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Abstract 

In 2007, heart disease was the second leading cause of death in Canadians. In heart 

muscle cells, calcium (Ca
2+

) is released from the sarcoplasmic reticulum (SR) during 

contraction and must be replenished for relaxation to occur. Three proteins restore Ca
2+

 to 

the SR following contraction: the sarco(endo)plasmic reticulum ATPase (SERCA) and its 

regulatory binding partners, phospholamban (PLB) and sarcolipin (SLN).  The 

importance and sensitivity of SERCA regulation has been highlighted by identified 

human mutations in PLB and SLN that lead to heart disease and heart failure. This thesis 

aims to provide upstream biochemical insights into regulatory complexes formed 

between SERCA and PLB and between SERCA and SLN for the development of heart 

disease therapies. The structural information suggests novel interactions between SERCA 

and its regulatory binding partners.  

We studied SERCA-PLB and SERCA-SLN complexes using electron microscopy (EM) 

of two-dimensional co-crystals. Cryo-EM of SERCA and PLB co-crystals revealed a 

novel mode of binding between the PLB pentamer and SERCA. The binding site 

involved the third transmembrane helix of SERCA and represented a site distinct from 

the SERCA binding site for monomeric PLB. Cryo-EM of SERCA and SLN co-crystals 

suggested that SLN can also bind the third transmembrane helix of SERCA. The 

functional mutation of PLB affected co-crystal frequency and the structure of PLB in the 

projection maps. The co-crystal frequency was directly related to the functional state of 

PLB. The structure of PLB was also influenced by phosphorylation, but the interaction 

was maintained between the phosphorylated PLB pentamer and SERCA. Combined, the 

results support an active, functional interaction between pentamers of PLB and SERCA. 

The function of the pentameric interaction is proposed to deliver monomeric PLB to its 

inhibitory interaction with SERCA at a different binding site. 
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TrisHCl trishydroxymethylaminomethane hydrochloride 

TBS tris buffer saline 
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Chapter 1. Introduction. 

1-1. Thesis rationale. 

In 2007, heart disease was the second leading cause of death among men and women in 

Canada with an estimated economic burden of over $20 billion (Statistics Canada – 

www.statcan.gc.ca). This thesis aims to provide insights into molecular mechanisms 

directly and intimately involved in human heart disease. By understanding these 

mechanisms in greater detail we can provide a framework for the development of 

therapies aimed at ameliorating this devastating disease. 

1-2. Calcium, calcium, calcium!!! 

The movement of ions and molecules across membranes is vital for many cellular 

processes. Calcium (Ca
2+

) is central to a number of cellular processes including 

neurotransmission, neurosecretion, egg fertilization, and excitation-contraction coupling 

in muscle tissue
1, 2

. These processes rely on the maintenance of low cytosolic Ca
2+

 

concentrations within the cell.  

Excitation-contraction coupling in muscle cells requires a temporary increase in cytosolic 

Ca
2+

 following depolarization, known as the Ca
2+

 transient. The Ca
2+

 transient activates 

the contractile apparatus leading to muscle cell shortening. For relaxation to occur, the 

cytoplasmic Ca
2+

 concentration must be lowered to its resting concentration. This is 

primarily achieved by the activity of the sarcoplasmic reticulum Ca
2+

-ATPase (SERCA). 

At the expense of ATP, SERCA transports two cytoplasmic Ca
2+

 ions
3
 into the 

sarcoplasmic reticulum (SR) lumen against its concentration gradient. As a result, 

SERCA determines the intracellular Ca
2+

 store that is available for the next contraction. 

Thus, SERCA activity is fundamental to rates of muscle relaxation and Ca
2+

 transient 

amplitudes that determine the strength of contraction.  
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1-3. SERCA as a model P-type ATPase. 

P-type ATPases are a family of ion pumps central to cellular transport in archaea, bacteria 

and eukaryotes, named for the formation of a phosphorylated intermediate during their 

transport cycle
4, 5

. The first identified P-type ATPase was the Na
+
-K

+
 ATPase in 1957 by 

Nobel Laureate Jens Christian Skou
6
. Members of the P-type ATPase family now include 

SERCA, the Na
+
-K

+
 ATPase, the H

+
-K

+
 ATPase, the H

+
-ATPase and heavy-metal 

transporters. P-type ATPases share structural similarities and, although they transport 

different substrates, are thought to use common molecular mechanisms
5
.  

SERCA was the first P-type ATPase to have its three-dimensional structure determined
7
 

and currently we have atomic resolution structures of almost every intermediate in the 

SERCA transport cycle
2
. We have an excellent structural understanding of how SERCA 

binds ATP and Ca
2+

, details of the conformational changes that occur during transport, 

and even how small molecules can function to inhibit SERCA activity. As such, SERCA 

is the best characterized member of the P-type ATPase family and provides a framework 

for the study of other members of the P-type ATPase family. However, despite the wealth 

of information available for SERCA, we still do not have a full grasp on how SERCA 

couples the hydrolysis of ATP to the transport of Ca
2+

. 

1-4. The role of SERCA in human heart disease. 

Three genes encode SERCA (SERCA1, SERCA2, and SERCA3) and splice variants of 

these three genes are differentially expressed in human tissues
8
. SERCA1 is expressed in 

fast-twitch skeletal muscle, SERCA2 in cardiac and smooth muscle, and SERCA3 is 

expressed in low amounts in a variety of tissues
8
. Ten splice variants of SERCA have 

been identified, which are also regulated during development
9
. For example, SERCA1b is 

the predominant isoform in developing fast-twitch skeletal muscle and SERCA1a is the 

predominant isoform in adult fast-twitch skeletal muscle
8
. SERCA2a is the predominant 

isoform in adult cardiac muscle and SERCA2b is the predominant isoform in smooth 

muscle. SERCA2a is identical to SERCA2b, except the 4 C-terminal residues of 

SERCA1a are replaced by an additional 49 residue “tail” in SERCA2b.  

Altered Ca
2+

-handling is a hallmark of human heart failure
10

 and many studies agree that 

SERCA2a levels are decreased in human heart failure
9, 11

. Recently, contractile function 

in failing heart muscle was improved using SERCA gene transfer
9, 12

. SERCA2a was 



4 
 

over-expressed by adenoviral gene transfer into cardiac myocytes from patients with end-

stage heart failure. The over-expression of SERCA2a enhanced contraction and rates of 

relaxation
9, 12

. Such evidence suggests SERCA holds potential as a therapeutic target for 

human disease. 

1-5. Dysregulation of SERCA by phospholamban and sarcolipin in heart disease. 

Phospholamban (PLB) is a small SR protein that regulates SERCA in cardiac and smooth 

muscle. PLB binds and inhibits SERCA by lowering its apparent Ca
2+

 affinity. Studies of 

mouse atrial and ventricular muscle have shown that differentially expressed levels of 

PLB reflect their different rates of force development and relaxation
13

. Mouse atrial 

muscle, which has a relatively low PLB to SERCA ratio compared to ventricular muscle, 

has faster rates of contraction and relaxation. PLB knockout mice also exhibit enhanced 

ventricular contractility compared to wild-type mice. These results suggest the relative 

PLB to SERCA ratio is a critical determinant of myocardial contractility
13

. Genetic 

expression studies have suggested that alterations in the ratio of PLB to SERCA might be 

a hallmark of human heart failure
14

. For this reason, PLB has become a target for the 

development of therapeutic strategies for the clinical improvement of contractility in 

failing hearts
14

. 

The importance of PLB in cardiac function is underscored by the identification of PLB 

mutations that cause human heart disease. The PLB mutation Arg
9
Cys causes inherited 

dilated cardiomyopathy with an average age of death of 25 years in affected individuals
15

. 

Recapitulated in transgenic mice, the PLB-Arg
9
Cys mutation altered PLB 

phosphorylation, an important mechanism in relieving inhibition of SERCA
15

. A PLB 

truncation, Leu
39

stop, was attributed to recessive dilated cardiomyopathy causing heart 

failure in the second decade of life
16

. Characterized by heterologous expression, PLB-

Leu
39

stop caused protein instability and mis-targeting of PLB localization
16

. A third PLB 

mutation, deletion of Arg
14

 (Arg
14

), led to hereditary heart failure of heterozygous 

individuals in a large family
17

. Similar to the PLB-Arg
9
Cys mutation, the Arg

14 

mutation also resulted in dilated cardiomyopathy. Recapitulated in transgenic mice, the 

PLB-Arg
14

 mutation caused cardiomyopathy and premature death. Characterized by 

heterologous expression, PLB-Arg
14

 resulted in super-inhibition of SERCA that was not 

fully relieved by phosphorylation
17

. Since the dysregulation of SERCA by PLB can 
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adversely affect cardiac function, manipulation of PLB could be a therapeutic approach 

to improve cardiac function in failing hearts.  

Sarcolipin (SLN) is a small SR protein that regulates SERCA in fast-twitch skeletal 

muscle and the atria of the heart. Aberrant expression of SLN in ventricular muscle has 

been described in Tako-Tsubo cardiomyopathy patients
18

. Tako-Tsubo cardiomyopathy is 

also known as “broken heart syndrome” and causes contractile dysfunction following 

emotional or physical stress. Therefore, SLN could be another important therapeutic 

target for improving cardiac function. 

There are a number of avenues to target SERCA regulation by PLB and SLN, such as 

gene transfer to directly alter the SERCA to PLB (or SLN) ratio, or altering or disrupting 

functional interactions between SERCA and PLB (or SLN).  These target avenues stem 

from an incomplete understanding of the molecular mechanisms used by PLB and SLN to 

regulate SERCA. For this reason, furthering our knowledge of PLB and SLN will be 

important for developing heart disease therapies. Even if we do not directly target PLB 

and SLN, understanding their interactions with SERCA in greater detail will aid in the 

targeting of SERCA activity. 

1-6. Structural insights into the molecular mechanisms of SERCA regulation by PLB 

and SLN. 

The central aims of this thesis are to further our understanding of PLB and SLN, the 

physiological regulators of SERCA in cardiac muscle. We currently have an incomplete 

understanding of how PLB and SLN interact with SERCA. Our understanding is limited 

due to a lack of high-resolution structures of SERCA bound to PLB, or SERCA bound to 

SLN, making it difficult to delineate their molecular mechanisms. We address this using 

cryo-electron crystallography of SERCA-PLB co-crystals and SERCA-SLN co-crystals. 

Structural information from these co-crystals describes a novel interaction of PLB and 

SLN with SERCA. We propose PLB and SLN bind as oligomers to SERCA and this 

interaction is important for SERCA regulation.  

We are also only beginning to understand SLN. It has long been assumed that SLN acts 

similar to PLB because of a high degree of sequence homology, however, evidence is 

mounting that this is not the case. We have functionally characterized residues in SLN in 

the first extensive study with SERCA in a purified system, which highlights key 

differences between SLN and PLB. Understanding SLN in greater detail has become an 
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important goal with recent evidence that SLN is expressed in the atria
19-23

. SLN works 

with PLB to regulate SERCA in the atria and, thus, insights into SLN mechanisms will 

aid in development of heart disease therapies. 

This thesis is organized as follows. Chapter 2 begins with a chronological exploration of 

Ca
2+

 transport, culminating in atomic resolution structures of SERCA transport 

intermediates. The physiological regulators of SERCA are then introduced with a review 

of our current understanding of PLB and SLN. Chapters 3, 4, and 5 address some of the 

discrepancies and gaps in our understanding by contributing novel insights into the 

molecular mechanisms of PLB and SLN. 
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Chapter 2. SERCA structure and regulation circa 2011. 

2-1. E1-E2 models of enzymatic transport. 

Before we begin a detailed exploration of SERCA structure, it is worthwhile to cover 

some history of intermediates in enzymatic transport. Unlike channels, transporters 

undergo conformational changes to carry ions or molecules across the lipid bilayer. Early 

active transport models were based on two conformations of the transporting enzyme, E1 

and E2
1, 2

. The E1 state presented a high affinity binding site for the transported substrate 

to one side of the membrane, and the E2 state presented a low affinity site to the opposite 

side. By interconversion between the E1 and E2 states, the transporting enzyme produces 

vectorial transport across a membrane. The E1-E2 model for active transport was initially 

used to describe transport by the Na
+
/K

+
-ATPase

1, 2
 and later for transport by SERCA

3
. It 

was proposed that different transporters used common mechanisms to transport a wide 

variety of ions and molecules
1
. 

Early E1-E2 models involved more intermediates, specifically well-established 

phosphorylated states that couple the hydrolysis of ATP to transport
1-3

. In such a way, the 

transport of ions or molecules across a membrane and to a higher electrochemical 

potential was achieved at an energetic cost. The concentration gradient resulting from 

substrate transport serves as a potential energy source for other cellular work
1
. These 

additional states were denoted E1-P and E2-P to reflect their phosphorylated states
1-3

. The 

complete cycle of E1 to E1-P to E2-P to E2 and conversion to E1 to begin the cycle 

anew, became known as the Post-Albers Cycle
4
. We will begin with the Post-Albers 

cycle for the transport of Ca
2+

 by SERCA as it was described in 1979
3
. 
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SERCA, embedded in the sarcoplasmic reticulum membrane, begins the cycle in the E1 

state, with a high affinity site for Ca
2+

 facing the cytoplasm. The affinity of the E1 site for 

Ca
2+

 is experimentally 0.2 to 2 M at pH 7.0
3
. Following Ca

2+
 binding at the cytoplasmic 

surface, the terminal -phosphate of ATP is transferred to an aspartyl residue, forming an 

acyl-phosphate in the E1-P state. This autophosphorylation event requires ATP 

complexed with magnesium (Mg
2+

) and facilitates transition to the E2-P state. Ca
2+

 is 

released from the E2-P state prior to hydrolysis of the phosphoenzyme to the E2 state
3
. 

The affinity of the E2 site for Ca
2+

 is experimentally 1 to 3 mM at pH 7.0
3
. Thus, the Ca

2+
 

affinity of the E2 state is approximately 1000-fold lower than the Ca
2+

 affinity of the E1 

state. It was postulated that interconversion of intermediates in the Ca
2+

 transport cycle 

should involve conformational changes in SERCA and ample evidence was building for 

such conformational changes
3
.  

Our current understanding of the Post-Albers cycle is more detailed
4, 5

. Most notably, it is 

well established that the low-affinity E2 state has a high-affinity for a counter-transported 

ion. In the case of SERCA, two to three protons are counter-transported from the SR 

lumen into the cytoplasm
5-8

. As well, occluded states are proposed to alternate between 

openings of the binding sites to different sides of the membrane
5, 9

. For these reasons, our 

present definition of E1 and E2 do not define the binding sites as opened to the cytoplasm 

or lumen, but rather refer to conformational states with high-affinity for Ca
2+

 (E1) or H
+
 

ions (E2)
5
. Finally, it is generally agreed that nucleotide (ATP or ADP) is bound  SERCA 

throughout the transport cycle under physiological conditions
5
. 

A general overview of the SERCA transport cycle is shown in Figure 2.1. Two 

cytoplasmic Ca
2+

 ions bind to the high-affinity E1-ATP state forming (Ca
2+

)2-E1-ATP. 

The binding of Ca
2+

 leads to autophosphorylation by Mg
2+

-ATP at Asp
351

 and formation 

of the (Ca
2+

)2-E1-P-ADP high-energy intermediate (Figure 2.1). At this point in the cycle, 

Ca
2+

 is in an occluded state and is not accessible from the cytoplasm or lumen. Transition 

to the (Ca
2+

)2-E2-P-ADP state lowers the Ca
2+

-affinity and ADP is exchanged for ATP
5
. 

The Ca
2+

 ions remain occluded in the (Ca
2+

)2-E2-P-ATP state. Luminal opening occurs 

during the transition to the (H
+
)n-E2-P-ATP state when two Ca

2+
 ions are released into the 

SR lumen and two to three luminal H
+
 bind. The protons are released to the cytoplasm 

accompanied by dephosphorylation. Back in the E1-ATP state the ion-binding site is now 

available to bind two cytoplasmic Ca
2+

 ions and begin the cycle anew (Figure 2.1). 
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Figure 2.1. Schematic of the Post-Albers cycle for SERCA. The two conformations of 

SERCA are denoted as E1 and E2. The E1 state has a high-affinity for Ca
2+

 and the E2 

state has a high-affinity for H
+
. Intermediates with occluded binding sites are indicated by 

dashed red boxes. The (H
+
)n-E2-P-ATP state is underlined in red because high resolution 

crystal structures have been determined in both occluded and lumen-accessible 

conformations. The direction of arrows associated with Ca
2+

 and H
+
 ions indicate the 

sidedness of binding or release with respect to the SR membrane. The exchange of ATP 

for ADP occurs in the cytoplasmic domains of SERCA. 
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2-2. Milestones in P-type ATPase structure: Structural studies of SERCA reveal 

transport intermediate conformations at the atomic level. 

2-2.1. The structure of SERCA to 8 Å resolution. 

In the early 1990s, researchers were anxious to visualize the structure of SERCA. 

Mutagenesis had identified many functional sites in the enzyme
10-13

 and the involvement 

of transmembrane helices 4, 5, 6, and 8 (TM4, TM5, TM6 and TM8) in the binding of 

Ca
2+ 

ions
14

. In addition, the predicted secondary structure of SERCA led to the proposal 

of ten transmembrane helices
15

. But how did all of these residues fit together in three-

dimensional space?  

In 1993, the SERCA field was granted its first view of SERCA by cryo-electron 

microscopy. There was structural information about SERCA at this time, but it was 

primarily limited to low resolution information of the cytoplasmic domain
16, 17

. Electron 

microscopy of frozen-hydrated specimens of tubular crystals provided the first view of 

the entire SERCA structure to 14 Å resolution
18

. The SERCA tubular crystals were grown 

in the presence of vanadate, which had previously produced two-dimensional (2D) 

crystals of the Na
+
-K

+
 ATPase

19
 and 2D crystals of SERCA

20
. It was later shown that 

decavanadate was a key component for crystal formation
21

. As had been observed 

previously
16, 17, 20

, the SERCA molecules crystallized in an anti-parallel dimer ribbon. 

Although “unexpectedly thin”
18

, the nearly continuous density of the membrane bilayer 

allowed the density within to be assigned as the transmembrane domain. The large 

cytoplasmic head of SERCA and the transmembrane domain were linked by a 25 Å 

“stalk”. The cytoplasmic domain resembled the “head” and “beak” of a bird with the 

“stalk” as the neck (Figure 2.2). The cytoplasmic portion accounted for ~70% of the total 

mass of SERCA and its asymmetric appearance. It would later be shown that the “head” 

is composed of two domains; the phosphorylation domain (P-domain) and the nucleotide-

binding domain (N-domain)
22

. The “beak” is composed of a third cytoplasmic domain, 

the actuator domain (A-domain)
22

. Strands of each dimer ribbon were linked by 

interactions between the large cytoplasmic heads and neighbouring dimer ribbons were 

linked by the luminal portions of SERCA. A distinct channel between two of the 

transmembrane segments at the luminal side of the membrane was hypothesized to serve 

as a Ca
2+

 exit pathway
18

. This would be consistent with reports that tubular crystals of 

SERCA are composed of the E2 state
20, 23

. 
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Figure 2.2. The asymmetric bird-like appearance of SERCA by cryo-electron 

microscopy of tubular crystals. Panel A, an artist’s rendering of the bird-like 

appearance of SERCA. Panel B, a surface representation of SERCA from tubular crystals 

formed with bound TG and decavanadate (pdb: 1KJU)
24

. The three cytoplasmic domains 

of SERCA form the head and beak: the P-domain is green, the N-domain is blue and the 

A-domain is yellow. The transmembrane domain is coloured grey with TM3 highlighted 

in red. Panel C, rotation of panel B by 180° along the y-axis as indicated. 
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In 1998, a more detailed view of the transmembrane domain was accomplished by 

improving the SERCA structure to 8 Å resolution
25

. Using cryo-electron microscopy of 

tubular SERCA crystals, the structure was improved by including a fluorescent derivative 

of thapsigargin (TG), a high-affinity small molecule inhibitor of SERCA. Overall, the 

structure was similar with the “head” and “beak” cytoplasmic arrangement connected to 

the transmembrane domain. However, rather than split into segments, the transmembrane 

domain was now observed as ten transmembrane helices consistent with the proposed 

model
15

. Tentative sequence assignments for the transmembrane helices were made
25

 to 

predict the locations of the Ca
2+

-binding residues identified by mutagenesis studies
14, 26-29

. 

These tentative assignments would require higher resolution information to be verified. 

At this point, our understanding of SERCA structure would benefit most if we could 

reach atomic resolution to discern side chain orientations and interactions. This was, no 

doubt, a very lofty goal. 

2-2.2. The high-resolution structure of SERCA in the (Ca
2+

)2-E1 state. 

Within two years, our view of SERCA reached atomic resolution with the publication of 

the x-ray crystal structure of SERCA bound to two Ca
2+

 ions by Toyoshima and 

coworkers
22

. The new SERCA structure represented the (Ca
2+

)2-E1 intermediate and, 

when combined with the 8 Å resolution E2-TG structure, permitted structural comparison 

of E1 and E2 transport intermediates. Upon its publication, the 2.6 Å SERCA structure 

provided answers to many of the outstanding questions about SERCA structure and 

function.  

All 994 residues of SERCA could be identified in the final electron density from the 

Ca
2+

-bound x-ray crystal structure and were assigned to specific structural regions of the 

enzyme. The cytoplasmic headpiece was split into three well-separated domains; the P-

domain, N-domain, and A-domain (Figure 2.3a). This well-separated arrangement of the 

three cytoplasmic domains differed from the more compact arrangement observed in the 

low-resolution SERCA structures by EM. The conserved phosphorylation site, Asp
351

, is 

located on the central P-domain and is well separated from the N-domain containing the 

bound nucleotide analog TNP-AMP (2’,3’-(2,4,6-trinitrophenyl)-AMP). Thus, the P-

domain and the N-domain are splayed apart in the (Ca
2+

)2-E1 crystal structure (Figure 

2.3a). This observation provided a structural explanation for the long-standing debate as 

to which domain was responsible for nucleotide-binding and phosphorylation. The crystal 
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structure showed that it was not the activity of a single domain, but these activities were 

shared by the P-domain and N-domain and would thus require their co-ordination. The 

third cytoplasmic domain, the A-domain, was also well-separated from the central P-

domain and the N-domain (Figure 2.3a).The SERCA x-ray crystal structure also resolved 

the transmembrane domain into ten transmembrane helices. TM7 to TM10 exist as a 

separated platform, distinct from the central part of the enzyme (Figure 2.3a). The central 

part of the transmembrane domain contains most of TM4, TM5, TM6 and TM8 which 

form the Ca
2+

-binding sites. TM4 and TM5 extend from the membrane and serve as the 

“stalk” between the transmembrane and cytoplasmic domains. 

The Ca
2+

-binding sites merit special discussion. As mentioned, the residues composing 

the Ca
2+

-binding sites had been predicted from mutational studies, but the exact nature of 

the sites was revealed from the SERCA x-ray crystal structure. Both Ca
2+

-binding sites 

(named site I and site II) are at similar heights with respect to the membrane and 5.7 Å 

away from each other (Figure 2.3b). Site I is located between TM5 and TM6, with distal 

contributions from TM8, and is composed solely of side-chain oxygen atoms. Site II is 

mainly formed by TM4 main-chain carbonyl and side-chain oxygen atoms. 

Experimentally it has been demonstrated that Ca
2+

 binding occurs in steps; first a Ca
2+

 ion 

binds to site II and is then passed to site I and, subsequently, a second Ca
2+

 ion binds co-

operatively to site II
30

. Of particular interest, is the unwinding and disruption of helical 

secondary structure in TM4 around the calcium-binding sites (Figure 2.3b). This 

unwinding is necessary for residues close in sequence to contribute to the Ca
2+

-binding 

sites. Excitingly, this mode of helix-unwinding may be a common mechanism used for 

cation co-ordination as unwound helices are also observed in the Na
+
-H

+
 exchanger from 

prokaryotes
31

 and in nuclear magnetic resonance (NMR) studies of isolated hydrophobic 

helices of the human Na
+
-H

+
 exchanger

32, 33
.  

Comparison of the (Ca
2+

)2-E1 crystal structure of SERCA with the E2-TG tubular crystal 

structure suggested large-scale movements of the cytoplasmic domains. The most striking 

difference is the splayed apart nature of the N-domain and P-domains in the (Ca
2+

)2-E1 

state that contrasts with the compact “head” in the E2-TG state (Figure 2.4). In the 

(Ca
2+

)2-E1 state, the P-domain phosphorylation site (Asp
351

) is more than 25 Å away 

from the TNP-AMP bound in the N-domain. Thus, the P-domain and the N-domain must 

come together for efficient auto-phosphorylation and presumably adopt a compact 

conformation similar to E2-TG state.  
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Figure 2.3. The 2.6 Å structure of SERCA bound to two Ca
2+

 ions. Panel A, the 

(Ca
2+

)2-E1 state of SERCA shown as a cartoon representation with a transparent surface 

(pdb: 1SU4)
22

. The cytoplasmic domains are coloured as in Figure 2.2 (the P-domain is 

green, the N-domain is blue and the A-domain is yellow). The transmembrane domain is 

coloured grey. The two bound Ca
2+

 ions are shown as red spheres. Transmembrane 

helices 3, 5 and 6 have been removed for clarity of the Ca
2+

 ions. Panel B, a close-up 

view of the Ca
2+

-binding sites in the same orientation as panel A (site I is on the left and 

site II is on the right). Select ligating residues and transmembrane helices are labelled. 

Co-ordination of the Ca
2+

 ions by atoms in SERCA is indicated by yellow dashed lines. 

For clarity, transmembrane helices not involved in Ca
2+

 co-ordination have been removed 

and not all of the ligating residues are shown. Panel C, rotation of panel B by 90° around 

the x-axis as indicated. Labelled as in panel A with the backbone atoms of Glu
309

 

removed for clarity. 
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Although the x-ray crystal structure of SERCA in the calcium-bound state provided us 

with a lot of answers, it also raised a lot of new questions, particularly about the nature of 

the large-scale conformational changes between SERCA intermediates. In particular, how 

these changes in the cytoplasmic domains might translate to changes in the 

transmembrane domain and the Ca
2+

-binding sites. The field anxiously awaited a second 

high-resolution structure of SERCA that might directly answer these questions, but how 

long would we have to wait? 

2-2.3. “We eagerly await future crystals structures of the various reaction 

intermediates”
24

 

Following the Ca
2+

-bound SERCA structure at atomic resolution, Stokes and coworkers 

improved the resolution of SERCA in the E2-TG state. The resolution was improved 

from 8 Å to 6 Å by increasing the number of tubular crystals in the structure calculation. 

This improvement allowed a better comparison of the (Ca
2+

)2-E1 and E2-TG states than 

the domain fitting performed after the initial release of the (Ca
2+

)2-E1 crystal structure. 

Overall, the improved model involved conformational changes similar to the original 

model. The authors also reported the E2-TG structure bound to decavanadate was more 

similar to E2-P than E2, because the proteolytic sensitivity of decavanadate-bound 

SERCA more closely resembled that of E2-P
24, 34

. A structure was also determined for 

fluoroscein isothiocyanate (FITC)-labelled SERCA, which covalently attaches to Lys
515

 

in the nucleotide-binding pocket and prevents ATP binding
24, 35

. The primary reason for 

determining the FITC-SERCA structure was to investigate the contributions of 

decavanadate to the E2-TG SERCA structure. The density at the intersection of the 

cytoplasmic domains assigned to bound decavanadate
22

 was absent in the FITC-labelled 

structure
24

. Overall, the FITC-SERCA structure was similar to the decavanadate-bound 

E2-TG structure, suggesting that the E2-TG structure is not artefactually influenced by 

decavanadate and likely represents an E2 conformation in the SERCA transport cycle
24

. 
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Figure 2.4. Large-scale conformational changes of the cytoplasmic domains of 

SERCA between the (Ca
2+

)2-E1 and E2-TG states. Panel A, alignment of the (Ca
2+

)2-

E1 state (pdb: 1SU4)
22

 and the E2-TG state (pdb: 1KJU)
24

 along SERCA TM7 to TM10. 

The (Ca
2+

)2-E1 state is shown in cartoon representation with the E2-TG state shown in 

transparent surface. The cytoplasmic domains are coloured as in Figure 2.2 (the P-domain 

is green, the N-domain is blue and the A-domain is yellow). The transmembrane domain 

is coloured grey with TM3 highlighted in red. Alignment was performed using PyMOL 

(The PyMOL Molecular Graphics System, Version 0.99, Schrödinger, LLC.). Panel B, 

rotation of panel A by 90° around the x-axis as indicated. The presented view would be 

normal to the cytoplasmic surface of the SR membrane. The P-domain and 

transmembrane domain have been removed for clarity.  
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2-2.4. The high-resolution structure of SERCA in the E2-TG state. 

Fortunately, we wouldn’t have to wait very long for a second high-resolution structure of 

SERCA. In 2002, the second high-resolution x-ray crystal structure of SERCA 

representing the E2-TG state was solved by Toyoshima’s group to 3.1 Å resolution
36

. The 

new structure allowed a direct comparison with the Ca
2+

-bound SERCA crystal structure 

on a per-residue basis. To form the compact headpiece in the E2-TG intermediate, the 

cytoplasmic domains splayed apart in the (Ca
2+

)2-E1 intermediate must come together. 

Based on comparison of the high resolution structures, the movements of the cytoplasmic 

domains between the (Ca
2+

)2-E1 and the E2-TG states were more dramatic than originally 

modeled (Figure 2.5). The N-domain inclines nearly 90° towards the P-domain and the 

membrane, moving a distance of more than 50 Å in the process. The P-domain also 

inclines by about 30° with respect to the membrane assuming a more upright position. 

The A-domain, originally modeled to rotate by 90°, rotates 110° between the two states. 

Interestingly, despite the large conformational changes, the structure of each cytoplasmic 

domain remains very similar between the (Ca
2+

)2-E1 and E2-TG states. The 

conformational changes that occur are mainly restricted to hinge regions between the 

domains. 

The new E2-TG SERCA structure permitted visualization of movements in the 

transmembrane helices surrounding the Ca
2+

-binding sites. The movements involve TM1 

to TM6, while TM7 to TM10 remain relatively immobile. Interestingly, the movements 

are not restricted to the TM helices that compose the Ca
2+

-binding sites (TM4, TM5, 

TM6, and TM8). Overall, the movements are complex; some TM helices (TM1 and 

TM2) move upward with respect to the membrane, some TM helices (TM3 and TM4) 

move downward, and also include lateral movements and kinking of helices. The “stalk” 

TM helices (TM4 and TM5) link movements between the transmembrane domain and the 

P-domain. The authors suggest these conformational changes cause a “domino effect” 

between SERCA TM helices, with the movement of one TM helix compensated by the 

movement of another, transducing movements throughout the enzyme
36

. The high-

resolution E2-TG SERCA crystal structure also provided mechanistic details for the 

dissociation of Ca
2+

. Site I is re-arranged mainly due to movements of the side chains of 

residues on TM6, which rotate 90° away from their co-ordination geometry in the Ca
2+

-

bound structure (Figure 2.6). Site II, which is primarily formed by TM4, is disrupted by 

the downwards movement of TM4 (Figure 2.6). 
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Figure 2.5. Conformational changes of SERCA cytoplasmic domains from high-

resolution crystals structures of the (Ca
2+

)2-E1 and E2-TG states. Panel A, alignment 

of the (Ca
2+

)2-E1 state (pdb: 1SU4)
22

 and the E2-TG state (pdb: 1IWO)
36

 along SERCA 

TM7 to TM10. The E2-TG state is shown in cartoon representation with the (Ca
2+

)2-E1 

state shown in transparent surface. The cytoplasmic domains are coloured as in Figure 2.2 

(the P-domain is green, the N-domain is blue and the A-domain is yellow). The 

transmembrane domain is coloured grey with TM3 highlighted in red. Movements of the 

individual cytoplasmic domains are indicated by similar coloured arrows. The domain 

movements are more dramatic between the high-resolution SERCA crystal structures than 

previously modeled using the E2-TG structure from cryo-electron microscopy (as in 

Figure 2.4). Alignment was performed using PyMOL (The PyMOL Molecular Graphics 

System, Version 0.99, Schrödinger, LLC.). Panel B, rotation of panel A by 90° around 

the x-axis as indicated. The presented view would be normal to the cytoplasmic surface 

of the SR membrane. The P-domain and transmembrane domain have been removed for 

clarity.  
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Another highlight of the high-resolution E2-TG structure was the co-ordination of TG. 

Highly selective for SERCA enzymes, TG inhibits in the sub-nanomolar range. The TG-

binding site had been previously characterized by mutation and shown to involve TM3
37, 

38
, but the exact details awaited a high-resolution structure. The new structure revealed 

that TG binds to a cavity formed by TM3, TM5 and TM7, near the cytoplasmic side of 

the membrane. The TG binding site was consistent with mutation studies that identified 

Phe
256

 as a critical residue for TG inhibition
37, 38

. The remainder of the TG binding site 

involved bulky hydrophobic side-chains contributed from TM3, TM5 and TM7.  

2-2.5. Binding of ATP analogs to SERCA occludes the Ca
2+

 entry pathway. 

In 2004, the SERCA field was spoiled with new crystal structures representing two 

intermediates bound to ATP analogs and an intermediate mimicking the phosphorylation 

transition-state
39, 40

. Bound to Ca
2+

, the SERCA structures represented the (Ca
2+

)2-E1-

ATP and (Ca
2+

)2-E1-P-ADP states. These structures had a compact cytoplasmic 

headpiece with a slightly different arrangement than the E2-TG state. With these new 

structures, we could now follow cytoplasmic domain conformational changes from the 

(Ca
2+

)2-E1 state to one of its neighbouring intermediates, (Ca
2+

)2-E1-ATP. We could also 

more directly visualize how the splayed (Ca
2+

)2-E1 cytoplasmic domains gather to co-

ordinate auto-phosphorylation of Asp
351

 in the P-domain using the bound ATP analog 

AMPPCP (5'-adenylyl-beta,gamma-methylene-diphosphonate).  

The key observations show movement of the A-domain occludes the Ca
2+

 entry pathway 

around TM3, TM4, and TM6 from the cytoplasmic side
39

. A 90° rotation of the N-

domain towards the P-domain allows binding of AMPPCP at an interface formed 

between the two domains. N-domain residues stabilize a bent conformation of AMPPCP 

that allows the 3’-OH to hydrogen-bond to the –phosphate, while a Mg
2+

 ion and P-

domain residues co-ordinate the –phosphate. The Mg
2+

 ion also co-ordinates the Asp
351

 

side-chain into a rotamer different than the (Ca
2+

)2-E1 and E2-TG states. The A-domain 

rotates towards the P-domain as well, and physically caps one side of the nucleotide 

binding site. This A-domain rotation strains pulls TM1 and TM2 upwards as a pair. The 

movement causes the cytoplasmic end of TM1 to kink and “plug” the cytoplasmic Ca
2+

 

entry channel and prevents the backflow of Ca
2+

 into the cytoplasm. The P-domain 

undergoes subtle shifts in arrangement between the (Ca
2+

)2-E1 and (Ca
2+

)2-E1-ATP 

states.  
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Figure 2.6. Conformational changes around the Ca
2+

 binding sites between the high-

resolution (Ca
2+

)2-E1 and E2-TG structures of SERCA. Panel A, Ca
2+

 co-ordination 

in the (Ca
2+

)2-E1 state (pdb: 1SU4 in grey)
22

 is disrupted in the E2-TG state (pdb: 1IWO 

in blue)
36

. Of particular note is the downward shift of TM4 which changes the position of 

its unwound region near site II including Glu
309

. Large conformational changes in site II 

ligating residues are indicated by arrows. The transmembrane domains involved in Ca
2+

 

binding are labelled. Other transmembrane helices have been removed for clarity. Panel 

B, rotation of panel A by 90° along the x-axis as indicated. 
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The AlF4
-
 in the (Ca

2+
)2-E1-AlF4

-
-ADP structure is found equidistant (~2.0 Å) from the 

–phosphate of ADP and Asp
351

 supporting its validity as a representation of the (Ca
2+

)2-

E1-P-ADP intermediate. There are some important differences between the (Ca
2+

)2-E1-

ATP and (Ca
2+

)2-E1-P-ADP states, represented by the (Ca
2+

)2-E1-AMPPCP and the 

(Ca
2+

)2-E1-AlF4
-
-ADP structures, respectively. One difference in the (Ca

2+
)2-E1-AlF4

-
-

ADP structure is a second Mg
2+

 ion co-ordinating the –phosphate and –phosphate of 

ADP. The conformation of the phosphoryl oxygens in the (Ca
2+

)2-E1-AMPPCP structure 

are not in a proper orientation to co-ordinate a second Mg
2+

 ion. The structural changes 

between the (Ca
2+

)2-E1-ATP state and the (Ca
2+

)2-E1-P-ADP transition state are minimal, 

but their experimental Ca
2+

 occlusion rates differ, suggesting important differences. The 

(Ca
2+

)2-E1-AMPPCP form of the enzyme is less effective at occluding Ca
2+

 than the 

transition-state (Ca
2+

)2-E1-AlF4
-
-ADP form

39
. 

