, crystals were adsorbed to carbon-coated grids and stained with 2% uranyl
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acetate. The grids were blotted with filter paper and air-dried. Crystals suitable for imaging were

adsorbed to holey-carbon grids and plunge-frozen in liquid ethane.

3.5.6 — Electron microscopy of frozen-hydrated SERCA and SLN co-crystals

Crystals were imaged in a Tecnai F20 electron microscope (Thermo-Fisher Scientific,
Eindhoven, Netherlands) in the Microscopy and Imaging Facility (University of Calgary) or a JEOL
2200FS electron microscope (JEOL Ltd., Tokyo, Japan) in the Electron Microscopy Facility (National
Institute for Nanotechnology, University of Alberta and National Research Council of Canada). A
standard room temperature holder was used for negatively stained samples, and a Gatan 626
cryoholder (Gatan Inc., Pleasanton, CA) was used for frozen-hydrated samples. The microscope was
operated at 200 kV accelerating voltage, and low-dose images were recorded at a magnification of
50,000x. The best films were digitized at 6.35 um/pixel with a Nikon Super Coolscan 9000 followed
by pixel averaging to achieve a final resolution of 2.54 A /pixel. All data were recorded with defocus

levels of 0.5-2 um with an emphasis on low-defocus images for frozen-hydrated samples (0.5 to 1.0

pum).

3.5.7 — Data processing

The MRC image processing suite was used for images of frozen-hydrated SERCA-SLN
crystals (47). Two rounds of unbending were performed prior to extracting amplitudes and phases
from each image. Data was then corrected for the contrast transfer function using the program
PLTCTFX (48). Common phase origins for merging were determined in the p22:2; plane group using
ORIGTILT with reflections of signal-to-noise ratio (1Q) <4. For averaging, data were weighted based
on IQ including data with IQ <7, and the corresponding phase residuals represent the inverse cosine
of the figure of merit from this averaging. Projection maps were calculated by Fourier synthesis from

the averaged data using the CCP4 software suite (49).

3.5.8 — Molecular modelling of SLN pentamer and SLN bound to SERCA

The hybrid solution and solid-state NMR structure of the PLN pentamer (PDB accession
code 2KYV) and the structure of SLN (PDB accession code 3W5A) were used as templates for the
construction of an atomistic model of the SLN pentamer. SLN monomers were aligned to each PLN
monomer position in the structure of the PLN pentamer. The resultant model of the SLN pentamer

was subjected to 5,000 steps of energy minimization. The crystal structure of SERCAla in the
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E2eMgF,* state (PDB accession code 1WPG) and the structure of SLN (PDB accession code 3W5A)
were used as templates for the construction of an atomistic model of the SERCA-SLN complex. The
model of the SERCA-SLN complex was guided by the relative positions of SERCA and the SLN
monomer in projection maps of the large 2D crystals (Figure 3.5). Protein-protein docking
simulations identified an appropriate binding interface between the M3 helix of SERCA and the SLN
monomer using ClusPro (50). The resulting docked orientations were clustered and compared against
the 2D crystallographic data to select the most appropriate M3-SLN complex. The model of the

SERCA-SLN complex was then subjected to 5,000 steps of energy minimization.

3.5.9 — Molecular dynamics simulations of the SLN pentamer and SERCA-SLN complex
The SLN pentamer and SERCA-SLN complex served as starting models to obtain structures
of these complexes at physiologically relevant simulation conditions. Based on previous studies of
the E2 state of SERCA (51), we modeled transport site residues Glu™”, Glu”" and Glu™ as protonated
and residue Asp® as ionized. Both complexes were inserted in a pre-equilibrated 150 A x 150 A
bilayer of POPC:POPE:POPA lipids (8:1:1). This lipid-protein system was solvated using TIP3P
water molecules with a minimum margin of 15 A between the protein and the edges of the periodic
box in the z-axis, and K+ and Cl- ions were added (KCl concentration of ~0.1 mmol/L). Molecular
dynamics (MD) simulations of the fully solvated complexes were performed using NAMD 2.12 (52)
with periodic boundary conditions (53), particle mesh Ewald (54, 55), a nonbonded cut-off of 9 A,
and a 2 fs time step. The CHARMMS36 force field topologies and parameters were used for the
proteins (56), lipids (57), waters, and ions. The NPT ensemble was maintained with a Langevin
thermostat (310K) and an anisotropic Langevin piston barostat (1 atm). The systems were first
subjected to energy minimization, followed by gradually warming up of the system for 200 ps. This
procedure was followed by 10 ns of equilibration with backbone atoms harmonically restrained using
a force constant of 10 kcal mol" A% The MD simulations of the complexes were continued without

restraints for 400 ns (Figure 3.9).
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Figure 3.9: Time-dependent changes in the RMSD for the SLN monomer and SERCA in MD simulations of the

heterodimeric complex.
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4.1 — Summary

Calcium reuptake during muscle relaxation is carried out by the sarco(endo)plasmic reticulum
Ca*- ATPase (SERCA), which transports calcium from the cytosol of myocytes into the lumen of the
sarcoplasmic reticulum. SERCA is traditionally described as an E1-E2 enzyme that follows the Post-
Albers scheme for metal ion transport. The E1-E2 conformational cycle includes a low-affinity E2
state and a metal-bound high-affinity E1 state, where metal transport is mediated through ATP
hydrolysis and a phosphoenzyme intermediate. Following metal transport and phosphate release, the
enzyme can enter its low-affinity state and begin the cycle anew. The regulation of this process is
essential for normal muscle contraction/relaxation cycles. A family of tissue-specific transmembrane
peptides regulate SERCA, collectively referred to as the “Regulins.” Notable regulins that have been
reported to regulate SERCA function include sarcolipin (SLN) in skeletal muscle and phospholamban
(PLN) in ventricular muscle. SLN and PLN are most well known for altering the calcium transport
properties of SERCA, but recent reports are beginning to elucidate a much more complex regulatory
role for calcium transport. In particular, PLN is now understood to elicit both an inhibitory and a
stimulatory effect on SERCA calcium transport, dependent on the calcium concentration and the
oligomeric state of PLN. The revelation of conformational memory and multiple modes of interaction
further complicates our understanding of PLN-SERCA regulation. Previous work concluded that
substrate-dependent starting conditions ‘lock” SERCA in particular conformational states from which
the transport cycle can be initiated. This results in distinct changes in the kinetic properties of SERCA
in the presence of PLN. In the present study, we investigate the effects of substrate-dependent starting
conditions for SERCA in the presence and absence of SLN. We found that SLN’s regulatory function
is dependent on the initial conformational state of SERCA. We infer that SLN is capable of multiple
modes of interaction with SERCA, depending on SERCA’s conformational state, and that once a
particular mode of interaction is engaged, it persists during multiple turnover events. These
observations are consistent with conformational memory in the interaction between SERCA and SLN,
thus providing insights into the physiological role of SLN and its regulatory effect on SERCA

transport activity.

4.2 — Introduction
The sarco(endo)plasmic reticulum Ca’*-ATPase (SERCA) is crucial for calcium-reuptake
during the relaxation cycle following muscle contraction (1). SERCA utilizes the energy from ATP to

refill the lumen of the sarcoplasmic reticulum (SR) with cytosolic calcium following muscle
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contraction. The calcium transport mechanism of SERCA has been extensively studied (2-5) and can
be approximated by the Post-Albers scheme of P-type ATPases. In the process of translocating
calcium, SERCA undergoes substantial conformational changes that progress through a series of
intermediate states (Figure 4.1) that alternate between a high-affinity E1 state and a low-affinity E2

state (6). Calcium transport requires the co-operative binding of two calcium ions (E1eCa) and the

hydrolysis of ATP (E1eCae ATP — E2-P) to generate the energy required for the large conformational
changes that accompany calcium transport. The energy of ATP is captured in the form of a phospho-
enzyme intermediate and released through a conformational change that facilitates calcium
translocation. Following calcium release (E2P) into the SR lumen, the phosphate is hydrolyzed and
released, returning SERCA to a low-affinity E2 state. From this point, SERCA is poised to begin the
transport cycle anew. It is important to note that the presence or absence of substrates can be used
to poise SERCA in different conformational states (e.g. E2, E2e ATP, EleCa) and that the crystal

structures of these conformational states have been determined (7).
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Figure 4.1: SERCA undergoes enormous conformational changes when transporting calcium from the myocyte cytosol to
the lumen of the SR. (A) A simplified Post-Albers scheme describing E2-E1 conformational changes SERCA undergoes during metal
ion translocation. Note there are two substrate-dependent ‘pathways” SERCA can take when transitioning from E2 — E1eATPeCa.
The transition from these states has a global effect on the remaining cycle for calcium transport. (B) Crystal structures of SERCA with
different substrates bound and with SLN bound. These structures (PDB ascension numbers included) highlight important
conformational states SERCA undergoes during calcium transport. Note the large cytoplasmic domain transitioning from an ‘open’
and ‘closed’ state and the inhibitory groove opening and forming. Cyan — SLN, blue — SERCA nucleotide binding domain, red —
SERCA phosphorylation domain, yellow — SERCA actuator domain, orange — SERCA M2, M6, and M9 TM domains that form the

inhibitory groove.

SERCA activity is regulated in muscle cells by a number of tissue-specific small
transmembrane proteins (8) including phospholamban (PLN) (9) and DWOREF (10) in cardiomyocytes
and smooth muscle, and sarcolipin (SLN) (11-13) and myoregulin (MLN) (10) in skeletal fast-twitch
muscle. SLN is a 31-residue, largely a-helical integral membrane protein, consisting of a short
cytoplasmic domain that contains a purported CAMKII binding site, a transmembrane spanning
domain, and a highly conserved luminal tail. SLN regulation of SERCA is inhibitory, acting to reduce
the apparent calcium affinity and Vi of SERCA. SLN and PLN have been found to interact with
SERCA in a groove formed by the transmembrane helices M2, M6, and M9 (14-17). SLN has been

traditionally thought to be functionally homologous to PLN (13, 18); however, the mechanism by
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which SLN regulates SERCA is distinct from PLN (19-21). The interaction of SERCA with SLN at
the ‘regulatory groove’ stabilizes a novel, calcium-free intermediate E1eSLN (PDB: 3W5A) that
appears poised between the calcium-free E2 and calcium-bound E1 states. The transmembrane
portion of SLN mediates this interaction; however, SLN regulation is strongly dependent on the
unique, and highly conserved luminal Arg”-Ser-Tyr-Gln-Tyr’' sequence of SLN (22).

In addition to SLN’s roll in the regulation of calcium homeostasis in skeletal muscle,
observations have been made that suggest that SN also plays a unique role in thermogenesis and
energy metabolism (23-26). SLN has been reported to uncouple SERCA ATPase activity from
calcium transport by preventing calcium transport into the lumen and promoting a backflow of
calcium back into the cytosol during ATP hydrolysis (27). Recent reports suggest that SLN promotes
uncoupling through the interaction of SLN’s N-terminus with SERCA (28). These uncoupling events
are akin to heat-generation observed in the uncoupling event of UCP-1 in brown adipose tissue (29)
but instead are located in skeletal muscle, which accounts for approximately 40% of adult body mass.

