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ABSTRACT 
 
 Muscle contraction and relaxation are regulated by changes in intracellular 

calcium levels. To facilitate muscle contraction, calcium is released from the 

intracellular calcium reservoir into the cytosol by the homotetrameric calcium 

channel known as the ryanodine receptor (RyR). The sarcoplasmic reticulum 

membrane-embedded RyR is a target for many small molecule and protein 

modulators, including the ubiquitously expressed calcium binding protein 

calmodulin (CaM). CaM can bind four calcium ions via its four EF-hand motifs 

and has calcium-dependent effects on RyR. It is well established that CaM 

potentiates channel opening below µM calcium and inhibition above µM calcium. 

Despite this, the structural mechanism of the calcium-dependent CaM-mediated 

RyR regulation remain poorly understood. 

 The primary goal of the work presented here is to elucidate the structural 

mechanisms of the CaM-RyR interaction, using bifunctional spin labels and 

electron paramagnetic resonance (EPR). In the first study, we investigated the 

structural dynamics of a spin labeled ryanodine receptor peptide (RyRp) bound to 

CaM using EPR (Chapter 4). By detecting the rotational dynamics of specific 

sites along the backbone, we show that the interaction of RyRp with CaM is non-

uniform along the peptide, and the primary effect of calcium is to increase the 

interaction of the N-lobe of CaM with RyRp. In the second study (Chapter 5), we 

placed spin probes on both CaM and RyRp and investigated the calcium-

dependent structural changes of the complex using a distance measurement 

EPR technique known as double electron-electron resonance (DEER). Our 
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DEER distance results provide support for the conformational selection 

mechanism of CaM binding to RyRp (i.e. the binding of RyRp shifts CaM to pre-

existing structural states). We discovered differential Ca effects on the two lobes 

of CaM with respect to RyRp binding. More specifically, we discovered that Ca 

was required for complete interaction of the N-lobe with RyRp, while the C-lobe 

bound RyRp independent of Ca. These findings are consistent with results from 

Chapter 4 and provide support for the hypothesis that CaM functions as a subunit 

of RyR through binding of the C-lobe, and complete interaction of the N-lobe of 

CaM (in response to increased cytosolic Ca levels) is responsible for maximum 

inhibition of RyR. Thus, our results provide novel insight into the structural 

mechanism of CaM-mediated RyR regulation while showcasing an innovative 

approach with wide applicability to other biological systems.  
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CHAPTER 1: CALCIUM-REGULATED MUSCLE PHYSIOLOGY 
 

1.1 ROLE OF CALCIUM IN MUSCLE FUNCTION 

 
 The processes of muscle contraction and relaxation at the cellular level are highly 

complex and tightly regulated. Muscle contraction is primarily governed by excitation-

contraction (EC) coupling, which is generally defined as a physiological phenomenon 

that converts an electrical stimulus into a mechanical response. In this case, an action 

Sarcolemma

T-tubule

SERCARyR

SR

DHPR

Ca Ca

Myofilament

Ca
Ca

NCX
Ca

Na

PLB

 

 

Fig. 1. Diagram of intracellular Ca transport. Ca transported through the L-type calcium channels 
(DHPR in figure) during action potential activates sarcoplasmic reticulum (SR) membrane-bound 
ryanodine receptors (RyR), which in turn releases Ca from the SR the cytosol. Increased 
cytosolic Ca levels stimulate contraction at the myofilaments. To facilitate muscle relaxation, 
calcium is taken back into the SR by the calcium ATPase SERCA, which is regulated by PLB or 
removed out of the cell by the Na-Ca exchanger (NCX).  
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potential (electrical signal) depolarizes the sarcolemma of muscle cells eventually leading 

to muscle contraction at the myofilaments (mechanical response). Fig. 1 is a diagram 

showing the essential players in intracellular calcium transport, more specifically, those 

involved in excitation contraction coupling (see section 1.2). The role of Ca is to bridge 

the two processes: depolarization of the sarcolemma eventually leads to Ca release via 

the ryanodine receptor (RyR) from the intracellular Ca storage organelle, the 

sarcoplasmic reticulum (SR), into the cytosol where they bind and induce contraction at 

the myofilaments. Thus, increased cytosolic Ca concentration is associated with the 

contractile state of muscle. In order for relaxation to occur, cytosolic Ca must be 

decreased. This process is predominantly achieved by pumping Ca back into the SR or 

out of the cell, by the SR membrane-embedded protein pump sarcoendoplasmic reticulum 

Ca-ATPase (SERCA) and Na-Ca exchanger (NCX), respectively. Remarkably, SERCA 

alone is responsible for about 70% of the Ca removed from the cytosol in human [1]. 

Thus, calcium homeostasis is crucial and mishandling of Ca can lead to harmful and very 

often deadly heart and muscle conditions.  

 

1.2 EXCITATION-CONTRACTION COUPLING 

 As mentioned in section 1.1, the process of EC coupling comprises a series of 

events leading up to muscle contraction (Fig. 1). The process begins when an electrical 

impulse from an associated motor neuron depolarizes the sarcolemma, activating 

membrane-bound voltage-gated Ca channels known as dihydropyridine receptors 

(DHPR) or L-type Ca channels (ICa). In both skeletal and cardiac muscle tissues, the 

downstream effect of membrane depolarization is the rapid efflux of Ca from the SR, but 
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their mechanism varies. In skeletal muscle, the DHPR is physically coupled to RyR, and 

membrane depolarization causes a conformational change in the DHPR that is 

allosterically coupled to the opening of the channel. In cardiac muscle, RyR activation is 

instead induced by a small but significant influx of Ca from the extracellular environment 

through the DHPR causing opening of RyR in a process known as calcium-induced 

calcium release.  Ca diffuses to the myofilament where they bind and induce contraction. 

The myofilament apparatus, consisting of myosin, actin and the tropomyosin-troponin 

complex, is the contractile unit responsible for force generation of the myocyte. In the 

relaxed state, the myosin-actin interface is blocked by the tropomyosin-troponin complex. 

Ca binding to troponin relieves this and triggers mechanical contraction as the myosin 

binds and generates force onto the thin filaments. 
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CHAPTER 2: REGULATION OF THE RYANODINE RECEPTOR BY 
CALMODULIN 
 

2.1 CALMODULIN: STRUCTURE, FUNCTION, AND DISEASE 

 
 Many extracellular signals are relayed into intracellular responses through an 

increase in the cytosolic Ca levels. Elevated cytosolic Ca concentration leads to binding 

of Ca by regulatory proteins, which in turn activate a wide variety of intracellular 

processes by interacting with downstream targets. One of these regulators is calmodulin 

(CaM, Fig. 2), a ubiquitously expressed 16.7 kDa, 148 amino acid protein that regulate 

many crucial cellular pathways in eukaryotes such as gene transcription, apoptosis, 

metabolism, neurotransmitter secretion, myofilament contraction and many others [2]. 

CaM can bind to its targets when not bound to Ca (apoCaM), bound to Ca (CaCaM), or 

constitutively at both low and high Ca concentrations.  

 The binding of Ca drastically alters the conformation of CaM. Solution NMR and 

X-ray crystallography studies have shown that CaM consists of two similar globular 

terminal lobes termed the N- and C-lobes which are connected by a central flexible linker 

(Fig. 2) [5, 3, 6-8]. Each domain contains two EF-hand motifs, each capable of binding 

N-lobe C-lobe

“closed” “open”
 

Fig. 2. Ribbon diagram representation of CaM. Structures of apoCaM (left) and CaCaM (right) 
were determined from NMR and x-ray crystallography, respectively [3, 4]. Ca ions are shown as 
green spheres. 
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one Ca ion with the C-lobe having approximately 10-fold higher affinity than the N-lobe 

[9]. In the classical picture, apoCaM exists in the “closed” state where the central linker 

is partially unfolded and the N- and C-lobes are collapsed towards the center [4]. Binding 

of four Ca at each of the EF-hands induces a large conformational change resulting in the 

“open” state of CaM in which the central linker becomes folded and the two lobes are 

spaced far apart [3]. As a consequence of this structural rearrangement, methionine-rich 

hydrophobic patches are exposed on each domain of CaM that promote binding to a wide 

array of targets. 

 NMR studies in solution have shown that CaM is a remarkably dynamic protein 

both in the presence and absence of Ca. 15N NMR relaxation experiments and analysis of 

inter-residue NOE signals indicate that the central linker (residues 76 to 80) between the 

two terminal domains of CaM exhibit high flexibility, suggesting that the two domains 

tumble independently in solution [10, 6, 4]. This hypothesis is further supported by NMR 

residual dipolar coupling experiments which demonstrate that the N- and C-lobes have 

different anisotropies [8], and molecular dynamics (MD) simulations which demonstrate 

that the central linker undergoes drastic bending and unfolding motions, such that the two 

terminal lobes experience significant variations in the inter-domain distances and angles 

[11, 12]. 

The essential role of CaM as a Ca sensor has been well established for over half a 

century and both structural and biochemical data have provided insight into the 

mechanism by which it mediates the activity of downstream targets. Classically, the 

function of CaM is thought to involve Ca-dependent activation of Ca/CaM protein 

kinases where an increase in cytosolic Ca concentrations induces a conformational 
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change in CaM that allow it to bind to an auto-inhibitory region of these kinases and 

thereby activate them [13]. More recently, studies have demonstrated an equally 

important role for CaM in regulating the activity of ion channels. Unlike the Ca-

dependent activation of the protein kinases, both apoCaM and CaCaM can bind and 

regulate ion channels.  

 

2.2 THE RYANODINE RECEPTOR 

 
 The main calcium channel in the SR of skeletal and cardiac muscle is the RyR 

(Fig. 3), named after the plant alkaloid ryanodine to which it binds with high affinity. 

There are three main mammalian isoforms, with RyR1 and RyR2 being highly expressed 

in the skeletal and cardiac tissues, respectively. RyR3 is variably expressed in different 

tissues but was first discovered in the brain. RyR1 and RyR2 are responsible for the 

release of Ca from the SR into the cytoplasm following an action potential in skeletal and 

cardiac tissues, respectively, while RyR3 is essential to various neuronal functions. RyR 

is a homo-tetramer consisting of four subunits of ~560 kDa each, making it the largest 

known ion channel. The subunits form a quadrilateral around a central pore, creating a 

passage for Ca ions to flow through. RyR is embedded in the SR membrane, with 

approximately 80% of the protein in the cytoplasmic side (Fig. 3).  
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FKBP

Lumen

TM
Cytoplasm

Side view

Top-down 

view

 

Fig. 3. CryoEM reconstruction of the intact mammalian skeletal ryanodine receptor at 4.8 Å 
resolution [14]. The colored regions depict different domains of a single protomer. Side view (top 
panel) reveals that most of the channel is located on the cytosolic side. Top-down view (bottom 
panel) shows how four protomers are oriented to form a functioning channel. 
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 The structure of the intact ryanodine receptor was first investigated over a decade 

ago using cryo-electron microscopy (cryoEM) to a resolution of approximately 10 Å [15-

17]. Since then, advances in the field of cryoEM have allowed the structure of RyR to be 

resolved to an remarkably improved resolution of below 4.8 Å (Fig. 3) [14, 18, 19]. 

These cryoEM maps reveal a large cytoplasmic region embedded into the SR membrane 

through a much smaller transmembrane domain. Many cellular agents and modulators 

interact with the cytoplasmic side of the channel, translating them to opening or closing 

of the small channel pore region. Such modulators include CaM, FKBP, FKBP12.6, CaM 

kinases, PKA and others. 

  

2.3 CALMODULIN-MEDIATED RYANODINE RECEPTOR REGULATION 
 

The DHPR and RyR channels are both regulated by other proteins that function as 

secondary modulators of EC-coupling. Of particular relevance and interest is CaM, which 

is capable of binding and regulating both the DHPR and RyR channels at low and high 

cytoplasmic Ca levels. CaM binds to the skeletal RyR with high affinity both in the 

presence and absence of Ca [20, 21]. Investigations involving [35S]CaM revealed a single 

high-affinity CaM-binding site per RyR1 protomer [22-24], and cryoEM reconstruction 

shows that CaM binds within a cleft near the cytoplasmic face of the channel [15]. 

Measurements of SR Ca flux, ryanodine binding assays and single channel recordings 

have shown that CaM binding on RyR1 has opposite effects on channel activity: at low 

Ca levels CaM has an activating effect on RyR1, while at high Ca, CaM functions as an 

inhibitor [25, 21, 26]. The presence of CaM mainly shift the Ca-dependence of RyR1 

activity towards a lower concentration such that RyR1 activates and inactivates at a lower 
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Ca concentration than in the absence of CaM (Fig. 4). CaM-bound RyR1 opens and 

closes at physiological Ca levels associated with muscle contraction, thus CaM functions 

effectively as a feedback regulator of Ca levels making RyR1 more sensitive to Ca. 

Results from kinetics studies suggest that CaM may be constitutively bound to RyR 

throughout the EC-coupling process, as the dissociation rates of apoCaM and CaCaM are 

slower than the time-scale of a muscle contraction event [21].  

 As mentioned earlier, cryoEM studies and experiments utilizing [35S]CaM have 

shown that one CaM binds per subunit of RyR at all Ca concentrations. It has also been 

shown that the binding sites of apoCaM and CaCaM are distinct but overlapping and 

located in a cleft in the cytoplasmic region [15]. A high-affinity CaM-binding site on 

RyR1 was identified by tryptic digestion and peptide mapping [22, 28, 29]. It has been 

+CaM

-CaM

+ Ca-insensitive CaM

 

Fig. 4. The effect of CaM on the Ca-dependence of RyR1 activity. The activity of RyR1 in the 
absence (open circles) or presence (closed circles) of CaM was measured by detecting the 
amount of bound [3H]ryanodine, which has been shown to bind preferentially to the open state of 
the channel [27]. Figure adapted from [28]. 
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discovered that both apoCaM and CaCaM was able to protect the same residues (R3630 

and R3637) from proteolytic cleavage, suggesting that this region contained the CaM-

binding site both in the presence and absence of Ca [22]. Subsequent studies of CaM 

binding to various synthetic peptides derived from sequences around the R3630 and 

R3637 region revealed that a peptide corresponding to the 3614-3643 on RyR1 (RyRp) 

interacted with both apoCaM and CaCaM with high affinity [29]. Additionally, the 

affinities of CaM for RyRp and the intact RyR channel are comparable, furthering 

suggesting that this site corresponds to the main primary binding site for CaM. 