2-2.6. And boom goes the database. 

As a field, and as scientists in general, we have been spoiled by the structural studies of 

SERCA spanning the last few decades, in particular with the atomic resolution SERCA 

structures beginning in 2000
22

. To date, we have a near complete structural understanding 

of intermediates in the SERCA transport cycle
5
. In addition to those already discussed, 

many representative structures of SERCA transport intermediates have recently been 

published, including: the Ca
2+

-bound E1-P-ADP state
41

, the E2-P state
41, 42

, the H
+
-bound 

E2-P-ADP state
41-43

 and the H
+
-bound E2-ATP state

44
. With these determined structures, 

the only remaining unknown structure in the SERCA transport cycle is the Ca
2+

-bound 

E2-P-ATP intermediate
5
. 

One unique observation was a structural view of the open luminal ion pathway observed 

in one of the E2-P structures bound to beryllium fluoride (BeF3
-
)

41
. The pathway resulted 

from pair-wise movements of TM1-TM2 and TM3-TM4 with respect to TM5-TM10. 

However, the open luminal ion pathway was not observed in the other E2-P structure also 

determined with BeF3
- 
bound

42
, which raises two very important points concerning our 

interpretation of SERCA crystal structures. The first is that most of the SERCA crystal 

structures require substrate mimics bound within the context of a crystal lattice and, for 

this reason, we do not know how well they represent actual SERCA transport 

intermediates
5
. Secondly, the recent SERCA crystal structures have provided the first 
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examples of different crystal conditions resulting in different structures using identical 

substrate analogs
5, 41, 42

.  

Despite a wealth of SERCA structural information (45 structures are currently deposited 

in the Protein Data Bank - www.rcsb.org/pdb), we still do not have complete 

understanding of the SERCA transport cycle. For example, it remains unknown how the 

phosphorylation of SERCA is transmitted through the enzyme to induce Ca
2+

 transport
5
. 

We also do not know the basis for the apparent release of cytoplasmic domain 

interactions upon Ca
2+

-binding
5
. The interested reader would enjoy the excellent review 

by Moller and coworkers on SERCA structure, transport and energetics
5
.  

2-2.7. Small molecule inhibitors of SERCA use different mechanisms of inhibition. 

We have already discussed TG as a small molecule inhibitor of SERCA. The TG 

inhibitory mechanism is proposed to involve immobilization of TM3, TM5 and TM7 

where it binds (Figure 2.7a)
36

. Although TM7 does not appear to move to a large degree 

during transitions of SERCA intermediates, by immobilizing TM3 and TM5, TG favours 

the E2 form of SERCA and stabilizes SERCA in E2-like intermediates. As such, SERCA 

is inhibited from transitioning between different conformations and completing its 

transport cycle. 

The structure of SERCA with dibutyldihydroxybenzene (BHQ) revealed a second mode 

of inhibition by a small molecule
45

. Like TG, BHQ is a high-affinity inhibitor of SERCA, 

binding with a Kd of approximately 20 nm
46

. However, BHQ has a distinct binding site 

from TG and uses a different mechanism of inhibition. BHQ bridges TM1 and TM4 with 

hydrogen-bonds to its two hydroxyl groups and van der Waals contacts to its butyl 

groups
45

 (Figure 2.7b). This is consistent with previous observations that the butyl groups 

are critical portions of BHQ for its inhibitory activity
46

. The position of TM1 in the BHQ-

bound structure is similar to the TG-bound SERCA structure, suggesting BHQ also 

stabilizes the E2-state. An important difference observed in the BHQ-bound SERCA 

structure compared to the TG-bound structure is the orientation of residue Glu
309

. This 

residue is thought to act as the gating residue for site II
12, 39, 40, 47

, allowing Ca
2+

 to enter 

from the cytoplasmic side of the membrane or occluding Ca
2+

 depending on its 

orientation. In the SERCA-BHQ structure, Glu
309

 is pointed towards site II in contrast to 

the SERCA-TG structure where Glu
309

 is pointed away from site II. In the SERCA-BHQ 
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structure, BHQ physically sits above Glu
309

 and occupies the space Glu
309

 would occupy 

if it was pointed outwards. As such, Ca
2+

 is physically blocked from accessing its binding 

site by the bound BHQ. 

The physical blocking of gating-residue Glu
309

 is used by a second small molecule 

SERCA inhibitor, cyclopiazonic acid (CPA)
48

. CPA, an indole tetramic acid, is a 

metabolite of fungi that can contaminate food, acting as a toxin at high concentrations. 

CPA is highly-specific inhibitor of SERCA, binding with a Kd of approximately 120 

nm
49-51

. The structure of SERCA in complex with CPA was solved by our laboratory in 

2007
48

. CPA binds approximately 4 Å above Glu
309

 and stabilizes TM1 and TM2 in a 

locked conformation against TM4. The binding of CPA is stabilized by a polar pocket 

that surrounds the tetramic acid moiety and a hydrophobic platform that supports the 

indole portion of the molecule (Figure 2.7c). The indole ring of CPA bridges TM1 and 

TM4, whereas TM2 is displaced by interactions with the tetramic acid
48

. In this 

conformation, the positions of TM1 and TM2 are incompatible with Ca
2+

 binding. Thus, 

CPA blocks the Ca
2+

 access channel, like BHQ, and also immobilizes a subset of 

transmembrane helices using a mechanism similar, but distinct from TG. Thus, small 

molecule inhibitors of SERCA (TG, BHQ, and CPA) use different mechanisms to inhibit 

the Ca
2+

 transport cycle. One might be inspired to ask, what mechanisms are used to 

physiologically regulate SERCA? 
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Figure 2.7. High-resolution complexes of SERCA with small molecule inhibitors 

reveal different mechanisms. For full SERCA views the cytoplasmic domains are 

coloured as in Figure 2.2 (the P-domain is green, the N-domain is blue, the A-domain is 

yellow and the transmembrane domain is grey). The small molecule inhibitors are red 

sticks. For clarity, TM3 has been removed for BHQ and CPA. Panel A, the binding of 

TG to SERCA (pdb: 1IWO)
36

. The surface within 10 Å of TG is coloured blue. Phe
256

 is 

shown in white. Panel B, rotation of panel A by 90° around the x-axis as indicated. Panel 

C, the binding of BHQ to SERCA (pdb: 2AGV)
45

. The surface within 10 Å of BHQ is 

coloured blue. Glu
309

 is shown in white. Panel D, rotation of panel C by 80° around the 

x-axis as indicated. Panel E, the binding of CPA to SERCA with part of TM1 removed 

for clarity (pdb: 2OJ9)
48

. The surface within 10 Å of CPA is coloured blue. Glu
309

 is 

shown in white. Panel F, rotation of panel E by 60° around the x-axis as indicated. 
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2-3. Physiological inhibitors of SERCA: phospholamban and sarcolipin. 

As discussed, we have a detailed structural understanding of SERCA intermediates in the 

Ca
2+

 transport cycle and the mechanisms used by small molecule inhibitors. However, 

our structural understanding of mechanisms used by physiological regulators of SERCA 

is still lacking important details. Physiologically, SERCA activity is regulated by 

differential expression of SERCA isoforms and also by interactions between SERCA and 

small regulatory SR transmembrane peptides. Two of these SR peptides, PLB and SLN, 

are key regulators of SERCA in cardiac muscle and will be the major focus of this thesis.  

2-3.1. An introduction to PLB. 

Initially described as a 22 kDa protein and later as a pentamer of lower molecular weight 

subunits
52-56

, PLB is the predominant regulator of SERCA in cardiac, smooth and slow-

twitch skeletal muscle
56-59

. As a 52-residue type I integral membrane protein, PLB binds 

to SERCA and lowers the apparent Ca
2+

 affinity of the enzyme. PLB was first identified 

as a major target of cAMP-dependent protein kinase (PKA) in cardiac microsomes and 

named for its ability to be phosphorylated (phosphorus and lambano are Latin for “to 

receive phosphate”)
56, 60

.  

The regulation of SERCA by PLB is a dynamic process that is tightly coupled to the 

cytosolic Ca
2+

 concentration
61

 and the phosphorylation states of PLB
62

. PLB inhibits 

SERCA in a dephosphorylated state under sub-micromolar cytosolic Ca
2+

 concentrations. 

PLB inhibition is relieved by micromolar cytosolic Ca
2+

 or PLB phosphorylation. PLB 

can be phosphorylated at two sites in its cytoplasmic domain; Ser
16

 by PKA or Thr
17

 by 

Ca
2+

-calmodulin-dependent protein kinase (CaMKII)
63, 64

. The inhibition of SERCA can 

also be relieved using antibodies against PLB
62, 65

, although this bears little physiological 

relevance.  
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2-3.2. PLB structure and dynamics: order and disorder in the cytoplasmic domain. 

Structural studies of PLB were hampered by its hydrophobic nature and, as a result, 

initial structural studies were based on biochemical and mutational analyses. The first 

structural model of PLB accompanied its amino acid sequence
64, 66

. PLB contained an 

amphipathic helix long enough to cross a membrane and a positively-charged 

cytoplasmic region. The proposed PLB pentamer had hydrophobic residues facing the 

exterior lipid and hydrophilic residues lining the monomer interfaces
64

. This model was 

refined by a mutational study that identified residues critical for PLB pentamer 

formation
67

. The critical residues occurred in overlapping leucine-zipper-like heptad 

repeats and the offset of repeats suggested hydrophobic inter-helix interactions. The 

critical residues (Leu
37

, Ile
40

, Leu
44

, Ile
47

, and Leu
51

) were located in the transmembrane 

domain and became known as the PLB leucine zipper. It was hypothesized that these 

residues faced the interior of the pentamer promoting a coiled-coil pore structure
67

.  

Different models for the arrangement of the PLB pentamer, based on mutation
67

 or 

molecular dynamics
68

, were in agreement with respect to a coiled-coil pentamer structure, 

but varied in the contacts between PLB monomers. To resolve this discrepancy, labelling 

studies were performed on the reactivity of the three Cys residues in PLB, which are all 

located in the transmembrane domain
69

. The study reported Cys
41

 as buried and the other 

two Cys residues (Cys
36

 and Cys
46

) as readily accessible to labelling in pentameric states 

of PLB. The final model, refined by molecular dynamics, suggested that residues of the 

leucine zipper from one helix (Leu
37

, Leu
44

, and Leu
51

) interdigitate with leucine zipper 

residues of the neighbouring helix (Ile
40

 and Ile
47

)
69

 in agreement with the leucine zipper 

model
67

. 

In addition to its hydrophobic nature, the different possible oligomeric states of PLB also 

complicate its study. For this reason, initial structural studies used monomeric forms of 

PLB. Early NMR studies of a PLB fragment and the monomeric PLB-Cys
41

Phe mutant in 

organic solvents reported an overall –helical structure
70, 71

. The studies agreed that PLB 

contained an unstructured “hinge” region around residues 17 to 21 that separated PLB 

into three sub-domains: cytoplasmic domains Ia and Ib (residues 1 to 20 and residues 21 

to 30, respectively) and transmembrane domain II (residues 31 to 52). Overall, this 

structure would be consistent with future NMR studies (Figure 2.8)
72, 73

. 
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Figure 2.8. PLB sequence and structure. Panel A, the sequence of PLB as a schematic 

representation of its structure. Domain Ia is yellow (residues 1 to 20), domain Ib is green 

(residues 21 to 30) and domain II is blue (residues 31 to 52). Panel B, cartoon 

representation of the PLB monomer structure (pdb: 1N7L)
74

. Domains Ia, Ib and II are 

coloured as in panel A. Pro
21

 of the hinge region, Lys
27

 and Asn
34

 are shown as sticks. 

Panel C, rotation of panel A by 90° along the x-axis as indicated. The presented view 

would be normal to the cytoplasmic surface of the SR membrane. 
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An important step in our structural understanding of PLB occurred with the NMR 

solution-state structure of the PLB pentamer by Oxenoid and Chou
73

. The pentamer 

formed a channel-like structure in lipid micelles with a minimum “pore” radius of 1.8 

Å
73

. The coiled-coil arrangement agreed with the current PLB leucine zipper model
67, 69

 

with the transmembrane helices adopting a curved conformation (Figure 2.9). The 

structure of each PLB monomer in the pentamer resembles the NMR structures with one 

important exception; the PLB cytoplasmic Ia domains in the pentamer were interacting 

with each other and pointing away from the membrane. This arrangement of the PLB 

pentamer was described as a “bellflower”
73

 with the transmembrane domain acting as the 

stem and the cytoplasmic Ia domains clustered to form the bellflower (Figure 2.9). 

However, the “bellflower” model of the PLB pentamer has fallen to mounting evidence 

supporting the “pinwheel” model with the cytoplasmic Ia domains interacting with the 

membrane
75-77

. In the “pinwheel” model, the cytoplasmic regions are lying on the 

membrane surface rather than pointing away from the membrane and, viewed from above 

and normal to the membrane resembles the “pinwheel” toy that spins in the wind (Figure 

2.9)
75

. Along with the “bellflower” PLB pentamer NMR structure, Oxenoid and Chou 

suggested binding of the PLB pentamer to SERCA could provide initial recognition
73

. 

This is an early suggestion that the PLB pentamer does not sit idly by as an inactive 

storage form. However, this hypothesis was based on the NMR structure of the PLB 

pentamer without any experimental evidence about its SERCA binding site
73

. 

At this time, it was also apparent that phosphorylation changed the oligomeric state of 

PLB in lipid membranes from EPR spectroscopy
78

. This result was in contrast to SDS-

PAGE, which does not show a difference in the oligomeric states of non-phosphorylated 

and phosphorylated PLB
78, 79

. Phosphorylation was shown to increase the oligomeric 

states of wild-type PLB and a monomeric mutant, PLB-Leu
37

Ala, in lipid membranes
78

. 

Similar results would be observed in NMR
80

 and fluorescence resonance energy transfer 

(FRET) studies
81

 using the phospho-mimetic PLB-Ser
16

Glu mutant. As such, the authors 

suggested that PLB exists in a dynamic equilibrium in the SR membrane between 

pentamers and monomers
78

.  
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Figure 2.9. Models for the structure of the PLB pentamer. Panel A, the bellflower 

model of the PLB pentamer (pdb: 1ZLL)
73

. The foreground monomer has been removed 

for clarity. Domain Ia is yellow, domain Ib is green and domain II is blue. Lys
27

 is shown 

in green sticks and Asn
34

 is shown in yellow sticks. Residues of the leucine zipper are 

shown in grey. Leucine zipper residues from on helix (dark grey) interdigitate with 

leucine zippers from the neighbouring helix (light grey). Panel B,  rotation of panel A by 

90° along the x-axis as indicated. The presented view would be normal to the cytoplasmic 

surface of the SR membrane. Panel C, the pinwheel model of the PLB pentamer (pdb: 

2KYV)
82

. The foreground monomer has been removed for clarity. Domains and residues 

are indicated as in panel A. Panel D, rotation of panel C by 90° along the x-axis as 

indicated. The presented view would be normal to the cytoplasmic surface of the SR 

membrane. 
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Spectroscopic studies of a labelled monomeric mutant of PLB, called AFA-PLB (PLB-

Cys
36

Ala, Cys
41

Phe, Cys
46

Ala), concluded that the cytoplasmic domain of PLB is in a 

dynamic equilibrium between ordered and disordered states in lipid vesicles
83

. The 

ordered state of the cytoplasmic PLB domain directly contacts the membrane, whereas 

the dynamic disordered state is detached from the membrane (Figure 2.10). The different 

dynamic states of the cytoplasmic domain were attributed to the “hinge” region of PLB 

domain I
83

. Ordered and disordered states of PLB were also supported by NMR studies
84, 

85
. Interestingly, the dynamic equilibrium of the cytoplasmic domain could be modulated 

by MgCl2. High concentrations of MgCl2 increased the PLB disordered state and this was 

not observed with KCl, leading the authors to suggest that Mg
2+

 ions specifically compete 

with the positively-charged PLB cytoplasmic domain for binding sites on the lipid 

surface
83

. More recent spectroscopic studies suggest phosphorylation of labelled AFA-

PLB influenced the order-disorder equilibrium in favour of the disordered state
86

. The 

dynamics of AFA-PLB were not affected by increased concentrations of Ca
2+

, suggesting 

that relief of PLB inhibition by phosphorylation and micromolar Ca
2+

 could involve 

different mechanisms
86

. These findings were later supported by NMR studies
85, 87

.  

2-3.3. Important insights into PLB inhibition of SERCA are based on heterologous co-

expression studies. 

A number of important mechanisms of PLB inhibition of SERCA have been revealed 

through co-expression studies in heterologous systems. Indeed, the co-expression of 

SERCA and PLB in COS-1 cells helped define PLB as an inhibitor of SERCA
88

. Co-

expression of the three different SERCA genes with PLB showed PLB could decrease the 

apparent Ca
2+

 affinity of SERCA1a and SERCA2a, but had no effect on SERCA3
89

.  

Co-expression studies also permitted mutagenesis of PLB to investigate contributions of 

individual residues to the inhibitory mechanism. PLB mutant co-expression studies 

identified a number of residues that result in loss-of-function or gain-of-function relative 

to wild-type PLB, with respect to lowering the apparent Ca
2+

-affinity of SERCA. 

Combined, such co-expression studies have identified residues throughout the sequence 

of PLB that are functionally important for SERCA inhibition, including residues in all 

three structural domains (cytoplasmic domains Ia and Ib and transmembrane domain II)
90-

92
. These data resolved debates as to which domains of PLB are responsible for SERCA 

inhibition by identifying functional residues in all domains of PLB.  
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Figure 2.10. The order-disorder equilibrium of the PLB cytoplasmic domain. 
Cartoon representations of PLB with domain Ia in yellow, domain Ib in green and domain 

II in blue (pdb: 1N7L)
74

. Pro
21

 of the hinge region is indicated in green spheres. Left 

panel, residues 18 to 21 in the hinge region are shown as spheres.  
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Co-expression studies inspired two important hypotheses from MacLennan and 

coworkers that have since dominated literature descriptions of how PLB inhibits 

SERCA
59, 93

. The first is the two-faced helix model of PLB which states that residues on 

one face of the PLB transmembrane helix are responsible for stabilizing pentamers and 

residues on the other side interact with SERCA (Figure 2.11a)
91

. Future studies would 

support some overlap of these two faces, such that residues important for stabilizing the 

pentamer are also important for interaction with SERCA (Figure 2.11a)
94

. The second 

hypothesis was that PLB pentamers must depolymerise to interact with and inhibit 

SERCA (Figure 2.11b)
91, 92

, with the corollary that the PLB monomer was the active 

inhibitory species
91

. This hypothesis was driven by observations that some gain-of-

function mutants of PLB had a much higher ratio of monomer-to-pentamer relative to 

wild-type PLB in SDS-PAGE
91

. The mechanism for the gain-of-function mutants was 

attributed to mass action with an increase in the inhibitory monomeric PLB species 

driving SERCA inhibition
92

. From this point of view, the speculation was made that the 

PLB pentamer is an inactive storage form. 

It is critical to point out that some PLB mutants in these co-expression studies did not 

agree with the mass action mechanism. For example, a number of PLB mutants had a 

larger fraction of monomers than wild-type PLB, but were normal or loss-of-function (see 

Table I in Kimura JBC 1997 and Table I in Kimura JBC 1998). Most dramatically, two of 

the largest gain-of-function PLB mutants ever reported, Lys
27

Ala and Asn
30

Ala, form 

pentamers to a similar (PLB-Lys
27

Ala) or greater (PLB-Asn
30

Ala) degree than wild-type 

PLB
92

. This discrepancy was addressed by MacLennan and coworkers by suggesting that 

multiple mechanisms are involved in PLB inhibition of SERCA
92

. The authors proposed 

some mutants may stabilize interactions between SERCA and PLB as a mode of gain-of-

inhibition and this mechanism works in addition to PLB mass action
92

. However, the PLB 

mass action mechanism has won out in terms of popularity and there is little structural 

evidence to suggest how PLB mutants stabilize SERCA interactions in the alternative 

mechanism. For this reason, we do not have a complete understanding of the multiple 

mechanisms used by PLB to inhibit SERCA. 
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Figure 2.11. Proposed mechanisms for PLB inhibition of SERCA based on 

heterologous co-expression. PLB pentamers (left) and monomers (middle) are in 

dynamic equilibrium and the PLB monomer can bind and inhibit SERCA (in surface on 

right; pdb: 1KJU)
24

. Panel A, the PLB two-faced helix model for interaction with 

SERCA. The presented view would be normal to the cytoplasmic surface of the SR 

membrane and highlights residues in the PLB transmembrane domain. Pentamers of PLB 

are stabilized by leucine zipper residues (coloured in grey) on one face of the helix. The 

other face of the helix, exposed in the pentameric state, contains functionally important 

residues for interaction with SERCA (coloured in blue). Recent studies have suggested 

the two faces overlap
94

. Figure adapted from Figure 7 in Cornea et al. 2000
94

. Panel B, 

model for the PLB monomer as the active inhibitory species. PLB must depolymerise 

into monomers to bind and inhibit SERCA. The PLB pentamer is speculated to be an 

inactive storage form. Figure adapted from Figure 3 in MacLennan et al. 2003
59

. 
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It is also important to keep in mind that the PLB mutant monomer-to-pentamer ratio was 

determined by SDS-PAGE. Cornea and coworkers
94

 re-examined the leucine zipper of 

PLB and concluded that SDS-PAGE is not a fair representation of PLB oligomeric 

stabilities. Thus, it is unlikely that SDS-PAGE reflects the oligomeric state or distribution 

of PLB in membrane environments. In contrast to the hypothesis of PLB monomer as the 

active species, they conclude: 

“several PLB mutants with hydrophobic amino acid substitutions at the 

Leu/Ile zipper region retain the ability to form pentamers but at the same 

time give the same or even stronger inhibition of the Ca
2+

-pump than do 

mutants that are more completely monomeric”
94

. 

In contrast to the popular mass action mechanism of inhibition by PLB, the degree of 

destabilization of the PLB pentamer did not correlate with SERCA2a inhibition
94

.  

2-3.4. PLB physically interacts with SERCA. 

Initially, a number of models were proposed for the mechanisms used by PLB to regulate 

SERCA. For example, one early model suggested the positively-charged PLB 

cytoplasmic domain, which can be modulated by phosphorylation, plays an important 

electrostatic role affecting the local concentration of ions near the SR membrane
95

. 

Another postulated that channel activity of PLB itself influences ion transport across the 

SR membrane
64

. However, evidence for a physical interaction between the PLB and 

SERCA led to the predominance of models involving PLB binding to SERCA.  

The first evidence of a physical interaction between PLB and SERCA was the cross-

linking of the two proteins using a hetero-bifunctional reagent reported by James and 

coworkers
96

. The –amino group of the single Lys present in canine PLB (Lys
3
) was 

linked to the photo-activatable, cleavable hetero-bifunctional Denny-Jaffe reagent. The 

reagent-modified PLB formed pentamers to the same extent as non-labelled PLB, 

suggesting the modification did not dramatically affect PLB structure. When the labelled 

PLB was light activated and incubated with purified cardiac SR, a complex was formed. 

The formation of this complex was prevented by 100 M Ca
2+

 and phosphorylation of 

PLB by PKA. The crosslinked partner of PLB in the complex was proposed to be 

SERCA based on FITC-labelling of SERCA and subsequent formation of the PLB-

crosslinked complex
96

. Overall, the results supported an interaction between non-
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phosphorylated PLB and SERCA in the E2 state. The authors went on to determine the 

nature of the cross-linked residue in SERCA using radiolabelled Denny-Jaffe reagent. 

The cross-linked residues in SERCA, Lys
397

 and Lys
400

, were just downstream of the 

phosphorylated Asp
351

 residue leading the authors to propose PLB might interfere with 

formation of the SERCA acyl-phosphate intermediate
96

.  

Although it has proven difficult to reproduce this initial cross-linking result
97, 98

, more 

support for a physical interaction between SERCA and PLB has come from subsequent 

cross-linking studies. Cys-scanning mutagenesis of PLB identified an interaction between 

Asn
30

 of PLB and Cys
318

 of SERCA2a
97

. Using the homo-bifunctional thiol cross-linking 

reagent BMH (1,6-bismaleimidohexane), Jones and coworkers crosslinked PLB-

Asn
30

Cys with high efficiency to SERCA2a co-expressed in insect cell microsomes. The 

PLB-Asn
30

Cys mutant was the only PLB mutant to cross-link to SERCA2a among 

twelve Cys-mutants scanning PLB residues 30 to 41 on a Cys-less background (with the 

three native Cys residues of PLB mutated to Ala). Phosphorylation of PLB by PKA 

decreased crosslinking by 50%. The crosslink between PLB-Asn
30

Cys and SERCA did 

not form in micromolar Ca
2+

 and did not form in the presence of TG, CPA or the anti-

PLB antibody 2D12
97

. The observed crosslinking required micromolar concentrations of 

ATP or ADP which, combined with the absence of crosslinking in micromolar Ca
2+

, 

suggested that the observed interaction involved a nucleotide-bound E2 state of 

SERCA
97

. The determination of Cys
318

 of SERCA as the crosslinked residue positioned 

the observed PLB interaction site near TM4
97

. To note, the PLB-Asn
30

Cys mutant 

migrated primarily as a monomer, with very little pentamer, in SDS-PAGE conditions 

where wild-type PLB migrates primarily as a pentamer
97

.  

A similar study extended the region of Cys-scanning beyond residues 30 to 41 to include 

residue 27 of PLB
98

. Cys-mutants of residues 27 and 30 of PLB were specifically and 

efficiently crosslinked to Lys
328

 of SERCA2a in the nucleotide-bound E2 state when co-

expressed in insect cell microsomes
98

. Overall, the results were consistent with the 

previous study
97

. Another pair-wise interaction between PLB and SERCA2a was 

identified between PLB-Leu
31

Cys and SERCA2a-Thr
317

Cys using insect cell co-

expression
99

. Using BMH, a high efficiency of crosslinking was observed between PLB 

and SERCA2a Cys-variants, positioning residue 31 of PLB within 10 Å of residue 317 in 
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SERCA. In contrast to previous models, these results provided evidence that a PLB loss-

of-function mutant could still bind to SERCA2a without causing inhibition
99

. 

These cross-linking studies culminated in a model of PLB bound to the high-resolution 

SERCA (E2-TG) structure
36, 100

. The SERCA-PLB model involved more crosslinking 

results; between PLB-Lys
27

Cys and SERCA-Leu
321

Cys near TM4 and between PLB-

Val
49

Cys and SERCA-Val
89

Cys near TM2. The SERCA-PLB model was constrained by 

the PLB two-faced helical model of SERCA interaction based on mutational studies
91

 and 

the cross-linking of PLB-Lys
3
 to Lys

397
 and Lys

400
 in SERCA

96
. The structure of PLB 

was constructed from the solution-state NMR structures
70, 71

. The model had PLB bound 

to a groove in SERCA formed by TM2, TM4, TM6 and TM9. The –helical structure of 

PLB was disrupted near the cytoplasmic side by TM4 causing unwinding such that the N-

terminus could interact with Lys
397

 and Lys
400 

in the N-domain of SERCA. PLB bound to 

SERCA (E2-TG) in the model assumed a position similar to TM2 in the Ca
2+

-bound 

SERCA-E1 structure
22

. Accordingly, the Ca
2+

-bound SERCA-E1 state does not contain 

the groove for PLB-binding. The authors proposed the transition from E2 to E1 closed the 

groove and physically pushes PLB out of its binding site
100

. A summary of the cross-

linking data is presented in Figure 2.11 with the modeled PLB binding site highlighted.  

2-3.5. Studies of SERCA-PLB complexes suggest PLB remains associated with SERCA 

under non-inhibitory conditions. 

As cross-linking evidence mounted that PLB physically interacts with SERCA
89, 96-99, 101

, 

studies of the SERCA-PLB complex provided further insights into the regulation of 

SERCA by PLB. Spectroscopic studies suggested relief of PLB inhibition by 

phosphorylation increased the rotational mobility of SERCA
102

. SERCA activity was 

related to its rotational mobility, which was influenced by SERCA self-association
103-106

 

and an increase in SERCA rotational mobility would be related to an increase in activity. 

As such, it was proposed that PLB holds SERCA in a kinetically unfavourable state and 

that SERCA is freed upon phosphorylation of PLB
102

. An NMR study hinted at possible 

consequences of the interaction with SERCA using labelled monomeric AFA-PLB to 

follow residue-specific changes upon titration with SERCA
72

. The dynamic equilibrium 

between the ordered and disordered states of PLB was influenced by SERCA, where 

SERCA altered the ordered state to favour the disordered state and promote interaction
72

. 
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Figure 2.12. The proposed SERCA interaction site for the PLB monomer based on 

cross-linking and mutational studies. Panel A, summary of cross-linking studies 

between PLB and SERCA. A cartoon ribbon representation of PLB in grey with cross-

linked residues shown as sticks. The PLB residues are coloured based on the colour of 

their cross-linking partner in SERCA with the residue or mutation indicated. The 

proposed PLB binding groove
100

of TM2 (orange), TM4 (red), TM6 (dark grey) and TM9 

(dark grey) is highlighted as cylinders in the full view of SERCA (P-domain in green, N-

domain in blue, A-domain in yellow and transmembrane domain in grey). A close-up of 

the proposed PLB binding groove from the full enzyme view is presented for clarity. 

Dashed lines linking cross-linking partners from PLB to SERCA are coloured based on 

the location of the SERCA residue. SERCA residues or mutations are indicated in boxes.  
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Fluorescence energy transfer studies confirmed that, similar to its migration in SDS-

PAGE, PLB forms oligomers in lipid bilayers
107

. In support of a physical interaction 

between SERCA and PLB, it was shown that SERCA depolymerised PLB oligomers in 

lipid bilayers. Co-reconstituted SERCA increased the fraction of PLB monomers, 

supporting an interaction between SERCA and monomeric PLB. However, since SERCA 

was able to depolymerise PLB into monomers and smaller oligomers, the interaction 

between SERCA and monomeric PLB is preferred, but SERCA must also interact with 

oligomeric PLB in order to change the structure of PLB
107

. There is little evidence to 

suggest how SERCA interacts with oligomeric forms of PLB. 

The nature and stoichiometry of SERCA and PLB interactions have also been studied 

using FRET by Thomas and coworkers
108

. These studies suggested the affinity of PLB for 

SERCA was very high, such that PLB acts as a subunit of SERCA and does not 

dissociate. The relief of PLB inhibition by micromolar Ca
2+

 concentrations was proposed 

to result from a structural rearrangement of the SERCA-PLB complex as opposed to 

physical dissociation
108

. A number of other observations are also in favour of PLB 

remaining associated with SERCA, including spectroscopic
86

 and NMR studies
87

. 

Thomas and coworkers also concluded that the stoichiometry of binding is one PLB per 

SERCA. It is worth noting that these studies were performed using the “monomeric” 

PLB-Ile
40

Ala monomer and at relatively high lipid to protein ratios (between 0.18 and 1.4 

SERCA per 1000 lipids). Also, the one PLB per SERCA stoichiometry was determined 

by the intersection of extrapolated lines fit to the slope of the initial and final energy 

transfer rates. Careful examination of the data (see Figure 8 in Mueller et al. 2004
108

) 

reveals that FRET continues to increase beyond a ratio of one PLB per SERCA, and does 

not reach a maximal energy transfer plateau until a ratio of approximately five PLB per 

SERCA.  

A study using fluorescence resonance energy transfer (FRET) and photo-bleaching 

studied interactions between cyan-fluorescent protein (CFP) labelled SERCA and yellow-

fluorescent protein (YFP) labelled PLB in the ER of AAV-293 cells
109

. The results 

indicated a rapid exchange between CFP-SERCA and YFP-PLB with an upper time 

constant limit of 1.4 s for PLB binding and unbinding. Although this appears to 

contradict models involving the constant association of PLB with SERCA, the authors 

propose the high concentration of SERCA and PLB in muscle SR exceeds the  
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dissociation constant of the complex, leading to most SERCA molecules being associated 

with PLB in the steady state. A secondary result of this study was the expression of CFP-

PLB and YFP-PLB in the plasma membrane that allowed for the study of the exchange 

rate of PLB pentamers. The results suggest that PLB exchanges very slowly from 

pentamers, with oligomeric interactions showing stability on the order of minutes
109

. A 

caveat of this experiment was the very low apparent concentration of PLB expressed in 

the plasma membrane of the AAV-293 cells, which may not accurately reflect exchange 

rates of PLB pentamers in the muscle SR. 

With prominent emerging themes of order-to-disorder in the PLB cytoplasmic domain 

and the influence of phosphorylation and SERCA on these dynamics, it was of interest to 

study the relationship between structural changes in PLB and its inhibition of SERCA. To 

this point it had been assumed that disordering of the cytoplasmic domain of PLB, which 

was favoured by phosphorylation, was associated with a loss of inhibition. However, 

SERCA also promoted the disordered state to promote binding
72

, a requirement for 

regulation by PLB. Veglia and coworkers set out to directly study the relationship 

between PLB structural dynamics and SERCA inhibition
110

. They suggest the dynamics 

of PLB play an important role in the regulation of SERCA and modulation of PLB 

dynamics finely “tunes” the inhibition of SERCA
110

. Mutations were centered on Pro
21

 in 

the “hinge” region of the cytoplasmic domain to influence PLB ordered and disordered 

states. Veglia and coworkers determined that PLB mutants with an increased ordered 

state had a decreased binding affinity for SERCA and were also loss-of-function
110

.  

The most popular intermediates in proposed models for the regulation of SERCA by PLB 

from heterologous co-expression
91, 92

 and spectroscopy studies
72, 81, 86, 108, 109

 are 

concentrated in Figure 2.13. This thesis aims to determine a structure of PLB bound to 

SERCA. The results suggest the concentrated scheme in Figure 2.13 is incomplete.  
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Figure 2.13. Summary of proposed intermediates in the inhibition of SERCA by 

PLB. Common models for PLB inhibition of SERCA from heterologous co-expression
91, 

92
 and spectroscopic studies

72, 81, 86, 108, 109
 are concentrated into a single scheme. The arrow 

labelled 1 is the dissociation of the PLB pentamer associated with the “mass action” PLB 

mechanism. The arrow labelled 2 is the association of PLB with SERCA associated with 

the “enhanced interaction” PLB mechanism. Evidence for higher-order interactions (i.e. 

SERCA self-association) are not included, but represent ternary complexes with apparent 

functional consequences. This thesis proposes that the interaction between pentameric 

PLB and SERCA is involved as a regulatory intermediate. The results suggest the PLB 

pentamer actively engages SERCA. 
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2-3.6. Structural characterization of SERCA and PLB binding sites. 