The crystal structures of SERCA in the presence of SLN revealed a surprising conformation
of SERCA — an El-like state without calcium bound that appeared poised between the E2 and E1
states. SLN stabilization of an El-like conformation provides a structural mechanism for calcium-
slippage. Exposed calcium-binding sites in the El-like state stabilized by SLN provide a potential
explanation for SLN inhibition and/or the uncoupling of calcium transport. Previous work has
reported that the conformational state of SERCA influences the interaction with PLN, and this effect
persists through the catalytic cycle and multiple turnover events — a process termed ‘conformational
memory’ (30, 31). Pre-incubating SERCA with particular substrates (e.g. ATP or calcium) had a
significant effect on the catalytic cycle of SERCA and the E2-E1 transition. Depending on the
availability of substrates, SERCA could be poised in a conformation closer to the calcium-free E2
state (no substrates), the calcium-bound E1 state (pre-incubation with calcium), or in between these
states (pre-incubation with ATP or ATP + low calcium). This influenced the conformational pathway
through the E2-E1 transition of SERCA and moulded future catalytic cycles during continuous
enzyme turnover. These differing conformational trajectories were recorded as changes to SERCA’s
kinetic parameters, with the most notable changes occurring in the co-operative binding of calcium.
The next logical step was to determine if this phenomenon is unique to the SERCA-PLN interaction,
or is it utilized by the other small regulatory proteins of SERCA (8, 32-34).

We investigated this phenomenon by preincubating co-reconstituted proteoliposomes

containing SERCA and SERCA in the presence of SLN with different substrates and measuring the
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resultant changes in ATPase activity. Based on previous results with PLLN, we expected to see changes
in SERCA calcium transport properties in the presence of SLN, depending on the starting conditions.
These changes might shed light on the current hypothesis that SLN causes SERCA uncoupling as a
mechanism for heat generation in non-shivering thermogenesis. In addition, the different modes of
interaction between SERCA, PLN, and SLN may shed light on the ability of these complexes to
exhibit conformational memory during multiple calcium transport cycles depending on how SERCA

is poised to initiate turnover.
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Figure 4.2: ATPase activity of SERCA containing proteoliposomes versus [Ca2*] under different starting and pre-incubation
conditions. ATPase activity of co-reconstituted proteoliposomes containing SERCA alone (black lines) or SERCA with SLN (dashed
lines). (A) ATPase activity of SERCA upon simultaneous addition of ATP and calcium (pre-incubation in the absence of substrates)
dubbed the ‘traditional” ATPase assay. (B) ATPase activity of SERCA pre-incubated with calcium at concentrations ranging from
~0.005 — 10 pmol/L (concentration of calcium indicated on the graph represent the concentration of pre-incubated calcium) and
initiated with 4mmol/L ATP. (C) ATPase activity of SERCA pre-incubated with 4 mmol/L. ATP and initiated with calcium at
concentrations ranging from ~0.005 — 10 pmol/L. (D) ATPase activity of SERCA preincubated under our emulated physiological
conditions, 4mmol/L ATP and 0.1 pmol/L calcium and initiated with calcium at concentrations ranging from ~0.005 — 10 umol/L.
Curves were fitted to experimental data using the Hill equation (Vmax, Kca, and nH values for each curve can be found in Table 4.1).

Individual data point error bars indicate S.E.M. for a minimum of 3 independent reconstitutions and ATPase activity assays.
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4.3 — Results

Human SLN and rabbit SERCAla were used in these studies. SERCAla from rabbit skeletal
muscle is a facile substitute for human SERCAla as it is nearly identical in sequence and readily
available in large quantities (will be called SERCA from now on). SERCA resides in the SR of
myocytes, where the normal substrate conditions include millimolar levels of ATP and nanomolar
levels of calcium under resting conditions. Under pathological conditions, the levels of ATP and
calcium can change dramatically, having an enormous impact on SERCA function and cellular calcium
homeostasis. Thus, it is important to understand the effect of various substrate conditions on the
ATPase activity of SERCA.

ATP hydrolysis by SERCA proteoliposomes in the absence and presence of SLN was
measured as a function of calcium concentration (0.1umol/L - 10umol/L). The calcium concentration
indicates [free Ca®'] in solution based on the composition of the assay mix (calculated with
CHELATOR (35)). The data were fit to the Hill equation and enzymatic parameters (Vimax, Kei, and
co-operativity (nH)) were determined based on the resultant curve fits (Figure 4.2). Based on
previous work (306), the Hill coefficient reflects co-operativity of ion binding to SERCA and it has a
theoretical maximum that indicates the number of ion-binding sites being utilized for metal-ion
transport across the membrane. For SERCA, this value indicates a theoretical maximum of 2 calcium
ions or 2-3 protons. ATP hydrolysis by proteoliposomes containing SERCA with or without SLN
was measured and modulated by subjecting the proteoliposomes to differing preincubation conditions
before measuring ATPase activity using a coupled-enzyme assay. Kinetic parameters obtained for

these conditions have been tabulated in Table 4.1 and represented graphically in Figure 4.3.
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K., V.

max

(umol/L) (umol/min/mg) nH
SERCA . . . 0.46 £0.02 4.09 £0.06 1.53£0.07
Preincubation without
SERCA + SLN substrate 0.68 + 0.04 3.06+ 0.06 1.6+ 0.1
SERCA 0.27£0.02 296 £0.07 1.11 £0.06
Ca®" preincubation
SERCA+ SLN 0.45+£0.07 25+0.1 0.99 +0.07
SERCA 0.35+£0.02 3.89+0.06 1.5+0.1
ATP preincubation
SERCA + SLN 0.37+0.03 2.32+0.07 1.6+0.2
SERCA 0.37+£0.01 3.5+0.1 1.5+0.1
Physiological mimetic
SERCA + SLN 0.46 £0.03 3.0+0.1 20+02

Table 4.1: Kinetic parameters of SERCA and SERCA — SLN co-reconstituted proteoliposomes. Values derived from coupled
enzyme assay measurements are tabulated based on substrate preincubation starting conditions. Error measurements are reported as

S.E.M.

4.3.1 - Calcium-dependent ATPase activity when initiated with calcium and ATP
simultaneously

Co-reconstituted SERCA proteoliposomes in the absence and presence of SLN were
subjected to the simultaneous addition of calcium and ATP to initiate ATPase activity (Figure 4.2A).
This method has been used in the past as the usual (“traditional”) method of measuring ATPase
activity (37), and it is useful for generating a baseline for comparison. Proteoliposomes containing
SERCA alone were found to yield a Vi of 4.09 + 0.06 pmol/min/mg while proteoliposomes
containing SERCA and SLN were found to yield 2 Vi = 3.06 * 0.06 pmol/min/mg. This Vi
depression was expected based on previous observations (22) and indicated that our proteoliposomes
are behaving as previously described. Kec, was found to be 0.46 + 0.02 umol/L and 0.68 £ 0.04
umol/L for SERCA alone and SERCA with SLN, respectively. The increase in Ke, indicates a
decrease in relative calcium affinity of SERCA in the presence of SLN, which is the characteristic
teature of SERCA inhibition. The Hill coefficient (nH) for SERCA proteoliposomes in the absence
ot presence of SLN was 1.5 = 0.1 and 1.6 £ 0.1, indicating little change to the co-operativity of calcium

binding to the enzyme under these conditions.
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Figure 4.3: Graphical representation of SERCA kinetic parameters under differing starting conditions. Values determined
from coupled enzyme assay measurements under differing starting conditions for SERCA alone (Black) and SERCA + SLN (Grey).
(A) Apparent calcium affinity (Kc,) values: red line represents the reported K¢, for SERCA alone when preincubated in the absence of
substrate, and blue line represents the teported K¢, for SERCA + SLN when preincubated in the absence of substrate. Note the trend
of SLN increasing the K¢, when co-reconstituted with SERCA. However, under ATP preincubation conditions, we observe a general
decrease in Kc, (increase in calcium affinity), and we note that SLN’s calcium affinity-altering effect on SERCA has been ablated. (B)
Vimax values: red line represents the reported Vimax for SERCA alone when preincubated in the absence of substrate, and blue line
represents the reported Vimax for SERCA + SLN when preincubated in the absence of substrate. Note how Vi values are depressed
by roughly the same amount when SERCA is co-reconstituted with SLN regardless of starting substrate. (C) Hill coefficient (nH)
values: red line represents the reported nH for SERCA alone when preincubated in the absence of substrate, and blue line represents
the reported nH for SERCA + SLN when preincubated in the absence of substrate. Note how nH values vary dependent on substrate
preincubation, decreasing when preincubated with calcium and increasing when in the presence of SLN under physiological mimetic

conditions. All conditions, other than SERCA preincubated in the absence of substrate, report a general increase in calcium affinity.

Error bars generated by S.E.M.
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4.3.2 — Calcium-dependent ATPase activity when preincubated with calcium

Co-reconstituted proteoliposomes of SERCA in the absence and presence of SLN were
preincubated with calcium concentrations ranging from 0.1pmol/L to 10umol/L before initiating
SERCA ATPase activity (Figure 4.2B). A more modest depression in V. was observed between
SERCA (2.96 * 0.07 umol/mg/min) and SERCA in the presence of SLN (2.5 £ 0.1 umol/min/mg),
compared to the Vi depression observed in SERCA when preincubated without substrate. The
effect of SLN on the K¢, of SERCA remained indicative of SERCA inhibition under the calcium pre-
incubation conditions. However, the observed K, values were shifted to higher affinity (0.27 £ 0.02
umol/L for SERCA alone and 0.45 £ 0.07 pmol/L for SERCA-SLN. Overall, when compared to the
SERCA activity when preincubated in the absence of substrate, the Kc, for SERCA decreased by
approximately 0.2 umol/L. when preincubated with calcium in the absence and presence of SLN.
SERCA co-operativity remained virtually unchanged in the absence and presence of SLN, with an nH
value of 1.11 £ 0.06 for SERCA alone and 0.99 * 0.07 for SERCA in the presence of SLN. In

comparison to the co-operativity exhibited by SERCA preincubated in the absence of substrate, we
observed an overall decrease in SERCA co-operativity of AnH SERCA (SERCA,.. — SERCA¢™) =
0.4 + 0.1 and AnH SERCA-SLN (SERCA-SLN,.. — SERCA-SLN¢,*") = 0.6 = 0.2. Consequentially,

preincubating the SERCA proteoliposomes with calcium, whether in the absence or presence of SLN,
caused an overall increase in the apparent calcium affinity for SERCA (decreased values for Kc,) and
a decrease in co-operativity (decreased values for nH), when compared to SERCA activity

measurements when preincubated without substrate.

