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Abstract

Calcium (Ca?*) is required in the cytoplasm as a potent second messenger for a
variety of vital physiological events in the cell. Its supply to the cytoplasm can either
be from extracellular sources, or from intracellular sarcoplasmic reticulum stores,
predominantly through the ryanodine receptors (RyRs). The latter are large, ~2 MDa
homotetrameric channels that sense initial Ca?* blips due to voltage-gated calcium
channel influx and respond by opening to result in physiologically significant
concentration spikes. This action is known as calcium induced calcium release and is
the major process by which an excitation signal is translated to a physical, muscular
contraction. Cytoplasmic Ca?* concentrations have to be very well regulated and must
return to resting levels for subsequent contractions to occur. The importance of this
with regard to the RyR can be seen in two different ways: Firstly, its large cytoplasmic
bulk, a huge docking site for modulators, emphasizes the necessity for regulation, and
secondly, mutations in the RyR can cause severe genetic diseases as a result of Ca?*
mishandling. Presented here, are preliminary structural and binding studies for
several different RyR regulators, both physiological and pharmacological.

Skeletal muscle RyR (RyR1) 1-617 that contains the drug dantrolene’s
supposed binding site was crystallized and its structure determined. Isothermal
Titration Calorimetry (ITC) and co-crystallization attempts have not confirmed the
binding of dantrolene. The structure does however shed light on the physical
involvement of phosphatases as modulators of the channel.

Caffeine binding was detected successfully by ITC and attributed to RyR1 217-
536. A co-crystal structure yielded a binding site in the construct that could not be
knocked out by site-directed mutagenesis according to ITC.

Three types of modulators were shown to bind RyR1 4071-4128 by ITC. 1)
Ca?*, which affects the channel both positively and negatively, 2) magnesium ions,
which inhibit the channel, and 3) an intrinsic ligand in RyR1: residues 4295-4325; a

peptide that shows affinity for Calmodulin, yet another modulator of RyR.
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The results provide insight into allosteric reactions as a result of RyR ligand or

modulator binding.
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Ching-Chieh Tung optimized the purification for skeletal ryanodine receptor
(RyR1) residues 1-536 and RyR1 217-536. In addition, for the latter construct, he
performed the initial Isothermal Titration Calorimetry (ITC) experiments in Chapter
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1 Introduction

1.1 Calcium Release and Regulation

Extracellular signals such as membrane depolarization or adrenaline binding
have to be relayed from receptors at the cell surface to intracellular target molecules.
To do this second messengers are required, which act via signal transduction and
amplify the signal. One of the most potent second messengers is calcium (Ca?*), which
is required for a large variety of physiological functions. As a result, the demand for
Ca?*in the cell can be substantial and although extracellular concentrations are high,
the main supply of the ions for these physiological functions are intracellular stores:
namely the Sarcoplasmic and Endoplasmic Reticula (SR and ER). Here the main
sentinels of these stores are Ryanodine Receptors (RyR), which are activated by, and
conduct Ca?* (Endo et al. 1970, Fabiato, 1983).

RyRs are large homotetrameric ion channels located in the SR/ER membranes
of the cell. With each monomer measuring ~565 kDa, a complete structure exceeds
2.2 MDa. Despite its main function in controlling calcium release into the cell, it gets
its name from the observed high affinity binding of the plant toxin Ryanodine, which
locks the channel in a subconductance state at lower (nanomolar) concentrations and
completely blocks it at higher (micromolar) concentrations (Meissner 1986). There
are three identified isoforms in mammalian organisms: RyR1, which is predominantly
expressed in skeletal muscle (Takeshima 1989), RyR2, mostly in cardiac muscle (Otsu
et al. 1990), and the more ubiquitously expressed RyR3, which was first discovered in
the brain (Hakamata et al. 1992). Although they do generally follow the this trend in
expression, all three types are found in other tissues as well, and are close to 70%
identical with only a few divergent regions (Sorrentino and Volpe 1993). Here, the

focus will be predominantly on RyR1.



In proof of the reliance on intracellular stores, it has been demonstrated that
an extracellular influx of Ca?* through voltage-gated Ca?* channels (Cays) is not
necessary for contraction in skeletal muscle. Both twitches (Armstrong et al. 1972)
and sarcoplasmic Ca?* release (Miledi et al. 1984) can still occur in muscle cells
exposed to Ca?*-free solutions. Instead there is thought to be a direct physical link
between RyR1 and L-type Cav (Cavyl.1) (Rios and Brum 1987, Block et al. 1988,
Tanabe et al. 1988, Tanabe et al. 1990). Here Cays are recruited as voltage sensors
and in turn cause Ca?* release through RyRs. This initial spike in concentration would
then trigger further Ca?* release via neighbouring RyRs that are physiologically
clustered, corner-to-corner, in ‘chessboard’ arrays (Saito et al. 1984, Ferguson et al.
1988, Saito et al. 1988). Evidently then, Ca?*-binding is sufficient, but not necessary to

activate RyR1.

1.1.1 Calcium Induced Calcium Release and E-C Coupling

As stated, RyR is both triggered by and conducts Ca?* in a process known as
Calcium Induced Calcium Release (CICR) (Endo et al. 1970, Fabiato, 1983). This
seems to set up a positive feedback loop that would completely deplete the SR of Ca?*,
but Meissner et al. (1986) have shown that higher concentrations of Ca?* decrease the
open probability of RyR. This means that there must be at least two binding sites for
Ca?* in the RyR, one for activation and one for inhibition. In addition, they showed
that another divalent cation, Mg?*, binds and inhibits the channel by two proposed
mechanisms: direct competition with Ca?* at the activation site, or by binding to a low
affinity inhibitory site that can accept either Ca?* or Mg?*. Consequently RyR is
activated by micromolar (uM) concentrations of Ca?* and inhibited by millimolar
(mM) concentrations of Ca?* or Mg?* (Laver et al. 1997). The subsequent
amplification of the Ca?* signal upon activation is a necessary requirement for all

muscle contraction.



60 years ago, Sandow (1952) described the relationship between an excitation
signal and the consequent activation of muscular contraction. It occurs in a process
now known as excitation-contraction (E-C) coupling, which heavily relies on Ca?*.
Already mentioned, it was later understood that this process involved a physical
Cav1l.1-RyR1 link near transverse tubules (T-tubules), invaginations in the
sarcolemma or plasma membrane of muscle cells, and the terminal cisternae of SR
(Rios and Brum 1987, Block et al. 1988, Tanabe et al. 1988, Tanabe et al. 1990).

According to the sliding filament model of muscle contraction (Huxley and
Niedergerke, 1954, Huxley and Hanson, 1954), shortening of sarcomeres occurs by
interactions between thin actin and thick myosin filaments. Melzer et al. (1995)
describe the role of Ca?* in binding to troponin C, located on actin filaments. This
causes the troponin complex to pull tropomyosin away from the myosin binding sites
on these actin filaments. Once free to bind, myosin heads can attach and cause
sarcomere shortening by pulling actin filaments and induce contraction of the muscle
cell as a whole. Following this, binding of adenosine triphosphate (ATP) to myosin
returns the heads to their resting state, primed for re-attachment to actin and thereby
causing further sarcomere contraction as long as Ca?* is still present.
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPases (SERCAs) must then pump
Ca?* back into the SR to re-establish normal concentrations (Carafoli 1987,
MacLennan et al. 2002, Dulhunty, 1992, Stephenson et al. 1998). This costs a lot of
energy provided by ATP hydrolysis. Other Ca?* concentration restorers include
Plasma Membrane Ca?* ATPases, which work in a similar way but pump ions out of
the cell, and Na*/Ca?* exchangers (NCX), which swap three sodium ions (Na*) into the
cell for every Ca?* that they take out.

Ca?* is also involved prior to T-Tubule excitation by an action potential, at the
neuromuscular junction. At the presynaptic neuron terminal, Ca?* causes vesicles
filled with acetylcholine (ACh) to fuse with the cell membrane and release the
neurotransmitter into the synaptic cleft. Receptors on the postsynaptic membrane
recognize ACh and open to allow the influx of sodium ions (Na*)); this initiates the
action potential. Being a vital part of both the excitation and contraction, Ca?* can be

considered to be the major force behind E-C coupling. Its cytoplasmic concentration



in the cell is controlled by a variety of Ca?*-conductors, most importantly RyR with

SERCA, NCX and PMCA (Figure 1).

Action potential  T-Tubule Surface membrane
A

A

¢
SERCA-----"""\_ 13 -/

—Terminal cisternae of SR
| Triad

FIGURE 1. RyR, Ca™ and muscle contraction. 1) An action potential reaches the T-

Tubules. 2) RyR recruits Cav as a voltage sensor and releases Ca” from SR. Nearby RyRs
respond by CICR to amplify the Ca” signal (not shown). 3) Myoplasmic Ca” causes sliding of
actin filaments in the direction of the red arrows. 4) SERCA pumps use ATP to return Ca”
to the SR.

1.1.2 Calmodulin and Calmodulin Binding Domains

The large size of the RyR, with ~4/5ths of its volume in the cytoplasm,
provides a huge area for different, smaller proteins to bind. The channels even exhibit
corner-to-corner interactions with themselves, resulting in a two-dimensional (2D)

RyR ‘checkerboard’ (Saito et al. 1984, Ferguson et al. 1988, Saito et al. 1988). This



emphasizes the essential requirement for Ca?* concentrations to be well regulated.
Understandably then, a plethora of protein chess pieces have been shown to bind
these RyR chessboard arrangements. The immunosuppressant FK-506 binding
proteins (FKBP12 and 12.6) attach and stabilize the channel in the closed state
(Brilliantes et al. 1994, Ma et al. 1995, Timerman et al. 1996). Oligomers of
calsequestrin (CSQ), which can hold over 60 ions per monomer (Park et al. 2004) are
responsible for the high concentration of Ca?* in SR. CSQ-bound Ca?* is released in
communication with RyR1, but whether it activates or inhibits the channel depends
on which CSQ isoform is involved (Beard et al. 2004). Other examples include the SR
anchoring proteins triadin and junctin (Beard et al. 2009) and more relevant for this
discussion, calmodulin (CaM) (Chen and MacLennan, 1994, Yang et al. 1994, Tripathy
et al. 1995). Together, and among many others, they form the core of a RyR
macrocomplex that defines the release of Ca?*.

Using lipid bilayer studies, CaM in fact was the first protein to be identified as
an interacting partner with single RyR channels (Smith et al. 1989). It binds
stoichiometrically, with four CaMs binding one tetramer (Tripathy et al. 1995, Moore
et al. 1999, Balshaw et al. 2001) even though there are thought to be multiple
Calmodulin Binding Domains (CaMBDs) (Zorzatto et al. 1990, Menegazzi et al. 1994,
Chen and MacLennan 1995). Cryo-electron Microscopy (cryo-EM) and Forster
Resonance Energy Transfer (FRET) experiments further confirmed the 4:1
stoichiometry (Wagenknecht et al. 1994; Wagenknecht et al. 1997; Samsé and
Wagenknecht 2002). It is clear that the binding of CaM to RyR is far from simple and
is yet to be fully understood. Keeping with the theme, CaM was also part of the first
RyR crystal structure as part of a complex with residues 3614-3643 in RyR1
(Maximciuc et al. 2006). The structure unearthed an unusual, novel mode of binding,
even for the promiscuous CaM. For the first time CaM was seen to bind two anchoring
hydrophobic residues located 17 residues apart (inclusive) along the primary
structure of RyR1 in an antiparallel organization.

To further complicate matters, CaM contains two structurally similar lobes, but
functionally quite different, each of which can bind Ca?* and change conformation.

Their Ca?*-dependent structural changes can have dramatic effects on CaM’s



regulatory effect on RyR. Ca?*-free CaM (Apo-CaM) for example has been shown to
partially activate RyR1, whereas Ca%*-bound CaM (Ca?*-CaM) has an inhibitory effect
on Ca?* release from the SR (Ikemoto et al. 1995, Buratti et al. 1995, Tripathy et al.
1995, Rodney et al. 2000). In addition, Samsé and Wagenknecht (2002) showed by
cryo-EM that the centres of bound Ca?*-CaM and Apo-CaM lie ~33 A apart, and
visualized sites that were definitely distinct, but sterically overlapping. This implied
that both binding events cannot not occur at the same time and instead that some
kind of lobe shifting must occur. This evidence then suggests that CaM must play a
role in sensing high Ca?* concentrations achieved after signal amplification by RyR1,
and in turn shift to cause the channel to close.

From available crystal structures, we see that its ability to bind Ca?* is due to
four EF-hands, two on both lobes, each of which complex a single Ca?* ion resulting in
four Ca?* per CaM (Figure 2) (Babu et al. 1988, Chattopadhyaya et al. 1992, Wilson
and Brunger 2000). EF-hand domains, consisting of a helix-loop-helix motif, are
commonly associated with divalent ions such as Ca?* or Mg?*. S100A, another EF-hand
protein, also binds Ca?*, and in addition, can also bind the RyR1 3614-3643 peptide
(Wright et al. 2008), suggesting that different EF-hand containing proteins can
compete for the same binding sites. Given that RyR itself binds Ca?*, it is reasonable to
assume it may contain its own EF-hand domains that could presumably bind CaMBDs
as intrinsic ligands. In three-dimensional (3D) space, RyR1 EF-hands could be located
close to CaMBDs in the full-length channel. This would put their local, physiological
concentrations beyond competitive capabilities. It is therefore possible that in vivo,

neither CaM, nor S100A bind the RyR1 3614-3643 peptide.



FIGURE 2. Calmodulin and EF-hands. (A) CaM (PDB 1CLL, Chattopadhyaya et al.
1992) is coloured in a spectrum from its N- (blue) to C- (red) terminus. Ca” ions are shown
as grey spheres. (B) A zoomed in view on the C-terminal helix-loop-helix EF-hand.

Highlighted in black are the side-chains of some negatively charged residues mvolved in

binding Ca”.

Xiong et al. (2006) added serious strength to this argument with their studies
on RyR1 4064-4210. Firstly, they used circular dichroism to show that it has a-helical
propensity, hinting to the possibility of an EF-hand. Using equilibrium dialysis with
45Ca?*, they then determined that two Ca?* ions bind the peptide co-operatively with
an affinity of ~60 uM and a Hill coefficient of ~1.6. Furthermore, the fluorescent

probe 8-anilino-1-naphthalenesulfonic acid ammonium (ANSA), which changes its



fluorescent properties in the company of hydrophobic residues, was used to show
binding to a CaMBD binding site in RyR1 3614-3643. Here the affinity was Ca?*-
dependent, ranging from ~800 nM in apo conditions to ~180 nM in the presence of 5
mM Ca?*. Lastly, they demonstrated that Histidine-tagged RyR1 4064-4210 pulled
down Cay1.1. Their results hint towards the identification of single RyR1 peptide as a
Ca?*-binding site, a CaMBD binding site and the physical link between RyR1 and Cay.
Care must be taken though, not to interpret too much from experiments on isolated
peptides that physiologically could be inaccessible to any or all of the above.
Removing such peptides from their folded domains exposes hydrophobic residues
that could result in a general ‘stickiness’. Interestingly, following lysis, their construct
was found almost exclusively in inclusion bodies and had to be refolded in
purification.

In addition, as discussed in Chapter 1.3, hundreds of mutations in RyR1 can
cause Malignant Hyperthermia (MH). Volatile anaesthetics, for example halothane,
trigger the disorder and presumably bind RyR1. Given that CaM has been shown to
bind halothane (Streiff et al. 2004), and NMR structures have visualized both the N-
and C-lobe bound in solution (PDB 2KUG and 2KUH, Juranic et al. unpublished), it yet
again hints that there may not be any discrimination between EF-hands in binding. It
would therefore not be too far-fetched to conclude that RyR1 4064-4210 may also
interact with the anaesthetic. At present, a binding site for anaesthetics in RyR1 is yet

to be established.