Furthermore, mutagenesis experiments involving point mutations within the 3614-3643 

region affected CaM’s regulation of RyR at low and high Ca concentration [31, 32]. 

More specifically, the mutation F3636A resulted in inhibition of RyR1 by CaM at low Ca 

(instead of activation), and W3620A resulted in decreased CaCaM binding and inhibition 

of the channel. Lastly, the 3614-3643 site of RyR1 is extremely well conserved across 

various vertebrates and isoforms (Fig. 5), further solidifying this site of RyR1 as a high-

affinity binding site for apoCaM and CaCaM. 

 

Fig. 5. Sequence alignment of mammalian RyR1 at the 3614-3643 site and several other 
homologs. The proposed CaM-binding site 3614-3643 in RyR1 is extremely conserved across 
human, rat and zebrafish, and human RyR2 and RyR3 sequences. Residues that are identical in 
at least four sequences are bolded. Figure reprinted from [30]. 
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 The interaction of RyRp with CaM was further investigated by NMR and x-ray 

crystallography. In a 2006 paper [30], Maximciuc et al. reported the crystal structure of 

CaCaM in complex with RyRp to a resolution of 2.0 Å (Fig. 6). In this structure, the two 

lobes of CaM makes contact with the helical RyRp, embracing it in a “compact” 

conformation with respect to the lobe separation. They also discovered residues in the 

RyRp sequence crucial to the interaction with CaM, including W3620 and F3636, which 

forms a “1-17” hydrophobic anchor for each of the CaM lobes to bind [30]. These are the 

same residues that were previously found to affect CaM’s ability to regulate RyR1 in 

mutagenesis experiments [31, 32]. Interestingly, the two lobes comes together to adopt a 

compact conformation but do not come close enough to physically make contact with one 

another as with the case of other CaM/target peptide structures such as that of CaM 

 

Fig. 6. Crystal structure of CaCaM in complex with RyRp at 2.0 Å resolution. The structure 
reveals that the N-lobe (blue) and C-lobe (gray) of CaM are brought in together by RyRp 
(maroon) to adopt a “compact” structure. Ca ions are shown as green sphere. Figure adapted 
from [30].  
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bound to myosin light chain kinase peptide [33]. Consistent with this, NMR relaxation 

and residual dipolar coupling experiments confirm the existence of the crystal structure in 

solution but also reveal significant domain motion [30].  
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CHAPTER 3: ELECTRON PARAMAGNETIC RESONANCE 
 

3.1 SITE-DIRECTED SPIN LABELING 
 

 Electron paramagnetic resonance (EPR) is a spectroscopic technique utilized for 

measuring the structure, dynamics and local environment of proteins and molecules 

through a stable unpaired electron. EPR detects the absorption of microwave radiation by 

the sample at specific resonances. Since most naturally occurring proteins lack a free 

radical, a spin label containing an unpaired electron must be attached to the protein in 

order to make it EPR-active in a process known as site-directed spin labeling (SDSL). 

Spin labels typically consist of five or six membered rings with a nitroxide bond 

containing the unpaired electron in a p-orbital (Fig. 7). Typically, the SDSL method 

requires cysteines for site-specific attachment of the spin labels. Therefore, any native 

cysteines in a protein of interest must be mutated to another amino acid, usually alanine, 

using site-directed mutagenesis to prevent unspecific attachment of the spin label. The 

most widely used spin labels are thiol reactive (Fig. 7), thus cysteine must be introduced 

at site of interest in a protein for SDSL.  It must be noted that the mutated protein should 

maintain its function and structural integrity, which can be easily checked with an activity 

assay and circular dichroism experiment, respectively. With the case of monofunctionally 

attached spin labels (MSL, MTSSL, IASL) this is usually less of a concern since only one 

cysteine is needed. These monofunctionally attached spin labels often are limited in their 

accuracy and precision of measuring protein structures and dynamics because of their 

flexible linkage. As will be discussed later in Section 3.5, these limitations of 

monofunctional spin labels can be virtually eliminated by using bifunctionally attached 

spin labels (TOAC and BSL). 



14 

 

 

3.2 PRINCIPLES OF EPR 
  

 Every types of spectroscopic techniques fundamentally rely on detecting the 

absorption of energy by the sample of interest. For example, UV/Vis spectroscopy relies 

on excited electronic states and infrared spectroscopy on infrared radiation. EPR utilizes 

microwave frequencies to flip the spin states of unpaired electrons.  Spin is an intrinsic 

quantum mechanical property of an unpaired electron that is quantized (adopts discrete 

values of spin states). For an unpaired electron, these states are in one of two orientations: 

(a)                                (b)                         (c)

(d)                                          (e)

 

Fig. 7. Chemical structures of commonly used nitroxide spin labels. Maleimide spin label (MSL, 
a), methanethiosulfante spin label (MTSL, b), and iodoacetamide spin label (IASL, c). These 
labels are attached monofunctionally to proteins via a disulfide linkage with a single cysteine side 
chain. The other two labels which are less commonly used, 2,2,6,6,-tetramethyl-N-oxyl-4-amino-
4-carboxylic acid (TOAC, d) and 3,4-bis-(methanethiosulfonyl-methyl)-2,2,5,5-tetramethyl-2,5-
dihydro-1h-pyrrol-1-yloxy (BSL, e) are attached bifunctionally. TOAC is an paramagnetic 
unnatural amino acid that can only be incorporated through peptide synthesis, while BSL require 
two cysteines at i and i+4 for proper attachment. 
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“spin up” (ms = +1/2) or “spin down” (ms = -1/2). These electron spin states are 

degenerate in the absence of an external magnetic field (B0 = 0), but separate into 

different energy states in the presence of a magnetic field in a phenomenon known as the 

Zeeman Effect (Fig. 8a). The extent of the splitting, which is proportional to the external 

magnetic field strength, allows absorption to occur when the resonance condition is 

satisfied. The energy of a photon is the product of its frequency (ν) and the Plank’s 

constant (h), and absorption occurs when the following requirement is satisfied: 

 

 Δ𝐸 = ℎ𝜈 = geμBB0 Eq. 1 

 

where g is the so-called g-factor (ge = 2.0023 for free electron), μB is the Bohr magneton 

and B0 is the external magnetic field strength. Eq. 3 specifies the resonance condition, 

where microwave radiation is only absorbed when their energy exactly matches the spin 

separation of the unpaired electron established by the external magnetic field (Fig. 8b).  

 Similar to electrons, nuclei also have a quantized intrinsic spin angular 

momentum with a magnetic moment. In the case of nitroxide spin labels, 14N possesses a 

nuclear spin of I = 1, therefore it may adopt spin states of mI = -1, 0, or +1. This allows 

the nuclei to generate an additional magnetic field that can interacts with and influences 

the unpaired electron. The interaction of the nitrogen magnetic field with the unpaired 

electron is known as the hyperfine interaction (Fig. 9), and further splits the two energy 

levels of the unpaired electron caused by the Zeeman Effect. The result is that there are 

three possible spin transition, each with its own resonance requirement, leading to the 

typically observed nitroxide spectrum with three peaks. 
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3.3 SENSITIVITY TO ROTATIONAL DYNAMICS 

 

 Of particular relevance to this thesis project, EPR is extremely sensitive to 

rotational dynamics. The simplest scenario to consider involves isotropic rotational 

tumbling, which can be related to a rotational correlation time (τR). When the motion is 

sufficiently slow in the rigid limit of CW-EPR with τR ≥ 10-6 seconds, the spins are 

excited and relaxes before significant changes in their spatial position can occur and 

therefore the apparent resonances are unaffected. At the other end of the continuum, 

when the rate of motion becomes fast with τR ≤ 10-12 seconds (fast limit), all the 

contributions of the anisotropies are averaged out and the EPR spectrum becomes 

insensitive to any motional changes. Therefore, the sensitive region of conventional EPR 

E

Increasing BB=0

Ms = -1/2

Ms = 1/2

ΔE=hν=geμBB0

hν=geμBB0

(a) (b)

 

Fig. 8. The Zeeman Effect (a). An unpaired electron possesses two spin states (ms = ±1/2). In the 
absence of an external magnetic field there is no separation in energy of the two spin states. In 
the presence of an external magnetic field, the Zeeman Effect occurs and separates the two spin 
states into discrete energy levels proportional to the magnetic field strength. In order for 
absorption of microwave photon to occur, the resonance condition must be satisfied (b).   
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to rotational dynamics lies with 10-12 ≤ τR ≤ 10-6 seconds.  

  

As mentioned earlier, for rotational motion slower than microseconds, 

conventional EPR spectrum is at the rigid limit (“powder spectrum”) and loses sensitivity 

to changes in rotational motion. This is often the case when trying to study very large 

proteins, or membrane-embedded proteins. These slower motions can be detected using a 

technique called saturation transfer EPR (ST-EPR). In contrast to conventional EPR, ST-

Ms = 1/2

Ms = -1/2

(0.00,0,180.00,90,0.00)

B=0 B>0

 

Fig. 9. The hyperfine interaction. The Zeeman Effect splits up the spin states into two energy 
levels. Because of interaction between the electron spin and nitrogen nuclear spin, the energy 
levels are further split such that there are three possible spin transitions. Each spin transition has 
its own resonance condition, resulting in the typical EPR nitroxide spectrum with three lines.   
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EPR uses a much higher microwave power to saturate the spins in the samples, disrupting 

the Boltzmann equilibrium. The rotational diffusion then causes saturation to diffuse to 

other positions in the EPR spectrum, relieving the saturation at specific spectral position 

in the experiment. Thus, conventional EPR is typically used for measuring motion in the 

range of 10-12 ≤ τR ≤ 10-6 seconds, and ST-EPR for 10-6 ≤ τR ≤ 10-3 seconds (Fig. 10).  

 

  

R (s)

Conventional Saturation Transfer

R (s)

10-3

10-5

10-7

10-9

10-11

 

 

Fig. 10. EPR sensitivity to rotational dynamics. Conventional EPR has sensitivity to rotational 
motion in the range of 10-12 ≤ τR ≤ 10-6, while saturation transfer EPR is sensitive to motion s lower 
than microsecond. When both techniques are used together, EPR can measure an broad range 
of dynamics. 



19 

 

3.4 DOUBLE ELECTRON-ELECTRON RESONANCE 
 

 EPR can also be used to measure more complicated protein systems to obtain 

more information regarding the system of interest. When two spin labels are present in a 

sample, the distance distribution between the labels can be measured using a pulsed EPR 

technique known as double electron-electron resonance (DEER, Fig. 11). Because the 

labels are placed at very specific sites, any changes in the observed distance distribution 

is directly correlated to changes in the structure of the protein. DEER is an extremely 

complicated process both in terms of experiment and data analysis, but can reveal highly 

valuable information regarding protein of interest. This technique is analogous to Forster 
Distance and disorder sensitivity of dipolar CW-EPR and DEER
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Fig. 11. Simulated data showing the sensitivity of DEER and dipolar CW-EPR to spin-spin 
distance and disorder. DEER is most sensitive to distances between 2.0 and 6.0 nm, while 
dipolar CW-EPR is sensitive to distances between 0.6 and 2.5 nm. A combined use of both 
techniques allow for measurement of spin-spin distances over a broad range. Low disorder 
systems, red. High disorder systems, blue. 
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resonance energy transfer (FRET) in fluorescence, but most sensitive to distances 

between 1.5 and 6.0 nm so it lacks the range of distance sensitivity of FRET. For shorter 

distances, dipolar CW-EPR that rely on detecting broadening of the CW spectrum can be 

used. Compared to FRET, DEER also has superior resolution due to its feature-rich 

waveform and advantages of smaller labels. Additionally, DEER employs the same label 

at both sites so the labeling experiment is much easier than FRET. Fig. 11 demonstrate 

the sensitivity of both DEER and dipolar CW-EPR to distance and disorder. 

 

3.5 ADVANTAGES OF THE BIFUNCTIONAL SPIN LABEL AND TOAC 
  

Understanding the conformational dynamics of the label is crucial to all types of 

site-directed spectroscopy. In the case of spin labels, the most widely used thiol-reactive 

nitroxide probes (Fig. 7a-c) are monofunctionally attached to protein at a single cysteine 

site. While these spin labels require only a single mutation, provided there are no native 

cysteines in the protein, and are relatively simple to use, they are not without their 

limitations. EPR is sensitive to motion of the spin label and not the protein. Therefore, 

singly flexible linkages of monofunctionally attached spin labels lead to ambiguity in the 

EPR spectrum such that the true dynamics of the protein is masked by the intrinsic 

motion and flexibility of the spin label. This problem can be eliminated with a spin label  
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that becomes immobilized on the protein backbone. Such is the case with two spin labels 

that were previously introduced: BSL and TOAC (Fig. 7d and e). Unlike the standard 

spin labels, BSL is bifunctionally attached at two cysteines at i and i+4 and attains rigid 

and stereospecific attachment to the protein (Fig. 12). TOAC also attain stereospecific 

and rigid attachment as it is incorporated directly into the peptide backbone. However, 

TOAC is a paramagnetic amino acid so it currently can only be introduced through 

peptide synthesis and thus limited to smaller proteins and peptides. 

 

  

BSLMTSSLMSL TOAC

 Standard 

monofunctional spin 

labels attach to single 

Cys.

 Flexibly attached, so do 

not directly reflect position 

and motion of peptide 

backbone.

 Bifunctional spin labels 

attach to two Cys at (i, 

i+4)

 Rigidly and 

stereospecifically 

attached (more accurate, 

precise)

 TOAC rigidly coupled to 

alpha carbon, requires 

peptide synthesis – only 

practical for < 100aa.

 Rigidly and 

stereospecifically

attached to alpha carbon.