4.3.3 — Calcium-dependent ATPase activity when preincubated with ATP

Proteoliposomes containing SERCA with or without SLN were preincubated in assay buffer
containing 4mmol/L ATP, and ATP hydrolysis was initiated with the addition of calcium (Figure
4.2C). The Vi values were found to be 3.89 + 0.09 umol/min/mg and 2.32 £ 0.07 umol/min/mg
for proteoliposomes containing SERCA in the absence and presence of SLN, respectively. The Vi
values observed for preincubation with ATP were diminished compared to when SERCA is
preincubated in the absence of substrates. However, the depression of SERCA’s V. by SLN was
preserved, albeit the magnitude was slightly reduced (~25% reduction in Vm. when preincubated
without substrate and ~16% reduction with ATP preincubation; Table 4.1). Similarly, the overall co-

operativity of SERCA for calcium binding did not change in the absence or presence of SLN (nH
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values of 1.5 £ 0.1 for SERCA alone and 1.6 * 0.2 for SERCA-SLN). In contrast, the effect of SLN
on the apparent calcium affinity of SERCA was completely eliminated with ATP preincubation (Kc,
of 0.35 + 0.02 umol/L for SERCA alone and 0.37 * 0.03 umol/L for SERCA-SLN). These
measurements indicate that nucleotide preincubation had a small effect on Vi and did not
significantly alter the co-operativity of SERCA. However, SLN’s modulation of calcium-affinity with
SERCA was lost as the apparent calcium affinity of SERCA was unaltered by SLN. Of note, this
contrasts with the trend seen for PLN where ATP preincubation did not alter SERCA inhibition (30).

4.3.4 — Calcium-dependent ATPase activity with a physiological-mimetic calcium jump

The changes brought about by different preincubation conditions and their divergence from
‘baseline’ enzymatic parameters prompted further investigation into starting conditions using a more
physiological condition. The resting-state condition of a cell includes millimolar concentrations of
ATP and nanomolar concentrations of calcium. To mimic this, SERCA and SERCA-SLN
proteoliposomes were preincubated with 4 mmol/L ATP and 0.1 umol/L calcium, near the low end
of the cytosolic calcium concentration gradient that myocytes experience ([Ca**] of 500nmol/T. —
Tumol/L). ATPase activity measurements of SERCA and SERCA-SLN proteoliposomes under these
conditions were compared to the other starting conditions tested (Figure 4.2D). The observed Vay
depression remained between SERCA and SERCA-SLN proteoliposomes, though it was slightly
reduced (Vi values of 3.5 + 0.1 umol/mg/min and 3.0 + 0.1 umol/mg/min, respectively; ~14%
depression). The K, shift observed between SERCA and SERCA-SLN proteoliposomes was found
to be 0.37 £ 0.01 umol/L and 0.46 + 0.03 umol/L, respectively. This small change in the apparent
calcium affinity of SERCA was akin to the loss of SLN inhibition observed for the ATP preincubation
condition. Under these preincubation conditions, the most significant change occurred in the co-
operativity of SERCA. The Hill coefficient for proteoliposomes containing SERCA alone (1.5 £ 0.1)
was similar to values for SERCA alone under substrate-free preincubation and ATP preincubation
conditions. However, there was an increase in co-operativity (nH = 2.0 £ 0.2) for SERCA in the
presence of SLN under the physiological-mimetic conditions. These latter trends (increased co-
operativity and reduced SLN inhibition) were similar to previous observations with SERCA in the
presence of PLN (30). That said, the regulation of SERCA by SLN seemed to be particularly sensitive

to preincubation with ATP.
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4.4 — Discussion
4.4.1 — Substrate-dependent conformational states of SERCA

Preincubation of SERCA with or without substrates stabilizes conformational states that span
the substrate-free E2 state to the ATP- and calcium-bound E1 state of the calcium transport cycle.
An atomic-level description is available for these conformational states, providing a snapshot of the
complex conformational changes that SERCA undergoes during these stages of the transport cycle.
Previous reports indicate that preincubation with calcium stabilizes a high-affinity EleCa
conformation (38), preincubation with ATP likely favours a E2e ATP state (3), simultaneous pre-
incubation with both ATP and calcium is reported to stabilize the E1eATPeCa conformational state
(39), and the absence of substrate favours a low-affinity E2 state (40). Based on previous work (30),
SERCA’s conformational state, dictated by substrate binding, can be poised at different points in the
calcium transport cycle. This initial conformational state influences subsequent calcium transport
cycles as SERCA undergoes continuous turnover, a behaviour termed conformational memory (31).
The conformational memory during SERCA turnover, dependent on the starting substrate conditions,
manifests as changes in the kinetic parameters determined from ATPase activity measurements. These
subtle differences in activity measurements reflect changes in the positions of the cytoplasmic and
transmembrane domains of SERCA that alter calcium transport, ATP hydrolysis, and substrate
binding-site dynamics.

The SERCA-SLN structure determined by X-ray crystallography revealed that SLN stabilizes
an unexpected calcium-free E1-like state (14, 15) through an interaction with an inhibitory groove in
the transmembrane domain of SERCA. A similar structure was also reported for the SERCA-PLN
complex (17). In separate findings, our lab has shown that two-dimensional co-crystals of PLN and
SERCA naturally associate at a site independent of the inhibitory groove under substrate-free
conditions (19). Two-dimensional co-crystals of SERCA and SLN reveal that SLN can also interact
with SERCA at a site independent of the inhibitory groove, termed the “accessory site” (41). These
interactions are likely dependent on the conformation of SERCA, and the conformation of the
transmembrane domain, thus changing the nature of the interaction between SERCA and SLN. These
sites are not mutually exclusive and may be occupied at the same time, allowing for both PLN and
SLN to persistently associate with SERCA throughout the reaction cycle. The sequential and

cooperative binding of two calcium ions to SERCA, and the proximity of the SLN binding site to the
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calcium sites, explains the effect of SLN on the apparent calcium affinity (K¢,) and Hill coefficient
(nH) measured for SERCA. Similarly, the interaction with the accessory site influences the Vi of
SERCA (see (19) and (41)). The data presented here reveal that these SERCA-SLN interactions depend
on the conformational state of SERCA and that the effect of SLN on the catalytic cycle of SERCA
(Vimax, Kca, and nH) must involve distinct binding modes. The effect of SLN and SERCA
conformation on the E2-E1 transition may provide insight into the reported ‘calcium-slippage’

hypothesized for the uncoupling of SERCA by SLN (27).
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EleCa EleATPeCa
(1SU4) (1IVFP)

Figure 4.4: The calcium-binding sites in different conformational states of SERCA. SERCA'’s calcium-binding sites (highlighted
by hashed circles) I (right) and II (left) are formed by residues: (I) Asn7%8, Glu7! (M5), Thr7%, Asp8% (M6) and Glu?8 (M8). (II) Glu3»®
(M4), Asn™5, Asp8% (M6) and backbone carbonyls of Val3%4, Ala305, Tle37 (M4). Relevant residues coloured green with exception to
Glu3® (purple) and the TM’s of the inhibitory groove (orange). (A) Calcium-binding sites in the E2 conformation (1IWO), hashed

circles represent where the placement of Ca?* ions should be relative to E1. (B) Calcium-binding residues in the E2e ATP (3AR4)
conformation. Note the similarity to the E2 conformation. Note Glu3® is swung out, and M6 is unwound in this conformation. (C)
Calcium-binding residues in the E1-like state with SLN (cyan a-helix) (3W5A). Note the presence of Mg?+(Cyan) and the semi-formed
calcium-binding site I formed by rotation of M6. (D) Calcium-binding residues in the E1eCa conformation (1SU4). Note M6 rotated
(arrow) into an amicable position to fully form the calcium-binding sites. Note the similarity to E16SLN and Glu3" contribution to
calcium-binding site II (Blue — Ca?*). (E) Calcium-binding residues in the E1eATPeCa conformation (IVFP). Note the structural
similarities to E1eSLN and EleCa.
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4.4.2 — Promoting E1 by preincubation with calcium

Relative to preincubation in the absence of substrates, all preincubation conditions resulted in
changes to SERCA ATPase activity and catalytic parameters. Preincubation of SERCA-SLN
proteoliposomes with calcium significantly deviated from the results of the other tested preincubation
conditions in that all three kinetic parameters were altered (Vma, nH, and Kc,). SERCA’s overall
maximal activity (Vma) and co-operativity (nH) were lower, though SERCA’s sensitivity to Vmax
depression by SLN was preserved. The most significant effect was on the ability of SLN to alter the
apparent calcium affinity (Kc,) of SERCA. The overall affinity of SERCA for calcium was higher,
though a change in K¢, was still present indicative of SERCA inhibition by SLN. Interestingly, a
previous study with PLN under calcium preincubation conditions observed the same overall effects
on Vs, nH, and Ke, (30), though SLN inhibition of SERCA is much lower.

Calcium preincubation gradually shifts SERCA equilibrium from predominantly an E2
conformation at low calcium to predominantly an E1 conformation at high calcium. Of course, this
equilibrium also depends on the affinities of SLN and PLN for SERCA and their ability to stabilize
the E2 state (i.e. inhibit SERCA). The simplest explanation for the observed results is that SLN has
a lower affinity for SERCA than PLN and that the addition of calcium more easily overcomes SLN
binding to SERCA. However, the results are from steady-state activity measurements where SERCA
is continuously cycling. Thus, the persistence of this effect is surprising because SLN should be able
to access the inhibitory site on SERCA as it passes through an appropriate conformational state during
turnover (e.g. E2). The reduced inhibitory effect suggests that SLN remains associated with SERCA,
though it may not fully access the inhibitory site. Both PLN and SLN stabilize a calcium-free E1-like
state of SERCA, as evident in the X-ray crystal structures. Thus, the inhibition of SERCA involves
the transition from this calcium-free state (El-like) to the calcium bound state (E1), which is a
considerably smaller conformational change compared to the expected E2-to-E1 transition thought

to be associated with PLN and SLN inhibition of SERCA. SLN stabilizes SERCA in an E1-like state
with a calcium-binding site that looks very similar to the EleCa conformation of site I and site II
(Figure 4.4B). M4 and M6 are both extended, but Glu™”, a critical residue for both site formation
and gating of the calcium access funnel, is swung out and restricting calcium access to the binding
sites. The increase in calcium affinity and lack of co-operativity, even in the presence of SLN (lower
nH near a value of 1), suggests that the binding sites are completely formed and functioning

independently. The reduced SERCA inhibition and loss of co-operativity indicate that SERCA is
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poised to bind calcium and that SLN and SERCA remain associated in a way that cannot access the

tull inhibitory complex.

