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ABSTRACT: Ryanodine receptors (RyRs) are large ion channels that are responsible for the
release of Ca2+ from the sarcoplasmic/endoplasmic reticulum. Calmodulin (CaM) is a Ca2+

binding protein that can affect the channel open probability at both high and low Ca2+

concentrations, shifting the Ca2+ dependencies of channel opening in an isoform-specific
manner. Here we analyze the binding of CaM and its individual domains to three different
RyR regions using isothermal titration calorimetry. We compared binding to skeletal muscle
(RyR1) and cardiac (RyR2) isoforms, under both Ca2+-loaded and Ca2+-free conditions. CaM
can bind all three regions in both isoforms, but the binding modes differ appreciably in two
segments. The results highlight a Ca2+/CaM and apoCaM binding site in the C-terminal fifth
of the channel. This binding site is the target for malignant hyperthermia and central core
disease mutations in RyR1, which affect the energetics and mode of CaM binding.

Ryanodine receptors (RyRs) are large ion channels that
mediate the release of Ca2+ from the endoplasmic/

sarcoplasmic reticulum (ER/SR).1 They are involved in many
physiological events that depend on Ca2+ as a second messenger,
including excitation−contraction (EC) coupling in various types
of muscles. In mammalian organisms, three different isoforms
have been identified (RyR1−3),2−4 sharing both sequence and
structural homology. All isoforms are expressed in multiple cell
types; however, RyR1 is mainly found in skeletal muscle, and
RyR2 is abundant in cardiac myocytes.
The primary ligand for triggering RyR opening is cytosolic

Ca2+. Under these circumstances, the RyR acts as a signal
amplifier, in a process known as Ca2+-induced Ca2+ release
(CICR).5,6 However, as Ca2+ levels in the cytosol increase, RyRs
close, indicating that there are multiple Ca2+ binding sites with
different affinities and binding kinetics. A plot of the open
probability of the channel as a function of Ca2+ concentration
therefore displays a bell-shaped curve.7 In addition, luminal Ca2+

levels can regulate RyR opening through the process of store
overload-induced calcium release (SOICR).8,9

The exact timing of channel opening and closing is crucial.
Several genetic diseases result from altered RyR activity, often
increasing their sensitivity to cytosolic or luminal Ca2+ and
leading to channels with enhanced open probabilities. RyR1
mutations are mostly associated with malignant hyperthermia
(MH)10 and central core disease (CCD),11 whereas RyR2
mutations can cause catecholaminergic polymorphic ventricular
tachycardia (CPVT).12 These mutations are found throughout
the RyR genes, but many have been found to cluster at domain−
domain interfaces.13−20 Multiple auxiliary proteins can fine-tune
the sensitivity of RyRs to Ca2+. A major player is calmodulin
(CaM), a 17 kDa protein with four EF hands that can bind Ca2+.

CaM directly binds to RyRs, but the effect is dependent on Ca2+

concentration and the exact RyR isoform. At high Ca2+ levels,
CaM can inhibit both RyR1 and RyR2. At low Ca2+ levels, it
activates RyR1 but inhibits RyR2,21−24 although the inhibition at
low Ca2+ concentrations has been controversial.25 Recent
experiments using RyR2 have shown that mutations of the N-
lobe of CaM increase the threshold for termination of Ca2+

release, whereas mutations of the C-lobe decrease the thresh-
old,26 suggesting individual roles and possibly distinct binding
sites for the lobes on the full-length channel. Interestingly,
mutations in CaM have also been associated with CPVT,27

indicating that a proper regulation of RyR2 by CaM is absolutely
required.
How exactly CaM exerts its stimulatory or inhibitory effects is

currently unknown. Previously, a number of RyR peptides have
been thought to bind CaM based mainly on pull-downs, overlay
assays, gel shifts, and fluorescence measurements.28−36 However,
most of these have not been validated using a quantitative
method, and multiple ones have been discarded because they
have been shown to be inaccessible15 or do not agree with cryo-
electron microscopy (cryo-EM) data, as recently discussed by
Huang et al.37 Thus far, only three RyR segments remain as
candidates to be “true” CaM binding sites. CaM has often been
shown to use its individual lobes to bridge different peptide
stretches in its target proteins, so it is likely that more than one of
these segments is involved in binding either Ca2+/CaM or
apoCaM.
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A crystal structure has shown that Ca2+/CaM is able to bind to
a peptide in the central region of RyR1 (amino acids 3614−
3643), with both CaM lobes binding the segment simulta-
neously.38 However, NMR data have shown that the Ca2+/N-
lobe is only loosely associated with the peptide, suggesting it is
likely to bind elsewhere in full-length channels.38 Cryo-EM
studies have shown that only one CaM binds per RyR
monomer,39 although this does not exclude the possibility that
additional CaMs may bind to separate, low-affinity sites. The
cryo-EM studies also show that the binding site for CaM on
RyR1 shifts by ∼30 Å.39,40 This shift is too large to be attributed
to a different mode of binding to the same peptide and suggests
that one or both CaM lobes shift to another sequence stretch
upon binding Ca2+. Curiously, these cryo-EM studies have also
shown that the apoCaM binding site in RyR2 coincides with the
Ca2+/CaM binding site in RyR1. Together with the different
functional effects of CaM in the two isoforms, this indicates that
the mode of binding in the two isoforms is different.
Because of the complexities by which CaM can bind its targets,