1.2 Structural Information

1.2.1 Cryo-Electron Microscopy

Historically, structural studies on RyRs have been dominated by electron
microscopy (EM) with their first documented observation in thin-layer or negative
stain EM images, as simple protrusions from SR, occurring half a century ago (Revel
1962). With the progress in cryo-EM technology, structures of the full RyR1 channel
both in a closed and open state have been made available in the Electron Microscopy
Data Bank (EMDB) at resolutions up to ~10 A determined by fourier shell correlation
at cut-offs of either 0.5 or 0.143 (Serysheva et al. 2005, Ludtke et al. 2005, Samso et
al. 2005, Samso et al. 2009). These reconstructions have extensively been studied and
as a result, several globular domains within the channel have been identified. The
different cytoplasmic domains or ‘subregions’ have been assigned arbitrary numbers
(Figure 3) (Serysheva et al. 2008). Previously lower resolution images had only
allowed larger, more general regions to be named: the ‘central rim’, ‘handles’ and
‘clamps’ (Serysheva et al. 1995).

Comparison between the open and closed states (Samsé et al. 2009) of the
channel has also shed some light on the allosteric properties of RyRs (Figure 4).
Besides the obvious widening of the central rim in opening, there are clear
movements in the handles and clamps, some of which occur more than 100 A away
from the pore. It is then useful to portray the channel as a set of globular gears that
can communicate in both directions; opening of the pore can cause structural
rearrangements near the periphery of receptor, and conversely, binding of a ligand in

a clamp could cause opening or closing at the pore.
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FIGURE 3. A 9.6 A cryo-EM reconstruction of RyR1l. Top (above) and side
(below) views of the EMDB 1275 map (Ludtke et al. 2005). Subregions are coloured and
numbered (Serysheva et al. 2008). The central rim, a handle and a clamp are also labelled
for clarity. (Serysheva et al. 1995). 4/5ths of the channel resides in the cytoplasmic portion of

the ‘mushroom’like receptor. As labelled the diameter of the channel measures ~270 A.
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FIGURE 4. Closed vs open states of RyR. Comparison of the closed and open cryo-
EM reconstructions of RyR1 from Samsoé et al. 2009. The closed state (EMDB 1606) 1s
shown as a blue mesh on top of the green surface of the open state (EMDB 1607). The cut-
off selection for both maps are set to the same value and chosen so that a clear channel is

observed through the open state.

High quality cryo-EM maps have been very useful in looking at the complete
~2.2 MDa structure but pin-pointing the location of individual domains from the

primary sequence, has proven to be a little more challenging. To overcome this
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barrier, several insertion studies and difference maps with larger protein ligands or
antibodies were carried out. Kimlicka and Van Petegem (2011) have reviewed these
studies and mapped out each position onto a single reconstruction of RyR1. In each
case though, they stress that the exact location of the ligand, insertion or antibody
may carry a significant degree of uncertainty due to a combination of factors. Besides
the resolution of the EM map, the length of linkers and the size of the insert or ligand
must also be taken into account. Longer linkers could result in global differences very
far from the true location, and smaller ligands would be difficult to distinguish from
noise. Still, the results have proven to be very helpful. The supposed binding location
of the drug dantrolene (see Chapter 1.4.1) for example, which resides in RyR1
residues 590-609 (Paul-Pletzer et al. 2002, 2005), could be attributed to subregion 9
due to cryo-EM images of RyR2 in which GFP was inserted at tyrosine 846 (Wang et
al. 2011). However, the insertion point is over 200 residues away from the presumed
binding site and the observed mass difference could therefore be far from the point of
interest. But assuming an average protein domain to be ~200 residues, they could
argue this would put the GFP no more than single subregion away. Additionally, an
insertion into arginine 626, which could not be expressed well enough for cryo-EM,
but was usable for further FRET studies, confirmed that the distant side (from the

pore) of subregion 9 might indeed house the dantrolene binding site of RyRs.

1.2.2 Crystallographic Insight

Cryo-EM is without doubt a powerful tool in determining the general structure
of RyRs, but falls short when it comes to understanding some of the molecular details
involved. The search for the subregion that belonged to the N-terminus in the full-
length channel highlighted the limitations of using difference imaging in cryo-EM to
unambiguously locate domains. Glutathione S-Transferase (GST) fused at the N-
terminus of RyR3 (Liu etal. 2001), a RyR1 416-434 sequence specific antibody (Baker
et al. 2002) and a GFP insertion at serine 437 (Wang et al. 2007) all showed major
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difference peaks in the clamp regions of the RyR. This corroborating evidence led to a
common belief in the field that the N-terminus was localized between subregions 5
and 9. [t was not until the crystal structure of the first 3 domains of RyR1 in residues
1-532 (RyR1ABC) was solved that it became clear where the N-terminus really is
(Tung et al. 2010). Here we performed extensive docking of RyR1ABC using Laplacian
filters, an application that has been shown to be vital in the docking of relatively small
crystal structures into large EM maps (Wriggers and Chacén, 2001, Chacon and
Wriggers, 2002). In the study we demonstrated that RyR1ABC actually forms the
central rim on the cytoplasmic surface of RyR (Figure 5). Following the results, we
stressed the need for publishing the docking contrast between the top solution and
the remaining ones. A high docking contrast would eliminate false positives and in
turn mean a high probability of correctness.

In the study of large membrane proteins like RyR, crystallography though, is
definitely not a replacement for, or an upgrade from cryo-EM. With the full channel
having so far evaded crystallographic success, viewing atomic detail in ‘the bigger
picture’ can only be achieved in combining the two techniques, done by docking
crystal structures into EM maps. Yuchi et al (2012) highlight an example of this in
their mapping of phosphorylation domains into RyRs.

Full length RyRs initially intrigued the crystallographic world with their
observed formation of 2D ‘chessboard’ lattices (Saito et al. 1984, Ferguson et al. 1988,
Saito et al. 1988). This innate ability of the receptors to network like this meant
crystals were easier than thought to obtain. The failure to form 3D lattices though,
crippled the progress of determining a full-length structure for several years.
Thankfully, high resolution EM images of RyR, showed that as previously mentioned,
the complete structure can be broken down into much smaller, globular subregions,

each of which provide a much more feasible crystallographic target.
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FIGURE 5. Docking of RyR1ABC. Docked (EMDB 1275, Ludtke et al. 2005) RyR1 A
(blue) B (green) and C (red) are shown from the cytoplasmic top-side (A) and from a
perpendicular cross-section at the dashed line (B). Arrows show the potential for allosteric
mteractions in the direction of the pore. Distant regions of the EM map (mesh) have been

clipped for clarity.
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Three years ago, the structures of the N-terminal ~200 residues of RyR1
(Amador et al. 2009, Lobo and Van Petegem 2009) as well as RyR2 (Lobo and Van
Petegem 2009) were solved (RyR1A and RyR2A respectively). Since then several
wild-type large domains have been solved and docked including the confusingly
named Ryanodine Receptor (RYR) domain (Sharma et al. 2012), the aforementioned
RyR1ABC domains (Tung et al. 2010) and the phosphorylation domains in all three
isoforms (Yuchi et al. 2012, Sharma et al. 2012). Mutations in some of these domains
have been shown to cause severe disorders, and crystal structures of some of these
mutants have enlightened some of the mechanistic effects (discussed in Chapter
1.3.2). Part of the work described in this thesis aims to increase the number of high-

resolution structures of RyR domains.

1.2.3 The IP3 Receptor

RyRs are not the only Ca?* release channels located in the ER or SR. Another
powerful second messenger, inositol 1,4,5-triphosphate (IP3), and its receptor (IP3R)
have been studied extensively as well. The IP3 molecule is the result of cleavage of
phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C. An additional by-
product of the separation is 1,2-diacylglycerol (DAG), which is another second
messenger that activates Protein Kinase C. DAG, like its precursor PIP2, is membrane-
bound whereas IP3 is water-soluble and diffuses in the cytoplasm to trigger opening
of IP3Rs.

IP3Rs also have three isoforms in vertebrates. Most cell-types express more
than one of these isoforms but IP3R1 is enriched in neurons and smooth muscle,
[P3R2 in the brain, heart and secretory organs, and [P3R3 is also found in secretory
organs, but is more ubiquitously expressed (Newton et al. 1994, De Smedt et al. 1994,
Wojcikiewicz, 1995). At ~ 1 MDa, it is less than half the size of RyR, due mostly to its
much smaller cytoplasmic portion. Similar to RyR though, it was thought to have the

same ‘thumb-tack’ structure with four-fold, tetrameric symmetry. Ludtke et al (2011)

15



provided a 9.5 A cryo-EM structure that confirmed this. The crystal structure of the
N-terminal three domains of [P3R was initially solved in two segments: the latter two
forming an IP3 binding domain (Bosanac et al. 2002) and the former domain, which
suppressed IP3 binding (Serysheva et al. 2003, Bosanac et al. 2005). Later, structures
of the first three domains together (IP3R1ABC) were solved (Lin et al. 2011, Seo et al.
2012), but to lower resolutions.

A detailed comparison of RyR1ABC to the corresponding domains in IP3R1
shows that their overall structures are conserved, suggesting that the channels must
rely on similar allosteric mechanisms in regulation (Yuchi and Van Petegem, 2011). In
both cases, a pair of beta-trefoil domains followed by a third helical domain can
describe the structure (Figure 6). However, two notable differences can be observed.
The first domain of IP3R1 (IP3R1A) contains two large helices in comparison with
RyR1A that has only one, and the construct length of IP3R1ABC, which results in a 35-
residue extension in the third, helical domain. Despite these differences, Seo et al.
(2012) used some intricate chimera studies to show that RyR1A can functionally

replace the suppressor domain in [P3R1.
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FIGURE 6. IPBR1ABC vs RYR1ABC. IP3R1 domain A (yvellow), B (orange) and C
(purple) are individually superposed onto RyRIABC (black). Dashed circles highlight the

major differences between the two: a large extra helix in IPSRA, and an extended domain C.

1.3 Disease Mutations

Ca?* regulation in the cell is vital. With E-C coupling relying so heavily on Ca?*
as a second messenger, any disruption in this regulation causes severe muscular
pathologies. Mutations in both RyR1 and RyR2 can cause acute genetic diseases.

Kimlicka et al. (unpublished) have maintained a RyR mutation database that
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currently shows over 290 mutations in RyR1 cause skeletal muscle disorders such as
MH or Central Core Disease (CCD), and over 150 mutations cause diseases such as
Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) or Arrhythmogenic
Right Ventricular Dysplasia Type 2 (ARVD2) in RyR2. In both isoforms, disease
mutations seem to be clustered into ‘hotspots’ in the channel that seem distant in
primary structure, but may interact in 3D space according to the ‘zipper hypothesis’
(Ikemoto and Yamamoto, 2002, Oda et al. 2005, Liu et al. 2010). For this discussion, I
will concentrate on MH and CCD.

MH is a life-threatening genetic disorder triggered by volatile anaesthetics.
Some of the symptoms include metabolic acidosis, tachycardia, skeletal muscle
rigidity, rhabdomyolysis and most notably, a dramatic rise in body core temperature
(Pamukcoglu 1988, Denborough 1998). Its record as a human disorder began in 1960
with a twenty one year old man who required surgery after being run over by a car,
and his accident-prone family. With 10 of the man’s 24 relatives thought to have died
in response to ether-based anaesthetics, there was more concern on how to proceed
anaesthetically than there was about how to deal with the compound fractures in his
leg. They decided to abandon ethers and proceed cautiously with the recently
available halothane, but within twenty minutes this had to be stopped when both the
man’s body temperature and heart rate rose rapidly. In somewhat of a miracle, not
only did they manage to save the man’s life using ice packs to cool him down, but also
successfully completed the required surgery. Still, Denborough and Lovell (1960)
actually published the article ‘Anaesthetic Deaths in a family’ with the hope of finding
others that had come across the clinical problem. Eventually, by 1966 enough cases
and interest evolved that a symposium in Toronto was held that was dedicated solely
to MH (Gordon, 1996).

Mutation in RyR1 became a candidate for blame when pigs with a single
cysteine to arginine mutation at position 615 (C615R) in RyR1 exhibited the
symptoms of MH (Fujii et al. 1991). Since then a large number of MH-causing
mutations in human RyR1 have been found (McCarthy et al. 2000, Girard et al. 2006,
Robinson et al. 2006, Groom et al. 2011). Thankfully, in the late 1970s, the muscle

relaxant dantrolene was clinically approved to treat MH and successfully reduced the
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mortality rate of MH from ~80% to less than 5% (Rosenberg et al. 2007). The
mechanistic details of the treatment have not fully been understood although RyR1 is
considered to be the major molecular target (Parness and Palnitkar 1995, Palnitkar et
al. 1999, Krause et al. 2004). Jiang et al. (2008) popularized a theory involving the
misregulated sensing of luminal Ca?* concentration. RyRs were shown to recognize
when the SR Ca?* store is beyond its capacity and to trigger Store Overload-Induced
Ca?* release (SOICR). Physiological Ca?* concentrations inside the SR rarely get high
enough to cause SOICR, but mutations in RyR result in leaky channels that lower this
threshold.

CCD is a rare congenital myopathy associated with reduced oxidative activity
in muscle fibre. Muscle weakness causes an inability to independently walk, and with
no curative treatment current therapeutic management is limited to physiotherapy
(Jungbluth et al. 2002). With regards to RyR1, CCD can be explained in two separate
ways. The first runs parallel with MH and involves a gain-of-function in RyR1. Here SR
Ca?* stores get depleted by constitutively active channels. As a result, there is an
inability to sufficiently amplify Ca?* signals required for muscle contraction (Zhang et
al. 1993, Dirksen and Avila, 2002). The second involves a loss of function in the
coupling between RyR1 and Cay. ‘Uncoupled’ receptors would then cause muscle
weakness by decreasing RyR1-mediated SR Ca?* release (Quane et al. 1993, Dirksen
and Avila, 2002). Which of the two mechanisms best describes any particular case of

CCD depends on the location of the mutation.

1.3.1 Phosphorylation and disease

The underlying cause of MH has been attributed to a gain-of-function in RyR1
channels, which become leaky and as a result cause irregular Ca?* homeostasis (Tong
et al. 1999). The symptoms of disease have been attributed to a variety of cellular
processes that occur to restore proper Ca?* levels. For example, in an attempt to re-

establish normal Ca?* concentrations, the ATP-consuming SERCA pump overworks,
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thereby generating an increase in oxidative/nitrosative stress. As part of a brutal
positive feedback loop, this stress causes S-Nitrosylation of RyR1 that makes it even
more leaky (Durham et al. 2008). Others have shown a link between
hyperphosphorylation of RyR2 in the heart and SR Ca?* leak (Wehrens et al. 2003, Ai
et al. 2005). It is thought that this is due to the phosphorylation causing detachment
of the stabilizing FKBP proteins (Marx et al. 2000, Reiken 2003), but this mechanism
is yet to be fully accepted. A similar link has been used to explain Ca?* leak in RyR1
(Bellinger et al. 2009). The perpetrators of RyR phosphorylation are Protein kinase A
(PKA), (Mayrleitner et al. 1995) and Ca?*/CaM-dependent kinase II (CaMKII) (Wang
and Best, 1992). There is some debate in the field though as to which sites in the
channel are phosphorylated. Most of the conflict involves RyR2, and ultimately there
has been a shift in focus away from the notion of one particular site being
hyperphosphorylated in an RyR cluster. Instead the idea of multiple phosphorylation
sites in a single receptor has been included (Huttlin et al. 2010, Yuchi et al. 2012).
With regard to RyR1, so far serine-2843 (S2843) has been identified as a PKA and
CaMKII phosphorylation site (Suko et al. 1993).

From a reverse perspective, phosphatases play their role in the RyR
macromolecular complex as phosphate removers, thereby reducing the activity of the
channels. In RyR2, heart failure associated with PKA hyperphosphorylation was
shown to coincide with a drop in abundance of protein phosphatases 1 and 2A (PP1
and PP2A)(Marx et al. 2000). Interestingly PKA, as well as PP1 and PP2A are thought
to use the same mode of attachment via leucine zippers in regulatory subunits to

tether to RyR (Marx et al. 2001).