 

Fig. 12. Cartoon representation showing the rigid and stereospecific attachments of BSL and 
TOAC. This is in contrast to MSL and MTSSL which are flexibly attached and can lead to 
ambiguity in the EPR spectrum. BSL requires two cysteines at i and i+4, while TOAC is an 
unnatural amino acid so it can only be introduced through peptide synthesis. 
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4.1 CHAPTER SUMMARY 

 

 We have used chemical synthesis, electron paramagnetic resonance (EPR), and 

circular dichroism (CD) to detect and analyze the structural dynamics of a ryanodine 

receptor (RyR) peptide bound to calmodulin (CaM). The skeletal muscle calcium release 

channel RyR1 is activated by Ca-free CaM and inhibited by Ca-bound CaM. To probe 

the structural mechanism for this regulation, wild-type RyRp and four spin-labeled 

derivatives were synthesized, each containing the nitroxide probe TOAC (2,2,6,6-

tetramethyl-piperidine-1-oxyl-4-amino-4-carboxylic acid) substituted for a single amino 

acid.  In TOAC, the probe is rigidly and stereospecifically coupled to the -carbon, 

enabling direct detection by EPR of peptide backbone structural dynamics. In the absence 

of CaM, CD indicates a complete lack of secondary structure, while 40% trifluoroethanol 

(TFE) induces > 90% helicity and is unperturbed by the spin label. The EPR spectrum of 

each spin-labeled peptide indicates nanosecond dynamic disorder that is substantially 

reduced by TFE, but a significant gradient in dynamics is observed, decreasing from N to 

C terminus, both in the presence and absence of TFE.  When bound to CaM, the probe 

nearest RyRp’s N terminus shows rapid rotational motion consistent with peptide 
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backbone dynamics of a locally unfolded peptide, while the other three sites show 

substantial restriction of dynamics, consistent with helical folding. The two N-terminal 

sites, which bind to the C-lobe of CaM, do not show a significant Ca-dependence in 

mobility, while both C-terminal sites, which bind to the N-lobe of CaM, are significantly 

less mobile in the presence of bound Ca. These results support a model in which the 

interaction of RyR with CaM is non-uniform along the peptide, and the primary effect of 

Ca is to increase the interaction of the C-terminal portion of the peptide with the N-

terminal lobe of CaM. These results provide new insight into the Ca-dependent regulation 

of RyR by CaM. 

 

4.2 INTRODUCTION 
 

 The Ca-binding protein calmodulin (CaM) functions as a regulator of many 

crucial Ca-dependent cellular and molecular processes, including the release of Ca from  

sarcoplasmic and endoplasmic reticulum (SR/ER) to initiate muscle contraction [13, 34]. 

CaM achieves this regulation by binding to the tetrameric SR Ca-release channel, the 

ryanodine receptor (RyR). The function of CaM on RyR is isoform-specific.  In skeletal 

muscle, RyR1 is activated by Ca-free CaM (apoCaM) and inhibited by Ca-bound CaM 

(CaCaM) [35], while in cardiac muscle, RyR2 is inhibited by CaM independently of Ca 

binding [36, 37]. Mutagenesis studies identified Met residues of CaM that are critical for 

the functional interaction of CaM with RyR1 [38].  
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It has been proposed that modification of CaM by oxidation or mutation alters CaM’s 

functional interaction with RyR and contributes to RyR dysfunction during oxidative 

stress [38, 39], and electron paramagnetic resonance (EPR) has revealed that Met 

oxidation induces structural perturbation of CaM [39]. Several studies have shown that a 

disturbed CaM/RyR2 interaction plays a key role in arrhythmia and heart failure [32, 40, 

41]. CaM binding properties of the RyR’s have focused on RyR1. It has been reported 

that apoCaM and CaCaM bind with nanomolar affinity (similar to that of the full-length 

channel) to a synthetic peptide matching amino acids 3614-3643 of RyR1 (RyRp) [22, 

29], while other studies suggest that the affinity is much lower (micromolar) in the apo-

state [42, 43]. In the present paper, the position number in the 31-residue RyRp starts 

from 1 at the N-terminus (3614 in full-length receptor) to 31 at the C-terminus (RyRp 

sequence in Materials and Methods). In the crystal structure of RyRp bound to CaCaM 

(Fig. 13), RyRp adopts an -helical conformation in which Trp7 and Phe23 serve as 

5

12

18

25

 
Fig. 13. Ribbon diagram showing CaCaM/TOAC-RyRp complex [30]  (2bcx) (CaM yellow, RyRp 
grey, Ca dark green). The TOAC spin labeling position is shown as stick model at position 5, and 
highlights show positions 12 (blue), 18 (green), 25 (magenta). The unpaired electron is located 
between the nitrogen (blue) and oxygen (red). 



25 

 

hydrophobic anchors [30]. The crystal structure revealed antiparallel binding of the two 

proteins in which RyRp N-terminal residues 2-15 bind to CaM C-lobe, while the RyRp C-

terminal residues 16-24 contact the CaM N-lobe [30]. Trypsin cleavage, alkylation [22], 

and site-directed mutagenesis [31] suggested that apoCaM and CaCaM bind to the same 

RyR1 region that includes Cys22 [44] and Leu11 in RyRp [31]. A recent fluorescence 

anisotropy study proposed a model in which the C-domain of CaM is bound to the RyRp 

site in the presence and absence of Ca, but the N-domain of CaM is bound only in the 

presence of Ca [42]. There is currently limited information on the structure and dynamics 

of the isolated RyRp, the apoCaM/RyRp complex, and the CaCaM/RyRp complex in 

solution. Boschek et al. [45] detected frequency-domain fluorescence of the native Trp 

residue in RyRp, so the data only report side-chain dynamics at a single site.  In the 

present study, we used TOAC to probe directly the backbone dynamics at four different 

positions. Consistent with our results, Boschek et al. [45] found that RyRp is intrinsically 

unstructured in solution, and there is some indication of structural disorder even when 

bound to Ca-bound CaM. 

In the present study, we have used solid-phase peptide synthesis (SPPS), circular 

dichroism (CD), and electron paramagnetic resonance (EPR) to detect the structural 

dynamics of RyRp, bound to apoCaM and bound to CaCaM in solution. EPR is a 

powerful technique for investigating structural changes in proteins and protein/enzyme 

complexes in response to regulatory modifications [46-48]. In these studies, peptides are 

typically prepared by Fmoc solid-phase peptide synthesis (SPPS) [49], which permits the 

incorporation of non-natural amino acids into the peptide sequence, including the spin-

labeled amino acid TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic 



26 

 

acid). TOAC contains a compact probe that rigidly couples to the -carbon and reports 

the accurate position, orientation, and dynamics of the peptide backbone by EPR 

spectroscopy [50, 51, 46, 52]. 

In the present paper, we present structural dynamics information for the isolated 

RyRp and the CaM/RyRp complex. We synthesized wt-RyRp and four TOAC-spin-

labeled RyRp derivatives. EPR was performed to determine the nanosecond rotational 

dynamics of TOAC-RyRp, focusing on the effects of CaM binding in the presence and 

absence of Ca. CD spectroscopy was used to detect changes in the secondary structure of 

isolated RyRp, assisting in the interpretation of EPR data and serving as a control for the 

effects of spin labeling. The results provide new insight into the Ca-dependent regulation 

of RyR by CaM. 

 

4.3 METHODS 
 

Peptide synthesis 

The 31-residue wt RyRp sequence 

KSKKAVWHKLLSKQRRRAVVACFRMTPLYNL [30] and four TOAC-RyRp 

derivatives (with TOAC substituted for Ala5, Ser12, Ala18, and Met25, respectively) 

were synthesized by SPPS using 9-fluorenylmethoxycarbonyl (Fmoc) protected amino 

acids [53]. The TOAC positions on RyRp were chosen in locations where little or no 

contact with CaM is made, based on the Ca-bound crystal structure of the complex [30]. 

For the TOAC-RyRp derivatives, Cys22 was replaced with α-amino-n-butyric acid (Abu), 

which is isosteric with Cys [54, 55], in order to prevent chemical artifacts during 

synthesis or disulfide-induced dimerization after synthesis [56, 52]. Mutation of Cys3635 
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(Cys22 in RyRp) to Ala in the intact receptor showed no effect on CaM binding [57]. It is 

sometimes stated that TOAC and Abu tend to affect the -helical content of peptides [58, 

59], but it has been shown that single-TOAC or Abu substitutions do not cause CD-

detectable changes in secondary structure [60], and this is verified below in Fig. 14. All 

five peptides were synthesized using a Symphony automated peptide synthesizer (Protein 

Technologies, Inc.) at a 50 µmol scale, using a six-fold excess of Fmoc-amino acids (200 

mM) relative to the Fmoc-Rink amide MBHA resin (0.32 meq/g). Coupling was 

performed using 1:1:2 amino acid/ HCTU/ NMM in DMF. The final cleavage of wt-RyRp 

from the resin and side-chain protecting groups was automatically performed on the 

instrument with 82.5% TFA, 5% phenol, 5% H2O, 5% thioanisole, and 2.5% EDT 

(Reagent K) [61, 56]. Cleavage of TOAC-RyRp was performed with 95% TFA, 2.5% 

TIS, 2.5% H2O. After cleavage, peptides were precipitated with cold ether and collected 

by centrifugation. The crude peptides were purified by HPLC on a semi-preparative C8 

column (Vydac 208TP, 300 Å, 250 x 10 mm, 10 µm particles) using a gradient from 

solvent A (0.1 % TFA in H2O) to solvent B (0.1 % TFA in acetonitrile) at 3 mL/min flow 

rate. Fractions containing peptides were lyophilized and stored at -20 ˚C.  

Peptide Analysis by Mass Spectrometry 

A Waters Acquity UPLC/Synapt G2 QTOF mass spectrometer (Waters 

Corporation, Milford, MA) was used. A Waters Acquity BEH C4 column (300 Å, 100 x 

2.1 mm; 1.7 µm particles) at 20 ˚C was used during the 15 min gradient from solvent A 

(0.1 % formic acid in H2O) to B (0.1 % formic acid in acetonitrile). The mass 

spectrometer was operated in the ESI positive mode, recording from m/z 100 to m/z 1500, 

with a scan time of 0.2 seconds. The data was processed using MassLynx V4.1 software 
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from Waters Laboratory Informatics. The deconvoluted mass spectra of all five RyRp 

showed one major peak at the predicted molecular mass for wt-RyRp at 3729.3 Da 

(calculated 3729.5 Da), 5-TOAC-RyRp at 3838.43 Da (calculated 3837.8 Da), 12-

TOAC-RyRp at 3820.7 Da (calculated 3821.8 Da), 18-TOAC-RyRp 3838.1 Da 

(calculated 3837.8 Da), 25-TOAC-RyRp 3778.5 Da (calculated 3777.8 Da). The 

observed values are fully consistent with the calculated masses. The deconvoluted mass 

spectrum of 12-TOAC-RyRp is shown as an example in the supporting material (Fig. S1 

in the Supporting Material). 

Preparation of CaM and CaM/RyRp complexes 

Wt-CaM was expressed and purified as previously described [62]. All samples 

contained 0.40 mM TOAC-RyRp in 20 mM MOPS, pH 7.4. For experiments involving 

CaM, TOAC-RyRp samples were first exchanged into 20 mM MOPS, 5 mM CaCl2 or 5 

mM EGTA, pH 7.4 using a 3K MWCO Amicon Ultra-0.5 Centrifugal Filter (EMD 

Millipore). 2.7 M of RyRp was then slowly added to 5.4 M or 10.8 M of CaM at 4˚C. 

A 10K MWCO Amicon Ultra-4 Centrifugal Filter was used to concentrate the samples to 

a final concentration of 0.40 mM TOAC-RyRp and 0.8 mM or 1.6 mM CaM for EPR 

experiments. The low micromolar concentrations used, and the substantial excess of CaM 

over RyRp, were essential to avoid aggregation, which was not observed upon 

concentration after mixing. Since all Kd values for Ca binding to CaM are in the 

micromolar range and Kd values for Ca binding to EGTA are in the nanomolar range [63], 

5 mM EGTA is sufficient to produce apoCaM in our conditions.      

EPR spectroscopy and data analysis 
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EPR spectra were acquired with a Bruker EleXsys E500 (9.5 GHz) spectrometer 

equipped with the ER 4122 SHQ cavity, using field modulation at 100-kHz with 1 G 

amplitude. The time constant and conversion time were 20.48 ms. The microwave power 

was 1.26 mW, which is low enough to avoid saturation. 20 L of TOAC-RyRp or 

CaM/TOAC-RyRp sample were loaded into a 25 L Wiretrol glass capillary with 0.855 

mm inner diameter and 1.372 mm outer diameter (Drummond Scientific). EPR spectra 

were background-corrected and normalized to the spin concentration by dividing by the 

double integral. Spectra of the isolated TOAC-RyRp were analyzed to determine the 

rotational correlation time, 

 τR = zΔH0([h0/h-1]1/2-1), Eq. 2 

where z = 6.5x10-10s/G, ΔH0 = width of the center-field peak in G, h0 = height of the 

center-field peak, and h-1 = height of the high-field peak [64]. The EPR spectrum of 

TOAC-RyRp bound to CaM was analyzed to determine the rotational correlation time 

using Equation 2, 

 τR = a[1-(T||/T||)]b, Eq. 3 

where a = 0.54 ns, b = -1.36, T||ʹ = splitting between the outer extrema, and  T|| = the 

rigid-limit value of T||ʹ [65]. All EPR spectra were also analyzed using the LabView 

program MultiComponent [66] to determine rotational correlation times of each spectral 

component and their mole fractions. In the fitting of CaM-bound data, the rotational 

correlation times of the fast components were held fixed to values determined from 

spectra of isolated RyRp. 
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Circular Dichroism 

CD spectra were acquired at 22 °C with a JASCO J-815 spectrophotometer, 

scanning from 190 nm to 260 nm with a scan rate of 50 nm/min, 0.1 nm bandwidth. 

Spectra were signal-averaged five times and baseline subtracted. Reported spectra are 

expressed as mean residue ellipticity, [θ]. Linear combinations of -helix, -sheet and 

random coil bases spectra were used to determine secondary contributions from fits to 

acquired CD spectra [67, 68]. Samples for CD consisted of 25 M RyRp in 10 mM 

Na2HPO4 pH 7.4 loaded into quartz cuvettes with a path length of 0.1 cm.  