4.4.3 — Promoting the E2¢ATDP state by preincubation with nucleotide

Canonically, SLN alters the calcium affinity of SERCA upon association with the inhibitory
groove of SERCA and lowers the V. possibly through lower affinity interactions with SERCA
independent of the inhibitory groove (41). As described above, preincubation with calcium lowers
the co-operativity of calcium binding to SERCA in the absence and presence of SLN. Conversely,
preincubation with ATP yielded expected levels of SERCA co-operativity in the absence and presence
of SLN, and the expected V. depression in the presence of SLN. Preincubation with ATP increased

the apparent calcium affinity of SERCA and eliminated inhibition in the presence of SLN (no Ke,

shift). ATP preincubation would stabilize SERCA in the E2e ATP (3AR4) (42) conformational state

with structural highlights including closed calcium access (Glu309

swung in; Figure 4.4B), a compact
cytoplasmic domain, and a deep inhibitory groove that could accommodate SLN (Figure 4.1B). ATP
binding is expected to promote a more compact and less dynamic cytoplasmic domain (43), which
ultimately lowers the activation energy for calcium binding and phosphoenzyme formation. This state
may not be compatible with SLN inhibition (E1-like state), which persists during steady-state turnover
of SERCA.

The inclusion of SLN under these conditions gave very perplexing results. With no shift in
either co-operativity or calcium affinity, it appears that SLN cannot interact with the inhibitory groove
and form the inhibitory complex with SERCA. However, the E2¢ATP state is known to be accessible
to PLN (16, 44-40), and presumably to SLN as well. Moreover, preincubating SERCA and SLN in
the absence of substrates promotes the formation of the calcium-free E2 state of SERCA, which is
thought to be structurally similar to E22ATP but perhaps more dynamic. Under this latter condition,
SLN can shift the apparent calcium affinity of SERCA characteristic of the inhibitory complex. How
these states differ, and why one is amenable to SLN inhibition (E2) and the other (E2°ATP) is not,
remains unknown. Despite the similar X-ray crystal structures for these two states (40, 42) our data
suggest that they are distinct.

SERCA in the presence of SLN still exhibits a reduced Vi, indicating that SLN is still
interacting with SERCA and influencing ATPase activity. Previous works in our lab showed that PLN
and SLN can alter the maximal activity (V) of SERCA when interacting with an accessory site (19,

41). In this previous work, we determined that the V. effects of PLN and SLN in association with
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SERCA is linked to the interaction of oligomeric forms of PLN and SLN at a site independent of the
inhibitory groove. The V. depression demonstrated under the ATP preincubation conditions
indicates that there is still an SN association with SERCA, which is consistent with an association of

oligomeric SLN with the accessory site, transmembrane segment M3 (41).

4.4.4 — Mimicking physiological conditions and promoting an El-like state?

In the presence of ATP, the addition of calcium initiates phosphoenzyme formation in a
concentration-dependent manner through the formation of an E1eATPeCa intermediate (47) with
the catalytic complex being E1~PeADPeCa. To investigate the E26 ATP to E1eATPeCa transition,
we chose conditions that mimic the physiological resting state by preincubating our proteoliposomes
at saturating ATP [4mmol/L. ATP] and resting cytosolic calcium [0.1 mmol/L Ca*"]. Crystal structures

of the E26 ATP and E1e ATPeCa conformations indicate compact states that are quite different from

one another (Figure 4.1B and 4.4E). The progression from E2e ATP — E1eATPeCa involves large
movements of the cytoplasmic domains and rearrangement of the transmembrane helices to form the
first calcium-binding site. Once the first site becomes occupied, the second site forms co-operatively
and becomes occupied, followed by phosphoenzyme formation and calcium occlusion. The calcium-
free E1-like state, identified in the SERCA-SLN crystal structures (14, 15), appears to lie along the
trajectory from E2e ATP — EleATPeCa. SLN inhibits SERCA by stabilizing this intermediate state
between E2 and E1, and the physiological starting conditions should poise SERCA in a conformation
suitable for the formation of the SERCA-SLN inhibitory complex.

Under these preincubation conditions, SERCA has a slower turnover rate (lower Vi, and a
higher affinity for calcium (lower Kc,). The presence of SLN had the expected effect on Vi and Ke,
decreasing both the turnover rate (Vma) and calcium affinity (Kc.), though these effects were
diminished (Figure 4.3). Interestingly, our results indicated that the presence of SLN under these
conditions increased the co-operativity of calcium-binding to SERCA (nH 1.5 — 2.0). Typically, the
addition of SLN to SERCA is not associated with an increase in co-operativity, though the
homologous regulatory peptide PLN does increase SERCA’s co-operativity in (48). Also, a similar
trend was observed for PLN, where preincubation under physiological conditions further increased
co-operativity (30) (nH 1.6 — 3.0). Assuming SLN stabilizes SERCA in an E1-like state poised to
bind calcium, this is the framework for considering the impact on the co-operativity of calcium binding

to SERCA. The two conditions that alter co-operativity are calcium preincubation (loss of co-
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operativity) and the more physiological ATP/calcium preincubation (enhanced co-operativity). The

former condition likely promotes a SERCA-SLN complex that is closer to the fully formed calcium-
binding sites found in the E1eCa or E1eATPeCa state (Figure 4.4). The latter condition likely

promotes a SERCA-SLN complex that is E1-like but further from the E1eATPeCa state, requiring
binding of the first calcium ion before the second site can fully form. It is interesting to note that
these conditions still possess some inhibitory capacity (AKc, in the presence of SLLN) and that the
preincubation with ATP has the largest impact on SLN inhibition of SERCA (no AKc,).

Ultimately, substrate-dependent initial conformations appear to dictate SLN’s mode of
interaction with SERCA. Substrate-dependent conformational dynamics influence the conformation
of SERCA’s TM domain, directly changing the inhibitory groove and/or accessory site of SERCA.
The question becomes: can SLN interact with one or both sites and how does SERCA’s substrate-
dependent conformation influence this interaction. We observe that SLN can occupy both the
inhibitory and accessory sites on SERCA (Figure 4.5) (indicating that the interactions between both
sites are not mutually exclusive), as SERCA’s V. is a simple indicator for binding of SLN to the
accessory site. The E2e ATP starting condition likely reflects SLN interaction at the accessory site,
which influences the V. of the enzyme. Following this line of reasoning, SLN was found to influence
the stability and formation of the calcium-binding sites and ATP hydrolysis activity of SERCA, which
likely involves binding the inhibitory groove of SERCA. The sensitivity of these latter parameters to
the starting conformation of SERCA suggests that there are multiple modes of binding between
SERCA and SLN and that once a mode of binding is engaged, it persists through steady-state SERCA
turnover. This latter concept is consistent with conformational memory — the conformational
dynamics that accompany transitions from one SERCA reaction intermediate to the next is not a

stochastic process and can be influenced by the conformational states that precede it.
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E1-PeCa

Figure 4.5: The effect of SERCA substrate preincubation on SERCA conformation and SLN regulatory properties. A modified
model of E2—E1 conformational changes during calcium transport. Highlighted structures indicate the conformational states stabilized
by preincubation with (i) no substrate (i) calcium (iii) ATP and (iv) ‘physiological’ [ATP] and low [Ca?*]. Cyan a-helix represents the
estimated position of SLN with SERCA in its respective conformational state in either the inhibitory groove (orange) or an accessory
site elsewhere. Note that starting conditions stabilize SERCA conformational states and reinforce the path to phosphoenzyme
formation to be followed upon cycle completion. Substrate and SLN preincubation have some effect on the conformational dynamics
of SERCA, affecting the SERCA calcium transport properties indicated above. The relative changes of Vi, Kca, and nH, to the
SERCA-SLN conformation-dependent pathway, are found above (i-iv). SERCA cytoplasmic domain is represented by (red)

phosphorylation domain (blue) nucleotide binding domain and (yellow) actuator domain.
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4.5 — Experimental procedures
4.5.1 — Materials

All reagents used were of the highest purity available. Reagents used for proteoliposome
reconstitution include egg yolk phosphatidylcholine (PC), egg yolk phosphatidic acid (PA) (Avanti
Polar Lipids, Alabaster AL), and octaethylene glycol monododecyl ether (Ci:Es) (Barnet Products,
Englewood Cliff, NJ). Reagents used for couple-enzyme ATPase measurements include ATP,
NADH, phosphoenolpyruvate, pyruvate kinase, and lactate dehydrogenase (Sigma-Aldrich, Oakville,
ON).

4.5.2 — SLN expression and purification

Recombinant SLN was expressed and purified, as previously described (22).

4.5.3 — Rabbit SR purification from white-muscle

Rabbit SR was purified from rabbit hind-leg muscle homogenized in medium 1 (50mmol/L
MOPS pH 7.0, 10% sucrose, 10mmol/L EDTA). Homogenized tissue was centrifuged at 15 000 x
RCF for 20 minutes, and supernatant was filtered through cheesecloth. The supernatant was then
centrifuged at 40 000 x RCF for 90 minutes, and the resulting pellet was resuspended in medium 2
(25mmol/L MOPS pH 7.0, 600 mmol/L KCI). Following homogenization, the mixture was stirred
slowly at 4°C for 50 minutes and subsequently centrifuged at 13 000 x RCF for 20 minutes. The
mixture separated into three distinct zones, and the middle zone was collected and subsequently
centrifuged at 120 000 x RCF for 60 minutes. The resultant pellet was resuspended in medium 3

(10mmol/L. MOPS pH 7.0, 30% sucrose) and aliquoted for use.

4.5.4 — SERCAla purification from rabbit SR

SERCA1la was purified from rabbit hind-leg muscle SR as previously described (49, 50) with
the following alterations. 100mg rabbit SR was added to extraction buffer (10mg/ml Ci2Es, 8mmol/L
CaCl,, 50mmol/L MOPS pH 7.0, 5mmol/L DTT, 20% glycerol) and stitred for 15 minutes at 4°C.
Extracted SR was centrifuged at 120 000 X RCF for 20 minutes and loaded onto a packed column
containing Reactive Green Resin (Sigma-Aldrich, Oakville, ON) equilibrated with extraction buffer.
Column was washed with two column volumes of wash buffer (Img/mL Ci;Es, Immol/L CaCly,
20mmol/L. MOPS pH 7.0, Immol/L DTT, 20% glycerol) and eluted with elution buffer (10mg/mlL
Ci2Es, 8mmol/L CaCl,, 50mmol/L MOPS pH 7.0, 5mmol/L DTT, 20% glycerol, 10mmol/L ADP,
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50mmol/L NaCl, 10mmol/L NaOH). Eluted fractions were collected based on separation by SDS-
PAGE and coupled enzyme ATPase activity(51).