1.3.2 The Molecular Cause of Disease

The molecular details that actually cause RyR leakiness can be understood in
analysis of the available crystal structures and their docking to cryo-EM maps. So far,

the Van Petegem lab has been responsible for all published mutant crystal structures.
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With regard to point mutations, the molecular effects of two disease mutations in
RyR2A (Lobo and Van Petegem, 2009) and three disease mutations in the RyR1
phosphorylation domain (Yuchi et al. 2012) have been revealed. Looking at the
primary structures alone, in each case, all that was involved was the replacement of a
single amino acid. The little structural changes observed as a result though, are
drastic enough to cause the aforementioned, severe genetic disorders. In a
particularly interesting example though, the deletion of an entire exon in RyR2A is
involved. The removal takes away some major wild-type structural elements,
including a vital beta strand that is then replaced by a neighbouring stretch of
residues. Remarkably, these residues are completely unstructured in a normal wild-
type channel and seem to be able to mould into place. People with this disease
mutation have a much worse version of CPVT (Lobo et al. 2011).

Most of the molecular insight into disease in RyR came from analysing the
mutation sites in RyR1ABC, which are all clustered at interfaces between domains in
the full-length channel (Tung et al. 2010). Evidently, RyRs must function as complex
allosteric gear systems and mutations that blunt the teeth of these gears result in
leaky channels. This breakdown of communication between subregions in RyR1
added some weight to the zipper hypothesis, which as mentioned, theorized that
disease hotspots interact physically with each other (Ikemoto and Yamamoto, 2002,
Oda et al. 2005, Liu et al. 2010). However, most disease mutations in the N-terminal
disease hot spots are already involved in contacts with other domains within the
same hot spot, so only a small subset of mutations remain available for interacting
with the central disease hot spot. As such, the original zipper hypothesis can only

apply to a small subset of mutations.
1.4 Small Molecule Drugs and Ligands

In addition to the numerous proteins that interact with RyR, various small
molecules modulate the channel as well. Ca?* and Mg?* have already been discussed,

but other physiological ligands include natural toxins that can either activate RyR,
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such as imperatoxin A in scorpion venom (Tripathy et al. 1998, Gurrola et al. 1999),
or cause inhibition, for example natrin in snake venom (Thomas et al. 2010). [3H]-
Ryanodine should be mentioned in addition to ryanodine as a ligand, as its
production provided a new approach to studying RyR structure and function. Binding
to ryanodine occurs only for open channels, and thus the amount of radiolabelled
ligand bound represents a measure of the open probability of the RyRs. (Pessah et al.
1985). In an example, the immunosuppressants rapamycin (Kaftan et al. 1996) and
FK-506 (Kraus-Friedmann and Feng, 1994) have been shown to reduce ryanodine
binding. Single-channel experiments on RyR showed that the anticoagulant heparin
increased the Po of the channel (Bezprozvanny et al. 1993). 4-chloro-m-cresol
(Hermann-Frank et al. 1996) and volatile anesthetics such as halothane (Connelly and
Coronado, 1994, Bull and Marengo, 1994) are examples of non-physiological ligands
that activated RyR in bilayer studies. In contrast, the polycationic dye ruthenium red
inhibits the binding of ryanodine (Pessah et al. 1985). Relevant to this discussion are

the drug dantrolene, and the purine derivatives: adenine nucleotides and caffeine.

1.4.1 Dantrolene

Dantrolene is a hydantoin derivative (Figure 7A) originally synthesized as a
muscle relaxant (Snyder et al. 1967), used to treat skeletal muscle spasticity (Dykes,
1975). Its muscle relaxant properties were pinned on the depression of E-C coupling.
With the number of fatal MH cases rising, this led to animal model testing using MH-
susceptible pigs (Harrison, 1975). The remarkable results jumpstarted the drug into
clinical trials just two years later that led to an approved treatment for MH shortly
after (Kolb et al. 1982). Initially there were problems in administering the drug due to
its inability to dissolve well in water, but doses today are added to mannitol, which
significantly improves its solubility (Krause et al. 2004). A more water-soluble

alternative is azumolene (Figure 7B) (Sudo et al. 2008).
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Dantrolene

FIGURE 7. The molecular structures of dantrolene and azumolene. (A)
Dantrolene 1s mostly planar and very poorly soluble in water. (B) Azumolene i1s a more
water-soluble analog and differs by the presence of a bromide group in place of the nitro

group 1n dantrolene.

The drug was shown to inhibit SR Ca?* release at a concentration of ~10-50 uM
(Van Winkle, 1976, Herbette et al. 1982, Loke and MacLennan, 1998), and as the
therapeutic concentration is in the same range (Flewellen et al. 1983), the clinical
effects are most likely due to this inhibition. But with regard to RyR, a clear
mechanistic story is yet to be achieved. The most recent theories deal with SOICR in
both RyR1 and RyR2 (Jiang et al. 2004, Jiang et al. 2005, Jiang et al. 2008, Maxwell et
al. 2011). Dantrolene is suspected to remedy the inability of mutant RyRs to
withstand a proper SR luminal Ca?* concentration. Additionally, Kobayashi et al.

(2005) used a fluorescent probe to track RyR1 domain movements upon mimicking
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MH and noticed that dantrolene prevented them - apparently stabilizing the
interdomain interactions. Whether or not these effects are due to a direct interaction
with RyR though is debatable, with strong arguments both for and against.

As mentioned, [3H]-Ryanodine binding has been a diagnostic tool to recognize
an open RyR. Palnitkar et al. (1997) showed no effect of dantrolene on [3H]-ryanodine
binding, and that in linear centrifugation of SR membranes, distinct peaks for both
[H]-ryanodine and [3H]-dantrolene were attained. This initially led to the conclusion
that dantrolene and ryanodine bind two different molecules. Later though, Zhao et al.
(2001) described that [3H]-ryanodine binding was indeed affected by 10 uM
dantrolene. Together these conflicting results hint towards configuration-dependent
ryanodine and dantrolene binding, and that perhaps open and closed RyRs
fractionate differently in centrifugation due to changes in the RyR macrocomplex. One
interesting difference between the two studies was the presence of an adenine
nucleotide, required for dantrolene-inhibition of RyR (Zhao et al. 2001), suggesting
that if there is a dantrolene binding site in RyR, that it is intimately linked to a purine
binding site by some allosteric mechanism.

Single-channel experiments only provided more topics of discussion. In early
lipid bilayer studies, Bull and Marengo (1994) stated that 100 uM dantrolene or less
failed to affect halothane-induced activation of frog skeletal RyR, evidence that was
corroborated more recently in recordings using 20 uM dantrolene on both RyR1 and
RyR2 (Diaz-Sylvester et al. 2008). This went against reports that showed a biphasic
pattern of regulation with activation at nanomolar and inhibition at micromolar
dantrolene concentrations (Nelson et al. 1996). Both sets of experiments
incorporated SR vesicles into lipid bilayers so again, differences in experimental
conditions and preparations resulting in the purification of distinct RyR
macrocomplexes could explain the discrepancies. Szentesi et al. (2001) purified RyRs
alone by centrifugation through a sucrose gradient, and showed that in lipid bilayers,
they were not affected by dantrolene. This convincing evidence though, still does not
clarify if RyR is the direct molecular target or not. More accurately, it proves that RyR

and dantrolene alone do not result in channel inhibition; the two could still bind and
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exhibit a latent effect on Ca?* release. This direct mechanism would then require
subsequent change in RyR structure, due to the binding of modulators. Similarly, an
indirect mechanism could just as easily be described in which one of the modulators
is in fact the molecular target of dantrolene. Strengthening the latter theory are
observations that dantrolene inhibits the binding of dihydropyridine analogs to
Cav1.1 more effectively than the binding of [3H]-ryanodine to RyR1 (el-Hayek et al.
1992). In general, it can be concluded that other proteins are definitely involved in
the mechanism of inhibition by dantrolene; in an example, it was shown to be
dependent on CaM (Zhao et al. 2001, Kobayashi et al. 2005).

The most compelling argument for a direct mode of action comes from
photoaffinity label experiments (Paul-Pletzer et al. 2001, Paul-Pletzer et al. 2002)
using [3H]-azidodantrolene. This reactive analog of the drug was specifically
synthesized to locate a dantrolene binding site in skeletal muscle SR in the hope of
clearing some of the controversy in the field (Palnitkar et al. 1999). Upon activation,
[3H]-azidodantrolene covalently bound to porcine sarcoplasmic reticulum, and after
purification and cleavage by n-calpain, the N-terminal 1400 RyR1 residues were
credited as containing the drug binding site. This prompted later experiments
showing that it selectively attached to a synthetic peptide of RyR1 residues 590-609.
Similar to the experiments with RyR1 4064-4120 mentioned earlier though, results

from experiments using isolated peptides have to be interpreted carefully.

1.4.2 Purine derivatives

These are heterocyclic, aromatic compounds consisting of two fused rings: one
imidazole and one pyrimidine. Even in early RyR research, the adenine nucleotide
purines in particular were shown to be important activators of the channel (Morii and
Tonomura, 1983; Nagasaki and Kasai, 1983; Meissner, 1984) with a half maximal
effective concentration (ECso) in the millimolar range (Meissner et al. 1986). Earlier

still, it was known that the methylxanthine caffeine also favours the release of Ca?*

25



from the SR (Endo, 1977) and shows a similar effect on RyR as adenine nucleotides.
Given their closeness in structure (Figure 8), this is initially not surprising, but other
evidence suggests that their interaction sites may not be the same: Ogawa and
Harafuji (1990) for example showed that the in vitro effect of combining caffeine and
adenine nucleotides on Ca?*-dependent RyR1 stimulation, was additive in reaction
media of high osmolarity, whereas it was potentiating in lower, physiological salt

concentrations.

Adenine

Purine

Xanthine Caffeine

FIGURE 8. Adenine nucleotides and xanthines. The molecular structures of purine,
adenine, xanthine, and the methylxanthine caffeine are shown. The purine ring exists in all

three structures, highlighting their stuctural similarity.
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Still, two cases in the PDB database exist, where both an adenine nucleotide
and caffeine have been separately co-crystallized in the same receptor: 1) Adenosine
(Lebon et al. 2011) and caffeine (Doré et al. 2011) bound to the adenosine Aza
receptor, and 2) Adenine (Lukacs et al. 2006) and caffeine (Oikonomakos et al. 2000)
bound to a glycogen phosphorylase. In both cases, the two species are found in the
same pocket (Figure 9A and 9B). Close analysis of the interactions show that all that
may be required is a hydrophobic pocket, ideally containing an aromatic ring to stack
against. A few charged and polar residues may supply some specificity. In fact, all
published structures with caffeine bound seem to take advantage of an aromatic ring.
Figures 9C, D and E highlight three examples (Ekstrom et al. 2002, Yang et al. 2010,
Rao et al. 2005). Interestingly, the structure in figure 9C involves a glycogen
phosphorylase as well and although it superposes well with the structure from 9B,
contains an extra binding site for caffeine. Similarly, Figures 9D and E are both from
easily superposable chitinase structures, but the latter contains an extra binding site.
This kind of interaction seems very general and hints to the possibility of multiple
binding sites in RyR.

The lack of specificity in binding is emphasized further when weighing the
effects of other methylxanthines against each other. Rousseau et al. (1988) compared
seven different methylxanthines, including caffeine, and although they established a
hierarchy in effectiveness, the differences were not great. They did however show
that the five-member imidazole ring, which is also present in adenine, was necessary,
as 1,3-dimethyluracil was ineffective. It is likely then, that there are multiple binding
sites for both adenine nucleotides and methylxanthines in RyR and that some of these

pockets, maybe most, can accommodate either.
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FIGURE 9. Purine binding by aromatic stacking. A) PDBs 2YDO (Lebon et al.
2011) and 3RFM (Doré et al. 2011) respectively show adenosine (white) and caffeine (grey)
bound to the adenosine A. receptor B) PDBs 178D (Lukacs er al. 2000) and 1GFZ
(Oikonomakos et al. 2006)respectively show adenine (white) and caffeine (grey) bound to a
glycogen phosphorylase. C) PDB 11L5Q (Ekstrom et al. 2002) shows another glycogen

phosphorylase with an extra caffeine molecule (*) bound in the crystal structure. D) PDB
3G6M (Yang et al. 2010) shows caffeine bound to a chitinase. E) PDB 2A3B (Rao et al.
2005) shows another chitinase with an extra caffeine molecule (*) bound in the crystal

structure. Together, the structures hint towards aromatic promiscuity in caffeine.
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1.5 Hypotheses and Goals

This thesis aims to uncover some of the structural and functional
characteristics of ligand binding in RyR1, findings that are transferable to other RyR
isoforms. Given the size of the channel we hypothesize that distant allosteric
mechanisms must be involved in most ligand-related processes including general
regulation and drug action. To test this theory a range of known modulators, both

physiological and pharmacological, have been chosen:

1. The drug dantrolene and the protein PP1, both of which negatively regulate
RyR1, have been linked to the N-terminal ~600 residues of the channel.

2. Activators like caffeine (pharmacological) and adenine nucleotides
(physiological), which may interact with RyR1 via similar mechanisms.

3. Ca?*and Mg?+*, which are thought to interact with RyR EF-hands, domains that

could regulate the RyR by competing with CaM for CaMBDs.
Specifically, to further our understanding of the effects of modulators on RyR1,

the techniques of X-ray crystallography, ITC and in silico docking and modelling are

implemented (Figure 10).
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PHYRE: Construct Selection

A 4

Cloning }'
A 4
Expression
\ 4
Ligands Purification
\ 4
ITC/
EM maps Crystallography
A 4
v Mutagenesis
Docking

FIGURE 10. Method flowchart. A flow-chart describing the general procedures and aims
of the projects n this thesis. The structural and thermodynamic properties of ligand binding
m RyRI are obtained from I'T'C and crystallographic studies. Information on large sub-
region movements in RyR1 1s obtained from the docking studies. Together, the results are
used to attempt deciphering the details of allosteric interactions between domains i RyR1
that occur as a result of ligand binding. All experiments were carried out on the RyRl1
Oryctolagus cuniculus clone, a sequence that 1s >96% identical to RyR1 Homo sapiens and

i general 1s shifted in register by +1 residues.
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2 Materials and Methods

2.1 Cloning and Expression

The program PHYRE? (Kelly and Stenberg, 2009) was used to aid in construct
selection. A modified pET28 vector was used for all cloning (Van Petegem et al. 2004).
A full-length RyR1 clone from Oryctolagus cuniculus (rabbit) provided the template
for all construct selection using the Polymerase Chain Reaction (PCR). Constructs
were inserted at the C-terminus of hexahistidine tagged Maltose Binding Protein
(MBP). In resultant fusion proteins, a Tobacco Etch Virus (TEV) protease cleavage site
(ENLYFQSNA) separates MBP and the construct of interest. As a result of cleavage, a
serine-asparagine-alanine cloning artefact remained at the N-terminus of all
constructs. Part of the vector design allows for Ligation Independent (LIC) cloning.
Here, primers for PCR of constructs of interest were designed to include a
complementary LIC sequence to the one in the vector (see Table 1). Constructs and
the vector were treated with T4 deoxyribonucleic acid (DNA) Polymerase in the
absence of all but one deoxyribonucleotide triphosphate (dNTP). Under these
conditions the polymerase exhibits 3’5’ exonuclease activity until it reaches a point
where the provided dNTP can be added. In this way, long complementary overhangs
(between vector and constructs) can be created that hydrogen bond well enough that
in vitro ligation is not required. Following annealing of constructs to the vector,
transformation into a calcium chloride (CaClz) competent DH5a strain of Escherichia
coli (E. coli) (Invitrogen) was performed and resultant colonies were grown in 2xYT
media (16g/L Tryptone, 10 g/L yeast extract and 5 g/L sodium chloride) for DNA
amplification.

The RyR1 217-536 W269A and 4071-4138 C4114A mutations were made

using the QuikChange protocol (Stratagene). The process involves designing primers

31



that flank the desired mutation site and code for an alanine instead of tryptophan.
Extension around the plasmid is done by Pfu Turbo Polymerase in a PCR reaction.
The restriction enzyme Dpnl was used to cut the methylated template DNA and leave
a mutated plasmid (albeit with nicks in the DNA) for transformation yet again into
DH5a for amplification.