 

4.4 RESULTS 

Random coil to -helix transition of RyRp as shown by CD 

The CD spectra of wt-RyRp and TOAC-RyRp at positions 5, 12, 18 and 25 in 

Na2HPO4 buffer are shown (Fig. 14). The spectra of all five samples indicate a random 

coil conformation in buffer (black symbols), characterized by a strong negative CD band 
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Fig. 14. CD spectra of RyRp (wt) and its spin-labeled derivatives. Peptide in buffer alone shown 
in black and in 40 % TFE v/v in red. 
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near 200 nm. Analysis indicates 0% helical content. Next, we wanted to investigate 

whether RyRp could adopt an -helix conformation. TFE favors conversion of 

unstructured regions of peptides to -helical structures [69]. CD was used to detect the 

secondary structural change of wt-RyRp and TOAC-RyRp derivatives in buffer/TFE 

mixtures. Stepwise addition of TFE from 0% to 60% v/v induced a shift from random 

coil to -helical conformation. No changes in CD were observed beyond 40% TFE. All 

five RyRp displayed CD spectra at 40% TFE characteristic of -helical structure with an  

upward band at 190 nm and two negative bands near 208 and 222 nm (red symbols). 

Analysis of these CD spectra at 40% TFE indicates greater than 90% -helical content 

(Table 1). We conclude that the isolated RyRp is unstructured in buffer and primarily 

helical in 40% TFE, with no effect of TOAC spin-labeling. 

 EPR spectra of isolated TOAC-spin-labeled RyRp 

The EPR spectra of RyRp with TOAC attached at positions 5, 12, 18 and 25 (Fig. 

15, black; Table 1) show narrow peaks, indicative of large-amplitude nanosecond 

rotational dynamics, consistent with the unfolded structures indicated by CD in Fig. 14. 

However, EPR reveals additional information – there is a gradient of nanosecond 

Table 1. Parameters from CD and EPR analysis of wt-RyRp and TOAC-RyRp in 0% and 40% 

TFE as indicated. Reported R are means and standard error from three independent 
experiments. 

TOAC 
position. 

% -helix 
(0% TFE) 

% -helix 
(40% TFE) 

R(ns)a 
(0% TFE) 

R(ns)a 
(40% TFE) 

R(ns)b 
(0% TFE) 

R(ns)b 
(40% TFE) 

none 0 94.1 ± 0.4 - -   

5 0 97.2 ± 0.5 0.35 ± 0.02 1.62 ± 0.05 0.22 ± 0.08 1.29 ± 0.11 

12 0 97.3 ± 0.6 0.65 ± 0.01 1.68 ± 0.04 0.66 ± 0.33  1.66 ± 0.05 

18 0 92.8 ± 1.2 0.92 ± 0.03 2.70 ± 0.02 1.09 ± 0.31 2.23 ± 0.07 

25 0 90.6 ± 1.5 1.22 ± 0.01 3.81 ± 0.05 1.08 ± 0.15 3.39 ± 0.04 
aDetermined as from Eq. 2.  bDetermined using  MultiComponent. 
Each value is given as mean and standard error (n = 3). These values are plotted in Fig. S19. 
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rotational dynamics across the backbone of the peptide with shortest rotational 

correlation time at position 5 and longest at 25 (Table 1). RyRp is completely unfolded 

(disordered) and highly mobile at its N terminus, while this disorder and mobility 

decreases steadily toward the C terminus.  

The addition of 40% TFE caused an increase in the correlation time in all four 

TOAC-RyRp (Fig. 15 red), consistent with the -helix formation indicated by CD in Fig. 

14, and again EPR detects an additional gradient of decreasing mobility (increasing 
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Centerfield shift 5 G to left to 3351 instead of 3356.

 
Fig. 15. EPR spectra of TOAC-RyRp in 20 mM MOPS, pH 7.4 are shown in black and in 40 % 
TFE v/v in red. The position of the TOAC label in the RyRp sequence is indicated at left. Spectra 
were obtained with a 80-G scan at 22 ˚C and normalized to the spin concentration by dividing by 
the double integral. 
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structural order) toward the C terminus (Table 1). The increase in the rotational 

correlation time in the 40% TFE samples is not due entirely to an increase in viscosity, as 

demonstrated in Table S3. Viscosity increases by less than 2-fold when going from 0% to 

40% [70], but the increase in correlation time due to 0% TFE was greater than 2-fold in 

all cases, strongly suggesting that TFE increases RyRp folding. 

EPR spectra of TOAC-spin labeled RyRp bound to CaM 

In order to gain structural insight into the binding of RyRp by CaM, we used EPR 

to measure the rotational dynamics of each of the four TOAC-RyRp derivatives bound to 

CaM in the absence (Fig. 16, black) and presence (Fig. 16, red) of saturating Ca. The 

spectra reveal dramatic differences in nanosecond rotational dynamics, with narrow 

spectra indicating dynamic disorder, and broad spectra indicating slower and more 

restricted motion. TOAC at the N-terminal position 5 shows a single component with 

narrow peaks indicating that TOAC remains remarkably mobile even after CaM binding. 

Ca only slightly decreases the mobility as shown by slight broadening of the EPR line-

shape. TOAC at position 12 shows two spectral components, ordered and disordered, 

demonstrating two conformations at this local region of RyRp bound to apoCaM and 

CaCaM. The spectrum of TOAC at the C-terminal positions 18 and at 25 bound to 

apoCaM is similar to that at the 12 position, indicating two resolved spectral components. 

In contrast, when bound to Ca- CaM TOAC at 18 and 25 shows a nearly complete shift to 

the broad component, corresponding to highly restricted motion, implying both helical 

order and strong binding to CaM 
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Quantitative analysis of rotational dynamics of TOAC-RyRp/CaM 

We analyzed the EPR spectra of TOAC-RyRp bound to CaM (Fig. 16) in more 

quantitative detail using the program MultiComponent [66] (results summarized in Table 

2). We assumed the presence of several (one to three) structural states in each sample, 

each characterized by a rotational correlation time τRi and a mole fraction Xi. We varied 

the number of components needed to obtain the best fit. The fast component (τR1) was 

fixed in both apoCaM and CaCaM spectra because varying it did not improve the fit. 
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Fig. 16. EPR spectra of TOAC-RyRp bound to CaM in the absence (black) and presence (red) of 
saturating Ca. The concentrations of TOAC-RyRp and CaM were 0.4 mM and 1.6 mM, 
respectively. Spectra corresponding to 0.4 mM TOAC-RyRp and 0.8 mM CaM were identical to 
the spectra shown in this figure, indicating that all RyRp was bound to CaM.  The position of the 
TOAC label in the RyRp sequence is indicated at left. Spectra were obtained with a 120-G scan 
at 22 ˚C and normalized to the spin concentration by dividing by the double integral. 
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Consistent with the appearance of the EPR lineshapes, each TOAC-RyRp spectrum was 

best fitted with a two-component model consisting of dynamically disordered and 

ordered populations (Fig. S21). In each case, the slower (more ordered) component 

accounts for more than 80% of the population, and the correlation time of that component 

(τR2) is in good agreement with that determined empirically from the maximum spectral 

splitting (RS). The 12-, 18-, and 25-TOAC region of the peptide bound to apoCaM exists  

 in equilibrium between a low-mobility (more ordered and folded) state and a locally 

unfolded state, as indicated by the large differences between the correlation times of each 

component, R1 and R2 (Table 2), while the probe at position 5 shows much more 

mobility (dynamic disorder). In our analysis of EPR spectra, we report results for a 

simple isotropic diffusion model (order parameter 0), because the fits were not improved 

by allowing non-zero order parameters. 

The primary effect of Ca is to shift the equilibrium toward the more mobile (less 

folded) component, and to uniformly immobilize the three C-terminal probes (at positions 

12, 18, and 25). This effect was most pronounced at position 25 (near the C terminus of 

RyRp), where the mole fraction X2 of the immobile component increased from 0.87 to 

0.98, and its correlation time τR2 increased from 6.4 to 9.8 ns. 

Table 2. Parameters from EPR analysis of TOAC-RyRp bound to apoCaM and CaCaM. 

TOAC RyRp apoCaM CaCaM 
Position RS

a (ns) R1
b (ns) R2

b (ns) X2
b RS

a (ns) R1
b (ns) R2

b (ns) X2
b 

5 1.37 ± 0.55 0.22 1.52 ± 0.12 0.90 ± 0.03 1.40 ± 0.10 0.22 1.48 ± 0.16 0.99 ± 0.03 

12 10.20 ± 0.52 0.66 9.95 ± 0.65 0.84 ± 0.05 11.47 ± 1.77 0.66 12.48 ± 0.88 0.89 ± 0.04 

18 8.80 ± 0.80 1.09 10.28 ± 1.35 0.91 ± 0.04 12.12 ± 1.45 1.09 13.57 ± 2.91 0.98 ± 0.01 

25 6.39 ± 0.89 1.08 4.67 ± 0.88 0.87 ± 0.02 11.71 ± 1.30 1.08 9.76 ± 1.93 0.98 ± 0.02 

aRs, rotational correlation time determined empirically from splitting of the restricted/ordered component (Eq. 2). bThe other parameters, 

R1 (rotational correlation time of mobile/disordered component), R2  (rotational correlation time of restricted/ordered component), and X2 

(mole fraction of the restricted/ordered component), were obtained from a two-component fit using MultiComponent. R1 values were held 
fixed to values determined from fits of isolated TOAC-RyRp. Each value is mean and standard error from multiple experiments (n = 3-4). 
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4.5 DISCUSSION 
 

The x-ray crystal structure of the CaM/RyRp complex reveals that when Ca is 

bound to CaM, the CaM-RyRp interaction occurs in an antiparallel fashion with the N-

lobe of CaM making contact with the C-terminal half of RyRp [30]. However, before the 

present study, there was no structural information on this interaction in the absence of Ca, 

and there was no information about the structural dynamics of this system.  The present 

study fills those gaps. 

Our results indicate that the N-terminal portion of RyRp is remarkably flexible 

and dynamically disordered even when CaM is bound, as shown by EPR of TOAC at 

position 5 (Fig. 16). At the other three positions, the peptide backbone is in equilibrium 

between two clearly resolved structural components, dynamically disordered and ordered 

(Fig. 16). The narrow spectral component of 12-TOAC RyRp, which indicates 

nanosecond dynamic disorder, remained present even after addition of excess CaM (see 

legend to Fig. 16). This observation can be explained by one of two possibilities: 1) there 

is a small fraction of 12-TOAC RyRp that is not binding to CaM, or 2) there is a small 

fraction of 12-TOAC RyRp that is locally unfolded at this region even when bound to 

CaM. The observation that the narrow spectral component did not decrease upon addition 

of more CaM (from 2CaM:1RyRp to 4CaM:1RyRp) indicates that there is no unbound 

12-TOAC RyRp. This conclusion is also supported by the lack of unbound TOAC-

labeled peptide in the filtrate after ultrafiltration of the CaM/RyRp sample. Thus we 

conclude that the narrow spectral component at position 12 in (Fig. 16) corresponds to a 

dynamically disordered population that represents bound but locally unfolded peptide. 

The results of CaM-bound 5- and 12-TOAC RyRp (N-terminal half of RyRp) are largely 
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unaffected by the addition of Ca, suggesting that Ca has a minimal effect on the 

interaction of this region with the C-lobe of CaM.  

The largest effect of Ca on CaM bound RyRp occurs at the two C-terminal 

positions, 18 and 25, which bind to the N-lobe of CaM. In these cases, in the absence of 

Ca the EPR spectra show both mobile and immobile components, corresponding to 

dynamically disordered and ordered states at these local regions on RyRp (Fig. 16), but in 

the presence of Ca there is an almost complete shift to the ordered state, indicating 

complete immobilization and ordering of the TOAC spin label by CaM N-lobe binding 

(Fig. 16). This disorder-to-order transition was reversed by removing Ca. Thus, the 

results from Fig. 16 indicate that in the absence of Ca, CaM binding to RyRp exists in a 

structural equilibrium between a state where only the C-lobe of CaM is bound and one 

where both lobes are bound. The N-lobe of CaM is more loosely bound to RyRp C-

terminal region in the absence of Ca, while the C-lobe binding to RyRp N-terminal is 

unaffected by Ca. Consistent with our results, Xiong et al. showed that a truncated CaM 

representing the N-lobe (amino acids 1-79) had very low affinity for RyRp at low Ca 

conditions and that binding was detected under high Ca, whereas the C-lobe of CaM  

(amino acids 78-149) bound well to RyRp under both Ca conditions [71].  

Our results support the model proposed by Newman et al., in which the C-lobe of 

CaM is bound to RyRp in the apo and Ca-bound state and the N-lobe required Ca for 

binding to the same site on RyR [72]. Newman et al. and others [73, 74, 72, 75] further 

proposed that CaM N-lobe may be bound to an alternative non-contiguous site on RyR in 

the absence of Ca and that Ca binding transitions the N-lobe to bind to the 3614-3643 

site. Although we did not study any other CaM-binding RyR peptides, our results do not 
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entirely dismiss this idea. By directly detecting the dynamics of RyRp, we have refined 

this model and further proposed a structural basis for the binding of CaM to RyRp. In the 

presence of CaM but absence of Ca, the complex exists in structural equilibrium between 

a major structural state where both lobes are bound and RyRp is mostly structured, and a 

minor one where only the C-lobe is bound and RyRp is mostly unstructured. Addition of 

Ca shifts the equilibrium to the state where both lobes are bound and RyRp mostly 

structured, but a small fraction of the complex containing unstructured RyRp at the 12-

TOAC region remains. The N-terminal region detected by 5-TOAC remained flexible 

relative to the other regions on RyRp, indicating that it falls outside of the CaM binding 

site. Our results indicate that the CaM/RyRp complex is dynamic. The structural 

dynamics reported here support CaM C-domain association with RyR in the absence of 

Ca, positioning CaM to respond more quickly to the changes in cytosolic Ca levels.  

The observation that the two lobes of CaM can function independently suggests 

that the binding is more complex. The ordered component in the apoCaM-bound data 

(Fig. 16, black) may reflect local order due to binding of the C-lobe to RyRp at the C-

terminal region. Future studies are needed to consider an alternative model in which the 

C-lobe of apoCaM can bind to either the N-terminal or C-terminal regions. 