4.5.5 — SLN and SERCA co-reconstitution

Co-reconstitution of SLN and SERCA was performed as previously described (22, 52) with
the following alterations. 75ug of lyophilized SLN was resuspended in 100uL trifluoroethanol: 2-
propanol (5:1) and mixed with 360ug egg yolk PC and 40ug egg yolk PA. The mixture was then dried
down under N»(g) to form a thin film of lipid and protein and placed under vacuum overnight. 16
hours later, thin films were solubilized in buffer containing SERCAla (3mg/mL Ci;Eg, 33mmol/L
MOPS pH 7.0, 5mmol/L CaCl,, 3mmol/L DTT, 7mmol/L. ADP, 36mmol/L NaCl, 7mmol/L
NaOH, 7mmol/L imidazole pH 7.0, 0.07% NaNj3, 0.25 mg/mL egg yolk PC, 1mg/ml SERCA1a),
achieving a final molar ratio of 1 SERCAla: 6 SLN: 195 lipid (9:1 egg yolk PC to egg yolk PA).
Membrane reconstitution was facilitated by the slow removal of detergent by the addition of SM-2
Biobeads (BioRad, Hercules, CA) at a mass ratio of 25:1 biobeads to detergent. Reconstituted
proteoliposomes were then purified in a step gradient sucrose gradient (20% / 50% suctose,
20mmol/L imidazole pH 7.0, 100 mmol/L KCl, 0.2% NaN3) by centrifugation at 110 000 X RCF for
1.5 hours at 4°C. A punctate band formed at the 20% / 50% interface and was collected in 3 x 200uL
aliquots. Purified co-reconstituted proteoliposomes yield an approximate final molar ratio of 1

SERCAT1a:4.5 SLN: 120 lipid (confirmed on an assay to assay basis by protein quantitation).

4.5.6 — Calcium-dependent ATPase activity measurements

ATPase activity of co-reconstituted proteoliposomes was determined by a coupled-enzyme
reaction over a calcium concentration range (0.1 — 10 umol/L) (30, 37, 51). The assay used has been
adjusted to fit a 96-well format for use in a Synergy 4 (Biotek Instruments, Winooski, VT) or
SpectraMax M3 (Molecular Devices, San Jose, CA) microplate reader. Proteoliposomes containing
SERCAT1la alone (negative control) and SERCAla with SLN (experimental) were utilized in the
coupled-enzyme reaction (~10-20nmol/L SERCA1a at 30°C). Absorbance measurements at 340nm
were collected every ~30 seconds for 30 minutes, and slopes were determined for each [Ca®'] interval.
These slopes were then used to determine the specific ATPase activity as each respective [Ca®’]
interval. Reactions were initiated under different conditions (i-iv). Assays were performed in assay
mix buffer (50mmol/L imidazole pH 7.0, 100mmol/L KCl, 5mmol/L MgCl,, 0.5mmol/L EGTA pH
8.0, 4mmol/L ATP, 0.18mmol/L NADH, 0.5mmol/L PEP, 9.6U/mL LDH, 9.6U/mL PK). (i) For
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simultaneous calcium and ATP addition, reconstituted proteoliposomes containing SERCAla
(negative control) or SERCAla with SLN (experimental) were introduced to wells containing 150uL
assay buffer and calcium to initiate the reaction. (i) For calcium preincubation conditions,
reconstituted proteoliposomes were introduced to wells containing ATP-free assay buffer and
calcium. ATP was then added to the wells to initiate the reaction. (iii) For ATP preincubation
conditions, reconstituted proteoliposomes were introduced to wells containing assay buffer. Calcium
was then added to the wells to initiate the reaction. (iv) For the physiological mimetic conditions,
0.1umol/L calcium was added to each well that contained assay mix and reconstituted
proteoliposomes. For all conditions, substrate was preincubated at 22°C for approximately 10
minutes. The remaining calcium required to meet the gradient criteria was then added to initiate the
reaction. Enzymatic parameters Vo, (maximal activity), Kc. (apparent calcium affinity), and nH (co-
operativity) were determined by nonlinear least-squares fitting of the activity data to the Hill equation
(53) (Sigma Plot software, SPSS, Chicago, IL). Errors were determined using S.E.M for a minimum

of three independent reconstitutions.
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“Don’t panic.”
D. Adams — 1979
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Chapter 5
Cryo-EM of two-dimensional crystals of SERCA and PLN

J.O. Primeau’, G.P. Armanious', and Howatd S. Young'

!Department of Biochemistry, University of Alberta, Edmonton, Alberta, Canada

Stylized crystal structure of SERCA 2A (PDB: 5MPM)
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5.1 — Introduction

The majority of structures in the Protein Data Bank were determined by the major structural
biology techniques X-ray crystallography and NMR spectroscopy. While these techniques can be slow
and challenging, they have provided stunning atomic-level structures of biological macromolecules.
Both techniques require large amounts of protein, with NMR being mostly limited to smaller proteins
(=30 kDa) and X-ray crystallography requiring large crystals of the target protein. However, for many
biological macromolecules, well-ordered crystals of large proteins, complexes, integral membrane
proteins, or highly dynamic proteins has proven problematic. What if we could avoid these constraints
and look directly at a single molecule, in a native environment, in multiple conformations, as a
multimeric complex, and at near-atomic resolution? Up until ten years ago, this was unthinkable.

Jacques Dubochet, Joachim Frank, and Richard Henderson were pioneers in establishing
modern cryoelectron microscopy (CryoEM) in the 1980s (2, 3), and they received the 2017 Nobel
Prize in Chemistry for their efforts. Cryo-EM involves the vitrification of a target protein in a thin
layer of amorphous ice, allowing for direct viewing of macromolecules in a hydrated environment,
free of any heavy-metal stain or embedding plastics. This technique is suitable for membrane protein
structural analysis, a field of structural biology that has traditionally been considered a difficult
undertaking. Membrane proteins can be stabilized in detergent micelles, lipid bicelles, co-reconstituted
lipid membranes, and other synthetic model membrane systems, offering reasonable substitutes for
the native-membrane embedded environment. Favourable environments such as these provide an
opportunity to view large macromolecular complexes usually not possible with other techniques.
Structural insights gleaned from CryoEM analysis of multi-protein complexes offer a unique
understanding of protein-protein interactions, or lipid-dependent protein-protein interactions, that are
typically not amenable by X-ray crystallography or NMR spectroscopy.

Technological advances in cryo-EM, such as improved freezing techniques (4), direct electron
detectors (5), phase plates (6), subframe alignments (7), ez cetera, have led to a surge in near atomic-
level resolution macromolecular structures (8—14). These structures have become of great interest not
only because of the fundamental biology they reveal but also for drug and pharmaceutical
development, ushering in a new era of high-resolution structures that some have dubbed as the
resolution revolution. 'The application of this technique to the analysis of single-molecules involves
recording thousands of images of randomly orientated single particles, which are used to generate a
high-resolution structure. However, if the target protein is not stable in solution (like most membrane

proteins) or requires an unusually large detergent micelle for stabilization, two-dimensional crystals
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and electron crystallography provide an alternative to single-particle analysis to address these prior
concerns. First established in the “70s, electron crystallography has been used to determine a handful
of unique crystal structures (15). By imaging single-layered, regular array of membrane proteins in a
native membrane environment, one can produce medium to high-resolution structures of membrane
protein complexes. Two-dimensional crystals (2D crystals) of SERCA have been analyzed for many
years (16-21), providing remarkable insight into SERCA structural studies complementary to X-ray

crystallography.

5.1.1 SERCA and phospholamban 2D crystals

As previously described in the literature (19, 22, 23) and the body of this thesis (see Chapters
2 and 3), 2D crystals of SERCA and PLN or SLN indicate that PLN/SLN form an oligomeric
interaction with membrane-embedded SERCA at an interface independent of the inhibitory groove.
Previous work by Dr. John Paul Glaves also investigated the effect of phospholamban mutations on
2D crystal formation, finding that mutations to PLN such as Lys*’-to-Ala (gain of function) and Asn™-
to-Ala (loss of function) have a profound impact on PLN function and 2D crystal formation. These
mutations had significant effects on PLN function as a SERCA regulator, notably by altering both K,
and Vi of SERCA, which aligns with the central message of this thesis.

By noting that mutations to PLN can have substantial effects on the formation of 2D crystals,
our lab has been investigating more ‘interesting’ human variations in PLN and evaluating their impact
on 2D crystal formation and structure. One such mutation, Pro*-to-Thr (24) found in patients with
dilated cardiomyopathy (DCM), was deemed a member of the ‘interesting human mutation’ cohort.
Pro*, located in PLN’s flexible linker domain (Figure 5.1) has been identified as an essential residue
for PLN regulation of SERCA activity (25). Li et al. determined that mutating Pro* to an alanine
residue increased a-helical characteristics of the peptide, as well as altered PLN’s ability to regulate
SERCA calcium transport properties (likely by altering PLN cytoplasmic interaction with SERCA
(26)). Unpublished work performed by Gatreth Armanious determined that mutating Pro*-to-Thr
also increases a-helical characteristics of PLN based on CD spectroscopy when compared to wild-
type PLN. Pro*-to-Thr was also found to depress the Vi of SERCA (2.1 £ 0.1 umol/mg/min for
SERCA in the presence of Pro*-to-Thr PLN versus 6.3 * 0.1 umol/mg/min for SERCA in the
absence of PLN) and increase the K¢, (1.5 £ 0.1 umol/L versus 0.88 £ 0.03 umol/L, respectively).
These data suggest that this mutation results in a gain of inhibitory properties of PLN (compared to

wild-type PLN). Because this mutation has proven to be structurally and functionally different from
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wild-type PLN, it became a definite candidate for further structural studies by cryo-EM of 2D crystals.
The obvious question was, “does a Pro*-to-Thr PLN mutation alter the structure of the pentameric
interface with SERCA”. The significant effect on V., suggests that this mutation is affecting the
pentamer interaction with the calcium access funnel of SERCA, likely due to altered PLLN cytoplasmic
domain dynamics. In turn, by combining the Lys”-to-Ala (gain-of-function pentameric form of PLN)
and Pro*'-to-Thr (entirely a-helical form of PLN) mutations, we have an ideal candidate to investigate
how PLN pentamer structure alters SERCA regulation and 2D crystals of PLN and SERCA, ultimately

leading to a better understanding of the role of this mutation in DCM.
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Figure 5.1: Pro?! and Lys?? are located in the linker region of phospholamban. (A) A solution and solid-state NMR ensemble
structure of Ser!'® phosphorylated PLN (PDB: 2M3B) and a topology diagram (B) indicating the primary sequence. The highlighted

residues indicate the relative positions of Pro?! and Lys?7 (red, red asterix) on the phospholamban molecule.

5.2 — Results
5.2.1 - Pro”-to-Thr and Lys”-to-Ala mutations alter PLN regulatory function

As stated previously, mutations to PLN can have significant effects on its regulatory
capabilities. We can assess the impact of mutations on PLN by measuring the calcium-dependent

ATPase activity of SERCA co-reconstituted in membrane vesicle with PLN mutants of our choice.
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By fitting the resultant ATPase activity data to the Hill equation, we determine kinetic parameters such
as apparent calcium affinity (Kc,) and maximal activity (Vim.) of SERCA. As previously noted, the
effects of PLN on K¢, saturate at a molar ratio of 1:1 PLN:SERCA (27, 28) and the PLN monomer
is thought to be responsible for the shift in calcium affinity when interacting with the inhibitory groove
(19). As such, alterations to the calcium affinity of SERCA in the presence of PLN can be interpreted
as a change in the inhibitory SERCA-PLN complex. The oligomeric state of PLLN and association
with M3 of SERCA (19) influences the turnover rate of SERCA. In this case, substantial changes in
the Vi of SERCA in the presence of PLN can be interpreted as changes in the oligomer interaction
with the accessory site of SERCA.