For protein expression the E. coli Rosetta (DE3) pLacl cells (Novagen) were
used. Cultures were grown at 37°C until the optical density at 600nm (ODsoo) reached
~0.2-0.3 and then the temperature was lowered to 18°C. At an ODeoo of ~0.6, cultures
were induced with isopropyl-B-D-thiogalactoside (IPTG) and grown for a further ~24
hours. Cultures were then pelleted and stored at -20°C. In the case of EF-hand
constructs, the temperature was kept at 37°C throughout expression and cells were
pelleted after ~4 hours of induction.

RyR1 4295-4325, a CaMBD (Takeshima et al. 1989, Chen and MacLennan
1994), has been named CaMBD3 by the Van Petegem lab. A synthesized mutant
peptide with a 4320-4322 LRR duplication (RyR1 CaMBD3dLRR) was available in the

lab and purchased from Lifetein
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Forward primers

N1 TACTTCCAATCCAATGCAATGGGTGACGGAGGAGAGGG
N217 TACTTCCAATCCAATGCAGGCCACGTCCTCCGCCTC
N394 TACTTCCAATCCAATGCACAGCAGGAGGAGTCCCAGGC
N533 TACTTCCAATCCAATGCAAATCGTGCCAACTGTGCCCTC
N570 TACTTCCAATCCAATGCAGAGAGTCCCGAGGTGCTGAAC
N3487 TACTTCCAATCCAATGCATCGGGCGGCTCGGACCAGGAAC
N3497 TACTTCCAATCCAATGCAAAGAAGCGCCGGGGGGACAGG
N3507 TACTTCCAATCCAATGCACAGACGTCACTGATCGTGGCC
N3818 TACTTCCAATCCAATGCAGATTATCTGAAGGACAAGAAG
N3828 TACTTCCAATCCAATGCATTCTTCCAGAGCATCCAGGCG
N3838 TACTTCCAATCCAATGCAACATGCAGCGTCCTGGATCTC
N3997 TACTTCCAATCCAATGCAGCCCACATGATGATGAAGCTC
N4024 TACTTCCAATCCAATGCAGTGGTGATGCTGCTGTCCCTAC
N4031 TACTTCCAATCCAATGCACTGGAAGGGAACGTGGTGAAC
N4041 TACTTCCAATCCAATGCAGCCCGGCAGATGGTGGACATG
N4071 TACTTCCAATCCAATGCAATCGTGGGCTCCGAGGCCTTC

Reverse primers

C536 TTATCCACTTCCAATGTTATTAGTTGGCACGATTGCCCCGGATC
C574 TTATCCACTTCCAATGTTATTACACCTCGGGACTCTCAATCAGG
C589 TTATCCACTTCCAATGTTATTAGAGGGAGATGATGGACTTG
C608 TTATCCACTTCCAATGTTATTACACACACAGGGAGCACAGC
C617 TTATCCACTTCCAATGTTATTAGTTGGAGCGCACAGCCACG
C627 TTATCCACTTCCAATGTTATTAAGGGAGCAGATTCTCGGTG
€635 TTATCCACTTCCAATGTTATTAGATGCTGGTGACGTAGTTG
C644 TTATCCACTTCCAATGTTATTAGATGCTGGTGACGTAGTTG
C654 TTATCCACTTCCAATGTTATTACTCGGCTCGGCCCACGAAG
C796 TTATCCACTTCCAATGTTATTAGCGGCCGCCAAGGAGAAACCG
C4070 TTATCCACTTCCAATGTTATTAGTCCTTGAGTTTCAGGAACATG
C4128 TTATCCACTTCCAATGTTATTAGAACTCCTCGAAGTTGATCATC
C4138 TTATCCACTTCCAATGTTATTAGTCCCGGGCTGGCTCCTGGAAG
C4148 TTATCCACTTCCAATGTTATTAGGTCAGCAGCACGGCCACGTTG

Quikchange primers

W269A_F GAACCCCTGAGAATCAGCGCGAGTGGAAGCCACCTGCGC
W269A_R GCGCAGGTGGCTTCCACTCGCGCTGATTCTCAGGGGTTC
C4114AF GAAATCCAGTTTCTGCTCTCGGCCTCCGAAGCCGACGAGAATG
C4114AR CATTCTCGTCGGCTTCGGAGGCCGAGAGCAGAAACTGGATTTC

Table 1. List of primers used to make constructs. All sequences are shown 5’ 2>3".
The LIC sequence for forward primers 1s: 5-TACTTCCAATCCAATGCA-3’, whereas for
reverse primers it 1s: S TTATCCACTTCCAATGTTATTA-3 which encodes two stop
codons after the construct. Note that aside from Quikchange primers, m all cases an LIC
sequence precedes a coding sequence. For Quikchange primers, highlighted i red are the

codons that were changed and code for alanine.
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2.2 Protein Purification

The following buffers are referred to in the purification protocol:

Buffer A: 250 mM KCl, 10 mM HEPES* at pH 7.4
Buffer B: 250 mM KCl, 500 mM Imidazole at pH 7.4
Buffer C: 250 mM KCI, 10 mM HEPES at pH 7.4, 10 mM Maltose
Buffer D(pH): 50 mM KCl, (10 mM HEPES pH 7.4 or Tris** at pH 8.0)
Buffer E(pH): 1 M KCl, (10 mM HEPES pH 7.4 or Tris at pH 8.0)
Buffer F: 150 mM KCl, 10 mM HEPES at pH 7.4

*HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

**Tris: tris(hydroxymethyl)aminomethane

Frozen pellets were thawed in a room temperature water bath but in all
purification steps following, care was taken to keep samples at a maximum of 4°C.
Cells were then lysed by sonication in ~60 mL of buffer A, containing in addition 25
pg/ml of deoxyribonuclease I, 25 pg/ml of lysozyme, 1 mM phenylmethylsulphonyl
fluoride, 10% (vol/vol) glycerol and 14 mM B-mercaptoethanol (BME). In the case of
RyR1 4071-4138 C4114A, the addition of BME was omitted, with no need for the
reducing agent. The lysate was centrifuged at 30,000x g for 30 minutes to pellet any
insoluble material.

Using protein liquid chromatography (AKTA purifier, GE Healthcare), the
supernatant was injected onto a 25 ml Poros MC column (Tosoh Bioscience); a nickel
column that binds hexahistidine tags. Samples were then washed with five column
volumes (CV) of buffer A to remove unbound E. coli proteins, followed by 5 CV of 1%
buffer B in buffer A (vol/vol) to remove non-specifically bound bacterial proteins.
Fusion protein was eluted with 30% buffer B in buffer A (vol/vol). Samples were then
dialyzed in the presence of recombinant TEV protease for at least 4 hours twice at 4°C
in buffer A and 14 mM BME. The addition of the reducing agent here was done
regardless of whether or not the sample contained cysteines; being a cysteine-

protease, the TEV protease worked better in the presence of BME. For RyR1 217-536,

34



wild-type and W269A4, cleavage was more difficult: more TEV protease and longer
dialysis were required to completely cleave the constructs. Samples were then
applied onto a 25 ml amylose column (New England Biolabs) followed by a second 25
ml Poros MC column. In both cases the flowthrough was collected and following the
nickel column, samples were dialyzed in buffer D(8.0) for RyR1 1-536 and 217-536
wild-type or mutant constructs, or buffer D(7.4) for RyR1 4071-4138 and 1-617
constructs. Here and in further purification, 14mM BME was added to all buffers in
which cysteine-containing constructs were purified. In some cases, the amylose
column was instead run before TEV cleaving to increase purity.

Following dialysis, samples were transferred to a HiLoad Q Sepharose column
(GE Healthcare) and subject to a 0% to 30% (vol/vol) buffer E in buffer D gradient
(pHs for each were as mentioned for buffer D above). After the gradient, two CV of
100% buffer E were used to wash the column. Constructs would elute during the
gradient and observed as peaks of UV absorbance at 280 nm on resulting
chromatograms. In a final purification step, a HiLoad 16/60 Superdex 200 prep grade
(GE Healthcare) gel filtration column was used to confirm a well-behaved, single
species was purified. Ideally, a single symmetric peak, not in the void volume would
be observed in the chromatogram.

Amicon concentrators (3K cut-off for RyR1 4071-4138 constructs and 10K cut-
off for RyR1 1,217-536 and 1-617 constructs) were used to exchange the samples
into 10 mM KCl], 10 mM HEPES 7.4 and 5 mM dithiothreitol, and then concentrate the
protein to ~10-20 mg/ml (for crystallography). Mass spectrometry and sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) were used to

confirm the purity of final preparations.
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2.3 X-ray Crystallography

864 random crystallization conditions (Qiagen) were set up using a Phoenix
robot in 96-well Intelliplates (Hampton Research) and implementing sitting-drop
vapour diffusion. Fine screens in 24-well VDX plates (Hampton Research) were
performed around the conditions of any hits from the random screen. Crystals were
obtained in these fine screens by hanging-drop vapour diffusion. RyR1 1-536 for
soaking experiments was crystallized as before (Tung et al. 2010) at 4°C in solution of
20-40% (vol/vol) saturated ammonium sulphate ((NH4)2S04), 0.1 M Bicine pH 9 and
12% glycerol (vol/vol). Resulting crystals were soaked in 20-40% (NH4)2S04, 0.1 M
Bicine pH 9, 25% glycerol and 90% (vol/vol) caffeine for at least 20 minutes before
being flash-frozen in liquid nitrogen. RyR1 217-536 was co-crystallized by C-C. Tung
in 0.1M Tris 8.0, 15-25% PEG 3350 and 30 mM caffeine and placed in a
cryoprotectant of the same condition but with 25% glycerol before flash-freezing.
RyR1 1-617 crystals were obtained at room temperature in a condition of 5-15%
(w/vol) PEG 2000 MME, 0.1 M NaCl, 0.1 M Tris 6.5-8.0, with or without 90% (vol/vol)
saturated dantrolene (in drop) and frozen in cryoprotectant of the same condition
with 25% glycerol.

Datasets were collected at two Rigaku homesources and two synchrotron
beamlines: the Canadian Light Source (CLS) beamline 08ID-1 and the Advanced
Photon Source (APS) beamline 23-ID-D-GM/CA. RyR1 1-536 caffeine-soaked crystals
produced datasets for final refinement at CLS 08ID-1. RyR1 217-536 and caffeine co-
crystals produced datasets for final refinement at APS 23-ID-D-GM/CA. Two datasets
were chosen for refinement on RyR1 1-617: A native crystal dataset from a
homesource to 2.7 A and a dataset from a crystal grown and frozen in the presence of
dantrolene, which was taken at CLS 08ID-1 and exhibited diffraction to 2.2 A.

Data processing from CLS was done using their autoprocess program, whereas
data processing from APS was done using their online graphical user interface (GUI).
In both cases, their automated programs used XDS (Kabsch, 2010). Processing from

the homesource was done using HKL2000 (Minor et al. 2006).
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In all cases, individual domains from PDB 2XOA (Tung et al. 2010) were used
as models for molecular replacement using the program Phaser (Storoni et al. 2004).
Successive rounds of manual building in COOT (Emsley and Cowtan, 2004) followed
by refinement with REFMAC (Murshudov et al. 1997) led to the structures presented

here.

2.4 ITC

Proteins were dialyzed against buffer F at 4°C with 14 mM BME if the construct
contained cysteines. In the case of RyR1 4071-4138, samples were dialyzed once in
the buffer F supplemented with 10 mM ethylenediaminetetraacetic acid (EDTA) pH
8.0, then dialyzed three to four times in buffer F to ensure neither Ca?* nor EDTA
were present. Small molecules and the RyR1 CaMBD 4295-4325 mutant were
dissolved in buffer from the dialysis chamber on the day of the experiment. A 6M
guanidine hydrochloride, 20 mM pH 6.5 phosphate solution was used to dilute
protein samples for concentration measurement by absorbance at 280 nm (Edelhoch
1967).

In each experiment, 40 ul of titrant (small molecule or peptide) was added
either as 20x2ul or 40x1ul injections to protein in the cell at a ~10 or ~20 fold lower
concentration and stirred at 1000 rpm. Experiments on RyR1 4071-4138 and 1-617
were performed at 25°C while those on RyR1 1-536 and 217-536 were performed at
4°C, on an ITC200 instrument (GE Healthcare). Origin 7.0 was used to process all data
and determine values for binding constants (Ka), Gibb’s free energy (AG), enthalpy
(AH), entropy (AS) and stoichiometry (n). The measured change in heat between
injections (AQ(i)) due to the injection of dV; ul of titrant into the active cell volume

(Vo) is calculated by the equation:

37



AQ() = Qi) + ” >

o

av; [Q(i)+Q(i—l)] _0G-1)

From this K,, AH, and n are determined by fitting to the equation:

— +

2 nM, " nK M,

2
1)4)(

+ + -
nM, nK M, nM,

M AHV X |
Q=n t o 1+ \/

The macromolecular (M:) and ligand (X:) concentrations are additionally
corrected to account for displaced volume effects which occur with each injection.
AG and AS are obtained from their relationship to the calculated values of AH

and K, (1/Kq4, where Kg is the dissociation constant):

AG = -RTInK, and AG = AH - TAS

2.5 in silico Docking - RyR1 1-617 into Cryo-EM Maps

The program ADP_EM (Garzoén et al. 2007) was used to dock the RyR1 1-617
crystal structure into three different cryo-EM maps: EMDB 1275 (Ludtke et al. 2005),
EMDB 1606 (Samso et al., 2009) and EMBD 1607 (Samso et al., 2009). The following

command was used for all docking:
adp_em <em_map.ccp4> <crystal_structure.pdb> <bw> <em_map_resolution> <cutoff>

In any run, the bandwidth (<bw>) and density threshold value of the map
(<cutoff>) were set to 16 and 0.06 respectively. The program does not consider
density levels below the density threshold value. Higher bandwidth values, used in a

harmonic transformation step of the docking would increase the rotational accuracy.
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Laplacian filters were used by default in all runs given their necessity in the docking
of small crystal structures into large EM maps (Wriggers and Chacon, 2001, Chacon
and Wriggers, 2002).

ADP_EM works by rotating and translating a simulated probe map, obtained by
blurring the resolution of the atomic structure to be docked, to maximize a
correlation function between it and a target experimental EM map (Garzén et al.
2007). Bar charts of docking contrast were made by taking these correlation values

from the docking log file and plotting them in Microsoft Excel (2008).

2.6 in silico Docking - Caffeine into RyR1 1-536

Two separate programs were used to dock caffeine to the RyR1 1-536 (RyR1
ABC) crystal structure: AutoDock (Morris et al. 2009) and the DOCK 6 program suite
from the University of California, San Francisco (Shoichet et al. 1992, Meng et al.
1992, Kuntz et al. 1982). In both programs, 10 standard docking runs were carried
out and results were grouped into clusters that contained similar docking sites.
Microsoft Excel (2008) was implemented to rank the hits according to binding energy
(AutoDock) and grid score (DOCK). Initial files for DOCK were created using UCSF
Chimera (Pettersen et al. 2004).
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3 Results

3.1 A New Structural Domain

In the crystal structure of the first three domains of RyR1, there was
intrepretable electron density up to residue 532 (Tung et al. 2010). The Protein
Homology/analogY Recognition Engine version 2.0 (PHYRE?) (Kelley and Sternberg
2009) helped in defining the rough boundaries for a fourth domain. To account for
any errors in theoretical modelling, six different N-terminal constructs with different
ending points were cloned: RyR1 1-608, 617, 627, 635, 644 and 654 (N1 to 6
respectively).

Expression was detectable for all six fusion proteins by SDS-PAGE but only the
1-617 construct had a significant amount of soluble material (Figure 11A and 11B).
The calculated molecular weights of the smallest and largest fusion proteins were
~112 and ~117 kDa respectively. RyR1 1-617 was subjected to purification by
column chromatography and yielded soluble, monomeric protein on a gel filtration
superdex column (Figure 11C). Figure 11D shows an example SDS-PAGE gel from a
purification. The gel filtration chromatogram shows that multiple oligomeric states of
the protein exist in solution, but the monomeric fraction re-runs as a monomer on a
subsequent superdex column.