and the inherent ability of the individual lobes to bridge different
sequence stretches in other proteins, we used isothermal titration
calorimetry (ITC) to analyze the binding of CaM and its
individual lobes under both apo and Ca2+-loaded conditions. We
focused on the three remaining CaM binding candidates [CaM
binding domains 1−3 (CaMBD1−CaMBD3, respectively)
(Figure 1)] in both RyR1 and RyR2. The data show isoform-
specific differences and suggest that the highest affinity for
apoCaM resides in the C-terminal region of the RyR. The latter is
also the target for disease mutations that affect CaM binding.

■ EXPERIMENTAL PROCEDURES

Cloning and Purification. Sequences encompassing rabbit
RyR1 (CaMBD1, residues 1975−1999; CaMBD2, residues
3614−3640) and rat RyR2 (CaMBD1, residues 1941−1965;
CaMBD2, residues 3580−3606; CaMBD3, residues 4246−
4276) were cloned in a pET24a vector containing a C-terminal
hexahistidine tag using NdeI and XhoI cut sites. At the N-
terminus, maltose binding protein (MBP) was attached, along
with a cleavage site for tobacco etch virus (TEV) protease. The

presence of affinity tags on both sides allows us to extract only
peptides without degradation within the CaMBD sequence.
RyR1 CaMBD3 (residues 4295−4325) could not be cloned
using routine polymerase chain reaction, and instead, synthetic
peptides (Lifetein) were used for wild-type and disease mutant
versions. To protect the fusion proteins from proteolytic
degradation, they were co-expressed with human CaM, which
binds and prevents access to proteases. The CaM was co-
expressed in a peGST vector,41 using Escherichia coli Rosetta-
(DE3) pLacI at 37 °C and induced at an OD600 of ∼0.6 by
addition of 0.2 mM IPTG for 4 h. Cells were lysed by sonication
in buffer A [250 mM KCl, 10 mM CaCl2, and 10 mM HEPES
(pH 7.4)] supplemented with 25 mgmL−1 DNase I, 25 mgmL−1

lysozyme, 1 mM iodoacetamide, and 1 mM phenylmethane-
sulfonyl fluoride. The lysate was applied to a 25 mL Poros MC
column (Tosoh Bioscience), washed with 5 column volumes
(CV) of buffer A and 5 CV of 2% (v/v) buffer B [250 mM KCl,
10mMCaCl2, and 500mM imidazole (pH 7.4)], and eluted with
30% (v/v) buffer B. The protein was diluted 2-fold with buffer A
and then applied to a 25 mL amylose column (New England
Biolabs). The protein was then washed with 20 CV of buffer A
and 10 mMEDTA and 2 CV of buffer A and eluted with buffer C
(buffer A with 10 mM maltose). The wash step with EDTA
completely removed the co-expressed CaM. The protein was
diluted 2-fold with buffer A and applied once again to a 25 mL
Poros MC column, washed, and eluted as described above. For
the CaMBD2 constructs, which contain cysteines, 10 mM β-
mercaptoethanol (BME) was present in all buffers except for
those used for the Poros MC column. The fusion proteins were
confirmed to be monomeric using size exclusion chromatog-
raphy on a Superdex200 column (GE Healthcare) (Figure 1 of
the Supporting Information). The molecular weights were
confirmed by matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) on a Voyager-DE STR instrument
(Applied Biosystems) as fusion proteins and as peptides after
cleavage with TEV protease.