If SERCA and PLB were physically interacting and influencing the oligomeric states of 

each other, then where were the two proteins contacting each other? Was the current 

model with PLB bound to TM2, TM4, TM6 and TM9 correct? What was the actual 

molecular nature of their binding sites? A high-resolution structure of PLB bound to 

SERCA would be an excellent way to corroborate the current model, but such 

information of the SERCA-PLB complex has been curiously absent. 

In contrast to the TM2, TM4, TM6 and TM9 groove as the PLB-binding site, a different 

interaction site between PLB and SERCA was proposed from cryo-electron microscopy 

of tubular co-crystals
111

. Using three different variants of PLB (wild-type PLB, PLB-

Lys
27

Ala, and PLB-Leu
37

Ala), Young and coworkers identified TM3 as the PLB 

interaction site with SERCA in the co-crystals. However, the density for the PLB 

transmembrane domain was discontinuous and difficult to assign, perhaps due to a 

SERCA crystal contact involving TM3 disrupting the interaction with PLB
111

. This, 

unfortunately, limited the resolution of the SERCA-PLB complex. 

In 2006, we reported the 10 Å projection structure obtained from two-dimensional co-

crystals of SERCA and PLB-Ile
40

Ala
112

. The co-crystals contained the well-characterized 

SERCA dimer ribbons observed in the tubular crystals used to calculate previous cryo-

EM structures of SERCA. Interspersed between the SERCA dimer ribbons were smaller 

densities that were attributed to PLB
112

. To our surprise, these densities, although much 

smaller than the SERCA density, were too large to be PLB monomers
112

. Despite using a 

gain-of-function mutant of PLB that was thought to be primarily monomeric, the 

structure demonstrated that an oligomer of PLB was capable of binding to SERCA. The 

size of the PLB density was comparable to the dimensions of the recently published PLB 

pentamer NMR structure
73

. For this reason, we constructed a model of PLB pentamers 

bound to SERCA dimer ribbons (Figure 2.14)
112

. Interestingly, the site of interaction 

between SERCA and the PLB pentamer was TM3, the same site of interaction identified 

previously using tubular co-crystals of SERCA and PLB
111

. Unfortunately, the current 

resolution of the SERCA and PLB co-crystals could not determine if a PLB monomer 

was present or absent in its predicted TM2, TM4, TM6 and TM9 binding groove. It was 

later confirmed by FRET studies that PLB-Ile
40

Ala is capable of forming stable 

pentamers in the membrane environment
76, 109

. 
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Figure 2.14. Interactions between the PLB pentamer and SERCA based on two-

dimensional co-crystals of SERCA and PLB-Ile40Ala. Figure adapted from Stokes et 

al. 2006
112

. Panel A, 10 Å projection map from cryo-electron microscopy of SERCA and 

PLB-Ile
40

Ala co-crystals. Positive contours are coloured for the characteristic anti-

parallel SERCA dimer ribbons (green) and the associated oligomeric PLB densities 

(orange). Panel B, model for the interaction of SERCA (pdb: 1KJU)
24

 with pentameric 

(pdb: 2KYV)
82

 based on the projection map from 2D co-crystals. SERCA and PLB are in 

surface and cartoon, respectively. The cytoplasmic domains of SERCA are coloured as in 

Figure 2.2 (the P-domain is green, the N-domain is blue and the A-domain is yellow). 

The SERCA transmembrane domain is grey with TM3 highlighted in red. PLB is 

coloured red with Pro
21

 in green spheres. Panel C, rotation of panel B by 85° along the x 

–axis as indicated.  
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Could PLB oligomers interact with SERCA at a site distinct from the site modeled for the 

interaction of the PLB monomer with SERCA? If a PLB pentamer was binding to 

SERCA, did this influence subsequent interactions between the two proteins? Was the 

PLB pentamer really an inactive storage form for PLB, as was currently speculated, or 

did the pentamer have some active role in the regulation of SERCA?  

2-3.7. Animal models reveal key aspects of PLB regulation of SERCA. 

A number of studies have investigated the expression of super-inhibitory, gain-of-

function PLB mutants in the mouse heart. The first investigated the effects of cardiac-

specific over-expression of a super-inhibitory pentameric mutant, PLB-Lys
27

Ala, in 

transgenic mice with a wild-type PLB background
113

. The over-expression of PLB-

Lys
27

Ala caused depressed contractile parameters and induced slight cardiac 

hypertrophy. In contrast to wild-type PLB cardiomyocytes, the PLB-Lys
27

Ala over-

expressing cardiomyocytes were not fully relieved from inhibition upon isoproterenol 

treatment, a –adrenergic agonist that causes downstream PKA activation and 

phosphorylation of PLB. Importantly, the levels of phosphorylation were similar between 

wild-type PLB and PLB-Lys
27

Ala. As such, the mutation Lys
27

Ala in PLB did not 

prevent phosphorylation and, thus, phosphorylation cannot overcome the effects of the 

Lys
27

Ala mutation on SERCA inhibition
113

. A second study investigated the effects of 

cardiac-specific over-expression of super-inhibitory monomeric mutants of PLB 

(Leu
37

Ala and Ile
40

Ala) and compared the effects to over-expression of wild-type PLB
114

. 

The over-expression of PLB-Leu
37

Ala and PLB-Ile
40

Ala caused depressed contractile 

parameters with induction of cardiac hypertrophy
114

. Interestingly, the authors found an 

apparent compensatory mechanism of increased phosphorylation in the transgenic mice 

over-expressing the super-inhibitory monomeric PLB mutants
114

. 

The generation of the PLB-knockout mouse confirmed many aspects of PLB regulation 

of SERCA and also produced some surprising results
115

. The PLB-knockout mice had 

increased SERCA affinity for Ca
2+

 which was attributed to the ablation of PLB in their 

hearts
115

. The PLB-knockout mice also exhibited enhance myocardial performance 

without significant changes in heart rate. These enhanced parameters of the PLB-

knockout mouse hearts were not affected by isoproterenol treatment and their baseline 

levels were similar to the isoproterenol-stimulated parameters of their wild-type 

littermates
115

. Amazingly, the heart weight of the PLB-knockout mice was identical to 
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wild-type littermates, and the PLB-knockout mice did not develop any cardiomyopathies. 

So, why has PLB evolved as a regulatory mechanism in the heart? It is worth noting that 

there is a major difference in this respect between mice and humans. In humans, there has 

not been a documented PLB-knockout phenotype suggesting that PLB is crucial for fetal 

development
59

. A mimic of a PLB-knockout phenotype does exist in humans as the 

mutation PLB-Leu
39

stop which causes truncation and mis-targeting of PLB
116

. This 

mutation causes dilated cardiomyopathy and heart failure in affected individuals
116

.  

A study using PLB knockout mice was aimed at determining the functional PLB unit in 

vivo
117

. This study was an extension of previous studies using transgenic mice expressing 

mutant PLB on a wild-type PLB expression background
118

. On a PLB knockout 

background, the cardiac-specific expression of wild-type PLB and a monomeric PLB 

(Cys
41

Phe) had similar SERCA Ca
2+

 affinities in SR transport assays
117

. However, wild-

type PLB caused greater depression of cardiac function in whole mouse hearts than did 

PLB-Cys
41

Phe, relative to the enhanced relaxation parameters of PLB knockout mice. 

Importantly, the expression levels were similar for wild-type PLB and the PLB-Cys
41

Phe 

mutant. Thus, although both pentameric wild-type PLB and monomeric PLB-Cys
41

Phe 

had similar inhibitory properties in transport assays using purified SR membrane vesicles, 

the overall regulation of SERCA in the whole mouse heart was dependent on the apparent 

oligomeric state of PLB. Such evidence would suggest that the regulation of SERCA is 

not achieved simply by inhibition of SERCA transport in whole hearts. 

Animal studies have confirmed the importance of PLB regulation of SERCA for proper 

cardiac function, which is further supported by PLB mutations that cause human heart 

disease. Importantly, animal models have also highlighted the importance of PLB 

oligomerization for SERCA regulation
117

. Although the PLB monomer is proposed to be 

the active inhibitory species, the PLB pentamer plays an important role in physiological 

SERCA regulation. Such observations argue against the current speculation of the PLB 

pentamer as an inactive storage form.  
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2-3.8. An introduction to SLN. 

Sarcolipin was first described as a low molecular-weight proteolipid that co-purified with 

preparations of SERCA
119

 and named to describe its origin (sarcoplasmic reticulum) and 

properties (proteolipid)
120

. SLN is the predominant regulator of SERCA1a in fast-twitch 

skeletal muscle
120-122

. Recently, it has been shown that SLN is also expressed in the atria 

of the heart
123-125

, where it can interact with PLB and cause super-inhibition of SERCA
126, 

127
. SLN is a 31-resdiue type I integral membrane protein with a transmembrane domain 

homologous to the transmembrane domain of PLB
121, 122

. For this reason, it is 

hypothesized that SLN inhibits SERCA by binding and lowering the apparent Ca
2+

 

affinity of the enzyme in a PLB-like manner
122

. Current models propose SLN and PLB 

might also use a common binding surface on SERCA to inhibit the enzyme
127, 128

.  

2-3.9. SLN inhibition of SERCA: In light or shadow of PLB studies? 

SLN inhibition of SERCA is less well-characterized than PLB and only beginning to be 

understood
129

. It was proposed that SLN inhibits SERCA in a similar manner as PLB. 

However, as we learn more about SLN, we are finding that SLN inhibits SERCA 

differently than PLB. For example, it is generally accepted that SLN inhibition is not 

relieved by increased cytosolic Ca
2+

 concentrations
93

. Some studies report a small 

decrease in the maximum reaction rate (Vmax) of SERCA by SLN at micromolar Ca
2+

 

concentrations
126, 130

, whereas other studies report that SLN can increase the Vmax of 

SERCA at micromolar Ca
2+

 concentrations
122, 131

. In addition, it is not well established if 

phosphorylation of SLN is an important physiological mechanism and those supporting 

SLN phosphorylation are split on the identity of the responsible protein kinase
132, 133

. SLN 

migrates primarily as a monomer in SDS-PAGE, although evidence exists that SLN can 

oligomerize in detergent and lipid environments
131

. 

Similar to PLB, heterologous co-expression studies with SERCA have made important 

contributions to our understanding of SLN. Alanine-scanning mutagenesis of ten SLN 

residues identified only two gain-of-function mutants (Thr
5
Ala and Tyr

29
Ala). The 

remaining sampled residues were neutral or loss-of-function and the phospho-mimetic 

SLN-Thr
5
Glu was a complete loss-of-function

122
. Co-expression of SERCA and SLN 

also identified the C-terminal (Arg
27

-Ser-Tyr-Gln-Tyr
31

) luminal tail of SLN as an 

important site of interaction
134

. Solid-state NMR has verified the importance of the C-
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terminus of SLN for interaction with SERCA
130

. In particular, the two C-terminal SLN 

tyrosines (Tyr
29

 and Tyr
31

) were demonstrated to specifically interact with SERCA1a
130

. 

As well, very high concentrations of a synthetic peptide mimicking the five C-terminal 

residues of SLN was reported to affect SERCA1a activity, suggesting the SLN C-

terminal luminal tail has a functional role
130

. The hydrophilic luminal tail of SLN (Arg
27

-

Ser-Tyr-Gln-Tyr
31

) is different than the hydrophobic luminal tail of PLB (Met
50

-Leu-

Leu
51

) and perfectly conserved among mammals. 

Co-immunoprecipitation studies with SERCA1a have compared residues in SLN to 

previously characterized residues in PLB
127

. With respect to binding SERCA1a, residues 

in SLN did not recapitulate the same effects as their equivalent residues in PLB. Most 

notably, SLN-Leu
8
Ala had no effect on binding to SERCA1a (the equivalent PLB-

Leu
31

Ala decreased binding by 73%) and SLN-Ile
17

Ala decreased binding by 18% (the 

equivalent PLB-Ile
40

Ala increased binding by 145%)
135

. Overall, the SLN mutants had 

much less of an effect on the binding to SERCA1a compared to their PLB equivalents
127

. 

Mutation of residues in TM6 of SERCA1a had some effect on SLN binding suggesting 

that SLN binds in a similar region as PLB
127

. For this reason, the modeled site of 

interaction between SLN and SERCA is the same TM2, TM4, TM6 and TM9 groove as 

the monomer-binding site for PLB
127

. However it is worth noting that the effects of 

SERCA1a mutation were not the same between PLB and SLN. Taken together, these 

results suggest that SLN binding is different to some degree from that of PLB. Thus, their 

respective molecular mechanisms may also differ. 

2-3.10. Structural studies of SLN. 

Similar to functional studies of SLN, there have been few structural studies of SLN 

relative to PLB. The 3D structure of SLN has been determined in detergent and lipid 

environments by NMR (Figure 2.15)
136

. SLN forms a transmembrane –helix (residues 9 

to 27) with a short disordered N-terminal cytoplasmic region (residues 1 to 8) and a 

disordered C-terminal luminal region (residues 28 to 31)
136

. Solid-state NMR data was 

consistent with a perpendicular orientation of SLN to the membrane plane
136

. It was later 

determined that SLN can adopt a second distinct orientation and forms a mixed 

population between the two orientations
137

. 
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Figure 2.15. Sequence and structure of SLN. Panel A, the sequence of SLN as a 

schematic representation of its structure. The residues are coloured to highlight their 

dynamics with the N-terminus and C-terminus in red (dynamic), residues 6 to 14 in 

yellow (less dynamic) and residues 15 to 26 in blue (rigid). The potential SLN 

phosphorylation site, Thr
5
, is indicated in green sticks. Residues Ile

14
, Tyr

29
 and Tyr

31
 are 

also shown as sticks. Panel B, cartoon representation of the SLN structure by NMR (pdb: 

1JDM)
136

. SLN residues are coloured as in panel A. Panel C, cartoon representation of 

SLN dynamics from the 16 deposited NMR states (pdb: 1JDM)
136

. SLN residues are 

coloured as in panel A. 
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A subsequent NMR study
138

 determined a similar SLN structure with a minor extension 

of the transmembrane -helix towards the N-terminus (starting at residue 6 compare to 

residue 8 in the previous structure). As well, SLN dynamics suggested the small protein 

is split into four sub-domains (Figure 2.15). The N-terminus and C-terminus were still 

disordered as previously described, but the transmembrane -helix was dissected into two 

different domains based on their different dynamics (Figure 2.15). The more hydrophilic 

portion (residues 6 to 14)  of the transmembrane domain was more dynamic than the 

hydrophobic portion (residues 15 to 27)
138

. The different dynamics of the SLN 

transmembrane -helix mirrored differences between domain Ib and domain II in PLB. 

The authors also characterized the effect of SERCA on the structure of SLN
138

. The 

results suggest the relatively rigid transmembrane domain anchors SLN to SERCA and 

undergoes minor helix unwinding. The more dynamic SLN termini undergo more 

complex structural changes in the presence of SERCA
137

.  

A surprising channel-like activity has recently been reported for SLN reconstituted into 

tethered bilayer lipid membranes
139, 140

. The SLN channel-like activity was selective for 

small inorganic anions, such as Cl
-
 and phosphate, and impermeable to inorganic 

cations
139, 140

. This channel-like activity could be abolished by the SLN-Thr
18

Ala 

mutation in the SLN transmembrane -helix
140

. Interestingly, the SLN channel-like 

activity was also modulated by ATP and ADP, in which the conductivity is stimulated by 

ATP and inhibited by ADP
140

. A regulatory role for the SLN channel activity was 

proposed on the activity of SERCA, which would require the SLN channels to come into 

close proximity with SERCA to exert their regulatory effects
140

. The observed channel-

like activity of SLN under the experimental conditions would require SLN to 

oligomerize, consistent with previous cross-linking experiments
131

. There are no reported 

structural details of a SLN oligomer. 

2-3.11. Transgenic approaches to study the regulation of SERCA by SLN in cardiac 

tissue. 

In the mouse heart, SLN  messenger RNA (mRNA) is specifically expressed in the atria 

and not detected in the ventricles
123

. SLN mRNA expression in the mouse atria was also 

shown to increase during development. A specific SLN mRNA signal was also 

demonstrated in human atria
123

. SLN protein expression in the atria of mice and rats was 

later demonstrated
93, 124

. With respect to the role of SLN in disease, SLN mRNA 
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expression is down-regulated in human hearts with chronic atrial fibrillation
141

and down-

regulated in a transgenic mouse model of cardiac hypertrophy over-expressing Ras
123

.  

To investigate the role of SLN in the heart, transgenic mice were created on a PLB-

knockout background with cardiac-specific over-expression of SLN
132

. Cardiomyocytes 

from the transgenic mice had altered contractility and Ca
2+

 transient amplitudes. 

However, there was no observed in vivo effect of cardiac-specific SLN over-expression. 

This study supported SLN phosphorylation and suggested Ser/Thr kinase 16 as a 

candidate kinase
132

. The candidate kinase for SLN phosphorylation has been proposed to 

be CaMKII by other studies
133, 142

.  

The SLN-knockout mouse quickly followed
143

. In the atria, the loss of SLN resulted in 

increased apparent Ca
2+

 affinity of SERCA, increased Ca
2+

 transient amplitudes and 

increased contractility. The SLN-knockout mice did not develop any heart disease 

phenotypes
143

. SLN phosphorylation was proposed based on the blunted response of 

SLN-knockout atria to isoproterenol stimulation. Combined, these data suggest SLN has 

a critical role in proper cardiac function in addition to PLB. 

2-4. Thesis outline. 

2-4.1. PLB and SLN bind as oligomers to SERCA in two-dimensional co-crystals. 

In chapter 3 we introduce mutations into SLN to better characterize its regulation of 

SERCA. A number of residues in the short cytoplasmic domain increase SERCA 

inhibition upon mutation suggesting the cytoplasmic domain of SLN might be critical to 

fine-tuning its inhibitory mechanism. By increasing the similarity of the transmembrane 

domain of SLN to PLB, we shifted the equilibrium of SLN oligomerization towards a 

more oligomeric state. Concurrently, we also observed a loss-of-inhibition. These results 

parallel the mass action model of PLB regulation where destabilization of PLB pentamers 

causes a gain-of-inhibition. 

In chapter 4, we characterize the interaction between SERCA and pentameric PLB 

observed by electron crystallography. The results support an active regulatory role for 

this interaction and argue against the long-held speculation that the PLB pentamer is an 

inactive storage form.  
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In chapter 5, we shift our focus to the interaction between SERCA and SLN. We observe 

a similar mode of interaction between SLN oligomers and SERCA as was observed 

between PLB pentamers and SERCA. This similarity highlights a previously undescribed 

mechanism used by both PLB and SLN to interact with SERCA. 

In chapter 6, we conclude the main body of the thesis with a short discussion of its major 

contributions and the promise these hold for future studies of SERCA regulation by PLB 

and SLN. 

2-4.2. Studying fragments of the prion protein to provide insights into the species 

transmission barrier phenomena of prion diseases. 

In appendix I, we end with a short jaunt through prion research and potential applications 

of electron microscopy to the study of prion misfolding. The study focuses on the 

transmission of prion disease between species, the mechanisms of which are currently not 

well understood. In particular, the species bovine and elk were chosen because their 

associated diseases (bovine spongiform encephalopathy and chronic wasting disease, 

respectively) have been identified in Alberta within the last decade. The results highlight 

a potential source of variation between misfolded prions of different species and 

implications about the misfolding of the full-length prion protein are discussed.  
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Chapter 3. The cytoplasmic domain of the calcium pump inhibitor sarcolipin 

functionally mimics domain Ib of phospholamban. 

3-1. Introduction. 

Sarcolipin (SLN) is a small integral membrane protein that regulates the 

sarco(endo)plasmic reticulum ATPase (SERCA) in fast-twitch skeletal muscle and 

cardiac muscle. SLN was originally identified as a physiological regulator of SERCA1a 

in fast-twitch skeletal muscle
1-3

, and more recently as a regulator of SERCA2a in the atria 

of the heart
4-8

. To regulate calcium (Ca
2+

) transport, SLN binds to SERCA and lowers the 

apparent Ca
2+

 affinity of the enzyme. The critical fine-tuning of this regulatory 

mechanism is evident in SLN over-expression models that impair muscle contraction
9-13

. 

Indeed, SLN expression has been shown to be altered in human disease
14-16

 and may be 

an important target of stress responses in the heart
17, 18

. NMR studies of SLN
19, 20

 split the 

small protein into 3 regions: a short unstructured, cytoplasmic domain (residues 1-6), a 

transmembrane helical domain (residues 7-26) and a short unstructured, luminal tail 

(residues 27-31). The transmembrane helix of SLN can be further split into a dynamic N-

terminal region (residues 6-14) and a more rigid C-terminal region (residues 15-27) 

(Figures 3.1 and 3.2)
20

. It has been proposed that the dynamics of the different regions of 

SLN play a role in binding to SERCA
20

.  

Functionally, the regions of SLN have overlapping and distinctive roles. The 

transmembrane helix is thought to be primarily responsible for the inhibitory properties 
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of SLN because of homology to the transmembrane helix of phospholamban (PLB), a 

related SERCA inhibitor in cardiac and smooth muscle. Mutations in the transmembrane 

domain of PLB dramatically alter its functional state leading to both gain-of-function and 

loss-of-function32. However, homologous mutations in the transmembrane domain of 

SLN do not cause any gain-of-function with respect to SERCA inhibition
3
. The luminal 

tail of SLN is critical for proper SLN function
3, 21

 and proper targeting
2222 through 

interaction with SERCA
22

. More specifically, residues Tyr
29

 and Tyr
31

 of SLN have been 

highlighted by co-expression
3
 and solid-state NMR

21
 to be critical for proper inhibition of 

SERCA. The C-terminal five residues (Arg
27

-Ser-Tyr-Gln-Tyr
31

) and SERCA co-

expression are required for localization to the endoplasmic reticulum (ER) of HEK-293 

cells
22

. Highlighting the importance of the SLN tail is the absolute conservation of this 

region between species. In the cytoplasmic region of SLN, Thr
5
 is involved in inhibition

3
 

and phosphorylation of Thr
5
 might influence SLN activity

1313
. Two kinases have been 

proposed to phosphorylate SLN: serine/threonine kinase 16
13

 and Ca
2+

-calmodulin 

dependent kinase II
8
. Interestingly, the SLN mutation Thr-5 to Ala leads to a gain-of-

function, whereas the phosphorylation-mimicking SLN mutation, Thr
5
Glu, causes a 

complete loss-of-function
3
. Thus, if phosphorylation of SLN is physiologically relevant, 

it likely disrupts inhibition of SERCA as has been observed for phosphorylation of PLB. 

Aside from Thr
5
 as an important residue in SLN function and a potential site of 

phosphorylation, little is known about the functional contribution of other cytoplasmic 

SLN residues. 

Herein, we report the functional activities of cytoplasmic and transmembrane mutants of 

SLN in co-reconstituted proteoliposomes with SERCA. In a controlled, purified system, 

the functional consequences of SLN mutations on its regulation of SERCA can be 

observed in the absence of other proteins. As well, reconstitution allows for low lipid-to-

protein in the final proteoliposomes, mimicking the SR environment for SERCA and 

SLN. We observe gain-of-function mutants localized to the cytoplasmic domain 

(Asn
4
Ala, Thr

5
Ala) and the more dynamic, hydrophilic region of the transmembrane 

domain (Glu
7
Ala). We do not observe any gain-of-function mutants in a sampling of 

residues in the more rigid hydrophobic region of the transmembrane domain. The results 

show the short cytoplasmic domain of SLN, and the neighbouring dynamic region of the 

transmembrane domain, are critical for its functional inhibition of SERCA.   
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Figure 3.1. Cartoon and surface structural representations of SLN. Panel A, The 

structure of SLN was determined in SDS micelles by NMR (pdb: 1JDM)
19

. The different 

regions of SLN are coloured based on their relative dynamics
20

; red – dynamic, yellow – 

less dynamic, grey – rigid. Cartoon SLN with residues mutated in this study (to alanine) 

shown as sticks. The right-side is a 180° rotation of the left-side along the y-axis as 

indicated. Panel B, Sequence alignment of SLN and PLB. Asterisks (*) are identical 

residues and colons (:) are similar residues (ClustalW hosted at EBI - www.ebi.ac.uk). 
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Figure 3.2. Cartoon and surface renderings of SLN to highlight dynamics. Deposited 

NMR ensemble for SLN in SDS micelles (pdb: 1JDM)
19

. The different dynamic regions 

of SLN are coloured as in Figure 3.1 (red – dynamic, yellow – less dynamic, grey – 

rigid)
20

. The surface representation on the right-side is a 180° rotation of the left-side 

surface representation along the y-axis as indicated. 
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3-2. Results and Discussion. 

3-2.1. Co-reconstitution of SERCA and SLN. 

Co-reconstitution for the study of SERCA and SLN provides a number of advantages for 

the functional study of mutants. The lipid to protein ratio can be controlled, such that low 

ratios reflecting an SR-like environment are possible. As well, the addition of purified 

components allows the observation of SERCA and SLN in the absence of any binding 

partners or containments. The relative levels of purified SERCA and SLN can be adjusted 

such that the amounts of protein co-reconstituted are normalized between different 

mutants. Finally, our co-reconstitution approach has provided a number of important 

functional insights into the regulation of SERCA by PLB
23-25

. 

3-2.2. SERCA activity in the absence and presence of wild-type SLN. 

We investigated the Ca
2+

-dependent ATPase activity of SERCA to measure the apparent 

Ca
2+

 affinity of the enzyme after reconstitution with and without SLN. In the absence of 

SLN, the apparent Ca
2+

 affinity of SERCA is 0.39 M. The apparent Ca
2+

 affinity is 

decreased by the incorporation of wild-type SLN to 0.72 M (Figure 3.3). The observed 

activity of wild-type SLN in our purified reconstitutions is consistent with previous 

reports of SLN activity by reconstitution
26-28

 and heterologous co-expression with 

SERCA
3, 29, 30

. The wild-type SLN activity was used as a benchmark for the functional 

comparison of alanine-substituted mutants sampling the cytoplasmic and transmembrane 

regions of SLN (Figure 3.4). 

3-2.3. Mutations in the rigid hydrophobic region of the SLN transmembrane domain 

were neutral or loss-of-function. 

Alanine-substitution of residues in the rigid region (residues 15 to 26) of the SLN 

transmembrane domain was insensitive to mutation or resulted in a loss-of-function. The 

insensitive mutants (Ile
17

Ala, Ile
20

Ala and Val
26

Ala) had inhibitory activity similar to 

wild-type SLN. The SLN mutant, Val
19

Ala, was a loss-of-function relative to wild-type 

SLN (Figure 3.4). No gain-of-function alanine substitutions were identified in the rigid 

C-terminal region of SLN.  
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Figure 3.3. Ca
2+

-dependent ATPase activity for SERCA in the absence of SLN, the 

presence of wild-type SLN and the presence of SLN-Asn4Ala. SERCA was co-

reconstituted in the absence (closed circles) and in the presence of wild-type SLN (open 

circles). SERCA was also co-reconstituted in the presence of SLN-Asn
4
Ala (inverted 

triangles). The data are plotted as normalized ATPase activity after fitting raw ATPase 

activity (mol mg
-1

 mL
-1

) to the Hill equation. The presence of wild-type SLN lowers the 

apparent Ca
2+

 affinity of SERCA alone (0.39 M) to 0.72 M. The SLN mutant Asn
4
Ala 

causes a gain-of-function and lowers the apparent Ca
2+

 affinity of SERCA further to 1.20 

M. Error bars represent the standard error of the mean (SEM) for a minimum of three 

experiments. 
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Figure 3.4. Effects of wild-type SLN and SLN mutants on the apparent Ca
2+

-affinity 

of SERCA. ATPase activity was plotted for each SLN mutant and fit to the Hill equation 

to obtain the apparent Ca
2+

 affinity for the co-reconstitution (KCa). The long dashed line 

indicates the KCa of the control (SERCA alone; 0.39 M) and the short dashed line 

indicates the KCa in the presence of wild-type SLN (0.72 M). The data points are 

coloured based on the location of the residue in the four dynamic regions of SLN as 

highlighted in Figure 3.2 (red – dynamic, yellow – less dynamic, grey – rigid)
20

. Error 

bars represent the SEM for a minimum of three experiments. The inset cartoon structure 

for SLN displays sticks for residues mutated in this study. Asterisks (*) indicate 

statistically different KCa values from wtSLN (Tukey’s HSD post hoc test; p < 0.01). 
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3-2.4. Mutations in the hydrophilic region of the SLN transmembrane domain had 

variable functional effects. 

Mutation of residues in the more dynamic region of the SLN transmembrane domain had 

varying functional effects. Mutation of SLN-Ile
14

 bordering the dynamic and rigid 

regions of the transmembrane domain, known as the hinge residue, resulted in a loss-of-

function (Figure 3.4). Alanine substitution of SLN-Leu
8
 close to the dynamic cytosolic 

region also resulted in loss-of-function. Mutant SLN-Glu
7
Ala increased the inhibition of 

SERCA relative to wild-type SLN and was the only gain-of-function mutant identified in 

the SLN transmembrane domain (Figure 3.4). 

3-2.5. Mutations in the SLN cytoplasmic domain were neutral or gain-of-function.  

Alanine substitution of the residue bordering the cytoplasmic domain and the dynamic 

region of the transmembrane domain, Arg
6
Ala, had little effect on SLN functional 

activity and was similar to wild-type SLN inhibition. The largest gain-of-function mutant 

in the study, Asn
4
Ala, lowered the apparent Ca

2+
 affinity of SERCA to 1.20 M, relative 

to 0.39 M in the absence of SLN and 0.72 M in the presence of wild-type SLN (Figure 

3.3). Mutation of its neighbouring residue, Thr
5
Ala, also resulted in gain-of-function 

lowering the apparent Ca
2+

 affinity of SERCA to 0.90 M (Figure 3.4). Interestingly, 

Thr
5
 corresponds to the predicted phosphorylation site in the SLN cytoplasmic region. 

Introduction of a negative-charge in place of this residue, Thr
5
Asp, results in a near 

complete loss-of-function (Figure 3.4). 

3-2.6. It’s not the size of the domain in the function, it’s the size of the function in the 

domain. 

In this study, we have mutated a number of residues in SLN that have not been previously 

functionally characterized, including: Asn
4
, Arg

6
, Glu

7
, Phe

9
 and Ile

20
. Two of these 

residues were gain-of-function (Asn
4
Ala and Glu

7
Ala), whereas the remaining residues 

were neutral. We have also characterized two novel mutations of residues (Thr
5
Asp and 

Ile
14

Leu) that have previously been characterized using different mutations
3
. Our 

selection of residues focused on the cytoplasmic region of SLN for two reasons: first, 

previous reports have only looked at a single residue (Thr
5
) in the cytoplasmic region, 

and second, the cytoplasmic region of SLN aligns with domain Ib in PLB that has a 

critical role in PLB inhibition
23, 31

. Thus, even though the cytoplasmic domain of SLN is 
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predicted to be short with six residues sticking out of the SR membrane, we predicted this 

small region had an important role in SLN inhibition. Our results suggest the cytoplasmic 

region of SLN is critical for balancing the inhibition of SERCA such that the apparent 

Ca
2+

 affinity is finely tuned by wild-type SLN. 

For the following discussion, the simple interpretation of our data will be as follows: loss-

of-function mutants will be considered critical to the SLN inhibitory mechanism and 

gain-of-function mutants will be considered necessary for balancing SLN inhibition. SLN 

inhibitory mechanisms will not be proposed based on our functional data, but the results 

will be discussed in the context of proposed PLB inhibitory mechanisms
31, 32

. In light of 

this discussion, our results suggest one similarity and one difference in the mechanisms 

used by SLN and PLB to inhibit SERCA. 

3-2.7. Comparison of co-reconstituted SERCA and SLN with heterologous co-

expression of SERCA and SLN. 

This study is only the second report to functionally characterize residues in SLN by site-

directed mutagenesis. The first by Odermatt and colleagues
3
 investigated the mutation of 

SLN in heterologous co-expression with SERCA. Figure 3.5 compares like residues 

studied by mutation of SLN herein and by Odermatt and coworkers. Normalized to an 

absolute change in the apparent Ca
2+

-affinity of SERCA (KCa) relative to SERCA in the 

absence of SLN (control), the studies share a similar overall trend and are in general 

agreement (Figure 3.5a). However, the absolute KCa was generally larger in our co-

reconstitution system compared to heterologous co-expression. For example, wild-type 

SLN increased the apparent KCa of SERCA by 0.33 M in co-reconstitution, whereas 

wild-type SLN increased the KCa by 0.16 M in heterologous co-expression.  

Since the KCa difference was consistent between the two experimental systems, we 

plotted a comparison of the results on a relative KCa scale, such that each residue is 

indicated as a fold change in KCa relative to wild-type SLN (set to 1) (Figure 3.5b). Such 

a comparison highlights the relative effect of each mutation within its respective 

experimental system (co-reconstitution herein or heterologous co-expression by Odermatt 

and coworkers). By comparing the studies in this manner, the effects of mutation nearly 

overlay with two notable exceptions. The first, SLN-Asn
11

Ala, was a neutral mutation in  
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Figure 3.5. Comparison of the functional effects of SLN mutation in co-

reconstitution and heterologous co-expression with SERCA. Panel A, the absolute 

change in the apparent Ca
2+

 affinity (KCa) for SLN mutants common to this study and 

heterologous co-expression studies
3
. The overall trend is similar between the two studies. 

Panel B, the change in the apparent Ca
2+

 affinity (KCa) for SLN mutants normalized as 

fold-activity of wild-type SLN. The two studies agree very well except for two mutants at 

positions Thr
5 

and Asn
11

 (dashed red circles; see section 3-2.7 of the text for discussion). 
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our hands (1.17-fold wild-type activity), but was a near complete loss-of-function in 

heterologous co-expression (0.24-fold wild-type activity). Mutation of the homologous 

residue in PLB (Asn
34

Ala) was reported as a complete loss-of-function in both systems, 

suggesting that Asn
11

 is a critical residue in SLN. The second exception is observed 

between SLN-Thr
5
Asp in this study, which was a near complete loss-of-function (0.31-

fold wild-type activity), and SLN-Thr
5
Glu in heterologous co-expression, which was a 

complete loss-of-function. The expression of SLN-Thr
5
Glu in heterologous co-expression 

was very weak and a lack of SLN protein would be an apparent complete loss-of-

function. For this reason, and because the compared mutations are not identical, the minor 

difference observed is negligible and will not be discussed further. 

3-2.8. Comparison of SLN mutations to homologous mutations characterized in PLB. 

The homology between PLB and SLN is reason to support similar mechanisms between 

the two regulatory proteins. Indeed, we have found SLN residues in the cytoplasmic 

domain reflect the homologous residue in PLB domain Ib, with respect to the functional 

effects of alanine substitution (Figure 3.6a). This comparison includes PLB functional co-

reconstitution data from our lab
23, 24

 and heterologous co-expression studies
31

. PLB-

Lys
27

Ala (Asn
4
Ala) and PLB-Asn

30
Ala (Glu

7
Ala) are gain-of-function. A third gain-of-

function mutant is located between these residues in SLN (Thr
5
Ala) and PLB (Gln

29
Ala), 

although offset by a single position in homology sequence alignments. Mutations in PLB 

domain Ib motivated the enhanced interaction mechanism proposed by MacLennan and 

coworkers, which stated that some PLB domain Ib mutants increase the inhibition of 

SERCA by enhancing interaction
31

. Since the homologous mutations in SLN have similar 

functional effects (Fig 3.6a), it suggests the SLN cytoplasmic domain mechanistically 

mimics PLB Ib. 