RyR1 1-617 crystals diffracted to 2.7 A at the in-house X-ray source (Figure
12). After solving the phase problem by using PDB 2XOA (Tung et al. 2010) as a
molecular replacement model, its structure was deciphered. Crystals grown in the
presence of dantrolene diffracted to 2.2 A at the CLS synchrotron. Table 2 shows the

statistics from both datasets.
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FIGURE 11. Expression, solubility and purification of N-terminal constructs.
A) Expression of N1 through N6. The negative control is not shown but comparison of the
six constructs shows a clear trend in expression of an increasing MW band from N1 to N6.
B) Solubility tests on N1, N2 and N3 clearly show that only N2 contains soluble material
(red box) m the supernatant following lysis and centrifugation. Note: the N6 expression 1s
from a different SDS-PAGE gel and 1s shown here for illustrative purposes only. C) A gel
filtration column superdex column elution profile shows that a monomer (*) does exist and
can be separated. D) A purification gel of RyR1 1-617 (triangle) showing the lysis
supernatant (L), first nickel column elution (M(C), amylose elution (Am), TEV-cleaved
sample (TEV), post-TEV nickel flowthrough (MC2FT) and elution (MCZ2E), anion exchange

column (HQ) and gel filtration elution (SD) from a single prep.
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FIGURE 12. RyR1 1-617 crystals. Crystals of RyR1 1-617 (A) diffracted to 2.7 A (B) at

a homesource.

With the previously identified dantrolene binding site in RyR1 presumably
located in residues 590-609 (Paul-Pletzer et al. 2002), there was a lot of interest in
the RyR1 1-617 structure. There were two molecules in the asymmetric unit, but
unfortunately, electron density was only visible to residue ~577 in both (Figure 13A).
This meant that the C-terminal residues were too flexible to be trapped in a crystal
lattice. Often, constructs are degraded to a stable core that can be crystallized, but
mass spectrometry suggested that with a molecular weight of 68.6 kDa, the construct
was still intact. The co-crystals with dantrolene, which diffracted to ~2.2 A in the
same space group again showed interpretable electron density to residue ~577,
suggesting that dantrolene did not induce structure in the flexible part. The
concentration of dantrolene in the soaking solution though was very limited due to
the drug’s inherent lack of solubility.

As expected, the first three domains look very similar to the ones already
described by RyR1ABC: two beta trefoil domains followed by an a-helical bundle
(Figure 13B).
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RyR1 1-617 RyR1 1-617 & Dantrolene
Data collection Homesource CLS
Space group P21 P2
Cell dimensions
a, b, c (&) 69.3,103.2, 128.7 69.2,103.3,127.9
By (°) 90.0, 96.7, 90.0 90.0, 95.9, 90.0

Resolution (A)
Rsym or Rmeas.
I/ao(l)

Completeness (%)

Refinement
Resolution (A)
No. reflections
Rwork / Riree
No. atoms
Protein
Water
B-factors
Protein
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran
(core/allowed %)

50.00-2.70 (2.80-2.70)
11.7 (35.3) (Reym)
447 (1.83)

82.6 (45.3)

127.86-2.70
38924
27.98/31.23
8377

8309

68
39.57

39.33

68.54

0.005
0.861
96.41/3.59

50.00-2.16 (2.22-2.16)
16.8 (152.2) (Rmeas)*
7.93 (1.16)
99.5 (98.9)

47.86-2.35
70630
29.12/31.49
8339

8272

67
35.34

35.13

61.46

0.004
0.776
92.25/4.75

Table 2. Data collection and refinement statistics for RyR1 1-617. Values in

parentheses are for the highest-resolution shell. The R-factor R.. (Arndt al. 1968), obtained
by HKL.2000 (Minor et al. 2006) measures the qualtity of data collection. Ru.., obtained

from XDS (Kabsch, 2010), is version of R.., modified to be redundancy independent
(Diederichs and Karplus, 1997).
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FIGURE 13. RyR1 1-617 structure. The protein crystallized with two molecules in the
asymmetric unit (A), both of which show a similar structure to domains A (blue), B (green)
and C (red) of PDB 2XOA (Tung et al. 2010). A 34-residue o-helix (yellow) describes the
main structural addition (B). (C) RyR1 1-617 1s shown from the direction of the arrow in
(B), with everything gray except for the new helix (yellow) and some buildable loops (teal).
Black side-chains highlight the sites of newly built disease mutation; due to inherent
flexibility in the crystal structure, some side-chains have been truncated. Construct
numbering: RyR1 Oryctolagus cuniculus, mutation numbering: RyR1 or RyR2 (*) Homo

sapiens.
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3.1.1 New Loops and Disease Mutations

The new structure extends ~45 residues at the C-terminus, compared to the
previously published RyR1ABC structure (Tung et al. 2010). In addition, several loop
regions, previously displaying poor density, could now be modelled. A detailed look at
the sites of disease-causing mutations has already been performed on RyR1ABC
(Tung et al. 2010), but due to flexibility in the crystal structure, some of the molecular
insight was limited for a number of mutation sites. In this extended structure, we now
observe seven additional mutation sites in RyR1, and two that correspond to
mutations in RyR2 (Figure 13C). In addition, the structure provided some molecular
insight into some mutation sites whose structures were already known, but whose

interaction networks were not (Table 3 and Chapter 4.1.3).

New Information | RyR1 Human Mutation | Disease Reference
Structure M226K MH Levano et al. 2009
Structure D227V MH Monnier et al. 2005
Structure R367Q MH Galli et al. 2006
Structure R367L MH Levano et al. 2009
Structure S427L CCD Wu et al. 2006
Interaction Q474H MH, CCD Ibarra et al. 2006
Interaction Y522C MH Yeh etal. 2006
Interaction Y522S MH, CCD Quane et al. 1994
Structure R533H MH Brandt et al. 1999
Interface
Structure R533C MH Tammaro et al. 2003
Interface
Structure D544Y MH Levano et al. 2009
Interface
Structure R552W MH Keating et al. 1997
Interaction

RyR2 Human Mutation | Disease Reference
Structure H240R CPVT Tester et al. 2006
Structure V5071 CPVT Medeiros-Domingo et
Interaction al. 2009
Structure A549V CPVT Medeiros-Domingo et
Interface al. 2009

TABLE 3. Additional mutations or their

interactions in the RyR1 1-617

structure. The first column indicates whether the new information on a mutation site was

solely 1n its structure, in its interaction network or its interface predictions.
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3.1.2 Docking into Cryo-EM Maps

The RyR1 1-617 structures (2.2 A and 2.7 &) were docked into three available
cryo-EM maps: EMDB 1275 (Ludtke et al. 2005), EMDB 1606 and EMDB 1607 (Samsd
et al. 2009) using Laplacian filters. In all cases, the top four solutions corroborated
the tetrameric vestibule found in the docking of RyR1ABC (Tung et al. 2010). To
validate the docking, correlation coefficients were grouped into sets of four, to
accommodate the inherent symmetry of the channel, and averaged for comparison.
The top sets exhibited correlation coefficients that were 27, 92, and 98 times the
standard deviation from the mean of the next ten sets for EMDB 1275, 1606 and 1607
respectively (Figure 14). These values for docking contrast are very high and add a

great deal of confidence to the placement of the structure.

04 1
0.35 1 " 1275
0.3 " 1606
0.25 1 1607

0.2 A1
0.15 1

0.1 1
0.05 1

Correlation coefficient

1 2 3 4 5 6 7 8 9 10
Solution number
FIGURE 14. Docking contrast. The correlation coefficients of solutions from docking

are shown for different maps. Each bar represents an average of four solutions that group

due to the symmetry of the tetrameric channel.
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Visualizing the interactions between subunits in RyR1 1-617 is best observed
in structures docked into an EM map of a channel in the closed conformation (EMDB
1606). When examined we see that four B domains form the bulk of the central rim
and combined with domain A, form the aforementioned vestibule. With the additional
structural information from the extended helix from domain C, it seems that this
third, helical moiety acts as a bridge between the central rim and the clamp region
(Figure 154, B and C). Looking at the new, visible disease mutation sites, there is a
general agreement with previous findings. Disease-causing mutations occur at sites
that would affect interactions between domains in RyR1. One interesting exception is
the S427L (human RyR1) CCD-causing mutation that seems to be completely solvent
accessible and not involved in interface interaction. Upon analysis though, Wu et al.
(2006) showed that the mutation was sequenced as heterozygous and accompanied
by another mutation that had previously been linked to CCD (Monnier et al. 2001,
Romero et al. 2003). This suggests that the S427L mutation may not be a causative

mutation for CCD.
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FIGURE 15. Docking of the RyR1 1-617 crystal structure into EMDB 1606.
Docking into the closed conformation of RyR1 (Samsé et al. 2009) visually enhances the
mteractions between subunits. RyRIA (blue) and B (green) form a ring around the
cytoplasmic pore as seen from the top view (A). Domain C (red) and its extended helix
(vellow) attach between the two and seem to link the vestibule to domains in the clamp
region. Zoomed in views from the top (B) and side (C) show that the new structural
mformation on mutation sites from the structure generally agrees with previous results.
Human mutations (black) except S427 (labelled) occur at interfaces between domains in the
full-length channel and probably affect allosteric communication. Interface 1 (Tung et al.
2010) 1s labelled as a dashed white Iine. Note: blackened here are only newly structured
mutation sites. A detailed analysis including mutation sites that interact with freshly built
structural motifs 1s covered in Chapter 4.1.3. Constuct numbering: RyR1 Oryctolagus

cuniculus, mutation numbering: RyR1 Homo sapiens.
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3.1.3 Dantrolene Binding

Despite the lack of success in determining the structure of dantrolene bound to
RyR1 1-617, as mentioned the measured molecular weight of the protein resembled
that of full-length construct. Although crystals were grown in the presence of
dantrolene, they were grown in a condition optimized for unbound RyR1 1-617. In
the dynamic equilibrium of binding, large structural rearrangements may be
required. Experiments such as this can bias structures to the assembly most
beneficial for crystal lattice formation, and not one suited for binding. This effectively
pulls unbound RyR1 1-617 out of solution and into crystal formation. It is then
possible that in solution, binding to dantrolene could still be occurring and we could
not eliminate the possibility based purely on the lack of crystallographic evidence.
ITC experiments performed by K. Lau were carried out in an attempt to clarify
whether RyR1 1-617 does in fact contain the dantrolene binding site. Both
dantrolene, and its more water-soluble homolog azumolene showed no measurable
affinity between the two (data not shown). This is in direct conflict to earlier work in
the field (Paul-Pletzer et al. 2002). However, ITC measurements rely on changes in
enthalpy. If a reaction is driven by entropy and is enthalpically silent, it cannot be
detected. In addition, we aim to retry the experiment with a new batch of purified

RyR1ABCD to make sure our observations are reproducible.
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3.1.4 N-terminal Construct Summary

Several different constructs were tried before and after the crystallographic
success of RyR1 1-617. Figure 16 shows a schematic of the constructs tried and Table

4 summarizes the problems and potentials in the attempted N-terminal clones.

1 200 800

FIGURE 16. N-terminal construct schematic. An illustration describing the constructs
attempted in the search for the next N-terminal RyR1 domaim. Domains A, B and C from
PDB 2XOA are coloured blue, green and red respectively, and the new structure from
RyR1 1-617 1s labelled ‘d’ and coloured yellow. Forward (bright red) and reverse (bright
green) primers for construct PCR are numbered according to the first (forward) or last
(reverse) amino acid they code for. Of the reverse primers ending at residues 607, 617, 627,

635, 644 and 654, only 617 1s numbered. Numbering: RyR1 Oryctolagus cuniculus.
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Construct | Expression Solubility Purification

1-536 18°C, ~24 hours | very soluble | Large yield, crystallized.

1-574 18°C, ~24 hours | slightly Aggregate on SD

1-589 18°C, ~24 hours Low yield, ~50% aggregate on
SD

1-608 18°C, ~24 hours | slightly N/A

1-617 18°C, ~24 hours | slightly Purified successfully, crystallized

1-627 18°C, ~24 hours | slightly Very low yield, stopped after first
MC

1-635 18°C, ~24 hours | slightly N/A

1-644 18°C, ~24 hours | slightly N/A

1-654 18°C, ~24 hours | slightly Low yield, ~50% aggregate on
SD

1-796 18°C, ~24 hours | slightly Digested into smaller domains by

proteases, aggregate on SD
217-536 18°C, ~24 hours | very soluble | Large yield, sometimes crashes
out upon addition of TEV. Lots of
TEV and time required to cleave.

Crystallized.

217-574 | 18°C, ~24 hours | slightly 50% aggregate on SD as fusion
protein, low yield.

217-589 18°C, ~24 hours | slightly Crashes out with TEV, associates
with MBP

217-654 | 18°C, ~24 hours | slightly Associates with MBP

394-574 | 18°C, ~24 hours | slightly Lost on HQ

394-654 | 18°C, ~24 hours | slightly Associates with MBP

533-796 18°C, ~24 hours | slightly Some monomer attainable as
fusion protein (~60% aggregate
on SD)

570-796 18°C, ~24 hours | slightly Mostly monomer on SD as fusion

protein, low yield

TABLE 4. N-terminal constructs. A list of the different constructs attempted in the
search for a crystallisable fourth domain from the N-terminus. The RyRIABC and BC (1-
536 and 217-536) constructs were made based on the PDB 2XOA - purification was

optimized for these clones by C-C. Tung.
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3.2 Caffeine Binding

RyR1 1-617 is responsible for a large portion of the full-length channels
solvent exposed surface area with many large valleys and nooks available. With the
large number of small molecules and ligands that have been shown to modulate RyR,
it made sense to systematically test some of them, quantitatively for binding. Being
relatively inexpensive and readily accessible, caffeine provided a great starting point.

The ECso of caffeine on full-length RyR1 is ~2.8 mM (Groom et al. 2011). In
order to detect binding with low affinities, high concentrations of protein and ligand
are required for a better signal. Previously, C-C. Tung optimized the purification
procedure for two, well-expressed constructs in RyR1 1-536 (RyR1ABC) and RyR1
217-536 (RyR1BC). Their levels of expression resulted in large yields that made high-
concentration ITC feasible.

ITC experiments showed that caffeine bound RyR1BC and ABC with affinities
of ~150 uM and ~520 uM respectively, (Figures 17A and 17B). With similar AH (~ -
6000 cal/mol) and AS (~ -6 cal/mol/K) values this suggested that the caffeine-
binding site was located in RyR1BC. The stoichiometry of the interaction remains
somewhat of a mystery. An N value of ~0.5 could be explained either by errors in
concentration measurement and preparation purity, or claim that a dimer of RyR1BC
or RyR1ABC binds a single caffeine molecule. Interestingly, both dynamic light
scattering and a calibrated gel filtration column output a molecular weight of ~110
kDa for RyR1ABC (MW: 59 kDa). However, these techniques provide a more accurate

estimation of hydrodynamic radius than they do molecular weight.
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FIGURE 17. Caffeine binds RyR1BC. ITC experiments in which (A) 15 mM caffeine
was titrated mto 1.5 mM RyRIBC and (B) 8.97 mM caffeine was added to 0.88 mM
RyR1ABC. The integrations (lower panels) of the raw heats (upper panels) were fit to a one
site binding model and outputted similar thermodynamic details of interaction suggesting

RyR1BC accommodates the caffeine binding site.

3.2.1 Structural Insight?

In order to visualize the molecular details involved in caffeine binding, RyR1BC
crystals were grown in the presence of 60 mM caffeine and RyR1ABC crystals were
soaked in a 90% saturated caffeine cryoprotectant solution before flash-freezing.
Data collection and refinement statistics for both RyR1BC and caffeine co-crystals,

and RyR1ABC crystals soaked in caffeine, are shown in Table 5.
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Analysis of the resultant structures showed that in both cases caffeine is
indeed bound. To prove this, the Fo-Fc maps were calculated using models without
the ligand. Positive difference density was visible to 9.560 and 18.920 in the RyR1BC
and ABC structures respectively. In combination with the compelling density
exhibited in the 2Fo-Fc maps created from refinement on a model with caffeine, we
could unquestionably confirm its presence (Figure 18).