Cloning and Purification of Calmodulin and Its Lobes.
Full-length human CaM, its N-terminal lobe (N-lobe, residues
1−78), and its C-terminal lobe (C-lobe, residues 79−149) were

Figure 1. Sequences of three CaM binding domains (CaMBDs). Residues that are strictly conserved among RyR1−RyR3 are highlighted in gray. Purple
residues are the sites of mutation in RyR1CBD3, duplication of L4319−4321 and R4325D. The numbering is for rabbit RyR1, mouse RyR2, and human
RyR3.
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cloned as described previously42 into a modified pET28 vector
containing an N-terminal hexahistidine tag and a tobacco etch
virus (TEV) protease cleavage site. Purification was like that for

the CaMBD constructs, with the following exception. After the
first Poros MC column, the protein was cleaved with His-tagged
TEV protease overnight at room temperature while being

Figure 2.Ca2+/CaM and its lobes bind to all three RyR1 CaMBDs. (A−I) ITC binding isotherms show the interaction between CaM or its lobes titrated
into each CaMBD in the presence of 10 mMCaCl2. The columns indicate the titrant; the rows show the CaMBD in the cell. Solid lines represent the fits.
The following concentrations were used (titrant into cell): (A) 500 μM in 50 μM, (B) 1330 μM in 133 μM, (C) 1330 μM in 133 μM, (D) 150 μM in 15
μM, (E) 1000 μM in 80 μM, (F) 800 μM in 80 μM, (G) 223 μM in 22.3 μM, (H) 490.9 μM in 31.5 μM, and (I) 315 μM in 31.5 μM. Affinity and
thermodynamic parameters are listed in Table 1.
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dialyzed against buffer A. The tagged protease and cleavage
product were removed with an additional Poros MC column.
The flow-through was applied to a Phenyl-Sepharose HP column
(GEHealthcare) equilibrated with 150 mMKCl, 20 mMHEPES
(pH 7.4), and 10 mM CaCl2. The protein was eluted with the
same buffer containing 10 mM EDTA instead of CaCl2, applied
to a HiLoad Q-Sepharose HP column equilibrated with 20 mM
HEPES (pH 7.4) and 10 mM EDTA, and eluted with a gradient
from 20 to 40% buffer containing an additional 1 M KCl over 14
CV. Molecular weights for all proteins were confirmed by
MALDI-TOF on a Voyager-DE STR instrument (Applied
Biosystems).
ITC. The purified MBP−CaMBD fusion proteins were

dialyzed against 150 mM KCl, 10 mM HEPES (pH 7.4), 10
mM2-mercaptoethanol, 10mMCaCl2, or 10mMEDTA at 4 °C.
Peptides that were synthesized and delivered as lyophilized
powder (Lifetein) were dissolved directly in dialysis buffer. The
peptide oligomeric state was confirmed to be monomeric on a
Superdex75 column (GE Healthcare) (Figure 1 of the
Supporting Information). Concentrations were determined
using the calculated extinction coefficient at 280 nm in the
presence of 6M guanidine.43 Titrations consisted of 20 injections
of 2 μL of titrant (CaM or lobes) into the cell containing a

CaMBD at a 10-fold lower concentration. Typical concentrations
for the titrant were between 100 and 500 μM for experiments in
10 mMCaCl2 and between 700 and 2000 μM for experiments in
10 mM EDTA, depending on the affinity. Experiments were
performed at 25 °C and a stirring speed of 1000 rpm on an
ITC200 instrument (GE Healthcare). Control experiments
titrating CaM or its lobes (2000 μM) into the hexahistidine-
tagged MBP without CaMBD2 (200 μM) in 10 mMCaCl2 or 10
mM EDTA showed heats that were indistinguishable from buffer
injections (data not shown). In addition, control experiments
titrating the N-lobe (2000 μM) into the C-lobe (200 μM) in the
presence of 10 mM CaCl2 or 10 mM EDTA show heats that are
indistinguishable from buffer injections (data not shown). The
data were processed using Origin 7.0 and fit to a one- or two-site
fitting model after background buffer subtraction.

■ RESULTS

Binding to CaMBD2. A previously published crystal
structure reported a complex between Ca2+/CaM and a peptide
in the central region of RyR1 (amino acids 3614−3643).38 We
termed this CaMBD2 simply to reflect its position in the
sequence relative to other CaM binding domains investigated in
this study (Figure 1). We utilized ITC to explore the

Table 1. Thermodynamic Parameters of Binding between Ca2+/CaM and Its Lobes and CaMBDs in 10 mM CaCl2
a

construct lobe no. of sites (N) Kd (μM) ΔH (kcal/mol) ΔS (cal mol−1 deg−1) n

RYR1
CaMBD1 CaM 0.81 ± 0.22 2.05 ± 0.96 −9.36 ± 1.25 −5.21 ± 3.6 4

N 0.79 ± 0.33 5.95 ± 2.07 −8.81 ± 1.82 −5.58 ± 5.4 2
C 0.88 ± 0.35 7.88 ± 0.74 −1.49 ± 0.04 18.4 ± 0.4 2

CaMBD2 CaM 0.75 ± 0.14 0.046 ± 0.032 −16.8 ± 2.9 −18.3 ± 6.3 4
N 0.87 ± 0.11 33.3 ± 10.7 −10.7 ± 2.1 −15.4 ± 7.7 3
C 0.80 ± 0.03 0.80 ± 0.29 −5.94 ± 0.57 8.09 ± 1.83 4