An important difference between SLN and PLB occurs in the comparison of mutants in 

their respective transmembrane domains (Figure 3.6b). Classic “monomeric” mutants in 

PLB (including Leu
37

Ala, Ile
40

Ala and Leu
43

A) provided the basis for the mass action 

mechanism proposed by MacLennan and coworkers, whereby mutants that destabilize 

PLB pentamers form an increased fraction of PLB monomers available to inhibit 

SERCA
32

. Mutation of certain Leu and Ile residues in the transmembrane domain of PLB 

caused dissociation of the PLB pentamer under SDS-PAGE and also caused greater 
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Figure 3.6. Comparison of SLN mutations to the homologous PLB residues 

characterized by mutation in co-reconstitution and heterologous co-expression. SLN 

mutants (black circles) are plotted against aligning residues in PLB mutated in similar co-

reconstitutions (white circles)
23, 24

 or PLB mutated in heterologous co-expression studies 

(red circles)
31, 32

. The data are plotted as the change in the apparent Ca
2+

 affinity (KCa) 

for SLN mutants normalized as fold-activity of wild-type SLN or wild-type PLB. The 

dotted line represents wild-type activity (set to 1). Panel A, SLN mutants aligning with 

domain Ib of PLB follow a similar trend. Panel B, SLN mutants aligning with the 

transmembrane domain of PLB.  
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inhibition of SERCA than wild-type PLB (which is primarily pentameric in SDS-PAGE). 

Thus, the now classic “monomeric” PLB mutants, such as Ile
40

Ala, caused increased 

SERCA inhibition and were among the largest gain-of-function PLB mutants. Herein, we 

did not identify any residues in the SLN transmembrane domain that resulted in gain-of-

function. Notably, the residues sampled in this study are homologous to many of the 

classic “monomeric” mutants that led to the proposal of the mass action mechanism 

(Ile
14

Ala, Ile
17

Ala and Ile
20

Ala are homologous to Leu
37

Ala, Ile
40

Ala and Leu
43

Ala, 

respectively). We characterized the mutant SLN-Ile
14

Leu, because a similar switch in 

PLB, Leu
37

Ile, leads to gain-of-function
33

. However, the SLN-Ile
14

Leu mutant was a 

loss-of-function and similar to the alanine-substituted Ile
14

Ala mutant. In contrast to PLB, 

SLN does not appear to use a mass action driven mechanism in the co-reconstitutions. It 

is worth noting that SLN forms inherently weak oligomers
26

 relative to the stability of 

PLB pentamers. 

In conclusion, mutations in the cytoplasmic domain of SLN are similar to enhanced 

interaction PLB mutants. This suggests the nature of the amino acids in the short, 

dynamic SLN cytoplasmic domain may be critical for balancing wild-type SLN 

inhibition. The cytoplasmic domain of SLN is the most variable region between species 

and the distribution of charged residues in the cytoplasmic region is variable between 

humans, rabbits and mice
2
. In fact, only Met

1
 and Thr

5
 are conserved in the first six 

residues between these three species
2
. Asn

4
 in human SLN is Ser

4
 in both rabbit and 

mouse SLN. 

3-3. Materials and Methods. 

3-3.1. Materials. 

The following reagents were of the highest purity available: octaethylene glycol 

monododecyl ether (C12E8; 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). 

3-3.2. Expression and purification of recombinant SLN. 

Oligonucleotide and DNA purification kits were purchased from Qiagen (Mississauga, 

ON, Canada) and DNA sequencing was performed by the DNA Core Services Laboratory 
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in the Department of Biochemistry, University of Alberta. Restriction enzymes were 

purchased from Invitrogen (Carlsbad, CA, USA). The MBP-fusion plasmid pMal-c2x and 

amylose resin were purchased from New England Biolabs. Active TEV (AcTEV) 

protease was purchased from Invitrogen. 

The wild-type SLN construct with a Gly-Ser-His8 N-terminal extension was generated 

previously in our laboratory and inserted into the pMal-c2x plasmid
28

. Site-directed 

mutants of SLN were generated directly by PCR if the mutations were near the ends of 

the gene, or by megaprimer mutagenesis
34

 if the mutations were near the middle of the 

gene. Products were then cloned into the pMal-SLN plasmid with BamHI and EcoRI, 

replacing the wild-type gene. All mutations were confirmed by DNA sequencing.  

Recombinant SLN was expressed and purified as previously described
28

 with an 

additional organic extraction step. Escherichia coli DH5 cells were transformed with 

MBP-SLN fusion expression plasmids. A 50 mL culture of LB growth media with 100 

g/mL ampicillin was inoculated with a single colony and incubated overnight at 37°C 

with shaking. The overnight culture was diluted into 1 L of minimal M9 media with 100 

g/mL ampicillin and grown at 37°C until OD600 ~0.6 (about 2-3 h). The incubation 

temperature was reduced to 22°C and following equilibration, expression of MBP-SLN 

was induced with 1 mM IPTG. Cells were harvested at 4°C after 48 h of induction and 

washed with 50 mM Tris HCl buffer (pH 8.0). Cell pellets were stored at -20°C. 

Cell pellets from 1 L of culture were resuspended in 50 mL lysis buffer (20 mM 

phosphate, pH 8.0, 120 mM NaCl, 1 mM EDTA, 0.5% glycerol, 0.5% Triton X-100, 0.1 

mM dithiothreitol). The resuspension was sonicated in a Branson digital sonifier 250 

(Branson Ultrasonics, Danbury, CT, USA). The sonicated suspension was centrifuged at 

50,000g for 25 min at 4°C in a Beckman Ti-45 rotor. The supernatant containing MBP-

SLN fusion protein was subjected to amylose-affinity chromatography column. The 

column was washed with 5 column volumes of equilibration buffer (20 mM phosphate, 

pH 8.0, 120 mM NaCl, 1 mM EDTA, and 0.02% azide). The MBP-SLN fusion protein 

was eluted with equilibration buffer containing 40 mM maltose. The purified MBP-SLN 

fusion protein was cleaved with AcTEV protease at 10U/mg with 1 mM dithiothreitol for 

24 h in a 16°C water bath. A second addition of AcTEV protease was added with fresh 

dithiothreitol and incubated for an additional 24 h. 
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Following protease digestion of the maltose-binding protein and SLN fusion protein, 

trichloroacetic acid was added to a final concentration of 1% (check value). This mixture 

was incubated on ice for 20 minutes. The 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 (guanidine hydrochloride) GdnHCl. The addition of the organic 

extraction step to the purification of recombinant SLN was inspired by purifications of 

proteolipid from rabbit skeletal muscle
35, 36

. 

The extracted SLN in 7 M GdnHCl was centrifuged at 10,000g for 20 min at 4°C in a 

C0650 rotor to eliminate insoluble material. Reverse-phase high-pressure liquid 

chromatography (HPLC) was performed as described
28

. Solvent A was HPLC-grade 

distilled water and solvent B was HPLC-grade isopropanol with 0.05% TFA. The 7 M 

GdnHCl supernatant was applied to a Zorbax 300 SB-C8 column with a Zorbax C3 guard 

column (Agilent Technologies, Palo Alto, CA, USA) equilibrated at 20% solvent B. A 

gradient was run from 20% to 80% solvent B. Fractions were collected and analyzed by 

mass spectrometry and SDS-PAGE. Fractions containing pure SLN were combined and 

the protein concentration determined by the amido black protein assay. Aliquots of 75 g 

were dried by speed-vac, lyophilized to dryness and stored at -80°C.    

3-3.3. Co-reconstitution of SLN with SERCA. 

Lyophilized SLN (75 g) was resuspended in a 75 L mixture of chloroform : 

trifluroethanol (2 : 1) and mixed with lipids (360 g EYPC; 40 g EYPA) from stock 

chloroform solutions.  The peptide-lipid mixture was dried to a thin film under nitrogen 

gas and dried under vacuum overnight. The peptide-lipid mixture was hydrated in buffer 

(20 mM imidazole pH 7.0; 100 mM KCl; 0.02% NaN3) at 37 °C for 10 min, cooled to 

room temperature, and detergent-solubilised by the addition of C12E8 (0.2 % final 

concentration) and vigorous vortexing.   Detergent-solubilized SERCA was added (300 

g in a total volume of 200 L) 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 sucrose-gradient 

for 1 h at 100,000g. The resultant layer of reconstituted proteoliposomes was removed, 
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flash-frozen in liquid-nitrogen and stored at -80 °C. The final approximate molar ratios 

were 120 lipid : 5 SLN : 1 SERCA
23

.  

3-3.4. ATPase activity assays of SERCA and SLN co-reconstitutions. 

ATPase activity of the co-reconstituted proteoliposomes was measured over a range of 

Ca
2+

 concentrations from 0.1 M to 10 M by a coupled-enzyme assay
23, 37

. The Kca 

(apparent calcium affinity) was 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. 
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Chapter 4. Phosphorylation and mutation of phospholamban alter physical 

interactions with the sarcoplasmic reticulum calcium pump. 

4-1. Introduction.  

Cation transport by the P-type ion pumps is an essential process in all eukaryotic cells, 

where changes in intracellular cation concentrations are linked to precise physiological 

responses. The best understood members of this transport family include the sarcoplasmic 

reticulum calcium ATPase (SERCA) found in muscle cells and the plasma membrane 

sodium-potassium ATPase (Na
+
-K

+
 pump) found in all cell types. These two P-type ion 

pumps are particularly important in cardiac contractility and are major drug targets for the 

clinical improvement of heart disease. An extensive series of X-ray and electron 

crystallographic studies
1-14

 have resulted in structures of a variety of SERCA reaction 

intermediates, thus revealing how ATP hydrolysis is coupled to calcium (Ca
2+

) transport 

across the sarcoplasmic reticulum (SR) membrane in order to achieve muscle relaxation. 

These studies show that SERCA is composed of a transmembrane domain that contains 

the Ca
2+

 binding sites and three cytosolic domains that are responsible for nucleotide 

binding, phosphorylation, and communication with the transmembrane domain. It has 

been shown that the intermediate states (Ca
2+

 binding, phosphorylation, Ca
2+

 transport, 
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dephosphorylation, and proton counter-transport) involve coupled domain movements 

that link the cation binding sites with the phosphorylation state of the enzyme. 

Despite this wealth of structural information, the regulation of the Ca
2+

 pump in cardiac 

muscle remains an elusive target of study. In cardiac and smooth muscle, SERCA is 

regulated by phospholamban (PLB), a 52-residue integral membrane protein. PLB 

engages in an inhibitory interaction with SERCA that reduces its apparent Ca
2+ 

affinity. 

This is a dynamic process that depends on the cytosolic Ca
2+ 

concentration, as well as the 

phosphorylation and oligomeric states of PLB. PLB is in dynamic equilibrium between 

monomeric and homo-oligomeric states, with pentameric forms being dominant in SDS 

polyacrylamide gels
15, 16

. Mutation of key leucine and isoleucine residues in the 

transmembrane domain of PLB destabilizes the pentameric structure and has been shown 

to shift this equilibrium in favor of the monomer. These pentamer-disrupting mutations 

correlate with increased inhibition of SERCA, leading to the speculation that the PLB 

monomer is the active inhibitory species
17-19

 and that the pentamer is an inactive storage 

form
20, 21

. Unfortunately, it has not been possible to directly test this model with well 

defined PLB oligomeric states within a lipid membrane. In any case, SERCA inhibition 

by the PLB monomer can be reversed either by elevated cytoplasmic Ca
2+ 

concentrations 

or by phosphorylation of PLB. The primary physiological mechanism for relieving 

SERCA inhibition is through the phosphorylation of PLB at Ser
16

 by cAMP-dependent 

protein kinase (PKA), but PLB can also be phosphorylated at Thr
17

 by either 

Ca
2+

/calmodulin-dependent protein kinase II
22

 or Akt
23

. 

While the functional effect of PLB phosphorylation on SERCA regulation is clear, the 

mechanism for this effect is less certain. The original model for SERCA regulation 

suggested that monomeric PLB binds to and inhibits SERCA, while phosphorylation 

disrupts this inhibitory complex
24, 25

. However, there is contradictory evidence about 

whether PLB physically dissociates from SERCA following phosphorylation. 

Fluorescence energy transfer experiments suggest that PLB inhibits and aggregates 

SERCA, and that phosphorylation reverses this process and causes dissociation of PLB 

and SERCA
26

. Similarly, cross-linking experiments indicate that phosphorylation 

weakens PLB’s physical association with SERCA and makes the complex more 

susceptible to dissociation by sub-saturating Ca
2+

 concentrations
27, 28

. In contrast, studies 

using co-immunoprecipitation
29

, fluorescence
30, 31

 and EPR spectroscopy
32

 all suggest that 

PLB remains associated with SERCA following phosphorylation. Rather than 
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dissociation of PLB from SERCA after phosphorylation, EPR and NMR studies point to 

a transition from order to disorder in the cytoplasmic domain of PLB
32, 33

. Such a 

transition is consistent with a variety of biophysical studies showing that phosphorylation 

causes a partial unwinding and disordering of PLB’s N-terminal -helix around the Ser
16

 

phosphorylation site
34-38

. While regulation by phosphorylation is thought to occur in the 

context of a complex between monomeric PLB and SERCA, it has been suggested that 

the PLB pentamer is necessary for regulation of cardiac contractility in a physiological 

context
39

 and a direct interaction has been proposed between the PLB pentamer and 

SERCA
40-42

. EPR measurements of boundary lipids suggest that phosphorylation of PLB 

shifts the population towards the oligomeric state
15

. These results raise questions about 

the role of PLB oligomeric states in the regulation of SERCA.  

In previous work, we have observed a direct interaction between an oligomeric form of 

PLB and SERCA in two-dimensional crystals
41

. Specifically, we characterized co-crystals 

of SERCA and a super-inhibitory mutant of PLB (Ile
40

-to-Ala)
41

. While SDS-PAGE 

indicated that this mutant of PLB was monomeric
17

, our projection map revealed that 

PLB-Ile
40

Ala formed an oligomer. The propensity of Ile
40

Ala to form oligomers was later 

supported by fluorescence resonance energy transfer experiments
43, 44

 reinforcing the 

conclusion of Jones and co-workers
18

, that while SDS-PAGE may indicate the relative 

stability of PLB oligomers, it is not a definitive means of assessing the oligomeric species 

adopted by PLB within the lipid bilayer. A three-dimensional model based on our 

projection map suggested that PLB pentamers interact with SERCA at two potential sites 

– one near transmembrane segment TM3 and another near the C-terminus. These contact 

sites are distinct from the inhibitory site occupied by the PLB monomer, which is 

adjacent to TM2, TM4, and TM6 of SERCA according to mutagenesis and cross-linking 

studies
45-49

. Herein, we have investigated the effects of PLB phosphorylation and 

mutation on the interaction between a PLB oligomer and SERCA in the context of two-

dimensional crystals. Our results show a correlation between PLB function and crystal 

formation, suggesting that the physical interactions that stabilize the crystals are sensitive 

to physiologically relevant perturbations. Our data are also consistent with an order-to-

disorder transition in PLB’s cytoplasmic domain, where the inhibitory forms of PLB (e.g. 

wild-type and the gain-of-function mutant Lys
27

-to-Ala) retain an ordered state in the 

crystals and the non-inhibitory forms of PLB (phosphorylated wild-type and a loss-of-

function mutant Asn
34

-to-Ala) adopt a disordered state. 
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4-2. Results and Discussion. 

4-2.1. Co-Reconstitution of SERCA and PLB. 

Methods for co-reconstituting SERCA and PLB have been previously established for 

both functional
50, 51

 and structural
41, 52, 53

 studies. Co-reconstituted proteoliposomes have 

been shown to have a lipid-to-protein molar ratio of approximately 120:1 and a 3.5:1 

PLB-to-SERCA molar ratio
41, 50

. These conditions mimic cardiac SR and, under the 

appropriate buffer conditions, they promote formation of two-dimensional crystals. 

Measurements of ATPase activity have been used to demonstrate the regulatory 

interactions between wild-type and mutants forms of PLB and SERCA. For the current 

studies, wild-type PLB, a gain-of-function mutant (Lys
27

-to-Ala), a partial loss-of-

function mutant (Arg
14

-to-Ala), and a complete loss-of-function mutant (Asn
34

-to-Ala) 

were chosen to represent different functional forms of PLB
17, 19, 50, 52, 54, 55

. Importantly, the 

oligomeric stabilities of the mutants used for two-dimensional crystallization were similar 

to that of wild-type PLB, despite differences in their abilities to regulate SERCA
17, 54

. 

Measurements of ATPase activity were used to determine the apparent Ca
2+

 affinity of 

SERCA in the absence and presence of PLB (Table 4.1). Reconstituted SERCA in the 

absence of PLB yielded a KCa of 0.41 ± 0.01 M, while co-reconstituted SERCA in the 

presence of wild-type PLB yielded a KCa of 0.69 ± 0.01 M. The KCa values in the 

presence of mutant forms of PLB were 1.00 ± 0.03 M for Lys
27

Ala, 0.59 ± 0.03 M for 

Arg
14

Ala, and 0.46 ± 0.03 M for Asn
34

Ala.  
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Table 4.1. Apparent Ca
2+ 

affinities (KCa) determined for SERCA in the absence and 

presence of wild-type, mutant, and phosphorylated forms of PLB. 

 

 KCa (µM Ca
2+

) KCa
a
 

SERCA 0.41 ± 0.01 (n = 28)  

PLBwt 0.69 ± 0.01 (n = 9) 0.28 

phospho-PLBwt 0.43 ± 0.02 (n = 3) 0.02 

K27A 1.00 ± 0.03 (n = 7) 0.59 

phospho-K27A 0.65 ± 0.03 (n = 3) 0.24 

R14A 0.59 ± 0.03 (n = 3) 0.18 

N34A 0.46 ± 0.03 (n = 6) 0.05 

 
a
 The change in Ca

2+ concentration at half-maximal ATPase activity of SERCA in 

the presence of wild-type, mutant, and phosphorylated forms of PLB; calculated 

as the difference in KCa values for SERCA in the absence and presence of PLB. 
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We also tested the effect of PKA phosphorylation on the inhibitory capacity of PLB.  

After co-reconstitution, phosphorylation of wild-type PLB restored the apparent Ca
2+ 

affinity of SERCA to control levels (Figure 4.1a and Table 4.1). However, 

phosphorylation of the Lys
27

Ala mutant by PKA did not completely restore the apparent 

Ca
2+

 affinity of SERCA (Figure 4.2a and Table 1). The KCa values in the presence of 

phosphorylated forms of PLB were 0.43 ± 0.02 M for wild-type [nearly complete (93%) 

reversal of inhibition] and 0.65 ± 0.03 M for Lys
27

Ala [partial (59%) reversal of 

inhibition]. Both SDS-PAGE (Figures 4-1b and 4-2b) and MALDI-TOF (data not shown) 

were used to demonstrate stoichiometric phosphorylation of wild-type and Lys
27

Ala PLB. 

Neither Arg
14

Ala nor Asn
34

Ala mutants were treated with PKA because the former is not 

recognized by PKA
56

 and the latter (loss-of-function) is not affected by phosphorylation. 

Finally, our observation that phosphorylated Lys
27

Ala remains partially inhibitory 

(Figure 4.2A) is consistent with previous work demonstrating that phosphorylated N27C 

also retains its inhibitory capacity and can be cross-linked to SERCA
28

. Note that residue 

27 is lysine in the human protein (used herein) and asparagine in the canine protein
28

. 

4-2.2. Co-crystallization of SERCA and PLB. 

We next tested the ability of wild-type, mutant and phosphorylated forms of PLB to 

interact with SERCA in large 2D co-crystals
41

. The proteoliposomes described above 

were capable of forming crystals after treatment with decavanadate, EGTA, and a freeze-

thaw procedure to enhance fusion and crystal growth. However, the PLB mutants varied 

markedly in their ability to form co-crystals. In order to identify the effect of mutation 

and phosphorylation on crystal formation, care was taken to ensure crystallization 

conditions were equivalent between samples. The number of crystals per grid square 

(2500 m
2
) were counted in negatively stained samples (Table 4.2). Wild-type PLB 

produced a moderate frequency of ~3 crystals per grid square and other samples revealed 

a correlation between the functional state of PLB and the SERCA co-crystal frequency. 

For example, the Lys
27

Ala gain-of-function mutant formed ~5 crystals per grid square, 

while the Asn
34

Ala loss-of-function mutant formed ~1 crystal per grid square. This was 

not performed for the Arg
14

Ala mutant. Despite changes in crystal frequency and order, 

the crystal morphology and lattice parameters were similar to one another and to those 

previously reported
41

. In particular, all crystals exhibited p22121 plane group symmetry 

with approximate lattice dimensions of a = 345 Å and b = 70 Å ( = 90 º).  
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Figure 4.1. Co-reconstitution and co-crystallization of SERCA with non-

phosphorylated and phosphorylated wild-type PLB. Panel A, ATPase activity of 

SERCA reconstituted in the absence () and presence of wild-type (▼) and 

phosphorylated wild-type () PLB. The Ca
2+

 affinities (KCa) are reported in the text, and 

all curves have been normalized to the maximal activity (V/Vmax). Panel B, Shown is an 

example of a Coomassie-stained SDS-PAGE of the co-reconstituted proteoliposomes 

used in the crystallization studies. SERCA and the wild-type PLB pentamer (PLB5) are 

labeled. Co-reconstituted proteoliposomes were run on 10% (top panel) and 16% (bottom 

panel) polyacrylamide gels. A 5-fold larger amount of sample was loaded on the 16% gel 

for display purposes. A characteristic shift was observed in the mobility of the PLB 

pentamer after phosphorylation (ph-PLB5) with protein kinase A (PKA). Panel C, 

Projection map from negatively stained co-crystals of SERCA in the presence of wild-

type PLB. A single unit cell (a  350 Å, b  71 Å) and symmetry operators are indicated 

for the p22121 plane group. The green densities indicate a single SERCA molecule, where 

the negative stain reveals only the cytoplasmic domain. The relative locations of the 

actuator (A) and nucleotide binding (N) domains are indicated. The densities associated 

with PLB are interspersed between the SERCA dimer ribbons. Panel D, Projection map 

from negatively stained co-crystals of SERCA in the presence of phosphorylated wild-

type PLB. The projection maps (panels C and D) are contoured showing all negative (< 0; 

dashed lines) and positive ( 0; solid lines) densities; each contour level corresponds to 

0.25 σ. 
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Figure 4.2. Co-reconstitution and co-crystallization of SERCA with non-

phosphorylated and phosphorylated Lys27Ala PLB. Panel A, ATPase activity of 

SERCA reconstituted in the absence () and presence of Lys
27

Ala (▼) and 

phosphorylated Lys
27

Ala () PLB. The Ca
2+

 affinities (KCa) are reported in the text, and 

all curves have been normalized to the maximal activity (V/Vmax). Panel B, Shown is an 

example of a Coomassie-stained SDS-PAGE of the co-reconstituted proteoliposomes 

used in the crystallization studies. SERCA and the Lys
27

Ala PLB pentamer (PLB5) are 

labeled. Co-reconstituted proteoliposomes were run on 10% (top panel) and 16% (bottom 

panel) polyacrylamide gels. A 5-fold larger amount of sample was loaded on the 16% gel 

for display purposes. A characteristic shift was observed in the mobility of the PLB 

pentamer after phosphorylation (ph-PLB5) with PKA. Panel C, Projection map from 

negatively stained co-crystals of SERCA in the presence of Lys
27

Ala PLB. Panel D, 

Projection map from negatively stained co-crystals of SERCA in the presence of 

phosphorylated Lys
27

Ala PLB. The projection maps (panels C and D) are contoured 

showing only positive (solid lines) densities; each contour level corresponds to 0.25 σ. 
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Table 4.2. Lattice parameters and crystal propensity for negatively stained crystals 

of SERCA with and without phospholamban. 

  

  p22121 lattice 

parameters 

  

  

characteristics 

 

a 

 

b 

 

 

crystal 

frequency 
a
 

crystal 

quality 

 

PLB 

 

pentamer, 

inhibitory 

341.3 

± 2.7 

70.3 

± 0.3 

90.2 

± 0.5 

3.1 ± 0.5 

(n = 7) 
intermediate 

 

phospho- 

PLB 

 

pentamer, non-

inhibitory 

341.6 

± 6.2 

70.2 

± 0.9 

90.1 

± 1.0 

1.4 ± 0.4 

(n = 7) 
poor 

 

K27A 

 

pentamer, gain-

of-function 

344.9 

± 4.2 

70.9 

± 0.9 

85.6 

± 1.5 

5 ± 1 

(n = 6) 
high 

 

phospho-

K27A 

 

pentamer, 

inhibitory 

339.5 

± 1.5 

71.3 

± 0.5 

90.1 

± 0.4 

1.7 ± 0.5 

(n = 7) 

poor to 

intermediate 

 

N34A 

 

pentamer, loss-

of-function 

339.1 

± 2.0 

70.6 

± 0.7 

89.5 

± 0.5 

1 ± 0.4 

(n = 7) 
poor 

a
 The average number of crystals observed per grid square (400 mesh grids) for a 

minimum of six independent co-reconstitutions and crystallization trials (n  6). This was 

not done for the R14A mutant of PLB. For each independent co-reconstitution and 

crystallization trial (n), at least 30 grid squares were examined for crystal frequency. 
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4-2.3. Projection maps from negatively stained two-dimensional co-crystals. 

For each form of PLB, projection maps of negatively stained samples were calculated 

after averaging Fourier data from five different crystal images at a resolution of ~20 Å. 

To rule out differences in negative staining, 2-3 projection maps were calculated for each 

form of PLB, where each projection map represented an independent co-reconstitution, 

crystallization, and negative stain EM grid. Typical projection maps are shown for non-

phosphorylated and phosphorylated wild-type PLB (Figure 4.1). As previously 

observed
41

, the projection maps were dominated by rows of twofold related densities that 

corresponded to anti-parallel dimer arrays of SERCA. In the presence of wild-type PLB, 

additional densities were interspersed between the SERCA arrays consistent with the 

presence of PLB oligomers (Figure 4.1c). These extra densities were relatively small in 

the maps of negatively stained crystals, due to the low contrast generated by negative 

stain within the lipid bilayer and the small size of PLB’s cytoplasmic domain relative to 

SERCA. Nonetheless, the PLB densities in the projection maps were similar to those 

previously reported
41

. Upon phosphorylation of Ser
16

 with PKA, these PLB densities 

were no longer present, consistent with disordering of the cytoplasmic domain (Figure 

4.1d). As mentioned above, phosphorylation of wild-type PLB also reduced the 

frequency of co-crystal formation (Table 4.2). 

We also studied the effect of phosphorylation on the co-crystals with Lys
27

Ala PLB, 

which has the same oligomeric state as wild-type PLB
17, 54

.  Like wild-type PLB, the 

projection maps of non-phosphorylated Lys
27

Ala co-crystals show the PLB densities 
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lying between the anti-parallel dimer ribbons of SERCA (Figure 4.2). The frequency of 

the Lys
27

Ala co-crystals is higher than wild-type, reflecting the fact that the Lys
27

Ala 

mutation produces a super-inhibitory PLB molecule (gain of function). Interestingly, 

phosphorylation of Lys
27

Ala had no effect on these PLB densities (compare Figures 4-1d 

and 4-2d). This behavior is consistent with the fact that stoichiometric phosphorylation of 

Lys
27

Ala is unable to fully reverse its inhibition of SERCA (Figure 4.2a and 4-2b). We 

reasoned that if phosphorylation disrupted a crystal contact or altered contrast produced 

by negative stain (e.g. by adding negative charge to the cytoplasmic domain), then 

phosphorylation of Lys
27

Ala co-crystals should produce a similar result to wild-type PLB 

(Figure 4.1c and 4-1d). However, if co-crystallization relies on a functional interaction 

between PLB and SERCA, then the inhibitory properties of the phosphorylated Lys
27

Ala 

mutant should correlate with its behavior during co-crystallization. Based on our 

observations, we believe that the cytoplasmic domain of wild-type PLB becomes 

disordered upon phosphorylation, whereas the cytoplasmic domain of Lys
27

Ala does not. 

This comparison also rules out the possibility that the disappearance of the PLB densities 

was a result of simply adding the negative charge (PO4
2-

) to its cytoplasmic domain.  

4-2.4. Additional mutants of PLB. 

Since the phosphorylation of wild-type PLB reverses SERCA inhibition and alters 

densities in the two-dimensional co-crystals, we tested the effects of (i) mutation of a 

charged residue (Arg
14

) proximal to the phosphorylation site (Ser
16

); and (ii) a well-

characterized loss-of-function mutant (Asn
34

Ala). As reported previously
17, 56

, Arg
14

Ala 

retains substantial inhibitory capacity (Figure 4.3a), whereas Asn
34

Ala is a complete loss-

of-function mutant (Figure 4.4a). The Arg
14

Ala mutant changes the net charge of PLB’s 

cytoplasmic domain adjacent to the phosphorylated residue Ser
16

, while the Asn
34

Ala 

mutant is located at the interface between the membrane and the cytosol. In projection 

maps of negatively stained co-crystals with Arg
14

Ala PLB, additional densities were 

observed in between the rows of SERCA molecules (Figure 4.3b). However, in co-

crystals with Asn
34

Ala PLB, these additional densities were absent (Figure 4.4b). These 

results further support the idea that the functional state, rather than the net charge of the 

cytoplasmic domain, determines the stability of co-crystals and whether PLB-associated 

densities are visible in the projection maps. Interestingly, the Asn
34

Ala mutation appears 

to cause a disordering of the cytoplasmic domain that is similar to the effect of 

phosphorylation of wild-type PLB. 
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Figure 4.3. Co-reconstitution and co-crystallization of SERCA with Arg14Ala PLB. 

Panel A, ATPase activity of SERCA reconstituted in the absence () and presence of 

Arg
14

Ala (▼) PLB. The Ca
2+ 

affinities (KCa) are reported in the text, and all curves have 

been normalized to the maximal activity (V/Vmax). Panel B, Projection map from 

negatively stained co-crystals of SERCA in the presence of Arg
14

Ala PLB. The projection 

map is contoured showing only positive (solid lines) densities; each contour level 

corresponds to 0.25 σ. 
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Figure 4.4. Co-reconstitution and co-crystallization of SERCA with Asn34Ala PLB. 
Panel A, ATPase activity of SERCA reconstituted in the absence () and presence of 

Asn
34

Ala (▼) PLB. The Ca
2+

 affinities (KCa) are reported in the text, and all curves have 

been normalized to the maximal activity (V/Vmax). Panel B, Projection map from 

negatively stained co-crystals of SERCA in the presence of Asn
34

Ala PLB. The 

projection map is contoured showing all only positive (solid lines) densities; each contour 

level corresponds to 0.25 σ. 
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4-2.5. Projection maps from frozen-hydrated two-dimensional co-crystals. 

Our observations of negatively stained crystals indicated that the co-crystallization of 

PLB and SERCA was negatively impacted by PLB phosphorylation and that the 

cytoplasmic domain of PLB tended to become disordered. To test if this disordering 

affected the transmembrane domain of PLB, we imaged the co-crystals in the frozen-

hydrated, unstained state. Based on molecular models for PLB
40, 57, 58

, the density 

associated with PLB in projection maps from frozen-hydrated co-crystals is dominated by 

the pentameric transmembrane coiled-coil. This is due to the alignment of the 

transmembrane helices along the imaging direction, which produces very strong densities 

in the corresponding projection maps. Therefore, comparison of the densities observed in 

negatively stained co-crystals with those observed in frozen-hydrated crystals allows us 

to evaluate the relative ordering of the cytoplasmic and transmembrane domains, 

respectively. In particular, if phosphorylation disorders primarily the cytoplasmic domain 

of PLB as predicted
32

, densities attributable to PLB should be weak in the negatively 

stained samples and unaffected in frozen-hydrated samples. For this comparison, 

projection maps were calculated from images of frozen-hydrated co-crystals with wild-

type PLB before and after PKA phosphorylation. Following merging and averaging of 

data from at least five crystal images, diffraction amplitudes with high signal-to-noise 

ratios and low phase residuals were observed for all resolution shells to a resolution of 10 

Å (Table 4.3). The resulting maps were nearly identical, both containing anti-parallel 

dimer ribbons of SERCA molecules interspersed with densities consistent with 

pentameric PLB (Figure 4.5). This similarity suggests that intramembrane interactions 

between SERCA and the transmembrane domain of PLB mediate contacts in the crystals 

and that these contacts persist after phosphorylation of PLB’s cytoplasmic domain. Loss 

of density for these cytoplasmic domains suggests that they are disordered and thus not 

strongly bound to SERCA after phosphorylation. Given the negative effect of 

phosphorylation on crystal order, PLB's cytoplasmic domain probably provides additional 

interactions in the non-phosphorylated state. 
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Table 4.3. Summary of crystallographic data for frozen-hydrated co-crystals of 

SERCA and phospholamban. 

 Phospholamban 

 I40A
*
 K27A 

Number of images 5 15 

Cell parameters a = 359.2 Å 

b = 71.9 Å 

 = 90.3 

a = 346.5 Å 

b = 70.7 Å 

 = 89.7 

Overall weighted phase 

residual 
¶
 

16.8 16.1 

  * Data from Stokes et al. (2006). 

  
¶
 Including data to IQ7. 
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Figure 4.5. Projection maps from frozen-hydrated co-crystals of SERCA in the 

presence of wild-type (Panel A) and phosphorylated wild-type (Panel B) PLB. 
Statistics for merging five crystal images indicated that phase residuals were <35° to a 

resolution of approximately 10 Å. The region of the map shown is approximately 600 Å 

by 159 Å. The relative locations and orientations of SERCA molecules are indicated by 

arrows and the locations of the PLB densities are indicated by brackets. The projection 

maps are contoured showing only positive (solid lines) densities. 
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4-2.6. What is the oligomeric state of PLB in the co-crystals? 

To further characterize the physical interaction between SERCA and PLB and to evaluate 

its oligomeric state in the co-crystals, we have used frozen-hydrated preparations to 

improve the resolution of the existing projection map
41

. We chose to image co-crystals of 

Lys
27

Ala PLB because the relative abundance and high quality of these crystals facilitated 

data collection. Images from frozen-hydrated co-crystals displayed computed diffraction 

to a resolution of approximately 15 Å. Following merging and averaging of data from 15 

crystal images, diffraction amplitudes with high signal-to-noise ratios and low phase 

residuals were observed for all resolution shells to a resolution of 8 Å (Figure 4.6 and 

Table 4.3). 

The resulting projection map for SERCA in the presence of Lys
27

Ala PLB is similar to 

that previously determined for SERCA in the presence of Ile
40

Ala PLB
41

. The size and 

shape of the additional densities seen in our projection maps were consistent with the 

pentamer, which is the principle oligomeric form of PLB seen by SDS-PAGE. However, 

neither map from frozen-hydrated co-crystals (Ile
40

Ala reported previously
41

 or Lys
27

Ala 

reported herein) provided direct evidence of pentameric assembly of PLB, presumably 

due to limited resolution. To address this issue, the high resolution terms of the projection 

map were enhanced by applying a negative 500 Å
2 

B-factor (temperature factor)
59

. The 

truncation of Fourier data at 8 Å resolution ensured that the contribution of noise in our 

map was minimal. This procedure improved contrast and detail for the densities 

associated with both SERCA and PLB (Figure 4.7). Significantly, the density assigned to 

the PLB oligomer resolved into a five-lobed density consistent with the PLB pentamer. 

However, rather than the symmetric structure predicted by NMR structural models
40, 58

, 

our density resembles a distorted pentamer (Figure 4.7b-d), where two of the five 

observed lobes are stronger and better delineated than the others. Although the shape of 

the pentamer may be affected by the increased noise in the "sharpened" projection map, a 

physical distortion of the pentamer would be consistent with its asymmetric interaction 

with SERCA. Interestingly, the stronger densities in the pentamer are proximal to 

SERCA, and one appears next to transmembrane segment TM3 (asterisk in Figure 4.7a). 