We have established that SERCA ATPase activity and kinetic parameters can be used to
estimate how PLN interacts with SERCA. The effects of Pro*-to-Thr and Ly*-to-Ala mutations in
PLN (PLN P21T K27A) on calcium-dependent ATPase activity measurements of co-reconstituted
proteoliposomes were compared to SERCA alone (negative control) and SERCA in the presence of
wild-type PLN (positive control) (Figure 5.2). The P21T K27A mutant of PLN flipped PLN’s V ..
stimulatory effect to an inhibitory effect (4.09 £ 0.01 umol/min/mg for SERCA alone, 6.1 £ 0.2
umol/min/mg with wild-type PLN, and 3.6 + 0.1 pmol/min/mg for SERCA with PLN P21T K27A).
The effect of these mutations is such that it reduces SERCA Kc, when compared to wild-type PLN
(0.87 £ 0.05 umol/L for SERCA with wild-type PLN and 0.66 £ 0.07 umol/L for SERCA with PLN
P21T K27A). This represents a partial loss of function for the P21T K27A form of PLN. The
significant change in V., compared to the more subtle K¢, effect, suggests that these mutations
modulate the interaction with the M3 accessory site more than the inhibitory groove interaction.
These results are intriguing as the PLN pentamer is required for to facilitate modulation of SERCA
Vinax. SDS-PAGE of co-reconstituted proteoliposomes containing SERCA alone, SERCA in the
presence of wild-type PLN, and SERCA in the presence of P21T K27A PLN (Figure 5.2-7nsef) reveals
the stability of the pentameric form of P21T K27A PLN (intensity of the pentamer band is 1.8 = 0.3
times higher than that of wild-type PLN). The evidence suggests that the tandem effects of these
mutations increase pentamer stability even though SERCA V... is depressed. If the mutants are
considered separately, the Lys”-to-Ala mutation remains a pentamer and is a super-inhibitor of
SERCA (22), while the Pro*-to-Ala mutant lowers the Vmax of SERCA and has no effect on calcium
affinity (unpublished). Thus, the combined effects of the mutants in P21T K27A PLN is surprising.
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Figure 5.2: ATPase activity as a function of calcium concentration for SERCA proteoliposomes containing SERCA alone,
SERCA with PLN, and SERCA with Pro?-to-Thr Lys?’-to-Ala PLN. Experimental data of proteoliposomes containing SERCA
alone (filled circles), proteoliposomes containing SERCA and PLN (open circles), and proteoliposomes containing SERCA and P21T
K27A PLN (filled triangles, gray line) are fit to the Hill equation. Values of V. (maximal activity) and Kc, (apparent calcium affinity)
are indicated in the inset table. Each data point is the mean * standard error (n=3). The inset shows 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis gel of the reconstituted proteoliposomes of SERCA in the absence and presence of PLN or P21T

K27A PLN with bands corresponding to SERCA and the PLN pentamer and monomer identified
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5.2.2 = PLN Pro*-to-Thr Lys”-to-Ala forms 2D crystals with SERCA

Previous studies of helical and wide 2D crystals of SERCA with PLN (18, 19, 22) identified
that the natural association of PLN with M3 of SERCA is functionally significant for regulation of
SERCA calcium transport. The evidence presented in this thesis indicates that this interaction is
essential for the regulatory capabilities of PLN on SERCA. Thus, determining the effect of deleterious
PLN mutations on this interaction can provide insight into how particularly adverse mutations can
affect overall heart health. The formation and analysis of two-dimensional crystals of SERCA and
P21T K27A PLN was preformed under two crystallization conditions (see #zethods (19)). However, a
concentration of 0.5 mmol/L Na;VO, converted to decavanadate was used, as well as the absence of
thapsigargin (T'G)). The conditions differed only in the magnesium concentration used for crystal
formation, with 15mmol/L. MgCl, promoting helical crystal formation and 35mmol/L MgCl,
promoting the formation of wide 2D crystals. Initial experiments with this construct indicate that
P21T K27A PLN can form helical and wide 2D crystals (Figure 5.3). Previous studies have shown
that wide 2D crystals do not form in the absence of PLN, and as such, we can infer that P21T K27A
PLN similatly stabilizes wide 2D crystals as seen wild-type, lle*’-to-Ala, and Lys*’-to-Ala PLN (22). It
is reasonable to assume that P21T K27A PLN associates with M3 of SERCA, as the crystals are
morphologically similar, which is also in agreement with functional data indicating that the mutant
PLN is altering the Vi of SERCA.  Unfortunately, the number of wide 2D crystals found (so far)
has been inconsistent and not suitable for cryo-EM analysis (at least not yet). Thin helical crystals also
appear to be morphologically similar to crystals analyzed in previous studies (~70nm in diameter and
several um in length (20, 29, 30)) As these crystals were found in high abundance, they are a prime
candidate for cryo-EM studies (Figure 5.4). Thus far, approximately 100 micrographs have been

collected (and more are being collected) for future analysis.

157



Figure 5.3: Example micrographs of negatively-stained helical and wide two-dimensional crystals containing SERCA and
Pro?!-to-Thr Lys?’-to-Ala PLN. Proteoliposomes containing SERCA and P21T K27A PLN form helical (A) and wide 2D (B) crystals.
In both crystal morphologies, SERCA is seen aligning in anti-parallel dimer ribbons (arrows). Helical crystals can be described as tubular
and have dimensions of ~70nm in width and several um in length. Alternatively, wide 2D crystals have a different packing morphology
than helical crystals (which is evident in spacing between dimer ribbons) and form flattened tubes approximately 500nm in width and

several pm in length.
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Figure 5.4: Example micrographs of frozen-hydrated helical two-dimensional crystals containing SERCA and Pro?!-to-Thr
Lys?’-to-Ala PLN. Frozen hydrated helical 2D crystals containing SERCA and P21T K27A PLN embedded in vitrified crystallization
buffer. Note the reduced contrast compared to negatively stained crystals (Figure 5.3). Arrow indicates the location of SERCA dimer

ribbons in the tubular helical crystal.
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5.3 — Discussion

As noted in previous studies, the effect of PLN on the V. and Kc, of SERCA is sensitive to
PLN mutation (31-33). N-terminal residues (Val* and Gln®) and C-terminal residues (Met™ and Leu™)
of PLN are critical for the V. effect, indicating that a coordination of the cytoplasmic and
transmembrane domains plays a role in influencing the turnover rate of SERCA. Additionally, alanine-
scanning mutagenesis of PLN (32) reveals that the N- and C-termini of the transmembrane domain,
laying near the membrane surfaces, were critical for influencing the V. of SERCA. Mutation of
pentamer stabilizing residues such as Leu” and Ile* impact the effect of PLN on the Vi of SERCA.
These observations suggest that the interaction requires a PLN pentamer in conjunction with
molecular interactions with M3 of SERCA to facilitate an increased turnover rate for SERCA. The
coordinated positioning of cytoplasmic and transmembrane domains of PLN and the positioning of
the cytoplasmic domains of PLLN on the surface of the membrane (19), cause membrane perturbation
near the calcium access funnel as the mechanism for increasing SERCA’s turnover rate. An interesting
point to consider is that previous work performed by Gustavsson et al. (26) has highlighted the
importance of the conformational equilibrium between PLN’s cytoplasmic and transmembrane
domains. Based on their work, the conformation of PLN is in equilibrium between a ground-state
(T-state) where the helical cytoplasmic domain of PLN rests on the membrane surface and an excited,
conformationally dynamic state (R-state) where the helix becomes unwound, dissociates from the
membrane and can interact with SERCA (B-state). The T-state of PLN is the most populated
conformation (~80%) while the dynamic R-state is less populated, and the B-state is sparsely
populated. They assert that the T-state interaction of PLN with the inhibitory groove of SERCA is
inhibitory, while the excited R and B-states are non-inhibitory. We find a very similar T-state
orientation of PLN in the pentamer interaction with the M3 accessory site of SERCA.

The effect of Pro*-to-Thr in conjunction with Lys”-to-Ala mutation facilitates two-
dimensional crystal formation, amenable for cryoEM studies. Based on previous CD spectroscopy
data, the Pro’'-to-Thr mutation renders PLN entirely a-helical, creating a continuous helix structure
of PLN. This change in secondary structure could alter how the PLN pentamer packs and associates
with SERCA. There are three aspects to consider here, the interaction with M3 of SERCA, the
positioning of the cytoplasmic domains of PLN on the membrane surface, and the requirement for a
pentameric (oligomeric) form of PLN. The Pro”-to-Thr Lys”-to-Ala form of PLN remains
pentameric. It is reasonable to assume that this mutation, in combination with the Lys*’-to-Ala

mutation, would facilitate interactions with SERCA at the accessory site and the inhibitory groove.
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The effect of the double mutant on the K¢, and Vi of SERCA supports this assertion. Thus, the
mutations promote a complex with SERCA, which involves a stable pentamer, an interaction with M3
(22), and a helical structure of PLN that lifts the cytoplasmic domain off the membrane surface.
Functionally, we can observe the effects of these mutations as changes to pentamer propensity, Vs,
and Kc.. Based on the results, P21T K27A PLN nearly doubles pentamer stability in SDS when
compared to wild-type PLN. This element of P21T K27A PLN, however, appears to be the only
aspect consistent with the two separate individual mutants. Pro*-to-Ala PLN decreases the Vi of
SERCA and has a partial loss-of-function effect on Kc,. In stark contrast, Lys”’-to-Ala PLN increases
the Vi of SERCA and has a gain-of-function (super-inhibitory) effect on Kc..