CaMBD3 CaM 1.02 ± 0.19 0.052 ± 0.022 −5.00 ± 1.19 16.7 ± 3.5 6
N 1.07 ± 0.08 4.19 ± 1.44 −4.18 ± 2.27 10.7 ± 8.0 6
C 1.16 ± 0.27 2.62 ± 1.22 −2.77 ± 1.95 16.5 ± 7.1 6

RYR2
CaMBD1 CaM 0.71 ± 0.04 7.59 ± 1.05 −6.09 ± 0.14 3.01 ± 0.76 2

N 0.75 ± 0.11 26.7 ± 8.7 −5.52 ± 0.74 2.47 ± 2.66 2
C binding detected but not quantifiable 4

CaMBD2 CaM 0.77 ± 0.13 0.047 ± 0.017 −17.2 ± 1.1 −24 ± 2.8 3
N 1.13 ± 0.28 18.9 ± 7.9 −7.25 ± 0.47 −2.44 ± 4.13 4
C 1.16 ± 0.41 1.03 ± 0.75 −5.09 ± 0.18 10.6 ± 6.1 3

CaMBD3 CaM complex binding 4
N, Kd1 1.06 ± 0.11 0.052 ± 0.015 −1.28 ± 0.16 29.1 ± 0.9 4
N, Kd2 1.14 ± 0.08 4.6 ± 0.4 3.79 ± 0.18 37.2 ± 0.5 4
C 1.04 ± 0.01 3.09 ± 1.12 1.99 ± 0.18 31.7 ± 0.5 4

aValues are averages of n measurements. Errors are standard deviations.

Table 2. Thermodynamic Parameters of Binding between Ca2+/CaM and Its Lobes in Competition Experiments and CaMBDs in
10 mM CaCl2

a

construct lobe no. of sites (N) Kd (μM) ΔH (kcal/mol) ΔS (cal mol−1 deg−1) n

RYR1
CaMBD1 N > C 0.71 ± 0.18 22.4 ± 6.8 −6.44 ± 0.17 −0.27 ± 0.05 2

C > N heats indistinguishable from background 1
CaMBD2 N > C 0.67 ± 0.05 60.7 ± 27.2 −6.40 ± 1.94 −2.04 ± 7.31 3

C > N 0.44 ± 0.02 8.00 ± 1.35 −1.08 ± 0.07 19.7 1
RYR2

CaMBD3 N > C 0.51 ± 0.20 5.86 ± 4.54 −2.50 ± 0.80 16.0 ± 4.3 3
C > N heats indistinguishable from background 1

aValues are averages of n measurements. Errors are standard deviations (for n = 1, errors are deviations of the fit from data).
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thermodynamic parameters that underlie the binding. Because
physiological concentrations of Ca2+ would yield mixtures of
Ca2+-free and Ca2+-occupied lobes, the experiments were

performed in the presence of excess Ca2+ (10 mM) to saturate
all Ca2+ binding sites and to isolate binding of a fully Ca2+-
occupied CaM. The interaction of Ca2+/CaM is strong, with a Kd

Figure 3.Ca2+/CaM and its lobes bind to all three RyR2 CaMBDs. (A−I) ITC binding isotherms show the interaction between CaM or its lobes titrated
into each CaMBD in the presence of 10 mMCaCl2. The columns indicate the titrant; the rows show the CaMBD in the cell. Solid lines represent the fits.
The following concentrations were used (titrant into cell): (A) 1100 μM in 110 μM, (B) 1132 μM in 110 μM, (C) 1132 μM in 110 μM, (D) 150 μM in
15 μM, (E) 788 μM in 79 μM, (F) 674 μM in 67 μM, (G) 630 μM in 63 μM, (H) 1109 μM in 63 μM, and (I) 661 μM in 63 μM. Affinity and
thermodynamic parameters are listed in Table 1. The binding isotherm in panel C could not be accurately fit because of the low affinity.
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of 46 nM (Figure 2 and Table 1). The binding is driven by
enthalpy and has an unfavorable entropic contribution. To
determine the contribution of each CaM lobe, we also
investigated their binding individually. Ca2+/C-lobe binds
much stronger (Kd ∼ 800 nM) than the Ca2+/N-lobe (Kd ∼ 33
μM). The Ca2+/C-lobe is driven by favorable entropy and
enthalpy, while Ca2+/N-lobe binding is driven by enthalpy alone.
As it is possible that both lobes compete for an overlapping

binding site, we performed competition experiments with the
Ca2+/C-lobe premixed with RyR1 CaMBD2 (Figure 2 of the
Supporting Information and Table 2). These show that the
affinity of CaMBD2 for the Ca2+/N-lobe, once the Ca2+/C-lobe
has been bound, is even lower (Kd ∼ 60 μM). The ability of the
weaker Ca2+/N-lobe to still bind in the presence of excess Ca2+/
C-lobe indicates that the binding sites are not mutually exclusive,
but the weaker apparent affinity shows there is some additional
strain when both lobes bind.