 

4.6 CONCLUSION 
 

We have used peptide synthesis, CD and EPR to detect the Ca-dependent 

structural dynamics of RyRp bound to CaM, using a spin label that reports directly the 

dynamics of the peptide backbone. We found that RyRp is unstructured in solution, 

exhibits a gradient of decreasing nanosecond dynamic disorder from the N-terminal 

region to the C-terminal region, and attains maximum helical content (>90%) upon 
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addition of 40% TFE. This random coil to -helix transition was detected by both CD 

and EPR. EPR shows that the binding of RyRp to CaM causes effects that are Ca-

dependent and nonuniform along the peptide. The primary effect of Ca on the bound 

complex was to increase the effect of the N-lobe of CaM on immobilization of the C-

terminal portion of the peptide.  These results are consistent with a model in which the N-

lobe of CaM is the main sensor responsible for Ca-dependent interaction with the RyR. 

 

  



40 

 

 

4.7 SUPPLEMENTAL INFORMATION 
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Fig. S17. The 31-residue wt-RyRp sequence and four TOAC (τ) derivatives. B. Ala5TOAC C. 
Ser12TOAC D. Ala18TOAC, and E. Met25TOAC were synthesized. Cys22 (red) was replaced 
with α-amino-n-butyric acid (X), which is isosteric to Cys.  
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Fig. S18. Mass-to-charge (m/z) spectrum of 12-TOAC RyRp showing three different charged 
states (left). Deconvoluted mass spectrum showing a single high intensity peak at 3820.71, 
consistent with the calculated mass of 3821.8 (right). 
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Fig. S19. Rotational correlation times of isolated TOAC-RyRp in 0% TFE (black) and 40% TFE 
(red) as a function of TOAC position on RyRp. Values were determined from line-height ratio 
method using Eq. 2 (solid) and spectral simulation and fitting using MultiComponent (dashed). 
Data are means and standard errors of three experiments. 
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Fig. S20. Overlay of EPR spectra revealing that 2x molar excess CaM is sufficient to bind all 
TOAC RyRp. Data corresponding to 0.4 mM TOAC RyRp and 0.8 mM CaM (black) with 0.4 mM 
TOAC RyRp and 1.4 mM CaM (red) in the presence of 5 mM Ca (left) or 5 mM EGTA (right). All 
spectra were obtained with a 120-G scan at 22 °C and normalized to the spin concentration by 
dividing by the double integral. 
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Fig. S21. Overlay of 5-, 12-, 18-, and 25-TOAC RyRp data and best fits. Data spectra (black) and 
best fits (red) in the presence of EGTA (left) and Ca (right). Fits were performed assuming a 2-
component model as described in Materials and Methods. Scan width = 90 G. 
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Table S3. The effect of 40% TFE on viscosity (η) and rotational correlation times (R)  of TOAC RyRp 
derivatives calculated from line-height ratio and data fitting using MultiComponent. 

 
TFE Line-Height R

 (ns)a Fitting R (ns)b η 

 
% 5-TOAC 12-TOAC 18-TOAC 25-TOAC 5-TOAC 12-TOAC 18-TOAC 25-TOAC (cP) 

 
0 0.35±0.02 0.61±0.01 0.92±0.03 1.22±0.01 0.22±0.08 0.65±0.33 1.09±0.31 1.08±0.15 0.889 

 
40 1.62±0.05 1.68±0.04 2.70±0.02 3.81±0.05 1.29±0.11 1.66±0.05 2.23±0.07 3.39±0.04 1.64 

Ratio 
 4.64 2.75 2.93 3.12 5.86 2.55 2.04 3.14 1.83 

a Defined in Eq. 2. bParameters were obtained from analysis of EPR spectra by MultiComponent as described in Materials and 
Methods. Reported values are means and standard errors of three experiments. 
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5.1 CHAPTER SUMMARY 
 

We have used electron paramagnetic resonance, with rigid and stereospecific spin labels, 

to resolve structural states in calmodulin (CaM), as affected by binding of Ca and a CaM-

binding peptide (RyRp) derived from the ryanodine receptor (RyR), the Ca channel that 

triggers muscle contraction. CaM mutants containing a pair of cysteines in the N-lobe 

and/or C-lobe were engineered and labeled with a stereospecifically bound bifunctional 

spin label (BSL). RyRp was synthesized with and without TOAC (a stereospecifically 

attached spin-labeled amino acid) substituted for a single amino acid near the N-terminus. 

Intramolecular DEER distance measurements of doubly-labeled BSL-CaM revealed that 

CaM exists in dynamic equilibrium among multiple states, consistent with open, closed, 

and compact structural models. Addition of RyRp shifted the equilibrium partially toward 

the compact state in the absence of Ca, and completely toward the compact state in the 

presence of Ca, supporting a conformational selection model. Inter-protein distance 

measurements show that Ca stabilizes the compact state primarily by inducing ordered 

binding of the CaM N-lobe to RyRp, while only slightly affecting the C-lobe. The results 

provide insight into the structural mechanism of CaM-mediated RyR regulation, while 

demonstrating the power of using two types of rigidly and stereospecifically bound spin 

labels. 
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5.2 INTRODUCTION 
 

Calmodulin (CaM) is a 148-amino acid Ca-binding protein that functions as a regulator 

of many crucial Ca-dependent cellular and molecular processes, including the release of 

Ca from sarcoplasmic reticulum (SR) to initiate muscle contraction [13, 78]. CaM 

consists of two canonical EF-hand lobes tethered by a flexible helical linker [6]. The two 

lobes share high sequence homology (75%) and structural similarity in the presence [3, 8, 

79] and absence of Ca [80, 77, 81]. However, the differences in the two lobes result in 

distinct biochemical properties. The C-lobe coordinates Ca ions with 10-fold higher 

intrinsic affinity[82, 83]. The flexible linker between the two lobes enables flexibility that 

facilitates interaction with a diverse array of targets. One CaM target of growing interest 

is the tetrameric sarcoplasmic reticulum Ca release channel, the ryanodine receptor 

(RyR). CaM directly binds to RyR and influences channel opening probability in an 

isoform-specific manner. In skeletal muscle (RyR1) CaM potentiates channel opening 

below M Ca and inhibits above M Ca; in the cardiac isoform (RyR2) CaM is 

inhibitory at all Ca levels [26, 25, 21]. The goal of the present study is to increase our 

understanding of the structural changes involved in the Ca-dependent regulation of RyR1. 

Three high-resolution structural models relating to this problem have been characterized. 

The X-ray crystal structure of CaCaM revealed an open extended conformation with the 

N- and C-lobes separated by a folded -helix central linker region [3] (Fig. 22a). The 

solution NMR structure of apoCaM showed a more closed structure, with the central 

helix partially unfolded [77] (Fig. 22b). The X-ray crystal structure of CaCaM complexed 

with a peptide constituting the CaM binding site on RyR (CaCaM/RyRp), showed an 

even more compact structure, in an anti-parallel configuration [30] (Fig. 22c). 
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However, these high-resolution structures leave significant gaps in our 

understanding of this important system. First, there is no high-resolution structure of the 

apoCaM/RyRp complex (Fig. 22d and f). Second, it is likely that the structural states in 

solution are more complex than depicted in Fig. 22, with multiple structural states being 

occupied at equilibrium, as suggested by NMR data on apoCaM [77, 81, 84, 8, 85].  

Structure determination by X-ray crystallography requires trapping a single 
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Fig. 22. Strategy for spin-spin distance measurements. (a-d) CaM lobe-to-lobe intramolecular 
distances. (e-f): CaM lobe-to-RyRp intermolecular distances. Ribbon diagrams produced with 
PyMOL (www.pymol.org) show CaM N-lobe blue, CaM C-lobe gray, RyRp yellow, spin labels 
(modeled as in [76]) red. (a) CaCaM (PDB: 1CLL) [3]. (b) apoCaM (PDB: 1CFD) [77]. (c and e): 
CaCaM/RyRp complex (PDB: 2BCX) [30]. (d and f) No high-resolution structures have been 
reported for apoCaM/RyRp complex. **For a-d, CaM was labeled with BSL (h) in the N lobe 
(T34C, S38C) and in the C-lobe (R106C, T110C). *For e and f, RyRp was labeled with TOAC (g) 
at position 5, and CaM was labeled with BSL (h) in the N lobe (distance a) or C lobe (distance b). 

http://www.pymol.org/
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structural state. While NMR can provide evidence for structural heterogeneity and 

dynamics, reliable structure determination by NMR typically requires population of a 

single well-defined structural state. CaM is a flexible signaling protein with a versatile 

repertoire of structural and functional states, influenced by the binding of Ca and target 

proteins. The challenge remains to detect and resolve these dynamic structural changes. 

Distance measurements between spin or fluorescent probes can resolve multiple protein 

structural states, based on specific techniques in EPR (DEER, double electron-electron 

resonance, e.g. [86]) or fluorescence (TR-FRET, time-resolved fluorescence resonance 

energy transfer; e.g. [87]). 

We previously used DEER to measure the distribution of interspin distances on 

CaM spin-labeled at positions T117C (C-lobe) and T34C (N-lobe). That work showed 

that both in the presence and absence of bound Ca, CaM simultaneously populates both 

closed (4 nm lobe separation) and open (6 nm lobe separation) structural states, with Ca 

shifting the equilibrium to the open state [39]. However, it was not possible to compare 

the structures in that work rigorously with the previously obtained high-resolution 

structures, because the spin labels used were conventional probes flexibly attached to 

single Cys residues. 

Therefore, in the present study we have employed “stereospecific” spin labels that 

offer rigid and specific attachment relative to the peptide backbone. For RyRp, we used 

solid-phase peptide synthesis to incorporate TOAC, a spin-labeled amino acid in which 

the nitroxide-containing piperidine ring includes the -carbon (Fig. 1g) and thus directly 

reports backbone structural dynamics [88, 47, 89]. Although TOAC is an unnatural 

amino acid from the family of Cα,α-disubstituted glycines [90], it has been shown to have 



50 

 

very useful applications for analyzing peptide backbone dynamics [88, 47, 89, 91]. In 

recent work, we used EPR of TOAC to detect the Ca-dependent structural dynamics of 

spin-labeled RyRp bound to CaM [91]. We showed that the structural dynamics of the 

CaM-bound RyRp is Ca-dependent and non-uniform along the peptide. While compact 

and immobilized, TOAC requires incorporation via peptide synthesis, which is usually 

not feasible for molecular weights above 6 kDa.  

Therefore, in the present study, to incorporate spin labels stereospecifically into 

the 16.7 kDa CaM protein, we used mutagenesis to express double-Cys mutants in the N-

lobe and C-lobe and labeled each site with a bifunctional spin label (BSL, 3,4-bis-

(methanethio-sulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxy) (Fig. 

22h). BSL, like TOAC, offers rigid and specific attachment relative to the peptide 

backbone [92]. When attached to a helix with Cys residues engineered at i and i+4, BSL 

attains a well-defined orientation with respect to the helix axis [93], allowing for precise 

measurement of helix orientation in an oriented sample [76]. The conformational 

restriction afforded by the second Cys linker also allows for precise (sub-nanometer 

accuracy) measurement of distance distributions in dipolar EPR experiments, virtually 

eliminating contributions from probe flexibility in the measured distance distributions 

[94]. The present study is the first report in which TOAC and BSL have been used 

together to measure distances within a protein complex. 

The principal technique used in the present study is DEER, which is most 

sensitive to interspin distances from 2 to 8 nm but has been shown to successfully 

measure distances up to 16 nm [95]. DEER has sufficient resolution to detect multiple 

distances simultaneously, quantitating their mean values, disorder, and populations [96, 
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97]. Here we have used DEER to determine (a) the intramolecular lobe-to-lobe distance 

between the two BSL as a function of Ca and RyRp binding (Fig. 22a-d), and (b) the 

intermolecular distance between singly labeled N-lobe or C-lobe BSL-CaM and TOAC-

labeled RyRp (Fig. 22e and f). This study also employed continuous wave (CW) dipolar 

EPR, which is sensitive to distances between 0.8 and 2.0 nm [98], to provide additional 

information on shorter distances. The results provide new structural insight into the Ca-

dependent interactions of CaM and RyR. 

 

5.3 RESULTS 
 

Distance Prediction and Data Simulation from CaM Structural Models Reveal Ideal 

BSL Sites for DEER. To determine optimal labeling sites for this study, DEER 

simulations were performed with BSL attached to different pairs of double-Cys mutations 

in the N- and C-lobes of CaM. The goal was to select a pair of BSL labeling sites to 

distinguish the previously proposed structural models: closed by NMR [77], open by X-

ray crystallography [3], and compact by X-ray crystallography [30]. To achieve this, we 

required each BSL-labeled Cys residue to be on a stable -helix and solvent-exposed, as 

shown in the proposed structural models (Fig. 22a-c). Fig. 23 shows simulated DEER data 

for the optimized pair of BSL labeling sites in CaM, based on spin-labeled structural 

models in Fig. 22. The open model (5.7 nm) generates a DEER waveform with a slow 

decay and oscillation. The closed model (4.3 nm) generates a faster decay, and the 

compact model (2.6 nm) yields the fastest, consistent with a short distance on the lower 

end of DEER’s sensitivity range. All three structural states should be clearly 

distinguishable and resolved by DEER (Fig. 23). 
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Fig. 23. Simulations of DEER waveforms, based on distance predictions from structural models in 
Fig. 22, show that the three structural states of CaM should be clearly distinguished and resolved, 

with labeling sites at T34CS38C in the N lobe and R106CT110C in the C lobe.  Each simulation 
assumed a Gaussian distance distribution with a width (FWHM) of 1.0 nm.  
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DEER Resolves Ca-dependent Structural States of CaM in Solution. We measured 

four different conditions of double-labeled BSL-CaM with predicted lobe-to-lobe 

internitroxide distances in the range of 2–6 nm (Fig. 2). Fig. 24a shows the results (data 

in black) of the background-corrected echo decay along with the corresponding best fits 

(blue for apoCaM and red for CaCaM). Fig. 24b shows the distance distributions 

computed via Tikhonov regularization. ApoCaM (Fig. 24a, blue) yields a DEER 

waveform with a single predominant oscillation frequency, indicating a single major 

population. Calculation of the apoCaM distance distribution (Fig. 24b, blue) reveals the 

a

c

E
c
h

o
 A

m
p

li
tu

d
e

DEER data and fits
D

is
tr

ib
u

ti
o

n
Distance distribution

E
c

h
o

 A
m

p
li

tu
d

e

D
is

tr
ib

u
ti

o
n

Evolution Time (μs) Distance (nm)

b

d

Double BSL CaM

Double BSL CaM + RyRp

ApoCaM Tikhonov Fit

CaCaM Tikhonov Fit

Data

ApoCaM Tikhonov Fit

CaCaM Tikhonov Fit

Data

 
 