However, in both cases, caffeine takes advantage of hydrophobic pockets and
aromatic faces to stack somewhat promiscuously. Furthermore, the binding sites
differ considerably between the two structures. Looking closely at the interactions
involved in binding, we see that in the RyR1BC structure, caffeine recruits two
tryptophan-269 (W269) residues from different RyR1B domains and two tyrosine-
523 (Y523) residues from different RyR1C domains. It stacks between the
tryptophans and sits on a hydrophobic bed provided by the two tyrosines ~ 4 A away
(Figures 18A and 18B). With RyR1ABC the interaction is a little more complex. Five
RyR1A residues in total are involved, three from one protein chain, and two from a
symmetry-related molecule. The main hold on the ligand can be attributed to an
aromatic stacking sandwich between histidine-151 (H151) in the ‘master’ structure
and phenylalanine-195 (F195) in a neighbouring molecule. Some specificity is created
by proline-151’s main-chain oxygen (P151) and a polar tyrosine-179 (Y179) in the
master molecule, and a symmetry-related methionine-196 (M196), which completes

a hydrophobic pocket (Figures 18C and 18D).
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RyR1BC & Caffeine RyR1ABC & Caffeine

Data collection APS CLS
Space group P3:21 R32
Cell dimensions

a,b, c(A) 68.6, 68.6, 133.0 170.6,170.6,300.9

By (°) 90.0, 120.0, 90.0 90.0, 90.0, 120.0
Resolution (A) 50.00-2.13 (2.19-2.13) 50.00-2.05 (2.10-2.05)
Rmeas. 8.0 (163.1) 22.0 (763.7)
1/o(l) 19.75 (1.56) 793 (1.16)
Completeness (%) 99.8 (98.0) 99.5 (98.9)
Refinement
Resolution (A) 59.38-2.30 132.62-2.40
No. reflections 15842 62534
Rwork / Rtree 23.92/30.63 20.23/23.14
No. atoms 2308 3931

Protein 2257 3802

Water 37 95

Caffeine 14 14

Other 20
B-factors 45.89 49.53

Protein 45.71 49.13

Water 50.44 57.81

Caffeine 62.41 52.02

Other N/A 90.06
R.m.s. deviations

Bond lengths (A) 0.018 0.035

Bond angles (°) 1.756 2.638
Ramachandran 93.80/6.20 91.10/8.90

(core/allowed %)

TABLE 5. Data collection and refinement

statistics for RyR1BC and

RyR1ABC with caffeine. Values in parentheses are for the highest-resolution shell. Ruc.,

obtained from XDS (Kabsch, 2010) is a redundancy independent R-factor (Diederichs and

Karplus, 1997).
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FIGURE 18. Crystallographic caffeine binding interactions. A detailed look at the
binding of caffeine to RyR1BC (A, B) and RyRIABC (C, D). The 2Fo-Fc maps calculated
from a model with caffeine built in are shown as blue meshes (A, C) and the Fo-Fc maps
calculated from a model without caffeine built in are shown as green meshes (B, D). The
sigma cut-offs for each map are labelled. Caffemne 1s shown as black sticks. Side-chains of
mteracting residues are shown as sticks and coloured according to the domain they belong
(blue - RyR1A, green - RyR1B, red - RyR1C). Some non-carbon atoms are highlighted red
(oxygen), blue (nitrogen) or yellow (sulphur). Residues are marked with a superscript
number denoting which symmetry-related molecule they belong to (1 - master, 2,34 -

symmetry-related). Numbering: RyR1 Oryctolagus cuniculus.
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In RyR1BC, four different symmetry-related structures including the master
molecule are involved in holding caffeine and both domains B and C are engaged
(Figure 19A). Conversely, only RyR1A plays part in binding caffeine to RyR1ABC
between two symmetry-related molecules (Figure 19B). The requirement of
symmetry-related molecules strongly suggested that the binding sites observed might

not occur in solution and prompted ITC experiments to confirm them.

FIGURE 19. Structural insight into caffeine binding to RyR? Crystal structures of
both RyRIBC (A) and RyRIABC (B) are shown bound to caffeine. In both cases,
mteractions involve aromatic rings from symmetry-related molecules. Caffeine i1s shown in
the dashed ring interacting with four RyR1BC molecules (A) or two RyRIABC molecules
(B). The side-chains of interacting residues inside the dashed ring are shown, and
highlighted in figure 18. For RyR1IABC, only the residues (from both molecules) interacting
with the caffeine from the ‘master’ molecule are shown. Domains A, B and C are coloured

blue, green and red respectively.
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3.2.2 W269A Mutant Binding

With conflicting results between crystal structures, the search instead for the
binding site in solution began. With the knowledge that both RyR1 BC and ABC bind
caffeine with the same general thermodynamic parameters, we focused first on the
information from the RyR1BC co-crystal structure, as the soaking experiments with
RyR1ABC yielded a binding pocket in domain A alone. More specifically, we began
investigation into W269, and its potential as a caffeine binder.

To test this, W269 was mutated to an alanine in RyR1BC (Figure 20A). The
mutant construct expressed and purified as normal, indicating the mutation was not
destructive to the overall folding of the protein. An ITC experiment showed binding
with an affinity ~300 uM, and similar values of AH, AS and N to those of the wild-type
protein (Figure 20B). Evidently, W269 is not the binding site of caffeine in solution.
The RyR1BC-caffeine structure represents a crystallographically trapped
conformation. The high concentrations of caffeine used in crystallography seemed to
promote caffeine’s non-specific attachment to aromatic residues. This conclusion can

be extended to the RyR1ABC-caffeine structure, which disagrees with our ITC results.
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FIGURE 20. W269A mutation. (A) A section of the chromatogram from a sequencing
reaction (Eurofins) showing the successful mutation of W269 to an alanine. Two bases were
changed simultaneously by Quikchange in the mutation from a TGG triplet codon to GCG.
B) 6mM caffeine was titrated into 0.575 mM RyRIBC W269A. The calculated
thermodynamic values were similar to those obtained from the same experiment with wild-

type RyR1BC (Figure 17). Numbering: RyR1 Oryctolagus cuniculus.
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3.2.3 An in silico Search for a Caffeine Binding Site

The programs DOCK (Shoichet et al. 1992, Meng et al. 1992, Kuntz et al. 1982)
and AutoDock (Morris et al. 2009) were implemented to search for potential sites for
caffeine binding in RyR1ABC. Each program outputs different scoring numbers that
were used in choosing hits for analysis. AutoDock scores based on intermolecular
energy, internal energy and torsional energy. A ‘docking energy’ is computed by
combining the first two, and a ‘binding energy’ from the first and third. DOCK uses a
grid score that is based on the electrostatic energy and Van der Waals forces. In
addition, given their importance in small-molecule docking (Mackey and Melville,
2009), the cluster numbers of each hit were taken into account. It is worth noting that
in both cases, the number of docking runs is very low (10 runs) and a more
exhaustive dock will be done in the future to add validity to the results.

From DOCK, seven solutions from ten runs were ranked according to their grid
score (the second ranked run had three species in its cluster, and the third had two).
Analysis of the hits though showed that the top five clusters contained caffeine in the
same site but rotated or flipped. This is unsurprising given the pseudo-symmetry of
the molecule. As a result, these runs were combined manually, increasing the number
of species in the top cluster (D1) to eight. AutoDock offered five solutions from ten
runs; the first ranked solution (AD1) had the best binding energy and a cluster
number of 6. With both programs, there seemed to be a clear docking contrast
between the top solutions (D1 and AD1) and the rest (Figures 21A and 21B), but the
physical locations of these solutions did not match each other. Besides the top ranked
solutions, one more from DOCK (D2) and three from AutoDock (AD2, AD3 and AD4)

were analysed based on their docking positions.
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FIGURE 21. DOCK and AutoDock scoring bubble charts. (A) DOCK (Shoichet
et al. 1992, Meng et al. 1992, Kuntz et al. 1982) grid scores for the docking of caffeine into
RyRIABC. The cluster number 1s reflected in the size of each bubble. The top five hits
based on grid score were all located i the same pocket but with caffeine rotated,
consequently for examination, they were averaged and their cluster numbers added to
produce the last bubble (*) labelled D1 (cluster number = 8). In addition, D2 (cluster
number = 1) was chosen for analysis. (B) The binding energies from AutoDock (Morris et
al. 2009) are shown with cluster numbers represented by bubble size. Solutions AD1-4 were

chosen for analysis.
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In summary, four different sites were identified as having potential for caffeine
binding (Figure 22A). Site 1 contains D1 and AD2, further increasing the cluster
number (Figure 22B). Binding involves four residues, all in domain B and therefore
agreeing with ITC results that suggested caffeine bound in RyR1BC. Site 2 also houses
a solution from each computational program in D2 and AD3. It locates at the interface
between domains A and B, engaging residues from both, and is in close proximity to
W269, the culprit for binding in the RyR1BC structure (Figure 22C). Site 3 represents
the top hit from AutoDock (AD1) and suggests only residues in domain A are required
for binding (Figure 22D). Lastly, site 4 places caffeine close to the location
determined by the RyR1ABC caffeine-soaked crystal structure (Figure 22E).

With our preliminary, rigid docking, one of the sites determined does stand out
in site 1. As mentioned, it is the only site that does not involve RyR1A, and therefore
agrees with our ITC results. Adding to its validity is the presence of an MH causing
disease mutation R328W (R329 in Oryctolagus cuniculus)(Loke et al. 2003), which is
located in very close proximity to this caffeine binding site (Figure 22B). Caffeine
sensitivity could be explained in this disease mutant by an increase in affinity for the
drug due to stacking interactions with the tryptophan. Future ITC experiments on
RyR1 ABC mutants in site 1, including R329W, will hopefully shed light on the
physiological and functional binding site of caffeine in RyR1ABC.
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FIGURE 22. Docking caffeine in silico. (A) A look at some docking solutions from
both AutoDock (Morris et al. 2009) and DOCK (Shoichet et al. 1992, Meng et al. 1992,

Kuntz et al. 1982) programs. Caffeine is coloured according to which method positioned it,
AutoDock (dark blue), DOCK (yellow) or crystal structure (black). The results could be
summarized into four locations: (B) Site 1, which contained D1 and ADZ2. The position of
an R329 disease mutation site is marked by a black main-chain. (C) Site 2, which contained
D2 with AD3 nearby in the same binding pocket. Not labelled are residues 1267 and S268
directly behind the blue caffeine molecule. W269, the residue involved in binding caffeine in
the RyRI1BC structure is in close proximity to site 2. (D) ADI, the top solution from
AutoDock. (E) AD4, near one of the sites seen in the RyRIABC crystal structure.
Interacting residues are labelled and domains are coloured blue (domain A) and green
(domain B). Note: although the docking studies were performed using RyRIABC, domain C
1s not shown for clarity. Boxes on (A) are drawn to indicate the rough positions of the sites

highlighted in the following panels. Numbering: RyR1 Oryctolagus cuniculus.
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3.2.4 ATP Binding Experiments

Given the similarities in structure between different purine derivatives, it
made sense to test binding to ATP as well. Some problems though halted progress in
determining whether or not the coenzyme bound RyR1ABC. Presumably due to its
reactive nature, titrating high concentrations of ATP into buffer alone resulted in very
large heat signals (data not shown). As a result more dilute solutions had to be used
in ITC measurements; a serious problem given the compound’s millimolar ECso on
RyR (Meissner et al. 1986).

ITC did indicate some heat that is significantly different from background
dilution experiments, but the curve was too shallow to fit reliably (Figure 23). It will
be interesting to try the experiment with higher concentrations of adenine instead of

ATP, which may lead to smaller dilution heats.
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FIGURE 23. ATP binding to RyR1ABC. 5 mM ATP was titrated into 500 pM
RyRIABC and an affinity of ~1.3 mM was attained by I'TC measurements. With the errors

associated though, the thermodynamic values shown cannot be fully trusted.
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3.3 RyR14071-4138

Xiong et al. (2006) have previously described a construct in RyR1,
encompassing residues 4064-4210, which after refolding, binds Ca?*, Cavy1l.1 and
RyR1 CaMBDs. A few main areas of improvement remain from their work. Firstly, a
well-behaved, soluble construct that does not require refolding would strengthen
their claims of specific binding. Secondly, quantifying the thermodynamic details of
the interactions, using ITC for example, would allow us to test whether the binding
affinity is in a physiological range. Ideally, co-crystallization with proposed binding
partners would provide the most insight. Both goals rely heavily on the ability to
obtain a soluble domain that does not aggregate. PHYRE? (Kelley and Sternberg 2009)
was implemented again to aid in the location of a soluble EF-hand-containing domain.
Several possible constructs were tried from these results, based on alignment with
actinin (RyR1 ~3500-4140), Ca?*-binding protein 40 - CaBP40 (RyR1 ~3830-4140),
parvalbumin (RyR1 ~4030-4140) and CaM (RyR1 ~3980-4140). A summary of the
successes and failures in purification are described in Table 6 and a schematic that
sums up the PHYRE? results is shown in Figure 24A. Constructs were tested for
expression (Figure 24B) and solubility by small-scale purification of ~30 ml cultures
on cobalt gravity columns. Successful constructs were scaled up and purified by fast

protein liquid chromatography.
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Construct Expression Solubility Purification

3487/3497/3507 | Slightly All nine Not soluble

- 30°C, ~5-6 hrs | constructs not

4128/4138/4148 | induction. soluble

3818/3828/3838 | Slightly All nine Not Soluble

- 30°C, ~5-6 hrs | constructs not

4128/4138/4148 | induction soluble

3997-4070 Success Soluble Difficult to purify- does not absorb at
30°C, ~5-6 hrs 280 nm
induction Crashes out in concentrator

3997-4138 Success Soluble Multiple species in gel filtration
30°C, ~5-6 hrs Variable success on HQ
induction

4024/4031/4041 | Success All nine RyR1 4041-4138 was the most

- 30°C, ~5-6 hrs | constructs are | soluble (see below)

4128/4138/4148 | induction soluble

4041-4138 Success Soluble Successfully purified, but low yield
30°C, ~5-6 hrs
induction

4071-4138 Success Soluble Alot of pure, soluble protein

30°C, ~5-6 hrs

induction

attainable

TABLE 6. EF-hand constructs

. A list of the different constructs attempted in the search

for an E¥-hand-containing domain.
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A RyR14071-4138:[_EF |

RyR14031-4138:__PA |
RyR13997-4138:___ CaM |
RyR1 3828-4138: [ CaBPA0
3500 3700 3900 4100 4200
(3497 > (3828 > [(3997>
([4031>
070 4071 >
4138 1]
B
kDa
95
72
56
43
34

FIGURE 24. Expression of PHYRE’ guided domains. (A) A schematic describing
the constructs attempted using homology information from PHYRE’ (Kelley and Sternberg
2009). Forward (bright red) and reverse (bright green) primers for construct PCR are
numbered according to the first (forward) or last (reverse) amino acid they code for. For
systematic primers (£ ~10 residues), only the middle one is labelled by number (see Table 1
for a list of primers). (B) An example gel showing the expression of some of the constructs
tried in the search for RyR1 EF-hands. The molecular weights (MW) of the fusion proteins
range from ~54 kDa (RyR1 4041-4128 + MBP) to ~58 kDa (RyR1 4031-4148). Numbering:
RyR1 Oryctolagus cuniculus.
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The most promising constructs showed homology to CaM: Individual CaM
lobes (PDB 1CLL, Chattopadhyaya et al. 1992) could be superposed onto a RyR1 EF-
hand model generated from PHYRE? (Kelley and Sternberg 2009) (Figure 25A). From
the structural alignment we could analyze the potential for Ca?+-binding in the
predicted EF-hands. Of the four modelled, only the most C-terminal one (EF-hand 4)
portrays a probable binding site. In the others, hydrophobic or basic residues
position themselves in locations that would need to co-ordinate Ca?* (Figure 25B).
Looking closer at the different lobes, we were able to predict the hurdles that would
have to be overcome to bind Ca?* in the first three EF-hands. In addition to the
mentioned hydrophobic and basic clashes, this included for example, the presence of
positively charged residues in the vicinity of EF-hand 3, which could obstruct Ca2*
ions from access (Figures 25C and 25D). Analysing the superposition, we saw that the
C-lobe of CaM lined up with RyR1 4071-4134, a finding that eventually resulted in the
RyR1 4071-4138 construct.