As Ca2+/CaM has different effects on RyR1 and RyR2, we
wondered whether there are any differences in the binding
affinities or energetic signatures of either lobe between both
isoforms. However, the corresponding peptide in RyR2 binds
with a very similar affinity, enthalpy, and entropy, and as for
RyR1, the Ca2+/C-lobe forms the major interaction (Figure 3
and Table 1). Thus, in agreement with the large amount of
sequence conservation among the different RyR isoforms, the
overall binding mode on CaMBD2 is likely to be very similar.
In the crystal structure of the RyR1−CaMBD2 complex,38 a

Trp residue forms the main anchor point for the Ca2+/C-lobe
whereas a Phe residue provides the major contacts with the Ca2+/
N-lobe. We used individual lobes with mutant CaMBD2s to
further dissect this interaction. In agreement with this, the
W3586A mutation in RyR2 completely abolishes binding of the
Ca2+/C-lobe to CaMBD2, while the F3602A mutation has no
effect (Figure 4 and Table 3). However, both W3586A and
F3602A still allow for Ca2+/N-lobe binding, but with different

Figure 4. RyR2 CaMBD2 W3586A and F3602A mutants alter lobe binding. (A−F) ITC binding isotherms show the interaction between CaM or its
lobes titrated into each mutant CaMBD in the presence of 10 mMCaCl2. The columns indicate the titrant; the rows show the CaMBD in the cell. Solid
lines represent the fits. The following concentrations were used (titrant into cell): (A) 500 μM in 50 μM, (B) 1000 μM in 100 μM, (C) 521 μM in 52
μM, (D) 500 μM in 50 μM, (E) 788 μM in 79 μM, and (F) 674 μM in 67 μM. Affinity and thermodynamic parameters are listed in Table 3.
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affinities and enthalpic components, suggesting that the Ca2+/N-
lobe can bind to two different sites. When one Ca2+/N-lobe site is
abolished, it can still bind another, a type of behavior that has
been observed in other CaM targets.42,44,45 These data are in
agreement with previous studies showing that neither the
equivalent W3586A nor the F3602A mutation individually can
knock out Ca2+/CaM binding in full-length RyR2.32 Overall,
these data suggest that CaMBD2 primarily forms a high-affinity
Ca2+/C-lobe binding site, whereas the binding site for the Ca2+/
N-lobe, as observed in the crystal structure, is weak and mobile.
We also analyzed binding of apoCaM to CaMBD2 by

repeating the ITC experiments in the absence of Ca2+ and in
the presence of excess EDTA (Figures 5 and 6 and Table 4).
ApoCaM is able to bind CaMBD2 from either isoform, but
significantly weaker than Ca2+/CaM (Kd = 50−70 μM). The
individual lobes are also capable of binding independently, but
the binding was too weak to be quantified reliably. These data
show that both apo lobes contribute to the binding of apoCaM to
CaMBD2.
Binding to CaMBD1. As the affinity of the Ca2+/N-lobe for

CaMBD2 is low, especially in the presence of a prebound Ca2+/
C-lobe, we tested the binding to another segment, CaMBD1
(amino acids 1975−1999 in RyR1), which was previously
suggested to form a binding site based on gel shift assays.35

Cross-linking studies also imply that it is close to CaMBD2.35

This site is less conserved than CaMBD2 between the isoforms
(Figure 1), with 64% sequence identity between RyR1 and RyR2.
In RyR1, CaMBD1 binds Ca2+/CaM with a Kd of ∼2 μM. Both
the Ca2+/N-lobe and Ca2+/C-lobe can bind, but their affinities
are weaker than for full-length Ca2+/CaM, indicating that both
contribute to the avidity (Figure 2 and Table 1). In the presence
of the prebound Ca2+/C-lobe, the affinity of the Ca2+/N-lobe for
CaMBD1 is weakened ∼3.5-fold (Figure 2 of the Supporting
Information and Table 2), suggesting that the binding of both
lobes simultaneously induces some strain.
The CaMBD1 sequences of RyR1 and RyR2 differ in nine

positions (Figure 1), and this affects the binding of Ca2+/CaM. In
RyR2, Ca2+/CaM binds ∼4-fold weaker, with an affinity of ∼7.6
μM. The Ca2+/N-lobe binds with a Kd of ∼27 μM, but Ca2+/C-
lobe titrations yielded a flat binding isotherm that could not be fit
reliably, suggesting the interaction is extremely weak (Figure 4
and Table 1). As in RyR1, the affinity of Ca2+/CaM is higher than
for either lobe, indicating that both lobes can still contribute to
the binding. The main difference between RyR1 and RyR2 thus