Fig. 24. Intramolecular (lobe-to-lobe within CaM) DEER distance measurements resolving the 
Ca-dependent structural states (compact, closed and open) of double-labeled BSL-CaM, in the 
absence of Ca (blue, apo) or presence of saturating Ca (red). CaM was labeled at positions 
T34CS38C in the N-lobe and R106CT110C in the C-lobe. (a,b) DEER waveforms (black), best 
fits and distance distributions from Tikhonov regularization (blue/red) for double BSL-CaM (Fig. 
22a,b). (c,d) DEER waveforms (black), best fits and distance distributions from Tikhonov 
regularization (blue/red) for the complex of double BSL-CaM and RyRp (Fig. 22c,d). 
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existence of one predominant population, having a distance centered between 4 and 5 nm, 

in excellent agreement with the predicted distance of 4.3 nm (Fig. 23, blue, from the 

NMR structure [77]). The fit also revealed a small fraction with a center distance between 

2 and 3 nm, suggesting that apoCaM exists in equilibrium between the closed and 

compact states (2.6 nm, Fig. 23 black). The addition of Ca resulted in a DEER waveform 

with a much slower initial decay and longer period of oscillation (Fig. 24a, red), clearly 

indicating an increased distance. Analysis (Fig. 24b, red) confirms that the most 

populated component corresponds to a much longer distance (between 5 and 6 nm), in 

excellent agreement with the open structural state (5.7 nm, Fig. 23 red, from the crystal 

structure of CaCaM [3]). The width of this peak is relatively broad, perhaps from the 

central linker being highly mobile and allowing for the two lobe domains to tumble 

almost independently of one another as previously reported [6].  The width (and mole 

fraction) of this portion of the distribution is tightly coupled to choice of background 

component and is therefore less certain than the distance (Fig. S29). Furthermore, two 

additional structural states are clearly resolved by DEER, one at ~4 nm, in good 

agreement with the predicted closed state (4.3 nm, Fig. 23 blue); and another ~2 nm (near 

the short distance limit of DEER), in good agreement with the predicted compact state 

(2.6 nm, Fig. 23, black). Thus DEER reveals for the first time that in the presence of Ca, 

CaM exists in equilibrium among all three previously detected structural states. This is 

the first evidence for CaCaM having a significant population in the closed state 

(previously observed only for the NMR structure of apoCaM [3]), or the compact state 

(previously observed only once for the crystal structure of CaCaM alone [79] and CaM 

bound to a target peptide such as RyRp [30]).  
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RyRp Binding to CaM Occurs through a Conformational Selection Mechanism. The 

above results strongly support a conformational selection mechanism, in which CaM 

binding to a target protein occurs through ‘‘selection’’ of pre-existing CaM 

conformations [99]. To test this hypothesis further, with respect to the CaM/RyR 

interaction, we performed DEER measurements on double labeled BSL-CaM bound to 

unlabeled RyRp (Fig. 24c and d). In the absence of Ca, the DEER waveform is 

unaffected by RyRp binding (Fig. 24c, blue). Analysis (Fig. 24d, blue) confirmed that 

apoCaM remains predominantly in the closed state (4-5 nm), consistent with the closed 

state observed in the absence of RyRp (4-5 nm, Fig. 24b, blue). A much more dramatic 

effect of RyRp is observed in the presence of Ca: the DEER waveform shows a much 

faster initial decay (Fig. 24c red) than in the absence of RyRp (Fig. 24a, red), indicating a 

substantial decrease in the interlobe distance. Indeed, the observed waveform is in 

excellent agreement with that predicted (Fig. 23 black, 2.6 nm) by the compact state of 

the CaCaM/RyRp complex (Fig. 22c). Thus our DEER results clearly support a 

conformational selection mechanism, in which the addition of RyRp to CaCaM shifts the 

structural equilibrium toward the compact state, with little to no effect on apoCaM. 
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Ca Stabilizes the Compact State by Increasing Binding of the CaM N-lobe to RyRp. 

To further characterize the conformational selection mechanism of CaM binding to 

RyRp, we used DEER and dipolar CW-EPR to measure the Ca-dependent distance 

distribution between BSL on the N-lobe and TOAC on RyRp. Fig. 25a shows the results 

(data in black) of the background-corrected DEER echo decays along with the 

corresponding best fits (blue for apoCaM and red for CaCaM). Inspection of the data for 

apoCaM reveals a DEER waveform with dampened oscillations, consistent with a broad 

distance distribution and thus disorder. Indeed, determination of the distance distribution 

reveals the presence of two overlapping populations with the center distances of one 
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Fig. 25. Intermolecular (between CaM and RyRp) DEER distance measurements resolving the 
Ca-dependent structural states of the CaM/RyRp complex, in the absence of Ca (blue, apo, Fig. 
22f) or presence of saturating Ca (red, Ca, Fig. 22e). Distance measurements were made 
between 5-TOAC-RyRp and N-lobe BSL-CaM (a and b), and 5-TOAC-RyRp and C-lobe BSL-
CaM (c and d).  
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between 2 and 3 nm, and the other between 4 and 5 nm (Fig. 25b, blue). The addition of 

Ca resulted in a much faster initial decay and a shorter period of oscillation (Fig. 25a, 

red), indicating decreased distance and increased order. Analysis revealed one 

predominant compact state with a center distance between 2 and 3 nm (Fig. 25b, red), 

consistent with the shorter of the two populations observed in the absence of Ca (Fig. 

25b, blue). Thus, supporting the conformational selection model, Ca stabilizes the pre-

existing compact state, probably by increased binding of the N-lobe of CaM to RyRp.  

 

C-lobe of CaM Binds to RyRp Independent of Ca. We performed analogous 

experiments with BSL on the C-lobe of CaM and TOAC on RyRp (Fig. 25c and d). In 

contrast with the N-lobe experiments, the effect of Ca is small, with rapid decays 

indicating short distances in both cases, although there is more disorder in the absence of 

Ca. Thus, our DEER results are consistent with the hypothesis that the C-lobe of CaM 

remains bound to RyRp independent of Ca [71, 42, 91], and the largest effect of Ca is 

mainly to increase the order of the C-lobe with respect to RyRp. 

 

Dipolar CW EPR Confirms the Existence of Populations with Short Interprobe 

Distances. Intermolecular DEER measurements between BSL-CaM and TOAC-RyRp 

resulted in populations near or below the 2.0 nm limit of DEER sensitivity (Fig. 25b and 

d). To evaluate whether there were significant populations below this limit, we performed 

dipolar CW EPR on all BSL-CaM/TOAC-RyRp samples (Fig. S33). N-lobe BSL-CaM in 

complex with TOAC-RyRp reveals minimal broadening in the dipolar spectrum in the 

presence of Ca (Fig. S33, red), while no significant broadening was observed in its 
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absence (Fig. S33a, blue). With BSL on the C-lobe, minimal broadening was observed in 

the absence of Ca but not in its presence (Fig. S33d), and no distances substantially 

shorter than 2 nm were detected. These results are entirely consistent with the DEER 

results discussed above, indicating that DEER accurately captured all relevant structural 

states in this system.  

 

5.4 DISCUSSION 
 

This is the first report in which two different stereospecific spin labels have been used 

together in a single EPR study. We used peptide synthesis and mutagenesis to introduce 

TOAC and BSL, respectively. We demonstrated that these spin labels, which offer rigid 

and specific attachment relative to the protein backbone, are powerful probes to detect 

and resolve structural states. TOAC reflects backbone dynamics directly [88, 89, 100, 

91]. BSL is an alternative to TOAC that can be applied to larger proteins, as long as Cys 

residues can be engineered at i and i+4 on an -helix [93, 76, 101, 94]. These labels 

provide a substantial advantage over conventional methods of site-directed spin labeling, 

in which the attachment of probes to single Cys side chains leave several flexible bonds 

between the -carbon and the nitroxide group, thus leaving considerable ambiguity about 

the interpretation of the spectra. 
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These points are illustrated clearly in Fig. 26, which compares the CW EPR and 

DEER results for MTSSL-CaM with those of BSL-CaM labeled at the same position. The 

BSL CW spectrum is much broader than that of MTSSL, indicating greatly reduced 

nanosecond probe motion and disorder (Fig. 26a). The spectrum of BSL-CaM indicates a 

rotational correlation time of 8 ± 2 ns, consistent with the global tumbling of CaM [102] 

and the rigid attachment of the probe to the peptide backbone. The spectrum of MTSSL-

CaM indicates a rotational correlation time less than 1 ns [102], consistent with flexible 

attachment of the probe. The DEER waveform of BSL-CaM shows clear oscillations 

(Fig. 26b, red) and resolves three distinct structural states (Fig. 26c, red), while MTSSL 

shows no discernable oscillation (Fig. 26b, green) and yields a broad distance distribution 

(Fig. 26c, green). Thus BSL is clearly superior to MTSSL for accurately reflecting the 

dynamics and locations of backbone atoms, and resolving the structural states of the 

complex. 

MTSSL
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Fig. 26. Comparison of MTSSL (green) and BSL (red) in detecting backbone dynamics and 
distance distributions within CaM. (a) CW EPR spectra at 4 °C, showing that BSL (labeled at 
position T34CS38C) is strongly immobilized (broad spectrum) on CaM, accurately detecting 
backbone dynamics, while MTSSL (labeled at position T34C) is weakly immobilized, indicating 
spin label flexibility (double-headed arrow). (b) Background-corrected DEER echo decay of 
double BSL-CaCaM (T34CS38C-R106CT110C) and double MTSSL-CaCaM (T34C-T110C). (c) 
DEER distance distributions demonstrating the resolving power of BSL. MTSSL reveals two 
unresolved, broad distance distributions (green) while BSL reveals three distinct distance 
populations (red). CW EPR spectra in A were obtained with a 120 G scan width, then normalized 
to unit spin concentration by dividing by the double integral. 
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Fig. 27 illustrates a model for the conformational selection mechanism of CaM 

binding to RyRp, as supported by our intraCaM DEER results (Fig. 24) and previous 

studies of CaM binding to other target peptides [103-105]. In addition, we report for the 

first time direct high-resolution structural measurements on the apoCaM/RyRp complex 

(Fig. 24c and d, blue; Fig. 25 blue), allowing us to propose a structural model for this 

complex (Fig. 22d and f), providing new structural insight into the Ca-dependent 

interaction of CaM and RyR. 

As the resultant distributions reveal distinct subpopulations, we further 

parameterized the waveforms by fitting the background-corrected echo decays to a sum 

of Gaussians model, in order to extract mole fractions and ascertain the uncertainty of the 

fit parameters, as described in Materials and Methods and in Supplemental Information 

(Fig. S29 Fig. S30 Fig. S32; Table S4 Table S5). While quantitative analyses from 

Gaussian modeling may yield numerical values with high uncertainty, especially for 

distances near the sensitivity limits of DEER, they do nevertheless provide valuable 
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Closed (28%)Compact (29%)

Open (44%)

N C
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(75%)
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+RyRp

Compact (97%)

+RyRp

 
Fig. 27. Schematic of structural models based on DEER distance measurements (Fig. 24, Fig. 
25). Blue, N-lobe of CaM; gray, C-lobe of CaM; yellow, RyRp; green, Ca ion. In the absence of 
RyRp and Ca (upper left) CaM is primarily in the closed structural state. Ca binding to CaM 
(bottom left) populates all three states (open, closed, compact), with the open state predominant. 
In the presence of RyRp and the absence of Ca (upper right), the complex is in dynamic 
equilibrium between the compact state, and a closed-like state with the N-lobe potentially being 
highly mobile and not bound to RyRp. Ca binding to CaM (bottom right) shifts the complex almost 
completely to the compact state by increasing binding of the N-lobe to RyRp. 
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insight into the observed population changes caused by Ca and RyRp binding. In addition 

to uncertainty found in the error surface of the fit (Fig. S32 and Table S4 Table S5) and 

the appropriateness of model choice, several experimental factors warrant interpreting 

both the parameterized and Tikhonov distance distributions with caution. In the case of 

short distances (≤ 3 nm), limits in our excitation bandwidth result in errors in population 

center and fraction due to incomplete excitation of short distance spin-pairs [106]. For 

longer distances, experimental constraints limit our maximal evolution time (which 

determines the maximum resolvable distance [97], see Fig. S29 Fig. S30 Fig. S31), 

allowing for the potential of un-resolved populations and errors in population width and 

therefore fraction near the sensitivity limit.  

In the absence of RyRp and Ca, apoCaM exists in equilibrium between a 

predominantly closed state (85%, consistent with the NMR structure [77]) and a weakly-

populated compact state (15%) (Fig. 27, top left). Ca shifts this distribution to a more 

complex one (Fig. 27, bottom left), in which CaCaM exists in structural equilibrium 

among three distinct structural states: compact (29%), closed (28%) and open (44%). 

CaCaM has a diverse array of binding modes to over 300 targets [107]; probably 

facilitated by the complex conformational equilibrium reported here. RyRp binding to 

CaCaM induced an almost complete structural equilibrium shift toward a compact 

structure (Fig. 27, bottom right) consistent with the X-ray crystal structure CaCaM/RyRp 

complex [30]. Fig. 27 (top right), illustrates the new proposed structural model of the 

apoCaM/RyRp complex, which is primarily in equilibrium between compact (75%) and 

closed (25%) structural states, while addition of Ca shifts the equilibrium almost 

completely toward the compact state (97%). The compact state of CaCaM/RyRp was 
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previously reported by X-ray crystallography [30], but here, we show directly for the first 

time the structural transition from the compact (75%) and closed (25%) states in the 

absence of Ca to a single compact state (97%) of the CaM/RyRp complex upon addition 

of Ca. 

At first glance, the addition of RyRp has no effect on the lobe-lobe distance in 

apoCaM  (Fig. 24b and d, blue; Table S4), suggesting that RyRp may not be binding 

CaM in the absence of Ca. However, two lines of evidence indicate that there is at least 

partial binding between apoCaM and RyRp, and Ca is required for maximum binding, as 

supported by our DEER measurements. First, binding has been detected in the absence of 

Ca by several investigations at a lower affinity than in the presence of Ca [71, 42, 43]. 