An interaction between TM3 of SERCA and PLB was also suggested by our previous 

studies of the complex using electron cryo-microscopy of helical crystals (Figure 4 in ref 

Young et al
52

).  
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Figure 4.6. Projection map from frozen-hydrated co-crystals of SERCA in the 

presence of Lys27Ala PLB. Panel A, Statistics for merging fifteen crystal images 

indicate that phase residuals are <26° to a resolution of 8 Å. Panel B, Projection map 

generated for co-crystals of SERCA and Lys
27

Ala PLB. The region of the map shown is 

approximately 600 Å by 159 Å. The PLB densities are similar to those previously 

characterized for Ile
40

Ala PLB
41

, reflecting an identical oligomeric state and mode of 

interaction with SERCA. The projection map is contoured showing only positive (solid 

lines) densities. 
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Figure 4.7. Projection map recalculated with an applied negative B-factor. Panel A, 
In the sharpened projection map, the contrast and level of detail is enhanced for both 

SERCA and PLB. The asterisk indicates the region of closest contact between the PLB 

pentamer and transmembrane segment TM3 of SERCA. Panel B, Close up view of the 

density associated with PLB. The size and shape of the PLB densities are now compatible 

with a pentamer. Panel C, For comparison, a simulated projection for a transmembrane 

pentamer is shown. Panel D, Superimposition of the maps shown in panel B and panel C 

indicating a slightly distorted pentameric arrangement. 
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4-2.7. Physical interactions between SERCA and PLB. 

There is general consensus that the monomeric form of PLB interacts with TM2, TM4, 

and TM6 of SERCA
17, 19, 20, 24, 25, 47, 48

, thus producing the inhibition that characterizes the 

resting state of cardiac muscle. However, oligomeric forms of PLB have been repeatedly 

observed both in detergent and membranous environments. While the pentamer appears 

to be the most stable oligomer, tetramers, trimers and dimers have all been observed and 

the balance between them can be influenced by single site mutations
17, 19

. Furthermore, 

there is dynamic exchange between oligomeric and monomeric forms of PLB and 

evidence that phosphorylation of PLB or increased cytosolic Ca
2+

 concentrations increase 

the proportion of the pentameric pool at the expense of the monomeric pool
15

. This 

evidence has led to the hypothesis that the monomer represents the "active" inhibitory 

form and that oligomeric forms represent an inactive reserve
20, 21

. While several 

congruent molecular models explaining the inhibitory properties of PLB have been 

described in the literature
46, 47, 60, 61

, there are also a number of inconsistencies in 

published observations that are not fully explained. First, Kranias and colleagues 

demonstrated that a mutant form of PLB (Cys
41

-to-Phe) was insufficient for proper 

regulation of cardiac contractility in a mouse model 
39

. Since this mutant was reported to 

be monomeric with the same inhibitory potency as the wild-type protein
62

, the authors 

inferred a physiological role for the PLB pentamer. Despite the fact that the oligomeric 

state of the C41F mutant has not been directly demonstrated in a membrane environment, 

this notion is consistent with independent observations that SERCA may interact with 

oligomeric forms of PLB
40, 41, 63

. Thus, the existence of oligomers appears to offer a 

functional advantage for the SERCA-PLB interaction
42

, and this advantage is not 

explained by current molecular models (i.e. PLB oligomers as inactive storage forms). 

Second, there are disparate observations on how the physical association between 

SERCA and PLB responds to phosphorylation. One group of studies postulate that PLB 

remains associated with SERCA and phosphorylation alters the structural interaction 

between the two proteins
29-32, 64

. Whereas contradictory cross-linking studies have led to 

the notion that intermolecular interactions at the TM2, TM4, and TM6 interface are lost 

following phosphorylation
27, 28

 and PLB dissociates from SERCA.  

More specifically, chemical cross-linking experiments
27, 28

 indicate that PKA-mediated 

phosphorylation decreases the efficiency of cross-linking to SERCA at multiple sites 

distributed throughout both the cytoplasmic and transmembrane domains of PLB. The 
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inference then is that phosphorylation decreases PLB’s binding affinity for SERCA and 

causes it to dissociate at sub-saturating Ca
2+

 concentrations. Contradictory evidence in 

favor of persistent association comes from the following literature. Antibodies 

recognizing PLB phosphorylated at Ser
16

 were shown to co-immunoprecipitate SERCA1a 

and SERCA2a after co-expression in HEK-293 cells
29

. Fluorescence, spin-label EPR 

spectroscopy and other biophysical studies demonstrated that SERCA restricts the 

motional freedom of PLB both before and after phosphorylation
30, 31

. More recent EPR 

studies also support persistent association and suggest that phosphorylation induces a 

dynamically disordered state in PLB’s cytoplasmic domain
32

. This latter study supported 

the idea that phosphorylated PLB remains associated with SERCA in a non-inhibitory 

state. Despite this growing body of evidence, it is difficult to envision how PLB might 

remain bound to the TM2, TM4, and TM6 interface of SERCA, given the large 

conformational changes caused by Ca
2+ 

binding that occlude this interaction interface.  

These apparent contradictions can be reconciled by hypothesizing a physical interaction 

between SERCA and oligomeric PLB at a secondary, non-inhibitory site. Specifically, we 

have observed an interaction between TM3 of SERCA and the PLB pentamer in the two-

dimensional co-crystals. Such an interaction could explain the mutual effects that SERCA 

and PLB have on spectroscopic analysis of each other’s aggregation state
41, 63

, and could 

provide a direct role for the PLB oligomer under physiological conditions 
39

. In addition, 

distinct functional consequences and binding sites of the monomer and oligomer could 

explain the experimental discrepancy regarding the persistence of the interaction. While 

the PLB monomer may dissociate from the TM2, TM4, and TM6 inhibitory site under the 

appropriate physiological stimuli, there may be a high probability for interaction with the 

PLB oligomer at the secondary site on the other side of the SERCA molecule (e.g., M3). 

Compared to the dramatic movements of TM2, TM4 and TM6 during Ca
2+

 binding, 

transmembrane helix TM3 of SERCA is less mobile and may represent a stable 

interaction point for a PLB oligomer that is insensitive to phosphorylation or the level of 

cytosolic Ca
2+

.  

In the present work, our data support a functionally relevant interaction between SERCA 

and a PLB oligomer in two-dimensional co-crystals. In particular, the effects of PLB 

mutants on crystallization correlate with their effects on the inhibition of SERCA. 

Lys
27

Ala and Asn
34

Ala mutations were chosen for the similar stability of their pentameric 

form, yet widely different inhibitory behavior. Thus, it is significant that the gain-of-
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function Lys
27

Ala mutation enhanced crystallization, whereas the loss-of-function 

Asn
34

Ala mutation interfered with crystallization. We conclude that the structural 

properties of PLB that govern the association of the monomer with the inhibitory site of 

SERCA are directly related to those used in the interaction of a PLB oligomer at the 

secondary, accessory site. 

4-2.8. Effect of phosphorylation on physical interactions between SERCA and PLB. 

In studies of the PLB monomer, there is some consistent evidence that phosphorylation of 

Ser
16

 causes localized changes in the structure of its cytoplasmic domain
32, 33, 35, 65, 66

. 

These results provide a physical basis for disruption of the productive structural 

interaction between SERCA and PLB, which may or may not lead to dissociation of the 

complex. Early NMR and CD spectroscopy studies showed a continuous -helix in the 

N-terminal portion of PLB (residues 1-16), which partially unwound upon 

phosphorylation (residues 12-16 were no longer helical)
35

. However, these studies 

utilized an N-terminal fragment of PLB (residues 1-25), rather than the full-length 

protein, and did not include SERCA.  Since then, there have been many structural models 

for full-length PLB based on NMR measurements in the non-phosphorylated
40, 60, 67-71

, 

phosphorylated
65

 and pseudo-phosphorylated
72

 state under a variety of experimental 

conditions. These models differ in the amount of secondary structure in the N-terminal 

cytoplasmic domain of PLB, suggesting that this domain can adopt a variety of 

conformational states.  Furthermore, most studies agree that phosphorylation alters the 

dynamics of this domain, the NMR structure of a pseudo-phosphorylated form of PLB 

notwithstanding
72

. A variety of biophysical studies also indicate that PLB undergoes a 

conformational change upon phosphorylation
13, 34, 35, 73

. Many of these ideas coalesced in 

recent EPR
32

 and NMR
33, 66

 studies, which proposed an order-to-disorder transition in the 

cytoplasmic domain of PLB that disrupts intermolecular contacts and reverses SERCA 

inhibition, but does not dissociate the SERCA-PLB complex.  

Consistent with this idea, we found that phosphorylation of wild-type PLB at Ser
16

 

selectively disordered the cytoplasmic domains of the pentamer (Figure 4.1) and reduced 

its ability to mediate two-dimensional crystallization with SERCA (Table 4.2). In maps 

from negatively stained crystals, densities attributable to the cytoplasmic domain 

disappeared when PLB was phosphorylated, whereas maps from frozen-hydrated crystals 

showed that the transmembrane helices of PLB were still clearly visible. We conclude 

that the transmembrane domain of phosphorylated PLB remains associated with SERCA 
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in the co-crystals, even though the cytoplasmic domain became disordered. This 

disordering did not occur for the Lys
27

Ala gain-of-function mutant (Figure 4.2), yet it did 

occur for the Asn
34

Ala loss-of-function mutant even in the non-phosphorylated state 

(Figure 4.4). Furthermore, the propensity to induce co-crystallization was retained by the 

Lys
27

Ala after phosphorylation, whereas the Asn
34

Ala mutant was marginal in co-

crystallization even in the non-phosphorylated state (Table 4.2). It is interesting to 

consider where these three residues lie in the structure of PLB. Ser
16

 flanks the N-

terminal end of domain Ib, Lys
27

 is found in the middle of this domain, and Asn
34

 flanks 

the C-terminal end. These residues also have two opposed functional effects – PLB 

function is lost when phosphorylated at Ser
16

 or mutated at Asn
34

, and PLB function is 

enhanced when mutated at Lys
27

. Thus, domain Ib may be the key structural element 

responsible for phosphorylation- or mutation-dependent conformational changes in 

PLB’s cytoplasmic domain that impact SERCA inhibition. Indeed, many of the structural 

differences between existing PLB models involve domain Ib
40, 60, 65, 67-72

, suggesting that 

this domain may be a less structured, more dynamic region of the protein. Therefore, it is 

reasonable to suppose that phosphorylation alters the dynamics of domain Ib, thereby 

controlling an order-to-disorder transition in PLB’s cytoplasmic domain and reversing 

SERCA inhibition
29, 30, 32

. 

4-2.9. Model for the interaction of the PLB pentamer. 

The major findings in this report are that the PLB pentamer is capable of a physical 

interaction with SERCA and that this interaction is sensitive to functional modification of 

PLB through phosphorylation or mutation. In particular, PKA-mediated phosphorylation 

of Ser
16

 caused the cytoplasmic domain of PLB to become disordered, yet the pentamer 

remained associated with SERCA through intramembrane interactions. This disordering 

also occurred for a well-characterized loss-of-function mutation, Asn
34

-to-Ala, suggesting 

that the loss of inhibition might occur through a mechanism similar to phosphorylation. 

These data are consistent with a functional interaction between SERCA and PLB 

oligomers
42

,  and inconsistent with the notion of PLB oligomers as inactive storage 

forms
21

. The inhibitory site involving the PLB monomer and transmembrane helices 

TM2, TM4 and TM6 of SERCA
47, 49, 60

 is distinct from the physical interactions that 

stabilize our 2D crystals, which center on TM3 of SERCA and involve the 

transmembrane domain of PLB. The inhibitory site of SERCA alternately opens and 

closes during the Ca
2+

 transport cycle, due to large movements of transmembrane helices 
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TM2, TM4, and TM6. This is not the case for the accessory site of SERCA, since TM3 is 

less mobile during the transport cycle. Thus, TM3 could act as an interaction point 

between SERCA and the PLB pentamer (and perhaps other oligomeric forms, as well). 

Interestingly, a primary structure comparison between SERCA and PLB reveals a region 

of sequence similarity that spans the C-terminal portion of PLB’s transmembrane helix 

and TM3 of SERCA (Figure 4.8). Residues Leu
266

, Val
269

 and Leu
273

 of SERCA face the 

lipid environment and adopt a side chain orientation similar to Leu
44

, Ile
47

 and Leu
51

 of 

PLB. These residues form part of the Leu-Ile zipper that stabilizes the PLB pentamer
74

.  

Through its interaction with TM3 of SERCA, the PLB pentamer might play an active role 

in capturing monomeric or phosphorylated PLB species. Specifically, this SERCA-

pentamer interaction may facilitate the exchange of PLB monomers with the SERCA 

inhibitory site in response to physiological cues (elevated cytosolic Ca
2+

 and/or 

phosphorylation). This interaction would explain how SERCA can influence the 

oligomeric state of PLB
63

. Based on their NMR structure of a PLB pentamer, Oxenoid 

and Chou
40

 suggested that individual PLB monomers could initiate binding to SERCA 

without dissociation from the pentamer. We suggest a modification to this hypothesis, 

where a PLB pentamer interacts with the membrane domain of SERCA and serves as a 

reservoir for directed diffusion of monomers to and from the inhibitory site (Figure 4.8). 

This pathway may be important in efficiently delivering monomeric PLB to its binding 

site on SERCA, ensuring that the inhibited state is maintained following a cycle of Ca
2+

 

release in cardiac muscle. Specifically, a site for the PLB pentamer on SERCA may 

position the monomer in a conformation compatible with formation of the inhibitory 

complex, as previously suggested
40

. The resultant depolymerization of the PLB pentamer 

would leave a tetramer that may remain associated with the pump. There is ample 

evidence of intermediate oligomers for PLB (e.g. Reddy et al
51

) and such intermediates 

could be poised to reacquire a PLB monomer once it dissociates from the  SERCA. 

Finally, phosphorylation has been shown to increase the oligomeric propensity of PLB
15

 

and an interaction of these species with the pump could ensure a rapid return to the 

inhibited state upon dephosphorylation. Otherwise, if allowed to diffuse away during a 

period of -adrenergic stimulation, there could be a substantial delay before SERCA 

randomly encounters a non-phosphorylated PLB molecule within the membrane plane. 
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Figure 4.8. Partial sequence alignment and schematic diagram for the interaction of 

PLB with SERCA. Upper panel, Shown is the potential sequence similarity between the 

transmembrane domain of PLB (residues 32-52) and transmembrane segment TM3 of 

SERCA (residues 254-274). Leu
44

, Ile
47

 and Leu
51

 make up part of the leucine-isoleucine 

zipper that stabilizes the pentameric state of PLB. Lower panel, The pentamer and 

monomer are in dynamic equilibrium, where the monomer is postulated to interact with 

and inhibit SERCA (right side of figure). We hypothesize that the pentamer also interacts 

with SERCA, which leads to the active association or dissociation of a monomer (left side 

of figure). The active dissociation of a monomer leads to a physical interaction with and 

inhibition of SERCA and this process is reversed by phosphorylation of PLB. These two 

pathways are not mutually exclusive, but may operate simultaneously or under disparate 

physiological conditions. 
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4-3. Materials and Methods. 

4-3.1. Materials. 

Octaethylene glycol monododecyl ether (C12E8) was obtained from Barnet Products 

(Englewood Cliff, NJ). SM-2 Biobeads were obtained from Bio-Rad (Hercules, CA). Egg 

yolk phosphatidylcholine (EYPC), egg yolk phosphatidylethanolamine (EYPE) and egg 

yolk phosphatidic acid (EYPA) were obtained from Avanti Polar Lipids (Alabaster, AL). 

All reagents used in the coupled enzyme assay for measuring ATPase activity
75

 were of 

the highest purity available (Sigma-Aldrich, Oakville, ON Canada). 

4-3.2. Reconstitution of SERCA with PLB. 

SERCA was prepared from rabbit hind leg muscle
76

 by affinity chromatography
10

. 

Recombinant human PLB was prepared as described
77

. The following proteins were made 

– wild-type PLB, a gain-of-function mutant Lys
27

-to-Ala (Lys
27

Ala), a partial loss-of-

function mutant Arg
14

-to-Ala (Arg
14

Ala), and a loss-of-function mutant Asn
34

-to-Ala 

(Asn
34

Ala). Co-reconstitution of SERCA with PLB followed established methods for the 

formation of large two-dimensional co-crystals
41

. Briefly, 100 g PLB and lipids (8:1:1 

weight ratio of EYPC, EYPE and EYPA) were solubilized in a chloroform-

trifluoroethanol mixture, dried to a thin film under nitrogen gas and lyophilized. Buffer 

(20 mM imidazole, pH 7.0, 100 mM KCl, 0.02% NaN3) and detergent (C12E8) were added 

to solubilize the mixture, followed by the addition of 500 g of detergent-solubilized, 

purified SERCA. It has been shown that this method of co-reconstitution yields complete 

recovery of SERCA transport activity and PLB inhibition
51, 78

. The final concentrations 

were adjusted to obtain weight ratios of 1 protein: 1 lipid: 2 detergents (final molar ratio 

of approximately1 SERCA: 3.5 PLB: 180 lipids). The detergent was removed by the slow 

addition of SM-2 Biobeads (25 milligrams of wet beads) over a 4-hour time course. For 

the best results, crystallization was performed immediately on the co-reconstituted 

proteoliposomes containing SERCA and PLB. Reconstituted proteoliposomes containing 

SERCA in the absence of PLB were prepared simultaneously under identical conditions. 

ATPase activity of the proteoliposomes was measured by a coupled-enzyme assay over a 

0.1 M to 10 M range of Ca
2+ 

concentrations
50, 75

.  The Kca (apparent Ca
2+

 affinity) was 

determined by fitting the data to the Hill equation using Sigma Plot software (SPSS Inc., 

Chicago, IL). The functional characterization of these mutants has been described by 

others
17, 54

, as well as by our laboratory
50

.  
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For studies of the effect of PLB phosphorylation, wild-type and Lys
27

Ala PLB were 

solubilized in detergent and phosphorylated with the catalytic subunit of protein kinase A 

(PKA; Sigma-Aldrich, St. Louis, MO) prior to co-reconstitution with SERCA into 

proteoliposomes. PKA was added to a concentration of 100 units/mg of detergent-

solubilized PLB and the reaction was incubated at 30 °C for 3 hours. It was concluded 

that this treatment resulted in complete phosphorylation of PLB, since the 

unphosphorylated protein could not be detected either by MALDI-TOF mass 

spectrometry or SDS-PAGE and Western blotting (data not shown). 

4-3.3. 2D Crystallization.  

Co-reconstituted proteoliposomes were collected by centrifugation in crystallization 

buffer (20 mM
 

imidazole, pH 7.4, 100 mM KCl, 35 mM MgCl2, 0.5 mM EGTA, 

0.25
 
mM Na3VO4, 30 M thapsigargin)

79
. The pellet was subjected to

 
two freeze-thaw 

cycles,
 
resuspended with a micropipette, followed

 
by two additional freeze-thaw cycles. 

Reconstituted samples were
 
incubated at 4°C for several days

 
to one week. Although 

crystallization occurred quickly, three to
 
five days were optimal for the highest frequency 

and quality of two-dimensional crystals.    

4-3.4. Electron microscopy. 

Crystals were imaged in a Tecnai F20 electron microscope (FEI Company, Einhoven, 

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). Both microscopes were operated at 200 kV. 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. Low-dose 

images were recorded either on film at 50,000x magnification (Tecnai F20) or image 

plates at 35,800x magnification (JEOL 2200FS). For film, the best images were digitized 

at 6.35 µm per pixel with a Nikon Super Coolscan
 
9000 followed

 
by pixel averaging to 

achieve a final resolution of 2.54 Å per pixel. The image plates were scanned at 15 µm 

per pixel for a final resolution of 4.44 Å per pixel. All data were recorded with defocus 

levels between 0.5 and 2 m, with an emphasis on low defocus images (0.5 and 1 m) for 

the frozen-hydrated samples. 
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Projection maps were determined using the MRC image processing suite
80

. Two rounds 

of lattice unbending were performed prior to extracting amplitudes and phases from each 

image. Data from frozen-hydrated crystals were corrected for the contrast transfer 

function (CTF) after estimating defocus levels using the program PLTCTFX
81

. Data from 

negatively stained crystals were not corrected for the CTF. Common phase origins for 

merging were determined in the p22121 plane group using the program ORIGTILT 

(considering reflections with IQ values <4). For averaging, data were weighted according 

to the signal-to-noise ratio (IQ) including data with IQ <7, and the corresponding phase 

residuals represent the inverse cosine of the Figure of Merit (FOM) from this averaging. 

Projection maps were determined by Fourier synthesis from the averaged data using the 

CCP4 software suite
82

, followed by normalization of density levels to enable comparison 

of projection maps originating from different SERCA-PLB samples. 
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Chapter 5.  

Direct observation of SLN pentamers interacting with SERCA in two-dimensional 

crystals. 

 

 

 

 

 

 

 

 

“Direct structural information has so far been limited because the crystals that had been 

obtained were useful only for electron microscopy.” 

-Chikashi Toyoshima et al. Nature 2000 
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Chapter 5. Direct observation of SLN pentamers interacting with SERCA in two-

dimensional crystals. 

5-1. Introduction. 

Activity of the sarco(endo)plasmic reticulum Ca
2+

-ATPase (SERCA) is central to 

replenishing intracellular calcium (Ca
2+

) stores following Ca
2+

 release and contraction in 

muscle cells.  SERCA transports two cytoplasmic Ca
2+

 ions into the sarcoplasmic 

reticulum in exchange for two to three luminal protons. We currently have an excellent 

structural understanding of the SERCA transport cycle from high-resolution x-ray crystal 

structures, including seven different transport intermediates and three different SERCA-

inhibitor complexes
1-9

. SERCA consists of three cytoplasmic domains (the nucleotide-

binding, phosphorylation and actuator domains) connected by a two-helix stalk to a ten-

helix transmembrane domain. ATP-binding and phosphoryl-transfer are mediated by the 

cytoplasmic domains, and the associated conformational changes are coupled to changes 

in the Ca
2+

 binding sites located in the transmembrane domain. Structures of SERCA in 

complex with small molecule inhibitors suggest the transport cycle can be inhibited using 

a variety of mechanisms
2, 6, 9

. 

Physiologically, SERCA activity is regulated by differential expression of SERCA 

isoforms and interactions between SERCA and small inhibitory transmembrane peptides.  

The SERCA2a isoform is predominantly expressed in cardiac muscle and is regulated by 

the expression of phospholamban (PLB), a 52 amino-acid transmembrane peptide that 

binds SERCA and lowers its apparent Ca
2+

 affinity.  In fast-twitch skeletal muscle, 

SERCA1a is predominantly expressed and is regulated by the co-expression of sarcolipin 

(SLN), a 31 amino-acid transmembrane homolog of PLB.  Although SLN has a much 

shorter cytoplasmic domain, PLB and SLN have homologous transmembrane domains 

with over 38% sequence identity between residues 29 to 49 of PLB and 6 to 26 of SLN
10

. 

With the exception that SLN reduces the apparent Ca
2+ 

affinity to a lesser extent, SLN is 

thought to interact and inhibit SERCA in a similar manner as PLB
11

. The high degree of 

homology and similar inhibitory properties suggest PLB and SLN might use related 
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mechanisms to regulate SERCA, and potentially use overlapping sites of interaction
12, 13

. 

In support of these hypotheses, truncated variants of PLB, designed to mimic the 

transmembrane domain alone, are sufficient to inhibit SERCA with full-length PLB-like 

activity, albeit to a lesser extent
14-17

. 

Recently, we have shown that PLB pentamers interact with SERCA in two-dimensional 

(2D) co-crystals
18, 19

. The observed interaction was dependent on the functional state of 

PLB suggesting that binding of PLB pentamers is an active intermediate in the regulation 

of SERCA
19

. Given the similar inhibitory properties of SLN, and observations that SLN 

can form oligomers
16

, we set out to determine if SLN could support co-crystallization 

with SERCA. Herein, we report a projection map to 8.4 Å resolution from 2D co-crystals 

of SERCA and SLN. The co-crystals contain ribbons of SERCA arranged in 

characteristic dimers, bordered by densities consistent with an oligomer of SLN. 

Temperature-factor sharpening of the projection maps revealed a five-lobed density for 

SLN supporting the oligomeric state of SLN as a pentamer in the crystal lattice. SLN 

pentamers interact with transmembrane helix 3 (TM3) of SERCA in a spatially-similar 

manner as the interaction between PLB pentamers and SERCA. However, an additional 

density in the projection map suggested the interaction of the SLN pentamer with SERCA 

may be mediated by a SLN monomer. The interaction of SERCA with pentameric SLN 

could be a common regulatory mechanism, shared with pentameric PLB, to deliver or 

remove inhibitory monomers from the enzyme. 

5-2. Results and Discussion. 

5-2.1 Reconstituted SLN inhibits SERCA in proteoliposomes. 

SLN inhibits SERCA in our purified co-reconstitution system; the apparent Ca
2+

 affinity 

of SERCA is reduced from 0.39 M in the absence of SLN to 0.72 M in the presence of 

SLN (Figure 5.1). The observed inhibitory activity for SLN is consistent with earlier SLN 

and SERCA co-reconstitution studies
16, 20, 21

 as well as SLN and SERCA heterologous co-

expression studies
11, 22, 23

. 

We identified a novel gain-of-function mutant, SLN-Asn
4
Ala, which reduces the apparent 

Ca
2+

 affinity of SERCA to 1.20 M (Figure 5.1). Asparagine at position 4 in human SLN 

aligns with lysine at position 27 in human PLB. The mutation K27A in PLB also results 

in a gain-of-function
24

. 
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Figure 5.1. Ca
2+

-dependent ATPase activity of SERCA co-reconstituted with 

recombinant SLN. ATPase activity of SERCA reconstituted in the absence (gray line) 

and in the presence of wild-type SLN (solid black line) and in the presence of SLN-

Asn
4
Ala (dashed line). The apparent Ca

2+ 
affinity of SERCA is reduced by wild-type 

SLN from 0.39 M to 0.72 M. The gain-of-function mutant SLN-Asn
4
Ala reduced the 

apparent Ca
2+ 

affinity to 1.20 M. All curves have been normalized to the maximal 

activity of SERCA control samples (in the absence of SLN). 
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5-2.2. Oligomers of SLN observed by glutaraldehyde cross-linking. 

Detergent-solubilized SLN cross-links to itself in the presence of glutaraldehyde. Similar 

to earlier reports
16

, the oligomerization of sarcolipin was concentration dependent with 

dimers of SLN visible at concentrations of 20 M and above (Figure 5.2a). At higher 

concentrations, larger oligomeric assemblies such as SLN trimers are readily apparent by 

Western blot (Figure 5.2a), but only faintly observed in coomassie stained gels (Figure 

5.2b). 

5-2.3. Oligomers of SLN interact with SERCA in two-dimensional crystals. 

We have studied the interaction between SERCA and SLN using cryo-electron 

microscopy of large two-dimensional crystals based on the co-crystallization of SERCA 

and PLB
18, 19

. Crystals were screened by negative-stain electron microscopy to identify 

samples suitable for freezing (Figure 5.3). Successful crystal trials were plunge-frozen in 

liquid ethane and imaged in the frozen-hydrated state. Similar to SERCA and PLB, the 

SERCA and SLN co-crystals are comprised of anti-parallel dimer ribbons of SERCA 

packed into a two-dimensional lattice with p22121 symmetry (Table 1; Figure 5.4a). The 

347 Å by 71 Å unit cell of SERCA-SLN co-crystals is almost identical to the 345 Å by 

70 Å unit cell of SERCA-PLB co-crystals
19

 (Table 5.1). 

In crystals of SERCA and PLB, pentamers of PLB were found interspersed between 

SERCA dimer ribbons. In crystals of SERCA and SLN, a density consistent with an 

oligomer of SLN is observed in a similar location between SERCA dimer ribbons (Figure 

5.4a). The relative size and position of the SLN oligomer density was not affected by co-

crystals grown with the gain-of-function mutant SLN-Asn
4
Ala (Figure 5.4b). However, 

the frequency of crystals was dramatically increased in co-crystals of SERCA with SLN-

Asn
4
Ala. An increase in co-crystals frequency was also observed for a second gain-of-

function SLN mutant, Thr5Ala (the apparent Ca
2+ 

affinity of SERCA is reduced from 

0.39 M to 0.90 M). The correlation between increased co-crystallization and SLN 

gain-of-function parallels the co-crystallization behaviour of SERCA and PLB gain-of-

function mutants, including PLB-Ile
40

Ala and the (Asn
4
Ala) homologous gain-of-

function PLB-Lys
27

Ala mutation
18, 19

. 
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Figure 5.2. Glutaraldehyde cross-linking of recombinant SLN in detergent. 

Glutaraldehyde cross-linking of SLN was concentration dependent with dimers observed 

at 20 M. Panel A, Western blot analysis of wild-type SLN and SLN-Asn
4
Ala cross-

linking reactions. The cross-linking profile of wild-type SLN and the gain-of-function 

mutant SLN-Asn
4
Ala are identical at 200 M. SLN dimers are faintly observed at 200 

M in the absence of glutaraldehyde. Panel B, Coomassie stained tris-tricine SDS-PAGE 

of SLN cross-linking reactions at 200 M. 
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Table 5.1. Summary of crystallographic data for frozen-hydrated SLN co-crystals. 

 

 

 

 

 

 

 

 

 

 

 Wild-type SLN Asn
4
Ala -SLN 

Number of images 34 5 

Cell parameters a =  346.8 Å 

b =  70.5 Å 

 = 90.2 

a = 350.2 Å 

b = 70.5 Å 

 = 90.4 

Weighted phase residual 14.8 20.4 
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Figure 5.3. Negatively stained co-crystals of SERCA and wild-type SLN.  Panel A, A 

high magnification image of two flattened tubular crystals lying side-by-side. The criss-

cross appearance of each crystal is due to the projection of the two independent lattices 

from the near and far sides of the tube. Crystals were stained with 2% uranyl acetate. 

Panel B, The computed Fourier transform of a single crystal reveals the two independent 

lattices. The scale bar in panel A corresponds to 0.1 m. In panel B, the corners of the 

diffraction pattern correspond to18 Å resolution. 
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Figure 5.4. Projection maps from frozen-hydrated SERCA and SLN crystals at 10 Å 

resolution. Panel A, Projection map from co-crystals of SERCA and wild-type SLN with 

a single unit cell (a = 347 Å, b = 71 Å) and p2 symmetry operators indicated for the 

p22121 plane group. The region of the map shown is approximately 400 Å by 150 Å. For 

clarity, only positive contours are shown. The relative locations and orientations of 

SERCA molecules are indicated by arrows, and the locations of the SLN densities are 

indicated by brackets. One proposed site of interaction between SLN oligomers (red 

background) and SERCA (green background) TM3 is indicated by an asterisk (*). Panel 

B, Projection map from co-crystals of SERCA and the gain-of-function mutant SLN-

Asn
4
Ala. For clarity, only positive contours are shown. 
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From our 10 Å projection maps it was unclear how many SLN molecules were present in 

the oligomer density. To address this issue, we calculated higher resolution projection 

maps to 8.4 Å and applied a negative B-factor (or temperature factor) of 500 Å2
 during 

Fourier synthesis (Figure 5.5). The truncation of Fourier data at 8.4 Å resolution ensured 

minimal contribution from noise in our maps (Figure 5.5a). Temperature factor 

sharpening, used to enhance densities in projection maps
25

, improved contrast and detail 

for the densities associated with both SERCA and SLN. In these projection maps, the 

SLN oligomer is observed as a five-lobed density that is most consistent with a pentamer 

of SLN (Figure 5.5b). Similar to wild-type SLN, the density for SLN-Asn
4
Ala was also 

consistent with a pentamer following temperature-factor sharpening (data not shown). 

5-2.4. Oligomers of recombinant SLN are consistent with previous synthetic SLN 

experiments. 

Our cross-linking data clearly demonstrate the ability of recombinant SLN to form 

oligomers. The observed concentration-dependence was consistent with reports of 

synthetic SLN oligomers in detergent and lipid environments
16

.  We attribute the 

observation of trimers as the largest SLN oligomer to a number of factors dependent on 

our cross-linking scheme. Two major contributing factors are the instability of SLN in 

SDS-PAGE and the limited number of amines present in the sequence of SLN available 

for glutaraldehyde cross-linking. The demonstration of SLN pentamers and higher 

oligomeric species has been convincingly shown using synthetic SLN in sedimentation 

equilibrium and hetero-bifunctional cross-linking experiments
16

. 

5-2.5. SLN pentamers bind to SERCA in a similar manner as PLB pentamers. 

Our crystallographic data support a specific interaction between SLN pentamers and 

SERCA. The site of this interaction is very similar to that between PLB pentamers and 

TM3 of SERCA
18, 19

. The overall similarity suggests pentameric species of PLB and SLN 

interact with SERCA at a common site. We propose that, like PLB
19

, the interaction of 

SLN pentamers with SERCA represents an active intermediate in the regulation of 

SERCA. This is supported by the observation that, compared to wild-type SLN, the gain-

of-function mutant SLN-Asn
4
Ala dramatically enhances co-crystallization with SERCA. 

Our current view is that oligomeric interactions with SERCA, centered on TM3, 
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Figure 5.5. SLN pentamers are consistent with temperature-factor sharpened 

projection maps at 8.4 Å resolution. Panel A, Statistics for the merging of 34 images 

indicate that phase residuals are <26° to a resolution of 8.4 Å. Panel B, Temperature 

factor sharpened projection maps displays lobed SLN densities consistent with SLN 

pentamers. Projection maps were recalculated with an applied negative temperature factor 

(B-factor) of 500 A
2
. Projection maps calculated from randomly merged co-crystal 

images (left panel) were similar to projection maps from the best co-crystal images (right 

panel). The interaction between TM3 and SLN (red asterisks) is different between than 

the interaction observed in SERCA and PLB co-crystals (see text for discussion). 
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influence the delivery or removal of inhibitory PLB or SLN monomers to their proposed 

binding pocket located on the opposite face of SERCA. 

However, it is also interesting to note the differences between SLN and PLB projection 

maps from cryo-electron microscopy of co-crystals with SERCA. One difference occurs 

near the TM3 interaction site; the SLN projection maps show a stronger density between 

TM3 and the SLN pentamer (see the asterisk in Figure 5.4) than that observed between 

TM3 and PLB pentamers
19

. In the temperature-factor sharpened maps of SERCA and 

SLN, this additional density near TM3 could be attributed to a conformational change 

involving TM3 or it could be a SLN monomer moving between the SLN oligomer and 

SERCA. Thus, we could have trapped an intermediate in the delivery (or removal) of a 

SLN monomer to (from) SERCA. Interestingly, in previous cross-linking studies SLN 

was observed to form hexamers and higher-order species, whereas a PLB variant was 

limited to pentamers for its oligomeric size
16

. 

5-2.6. Transmembrane helix 3 of SERCA could serve as a docking site for SLN 

channels. 

With respect to SLN, our identified interaction site between SERCA and SLN pentamers 

could have further implications. However, evidence is emerging that SLN has channel-

like activity; SLN reconstituted in tethered bilayer lipid membranes demonstrated 

channel-like activity selective for small inorganic anions
26, 27

 and a regulatory role for 

SLN channels was proposed involving SLN channels coming into close proximity to 

SERCA
26

. The authors propose the SLN channels might interact with SERCA using a 

binding site involving TM2, TM4, TM6, and TM9
26

. In our co-crystals, an oligomer of 

SLN would be physically excluded from this mode of binding as a result of crystal 

contacts between SERCA dimers. Not to exclude the earlier suggested binding site for 

SLN channels, our co-crystals point to an additional binding site for SLN oligomers at 

SERCA TM3. It would appear to us that the interaction of SLN pentamers with SERCA 

at TM3 would fulfill the proximity requirements for this hypothesis as well
26

. 

It is still very much debated whether PLB pentamers have channel-like activity. With this 

in mind, the same group that reported SLN activity did not observe channel-like activity 

using PLB under similar experimental conditions
28

. Thus, these results highlight a 

potential divergence in the regulatory mechanisms of SLN and PLB, if the channel-like 

activity can affect SERCA activity as proposed
26

. Unlike PLB, which has been observed 
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to oligomerize in the cell membrane
29, 30

, it remains unclear if SLN behaves in a similar 

manner. 

5-3. Materials and Methods. 

5-3.1. Materials. 

The following reagents were of the highest purity available: octaethylene glycol 

monododecyl ether (C12E8; 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). 