As established previously, PLN and SLN modulation of SERCA V. and K, reflects different
regulatory site interactions, with changes to SERCA V., mediated by the M3 accessory site and
changes to K¢, mediated by inhibitory groove association. Both PLN and SLN alter SERCA’s K, to
a similar extent, and the mode of interaction with the inhibitory groove is similar (34-36). However,
PLN increases the Vi of SERCA (19, 31, 32, 37), while SLN decreases the V.. of SERCA (38).
SLN also interacts with the M3 accessory site of SERCA, though the interaction involves an SLN
monomer and the consequence is a decrease in SERCA’s turnover rate. In our previous work (19, 39,
40), we concluded that the interaction with M3 alone, whether by PLN or SLN, decreases the Vimax of
SERCA. For PLN, this is overcome by the placement of PLN’s cytoplasmic domains at the surface
of the membrane near the calcium access funnel of SERCA. The membrane perturbation caused by
the cytoplasmic domains of PLN increases the turnover rate of SERCA. With this interpretation in
mind, the effects of the P21T K27A double mutant are such that SERCA’s V. is decreased, which
is an SLN-like characteristic. The P21T K27A form of PLN retains PLN molecules in an oligomer
with their cytoplasmic domains lifted off the membrane surface (Figure 5.5), eliminating the
membrane perturbation proximal to the calcium access funnel of SERCA. Since the mutant form of
PLN can still associate with M3 of SECRA, the net effect is a decrease in the turnover rate. As such,
these results are similar to what we have observed with SLN pentamers (39), which associate with
SERCA through an indirect interaction with M3 and act to lower the Vimn of SERCA. Our
observations indicate that if you lift the PLN’s cytoplasmic domain off the membrane interface, we
no longer see a stimulatory effect on SERCA Vi, but we see a Vi depression similar to what we
observe with the SLN interaction. Membrane fluidity is no longer perturbed, resulting in a net
inhibitory interaction with M3, akin to the SLN interaction. This interesting double mutation aligns

with our current understanding of the SERCA-Regulin regulatory axis, where an association with M3
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of SERCA is fundamentally inhibitory by nature, but secondary effects such as modifying the local

lipid environment can cause an increase in SERCA turnover.

ommms

P2IT K27A PLN

Figure 5.5: A schematic representation of Pro?!-to-Thr Lys?’-to-Ala PLN pentamers in a membrane. Based on
the pinwheel structural model of a PLN pentamer, wild-type PLN (right) cytoplasmic domains lie on the membrane surface
where charged amino acid residues destabilize membrane fluidity by interacting with phospholipid headgroups. In
comparison, P21T K27A PLN (middle) lifts the cytoplasmic domain away from the membrane interface, removing the

destabilizing effect on the phospholipid membrane, akin to SLN (left) pentamers.

If we now focus on PLN-mediated modulation of SERCA calcium affinity, we see that the
effects of the P21T K27A PLN mutation on SERCA Kg, is not as prominent as the K27A mutant
alone (i.e. partial loss of function versus super-inhibition, respectively). As noted earlier, Gustavsson
et al. demonstrated that PLN exists in a conformational equilibrium between and ‘ordered’ (T) and
‘disordered’ (R) states to facilitate PLN’s regulatory interaction with SERCA (26). Lys® resides in the
linker region of PLN between the N-terminal cytoplasmic helix and the transmembrane domain helix.
The linker region of PLN modulates the interaction with the inhibitory groove of SERCA, fine-tuning
the interaction such that it is reversible at physiological calcium concentrations. Lys” is thought to be
proximal to positively charged residues of SERCA such that charge repulsion modulates the affinity
of PLN, and mutation of this residue to alanine (i.e. Lys”-to-Ala) allows tighter binding and super-
inhibition of SERCA. The Pro*'-to-Thr mutation converts the linker region to an a-helix, which alters
the interaction of the linker region of PLN with SERCA and has a deleterious effect on PLN alignment
within the inhibitory groove. Based on the partial loss-of-function to K¢, modulation observed for
P21T K27A PLN, we can conclude that this mutation is indeed affecting the ability of PLN to

associate with SERCA’s inhibitory groove. What this does tell us is that the secondary structure of
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PLN is critical for optimal interaction with SERCA, bridging our understanding of how structural
modifications to PLN can affect its function and also highlights the homologous regulatory functions
of PLN and SLN. By forming a continuous helix in PLN with the mutation of a single residue (Pro*'-
to-Thr), we can make PLN act more like SLN. These results beg the question, do the regulatory
functions of the other discovered SERCA regulators agree with these observations? Further research

will shed light on this mystery.

5.4 — Experimental procedures
5.4.1 — Materials

All reagents were of the highest purity available: octaethylene glycol monododecyl ether (Ci2Es;
Barnet Products, Englewood Cliff, NJ); egg yolk phosphatidylcholine, egg yolk
phosphatidylethanolamine (PE), and egg yolk phosphatidic acid (PA) (Avanti Polar Lipids, Alabaster,
AL); all reagents used for crystallization and the coupled-enzyme assay including sodium
orthovanadate, NADH, ATP, phosphoenolpyruvate, lactate dehydrogenase, and pyruvate kinase
(Sigma-Aldrich, Oakville, ON, Canada).

5.4.2 — Co-reconstitution of PLN mutants and SERCA

Recombinant Pro”'-to-Thr Lys”-to-Ala PLN mutant (human PLN sequence (22)) was
expressed and purified as previously described (41). SERCAla was purified from rabbit skeletal
muscle SR (42, 43). Lyophilized Pro*-to-Thr Lys*’-to-Ala PLN mutant (100 pg) was suspended in a
100-u. mixture of water-trifluoroethanol (1:5) and mixed with lipids (400 pg egg yolk
phosphatidylcholine (PC), 50 pug egg yolk PE, and 50 pg egg yolk PA) from stock chloroform solutions.
The peptide-lipid mixture was dried to a thin film under nitrogen gas and desiccated under vacuum
overnight. The peptide-lipid mixture was hydrated in buffer (20 mmol/L imidazole (pH 7.0); 100
mmol/L KCl; 0.02% NaNj3) at 37°C for 10 min, cooled to room temperature, and detergent-
solubilized by the addition of Ci;Es (0.2% final concentration) with vigorous vortexing. Detergent-
solubilized SERCAla was added (500 pg in a total volume of 500 uL), and the reconstitution was
stirred gently at room temperature. Detergent was slowly removed by the addition of SM-2 Bio-Beads
(Bio-Rad, Hercules, CA) over a 4-h time course (final weight ratio of 25 Bio-Beads to 1 detergent).
After detergent removal, the reconstitution was centrifuged over a sucrose gradient for 1 h at 100,000
x RCF. The resultant layer of reconstituted proteoliposomes was removed, flash-frozen in liquid Na,

and stored at -80°C.
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5.4.3 — Calcium-dependent ATPase activity measurements

ATPase activity of co-reconstituted proteoliposomes was determined by a coupled-enzyme
reaction over a calcium concentration range (0.1 — 10 pmol/L) (31, 44, 45). The assay used has been
adjusted to fit a 96-well format for use in a Synergy 4 (Biotek Instruments, Winooski, VT) or
SpectraMax M3 (Molecular Devices, San Jose, CA) microplate reader. Proteoliposomes containing
SERCAT1a alone (negative control) and SERCAla with PLN P21T K27A (experimental) were utilized
in the coupled-enzyme reaction (~10-20nmol/L SERCA1a at 30°C). Absorbance measurements at
340nm were collected every ~30 seconds for 30 minutes, and slopes were determined for each [Ca®*]
interval. These slopes were then used to determine the specific ATPase activity as each respective
[Ca®"] interval. Assays were performed in assay mix buffer (50mmol/L imidazole pH 7.0, 100mmol/L
KCl, 5mmol/L MgCl, 0.5mmol/L EGTA pH 8.0, 4mmol/L ATP, 0.18mmol/L. NADH, 0.5mmol/L
PEP, 9.6U/mL LDH, 9.6U/mL PK). Enzymatic parameters V. (maximal activity), Kc. (apparent
calcium affinity) and nH (co-operativity) were determined by nonlinear least-squares fitting of the
activity data to the Hill equation (46) (Sigma Plot software, SPSS, Chicago, IL). Errors were

determined using S.E.M for a minimum of three independent reconstitutions.

5.4.4 — Crystallization conditions

The methods used to generate helical and wide-two dimensional crystals have been described
in great detail (22, 30, 47, 48) but will be reiterated here. Co-reconstituted proteoliposomes were
collected by centrifugation in crystallization buffer (20 mmol/L imidazole (pH 7.4), 100 mmol/L KCl,
15 or 35 mmol/L MgCl,, 0.5 mmol/L EGTA, and 0.5 mmol/L Na;VO,, with or without 30 mmol/L
thapsigargin). The 0.5 mmol/L Na;VO, was converted to decavanadate form by lowering the pH to
2 on ice, then slowly raising the pH to ~7 and immediately using the solution for crystallization. The
pellet was subjected to two freeze-thaw cycles, resuspended with a micropipette, followed by two
additional freeze-thaw cycles. The samples were incubated at 4°C for three to five days. The use of
15 mmol/L MgCl, in the crystallization buffer promoted the formation of helical crystals, whereas the
use of 15 or 35 mmol/L MgCL promoted the formation of large 2D crystals. The large 2D crystals
were formed from SERCA in the presence of a Pro”'-to-Thr Lys*-to-Ala PLN mutant (human PLN

sequence (22)).
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5.4.5 — Negative-stain TEM analysis of Pro”-to-Thr Lys”-to-Ala PLN two-dimensional
crystals

Two-dimensional crystals (prepared as previously described 5.3.4) were applied to home-made
carbon-coated 400-mesh Maxtaform Rh-flashed Cu grids (Ted Pella, Redding, CA, USA) and stained
with 2% uranyl acetate. Imaging was conducted with a Tecnai F20 200 KV TEM outfitted with a
Falcon II Direct Electron Detector (FEI/ThermoFisher Scientific, Hillsboro, OR, USA) and a Hitachi
H-7650 60 KV TEM outfitted with an EMCCD (Hitachi Ltd, Chiyoda-ku, Tokyo, JAP).

5.4.6 — CryoEM analysis of Pro”-to-Thr Lys”-to-Ala PLN two-dimensional crystals
Two-dimensional crystals (prepared as previously described 5.3.4) were diluted in their
respective crystallization buffers and applied to R 2/2 Quantifoil support-film coated, 300-mesh, Cu
grids (Quantifoil Micro Tools, Grof3l6bichau, Germany) and vitrified in liquid ethane with a Vitrobot
(FEI/ThermoFisher Scientific, Hillsboro, OR, USA) and imaged with a Tecnai F20 200 KV TEM
outfitted with a Falcon II Direct Electron Detector (FEI/ThermoFisher Scientific, Hillsboro, OR,
USA). Images were collected under low-dose conditions and automated with EPU for high-

throughput data collection.
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6.1 — Conclusions and future directions

Conclusions in science are transient, reflecting the knowledge available at the time. Before the
findings raised from the Michelson-Morley experiment in 1887 (1), the idea of light travelling through
luminiferous ether explained the properties of light at the time. These experiments reevaluated the
understanding of the physics of optics on earth and opened a new avenue for investigation. In a
similar vein, one of the most significant shifts in the understanding of molecular biology and genetic
transferred occurred with the formation of the Central Dogma (2). Crick, himself, remarked that his
explanation would prove to be a “considerable over-simplification.” Reflecting on the conclusions
reached by prevailing theories in the pastis not to highlight that they were ‘incorrect,” but demonstrates
that science is ever-evolving and provides support for the next major endeavour. With this said, the
conclusions of the observations supported in this thesis are useful for addressing the current state of
understanding in P-type ATPase regulation. However, perhaps the legitimate value of the work herein
described is not just the evidence-based conclusions but how these conclusions provide the

foundation for future endeavours in the field of calcium-ATPase mediated calcium re-uptake.