seems to be a higher affinity for CaMBD1 of RyR1, and only a
very small contribution of the Ca2+/C-lobe to RyR2−CaMBD1
binding. Unlike CaMBD2, apoCaM was not observed to bind to
CaMBD1 from either isoform (Figures 5 and 6 and Table 4).
In summary, CaMBD1 forms a Ca2+/CaM binding site that is

mainly driven by the Ca2+/N-lobe. This lobe binds CaMBD1
stronger than it binds CaMBD2 (when a Ca2+/C-lobe is
prebound to it), suggesting that Ca2+/CaM could bridge these
two segments.

Binding to CaMBD3. Yet another segment, located in the C-
terminal fifth of the channel, has been suggested to form a
putative CaM binding site.28,33 The analyzed segment, termed
CaMBD3, spans residues 4295−4325 in RyR1. The sequences of
RyR1 and RyR2 are only ∼26% identical in this region (Figure
1).
In RyR1, CaMBD3 forms a high-affinity Ca2+/CaM binding

site (Kd∼ 52 nM) with favorable enthalpy and entropy (Figure 2
and Table 1). The individual lobes bind as well, but with weaker
affinities (Kd = 2−4 μM), indicating that both contribute to
Ca2+/CaM binding.
The corresponding region in RyR2 interacts with Ca2+/CaM

in a completely different manner as it exhibits a complex binding
isotherm that cannot be fit using a simple 1:1 binding model
(Figure 3 and Table 1). Such complex isotherms have been
observed before for CaM−peptide interactions in other ion
channels and are likely due to a single CaM binding two peptides
in the initial stage of the ITC experiment (when sufficient free
peptide is available), followed by unbinding of one peptide and a
1:1 stoichiometry at the later stages (when free peptide is
scarce).42 Despite our inability to fit this isotherm, the sharp
transition suggests that the affinity is very high. To deconstruct
this complex curve, we also analyzed the binding of the individual
CaM lobes. The Ca2+/C-lobe binds with a Kd of ∼3 μM, similar
to that of RyR1−CaMBD3 binding. However, the Ca2+/N-lobe
titrations show two transitions, revealing a high-affinity site with a
Kd of 52 nM driven by both favorable entropy and enthalpy and a
second low-affinity site (Kd ∼ 4.6 μM) with unfavorable
enthalpy. We used a competition experiment to determine
whether both sites are available in the presence of the Ca2+/C-
lobe (Figure 2 of the Supporting Information and Table 2). In
the presence of the Ca2+/C-lobe, only one exothermic Ca2+/N-
lobe binding event was observed with aKd of 5.9 μM.Overall, the
binding mode and energetics of binding of Ca2+/CaM to

Table 3. Thermodynamic Parameters of Binding between Ca2+/CaM and Its Lobes and Mutant CaMBDs in 10 mM CaCl2
a

construct lobe no. of sites (N) Kd (μM) ΔH (kcal/mol) ΔS (cal mol−1 deg−1) n

RYR2
CaMBD2W3586A CaM 0.91 ± 0.16 1.01 ± 0.43 −11.9 ± 2.6 −12.3 ± 9.3 4

N 0.69 ± 0.39 18.9 ± 7.6 −12.8 ± 0.7 −21.3 ± 2.0 3
C heats indistinguishable from background 4

CaMBD2F3602A CaM 1.10 ± 0.02 0.32 ± 0.09 −12.7 ± 0.4 −13.0 1
N 0.96 ± 0.02 6.86 ± 1.43 −1.86 ± 0.02 17.4 ± 1.8 2
C 0.78 ± 0.50 0.44 ± 0.29 −7.66 ± 0.09 3.8 ± 3.6 3

RYR1
CaMBD3LRRdup CaM 0.79 ± 0.14 0.014 ± 0.008 −10.3 ± 1.4 1.6 ± 3.9 3

N 0.82 ± 0.05 2.35 ± 0.67 −7.37 ± 0.31 1.1 ± 1.6 2
C 0.88 ± 0.25 1.21 ± 0.16 −8.21 ± 2.18 −0.5 ± 7 3

CaMBD3R4325D CaM 0.64 ± 0.02 0.12 ± 0.005 −9.03 ± 0.06 1.4 ± 0.2 3
N 0.83 ± 0.03 5.11 ± 0.46 −6.35 ± 0.17 2.9 ± 0.7 3
C 1.01 ± 0.09 1.54 ± 0.11 −6.04 ± 0.03 6.4 ± 0.12 3

aValues are averages of n measurements. Errors are standard deviations (for n = 1, errors are deviations of the fit from data).
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CaMBD3 in both isoforms thus appear to be very different
(Figure 7).
Importantly, CaMBD3 also forms a binding site for apoCaM in

both RyR1 (Kd∼ 27 μM) and RyR2 (Kd∼ 5 μM) (Figures 5 and

6 and Table 4). These values show that apoCaM can bind
CaMBD3 significantly stronger than CaMBD2, suggesting that
CaMBD3 may form the primary binding site for apoCaM. The
two isoforms differ appreciably in their apoCaM binding. In