5-3.2. Expression and purification of recombinant SLN. 

The wild-type SLN construct with a Gly-Ser-His8 N-terminal extension was generated 

previously in our laboratory and inserted into the pMal-c2x plasmid
31

. Site-directed 

mutants of SLN were generated directly by PCR. Products were then cloned into the 

pMal-SLN plasmid with BamHI and EcoRI, replacing the wild-type gene. All mutations 

were confirmed by DNA sequencing. 

Recombinant SLN was expressed and purified as previously described
31

 with an 

additional organic extraction step. Escherichia coli DH5 cells were transformed with 

MBP-SLN fusion expression plasmids. A 50 mL culture of LB growth media with 100 

g/mL ampicillin was inoculated with a single colony and incubated overnight at 37°C 

with shaking. The overnight culture was diluted into 1 L of minimal M9 media with 100 

g/mL ampicillin and grown at 37°C until OD600 ~0.6 (about 2-3 h). The incubation 

temperature was reduced to 22°C and following equilibration, expression of MBP-SLN 

was induced with 1 mM IPTG. Cells were harvested at 4°C after 48 h of induction and 

washed with 50 mM Tris HCl buffer (pH 8.0). Cell pellets were stored at -20°C. 

Cell pellets from 1 L of culture were resuspended in 50 mL lysis buffer (20 mM 

phosphate, pH 8.0, 120 mM NaCl, 1 mM EDTA, 0.5% glycerol, 0.5% Triton X-100, 0.1 

mM dithiothreitol). The resuspension was sonicated in a Branson digital sonifier 250 

(Branson Ultrasonics, Danbury, CT, USA). The sonicated suspension was centrifuged at 

50,000g for 25 min at 4°C in a Beckman Ti-45 rotor. The supernatant containing MBP-

SLN fusion protein was subjected to amylose-affinity chromatography column. The 

column was washed with 5 column volumes of equilibration buffer (20 mM phosphate, 



143 
 

pH 8.0, 120 mM NaCl, 1 mM EDTA, and 0.02% azide). The MBP-SLN fusion protein 

was eluted with equilibration buffer containing 40 mM maltose. The purified MBP-SLN 

fusion protein was cleaved with AcTEV protease at 10U/mg with 1 mM dithiothreitol for 

24 h in a 16°C water bath. A second addition of AcTEV protease was added with fresh 

dithiothreitol and incubated for an additional 24 h. 

Following protease digestion of the maltose-binding protein and SLN fusion protein, 

trichloroacetic acid was added to a final concentration of 1% (check value). This mixture 

was incubated on ice for 20 minutes. The 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 GdnHCl. The addition of the organic extraction step to the 

purification of recombinant SLN was inspired by purifications of proteolipid from rabbit 

skeletal muscle
32, 33

. 

The extracted SLN in 7 M GdnHCl was centrifuged at 10,000g for 20 min at 4°C in a 

C0650 rotor to eliminate insoluble material. Reverse-phase HPLC was performed as 

described
31

. Solvent A was HPLC-grade distilled water and solvent B was HPLC-grade 

isopropanol with 0.05% TFA. The 7 M GdnHCl supernatant was applied to a Zorbax 300 

SB-C8 column with a Zorbax C3 guard column (Agilent Technologies, Palo Alto, CA, 

USA) equilibrated at 20% solvent B. A gradient was run from 20% to 80% solvent B. 

Fractions were collected and analyzed by mass spectrometry and SDS-PAGE. Fractions 

containing pure SLN were combined and the protein concentration determined by the 

amido black protein assay. Aliquots of 75 g were dried by speed-vac, lyophilized to 

dryness and stored at -80°C. 

5-3.3. Co-reconstitution of SLN with SERCA. 

Lyophilized SLN (75 g) was resuspended in a 75 L mixture of chloroform : 

trifluroethanol (2 : 1) and mixed with lipids (360 g EYPC; 40 g EYPA) from stock 

chloroform solutions.  The peptide-lipid mixture was dried to a thin film under nitrogen 

gas and dried under vacuum overnight. The peptide-lipid mixture was hydrated in buffer 

(20 mM imidazole pH 7.0; 100 mM KCl; 0.02% NaN3) at 37 °C for 10 min, cooled to 

room temperature, and detergent-solubilised by the addition of C12E8 (0.2 % final 

concentration) and vigorous vortexing.   Detergent-solubilized SERCA was added (300 
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g in a total volume of 200 L) 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 sucrose-gradient 

for 1 h at 100,000g. The resultant layer of reconstituted proteoliposomes was removed, 

flash-frozen in liquid-nitrogen and stored at -80 °C. The final approximate molar ratios 

were 120 lipid : 5 SLN : 1 SERCA
24

. 

5-3.4. ATPase activity assays of SERCA reconstitutions. 

ATPase activity of the co-reconstituted proteoliposomes was measured by a coupled-

enzyme assay over a 0.1 M to 10 M range of Ca
2+ 

concentrations
24, 34

. The Kca 

(apparent Ca
2+ 

affinity) was 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. 

5-3.5. Glutaraldehyde cross-linking of recombinant SLN. 

SLN was hydrated in water at 37 °C for 10 min, cooled to room temperature, and 

detergent-solubilised by the addition of C12E8 (0.75 % final concentration) followed by 

vigorous vortexing. Buffer was then added to a final concentration of 15 mM and the 

samples were cross-linked by the addition of glutaraldehyde to a final concentration of 

0.05%. The cross-linking reaction was stopped after 5 min with tris-containing loading 

buffer and separated by tris-tricine SDS-PAGE
35

. 

Western blotting of SLN cross-linking reactions. Protein was transferred to PVDF 

membrane at 100 V (350 mAmp) for 1 hour. Washed with TBS before blocking, the 

membrane was blocked in 0.5 % skim milk TBS, washed three times with TBST (0.1% 

Tween 20), probed with anti-His HRP conjugate (1/5000 dilution; Qiagen), washed three 

times with TBST, and incubated for 5 min with Western Lightning® enhanced 

chemiluminescence reagents (Perkin Elmer). 
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5-3.6. Crystallization of SLN with SERCA. 

SLN and SERCA were co-reconstituted in the presence of EYPE (final lipid ratio of 8 

EYPC : 1 EYPA : 1 EYPE) to promote vesicle fusion and crystallization
18, 19

. Co-

reconstituted proteoliposomes were collected by centrifugation in crystallization buffer 

(20 mM
 
imidazole pH 7.0, 100 mM KCl, 35 mM MgCl2, 0.5 mM EGTA, 0.25

 
mM 

Na3VO4, 30 M thapsigargin). 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 acetate. The grids were blotted with filter paper and air-

dried. 

5-3.7 Electron microscopy of frozen hydrated SERCA and SLN co-crystals. 

Crystals were imaged in a Tecnai F20 electron microscope (FEI Company, Einhoven, 

Netherlands) at the Microscopy and Imaging Facility (University of Calgary) using a 

Gatan cryoholder (Gatan Inc., Pleasanton, CA). The microscope was operated at 200 kV 

and low-dose images were recorded at a magnification of 50,000x. The best films were 

digitized at 6.35 m/pixel with a Nikon Super Coolscan 9000 followed by pixel 

averaging to achieve a final resolution of 2.54 Å/pixel. All data were recorded with 

defocus levels of 0.5-2 m with an emphasis on low-defocus images (0.5 and 1.0 m). 

5-3.8. Data processing. 

The MRC image processing suite was used for images of frozen-hydrated SERCA-SLN 

crystals
36

. 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
37

. Common phase origins for merging were determined in the 

p22121 plane group using ORIGTILT with reflections of signal-to-noise ratio (IQ) <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
38

. 
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Chapter 6.  

Re-examination of predicted PLB binding sites in the light of high-resolution SERCA 

structures. 

 

 

 

 

 

 

 

 

 

 

“Action has meaning only in relationship, and without understanding relationship, action 

on any level will only breed conflict. The understanding of relationship is infinitely more 

important than the search for any plan of action”. 

-Jiddu Krishnamurti as quoted by Dr. Gabor Maté 

 in “In the Realm of Hungry Ghosts”. 
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Chapter 6. Re-examination of predicted PLB binding sites in the light of high-

resolution SERCA structures. 

6-1. Summary of significant findings. 

This thesis proposes a novel mode of interaction between SERCA and pentamers of PLB 

and between SERCA and pentamers of SLN based on cryo-electron microscopy of 2D 

co-crystals. The overall goal was to provide structural descriptions of SERCA regulatory 

interactions for the design of heart disease therapies. For clarity, we will begin our 

discussion focused on PLB and end with SLN.  

The proposed site of interaction for the PLB pentamer involves TM3 of SERCA and is 

distinct from the modeled site of interaction for the PLB monomer (TM2, TM4, TM6, 

TM9). A critical question is: what does the PLB pentamer bound to the TM3 region of 

SERCA do? The frequency of co-crystallization points towards a functional role for the 

interaction between PLB pentamers and SERCA. However, defining this functional role 

has proven difficult. The primary obstacle is the oligomeric heterogeneity of PLB. To 

determine the function of the PLB pentamer only, without contributions from other 

oligomeric species, one would have to completely stabilize PLB pentamers without 

disturbing native structure and dynamics.  

The dramatic increase in co-crystal frequency with certain PLB mutants was impressive. 

The clearest predictor of whether a PLB mutant would increase co-crystallization with 

SERCA was its inhibitory activity, such that gain-of-inhibition mutants increased co-

crystal frequency relative to wild-type PLB and the opposite trend was observed for loss-

of-inhibition mutants. Thus, the interactions observed in the SERCA-PLB co-crystals 

were favoured by mutations that had greater inhibitory activity. With respect to proposed 

mechanisms for PLB regulation of SERCA, this would be most consistent with an 

enhanced interaction between SERCA and PLB. The enhanced interaction mechanism, 

proposed by MacLennan and colleagues, was an alternative to the mass action 

mechanism to reconcile PLB mutants that had increased inhibition, but wild-type-like 

pentamer to monomer ratios in SDS-PAGE. One observation supporting the enhanced 

interaction model was the co-expression of SERCA with the gain-of-inhibition PLB 

mutant Asn
27

Ala (canine PLB numbering; Lys
27

 in human PLB). Indeed, PLB-Lys
27

Ala 
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was among the best screened mutants for increasing co-crystallization with SERCA in 

our hands. An important distinction of our structural studies using PLB-Lys
27

Ala was that 

we observed an enhanced interaction between the pentameric form of PLB and SERCA. 

Such a mechanism was never proposed with the enhanced interaction model, which was 

limited to interactions between monomeric PLB and SERCA. It is reasonable to consider 

this limitation in light of the prevalent “mass action” model at the time, however, our 

results suggest pentameric PLB could also enhance association (Figure 6.1). An 

important observation by MacLennan and colleagues was that the two PLB mechanisms, 

mass action and enhanced interaction, were additive. Thus, for our observations to agree 

with current models, our mode of enhanced interaction would have to be compatible with 

PLB mutants that motivated the mass action mechanism. Our observations with PLB-

Ile
40

Ala in SERCA co-crystals suggest that enhanced interaction between the PLB 

pentamer and SERCA is compatible with a “mass action” mutant. Our results might be 

interpreted further by suggesting that PLB-Ile
40

Ala functions by enhancing both 

mechanisms, because Ile
40

Ala also greatly increases co-crystal frequency relative to wild-

type PLB. Irrespective of this interpretation, an enhanced mode of interaction between 

PLB pentamers and SERCA is compatible with proposed mechanisms of regulation by 

PLB (Figure 6.1). 

PLB pentamers interacting with SERCA could provide a structural context to our current 

understanding of other aspects of PLB regulation as well. For example, a long debate has 

existed about whether PLB physically dissociates from SERCA when inhibition is 

relieved. More recent observations seem to be accumulating in favour of a stable complex 

that remains associated during SERCA activity and inhibition. The distinction of the TM3 

as a site for pentamer-binding provides one explanation for how PLB could remain 

associated with SERCA without inhibiting the enzyme and without occupying the TM2, 

TM4, TM6, and TM9 groove. It has been suggested that the SERCA-PLB active 

complexes differ between inhibition relieved by micromolar Ca
2+

 and inhibition relieved 

by PLB phosphorylation. Chapter 4 highlighted the structural changes in SERCA-PLB 

co-crystals by PKA-phosphorylation of PLB-Ser
16

 that occur while the pentamer 

continued to interact with SERCA. Primarily, phosphorylation seemed to affect the 

cytoplasmic domain and was consistent with cytoplasmic disordering observed by others 

using phosphorylated PLB. Since the interaction between PLB pentamers and SERCA 

persisted in the absence of Ca
2+

 and following phosphorylation, we proposed that the 
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TM3 interaction is mediated primarily within the membrane. It is possible intra-

membrane interactions could persist in the presence of Ca
2+

 with different cytoplasmic 

arrangements than the phosphorylated PLB and SERCA interaction, readily explaining 

how different active complexes could exist. However, this is speculation since our co-

crystals required Ca
2+

-free conditions. We have not directly investigated the effects of 

micromolar Ca
2+

 concentrations and whether such conditions permit interaction between 

PLB pentamers and SERCA. 

This discussion will continue as a candid dialogue focused on some remaining questions 

about the regulation of SERCA by PLB in the context of this thesis. We will end the 

discussion with remaining questions pertaining to SLN.  

6-2. Why do we not observe pentameric PLB cross-linked to SERCA? 

A compelling question given our structural evidence for an interaction between 

pentameric PLB and SERCA is: why has pentameric PLB not been cross-linked to 

SERCA?  

There are a number of key points with respect to previous SERCA-PLB cross-linking 

experiments that must first be discussed. The first initial SERCA-PLB cross-link was 

observed by James and coworkers, between PLB-Lys
3 

and SERCA-Lys
397

/Lys
400

 in the 

N-domain, using native sources of PLB and SERCA
1
. However, this cross-link has been 

difficult to reproduce
2, 3

 bringing to question the strength of the proposed interaction. 

Subsequent cross-linking experiments
2-4

 used Cys-substitution of PLB residues, which 

required a Cys-less PLB background. It is worth recalling that mutation of the three 

transmembrane Cys residues in PLB destabilizes the pentamer and favours the 

monomeric form in SDS-PAGE. This disruption of oligomerization would inherently 

decrease the likelihood of cross-linking a PLB pentamer to SERCA.  

As well, our experience with 2D co-crystals of SERCA and PLB has shown that the co-

crystals are very sensitive to the lipid to protein ratio. The co-crystals require a low lipid 

to protein ratio, similar to the environment of the SR, for efficient crystallization. Co-

crystallization occurs over a small range of lipid to protein ratios and was abolished by 

high lipid to protein ratios. Taken together, these observations suggest the interactions in 

the co-crystals, between pentameric PLB and SERCA, are also sensitive to the lipid to 

protein ratio. Previous cross-linking experiments used heterologous co-expression of 
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Figure 6.1. An expanded model of PLB regulation of SERCA including functional 

interaction between pentameric PLB and SERCA proposed in this thesis. 

Modifications have been made to the PLB regulation model presented in the Introduction 

(Figure 2.13) to include the interaction between the PLB pentamer and SERCA. At 

bottom, a schematic representation of the complexes formed between the PLB pentamer 

(white cylinders) and SERCA (coloured cylinders) based on 2D co-crystals. The 

interaction between pentameric PLB and SERCA was postulated to facilitate formation of 

the inhibitory SERCA-PLB complex (see Chapter 4). The disordered PLB cytoplasmic 

domain consistent with SERCA and phosphorylated-PLB co-crystals is shown as dashed 

grey lines. The arrow labelled 1 is the dissociation of the PLB pentamer associated with 

the “mass action” PLB mechanism. The arrow labelled 2 is the association of PLB with 

SERCA associated with the “enhanced interaction” PLB mechanism, which now includes 

association between the PLB pentamer and SERCA. 
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SERCA and PLB, which have inherently low protein expression levels and high lipid to 

protein ratios. With this in mind, the absence of an interaction between PLB pentamers 

and SERCA in heterologous co-expression would be expected, because the lipid to 

protein ratio is much higher than our co-reconstitutions.  

However, with the question as to why PLB pentamers have not been cross-linked to 

SERCA permeating a review of previous cross-linking studies, one very interesting 

observation can be made. In some studies, a second band appears at a slightly higher 

molecular weight than the band assigned to the SERCA-PLB cross-link. This is most 

dramatic in the study by Jones and coworkers
3
 where a prominent cross-link appears in 

the co-expression of PLB-Lys
27

Cys with SERCA2a in insect cells (see Figure 2a in Chen 

et al. 2003
3
). The appearance of the second band varied among the different cross-linking 

reagents screened in the study, but nonetheless is strong under certain conditions. A faint 

higher molecular weight cross-link also occurs in the co-expression of PLB-Asn
30

Cys 

and SERCA2a, although it is much less clear
3
. Unfortunately, the given molecular weight 

markers do not distinguish if the additional cross-link was between a PLB pentamer and 

SERCA or resulted from a different interaction, such as a SERCA dimer cross-linked to 

PLB. The apparent higher molecular weight cross-linked bands were not addressed by the 

authors. Regardless, the observations support the existence of higher-order interactions 

beyond SERCA with monomeric PLB. A similar observation can be made in the co-

expression and cross-linking of PLB-Lys
27

Cys and SERCA1a in HEK-293 cells by 

Toyoshima and coworkers (see Figure 1a in Toyoshima et al. 2003
4
).  

We have preliminary cross-linking that supports the interaction of PLB oligomers with 

SERCA in non-crystallized co-reconstitutions. Figure 6.2a shows control (SERCA alone) 

and wild-type PLB co-reconstitutions in the absence of glutaraldehyde, and cross-linked 

with 0.01% and 0.1% glutaraldehyde. Glutaraldehyde will cross-link primary amines 

found within proteins and lipids (EYPE). Probed with an antibody against PLB, two 

bands are observed in the “high” wild-type PLB co-reconstitution in the absence of 

glutaraldehyde; the lower molecular weight band can be attributed to a homo-oligomer of 

PLB (likely the pentamer) and the higher molecular weight band to a complex between 

SERCA and PLB (upper panel in Figure 6.2a). Interestingly, the higher molecular weight 

band migrates at an apparent molecular weight that is greater than the expected molecular 

weight of a 1:1 SERCA-PLB. More specifically, the band is observed above the 126 kDa 
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marker, higher than where a 1:1 SERCA-PLB complex would be expected to migrate 

(SERCA ~110 kDa; PLB ~6 kDa; estimated molecular weight of 1:1 complex ~116 kDa). 

This band is also apparent at higher exposure times in the “low” wild-type PLB co-

reconstitutions in the absence of glutaraldehyde (lower panel in Figure 6.2a). The signal 

in the region between 126 kDa and 208 kDa is increased by glutaraldehyde treatment (see 

“low” wild-type PLB in lower panel of Figure 6.2a). Unfortunately, the resolution of the 

bands in these initial cross-linking experiments was limited. 

Figure 6.2b and 6.2c used 6% SDS-PAGE, allowing the dye front and low molecular 

weight species to migrate out of the gel, to resolve potential SERCA-PLB complexes. 

Control (SERCA only) and wild-type PLB co-reconstitutions have similar patterns when 

probed with an antibody against SERCA1a (IIH11; left panel of Figure 6.2b). The dashed 

lines in Figure 6.2b indicate the signal for SERCA monomers (long-dashed line) and 

SERCA dimers (short-dashed line). When probed with an antibody against PLB (2D12; 

middle and right panels of 6.2b), there is signal observed between SERCA monomers and 

SERCA dimers. Absent in the control reconstitutions, these signals can be attributed to 

SERCA-PLB complexes present in the wild-type PLB co-reconstitutions (middle panel in 

Figure 6.2b). The PLB signal in this region migrated as two distinct bands just above the 

migration for SERCA monomers (black arrowheads in Figure 6.2b). This was attributed 

to at least two species of SERCA-PLB complexes; a 1:1 complex between SERCA and 

monomeric PLB and a complex between SERCA and a PLB oligomer. The signal for the 

SERCA-PLB complexes increased upon glutaraldehyde treatment with a concomitant 

loss in the signal for the PLB homo-oligomer. As well, the band above the SERCA dimer 

migration distance that would be consistent with PLB interacting with dimeric or other 

oligomeric forms of SERCA.  

Figure 6.2c shows a similar experiment with improved resolution of the complex bands 

that increased upon glutaraldehyde treatment. Along with an increased signal for the 

SERCA-PLB complexes that are observed in the absence of glutaraldehyde (closed black 

arrowheads in Figure 6.2c), there are two distinct bands that appeared upon 

glutaraldehyde treatment (open white arrowheads in Figure 6.2c). The stoichiometries of 

the observed SERCA-PLB complexes are currently unclear, but could represent transient 

complexes, such as two PLB pentamers with a SERCA monomer, that dissociate in SDS-

PAGE without being cross-linked. 
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Figure 6.2. Cross-linking of SERCA co-reconstituted in the absence and presence of 

wild-type PLB. Panel A, 15% SDS-PAGE of control and wild-type PLB co-

reconstitutions cross-linking reactions probed with –PLB (2D12) antibody. “Low” wild-

type PLB used 25 g of PLB per reconstitution and “high” wild-type PLB used 200 g 

per co-reconstitution. Panels B and C, 6% SDS-PAGE of control and wild-type PLB co-

reconstitution reactions probed with the indicated antibody. See section 6-2 of the text for 

discussion and section 6-9 of the text for materials and methods. 
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6-3. Harnessing the boom: what SERCA transport intermediates interact with PLB? 

Our structural understanding of SERCA has exploded in the last eleven years. Since 

Toyoshima’s first high-resolution structure in 2000, there are now more than five SERCA 

structures representing four Ca
2+

-bound E1 intermediates and ten SERCA structures 

representing five E2 intermediates. We will be using this group of fifteen structures for 

discussion. This group includes only structures with TG bound as an inhibitor and does 

not include SERCA bound to BHQ or CPA, primarily because BHQ and CPA were not 

included in the co-crystal conditions. As of today, there were 45 structures deposited in 

the Protein Data Bank (www.rcsb.org/pdb). 

Even with an unprecedented amount of structural information about SERCA, a big 

question remains: how is energy transferred through SERCA during Ca
2+

-transport? A 

mechanism was recently proposed by Nissen and coworkers
5
 including a central core that 

acts as a communication mass between the phosphorylation site, Asp
351

, and the gating 

residue of Ca
2+

-binding, Glu
309

. The central core
5
 includes the cytosolic extension of 

TM4, the cytosolic extension of TM5 and part of the P-domain (Figure 6.3). Since the 

core remains closely associated in all available SERCA structures, Nissen and coworkers 

suggested that this region is important for bridging the distant phosphorylation site and 

the Ca
2+

-binding sites
5
. SERCA activity can generally tolerate mutation to cytosolic 

extensions of the central core, except for residues near the cytosol-membrane border
5
. A 

second interesting aspect involved deeper membrane insertion of TM3 and TM4 in 

phosphorylated SERCA intermediates driving the enzyme to E2-like conformations
5
. 

This insertion mechanism could be influenced by the nature of the amino acids in the TM 

extensions near the cytosol-membrane border, explaining why mutations are detrimental 

in these regions of the central core. 

Since we do not have a complete understanding of SERCA on its own, it is difficult to 

precisely describe how PLB regulates SERCA. Toyoshima proposed a regulatory 

mechanism for PLB paired with the modeled TM2, TM4, TM6, TM9 binding groove
4
. It 

was suggested that PLB favoured the E2 state by binding and tying TM groove helices 
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together in an E2-like conformation
4, 6

. Such a mechanism would be consistent with 

kinetic models that PLB increased the time SERCA spent in E2-like conformations
6, 7

. 

Toyoshima proposed PLB dissociated from the TM2, TM4, TM6, TM9 groove during 

transition to E1 states, being physically squeezed out by movement of TM2
4
. These 

assumptions were based on the comparison of the first two high-resolution SERCA 

structures: the Ca
2+

-bound SERCA structure (pdb:1SU4)
8
 and the Ca

2+
-free TG-bound 

SERCA structure (pdb:1IWO)
9
. If such a mechanism were to exist, a second PLB-binding 

mode would be necessary to maintain association if a stable SERCA-PLB complex also 

existed. This thesis posits that TM3 of SERCA could act as an alternative mode of 

binding involving oligomeric PLB for maintaining association.  

SERCA structural comparisons will be carried out with an important assumption: the 

analysis will involve high-resolution structures of SERCA alone that are related to states 

that interact with PLB. To visualize conformational changes, different SERCA structures 

have been aligned along TM5 to TM10. Regions including the TM7-TM10 platform are 

commonly used to visualize SERCA conformational changes between structures
5, 9

. 

PyMOL has been used to align all of the following discussion figures (The PyMOL 

Molecular Graphics System, Version 0.99, Schrödinger, LLC.). Figure 6.4 shows the 

excellent superimposition of TM5 to TM10 among ten SERCA structures representing 

five E2 states.  

The comparison will focus on TM2 and TM3 as representative helices of the two 

proposed PLB binding sites. As an aside, we have highlighted residues based on 

intriguing observations from sequence alignments of SERCA with PLB and SLN. One 

example was highlighted in Chapter 4 between TM3 and PLB. Indeed, we suggested that 

this homology could be important for the interaction between SERCA and pentameric 

PLB. Linear sequence alignments are limited for membrane proteins given that the 

alignment generally proceeds linearly from the N-terminus to C-terminus. The interested 

reader can visit Appendix 2 before proceeding for further discussion. In brief, there was 

also homology between PLB and TM2 of SERCA, part of Toyoshima’s proposed binding 

groove. We do not want to suggest that homology alone can support interaction between 

two transmembrane proteins, but these observations were striking in the context of other 

supporting data. Thus, we focused on select residues from the PLB-aligned regions of 

TM2 and TM3 to visualize conformational changes between SERCA structures. 



161 
 

 

 

 

 

Figure 6.3. Visualizing the central core of SERCA proposed by Moller, Nissen and 

colleagues5. Panel A, a cartoon representation of SERCA (pdb: 3B9R)
10

 is coloured to 

highlight the cytoplasmic domains (P-domain is green, N-domain is blue and the A-

domain is yellow) and TM4 (orange) and TM5 (red). Panel B, the central core domain
5
 is 

composed of the cytosolic parts of TM4 (orange) and TM5 (red) and part of the P-domain 

(green). The central core has been implicated in linking energy transfer between the 

residue of SERCA phosphorylated by ATP (Asp
351

) and the distal  gating residue (Glu
309

) 

of the Ca
2+

 binding sites
5
. The distance between Asp

351 
and Glu

309 
is ~42 Å in this E2-P-

ATP representation (pdb: 3B9R)
10

. 
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Figure 6.4. Superimposition of the platform region of ten SERCA structures 

representing five E2 intermediates. The superimposition of SERCA structures was 

performed using PyMol (The PyMOL Molecular Graphics System, Version 0.99, 

Schrödinger, LLC.). Panel A, the superimposition of TM5 to TM10 of ten SERCA 

structures representing E2-like states (pdb: 1IWO, 3B9B, 2ZBE, 2ZBF, 3B9R, 2ZBG, 

1XP5, 1WPG, 2C88, 2C8K)
8-15

. The TM helices are coloured in grey from light (TM5 - 

foreground) to dark (TM10 – background). Panel B, the (H2)E2P-ATP representative 

(pdb: 3B9R)
10

 is shown in sticks. The cytoplasmic domains are green (P-domain), blue 

(N-domain) and yellow (A-domain). The TM helices proposed to be involved in two 

distinct PLB binding sites are coloured orange (TM3) and red (TM2). The right-side is a 

180° rotation of the left-side along an axis parallel to the right edge of the page. 
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We can re-visit the TM2, TM4, TM6, TM9 PLB-binding groove with the greater number 

of SERCA E1 and E2 representatives now available. We can look to see if TM2 

physically occupies the groove in more recent E1 structures that would physically prevent 

PLB from binding. Figure 6.5 shows the conformational changes between the first two 

high resolution Ca
2+

-bound
8
 and Ca

2+
-free

9
 (TG-bound) SERCA structures. The overall 

conformation of the TM2, TM4, TM6 and TM9 groove restricts when Ca
2+

 is bound as 

described by Toyoshima’s model. We observed similar changes in the groove in other E1 

and E2 states. For clarity, similar conformations are shown for two more recent SERCA 

structures, the nucleotide-bound E1 (pdb: 1T5S)
14

 and E2 (pdb: 3B9R)
10

 representatives 

(Figure 6.5).  

The constriction of the TM2, TM4, TM6 and TM9 groove is most dramatic at the 

cytosolic-membrane border. In particular, TM2 approaches TM9 and closes off the PLB-

binding groove. Thus, the mechanism for PLB dissociation between E1 and E2 states, 

proposed by Toyoshima, holds using more recent SERCA structures. It is interesting to 

highlight the access of the groove to the central core of SERCA proposed by Nissen and 

colleagues (Figure 6.5). For simplification, we will include the whole of TM4, TM5 and 

the P-domain to represent the central core. In E2 structures, the PLB binding groove had 

access to TM4 of the central core (Figure 6.5). This access was removed by TM2 in E1 

structures. In contrast to E2 states, the surface of the central core was limited to extra-

membrane regions from the TM2, TM4, TM6 and TM9 face of SERCA in E1 states.  

We can also re-examine SERCA-PLB cross-linking. For example, the cross-linking of 

PLB to SERCA was favoured under Ca
2+

-free conditions and required nucleotide (ATP 

or ADP). The consensus from cross-linking studies was that PLB bound SERCA in an E2 

nucleotide-bound state. We can now compare differences between nucleotide-free and 

nucleotide-bound E2 representative states, with respect to changes in proposed PLB 

binding sites. We will assume that the nucleotide-bound E2 state binds to PLB consistent 

with positive cross-linking data. We will assume that PLB interacts differently with 

SERCA in the absence of nucleotide such that cross-linking is negative. Figure 6.6 aligns 

ten different SERCA high-resolution structures representing five different E2 states. If we 

focus on the reported fortuitous PLB cross-link to Val
89

 at the luminal end of TM2 in 

SERCA as a reporter landmark, we observe an upward lateral shift of TM2 in the absence 

of nucleotide in some of the nucleotide-free SERCA structures (Figure 6.6a). Careful 

examination of Figure 6.6c shows that in the absence of nucleotide Val
89

 of SERCA  
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Figure 6.5. Comparison of the TM2, TM4, TM6, and TM9 groove proposed for PLB 

binding between SERCA E1 and E2 states. The representative states of SERCA and 

the corresponding Protein Data Bank identifiers (pdb) are indicated. For clarity, some of 

the platform domain (used for alignment) has been removed. The cytosolic extensions of 

TM4 (teal) and TM5 (beige) form the central core with part of the P-domain (green). The 

first two high-resolution SERCA structures (1IWO
8
 and 1SU4

9
) were compared for 

changes in the TM2 (red), TM4 (teal), TM6 (light grey) and TM9 (dark grey) PLB-

binding groove. PLB was proposed to dissociate because TM2 (red) physically closes the 

binding groove
4
. This agrees with more recent SERCA structures representing E1

14
 and 

E2
10

 states (bottom). 
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retracts approximately 5.1 Å from the nucleotide-bound conformation that cross-links to 

PLB. The exceptions to this observation include the E2 state (TG-bound)
9
 and one of the 

three reported E2P structures (with BeF3
-
 and TG bound)

12
. In these two cases, the 

structures in the absence of nucleotide have a similar position of TM2 as the six 

nucleotide-bound E2 structures. Given that SERCA-PLB cross-linking to TM2 was 

favoured by E2 nucleotide-bound states, PLB could interact with TM2 in its deeper 

inserted conformation. 

It is worth reminding the reader that the difference between Nissen’s and Toyoshima’s 

E2P structures demonstrated that different high-resolution structures could be obtained 

using the same ligands (BeF3
-
 to mimic the phosphorylation transition state in this case)

5
. 

More specifically, Nissen’s E2P structure
10

 had a proposed luminal opening that was not 

observed in Toyoshima’s E2P structures
12

. With respect to the proposed TM2, TM4, 

TM6 and TM9 PLB-binding groove, Nissen’s and Toyoshima’s SERCA structures with 

only BeF3
-
 bound have similar lateral positioning of TM2 that distinguishes them from 

the other eight E2 structures. In Toyoshima’s unique E2P structure (BeF3
-
 and TG 

bound), we observe TM2 in a similar lateral position as the six nucleotide-bound SERCA 

E2 structures and the E2 (TG-bound) structure.  

6-4. Visualizing TM3 of SERCA as a PLB-binding site in the context of 2D co-crystals. 

We have proposed that pentameric PLB interacts with the TM3 region of SERCA based 

on projection maps of 2D co-crystals. Before we investigate this potential binding in the 

context of high-resolution SERCA structures, we should discuss the co-crystals as a 

structural model. 

First, the co-crystals were grown in Ca
2+

-free conditions. Similar to PLB cross-linking, 

the interaction between PLB pentamers and SERCA can occur with an E2-like state of 

SERCA. In contrast to PLB cross-linking, the co-crystals do not require the addition of 

nucleotide, but do contain decavanadate which has been proposed to mimic E2P state
16

. 

As well, the co-crystals are grown in the presence of TG. Although TG has been 

proposed to minimally influence SERCA structure
5
, as discussed bound TG may have 

subtle conformational effects (recall the difference in TM2 between Toyoshima’s BeF3
-
 

with TG structure and  Toyoshima’s BeF3
-
 only structure

12
 in Figure 6.6). Although the 

particular co-crystal conditions favoured binding of the PLB pentamer to SERCA, as  
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Figure 6.6. Superimposition of representative SERCA E2 structures centered on 

TM2. Panel A, superimposition of ten reported high-resolution SERCA structures 

representing five E2 states (pdb: 1IWO, 3B9B, 2ZBE, 2ZBF, 2ZBG, 3B9R, 2ZBG, 

1WPG, 2C88, 2C8K)
8-15

. The lateral position of TM2 in two of the nucleotide-free E2 

states (3B9B
10

 and 2ZBE
12

) is shifted towards the cytoplasm relative to the other eight E2 

representative structures. Panel B, distances are given between Phe
92

 in different 

representative E2 structures. The upward shifted nucleotide-free E2 structures are 

coloured red (3B9B)
10

 and rust (2ZBE)
12

. The downward shifted nucleotide-free E2 

structures are blue and pale-red. One representative for the conformation of nucleotide-

bound E2 structures (green) is shown for clarity. Panel C, Val
89

,  cross-links to PLB in 

E2 nucleotide-bound states (green as representation), retracts in some E2 nucleotide-free 

states (red as representation) ~5 Å away from the modeled PLB binding groove
4
. 
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judged by crystal frequency, they do not rule out the binding of monomeric PLB 

simultaneously. As well, we do not want to imply that the PLB pentamer binds 

exclusively to the conformation of SERCA represented by the co-crystals. Indeed, our 

collaborators have produced 2D co-crystals in the absence of TG (David Stokes, 

unpublished data). 

The types of lipid included in the co-reconstitution had a critical role in co-

crystallization
17, 18

. We used a lipid ratio based on those that increased tubular 

crystallization of SERCA alone
17

. The switch from tubular co-crystals of SERCA and 

PLB to wide 2D co-crystals of SERCA and PLB required increased Mg
2+

 concentrations. 

The optimal Mg
2+

 concentration was 30 to 50 mM. This can be compared to the 5 mM 

Mg
2+

 concentrations used for tubular SERCA-PLB co-crystals
19

. At the higher Mg
2+

 

concentrations sufficient for frequent wide 2D co-crystallization, a mixture of tubular and 

wide 2D co-crystals sometimes occurred. We then arrive at a personal favourite question, 

what is Mg
2+

 doing in the SERCA-PLB co-crystals?  

We have discussed what higher Mg
2+

 concentrations do to the co-crystals, but we do not 

know what higher Mg
2+

 concentrations do in the co-crystals. We can speculate about how 

Mg
2+

 might influence the different components of the SERCA-PLB co-crystallization. 