Second, we have previously shown by CW EPR that TOAC-labeled RyRp was only 

partially immobilized by apoCaM while CaCaM led to complete immobilization of the 

peptide [91]. These observations led us to try to detect the presence of binding, although 

potentially weak, by labeling the lobes of CaM individually with BSL and the RyRp with 

TOAC through peptide synthesis. In this system, if there were no binding in the absence 

of Ca, we would not be able to measure any inter-protein DEER distances (Fig. 25, blue), 

therefore at least some fraction of RyRp is bound to apoCaM. Thus, it is possible that a 

large fraction of the double BSL apoCaM/RyRp sample is uncomplexed proteins (giving 

it a distance distribution similar to apoCaM alone), and the DEER signal coming from the 

BSL N-lobe CaM/TOAC RyRp sample is from a smaller bound fraction (with the labeled 

CaM and RyRp not in complex contributing merely to the background signal).    

Previous investigations by us [91] and others [108, 42, 43], suggest that the N-lobe of 

CaM is involved in tight binding of CaM to RyRp, and this is important for regulation of 
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RyR [71]. Our DEER distance measurement between the N-lobe of CaM and RyRp 

revealed the flexibility and structural heterogeneity of this complex, with two broad 

distance populations in the absence of Ca (Fig. 25b, blue and Table S5); the major 

population (75%) corresponds to the compact state. The longer distance population is too 

long to be explained by the compact state of CaM, so this population probably represents 

a state where the N-lobe is not bound tightly to RyRp. Addition of Ca shifted the 

equilibrium to one predominant population with a short distance (Fig. 25b, red and Table 

S5), indicating complete binding of the N-lobe to RyRp in a compact state. In contrast, 

distance measurement between the C-lobe of CaM and RyRp indicate that the C-lobe is 

tightly bound to RyRp independent of Ca (Fig. 25d), with Ca only slightly decreasing the 

disorder (Table S5). These results are consistent with our previous report in which 

complete immobilization of the C-terminal region of TOAC-labeled RyRp (by CaM N-

lobe) was Ca-dependent, whereas the N-terminal region of RyRp was completely 

immobilized (by the C-lobe of CaM) independent of Ca [91]. Thus, we present further 

structural evidence that supports the hypothesis that CaM functions as a subunit of RyR 

through binding of the C-lobe, and complete interaction of the N-lobe of CaM (in 

response to increased cytosolic Ca levels) is responsible for maximum inhibition of RyR.  

 

5.5 CONCLUSION 
 

We report a unique approach utilizing a combination of BSL, TOAC, and DEER, to 

resolve and quantitate the structural states of CaM as affected by Ca and RyRp binding. 

Our results directly support a conformational selection model of CaM binding to RyRp, 

which occurs by RyRp shifting the structural equilibrium of CaM toward pre-existing 

states. We were also able to directly detect and resolve structural states of CaM/RyRp 
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even in the absence of Ca with sub-nanometer precision, while such high-resolution 

information is not available from X-ray crystallography or NMR. We detected structural 

changes in each CaM lobe with respect to RyRp binding, and showed that the N-

lobe/RyRp interaction was much more sensitive to Ca than the C-lobe, providing unique 

structural insight into the mechanism of Ca-dependent CaM-mediated RyR regulation. 

Finally, we have demonstrated the power of TOAC and BSL in measurement of protein 

backbone rotational dynamics and interspin distance (Fig. 26). This establishes the power 

of DEER spectroscopy with stereospecific spin labels as a tool that complements 

conventional structural techniques. This approach will be powerful in future studies of 

CaM and other Ca-binding proteins, with important implications for molecular pathology 

and therapeutic development for muscle disorders. 

 

5.6 METHODS 
 

 

Computational Approach 

The Discovery Studio Visualizer software (windows version 2.5.5.9350) was used to 

optimize BSL-CaM labeling sites in the N-lobe and C-lobe. For this purpose, PDB files 

(Fig. 22a. 1CFD, B. 1CLL, C. 2BCX) were individually opened by the software. In the 

second step two amino acids in the N-lobe and C- lobe at i and i+4 positions were chosen 

to be mutated to Cys. In the modified PDB files, BSL was attached in the N-lobe 

(T34CS38C) and C-lobe (R106CT110C). The distances from nitrogen to nitrogen 

between the attached BSL labels in the N-lobe and C-lobe were determined (Fig. 22a-d). 

The shorter distance from the singly labeled BSL- CaM mutant (T34CS38C) to 5-TOAC-

RyRp (TOAC substituted for Ala5) was accomplished in a similar way, by using the 
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modified PDB file 2BCX (Fig. 22e and f). The estimated distances were then used to 

simulate the expected DEER waveforms (Fig. 23) using WACY, an in-house laboratory 

developed EPR software (Edmund Howard). 

 

CaM Mutagenesis and Purification 

Tetra-Cys CaM was engineered containing two Cys in the N-lobe (T34CS38C) and C-

lobe (R106CT110C) followed by cross linking with BSL to measure intra-molecular 

distances by DEER. Di-Cys CaM mutants (T34CS38C or R106CT110C) were also 

expressed and purified for experiments involving inter-protein distance measurement 

with TOAC labeled RyRp. In detail, recombinant human CaM was expressed in 

Escherichia coli using the pET-7 vector [109]. Mutations targeting the Cys labeling sites 

were introduced using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA), and 

the mutation was verified by DNA sequencing. Following induction with isopropyl β-D-

1-thiogalactopyraoside, di- and tetra-Cys-CaM were purified via phenyl-Sepharose 

chromatography [110]. Protein concentrations were determined by the bicinchoninic acid 

procedure (Pierce, Rockford, IL) using bovine brain CaM as the standard [111].  

 

BSL-CaM Spin Labeling 

BSL-CaM spin labeling was accomplished by first reducing the protein with 5 mM DTT 

for one hour at room temperature. DTT was removed using Zeba Spin desalting columns 

(Thermo Scientific) and the reduced CaM sample then incubated with 4x molar excess 

BSL (Toronto Research Chemicals) at 4 °C overnight. Excess BSL was removed and the 

protein was exchanged into EPR buffer (20mM MOPS, 5mM Ca or 5 mM EGTA, pH 



66 

 

7.4) using a Zeba Spin desalting column. Spin counting results showed that ≥80 of BSL-

CaM were labeled. 

 

Synthesis of TOAC-RyRp and RyRp 

RyRp and TOAC-RyRp (with TOAC substituted for Ala5) were synthesized by solid-

phase peptide synthesis (SPPS) as previously described [91]. Spin counting results 

showed that ≥60 of TOAC-RyRp were labeled. Cys22 was replaced with -amino-n-

butyric acid (Abu) to prevent disulfide exchange with BSL labeled CaM. EPR studies of 

BSL labeled CaM with WT-RyRp (Cys 22 instead of Abu) caused the appearance of a 

highly mobile spectral component, corresponding to free spin label. BSL labeled CaM 

showed only 41% spin labeling efficiency. The most likely interpretation of the free BSL 

label is that the Cys residue of WT-RyRp participates in disulfide exchange with BSL-

CaM as previously reported [112]. BSL is a sulfhydryl-reactive cross linker and linked by 

disulfide bonds to the –SH peptide side chain. The reaction between pairs of free or 

reduced sulfhydryl groups (-SH) is selective and precise. To control the number of free –

SH groups we replaced Cys22 with Abu.  

 

CD Spectroscopy 

CD spectra were acquired at 22 °C with a JASCO J-815 spectrophotometer, scanning 

from 190 nm to 260 nm with a scan rate of 50 nm/min, 0.1 nm bandwidth. Spectra were 

signal-averaged five times and baseline subtracted. Reported spectra are expressed as 

mean residue ellipticity, [θ]. Linear combinations of -helix, -sheet and random coil 

bases spectra were used to determine secondary contributions from fits to acquired CD 
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spectra [113, 68]. Samples for CD consisted of 20 M CaM, BSL-CaM or double BSL-

CaM in 10 mM Na2HPO4, pH 7.4, loaded into quartz cuvettes with a path length of 0.1 

cm. We previously reported that TOAC labeling of RyRp does not significantly alter its 

secondary structure and how it responds to the alpha-helix inducer TFE [91]. We 

performed CD on BSL labeled CaM mutants and show that single (T34CS38C) and 

double labeled BSL-CaM (T34CS38CR106CT110C) does not significantly alter the 

secondary structure compared to wild-type CaM (Fig. S28). The linear fit of the CD 

spectrum yielded 90.3% -helix for WT-CaM, 89.8% for single BSL-CaM and 88.1% for 

double BSL-CaM (Fig. S28).  

 

EPR Spectroscopy and Data Analysis 

We performed DEER to measure distances from 2 to 6 nm, and dipolar CW-EPR for 

distances from 0.5 to 2 nm. DEER signals were acquired with an Elexsys E580 

spectrometer (Bruker) operating at Q-band (34 GHz) equipped with a EN5107 resonator 

using a four-pulse DEER sequence [97] with a 12 ns π/2 pulse and a 24 ns ELDOR pulse. 

The spacing between the echo forming π/2 and π pulses was incremented in 8 steps of 16 

ns to average out D2O artifacts [97]. The pump frequency was assigned to the maximum 

of the nitroxide absorption spectrum and the observe frequency placed at a 24 Gauss 

higher magnetic field strength on the field swept absorption spectrum. Data was acquired 

at 65 K and lasted 16–24 hours. All DEER samples contained 90-100 µM CaM in 20 mM 

MOPS, pH 7.4, 95% D2O. 10% glycerol was added for cryoprotection. Samples 

containing RyRp had a ratio of 1.25:1 (peptide:CaM). DEER waveforms were analyzed 

using custom software written in Mathematica based on DeerAnalysis [114] and DEFit 
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[115] (github.com/thompsar). Background corrected waveforms were analyzed using 

Tikhonov regularization, with choice of smoothing parameter informed by both the l-

curve and leave one out cross validation (LOOCV) criteria [116]. After stable 

populations were identified via a systematic variation of the region fit for the background 

component (similar to DeerAnalysis’ validation tool), highly unstable populations that 

were well separated from the primary distribution (and beyond the sensitivity range 

afforded by acquired evolution time) were suppressed by repeating background 

correction with the appropriate spectral components included as a correction to the initial 

homogeneous background model, followed again by Tikhonov regularization. The 

resultant filtered Tikhonov distribution (which showed no distortion beyond the 

suppression of the unstable components) was then used as seed for a Monte Carlo fit of 

the waveform using a sum of Gaussians model, ρj(R), determining population centers, 

widths and mole fractions as well as their respective uncertainties with respect to the 

error surface of the fit (Fig. S32): 

 

 𝜌𝑗(𝑅) =
1

𝜎𝑗√2𝜋
 𝑒𝑥𝑝 (

−[𝑅 − 𝑅𝑗]
2

2𝜎𝑗
2 ) Eq. 4 

 

 

 𝜎𝑗 = 𝐹𝑊𝐻𝑀𝑗 (2√2 𝑙𝑛 2)⁄  Eq. 5 
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where σ is the standard deviation and FWHM is the full width at half maximum of the 

distribution. The minimal number of Gaussians necessary to produce a satisfactory fit 

was determined by both a comparison of RMSDs with the Tikhonov fit as well as using 

Bayesian information criterion [117], which in our experience performs better than the 

Akaike information criterion [118] at picking the most parsimonious model.  

For dipolar CW-EPR measurements of BSL-CaM to 5-TOAC-RyRp, samples 

were prepared in 20 mM MOPS, pH 7.4, 95% D2O at a concentration of 90 M of spin-

labeled protein. All CW-EPR spectra were recorded at X-band (9.6 GHz) with a Bruker 

E500 Elexsys spectrometer equipped with an ER 4122 SHQ resonator. For dipolar EPR 

spectra acquisition, temperature was maintained at 200 K with a quartz dewar insert and 

nitrogen gas flow temperature controller. All frozen spectra were acquired using 0.6 mW 

power to prevent spin saturation, and 200 G sweep width. All spectra were baseline 

correct then normalized to the double integral prior to analysis. For determination of spin-

spin distance from dipolar CW-EPR spectra of BSL-CaM/5-TOAC-RyRp, spectral 

simulation and least-square fits were performed as previously described (Fig. S33) [119]. 