Figure 5. Binding of apoCaM and its lobes to RyR1 CaMBDs. (A−G) ITC binding isotherms show the interaction between CaM or its lobes titrated
into each CaMBD in the presence of 10mMEDTA. The columns indicate the titrant; the rows show the CaMBD in the cell. Solid lines represent the fits.
The following concentrations were used (titrant into cell): (A) 1000 μM in 82 μM, (B) 1500 μM in 150 μM, (C) 2264 μM in 200 μM, (D) 1435 μM in
200 μM, (E) 1500 μM in 150 μM, (F) 1500 μM in 150 μM, and (G) 1500 μM in 150 μM. Affinity and thermodynamic parameters are listed in Table 4.
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RyR1, the binding seems to involve only the apo-N-lobe (Kd ∼
23 μM), whereas in RyR2, both lobes contribute to apoCaM
binding (Kd values of ∼50 and ∼60 μM for the apo-N-lobe and
apo-C-lobe, respectively).

In conclusion, CaMBD3 forms the strongest apoCaM binding
site of the peptides tested and forms an additional high-affinity
site for Ca2+/CaM. Both the sequence and binding mode differ
appreciably between both isoforms.

Figure 6. Binding of apoCaM and its lobes to RyR2 CaMBDs. (A−G) ITC binding isotherms show the interaction between CaM or its lobes titrated
into each CaMBD in the presence of 10mMEDTA. The columns indicate the titrant; the rows show the CaMBD in the cell. Solid lines represent the fits.
The following concentrations were used (titrant into cell): (A) 760 μM in 60 μM, (B) 1000 μM in 100 μM, (C) 1000 μM in 100 μM, (D) 1000 μM in
100 μM, (E) 250 μM in 25 μM, (F) 750 μM in 75 μM, and (G) 750 μM in 75 μM. Affinity and thermodynamic parameters are listed in Table 4.
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Disease Mutations in RyR1 CaMBD3. Interestingly, two
disease mutations map into the CaMBD3 sequence of RyR1
(Figure 1). R4325D has been linked to CCD and multiminicore
disease.46 The secondmutation involves a duplication event from
L4319 to R4321, which repeats the sequence LRR and has been
linked to increased levels of serum creatine kinase and potentially
causes MH.46

Compared to wild-type CaMBD3, the R4325Dmutant weakly
affects Ca2+/CaM binding (Kd value of 120 nM vs Kd value of 52
nM) (Figure 8 and Table 3). However, apoCaM binding appears
to be stronger (Kd value of ∼7 μM vs Kd value of ∼27 μM)
(Figure 3 of the Supporting Information).
In contrast, the LRR duplication mutant binds Ca2+/CaM

∼3.5-fold stronger (14 nM) than the wild type (52 nM), and the
affinities of each lobe individually have changed (Figure 8 and
Table 3). Under Ca2+-free conditions, the LRR duplication
mutant produces a complex binding isotherm with both
endothermic and exothermic components (Figure 3 of the
Supporting Information). Experiments with the individual lobes
show that apo-N-lobe binding is endothermic whereas apo-C-
lobe binding is exothermic. This is different from the case forWT
CaMBD3, which shows a single endothermic binding event and
where direct apo-C-lobe binding could not be detected.
In conclusion, both disease mutations have direct effects on

the binding of both apoCaM and Ca2+/CaM to RyR1 CaMBD3.

■ DISCUSSION

CaM has been identified as a resident Ca2+ sensor for multiple
ion channel families, including voltage-gated calcium and sodium
channels, small conductance Ca2+-activated potassium channels,
KCNQ potassium channels, andmanymore.47−50 In many cases,
the primary role of CaM seems to be affecting the gating
properties (opening, closing, and inactivation) of these channels,
but it has also been involved in channel trafficking.51−54