We discussed in the introduction observations that Mg
2+

 influenced the order-to-disorder 

equilibrium of the PLB cytoplasmic domain
20

. Other groups have reported that 

monovalent and divalent cations influenced the ordering of lipid membranes
21, 22

. 

Unfortunately, Mg
2+

 has not been screened in these studies. We have some preliminary 

observations that Mg
2+

, like Ca
2+

, might influence lipid order (Grant Kemp, unpublished 

data). A lipid-dependent mechanism involving Mg
2+

 is consistent with our observations 

of the switch between tubular and wide 2D SERCA-PLB co-crystals
18

.  

In reference to the conformation of SERCA that interacts with pentameric PLB, a 

mechanism involving Mg
2+

 and negatively-charged lipids has been proposed to inhibit 

SERCA
23

. As well, the presence of high Mg
2+

 has been offered as an explanation for 

differences between the BeF3
-
 E2P representative structures from Nissen

10
 and 

Toyoshima
12

. More specifically, the higher Mg
2+

 in Nissen’s co-crystals conditions 

stabilized an open luminal gate
5
. It is possible that a conformational effect of high Mg

2+
 

could also occur in the presence of PLB in our co-crystals. Unfortunately, we do not 

know if higher Mg
2+

 influences the SERCA in the presence of TG and decavanadate.  
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6-5. Comparing SERCA conformational changes in the two proposed PLB binding 

sites. 

Of the two proposed PLB-binding sites, TM3 had the largest divergence in conformation 

between Nissen’s (“high Mg
2+

”) E2P structure
10

 and Toyoshima’s (“low Mg
2+

”) E2P 

structures
12

 (Figure 6.7). In the region of TM2, the E2P structures with BeF3
-
 alone were 

similar to each other and as a pair were distinct from the nucleotide-bound E2P 

conformations (Figure 6.6). For TM3, Toyoshima’s E2P structure with BeF3
-
 only was 

intermediate between Nissen’s E2P structure and the nucleotide-bound E2P structures 

(Figure 6.7b). Similar to TM2, the nucleotide-free SERCA structures were in different 

lateral positions for TM3, shifted more towards the cytoplasmic side than the nucleotide-

bound structures. Nissen’s E2P representative SERCA structure, with BeF3
-
 alone

10
, was 

the most distinct from the other E2 states in accordance to its distinction as the only E2 

structure with an open luminal gate (Figure 6.7).  

In light of the insertion mechanism proposed by Nissen, it was intriguing that we 

observed differences in the lateral positioning of helices in both potential PLB binding 

sites dependent on the nucleotide-bound state of SERCA. The highlighted lateral shifts in 

TM2 and TM3 near the lumen-membrane border are paralleled by conformational 

changes in the helices near the cytoplasm-membrane border (Figures 6.6a and 6.7b). Our 

co-crystal conditions would be consistent with pentameric PLB binding TM3 in a less 

inserted conformation, in line with conformational changes in SERCA associated with  
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opening of its luminal gate. However, it is not clear what E2 conformation of SERCA 

interacts with pentameric PLB in our co-crystals and, as such, we cannot be sure if 

pentameric PLB favours a particular lateral position of TM3. This is unfortunate given 

that the lateral conformation of TM3 is intimately linked to larger conformational 

changes in the luminal end of TM4 (Figure 6.8). Recall that TM4 positioning and helix-

unwinding is critical to co-ordination at Ca
2+

 binding site II. Also, the cytoplasmic end of 

TM4 is part of the central hydrophobic core of SERCA, proposed as an important domain 

for energy transduction through SERCA during transport
5
. The luminal positioning of 

TM4 would likely influence its cytoplasmic end and, in turn, its conformation as part of 

the central core. In the nucleotide-free E2 states, the luminal end of TM4 is very close to 

the luminal end of TM3 near our proposed site of interaction with pentameric PLB 

(Figure 6.8). In the nucleotide-bound E2 conformations, TM4 has shifted away from 

TM3 and is more closely aligned with the luminal end of TM4 in Ca
2+

-bound E1 states 

(Figure 6.8). At this time, it is unclear if pentameric PLB influences the positioning of 

TM4 relative to TM3 in a similar manner as the influence of bound nucleotide. 

It is interesting to note that TM3 undergoes a large conformational change between the 

E1 and E2 states. In all of the determined SERCA E1 structures, the conformation and 

lateral positioning of the luminal end of TM3 is identical (Figure 6.9). In the E1 

structures, TM3 has rotated and moved closer to the face of SERCA containing the TM2 

PLB-binding groove. In contrast to the E2 structures, the positioning of TM3 does not 

change in the E1 structures when nucleotide is bound or not. Recall that the TM2, TM4, 

TM6 and TM9 binding groove is closed off in E1 structures of SERCA. If PLB remains 

complexed with SERCA in E1 states when Ca
2+

 is bound, as has been proposed
24

, this 

movement of TM3 could direct PLB towards or away from the TM2 binding groove. 

Indeed, we suggested in Chapter 4 that binding of pentameric PLB was involved in the 

delivery or removal of PLB from the inhibitory TM2, TM4, TM6 and TM9 binding 

groove. We cannot say if pentameric PLB remains bound to SERCA in the E1 states, or if 

some other oligomeric species is responsible for the SERCA-PLB complex
24

 observed in 

the presence of Ca
2+

. 
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Figure 6.7. Superimposition of ten representative SERCA E2 structures centered on 

TM3. Panel A, superimposition of ten reported high-resolution SERCA structures 

representing five E2 states (pdb: 1IWO, 3B9B, 2ZBE, 2ZBF, 2ZBG, 3B9R, 2ZBG, 

1WPG, 2C88, 2C8K)
8-15

. Panel B, distances are given between Trp
272

 in different 

representative E2 structures. The upward shifted nucleotide-free E2 structure is coloured 

red (3B9B)
10

. The nucleotide-free E2 structure intermediate between the upward and 

downward shifted TM3 conformations is coloured rust (2ZBE)
12

. The downward shifted 

nucleotide-free E2 structures are blue and pale-red. One representative for the 

conformation of nucleotide-bound E2 structures (green) is shown for clarity.  
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Figure 6.8. Positioning of TM4 relative to TM3 conformations in E1 and E2 

representative SERCA structures. Panel A, representative SERCA structures for 

nucleotide-free (pdb: 1SU4 in orange)
8
 and nucleotide-bound (pdb: 1T5S in blue)

14
 E1 

states are superimposed on representative SERCA structures for nucleotide-free (pdb: 

3B9B in red) and nucleotide-bound (pdb: 3B9R in green). The positioning of TM3 and 

TM4 as a pair in similar in the E1 structures of SERCA. Panel B, the positioning of TM3 

and TM4 is different between nucleotide-free (red) and nucleotide-bound (green) E2 

structures of SERCA. 
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Figure 6.9. Superimposition of representative SERCA E1 structures centered on 

TM3. Panel A, superimposition of five reported high-resolution SERCA structures 

representing four E2 states (pdb: 1SU4, 1T5S, 1VFP, 1T5T, 3BA6)
8, 10, 14, 25

. Panel A, full 

enzyme cartoons of the superimposed E1 representative structures. Panel B, close-up 

view of TM3 region (box in panel A) to highlight the similar conformations within this 

region for all E1 representative structures.TM3 is coloured differently for each of the five 

reported E1 structures. Panel C, TM2 and TM3 are coloured red (1SU4)
8
 or green 

(1T5S)
14

 to highlight proposed PLB-binding sites relative to conformational changes in 

TM1 (dark grey – 1SU4
8
; grey – 1T5S

14
). Panel D,  close-up view of the cytoplasmic 

ends of TM1 (box in panel C). Note the displacement of from this region is 22 between 

the nucleotide-free E1 structure (1SU4)
8
 and the four nucleotide-bound E1 structures 

(represented by 1T5S)
14

. 

 

 



173 
 

6-6. The role of SLN in the atria of the heart. 

The consequences of SLN expression in the atria with PLB are of considerable interest. 

Co-expression of SERCA, PLB, and SLN in HEK-293 cells causes super-inhibition of 

SERCA, where the level of inhibition is greater than the sum of inhibition from separate 

SERCA-PLB and SERCA-SLN co-expression
26, 27

. The super-inhibitory mechanism was 

proposed to involve depolymerisation of PLB pentamers by SLN, increasing SERCA 

inhibition by increased mass action of PLB monomers 
26, 27

. A common PLB and SLN 

binding site was proposed based on mutations in SERCA near TM6 that disrupted 

inhibition by both PLB and SLN
27

. However, co-immunoprecipitation data was consistent 

with a modified interaction in the super-inhibitory SERCA-PLB-SLN complex, primarily 

involving SLN
27

.  

The in vitro phosphorylation of SLN-Thr
5
 by CaMKII

28
 has been difficult to reproduce. 

However, adenoviral transfer in rat myocytes suggests Thr
5
 of SLN could be an important 

target for phosphorylation
28

. It would be interesting to compare structural changes upon 

phosphorylation in SLN. The positioning of Thr
5
 in SLN aligns with Leu

28
 in PLB, which 

is located over 10 residues away from the PLB phosphorylation sites (Ser
16

 and Thr
17

).  

The expression of SLN in the atria also produces a novel regulatory complex that could 

form between SERCA, PLB and SLN simultaneously. In terms of heart disease therapies, 

little is known about the regulation of SERCA in the presence of both PLB and SLN, 

which occurs specifically in the atria. With respect to this, we have generated co-crystals 

from co-reconstitutions with SERCA, PLB and SLN. The SERCA-PLB-SLN co-crystals 

bear striking resemblance to SERCA-PLB co-crystals at low resolution and are sensitive 

to the presence of SLN. At current, the ~20 Å projection maps of SERCA-PLB-SLN co-

crystals do not provide enough information to determine if the densities interspersed 

between the SERCA dimer ribbons belong to a PLB-SLN mixed oligomer or a PLB 

pentamer without SLN incorporated (data not shown). There is a predicted binding model 

for a SERCA-PLB-SLN complex based on Toyoshima’s model of SERCA-PLB and co-

immunoprecipitation in heterologous co-expression studies. We do not know how 

phosphorylation influences a potential SERCA-PLB-SLN complex.  
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6-7. The ultimate template: The SERCA-PLB complex as a drug target. 

For the design of heart disease therapies that target SERCA, we have stressed the 

importance of understanding the relationship between SERCA and PLB.  We have also 

alluded to the emerging importance of SLN in the atria. Thus, an important template for 

the structure-based design of small molecules or drugs targeting SERCA would be a 

high-resolution structure of SERCA in complex with PLB (as well as SERCA in complex 

with SLN and SERCA in complex with PLB and SLN). However, despite the large 

number of high-resolution structures of SERCA, there are no available high-resolution 

structures of SERCA in complex with its physiological binding partners.  

We hope that our studies of SERCA-PLB and SERCA-SLN co-crystals will help fill this 

void. In collaboration with David Stokes, we have begun imaging tilt series of SERCA-

PLB(Ile
40

Ala) co-crystals for the 3D structure determination of pentameric PLB 

interacting with SERCA. A 3D structure would provide more details about TM3 as the 

modeled site of interaction than our current projection maps. As well, the first high-

resolution structure of SERCA bound to Ca
2+

 was determined from crystal conditions that 

were “improved” from conditions for EM crystals
8
. We hope that our current studies 

might also lead to crystals suitable for high-resolution x-ray crystallography that have 

SERCA in complex with PLB, SLN or PLB and SLN. It is also exciting to consider the 

possibility of determining the structure of SERCA in complex with binding partners other 

than PLB and SLN. For example, it has been postulated that PKA can phosphorylate PLB 

while PLB is bound to SERCA
6
. In addition, it has been demonstrated that PLB can 

interact with A-kinase anchoring protein 18 in rat heart SR and disruption of this 

interaction interfered with PLB phosphorylation
29

. Whether this interaction might also 

involve SERCA in unclear. 

6-8. Closing perspectives. 

The work in this thesis has provided a snapshot of SERCA in complex with its 

physiological regulators, PLB and SLN, in a previously unpredicted fashion. More 

specifically, we have identified an interaction between pentameric PLB and SERCA and 

between pentameric SLN and SERCA. The 3D structure determination of the complex 

between pentameric PLB and SERCA is currently underway and will provide important 

structural information for the therapeutic targeting of SERCA in failing hearts. 
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6-9. Materials and Methods. 

6-9.1. Glutaraldehyde cross-linking of SERCA and PLB co-reconstitutions. 

SERCA and PLB co-reconstitutions (50 to 75 g total protein) were diluted to 5 x 

volumes with 20 mM imidazole, pH 7.0, 100 mM KCl and centrifuged at 40,000g for 30 

min at 4°C. The supernatant was carefully aspirated away from the pellet. The pellet was 

resuspended in sodium acetate buffer to a final concentration of 10 mM and the samples 

were cross-linked by the addition of 0.01% or 0.1% glutaraldehyde at 4°C or 25°C. 

Cross-linking reactions were stopped after 5 min with tris-containing loading buffer and 

separated by SDS-PAGE. 

Western blotting of cross-linking reactions. Co-reconstitutions were transferred to PVDF 

membrane at 100 V (350 mAmp) for 1 hour. Washed with TBS before blocking, the 

membrane was blocked in 0.5 % skim milk TBS, washed three times with TBST (0.1% 

Tween 20), probed with anti-PLB (2D12 - Abcam; 1:10,000 dilution) antibody or anti-

SERCA1 antibody (IIH11 - Abcam; 1:5000 dilution), washed three times with TBST, 

probed with goat-anti-mouse secondary antibody (1:10,000 dilution) and rinsed with 

distilled water. 
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Appendix 1.  

Prion fragments as models of disease: The beta-strand 1 region of the prion protein self 

assembles into fibrils in a species-dependent manner. 
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Appendix 1. Prion fragments as models of disease: The beta-strand 1 region of the 

prion protein self assembles into fibrils in a species-dependent manner. 

I-1. Introduction. 

Misfolding of the prion protein (PrP) is central to the transmission and pathobiology of 

transmissible spongiform encephalopathies (TSEs), including Creutzfeldt-Jakob disease 

(CJD) in humans, bovine spongiform encephalopathy (BSE; or mad cow disease) in 

cattle, and chronic wasting disease (CWD) in deer, elk, and moose. All TSEs primarily 

target the brain, causing a sponge-like appearance associated with neuronal loss, and 

inevitably result in death. The TSE infectious agent has been postulated to be PrP
 
alone, 

in the absence of any nucleic acids. This is better known as the “protein-only hypothesis”, 

first proposed by Alper
1
 and Griffith

2
 in the late 1960’s, and strongly promoted by the 

Nobel Laureate Stanley Prusiner
3
 in the 1980’s and 90’s. To date, there is no cure for 

TSEs and death occurs rapidly following clinical diagnosis (usually within 8 months for 

CJD).  

PrP misfolding converts the cellular form of PrP (PrP
c
) to the disease-associated scrapie 

form (PrP
Sc

). PrP
c
 is a glycosylated, -helical protein with two short -strands linked by a 

glycophosphatidylinositol anchor to the cell membrane. The physiological function of 

PrP
c
 is not known and likely involves a multitude of functions (a very large number of 

functions for PrP
c
 have been proposed that are currently the center of ongoing debates in 

the field). In contrast to PrP
c
, the disease-associated PrP

Sc
 form is rich in -sheet structure 
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and prone to aggregation
4
, forming protease-resistant amyloid fibrils and plaques in 

diseased tissue. The conversion and transmission mechanisms relating PrP
c 

and PrP
Sc

 

remain unclear.  

If we subscribe to the “protein-only hypothesis”, there exist two baffling characteristics 

of TSEs: prion “strains” and species transmission barriers. Prion “strains” are 

distinguishable TSE pathology profiles within a species. For example, two individuals of 

the same species can present different amounts and localization of PrP
Sc

 in the brain. 

Prion “strains” are also distinguished by variable levels of protease-resistance and 

incubation times (the time-course from exposure to clinical diagnosis and death). Species 

transmission barriers are naturally and experimentally observed variations in the 

transmission of TSEs between species. While one species is susceptible to transmission 

from a different species, a second species is not. For example, variable CJD results from 

the transmission of BSE to humans
5, 6

,  but BSE cannot be transmitted to rabbits. Thus, 

there exists a species barrier protecting some species from transmission. The species 

barrier concept is best exemplified in rabbits and guinea pigs which are considered 

“resistant” to TSE transmission
7
.  

The sequence of PrP between species is very similar and begs the question as to how 

differences that lead to prion ”strains” and species barriers might arise? The 

determination of PrP
c
 structures from a wide range of species

8-13
 has shown that, in 

addition to sequence homology, the structure of PrP
c
 is also very similar. The similarity 

of PrP
c
 within and between species suggests a common starting point for PrP

Sc
 

conversion. From this standpoint, distinguishing features of “strains” and species barriers 

would culminate in the misfolding of PrP
c
 and resulting PrP

Sc
 structures. Thus, it is of 

great interest to study PrP
c
 to PrP

Sc 
conversion and PrP

Sc
 structures from different species. 

Unfortunately, the heterogeneous and aggregation-prone nature of PrP
Sc

 has complicated 

the study of its structure. Fortunately, small fragments of PrP that form amyloid-like 

fibrils and cause toxicity in cultured neurons have been identified that serve as simplified 

models of prion disease
14, 15

. Although still prone to aggregation, these smaller PrP 

fragments generate more homogeneous populations of PrP
Sc

–like structures that are 

subsequently more amenable to high-resolution structural studies. Importantly, two of the 

PrP fragments, PrP(106-126) and PrP(127-147), formed fibrils that were similar in size to 

fibrils observed in diseased tissue. By studying the mechanisms and consequences of PrP 

misfolding using smaller fragments, we can reconstruct events in the misfolding of full-
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length PrP. Understanding these molecular mechanisms on a species-to-species basis 

could provide insight into prion “strains” and species barrier phenomena. 

In May 2003, a case of BSE was identified in the province of Alberta which led to a 

shutdown of cattle trade with the United States and Mexico to prevent potential BSE 

outbreaks. The Alberta cattle sector was devastated at all levels, from the feedlot to farm 

to meat processing centers. The introduction of rigorous testing and prevention measures 

has since re-opened trading and, for the time being, the Alberta cattle industry has 

recovered. Unfortunately, another PrP disease has since afflicted animals in the province 

of Alberta. The spread of CWD recently reached natural populations of deer, elk, and 

moose in Alberta and Saskatchewan. Since our understanding of TSE transmission within 

and between species is not complete, the presence of CWD in Alberta and Saskatchewan 

poses a serious threat. The inter-species transfer of CWD could provide a source of PrP 

disease that could transmit to other animals and potentially pose a risk towards the human 

population as well. 

Herein, we have screened PrP peptides homologous to the (127-147) region (human 

numbering) of different species to study the resulting PrP
Sc

 structures. We chose this 

region for two key reasons: first, of the two PrP fragments that recapitulate PrP
Sc

-like 

properties and serve as models of disease
14, 15

, PrP(127-147) displays more sequence 

variability between species than PrP(106-126), and second, PrP(127-147) has been much 

less experimentally characterized than PrP(106-126). The PrP(127-147) peptides in this 

study were based on sequences of elk and bovine PrP, as these two species are central to 

TSE issues in Alberta (CWD in elk and BSE in bovine). We also studied the PrP(127-

147) peptide based on hamster PrP, which has been an important prion research model for 

over three decades
16

 and hamsters have relatively high susceptibility to TSE transmission 

among different species
17

. More importantly, we chose to study hamster PrP(127-147) 

because fibrils formed by a longer hamster PrP peptide have been structurally 

characterized by atomic force microscopy (AFM)
18-20

 and provide a comparison for our 

studies by electron microscopy. Our results demonstrate that, structurally, the PrP(127-

147) peptides adopt distinct populations of fibrils. The majority of elk PrP(127-147) and 

bovine PrP(127-147) fibrils are distinctly periodic, whereas hamster PrP(127-147) fibrils 

are primarily smooth and non-periodic. We generated three-dimensional (3D) 

reconstructions from negative stain electron microscope (EM) images of PrP(127-147) 

fibrils to highlight the structural differences between species. Compared to bovine 
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PrP(127-147) and hamster PrP(127-147), elk PrP(127-147) is distinct in its ability to 

enhance thioflavin T (ThT) fluorescence and its ability to reduce whole cell currents of 

rat basal forebrain neurons. We propose that PrP(127-147) would serve as an excellent 

model for understanding species-dependent variability in PrP
Sc

 structure at an atomic 

level. 

I-2. Results and Discussion.  

I-2.1. Sequence variability of PrP(106-126) and PrP(127-147) between species. 

PrP(127-147) is naturally more variable than PrP(106-126) with respect to amino acid 

sequence between species (Figure I.1a). The sequences of elk PrP(106-126) and bovine 

PrP(106-126) are identical, and there is only one amino acid change in the hamster 

sequence at the equivalent position of 112 (Val in elk and bovine, Met in hamster). 

Although not a species studied herein, the human PrP(106-126) sequence is identical to 

hamster PrP(106-126). In terms of PrP misfolding, the region of (106-126) is unlikely to 

contribute differences between species given its high degree of similarity. The region of 

(127-147) in PrP, on the other hand, is variable between all three species of interest 

(Figure I.1b).  

I-2.2. PrP(127-147) peptides have variable ThT-binding properties. 

The misfolding of PrP can lead to the formation of amyloid fibrils, which are deposited in 

the diseased neuronal tissue. As a standard for the detection of amyloid fibril formation, 

the fluorescent dye ThT selectively binds amyloid fibrils in vivo and in vitro, resulting in 

a large increase in the ThT fluorescence emission. ThT has been used previously as a 

standard to detect in vitro formation of amyloid fibrils using PrP peptides
18

. We used 

ThT-binding to detect amyloid fibril formation using elk PrP(127-147), bovine PrP(127-

147) and hamster PrP(127-147). 

At millimolar concentrations, elk PrP(127-147) significantly increases ThT-fluorescence 

relative to bovine PrP(127-147) and hamster PrP(127-147) (Figure I.2). A control 

peptide, reverse-elk PrP(127-147), had no effect on ThT-fluorescence (data not shown).  

The increase in ThT-fluorescence occurs within minutes of resuspending lyophilized elk 

PrP(127-147) peptides and mixing with buffered ThT. At the highest screened 

concentrations (3 mM), hamster PrP(127-147) and bovine PrP(127-147) did not increase 

ThT-fluorescence relative to buffered ThT (data not shown).    
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Figure I.1. Sequence variability in neurotoxic fragments PrP(106-126) and PrP(127-

147) between elk, bovine and hamster. Alignment of amino acid sequences from the 

regions homologous to (106-126) and PrP(127-147) for elk (Cervus elaphus - GenBank: 

CAA70902.1), bovine (Bos taurus - GenBank: BAA01467.1) and hamster PrP 

(Mesocricetus auratus - GenBank: ABL75504.1). Conservative mutations between 

species are highlighted in yellow. Residues 138 and 139 have been identified to be 

involved in variable PrP(23-144) fibril structure and in vitro seeding characteristics 

between species
18-20

. 
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Figure I.2. ThT-fluorescence in the presence of PrP(127-147) peptides. Elk PrP(127-

147) (red circles), bovine PrP(127-147) (open triangles) and hamster PrP(127-147) 

peptides (yellow circles) were resuspended at 1 mM in deionized water and incubated at 

4°C. Samples were mixed with buffered ThT at various time-points to a final ThT 

concentration of 4 M. ThT fluorescence emission between 450 and 600 nm was 

measured with 445 nm excitation on a M5 SpectraMax™ spectrofluorometer (Molecular 

Devices). The maximum ThT fluorescence (~480 nm) was plotted. Data represent the 

average of a minimum of three independent experiments +/- standard error of the mean 

(SEM). 
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I-2.3. PrP(127-147) fibril parameters show species-dependent populated states. 

In addition to differences in ThT-binding properties, the elk, bovine and hamster 

PrP(127-147) peptides displayed variable fibril morphologies by negative-stain EM. The 

reverse elk PrP(127-147) peptide did not form any fibrils under identical conditions (data 

not shown). The elk PrP(127-147) peptide formed a very high frequency of fibrils 

following resuspension in deionized water (see inset Figure I.3a). The elk PrP(127-147) 

peptide formed a much larger number of fibrils relative to bovine PrP(127-147) and 

hamster PrP(127-147). The large number of fibrils and relatively high efficiency of fibril 

formation provides a possible explanation for the unique ability of elk PrP(127-147) to 

enhance ThT fluorescence. In terms of fibril width, elk PrP(127-147) fibrils were the 

thinnest overall (~14.1 nm), followed by bovine PrP(127-147) fibrils (~17.0 nm) and 

hamster PrP(127-147) fibrils (~18.4 nm) (Table I.1). Despite somewhat similar fibril 

widths, the PrP(127-147) peptides formed different fibril morphologies. 

To quantify the different fibril morphologies, we measured fibril parameters from 

negative-stain EM images of elk PrP(127-147), bovine PrP(127-147) and hamster 

PrP(127-147) (Table I.1). The fibril parameters represent a minimum of three separate 

experiments for each PrP(127-147) peptide and 100 fibrils were surveyed for each species 

of interest. The parameters suggest the PrP(127-147) peptides adopt species-dependent 

fibril morphologies. 

Elk PrP(127-147) formed homogeneous fibril populations dominated by helical periodic 

fibrils. The majority of elk PrP(127-147) fibrils were periodic (71%) with an average 

repeat distance of ~69.0 nm (Table I.1). The periodic fibril width and repeat distance 

were very similar between elk PrP(127-147) fibrils, and much more homogeneous 

compared to bovine PrP(127-147) and hamster PrP(127-147) fibrils.  

Bovine PrP(127-147) also formed fibril populations dominated by periodic fibrils. The 

majority of bovine PrP(127-147) fibrils were periodic (57%) with a repeat distance of 

~77.2 nm, larger than the repeat distance of elk PrP(127-147) fibrils (Table I.1). The 

periodic fibril width and repeat distance were more variable than elk PrP(127-147), but 

more homogeneous than hamster PrP(127-147) fibrils. 

Hamster PrP(127-147) formed the most heterogeneous fibril population, which was 

dominated by smooth, non-periodic fibrils with a flat, ribbon-like appearance. Only a  
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Figure I.3. Representative negative-stain electron microscope images of PrP(127-

147) fibrils. Elk PrP(127-147) (inset panel A), bovine PrP(127-147) (panel B) and 

hamster PrP(127-147) peptides (panel C) resuspended at 1 mM in deionized water. 

Following 3 to 14 days of incubation at 4°C, samples were adsorbed to glow-discharged 

solid carbon grids and imaged. Elk PrP(127-147) formed a large number of fibrils (inset 

panel A). Following 1:10 dilution, the elk PrP(127-147) fibrils were of similar frequency 

as 1 mM resuspensions of bovine PrP(127-147) and hamster PrP(127-147). Scale bars are 

100 nm. For detailed fibril parameters see Table I.1. 
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Table I.1. Fibril parameters of elk, bovine, and hamster PrP(127-147) by negative-

stain electron microscopy. Fibril parameters were measured from negative-stain EM 

images (at a final resolution of 3.275 Å/pixel) using EMAN – boxer image software
21

.  

 

  

Elk PrP 

(127-147) 

Bovine PrP 

(127-147) 

Hamster PrP 

(127-147) 

All Fibrils     

n  100 100 100 

Fibril width +/- SEM 

(nm) 
 14.1 +/- 0.4 17.0 +/- 0.3 18.4 +/- 0.4 

range 

(% included) 

 8.5 – 22.7 

(98.0) 

7.3 – 23.0 

(99.0) 

11.1 – 26.9 

(97.0) 

 Periodic    

 n 71 57 35 

 Period +/- SEM (nm) 69.0 +/- 4.2 77.2 +/- 3.5 191.4 +/- 13.4 

 

range 

(% included) 

47.9 – 78.2 

(95.8) 

32.7 – 124.0 

(96.5) 

53.2 – 338.0 

(94.3) 

 Min. fibril width +/- SEM (nm) 8.2 +/- 0.3 11.2 +/- 0.2 12.1 +/- 0.4 

 

range 

(% included) 

5.5 – 13.4 

(97.2) 

7.7 – 14.0 

(96.5) 

7.5 – 15.9 

(91.4) 

 Max. fibril width +/- SEM (nm) 13.7 +/- 0.3 17.4 +/- 0.3 18.7 +/- 0.7 

 Non-periodic    

 n 29 43 65 

 Fibril width +/- SEM (nm) 15.1 +/- 0.9 16.2 +/- 0.6 18.7 +/- 0.7 
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minority of hamster PrP(127-147) fibrils formed periodic structures (35%) with an 

average repeat distance of ~191.4 nm, much larger than elk and bovine periodic fibrils 

(Table I.1). The periodic hamster PrP(127-147) fibrils were the most variable in terms of 

both fibril width and repeat distance, with no apparent homogeneity. 

To visualize the relative homogeneity of periodic fibrils between elk, bovine and hamster 

PrP(127-147), a 3D plot of measured parameters on a per-fibril basis is shown in Figure 

I.4. The elk PrP(127-147) periodic fibrils are clustered tightly in all three dimensions 

reflecting their homogeneity. The bovine PrP(127-147) periodic fibrils are less 

homogeneous than elk PrP(127-147), but are relatively well clustered between two 

groups of periodic repeat distances (26% have smaller repeats between 30 and 60 nm, and 

63% have larger repeats between 60 and 100 nm). The hamster PrP(127-147) fibrils are 

heterogeneous with highly variable repeat distances and do not cluster. 

The non-periodic fibrils, overall, were similar between elk, bovine and hamster PrP(127-

147). The trend of non-periodic fibril widths followed the trend of all fibrils in that elk 

fibrils were the thinnest (~15 nm), followed by bovine (~16 nm) and hamster fibrils (~19 

nm) (Table I.1). 

I-2.4. 3D reconstructions of elk PrP(127-147), hamster PrP(127-147), and bovine 

PrP(127-147)  highlight differences in fibril morphologies. 

To visualize the different fibril morphologies, we generated 3D reconstructions from 

representative fibril images for elk PrP(127-147), bovine PrP(127-147) and hamster (127-

147). Periodic fibrils were selected because the inherent periodicity of the fibrils aided in 

the reconstruction process (see Materials and Methods). The final 3D reconstructions for 

representative elk PrP(127-147), bovine PrP(127-147) and hamster PrP(127-147) fibrils 

are shown with the average fibril parameters from surveyed EM images (Figure I.5). 

I-2.5. Variable effects of PrP(127-147) peptides on whole cell currents of isolated rat 

basal forebrain neurons. 

Recently, PrP(106-126) was observed to influence the whole cell currents of rat basal 

forebrain neurons at nanomolar concentrations
22

. At concentrations of 50 nm, human 

PrP(106-126) significantly decreased whole cell currents compared to control neurons in  
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the absence of PrP(106-126) treatment 
22

. Because of the similar properties of PrP(106-

126) and PrP(127-147), we investigated the effects of PrP(127-147) peptides on isolated 

rat basal forebrain neurons. 

At concentrations of 100 nm, the elk PrP(127-147) peptide was able to significantly 

reduce the whole cell current of isolated rat basal forebrain neurons (n=11; Figure I.6a) 

compared to control neurons not treated with PrP(127-147) peptide. Preliminary 

observations of hamster PrP(127-147) (Figure I.6b) and bovine PrP(127-147) (data not 

shown) suggest these two peptides have no effect on the whole cell currents of rat basal 

forebrain neurons. It remains to be determined if the effects of elk PrP(127-147) on the 

whole cell currents results from its distinct fibrillar structure, its distinct ThT-positive 

amyloid properties, or some other characteristic that is not found in the hamster PrP(127-

147) nor bovine PrP(127-147) peptides. 

I-2.6. Visualizing PrP(127-147) in the context of cellular PrP structures. 

The mouse PrP(121-231) structure determined by NMR
8
 was the first structural view of 

PrP
c
. As predicted

23
, the PrP(121-231) structure was mainly –helical, with three -

helices, but also contained two short unpredicted –strands
9
. Overall, the mouse PrP(121-

231) structure is representative of the mature full-length mouse PrP(23-231) structure, 

determined the following year, because the additional N-terminal region is unstructured
9
.  

As discussed previously, PrP
c
 structures have been determined for a wide range of 

species and overall these structures are very similar. To visualize this, we have aligned 

the (127-147) region from mouse, human, elk, hamster, and bovine PrP
c
 structures (Fig I-

7a). The PrP(127-147) region is an extended structure, aside from the short -strand 1 

(residues 128-131), sandwiched between helix-1 (residues 144 to 154) and helix-3 

(residues 200 to 217) with a solvent exposed surface
8
. Residues 134, 137, 139, and 141 

contribute to the “stabilizing” hydrophobic core of the protein, composed of residues 

from all three alpha-helices, the second beta-strand and two other loops
8
.  

The interactions that occur in PrP
c
 will ultimately contribute to PrP misfolding as these 

interactions become altered during conversion to PrP
Sc

, and minor variations in PrP
c
 

between species will be important during conversion processes. As such, we do not want 

to overstate the similarity of PrP
c
 structure between species, since there is evidence that  
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Figure I.4. Periodic fibril parameters of PrP(127-147) from different species in a 3D 

plot. Fibril parameters were measured from negative-stain EM images of elk, bovine, and 

hamster PrP(127-147) using EMAN - boxer
21

. Minimum and maximum fibril widths 

represent the average of three measurements per fibril. Period represents the average 

distance between neighbouring fibril width minimums for three measurements per fibril. 
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Figure I.5. Three-dimensional reconstructions of elk, bovine, and hamster PrP(127-

147) periodic fibrils. Representative periodic fibrils were selected for elk PrP(127-147) 

(panel A), bovine PrP(127-147) (panel B) and hamster PrP(127-147) peptides (panel C). 

The 3D reconstructions were generated by digital boxing of periodic fibrils (see section I-

3.4 in Materials and Methods). The presented 3D reconstructions were low-pass filtered 

to 20 Å resolution and are displayed with average fibril parameters from negative-stain 

EM images (Table I.1). 
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Figure I.6. Effects of elk and hamster PrP(127-147) peptides on the whole cell 

currents of rat basal forebrain neurons. Whole cell potassium currents were 

investigated in isolated rat basal forebrain neurons. Experiments were performed in the 

presence of PrP(127-147) and compared to controls performed in the absence of peptide 

application. Panel A, the current-voltage plot of reduction in whole cell current following 

elk PrP(127-147) treatment (100 nm, n = 9, *p <0.05). Panel B, the application of 

hamster PrP(127-147) had no effect on whole cell current (100 nm, n = 4). Error bars 

represent SEM. 
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species-to-species variability in PrP
c
 structures contributes to species transmission 

barriers (for a review see Sweeting et al. 2010)
17

. However, since our results suggest the 

sequence of PrP(127-147) alone can lead to variable fibril morphology, we will focus on 

the role of PrP(127-147) in oligomeric structures of PrP to see how PrP(127-147)-

mediated variability might occur in PrP
Sc

 structures. Our hypothesis would require 

PrP(127-147) to come into contact with PrP(127-147) in an inter-molecular interaction. 

Direct evidence that PrP(127-147) from different PrP molecules can interact comes from 

the structure of the sheep PrP
c
 crystal dimer

24
. Formation of the crystal dyad in the sheep 

PrP structure is mediated by –strand 1 (residues 129-131) (Figure I.7b) and the dimer 

conformation presents a second –strand region that was modeled by the authors as a 

locus for PrP tetramerization
24

. In this way, initial dimerization at –strand 1 perpetuates 

PrP oligomerization. It is worth noting that other dimers have been observed in 

crystallized human
25

 and rabbit PrP
26

 that do not involve the PrP(127-147) region in the 

dimer interface. Such observations support more than one determinant for PrP 

oligomerization and suggest more than one interface could be involved. 

I-2.7. The importance of PrP(127-147) in the GSS-associated peptide. 