RyR1 4017-4138 expressed and purified very well yielding pure, soluble
protein and confirmed by mass spectrometry to be the correct molecular weight
(8111 kDa). The construct did however readily dimerize in the absence of a reducing
agent as shown on a gel filtration column as well as by SDS-PAGE (Figures 26A and
26B). A mutant C4114A form removed the only cysteine residue and resulted in a
purifiable monomer even in the absence of a reducing agent. RyR1 4071-4138 was
used for ITC experiments and kept permanently in a reducing condition. Random
crystallographic screens were applied to both the wild-type and C4114A constructs.

So far, there are no promising crystallographic hits to report.
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N-lobe EF hand:
156
CaM VDADGNGTIDFPEF

RyR1 MLVESSNNVEMILK
t 4047

C-lobe EF hands:
193
CaM FDKDGNGYISAAEL

RyR1l YVTDPRGLISKKDF
14080

1129
CaM ADIDGDGQVNYEEF

RyR1 SEADENEMINFEEF
14115

FIGURE 25. Potential EF-hands in RyR. (A) A model of RyR ~4000-4140 from
PHYRE’ (Kelley and Sternberg 2009) is coloured in a spectrum from its N-teminus (blue) to
C-terminus (red) and superposed to CaM (PDB 1CLL, Chattopadhyaya et al. 1992),
coloured grey. (B) Structural alignments of the EF-hands. Ca” binding residues in the CaM
sequences are highlighted green, as are compatible residues in RyR1. Positively charged
(bold) and hydrophobic residues in Ca” binding positions are coloured red, and in addition,
two lysines (K4090 and K4091), which may hinder access to Ca” are bolded. The highlighted
residues are shown as sticks in zoomed in views of the N-lobe (C) and C-lobe (D)
superpositions. Ca” ions are shown as green spheres. Numbering: RyR1 Orycrolagus

cuniculus.
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8 kDap

FIGURE 26. Cysteine dimerisation in RyR1 4071-4138. (A) Wild-type (WT) RyR1
4071-4138 was run on a gel filtration column without ML and showed a showed a shoulder
peak. The cysteine-4114 alanine mutant ran as a monomer in the absence of a reducing
agent. (B) In the presence of a strong reducing agent (DTT), fractions (Frn) from the
superdex column in (A) ran as a ~8 kDa monomer on an SDS PAGE gel. Numbering:

RyR1 Oryctolagus cuniculus.

71



3.3.1 Ca%*and Mg?* Binding to RyR1 EF-hands

ITC detected very weak binding between RyR1 4071-4138 and the Ca?* (Figure
27A) as well as Mg?* (Figure 27B). The ~10 mM Ky values indicate an affinity much
lower than something physiologically relevant but an explanation may be suggested
in construct selection. Neighbouring domains could stablilize the EF-hand and
enhance its binding to both Ca?* and Mg?*. From our experiments, although absolute
thermodynamic values cannot be quoted with certainty, we can say that the ions
definitely bind RyR1 4071-4138. The raw endothermic heats of binding observed

were in sharp contrast to the exothermic background titrations of Ca%*/Mg?* into

buffer.

A Time (min) B Time (min)

Lol || ‘ {MUM@ TR I ot H \ |

ooy T ] T o] A UHMHIMlmu.m

z 0.1 -.."...- ] £ 0.16 - 1

}vi 0.10 '.-. E 0.14 . .

:_6 0.08 -| - -*-. :_5 010:

£ SR

o ' I\1/Iolar Ratio o - o I\1AvolarvRatvio e

N 0.0113 *11.8 Sites N 3.33 +1.11 Sites
K, 53.4 +105 M! K 97.8 +52.6 M1
AH 1.818E5 #1.892E8 cal/mol DH 362.5 £215.1 cal/mol
AS 618 cal/mol/deg DS 10.3 cal/mol/deg

FIGURE 27. RyR1 4071-4138 binds Ca* and Mg”. Weak binding was detectable by
ITC for RyR1 4071 with both Ca” (A) and Mg” (B). In both cases, 30 mM of Ca”/Mg" was
titrated into 1.5 mM RyR1 4071-4138. Given the weak afhnity, the absolute thermodynamic

values, although shown here, cannot be taken to be accurate.
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Binding to Ca?* was further tested using nuclear magnetic resonance
experiments. U. Brath compared Heteronuclear Single Quantum Coherence spectra
from 15N-labelled RyR1 4071-4138 with and without Ca2*. The dramatic change

observed confirmed that Ca?* does indeed bind the protein (data not shown).

3.3.2 Interaction with RyR1 CaMBDs

RyR1 4071-4138 was identified as homologous to CaM. In addition, RyR1
4064-4210 has been shown to bind to the second CaMBD (in sequence) in RyR1
3614-3643 (Xiong et al. 2006). We therefore wished to perform binding experiments
to additional CaMBDs that we have previously characterized in the lab.

A synthesized RyR1 CaMBD3dLRR peptide was available in the lab for ITC
experiments with RyR1 4071-4138. Preliminary ITC experiments have showed an
affinity of ~7uM in conditions without Ca?* (Figure 28). The success in binding has

opened a multitude of opportunities for the construct.
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FIGURE 28. RyR1 4071-4138 binds a CaMBD3 mutant. 1.2 mM RyR1 4071-4138
was titrated into 0.12 mM of a RyR1 CaMBD3 mutant peptide. The concentration of the
peptide was not accurately measured, perhaps explaining the N value of ~1.5. The

thermodynamic values obtained from I'T'C are displayed on the graph.
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4 Discussion

4.1 RyR1ABCd

The addition of a small helix, and the structuring of previously flexible loops
are more than just requirements for crystal lattice formation. The relative
orientations of these new loops may just be crystallographic artefacts, but it is worth
noting that they can adopt structure when in proximity to hydrophilic domains. Given
the observed polar and electrostatic interactions between domains in RyR1ABC, it
can be concluded that this sort of dynamic structuring must take place in full-length
RyR1 allosteric communication.

Still, looking at the big picture, does the structure presented here expand the
understanding of RyR1? Majority of the structure is already known in RyR1ABC, the
theory of disease mutations affecting interface interactions is repeated here, and in
comparing the structure docked in the open and closed EM maps, the observed
domain movements are very similar to those seen with the first three domains alone.
Described here however, are the exciting, new conclusions that can be drawn from

this structure.

4.1.1 A Larger Surface Area for Binding

For a channel to be well regulated, there needs to be a relative ease of access
for small-molecule modulators to bind. Although the extended helix only represents
~9% of the structure, docking studies suggest that a large majority of it is exposed to
the cytoplasm. This enhances the potential for finding regulatory binding sites using
ITC as a high-throughput screen. In the search for RyR ligands, it makes sense to

consult a related channel in IP3R.
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[P3R and RyR have travelled down similar evolutionary roads and still today
share similar functions as tightly-regulated Ca?* channels. Proving this, Seo et al.
(2012) completely replaced the N-terminal domain of an IP3sR with RyR1A and
reproduced a functional channel. Similarly Yuchi and Van Petegem (2010) have done
some preliminary structural analysis on the two N-termini and concluded that that
they operate with parallel allosteric mechanisms. Consequently, anything we can
structurally determine from one channel can be translated to extend the knowledge
in the field of the other. Compared to the structure of IP31ABC, we learn that the
structured residues presented here (~10-577) define a better ending point for
domain C than we previously described (Tung et al. 2010) (Figure 29A). The solved
structure will therefore be referred to as RyR1ABCd. The binding sites of regulators
to IP3R1 can help in locating similar sites in RyR. PDB 1N4K (Bosanac et al. 2002)
represents a high-resolution structure of IP3RBC in which its most important
triggering ligand, IP3 itself, is bound. Given the potency of IP3 on IP3R, a ligand that
could bind in the same pocket in RyR, could be of serious importance.

However, RyR1 is not modulated by IP3, and analysis of the superposed
structures helps to explain why. In the binding pocket, only two residues are
conserved between the receptors (Figure 29B): in IP3R, arginine-504 and arginine-
568, both of which are involved in binding the 1-phosphate of IP3, with the latter
being essential for it (Yoshikawa et al. 2006). In human RyR1 these represent R471
and R533. Fascinatingly, R533 has twice been documented to cause malignhant
hyperthermia as a result of a mutation to a histidine (Brandt et al. 1999) or a cysteine
(Tammaro et al. 2003). Here the molecular mechanism of disease can be explained by
directly affecting the binding of a crucial modulator. Finding the modulator in RyR
though, is yet to be done; something far from trivial. In RyR1, the positively charged

[Pz pocket has been altered dramatically, both in sterics and electrostatics.
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B 567 YRK 569
504 RERQK 508

471 RNRQS 475

265 RTTGR 269
247 EGGAV 251

FIGURE 29. A comparison between IP:R and RyR1 1-617. (A) Superposition of
the 2.2 A IP.R1BC (PDB IN4K, Bosanac et al. 2002) onto RyR1 1-617 shows that in the
search for a fourth domain, we have actually redefined domain C. The extra structural
iformation from ‘RyRIABCd’ provides more of a surface for potential binders. RyR1 A, B,
C and d domains are coloured blue, green, red and yellow respectively and the IP:R 1s
shown as grey. (B) A detailed view of the residues mvolved in binding IP:. In the structural
alignments, residues that directly interact with IP:in IP:R are bolded and underlined. Shown
m bold, underlined and marked by an asterisk (*), are RyR1 R471 and R533: the only
conserved residues mvolved in binding. R533 1s also a disease mutation (black sticks).

Numbering: RyR1 Homo sapiens.

4.1.2 PP1 Recruitment by a Leucine Zipper

Leucine zippers (LZ) are coiled coils that force the adhesion of two or more
parallel (common) or antiparallel (rare) a-helices (Lupas, 1996, Kohn et al. 1997).
Originally found in DNA-binding proteins, they described a mechanism for
dimerisation between two LZ-containing proteins. Orthodox descriptions define a

heptad repeat (abcdefg) as having hydrophobic residues at positions ‘a’ and ‘d” with
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leucine residues occupying the latter (Crick, 1953, Landschulz et al. 1988). Isoleucine
and valine have also been accepted as residues that can contribute to this ‘zipping’.

Marx et al. (2001) manually identified three LZ motifs in RyR2. LZ1, in residues
555-604 was shown to bind Protein Phosphatase 1 (PP1) via its regulatory subunit
spinophilin. LZ2, defined by RyR2 1603-1631 pulled down Protein Phosphatase 2A
(PP2A), and LZ3 (RyR2 3003-3039) interacted with PKA. They went on to show that
LZ1 and LZ3 are conserved between the cardiac and skeletal RyR and as expected,
RyR1 fusion peptides containing these zippers pull down PP1 and PKA as well. A LZ-
motif in spinophilin (residues 485-510) was classified as the binding site for RyR2,
and mutating out ‘d’ leucines in either RyR2 or spinophilin abolished the interaction.

LZ1 in RyR1 corresponds to residues 534-592, almost exactly describing the
gain in structure due to RyR1ABCd. The structure agrees well with their prediction,
lining hydrophobic residues for dimer interactions down one face of the new helix
and scattering charged and polar amino acids on the other side (Figure 30).

The hydrophilic face contains several RyR1 and RyR2 disease mutations that
cause MH or CPVT respectively. This side of the coil could therefore play an important
role in anchoring the helix in position, primed for PP1 attachment. Phosphatases are
essential players in the inhibition of RyR channels (Marx et al. 2000).
Hyperphosphorylation of RyR is thought to cause FKBP dissociation and result in
leaky channels (Bellinger et al. 2009). From our results, we can propose yet another
mechanism for disease in RyR1. Mutations in RyR1d could directly affect the binding
of the phosphatase PP1, required in recovery from hyperphosphorylation (Marx et al.
2000). In wild-type channels then, RyR1d may serve as the recruitment domain for
PP1, transiently increasing the phosphatase’s local concentration near sites of

requirement.
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1546 553 560  |567  |574
NRANCALFSTNLDWVVSKLDRLEASSGILEVLYCVLIESPEVLNI

15331549 1544 1552
B \ _O_
180°

FIGURE 30. A LLZ motif in RyR1d. Below the sequence and marked by up-arrows (1)
are human disease mutation sites. Above the sequence and marked by down-arrows (|) are
the valine or leucine residues that are arranged i the correct canonical spacing for the
formation of a leucine zipper. In addition, other hydrophobic residues that could contribute
to a zipper are bolded and underlined in the sequence. Hydrophobic, basic and acidic
residues have their transparent surfaces coloured green, blue and red respectively. Disease
mutations locate on the opposite helical side to potential zipper ‘action’, requiring a 180°
rotation of the structure in (A) to view them (B). Numbering: RyR1 (black) or RyR2 (grey)

Homo sapiens.

Interestingly, upon analysis of the crystal lattice, we observed that the
additional helix in our structure contacts a symmetry-related molecule through a
coiled-coil interaction (Figure 31). The observed LZ differs slightly from the strict
definition of interacting heptads, hinting that some degree of plasticity may be

involved in RyR1 modulator recruitment.
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abcefg bc
543 LDWVVSKLDRLEASSG LE LYC LIE 569
abcdefgabcdefgabcdefgabcdef

HR1 HR2

HR2

AsSs m

ASSG 1’..E LYC | LIE
GSSAELRDLKSVVWDL

~V546 L567 \—/

HR1
FIGURE 31. An antiparallel LZ in the RyR1ABCd crystal structure. (A) and (B)

show two perpendiuclar views of a coiled coill formed between RyRld domains from
different asymmetric units in the crystal lattice. Leucine, Isoleucine and valine residues
mvolved in ‘zipping’ are green or lime green and are aligned in the sequence between (A)
and (B) to the black helices. An unusual bend occurs at a polar S556-S557 gap (red)
between canonical LZ heptads (HR1 and HR2). (C) The bend is allowed due to a possible
register shift employing the HR2’ I.Z residues in lime green. (D) A schematic explaining the
atypical interactions in the zipper. L5563 mitiates a zipper with L560 1n the other helix
(asterisk). Seven positions from there on both helices, V546 in HR1 would be expected to
mteract with 1567 in HR2, but 1t instead 1s closer to V566 mm HR2’. Numbering: RyR1

Homo sapiens.
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4.1.3 Molecular Insight from Docking

There are two related hurdles to the theory of LZ-mediated dephosphorylation
of RyR1 by PP1/spinophilin. Firstly, PP1 (37 kDa) and spinophilin (90 kDa), together
form a large, bulky complex and secondly, considerable structural rearrangements
would be required to allow for dimerisation by coiled-coils. As such, a special right of
entry may be necessary for recruitment. In analysis of RyR1ABCd docked into an EM
map (EMDB 1606, Samso et al, 2009) from the cytoplasmic surface (Figure 32A) we
see such a portal, or Phosphatase Access Channel (PAC) (Figure 32B).

From further docking investigation, new interaction surfaces within RyR1 have
been characterized. Previously, we have described six interfaces in the full-length RyR
structure that gear against facial planes in RyR1ABC: Interface 1 marks the junction
between RyR1A of one monomer and RyR1B of the next in the tetrameric assembly.
Interfaces 2 and 3 describe respectively as the lateral junctions of RyR1A and RyR1C
to adjacent domains in the full channel. And interfaces 4, 5 and 6 link RyR1A, RyR1B
and RyR1C ‘downwards’ in the direction of the channel pore (Tung et al. 2010).
Docking RyR1ABCd has redefined interface 3 and brought to light some details about
a novel interaction surface in interface 7.

The RyR1 MH/CCD causing mutations Q474H, Y522C/S and R530H, as well as
the CPVT mutation in RyR2 V5071, were all previously predicted to affect interface 3
(Tung et al. 2010). In addition, three further MH mutations in RyR1 (R533C/H, D544Y
and R552W) and one in RyR2 that causes CPVT (A549V) can be mapped onto the
RyR1ABCd structure for analysis (Figure 32C). An intricate web of polar and
electrostatic interactions decorates the junction between RyR1C and RyR1d. Two
props from below, in RyR1C stabilize the LZ raised arm: Q474 and Y522. The former
interacts with N532, the very first residue in RyR1d, and the latter pokes up from
domain C below, into the RyR1C-d hydrophilic interaction network. On the inner side
of this arm, RyR1d contributes its own variety of hydrophilic binders. These include
R552 and surprisingly a rogue tryptophan that has abandoned its hydrophobic nature
to hydrogen bond via its N1 atom (Figure 32C).
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RyR1 D544 and RyR2 A549 lie at interface 3, at the shoulder of the RyR1d arm.
Mutations at these sites that cause disease introduce more bulky and hydrophobic
side-chains in tyrosine and valine respectively. This corroborates well with our
earlier studies that blamed disease on a breakdown of hydrophilic communication
between domains in RyR (Tung et al. 2010).