Essentially, experimental spectra were fit to a model corresponding to a sum of Gaussian 

distance distributions. CW EPR spectra of BSL-CaM at 4 °C were analyzed to determine 

the rotational correlation time according to Eq. 3 [65]. Each spectrum was analyzed to 

determine the order parameters S, 

 

S = (T||-T0)/(T||-T0), Eq. 6 
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where T|| = splitting between the outer extrema, T|| = the rigid-limit value of T|| and T0 = 

the fast-limit value of T||. Results indicate no significant detectable differences in CW 

EPR dynamics between the N- and C-lobes (Table S5). 
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5.7 SUPPLEMENTAL INFORMATION 
 

 

 

  

WT CaM

T34CS38C BSL CaM

T34CS38C-R106CT110C BSL CaM

a

b Protein WT unlabeled 

CaM

T34CS38C BSL 

CaM

T34CS38C

R106CT110C 

BSL CaM

% α-helix 90.3  ± 0.5 % 89.8 ± 0.6 % 88.1 ± 1.0 %

 

Fig. S28. CD reveals BSL did not significantly perturb the secondary structure of CaM. (a) CD 

spectra of WT CaM (black), single BSL-CaM (blue) and double BSL-CaM (red). (b) Percent -

helix were determined from data simulation and fitting assuming a linear combination of -helix, 

-sheet and random coil. In either case, BSL labeling did not significantly disrupt the secondary 
structure of CaM.   
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Fig. S29. Analysis of double BSL CaM DEER in the absence of Ca (a), presence of saturating Ca 
(b), presence of unlabeled RyRp and no Ca (c), and presence of unlabeled RyRp and saturating 
Ca (d). First column shows the raw data (black dots) and background fit (orange). Second column 
shows the background-corrected data (gray dots, using the shown homogenous background 
model augmented with the selected long range distance components), Tikhonov fits (red/blue), 
and best Gaussian fits (black). Third column shows Tikhonov distance distribution (red/blue), 95% 
CIs from background validation (shaded), and Monte Carlo sum of Gaussians model (black). 
Unstable populations (dashed) were suppressed from the primary distribution (solid) by a via 
modification of the background model as described with no distortion to the primary distribution 
shown here and in Fig. 24 in the manuscript. The primary Tikhonov distribution was then used as 
a seed for a Monte Carlo fit of the waveform using a sum of Gaussians model shown here 
(black).  Insets show range of background validation RMSD with selections in red/blue. The 
vertical line indicates the maximum reliable mean detectible distance given the waveform’s 
evolution time (Ref. 31 in main text). Fourth column shows the refinement of the Gaussian model, 
with the red arrow in the RMSD-Gaussian plot showing the number of Gaussians sufficient to fit 
the data (n), at which n + 1 did not significantly improve the fit, informed by Bayesian information 
criterion. See Materials and Methods for more details. 
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Fig. S30. Analysis of BSL-CaM/TOAC-RyRp DEER. Distances measured were between N-lobe 
BSL CaM and TOAC RyRp in the absence of Ca (a), N-lobe BSL CaM and TOAC RyRp in the 
presence of saturating Ca (b), C-lobe BSL CaM and TOAC RyRp in the absence of Ca (c), and 
C-lobe BSL CaM and TOAC RyRp in the presence of saturating Ca (d). First column shows the 
raw data (black dots) and background fit (orange). Second column shows the background-
corrected data (gray dots, using the shown homogenous background model augmented with the 
selected long range distance components), Tikhonov fits (red/blue), and best Gaussian fits 
(black). Third column shows Tikhonov distance distribution (red/blue), 95% CIs from background 
validation (shaded), and Monte Carlo sum of Gaussians model (black). Unstable populations 
(dashed) were suppressed from the primary distribution (solid) by a via modification of the 
background model as described with no distortion to the primary distribution shown here and in 
Fig. 25 in the manuscript. The primary Tikhonov distribution was then used as a seed for a Monte 
Carlo fit of the waveform using a sum of Gaussians model shown here (black).  Insets show 
range of background validation RMSD with selections in red/blue. The vertical line indicates the 
maximum reliable mean detectible distance given the waveform’s evolution time (Ref. 31 in main 
text). Fourth column shows the refinement of the Gaussian model, with the red arrow in the 
RMSD-Gaussian plot showing the number of Gaussians sufficient to fit the data (n), at which n + 
1 did not significantly improve the fit, informed by Bayesian information criterion. See Materials 
and Methods for more details. 
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Fig. S31. Analysis of DEER distances measurement of MTSSL CaM and BSL CaM. Analysis 
hows data for presence of saturating Ca for double MTSSL CaM (a) and double BSL CaM (b). 
First column shows the raw data (black dots) and background fit (orange). Second column shows 
the background-corrected data (gray dots, using the shown homogenous background model 
augmented with the selected long range distance components), Tikhonov fits (green/red), and 
best Gaussian fits (black). Third column shows Tikhonov distance distribution (green/red), 95% 
CIs from background validation (shaded), and Monte Carlo sum of Gaussians model (black). 
Unstable populations (dashed) were suppressed from the primary distribution (solid) by a via 
modification of the background model as described with no distortion to the primary distribution 
shown here and in the manuscript. The primary Tikhonov distribution was then used as a seed for 
a Monte Carlo fit of the waveform using a sum of Gaussians model shown here (black).  Insets 
show range of background validation RMSD with selections in red/blue. The vertical line indicates 
the maximum reliable mean detectible distance given the waveform’s evolution time (Ref. 31 in 
main text). Fourth column shows the refinement of the Gaussian model, with the red arrow in the 
RMSD-Gaussian plot showing the number of Gaussians sufficient to fit the data (n), at which n + 
1 did not significantly improve the fit, informed by Bayesian information criterion. See Materials 
and Methods for more details. 
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Fig. S32. The Monte Carlo error surface for a 2-Gaussian fit of the double BSL apoCaM sample 
data, with the centers, widths and mole fractions simultaneously being varied. The 60%, 75% and 
95% confidence intervals (blue, yellow, and red, respectively) were determined by a taking a ratio 
of the residual sum of squares of all fits with the residual sum of square of the best found fit using 
the cumulative distribution function of the F-ratio distribution with the appropriate degrees of 
freedom given the amount of data and the number of varied parameters. White crosses denote 
the location of the best found fit with the listed mole fractions. 
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apoCaM

CaCaM

CaCaM/RyRp

apoCaM/RyRp

 

Fig. S33. Dipolar CW EPR of double BSL labeled CaM at positions T34CS38C in the N-lobe and 
R106CS110C in the C-lobe. Overlay shows double labeled construct (red) with single labeled 
construct (black), obtained by averaging spectra of the two single labeled samples. The lack of 
broadening indicates that there is no spin-spin interaction within 2.0 nm in each of the 
experimental conditions, indicating that all structural states populated by CaM were captured in 
the DEER measurements. Experiments were performed at 200 K. All spectra are normalized to 
the spin concentration by dividing by the double integral. Scan width obtained at 200 G (shown as 
120 G).  
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Fig. S34. Analysis of the dipolar CW EPR data of N-lobe (top) or C-lobe (bottom) BSL-
CaM/TOAC-RyRp.  (a and d) Representative EPR spectra shown at 200 G scan width. Each 
spectrum has been normalized to the same number of spins by dividing by the double integral. 
Inset shows expanded view of a 50-G portion of the low-field. The non-interacting spectrum was 
obtained by averaging spectra of the two singly-labeled samples, prepared from single-Cys 
mutants. Only the spectrum that showed broadening was analyzed. (b and e) Distance 
distribution from fits to EPR spectra. (c and f) Residuals show that the data was best fitted to 1-
Gaussian distribution in both cases. 
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Table S4. Interprobe center distances R, FWHM, and percent mole fractions observed in each 
biochemical state of double labeled BSL-CaM, detected by DEER 

Parameter apoCaM CaCaM CaCaM/RyRp apoCaM/RyRp 

Fraction1 (%) 15 ± 12 29 ± 11 87 ± 13 17 ± 11 

R1 (nm) 2.4 ± 0.8 1.6 ± 0.3 2.2 ± 0.1 2.4 ± 0.7 

FWHM1
 (nm)  1.4 ± 1.4 1.6 ± 0.8 0.7 ± 0.2  1.5 ± 1.2  

Fraction2 (%) 85 ± 12 28 ± 10 13 ± 13 83 ± 11 

R2 (nm) 4.5 ± 0.1 4.1 ± 0.2 3.0 ± 0.8 4.5 ± 0.1 

FWHM2 (nm) 1.0 ± 0.2 0.8 ± 0.4 1.2 ± 1.2 1.3 ± 0.2 

Fraction3 (%) n/a 44 ± 7 n/a n/a 

R3 (nm) n/a 5.7 ± 0.1 n/a n/a 

FWHM3 (nm) n/a 1.1 ± 0.2 n/a n/a 

R, mean distance; FWHM; full width of the Gaussian distribution at half maximum (see 
Materials and Methods Eq. 5 Eq. 6); Fraction, percent of mole fraction of CaM occupying a given 
structural state. Subscript indicates population number. Errors represent 95% confidence interval 
obtained from an F-test of the Monte Carlo search results (see Fig. S32). Experimental conditions 
are described in Materials and Methods. 
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Table S5. Interprobe center distances R, FWHM, and percent mole fractions observed in each 
biochemical state of single labeled N-lobe or C-lobe BSL CaM complexed with 5 TOAC RyRp, 
detected by DEER 

Population 
Parameters 

N-lobe -Ca N-lobe +Ca C-lobe -Ca C-lobe +Ca 

Fraction1 (%) 75 ± 18 97 ± 8 100 ± 0 89 ± 9 

R1 (nm) 2.3 ± 0.6 2.3 ± 0.1 1.5 ± 0.2 2.2 ± 0.1 

FWHM1
 (nm)  2.4 ± 1.3 0.8 ± 0.1 2.0 ± 0.3  0.9 ± 0.1  

Fraction2 (%) 25 ± 18 3 ± 8 n/a 11 ± 9 

R2 (nm) 4.2 ± 0.2 3.3 ± 0.9 n/a 2.5 ± 0.1 

FWHM2 (nm) 1.1 ± 0.5 0.4 ± 0.9 n/a 0.3 ± 0.2 

R, mean distance; FWHM; full width of the Gaussian distribution at half maximum (see 
Materials and Methods Eq. 5 Eq. 6.); Fraction, mole fraction of CaM occupying a given structural 
state. Subscript indicates population number.  Errors represent 95% confidence interval obtained 
from an F-test of the Monte Carlo search results (see Fig. S32). Experimental conditions are 
described in Materials and Methods. 
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS 
 

6.1 SUMMARY 
 

 My thesis work has advanced the knowledge of the crucial CaM-RyR interaction. 

More specifically, the structural mechanism of this interaction was previously vague and 

not well understood. Below, I go into more details regarding the main discoveries of each 

of my publication and discuss how it impacted the fields of EPR, CaM-RyR and 

structural biology in general. 

 First, in chapter 4 we set out to investigate the structural dynamics of RyRp, the a 

peptide corresponding to the CaM-binding site on RyR. We synthesized various TOAC-

labeled RyRp derivatives and showed using CD that TOAC did not significantly perturb 

the secondary structure of RyRp. By using conventional EPR, we also characterized the 

dynamics of the peptide and showed that there was an increasing gradient of dynamics 

from the N-terminal region to the C-terminal region. Most importantly in this work, we 

discovered a Ca-dependent effect of binding of CaM to RyRp. By detecting the rotational 

dynamics of TOAC at various location of RyRp, we were able to propose a structural 

binding model in which Ca caused further immobilization of the C-terminal region of the 

peptide (bound by N-lobe of CaM). Interestingly, the N-terminal region of RyRp (bound 

by C-lobe of CaM) was less significantly affected by Ca. Thus, we proposed that Ca 

functions to increase interaction of the N-lobe of CaM with RyR to decrease the activity 

of the Ca channel. 

 In chapter 5, our aims were two-fold: 1) to obtain structural measurement of the 

CaM/RyRp complex as a function of Ca binding and 2) demonstrate the power of 

bifunctional spin labels BSL compared to its monofunctional counterpart. In this work, 
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we labeled CaM with two BSL (one in each lobe) and performed DEER distance 

measurement as a function of RyRp and Ca binding. The first challenge was finding 

suitable BSL sites on CaM, as CaM is a relatively small protein with limit ideal locations 

for spin labeling. We demonstrate that if BSL were placed at positions 34.38 in the N-

lobe and 106.110 in the C-lobe, we could use DEER to resolve the relevant structures of 

CaM (open, closed and compact) as each of them gave unique distances between the spin 

labels. Consistent with this, our DEER measurement revealed a drastic effect of Ca on the 

distance distribution, which corresponds to direct structural change. In the absence of Ca, 

apoCaM is in dynamic equilibrium between a predominant closed state and a minor 

compact state. Upon addition of Ca, the population rearranges and we observed formation 

of a third open state at longer distance. Interestingly, we showed that the effect of RyRp 

binding to CaM is greatest when Ca was present where addition of unlabeled RyRp 

shifted the equilibrium completely towards the compact state, consistent with the crystal 

structure of the CaCaM/RyRp complex. We also measure the distance between each of 

the BSL’s on CaM and TOAC on RyRp, which to our knowledge, is the first time both 

spin labels have been used to measure the same protein system. These measurements 

allowed us to refine our previously proposed model where Ca induces complete binding 

of the N-lobe of CaM to RyR. Thus, we have obtained direct structural evidence to 

suggest that a structural change in the CaM-RyR is responsible for the inhibitory effect of 

Ca on channel activity. More specifically, our structural data support the hypothesis that 

CaM functions as a subunit of RyR through binding of the C-lobe, and complete 

interaction of the N-lobe of CaM (in response to increased cytosolic Ca levels) is 

responsible for max inhibition of RyR. 
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6.2 PATHOLOGICAL MUTATIONS AND OXIDATION OF CALMODULIN 
 

 As mentioned at the beginning, the cycling of Ca between the SR and cytosol is 

essential to the processes of muscle contraction and relaxation which are largely 

regulated by RyR and SERCA, respectively. One hallmark of heart diseases is the so-

called SR Ca “leak” through the RyR, where Ca is released from the SR in an untimely 

and unregulated fashion. This results in increased resting cytosolic Ca concentration 

giving rise to disease conditions. Given this, the RyR channel is now a leading 

therapeutic target to prevent these often deadly diseases and restore normal Ca handling.  

One can imagine that perturbations to the RyR can result in such conditions, since it is 

the main protein involved in release Ca. However, more recently, mutations in CaM have 

been found in arrhythmia patients [41, 120-122], reiterating the importance of this small 

protein. The next logical step of this project would be to repeat the structural 

measurements presented here on these disease-causing CaM mutants and see how they 

compare to the healthy states.  

 Protein oxidation is inevitable in metabolic and aerobic respiratory processes but 

rapid accumulation of reactive oxygen species has been implicated in aging [123-125] 

and some pathological conditions [123, 126]. Oxidative damage of proteins can lead to 

structural perturbations with serious adverse molecular and physiological consequences. 

For example, actin-activated myosin ATPase activity is inhibited by peroxide treatment 

[127], resulting in slowing of muscle movement and losses of muscle mass and 

contractile force [125]. Methionine oxidation and subsequent reduction by methionine 

sulfoxide reductase have implications in metabolic, cardiovascular, neurological and 

other types of dysfunctions [128-130]. CaM is an oxidatively sensitive Ca regulatory 
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protein that contains 9 methionine residues, an unusually high percentage (6%) compared 

to the average protein [131]. All 9 methionine residues are vulnerable to oxidation to 

methionine sulfoxide, and CaM contains no cysteines, making CaM an ideal model for 

studying methionine oxidation. The CaM/RyRp complex crystal structure reveals that the 

residues Trp3620 and Phe3636 on RyRp serve as hydrophobic anchors and make 

extensive contact with multiple methionine residues on CaM [30]. Oxidation of all 

methionine residues on CaM eliminated binding with RyRp, and incomplete oxidation 

decreased binding affinity [38]. Thus, studying CaM oxidation not only has relevance in 

the general field of protein methionine oxidation, but CaM-mediated RyR regulation as 

well.   
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