Potential roles of PrP(127-147) in PrP
Sc

 formation and structure come from studies of the 

Gertsmann-Straussler-Schienker syndrome (GSS) associated peptide. GSS is a rare, 

familial human TSE, and like other TSEs does not have a cure and inevitably results in 

death. The core PrP peptide in diseased GSS tissue is a truncated 7 kDa peptide from 

residue ~80 to ~145
27, 28

. In studies of a synthetic PrP(82-146) peptide, the PrP(127-146) 

region was critical to fibril morphology and amyloid-like properties
29

. If the (127-146) 

region was scrambled, the variant peptide had decreased aggregation and did not form 

fibrils. In contrast, scrambling of the (106-126) region did not prevent fibril formation. 

The authors suggested the charge distribution in the PrP(127-147) region might be 

important for the assembly of –structures through electrostatic interactions
29

. 

Interestingly, the authors observed two distinct PrP(82-146) fibril populations; thin (5.5 

nm) fibrils and wider (9.8 nm) fibrils. The dimensions of the PrP(82-146) fibril 

populations were in close agreement with the elk PrP(127-147) periodic fibrils, which 

had a 5.5 nm minimum fibril width and an average of 8.2 nm (Table I.1). The amyloid-

positive ThT-binding of the elk PrP(127-147) peptide also mimicked the PrP(82-146) 
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peptide supporting the study of the PrP(127-147) peptide as a model of GSS disease. 

However, the authors made no mention of periodicity observed in the PrP(82-146) fibrils. 

In another study of GSS-associated PrP peptides, Surewicz and coworkers demonstrated 

that residues 138 and 139 confer different fibril morphologies and in vitro seeding 

characteristics to human, mouse, and hamster PrP(23-144) variants
18-20

. Similar to the 

predominant hamster PrP(127-147) fibril morphology observed in this study, hamster 

PrP(23-144) characterized by AFM formed smooth, featureless fibrils with no apparent 

repeat. Both human and mouse PrP(23-144) formed periodic fibrils with repeat distances 

of 30 nm
20

. Overall, the study of PrP(23-144) from different species (human, mouse and 

hamster) correlated fibril morphology with in vitro seeding capabilities and identified that 

residues 138 and 139 within the (127-147) region provided variability to PrP
Sc

 structure
20

. 

In this study, both the elk and bovine PrP(127-147) peptides formed periodic fibrils with 

repeat distances of 69 nm and 77 nm, respectively. In terms of sequence, the elk and 

bovine contain Leu
138

Ile
139

 which is similar to the human Ile
138

Ile
139

 sequence that  

formed periodic PrP(23-144) fibrils by AFM
20

. Interestingly, studies of recombinant 

human PrP(91-231) by cryo-EM also characterized periodic fibrils with variable repeat 

distances between 85 and 120 nm
30

. Our results suggest PrP(127-147) peptides resemble 

PrP
Sc

 structures formed by larger fragments of PrP, and thus recapitulate species-

dependent differences in a simpler model for high resolution structural studies. 

I-2.8. Towards high-resolution structures of PrP fibrils. 

Studying PrP
Sc

 structure between species on a per-residue basis will aid in our 

understanding of species transmission barriers. As mentioned previously, PrP
Sc

 from 

diseased tissue is heterogeneous which subsequently limits the resolution of structural 

studies. As we advance towards higher resolution PrP
Sc

 models
31-33

, it would be 

worthwhile to characterize smaller fragments of PrP in PrP
Sc

-like structures. On this 

front, there is a structural model of human PrP(106-126) fibrils from solid-state NMR 

that reveals side-chain interactions
34

. Each protofibril in the PrP(106-126) fibril is a stack 

of in-register, parallel –strands, and each in-register protofibril faces a second protofibril 

in an anti-parallel fashion
34

 (Figure I.8a). The PrP(106-126) fibrils are stabilized by 

hydrophobic interactions between the corresponding middle regions of –strands between 

protofibrils, His
111 

– His
111 

 ring stacking between stacked -strands, and an electrostatic  
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Figure I.7. Superimposition of the PrP(127-147) regions from PrPc structures from 

different species. Panel A, elk, bovine, and hamster PrP
c
 structures are aligned with the 

mouse and human PrP
c
 structures to highlight global similarity. The elk PrP

c 
is in red with 

a yellow (127-147) region. The other structures are coloured in gradations of red with 

their respective (127-147) regions in gradations of yellow. The backbone –carbons 

between residues 137 to 147 have been aligned using PyMOL (The PyMOL Molecular 

Graphics System, Version 0.99, Schrödinger, LLC.). The PDB accession codes for the 

structures used in the superimposition were: elk–1XYW, bovine-1DX1, hamster-1B10, 

mouse-1AG1, human-1QM3. Panel B, the dimer interface of sheep PrP
c
 is mediated by 

–strand 1. The sheep PrP
c
 crystals dimer is shown with one monomer in purple and the 

other monomer in blue. –strand 1 and –strand 2 are shown in green for both 

monomers. –strand 1 (residues 129-131) mediates the crystal dyad (indicated by black 

oval). Figure adapted from Haire et al. 2004
24

. 
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Figure I.8. The consequences of parallel and anti-parallel arrangements in the 

PrP(127-147) fibrils on the arrangement of the PrP(106-126) interface. Panel A, 

schematic representation of the anti-parallel protofibril arrangement in the PrP(106-126) 

fibril model
34

. One protofibril (white arrows) interacts in an anti-parallel fashion with a 

second protofibril (light blue) across the long PrP(106-126) fibril axis (dashed cylinder). 

Panels B and C, schematic representations of possible parallel (panel B) and anti-parallel 

(panel C) protofibril arrangements in PrP(127-147) fibrils (red arrows). Given the anti-

parallel arrangement in PrP(106-126) fibrils, the co-existence of PrP(106-126) and 

PrP(127-147) interfaces cannot be satisfied by a single interface in either PrP(127-147) 

protofibril arrangement (dashed blue arrows in panels B and C do not satisfy the 

arrangement in panel A).  
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interaction between K
110

 and the C-terminus of anti-parallel -strands between 

protofibrils
34

.  

We also have a structural model of human PrP(127-147) protofibrils
35

, but not of 

PrP(127-147) fibrils. The PrP(127-147) protofibril is also a stack of in-register, parallel 

–strands similar to the PrP(106-126) protofibrils. However, the PrP(127-147) 

protofibrils are not continuous –strands, but are disrupted at Pro
137

 into two short –

strands
35

. In order to satisfy close –strand interaction, the authors “arbitrarily twisted” 

the stacked –strands by 2.8°, which was reduced to 2.4° in the final model
35

. Given a 

inter--strand distance of 5.5 Å parallel to the long protofibril axis
35

, each protofibril 

would turn 180° over a distance of ~41 nm (~75 -strands). This is comparable to the 

periodic distances we have characterized for elk PrP(127-147) and bovine PrP(127-147) 

fibrils (~69 nm and ~77 nm, respectively). The disruption at Pro
137

 could provide 

different degrees of protofibril twist if Pro
137

 influences, or is influenced by, the nature of 

its neighbouring amino acids such as residues 138 and 139. In the PrP(127-147) fibril 

model the authors support multiple protofibrils in each fibril based on the width of fibrils 

measured by EM in their preparations
35

. The degree of protofibril twist likely influences 

inter-protofibril interactions in PrP(127-147) fibrils.  

Unfortunately, we do not know if PrP(127-147) protofibrils are arranged in an anti-

parallel fashion like PrP(106-126) fibrils, or interact in a parallel fashion. Despite the 

parallel or antiparallel arrangement of PrP(127-147) protofibrils, the interface will not 

comply with the anti-parallel interface observed between PrP(106-126) protofibrils in the 

context of a single, homogeneous interface in full-length PrP fibril formation (Figure I.8b 

and Figure I.8c). As such, there may be competing fibril interfaces during the formation 

of full-length PrP
Sc

 structure, which could result in a heterogeneous mixture of fibril 

interfaces. In terms of the elk PrP(106-126) and PrP(127-147) regions acting as 

competing interfaces, it is interesting that elk PrP(106-147) peptides form periodic fibrils 

similar to the elk PrP(127-147) peptide alone (data not shown). We discussed the 

possibility of multiple determinants for PrP oligomerization and multiple oligomerization 

interfaces based on high-resolution crystallized dimers of PrP
c
 structures. Determining 

the nature and interplay of these interfaces will be important for understanding PrP 

misfolding in disease. 
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Consistent with our results with PrP(127-147), PrP(138-143) crystals have variable -

structures between species mediated by different inter-residue interactions, and these 

differences result in different inter-strand orientations
36

. Specifically, human and mouse 

PrP(138-143) crystallize in a parallel-stacked arrangement, whereas hamster PrP(138-

143) stacks in an anti-parallel fashion
36

. Worth noting is that crystals of PrP(170-175) 

also display species-dependent structures at atomic resolution
36-38

 and, in addition to 

PrP(127-147), could also lead to variability between PrP
Sc

 structures from different 

species. Competing fibril interfaces could help explain the heterogeneous nature of PrP
Sc

 

in diseased tissue. We suggest the PrP(127-147) interface plays a critical role in PrP 

misfolding, because the fibril morphology of PrP(127-147) peptides is similar to the 

variable fibril morphologies between species observed in longer fragments, such as the 

human, mouse and hamster GSS-model PrP peptides
18-20

.  

Understanding species-dependent mechanisms of PrP
Sc

 formation and structure at a 

molecular level will benefit our understanding of TSE transmission in natural 

populations. To this point, we have discussed species barriers in a linear manner between 

two species. However, in natural populations, different species do not interact in a strictly 

linear manner and there is a complex web of species interactions. With respect to CWD, 

which is currently affecting natural populations of deer, elk and moose in Alberta and 

Saskatchewan, the implications of inter-species interactions could potentially alter the 

host range of CWD and provide means for bypassing linear species barriers. An example 

of the host range of CWD being altered upon passage through different species has been 

shown experimentally
39

. It had been difficult to passage CWD to hamsters
39

, despite the 

relatively high susceptibility of hamsters to TSE transmission among different species
17

 

and thus, there was a strong species barrier protecting hamsters from CWD. However, if 

the CWD was first passaged to ferrets, the ferret-passaged CWD could then transmit 

more readily to hamsters, altering the apparent host range of CWD
39

. Such implications 

underscore the importance for furthering our understanding of species barriers to control 

the spread of TSEs in natural populations. 
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I-3. Materials and Methods. 

I-3.1. Sequence of elk, bovine and hamster PrP(127-147) peptides. 

Peptides used in this study are as follows:  

Elk PrP(127-147) NH2-GYMLGSAMSRPLIHFGSDYED-COOH, 

Bovine PrP(127-147) NH2-GYMLGSAMSRPLIHFGNDYED-COOH, 

Hamster PrP(127-147) NH2-GYMLGSAMSRPMMGSDWED-COOH, 

Reverse elk PrP(127-147) NH2-DEYDSGFHILPRSMASGLMYG-COOH, 

Human PrP(106-126) NH2-KTNMKHMAGAAAAGAVVGGLG-COOH. 

All peptides were purchased from Biomatik Corp. (Toronto, Canada), except human 

PrP(106-126) which was purchased from Bachem (California, USA). All peptides were 

of greater than 95% purity as confirmed by HPLC and mass spectrometry. 

I-3.2. ThT fluorescence assays. 

Binding of ThT (Sigma) to PrP(127-147) peptides was assayed by adding freshly 

prepared ThT in PBS to PrP(127-147) peptides resuspended in deionized water. The final 

concentration of ThT was 4 M. Fluorescence emission spectra were measured between 

450 to 600 nm with 445 nm excitation using a M5 SpectraMax™ spectrofluorometer 

(Molecular Devices). Background ThT fluorescence was measured using a control 

sample containing only buffered ThT and water. ThT fluorescent values represent the 

fluorescence maximum at ~490 nm for a minimum of three independent experiments. 

I-3.3. Electron microscopy. 

Fibrils were imaged in 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) operated at 200 kV. A standard room 

temperature holder was used for negatively-stained samples. Images were recorded on 

image plates at a magnification of 45,800x. The image plates were scanned at 15 

m/pixel for a final resolution of 3.28 Å/pixel. All data were recorded with defocus levels 

of 1-2 m. 
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I-3.4. Three-dimensional fibril reconstruction from negative-stain electron microscope 

images. 

Representative periodic fibrils were selected from a set of at least 80 images for each 

PrP(127-147) peptide. Individual fibrils were many microns in length and could be 

segmented along the helical axis into (typically) 300 pixels by 300 pixels sized boxes, 

with the boxes spaced 2-5 pixels apart. For each individual fibril, a set of boxes covering 

at least one helical turn was obtained in this manner. By measuring the repeat distance of 

the helical fibril, we could estimate the angular orientation of each box in the set. The 

underlying assumption here was that each box represents an identical view of the fibril, 

where each view is rotated according to the helical twist. By assigning these angles to 

each image in the set, we could generate a preliminary 3D reconstruction by back 

projection of the 2D images into a 3D volume. The preliminary 3D reconstruction could 

then be refined against a larger set of image boxes from multiple similar fibrils to obtain 

the final 3D reconstruction. The image processing software SPIDER
40

 was used for the 

reconstruction process. 

I-3.5. Toxicity assay of PrP(127-147) peptides using rat primary fetal cortical neurons. 

Rat primary fetal cortical neurons were grown in 96-well plates and cell viability was 

measured using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay. MTT was dissolved in DMSO, applied for 90 min. MTT absorbance was 

measured at 545 nm. Cell viability was measured following 48 hr exposure to PrP(127-

147) peptides at various concentrations. Cell viability was measured as a percentage of 

control cell viability with no peptide application (set at 100% cell viability).  

We also screened the PrP(127-147) peptides for toxicity using cultured rat primary fetal 

cortical neurons. All of the peptides displayed low levels of toxicity, achieving ~60% 

toxicity after 48 hr exposure regimes at 150 M concentrations (Figure I.9). This toxicity 

was comparable to human PrP(106-126) peptide used as a positive control (~50% toxicity 

at 150 M). Interestingly, the level of toxicity was similar between elk and hamster 

PrP(127-147) peptides suggesting that, under the experimental conditions, toxicity is not 

influenced by differences in their respective fibrillar structures. The bovine PrP(127-147) 

peptide was slightly less toxic than the elk and hamster PrP(127-147) peptides (Figure 

I.9). The reverse-elk PrP(127-147) peptide had a very small effect on neuron viability at 

these concentrations (Figure I.9).   
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I-3.6. Whole cell current recordings of PrP(127-147) treated rat basal forebrain 

neurons. 

Whole cell current recordings were performed as described previously
22

. Briefly, rat basal 

forebrain neurons were isolated from the diagonal band of Broca and identified by visual 

inspection. Diagonal band of Broca neurons have been reported to be involved in learning 

and memory
41-43

. Whole-cell patch recording were measure at room temperature using an 

Axopatch-1D amplifier. Series resistance compensation was adjusted to 80% during the 

course of each experiment. The internal patch pipette solution contained: 140 mM K-

methylsulfate, 10 mM EGTA, 5 mM MgCl2, 1 mM CaCl2, 10 mM HEPES pH 7.2, 2.2 

mM Na2-ATP, and 0.3 mM Na-GTP. After whole-cell configuration was established, the 

cells were allowed to stabilize for 5 min. Cells were held in voltage clamp at -80 mV, 

then hyper-polarized for 1 sec by changing the command potential to -110 mV to remove 

potassium channel inactivation. Subsequently, a slow voltage ramp to +30 mV was 

applied (20 mV/sec). No tail currents were observed at the end of the ramp when the 

voltage was returned to -80 mV suggesting the ramp excited primarily steady-state 

currents. Membrane currents were recorded and analyzed using pCLAMP software 

(version 10.1). 

 

 

 

 

 

 

 

 

 

 

 



203 
 

 

 

 

Figure I.9. Toxicity of PrP(127-147) peptides on viability of rat fetal primary 

cortical neurons. Rat primary fetal cortical neurons were grown in 96-well plates and 

cell viability was determined using the MTT assay. Neurons were treated with 50, 100, 

and 150 M concentrations of PrP(127-147) peptide in the media. Neurons were assayed 

for viability following a 48 hr growth period after PrP(127-147) treatment. MTT was 

incubated with the neurons at a concentration of 5 mg mL
-1

 for 90 min and MTT 

absorbance was measured at 545 nm. Values are expressed as the percentage of control 

cell viability (no peptide treatment; set as 100% cell viability). Error bars represent SEM 

for a minimum of three technical replicates. 
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Appendix 2. 

Topology corrected sequence alignments: PLB and SLN share homology with SERCA 

binding sites proposed from cross-linking and structural studies. 
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Appendix 2. Topology corrected sequence alignments: PLB and SLN share 

homology with SERCA binding sites proposed from cross-linking and structural 

studies. 

II-1. Introduction. 

Membrane proteins can have complex topologies with multiple transmembrane helices 

and intervening extensions, loops and domains protruding from different sides of the 

membrane. SERCA provides an excellent example: the ten transmembrane helices are 

interspersed with three large cytoplasmic domains (see Introduction). The P-domain and 

N-domain of SERCA are formed by the cytoplasmic extension between TM4 and TM5, 

and the A-domain is formed by the cytoplasmic N-terminus (leading to TM1) and the 

cytoplasmic extension between TM2 and TM3. 

The simplest example of different membrane topologies would single-pass Type I and 

Type II transmembrane proteins. Type I transmembrane proteins have an exterior (or 

luminal) N-terminus and a cytoplasmic C-terminus. Type II proteins are oppositely 

oriented in the membrane, with a cytoplasmic N-terminus and an exterior (or luminal) C-

terminus. PLB and SLN are both examples of Type II proteins. 

In Chapter 4, we proposed TM3 as an interaction site between PLB pentamers and 

SERCA based on cryo-electron microscopy of co-crystals
1, 2

. Our results suggested that 

PLB pentamers can remain anchored to SERCA via intra-membrane interactions that can 

withstand cytoplasmic disordering of PLB by phosphorylation at Ser
16

. In Chapter 5, we 

proposed that SLN pentamers also bound SERCA at TM3 in a similar position as PLB 

pentamers. The TM3 pentameric PLB and SLN binding site
1, 2

 was distinct from the 

TM2, TM4, TM6, TM9 binding groove proposed for monomeric PLB based on cross-

linking and modelling
3
. The TM2, TM4, TM6 and TM9 groove has also been proposed to 

bind SLN
4, 5

 and to bind PLB and SLN simultaneously
4-7

. 
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If we take into account the nature of the TM3 binding site, we can observe homology 

between SERCA, PLB and SLN. We made first mention of this in Chapter 4 (see Figure 

4.8) where we indicated the homology observed between the C-terminal luminal region 

of the PLB transmembrane domain and the luminal end of TM3 of SERCA. Briefly, in 

the Discussion we mentioned that there is also homology between PLB and the TM2 

region of SERCA, which is consistent with the proposed monomeric PLB binding 

groove. This appendix will cover these statements in more depth. We do not want to 

convey that homology between transmembrane proteins determines interaction, but in 

light of supporting data, the results are intriguing. 

II-2. Results and Discussion. 

II-2.1. Limitations of general linear protein sequence alignments with multi-pass 

transmembrane proteins. 

A protein sequence alignment generally proceeds from the N-terminus of proteins and 

compares windows of residues, producing homology scores for the compared windows. 

The search windows then shift along the protein sequences from the N-terminus toward 

the C-terminus some distance, the newly positioned windows again compared and scored 

(Figure II.2.1a). This process is re-iterated for the entire sequences of the proteins and the 

best scored search window comparisons are reported for the input sequences. 

We are going to consider how a sequence alignment would compare a single-pass 

transmembrane protein to a multiple pass transmembrane protein (Figure II.2.1). As an 

example we are going to consider SERCA, PLB and SLN which were the major focus of 

the chapters of this thesis. The special consideration would be that the two proteins are 

going to interact within a membrane. We consider this because we have proposed that the 

PLB pentamer can interact with SERCA in a functional manner whereby the PLB 

pentamer interacting with SERCA is linked to the inhibitory interaction with the PLB 

monomer. For this to occur, the PLB pentamer would need to dissociate. However, the 

PLB pentamer is considered to be very stable and does not dissociate in SDS-PAGE. 

There is evidence that SERCA can interact with oligomers of PLB and disrupt PLB 

oligomerization
8
. It seems reasonable that disruption of stable PLB homo-pentamers 

might involve a homologous region of SERCA that could compete for homo-oligomeric 

interfaces, such as the PLB Leu/Ile zipper (see Introduction). In such a way, a 

homologous region of SERCA would disrupt homo-oligomeric interactions between PLB 

monomers by mimicking the monomer itself. The reverse would also be possible. 
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Figure II.1. Linear sequence homology alignments and membrane protein topology 

considerations. Panel A, general scheme for protein sequences alignments using a 

search window (red box). Two search windows are compared and scored based on search 

criteria. The search boxes are shifted by some distance (red arrow) in the subsequent 

search step. These steps are re-iterated until the sequences of both proteins have been 

covered by the search windows. The best score will be aligned and reported. Panel B, 

schematics are shown for PLB and the three N-terminal transmembrane helices of 

SERCA. If PLB and SERCA were aligned using a general scheme for protein sequence 

alignment, an alignment between PLB and TM2 of SERCA would not agree with their 

topologies. 
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We will focus primarily on the transmembrane domains, because Chapter 4 proposed the 

interaction between pentameric PLB and SERCA is anchored within the membrane and 

can accommodate disordering of the PLB cytoplasmic domain. We will also include PLB 

and SLN in the alignments because both proposed sites of interaction with SERCA have 

been proposed for both PLB and SLN. 

If we input the sequences of SERCA, PLB and SLN we need to consider the topology of 

the proteins (Figure II.1). Given we are looking for potential inter-protein interactions, it 

is not logical to use a general alignment procedure, as described above, for SERCA, PLB 

and SLN. The primary reason is the sequence alignment proceeds in a linear manner from 

the N-terminus to the C-terminus. To visualize why this is so, see Figure II.1b. In the 

special case of transmembrane proteins, alignment between two linear regions of 

sequence that do not agree with the topology would not make logical sense. This would 

occur, as an example, between PLB and TM2 of SERCA. A stretch of amino acids that 

align between PLB and TM2 of SERCA would not agree with their membrane topology, 

because the N-terminus of PLB is cytoplasmic and the N-terminus region of TM2 is 

luminal (Figure II.1b).  

Figure II.2a shows the results of an alignment where homology is observed between PLB 

and TM5 and TM6 of SERCA. The alignment in Figure II.2a would not support 

interaction because of conflicting topology between the aligned regions (Figure II.2b). 

All alignments are the output of ClustalW hosted on the European Bioinformatics 

Institute (EBI) website (www.ebi.ac.uk)
9, 10

.  A sequence alignment of the transmembrane 

domains of PLB (PLB-tm; residues 34 to 52) and SLN (SLN-tm; residues 11 to 31) with 

the entire sequence of SERCA1a is shown in Figure II.2a. The alignment in Figure II.2a 

is the result from aligning the input PLB-tm, SLN-tm and SERCA1a sequences with the 

default user settings.   

The transmembrane domain of PLB would only agree with the sequence alignment in 

Figure II.2a if the C-terminus of PLB re-inserted into the membrane in the opposite 

direction of the rest of the PLB transmembrane domain. This is possible, but the 

alignment itself has other limitations that we can address by changing the default search 

criteria. For example, there are large gaps between the clusters of aligned residues (Figure 

II.2). Although residues far away in sequence can be close in 3D space, there is a limit to 

the distance between sequential residues. If we also consider that PLB, SLN and TM5 are 
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helical in structure through the membrane, then the alignment gap between 

transmembrane regions 2 and 3 in Figure II.2 is too distant in sequence to interact 

simultaneously with another homologous transmembrane helix. To interact 

simultaneously, one of the transmembrane helices would have to lose its helical structure 

and there is no structural evidence for this in PLB, SLN or TM5 of SERCA. Even if helix 

unwinding occurred, the gap between transmembrane region 1 and 2 in Figure II.2 is even 

larger and would require more extensive re-arrangement to accommodate an interaction.  

II-2.2. Special considerations for interacting, homologous transmembrane helices in 

protein sequence alignments. 

Based on the results of our initial (default criteria) alignment (Figure II.2a), we can 

address our concerns with a single changed criterion and re-align the sequences of 

SERCA, PLB and SLN. The new criterion will address the gaps observed between the 

clusters of aligned residues that would have to unwind the respective transmembrane 

helix to accommodate interaction. We can limit gaps in the sequence alignment by 

increasing the gap extension penalty (the default setting is 0.2 for multiple sequence 

alignments). Since we are particularly invested in intra-membrane interactions between 

two transmembrane helices, we increased the gap extension penalty of the alignment of 

PLB-tm, SLN-tm, and SERCA1a. A gap extension penalty of 0.5 produced similar gaps 

as the 0.2 default setting. A gap penalty of 1.0 reduced the observed gaps to a maximum 

of 2 sequential residues in most of the alignments. Figure II.3 shows the resulting 

alignment of PLB-tm, SLN-tm and SERCA1a with the increased gap extension penalty. 

Our best scored alignment with the increased gap extension penalty is between PLB-tm, 

SLN-tm and TM1 of SERCA. Indeed, the ends of the transmembrane helices align very 

well, both in terms of their respective topology and for maintaining transmembrane 

helical structures (Figure II.3). However, TM1 of SERCA has not been implicated 

otherwise in interaction with PLB and SLN. To look for other homologous regions, that 

have a lower score than the aligned regions in Figure II.3, we next removed TM1 of 

SERCA1a from the alignment. The removal of TM1 was performed because ClustalW 

reports only one best fit. If we remove the best fit region from the input sequence of the 

larger protein, we can get the second best fit by re-aligning the altered sequences using 

ClustalW. 
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Figure II.2. An example of a sequence alignment between SERCA, PLB and SLN 

that would not be compatible with inter-protein interaction between two 

transmembrane helices. Sequence alignments of the transmembrane domains of PLB 

(PLB-tm; residues 34 to 52) and SLN (SLN-tm; residues 11 to 31) with the entire 

sequence of SERCA1a. Alignment was performed using ClustalW at the European 

Bioinformatics Institute (EBI) website (www.ebi.ac.uk)
9, 10

. Panel A, alignment between 

PLB-tm, SLN-tm and SERCA1a. Asterisks (*) indicate fully conserved residues and 

colons (:) indicate strong conservation between residues. Panel B, schematic 

interpretation of the PLB-tm and SERCA aligned regions based on topology. The 

interaction between PLB regions 1 to 3 (green cylinders) with TM5 (blue rectangle) 

agree with the topology of the aligned regions. However, the interaction between PLB 

transmembrane region 4 (yellow cylinder) and TM6 of SERCA (red rectangle) would not 

be possible in the general topology of PLB (shown by the “X” between PLB region 4 and 

TM6). The alignment would agree with an interaction if the C-terminus of PLB re-

inserted in an opposite direction as the rest of it transmembrane helix (see section II-2.1 

of the text for discussion). The gaps in the alignment between PLB regions 1 and 2, and 

between PLB regions 2 and 3, would require disruption of the helical structure of PLB, 

SLN or TM5. There is no structural evidence for such extensive unwinding. 
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Figure II.3. An example of a sequence alignment between SERCA, PLB and SLN 

compatible with inter-protein interaction between two transmembrane helices. The 

sequence alignment was performed as described in Figure II.2 (also see section II-3 of the 

text) with the gap extension penalty increased to 1.0 from the default of 0.2. The aligned 

regions between PLB-tm, SLN-tm and SERCA1a are now compatible with interaction in 

terms of topology and transmembrane helical structures. 
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The second best score, following the removal of TM1, is shown in Figure II.4a. The 

aligned regions are primarily between PLB-tm, SLN-tm and TM9 of SERCA1a. 

Although TM9 has also been implicated in the binding of PLB and SLN (in the TM2, 

TM4, TM6 and TM9 groove), the topology is not a good fit with the aligned regions. 

More specifically, the cytoplasmic end of PLB-tm aligns with the luminal end of TM9. 

Although the directions of the aligning termini are in agreement, the topology is not. To 

continue, we next removed the TM9 and TM9/10 luminal loop regions. The third best 

score, following removal of TM1 and TM9, is shown in Figure II.4b. The aligned regions 

are consistent with the proposed interaction site for PLB and SLN pentamers centered on 

TM3 of SERCA based on co-crystals. The ends of the transmembrane helices align very 

well, both in terms of their respective topology and for maintaining transmembrane 

helical structures (Figure II.4b). 

II-2.3. Correcting the topology of transmembrane proteins for multiple sequence 

alignments: SERCA, PLB and SLN as an example. 

Our third alignment provided our first good fit between homologous regions and 

proposed interaction sites between PLB, SLN and SERCA1a. We did observe homology 

between PLB and SLN with the TM2, TM4, TM6 and TM9 groove, but the topology was 

not a good fit for interaction between transmembrane helices. To this point, we have 

disregarded alignments based on topology of PLB, SLN and SERCA1a. However, we can 

address the limitations of linear sequence alignments in two simple ways.  

The first would be to create a SERCA1a sequence that reads linearly in a manner that is 

coherent to how PLB or SLN could interact with SERCA in the membrane. For example, 

the sequence for TM2 would be reversed, such that a positive alignment would 

necessarily agree with topology. This would be repeated for the other transmembrane 

helices with a similar topology as TM2, including TM4, TM6, TM8 and TM10. With ten 

transmembrane helices in SERCA this becomes somewhat difficult, however, in 

determining the alignment of intervening loops and extensions between transmembrane 

helices. Since we are fortunate to be aligning relatively short sequences (PLB-tm and 

SLN-tm) with SERCA1a, we can choose a second approach. We can bridge the problem 

by simply reversing the PLB-tm and SLN-tm sequences, and performing an alignment of 

the reversed sequences with SERCA1a (Figure II.5).  
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Figure II.4. Examples of sequence alignments between SERCA, PLB and SLN 

compatible with identified PLB-binding sites. The sequence alignment was performed 

as described in Figure II.2 (also see section II-3 of the text) with the gap extension 

penalty increased to 1.0 from the default of 0.2. Panel A, the aligned regions are 

compatible with transmembrane helical structure, but not a good fit in terms of topology. 

Panel B, the aligned regions are compatible with interaction in terms of topology and 

transmembrane helical structures. This sequence alignment was reported in Chapter 4 and 

is consistent with the proposed interaction site for pentameric PLB with TM3 of SERCA. 
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Figure II.5 uses this latter approach and the results align PLB-tm (backwards), SLN-tm 

(backwards) and TM2 of SERCA1a (Figure II.5a). The aligned regions are consistent 

with the proposed TM2, TM4, TM6 and TM9 interaction site for PLB monomers based 

on cross-linking and modelling
3
. In fact, the aligned regions place Val

49
 of PLB close to 

Val
89

 of SERCA, which was a strong reported cross-link
3
. The ends of the 

transmembrane helices align very well, both in terms of their respective topology and for 

maintaining transmembrane helical structures (Figure II.5a). If we continue a similar 

approach as before, removing the top scored regions and re-aligning the adjusted 

sequences, we can observe homology between PLB-tm (backwards), SLN-tm 

(backwards) and TM6 of SERCA1a (Figure II.5b). The ends of the transmembrane 

helices align very well in terms of their respective topology and a good fit is made for 

maintaining transmembrane helical structures (Figure II.5b). Again, this would be 

consistent with the proposed TM2, TM4, TM6 and TM9 binding groove for the PLB 

monomer
3
. The alignment with TM6 of SERCA represents the sixth best scored 

alignment using the reverse PLB-tm and SLN-tm sequences. The second and fourth best 

scores were disregarded because of topology conflicts (the aligned regions were TM1 and 

TM3, which were the first and third best scored alignments using the forward PLB-tm 

and SLN-tm sequences – see Figures II.3 and II.4). The third best scored alignment 

involved TM10 of SERCA, which could also interact with pentameric PLB in our co-

crystals
2
. 

II-2.4. TM1 of SERCA as a region of homology with the transmembrane domains of 

PLB and SLN. 

It is interesting that TM1 of SERCA was identified as the best region of homology with 

the forward sequences of PLB-tm and SLN-tm (Figure II.3). We have proposed that 

binding of the PLB pentamer, centered on TM3, could deliver PLB to its monomeric 

binding site in the TM2, TM4, TM6 and TM9 groove (see Chapter 4). In the Discussion, 

we highlighted the movement of TM3 towards the face of SERCA containing the 

monomer-binding groove in E1 states of SERCA with Ca
2+

 bound (see Figure 6.9 in 

Discussion). However, to move the shortest distance between the proposed TM3 and the 

TM2, TM4, TM6 and TM9 binding sites, PLB would have to navigate around TM1. In 

the simplest delivery mechanism, SERCA would begin with a PLB pentamer bound to 

TM3. By mimicking each other, the homology between the PLB transmembrane domain 

and TM3 of SERCA (Figure II.4b) would promote dissociation of a PLB monomer from 
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a PLB pentamer. The dissociated monomer would then interact with the homologous 

TM1 region (Figure II.3) and, subsequently, be delivered to the TM2, TM4, TM6 and 

TM9 binding groove, where PLB shares homology with TM2 (Figure II.5a). In this 

groove, bound PLB monomers would inhibit SERCA. The monomeric PLB would be 

squeezed out of the groove when Ca
2+

 binds, as proposed
3
, and a reverse sequence of 

events could remove PLB and return it to the PLB oligomer bound to TM3. 

We aligned for homology between PLB and SERCA1a using a different alignment 

procedure. LALIGN
12 

is an alignment program for binary sequences (hosted at the 

EMBnet website - www.ch.embnet.org/). PLB-tm and PLB-tm(backwards) served as 

control sequences aligned with SERCA. The stringency of LALIGN was set to BLOSUM 

35 (search matrix)
13

, otherwise the settings were the given default values. Without 

showing more alignments, the overall summary of the LALIGN results are given with 

those from ClustalW in Table II.1. Both of the discussed proposed PLB-binding sites 

TM2 and TM3 are again aligned with excellent fits for topology and membrane helix 

interactions. The rankings of the alignments differ between ClustalW and LALIGN, but 

TM2 and TM3 alignments are found among the highest ranks using both alignment 

programs. 
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Figure II.5. Examples of topology corrected sequence alignments between SERCA, 

PLB and SLN compatible with identified PLB-binding sites. The sequence alignment 

was performed as described in Figure II.2 (also see section II-3 of the text) with the gap 

extension penalty increased to 1.0 from the default of 0.2. The reverse sequences of PLB-

tm and SLN-tm were aligned with SERCA1a. Both alignments are consistent with the 

proposed TM2, TM4, TM6 and TM9 binding groove for the PLB monomer
3
. Panel A, 

the aligned regions are compatible with interaction in terms of topology and 

transmembrane helical structures. Panel B, the aligned regions are compatible with 

interaction in terms of topology and a good fit for maintaining transmembrane helical 

structures.  
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Table II.1. Comparison of ClustalW and LALIGN output for SERCA1a and PLB 

with topology correction. 

 Description 

Proposed 

PLB-binding 

site 

(method) 

Topology- 

correct 

ClustalW 

rank 

LALIGN 

rank 

 

PLB-tm [SERCA1a] 
     

 
 

TM1 

 

N 

 

Y 

 

1 

 

2 

 TM3 
Y 

(co-crystals) 
Y 3 1 

 
 

TM9 

Y 

(cross-link/model) 

 

N 

 

2 

 

- 

 

PLB-tm (backwards) 

[SERCA1a] 

     

 TM2 
Y  

(cross-link/model) 
Y 1 5 

 TM1 N N 2 3 

 TM3 
Y 

(co-crystals) 
N 3 2 

 TM10 
Y 

(co-crystals) 
Y 4 - 

 TM9 
Y (cross-link/ 

model) 
N 5 - 

 TM6 
Y (cross-link/ 

model) 
Y 6 

- 

 

 TM5 N N - 1 
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II-3. Materials and Methods. 

All sequence alignments were performed using ClustalW version 2 at the European 

Bioinformatics Institute website (www.ebi.ac.uk)
9, 10

. The sequence alignments were 

performed with the default settings unless otherwise described (only the gap extension 

penalty was changed). The TM regions of SERCA were defined by the residues given in 

Kuhlbrandt 2004
11

. 
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