The mapped RyR2 V507 is shown as a black surface for clarity in figure 32B
and grey sticks in figure 32C. Mutation to an isoleucine causes CPVT, emphasizing
that even very small perturbations in an interface are large enough to cause serious
problems. This demonstrates the fragility of the interactions in the area. Evidently a
stable LZ-motif in RyR2d as well, is an absolute requirement. For RyR in general then,
our mutational analysis suggests that a well-positioned LZ arm is required for the
proper function and regulation of RyR.

Finally, our docking studies have allowed the definition of a new interaction
plane in interface 7 (Figures 32B and 32E). This can be seen as the elbow of the LZ
arm and pokes out in a radial direction towards the clamp region. It must be noted
though, that the absolute location seen in the crystal structure of this elbow may be a
result of LZ dimerisation and not truly reflect a physiological positioning. In support
of this, the forearm, past the elbow, extrudes out of the EM map into the PAC (figures
32B and 15B). The general location of interface 7 though, is undeniable and supplies
the first piece of structural evidence for communication between the clamp and
central rim. With this we can begin to understand how modulators that bind in the
periphery or the RyR cytoplasmic face can affect the channel close to the pore. RyR1d
can therefore be designated two hypothetical roles. The first involves a LZ arm-grip
with spinophilin, an interaction that would mediate the dephosphorylation of the
channel, and the second is as a vestibule-clamp translator that sets up the potential

for allosteric communication.

82



R552 D544 /549 H240" Q156

E243 "
M226
P164
D227

B11-p12

R169

FIGURE 32. RyR1ABCd docking analysis. Legend on next page.
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FIGURE 32. RyR1ABCd docking analysis. (A), (B) and (C) represent progressively
zoomed in ‘top’ views of RyRIABCd docked mto a closed EMDB 1606 (Samso et al. 2009).
Similarly (D), (E) and (F) do the same but from a ‘side’ view. In surface representation,
RyR1/2 mutations are coloured black but in stick representation RyR2 mutations are grey. A
new interaction plane in interface 7 1s defined and marks the join between the central rim of
RyR1 and its clamps. Interface 3, or the lateral face to domain C (Tung et al. 2010) can now
be modified to include areas adjacent to domain d. A Phosphatase Access Channel (PAC) 1s
arrowed in (B) and has access to LZ-motf residues coloured green in (C). For illustration, in
(F), the side-chains of RyR1 M226 and D227, as well as RyR2 H240 have been modelled in
despite their flexibility in the crystal, and are seen to protrude into mnterface 1. A transparent
cartoon shows mterface 1 from RyRIABCd docked mto the open EMDB 1607.
Numbering: RyR1 (black) or RyR2 (grey) Homo sapiens.

4.1.4 Interface 1

Interactions at interface 1 (labelled in Figure 32D and 32E) are of special
interest as they sew the vestibule together forming seams between monomers.
Previously we hypothesized that gain of function mutations in the region could easily
be explained by causing these subunit seams to loosen (Tung et al. 2010). The RyR1
MH mutations M226K, D227V and R367L/Q as well as the RyR2 CPVT mutation
H240R can now be positioned and agree with this previous model. Although these
residues are flexible in the crystal structure, they can presumably interact transiently
in the full-length channel. As an example, in Figure 32E, the residues labelled H240
and Q156 could form a potential hydrogen bond. If Ca%*-release involves movement
around the cytoplasmic opening, interactions such as these necessarily have to be
weak and transient to allow for channel opening.

During opening and closing of the channel to accommodate Ca?+, an increase in
the transmembrane pore size is expected. But in addition, analysis of open and closed
EM maps has indeed shown that large allosteric movements in the central rim

accompany pore opening (Kimlicka and Van Petegem, 2011). Molecular details can be
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attained by docking RyR1ABCd into cryo-EM reconstructions of the same resolution
in both the open (EMDB 1607) and closed (EMDB 1606) RyR1 conformations (Samsé
et al. 2009). Comparing these docked structures, it is clear that interface 1 must
‘break’ during channel opening, allowing the movement of subunits ~4 A further
apart (Figure 32E). A look at the overall structure motion portrays four RyR1ABCds
as a cap, tightening to close the channel (Figures 33A and 33B). This screw-like
constriction may continue towards the pore, providing an allosteric explanation for

channel closing upon ligand binding.

FIGURE 33. RyR1ABCd in channel opening. (A) Top and (B) side views of
RyRIABCd docked into the open (EMDB 1607) and closed (EMDB 1606) reconstructions
of full-length channel (Samso et al. 2009). The surface representations of the structure in the
open and closed state are shown mn blue and red respectively. In opening, RyRIABCd
motion can be described as a ~3 A twist, lifting the domains ~5 A towards the cytoplasm

and widening interface 1 by ~4 A.
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4.1.5 Continuing the Debate on Dantrolene

The possibility of RyR1 as the molecular target of dantrolene has been a topic
of serious discussion. Evidence in the field, on both sides of the argument have been
described, but work by the Parness lab (Paul-Pletzer et al. 2001, Paul-Pletzer et al.
2002) has strongly suggested that the ligand does directly interact with RyR1, and
specifically residues 590-609.

Characterizing an accurate, thermodynamically well-defined interaction
between RyR1 590-609 would finally put to rest further discussion on the topic and
confirm RyR as a molecular target of dantrolene. Our results though, could not
provide this valuable information. ITC experiments failed to detect binding between
RyR1 1-617 and dantrolene or azumolene. Initial attempts at explaining the results
involved low protein concentrations. @ Weak binders would require higher
concentrations to detect their interactions. But mentioned already, therapeutically
both drugs work at ~10 uM (Flewellen et al. 1983), well below the concentration
tested here (final cell concentrations of drug and protein were ~125 uM and ~30 uM
respectively). If binding does take place then, there is little enthalpic contribution to
it. If this were the case ligands that bind at the same site could be used in competition
experiments to obtain an apparent affinity. As a separate explanation for the lack of
detectable binding, it is possible that a prerequisite binder such as ATP is necessary

to put RyR in a dantrolene-accessible state.

4.2 Purines and RyR1

Increased sensitivity to caffeine is a diagnostic tool for MH mutations in RyR1.
Zhao et al. (2001) have shown that dantrolene tames this sensitivity and lowers the
affinity for caffeine. In the same study they illustrate a necessity for the presence of

an ATP analog in dantrolene inhibition. This could be explained by the existence of a

86



purine binding site in intimate, allosteric communication with a dantrolene binding
site in RyR. Our results indicate that indeed, the two could be closely related. Already
discussed, Paul-Pletzer et al. (2002) have identified a dantrolene binding site in RyR1
590-609. Here we have presented data confirming that RyR1ABC and RyR1BC both
interacted with caffeine, narrowing the caffeine binding site to RyR1 217-536 and in
addition we show potential for an ATP binding site in the same domains. Whether or
not these interaction sites are the same, remains to be seen.

In the aim of structurally characterizing these positions, both RyR1BC and
RyR1ABC were crystallized with caffeine, but provided different binding solutions.
These results although outwardly contradictory may not be completely irrelevant in
vivo. Given the relatively non-specific modes of attachment to aromatic residues
discussed in Chapter 1.4.3 (Figure 9), there could be multiple sites of attachment,
whether these are all functional sites is a different story. Further experiments would
need to be carried out to distinguish between sites of casual interaction, and sites of
biological relevance. Still, the crystallographic binding we observed, in both cases
heavily involved symmetry related molecules arranged in a physiologically
incompatible manner. A couple of options are available to bypass this hurdle. 1)
Crystallization in lower concentrations of caffeine, although given the low measured
affinity, this may not be an effective solution. 2) Random screens in the presence of
caffeine, here the hope would be to attain a different crystal form. In a different space
group, the non-physiologically binding aromatic residues would be in different
orientations and be unable to ‘sandwich’ caffeine.

In addition, we plan to use ITC to probe the interaction in solution. Through in
silico docking experiments, we have identified a few possible locations for caffeine
binding. We aim to prepare mutants in these locations, and will test via ITC whether
they alter the binding affinity. Sequential ITC experiments with purines followed by

dantrolene might provide an added benefit in finding the drug’s illusive binding site.
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4.3 Regulation by EF-hands

RyR1 4064-4210 was suggested to interact with Ca?*, CaMBD and Cav1.1
(Xiong et al. 2006). The major drawback from these experiments was inherent
behavioural problems of the isolated peptide - refolding following denaturation by
urea was required to solubilize this fragment. To convince the field though, CD was
used to confirm that the protein was rich in a-helices, as would be expected from
their initial sequence alignment with CaM. But a helical, CaM-like structure should not
be exclusively expressed in inclusion bodies. It is likely that even after refolding, there
could be flexible N- and/or C-terminal ends that are misfolded and bias results. In our
construct selection, there was a stringent requirement for proteins to behave as well-
folded, soluble monomers as portrayed by a single Gaussian peak on a gel filtration
column. This was achieved in RyR1 4071-4138 (Figure 27A).

ITC investigation into Ca?* and Mg?* binding provided affinities in the
millimolar range, much lower than the ~60 uM Kgq4 reported for RyR1 4064-4120
(Xiong et al. 2006). The construct length though, matches a full length CaM and
equilibrium dialysis showed two Ca?* bound per molecule of RyR1 4064-4210 with a
Hill co-efficient of ~1.6. The added affinity observed could be explained by this
positive co-operativity. Additionally, with respect to Ca?* binding, the protein must
have contained only two out of four functional EF-hands, agreeing with our modelling
of ‘dead’ EF-hands (Figure 26). Interestingly, the CaM alignment we present in RyR1
~4000-4138 is partially upstream of 4064-4210, and both show a sequence identity
of ~20%. This hints at the possibility of three repeats of EF-hand domains. It will be

interesting to test constructs that are inclusive of all putative EF-hands.
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4.3.1 The Involvement of CaMBDs

Introducing CaMBDs adds to the complexity of Ca?* regulation. Here we show
binding to a RyR1 CaMBD3 mutant, and Xiong et al. (2006) in addition have shown
Ca?*-dependent binding to RyR1 CaMBD2. There is evidence for multiple CaMBDs
(Zorzatto et al. 1990, Menegazzi et al. 1994, Chen and MacLennan, 1995), and now as
well, multiple EF-hands. Slowly, a complex picture is beginning to form that involves
all of the above and includes in addition, CaM, Ca?* and Mg?*; CaM and RyR1 EF-hands
exhibit Ca?*/Mg?*-dependent regulation of RyR1 via CaMBDs each of which have
different affinities. In summary, some kind of Ca?*-regulated competition between
CaM and RyR1 EF-hands must take place.

The obvious next experiments would involve the other CaMBDs and
determining their affinities; an outstanding binder might give us clues as to where
RyR1 4071-4138 is located in 3D space relative to the CaMBDs. Competition
experiments can now be used to further analyze the roles of Ca?* or Mg?+. The change
in structure of RyR1 4071-4138 as a result of Ca?* binding or unbinding, as suggested
by the NMR experiments, may affect the interactions with CaMBDs. Conversely,
CaMBD binding may stabilize the structure and allow for a quantifiable Ca?*/Mg?*
affinity by ITC.

4.3.2 Disease and RyR1 EF-hands

The importance of the RyR EF-hands can be seen in the number of disease
mutations found in the region. Within the three predicted lobes (RyR1 4000-4210,
RyR2 3954-4164), 11 and 23 mutations have been shown to cause disease in RyR1
and RyR2 (summarized in Table 7). In effect, this defines a ‘hotspot’ of mutations and

emphasizes the regions importance in Ca?* regulation.
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RyR1 Human Mutation Disease Reference

M4022V MH Leeetal. 2010

R4041W MH Galli et al. 2006

S4050Y MH Robinson et al. 2006

T4081M MH Ibarra et al. 2006

G4104R MH Kraeva etal. 2011

S4112L CNM Jungbluth et al. 2005

N4119Y MH Sambuughin et al. 2005
R4136S MH Galli et al. 2002

R4179H UCM Berilacqua et al. 2011
E4181K UCcM Berilacqua et al. 2011
A4185T (& V4842M) MH Kraevaetal. 2011

RyR1 Human Mutation Disease Reference

S3959L CPVT Tester et al. 2006

M39721 CPVT Medeiros-Domingo et al. 2009
D3973H CPVT Medeiros-Domingo et al. 2009
L3974Q CPVT Medeiros-Domingo et al. 2009
K3997E CPVT Medeiros-Domingo et al. 2009
F4020L CPVT Postma et al. 2005

E4076K CPVT Postma et al. 2005

N4097S E-IVF Tester et al. 2004

N41041 CPVT Postma et al. 2005

N4104K CPVT Priori et al. 2001

L4105F CPVT Hasdemir et al. 2008

H4108N CPVT Postma et al. 2005

H4108Q CPVT Postma et al. 2005

M4109R CPVT/SCD Nofetal 2011

S4124G CPVT Medeiros-Domingo et al. 2009
S4124T UCP Tester et al. 2005

R4144G CPVT Berge et al. 2008

E4146K E-IVF Tester et al. 2004

Y4149S CPVT Medeiros-Domingo et al. 2009
S4153R CPVT Kazemian et al. 2011

R4157Q CPVT Medeiros-Domingo et al. 2009
T4158P SUD Tester et al. 2004

Q4159P CPVT Medeiros-Domingo et al. 2009

Table 7. Disease mutations in RyR1/2 EF-hands. A list of all currently documented
disease mutations within RyR1 4000-4210 and the corresponding residues in RyR2 (3954-
4164). CNM: Centronuclear myopathy, Idiopathic Ventricular Fibrillation induced by
emotion or exercise, SCD: Sudden Cardiac Death, SUO: Sudden Unexplained Death,
UCP: Undefined Clinical Phenotype.
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Concerning MH, RyR1 EF-hands may provide a means of furthering our
understanding of its mechanistic details. Volatile anaesthetics trigger MH episodes,
and RyR1 could potentially be their target as shown by activation in lipid bilayers
(Connelly and Coronado, 1994, Bull and Marengo, 1994). Testing the binding of

anaesthetics to RyR1 EF-hands may give clues as to whether or not this is the case.

4.4 Allostery in RyR1

Sams6 and Wagenknecht (2002) have provided a cryo-EM structure depicting
the locations of Ca?*- and apocalmodulin in RyR1 (Figure 34A). Ca?*-CaM appears to
localize to the PAC, within reach of an extended LZ arm. Taken with the data
presented here, this portrays the PAC and regions around it as a complex hub for

allosteric communication in RyR regulation (Figure 34B) in which:

1) Purine activators bind to RyR1ABC

2) PP1 targets RyR1d, due to a LZ coiled coil with spinophilin

3) Dantrolene may interact with the flexible residues past RyR1d

4) The inhibitory Ca?*-CaM attaches, presumably to a CaMBD

5) RyR1 EF-hands may be involved in Ca?*-dependent competition with CaM

In all, these findings just scratch the surface of the molecular and mechanistic

details involved in RyR regulation by ligands and modulators. Many more details

about the structure and function of the channel remain to be discovered.
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FIGURE 34. Allosteric communication in RyR. Side (A) and top (B) views of apo-
(orange) and Ca’- (Ime green) CaM in their approximate locations in RyR1. Manual
placement of CaM was done in PyYMOL based on cryo-EM maps identifying its positions
(Sams6 and Wagenknecht, 2002). CaM comes in contact with the PAC upon binding of
Ca”. RyR1 A, B, C and d are coloured blue, green, red and yellow and shown docked into
EMDB 1606 (Samso et al. 2009). Labelled are some of the modulators mentioned 1n this
thesis. Their interactions are arrowed to emphasize the complexity of the allosteric reactions

that must be mvolved in RyR ligand regulation.
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