Although the conclusions for each chapter of the thesis have been provided within the text,
there is merit in restating the findings to gain a broader perspective on the effects of SERCA regulation

on the organism as a whole. The conclusions found can be summed up in 3 points.
1. The phospholamban pentamer naturally associates with SERCA

Previous 2D crystal analysis in our lab established that PLN pentamers interact with SERCA
at a site near M3, although at the time, we lacked an explanation as to the functional significance of
this interaction. Evidence of this interaction observed by cryoEM (3) had support from functional
studies of mutations to PLN residues essential to pentamer formation. These mutations to PLN were
subsequently found to have effects on SERCA’s calcium transport properties and 2D crystal
formation. The study outlined in Chapter 2 sought to explain the observed pentameric interaction of
PLN with SERCA. By re-examining previous analyses of helical 2D crystals containing SERCA and
PLN, we determined that, like the wide crystal morphology, PLN interacts with M3 of SERCA as an
oligomer. What is significant about the SERCA-PLN interaction in helical crystals is that SERCA and
PLN pack differently than in the wide 2D crystals. In the wide 2D crystals, the PLN pentamer
participates in a crystal contact, though the same interaction in the helical crystals would not involve

a crystals contact. Nonetheless, we observed an oligomeric form of PLN interacting with M3 of
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SERCA in the helical crystals. The M3-PLN interaction in the helical crystals competes with a crystal
contact between SERCA molecules; thus, a somewhat distorted PLN oligomer was observed. Co-
reconstituted proteoliposomes containing SERCA and PLN were functionally analyzed at molar ratios
targeting the monomeric and pentameric PLN interaction with SERCA, and these data revealed a
functional role for the interaction observed in 2D crystals. We found that the modulation of SERCA’s
calcium affinity by PLN saturates at lower molar ratios of PLN to SERCA (<2:1). However, as the
membrane concentration of PLN increases to a molar ratio of 5:1 PLN to SERCA (1 pentamer per
SERCA), we observed an increase in the maximal activity of SERCA. We concluded that the PLN
pentamer is responsible for the observed increase in SERCA turnover rate. MD simulations and
molecular modelling of the interaction between PLN pentamer and SERCA showed that this
interaction is stable and mediates its action by positioning two PLN molecules in contact with M3 and
the calcium access funnel of SERCA. The SERCA-PLN interface includes an acyl chain, which offers
an explanation for the lipid dependence of the interaction. In other words, the SERCA-PLN
pentamer complex only forms at the low lipid-to-protein ratios found in SR membranes. The
interaction of the pentamer places the cytoplasmic domains at the membrane surface, which leads us
to conclude that the increased in SERCA’s turnover rate is related to a local membrane perturbation

caused by charged residues in PLN’s cytoplasmic domain laying near the calcium access funnel.

This mechanism is exciting in the context of the regulation of calcium flux in the heart. It
provides a mechanism to modulate SERCA activity to a variety of stimuli. For example, at low to
medium cytosolic calcium concentrations (0.05 to 1.0 umol/L), we obsetve a net inhibitory effect on
SERCA calcium reuptake. The outlined mechanism of calcium reuptake provides adequate control
of cardiac contractility at baseline levels. However, under conditions of heavy cardiac load, where
cytosolic calcium concentrations become consistently elevated (1 to 10 pmol/L), the heart utilizes
another arm of this same mechanism that maximizes SERCA activity to refill the SR for the next
subsequent contraction quickly. For the organism as a whole, this allows rapid adaptation of the heart
rate and cardiac output in response to multiple stimuli. However, this is only one part of an immensely

complicated regulatory axis of cardiac contractility and cardiomyocyte relaxation.

These results provide the groundwork for future endeavours in elucidating the molecular
details of this interaction. In particular, the effect of PLN phosphorylation on the natural association
of PLN pentamers with SERCA requires attention. Phosphorylation is an essential part of the PLN-

SERCA regulatory axis that likely plays an enormous role in regulatory modulation. Additionally, with
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the identification of essential PLN residues for pentamer mediated V. stimulation, one can now
predict potentially deleterious SERCA residues and mutations in the region near the pentameric
interface. By utilizing mutagenesis to move charged residues closer to and further from the calcium
access funnel, we could further elaborate on the effects of the charge interaction between PLN,

SERCA, and the lipid membrane.
2. The sarcolipin pentamer persistently and naturally associates with SERCA

While SLN was not initially thought to form a pentamer, evidence for oligomerization has
been published (4-6). Given the similarity of SLN to PLN, we hypothesized that SLN would form a
functional pentamer that interacts with M3, as SLN also uses a similar mechanism for SERCA
regulation. Analysis of 2D crystals containing SERCA and SLN revealed that, indeed, SLN forms a
higher-order oligomer that indirectly interacts with M3 of SERCA, but the interaction is distinct in
that an additional SLN monomer mediates it. As outlined in Chapter 3, the evidence collected
suggested that SERCA’s Vo, is sensitive to the concentration of SLN in the membrane. Based on
our results, we found that SLN’s ability to shift SERCA’s calcium affinity saturates at lower molar
ratios SLN to SERCA (>2:1), implying that the SLN monomer is sufficient to occupy the inhibitory
groove of SERCA. Further analysis of SLN’s effect on SERCA at a molar ratio of 5:1 SLN to SERCA
revealed that as the membrane concentration of SLN increases, SERCA’s maximal activity decreases,
opposite to what we see with PLN. Molecular models, generated using protein docking and MD
simulations of the SERCA-SLN monomer complex and the SLN pentamer, were investigated to
probe the finer molecular details of the mechanism of interaction. MD simulations revealed that the
structure of the SLN pentamer deviated from the expected symmetrical pentameric architecture
expected. The SLN pentamer appeared to be an asymmetric combination of an SLN dimer and an
SLN trimer. MD simulations of the interaction between SLN and transmembrane segment M3 of
SERCA revealed that a stable interaction occurs via hydrophobic interactions between SLN’s opposite
face (to that utilized in pentamer formation) and the exposed face of M3. Distinct from the interaction
of PLN with SERCA (Chapter 2), a lipid straddles the interaction between SLN and transmembrane
segment M3 of SERCA and the lipid headgroup impinges on the M3-M4 loop of SERCA. We
postulated that the position of SLN interacts with the lipid headgroup, which in turn restricts the

movement of the M3-M4 loop involved in calcium transport.

We have identified that SLN elicits a membrane concentration-dependent effect on SERCA’s

calcium transport properties. Cross-linking and crystallographic evidence has identified that PLN and
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SLN occupy SERCA’s inhibitory groove. While the inhibitory culprit has been the monomer, a dimer
of PLN was found in the crystal structure (7). The specific inhibitory groove interaction has only been
observed in a distinct SERCA conformational state during calcium transport, a point between E2 and
E1 with magnesium ions bound near the calcium-binding sites. Previous work has established that
SERCA can undergo substrate-dependent conformational memory (8), where it has been identified
that PLN has a continued regulatory effect on SERCA throughout the calcium transport cycle, not
just on a single conformational state. By testing the substrate-dependence of SERCA’s ATPase
activity, we could demonstrate ‘conformational memory.” We set to identify if SLN also has a
persistent effect on SERCA’s calcium transport properties throughout the E1-E2 conformational
transitions during calcium translocation. We found that SLN’s regulatory function is dependent on
the conformation of SERCA, suggesting that there are multiple modes of SERCA-SLN interaction
that persist throughout SERCA’s calcium transport pathway and multiple turnover events. We can
conclude that SLN remains associated with SERCA and depending on the starting conformation of
SERCA, it can involve one or both interaction sites. This conclusion provides an exciting new
complication to the already complicated regulatory arc of calcium transport. A modal SERCA-SLN
complex can quickly compensate its regulatory functions to a fluctuating myocyte environment,

particulatly in the atria of the heart and in skeletal muscle during high activity.

To turther explore the functional relevance of the SLN oligomeric interaction, there are a few
avenues we can take. As the 2D crystal data suggests, there is an additional density consistent with an
SLN monomer bridging the interaction between SERCA and an SLN pentamer. To provide a more
precise explanation as to this additional density, we could explore the functional effects of a 6:1 molar
ratio of SLN to SERCA on the calcium transport properties of SERCA. In addition, there is a lack
of understanding of how these observations fit into the concept of SLN mediated thermogenesis in

skeletal muscle as well as the physiological relevance of an SLN oligomer.
3. Regulatory interaction with M3 is modulatory and dependent on local micro-environments

As established in Chapter 5, PLN’s regulatory capabilities are sensitive to mutation. Some human
mutations to PLN have been linked to heart disease, and as such, we investigated one such mutation
at the Pro position, a Pro’'-to-Thr mutation originally found in a 60-year-old female with clinical
diagnoses and a family history of heart failure (9). The Pro”'-to-Thr mutation to PLN has been found
to alter PLN’s secondary structure by increasing the a-helical characteristics of PLN. By linking this

mutation to another mutation strongly associated with SERCA inhibition, we set to establish the effect
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of this mutation in the context of a pentamer association with SERCA. What we found is that the
effects of the mutation were consistent with a PLN pentamer with the cytoplasmic domain lifted off
the lipid membrane interface, causing PLLN to exhibit more ‘SLLN-like’ pentameric characteristic. The
effect of this mutation aligns with the central thesis of this document, in that regulatory modulation
of SERCA is sensitive to the lipid-protein microenvironment near transmembrane segment M3. This
conclusion supports our hypothesis and provides insight into the deleterious nature of the Pro*-to-
Thr mutation with respect to its association with DCM. Of course, a structure of the complex from

2D crystals with SERCA would provide valuable additional support for our hypothesis.

Where do we go from here? It would be interesting to test a permanently stabilized PLN
pentamer in the absence of PLN monomers. The effect of such a construct on 2D crystals and on
SERCA function would be very informative. One such peptide has been published (10) consisting of
the transmembrane domain of PLN with a series of mutations that promote a very stable pentamer.

We are in the process of testing this PL5 peptide for 2D crystallization and functional analyses.
6.2 — Take home message

When the whole is taken into consideration, regulation of a portion of SERCA’s calcium
transport properties occur at interfaces shared by both PLN and SLN. In cardiac tissue, these
structures can explain modulatory modes of regulation in a tissue where there is a substantial variation
in calcium movement, accompanying the relaxation and contraction of the heart. As mentioned in
this thesis, there has been a sort of ‘regulin-revolution’ in the last few years with the discovery of more
tissue-specific, small-peptide SERCA regulators (and there are likely more to be discovered). The
conclusions of this thesis lay the groundwork for future investigations into the effects of these new
‘regulins’ on calcium regulation in the cell. It is exciting to consider that an oligomeric interaction
between SERCA and its tissue/isoform-specific regulins could be part of the new dogma on the

regulation of SERCA-based calcium reuptake.

“If I have seen further it is by standing on ye sholders of Giants” — Isaac Newton.
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