RyRs are sensitive signal amplifiers: increases in cytosolic Ca2+

concentrations trigger their opening, through a phenomenon

known as Ca2+-dependent Ca2+ release. Although the skeletal
muscle isoform (RyR1) can be activated through direct
mechanical coupling with L-type Ca2+ channels,55−58 they are
also gated by Ca2+ ions. CaM can fine-tune the precise sensitivity
to Ca2+ concentrations, in a manner that appears to be isoform-
specific. How exactly this happens remains unknown, but cryo-
EM images have shown that the cytoplasmic cap of RyRs
undergoes large conformational changes during opening and
closing.59,60 Both apoCaM and Ca2+/CaM have been shown to
bind to the lateral side of the cap39 and are likely to interfere with
these allosteric motions. For example, by stabilizing the closed
state or destabilizing the open state, Ca2+/CaM would exert an
inhibition. In both RyR1 and RyR2, Ca2+/CaM seems to inhibit
the channel.21−24

To understand the mechanisms that underlie CaM regulation
of RyRs, it is necessary to know which regions of the RyR
sequence can bind CaM and under which conditions. Several
RyR regions have been proposed as CaM binding sites,28−36 but
in many cases, these sites were not validated using a quantitative
method. In fact, most of the initially identified sites have been
shown to be inaccessible within a folded domain15 or were found
to be located too far from the CaM binding site identified in cryo-
EM studies.37 A crystal structure of Ca2+/CaM bound to
CaMBD2 of RyR1 has shown that this area forms a strong Ca2+/
C-lobe binding site. However, the Ca2+/N-lobe is only loosely
associated and is likely to bind elsewhere.38 We confirm these
observations using ITC as the Ca2+/C-lobe binds significantly
stronger than the Ca2+/N-lobe, with the latter affinity decreasing
even further once the Ca2+/C-lobe is already bound. Therefore, it
is possible that the Ca2+/N-lobe is associated with a different
segment. Here we also analyzed the binding of apoCaM and
Ca2+/CaM to the two remaining candidates, which we named
CaMBD1 (corresponding to RyR1 residues 1975−1999) and
CaMBD3 (RyR1 residues 4295−4325).
CaMBD1 was first identified as a potential apoCaM binding

site in RyR1.35 However, using our ITC experiments, we could

Table 4. Thermodynamic Parameters of Binding between ApoCaM and Its Lobes and CaMBDs in 10 mM EDTAa

construct lobe no. of sites (N) Kd (μM) ΔH (kcal/mol) ΔS (cal mol−1 deg−1) n

RYR1
CaMBD1 apoCaM heats indistinguishable from background 3

apo-N-lobe heats indistinguishable from background 1
apo-C-lobe not performed -

CaMBD2 apoCaMb 1 46.5 ± 22.5 1.59 ± 0.09 26 ± 2 3
apo-N-lobe 1.09 ± 0.10 55.6 ± 36.4 0.34 ± 0.09 20.8 1
apo-C-lobe binding detected but not quantifiable 1

CaMBD3 apoCaMc 0.38 ± 0.09 27.1 ± 14.6 1.5 ± 0.5 26 ± 1 4
apo-N-lobe 0.90 ± 0.40 22.7 ± 7.7 0.90 ± 0.46 24.3 ± 2.4 3
apo-C-lobe heats indistinguishable from background 2

RYR2
CaMBD1 apoCaM heats indistinguishable from background 5

apo-N-lobe heats indistinguishable from background 3
apo-C-lobe heats indistinguishable from background 2

CaMBD2 apoCaM 0.89 ± 0.82 72.3 ± 28.6 2.2 ± 2.2 26.3 ± 4.7 2
apo-N-lobe heats indistinguishable from background 3
apo-C-lobe binding detected but not quantifiable 2

CaMBD3 apoCaM 0.87 ± 0.26 5.11 ± 2.69 13.2 ± 7.8 68.8 ± 26.7 4
apo-N-lobe 1.25 ± 0.07 49.3 ± 29.9 2.2 ± 1.7 27.3 ± 2.1 2
apo-C-lobe 1.01 ± 0.13 62.1 ± 33 1.7 ± 0.2 25.2 ± 1.7 2

aValues are averages of n measurements. Errors are standard deviations (for n = 1, errors are deviations of the fit from data). bThis value was forced
to be 1 to allow for fitting. cThis lower value suggests that one calmodulin binds two peptides (i.e., N = 0.5). This is possible as apo-C-lobe binding is
enthalpically silent and undetectable and overlaps with the apo-N-lobe site.
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not detect any binding of apoCaM to CaMBD1 for either RyR1
or RyR2. Instead, CaMBD1 forms only an alternative Ca2+/CaM
binding site, with a higher affinity for the Ca2+/N-lobe than for
the Ca2+/C-lobe. This is especially true in RyR2, where binding
of the Ca2+/C-lobe to CaMBD1 individually could not be
detected. A simple interpretation would then be that Ca2+/CaM
could bridge CaMBD1 and CaMBD2 via its N-lobe and C-lobe,
respectively.
However, CaMBD3, a poorly conserved segment in the C-

terminal fifth of the channel, forms an additional binding site for
both Ca2+/CaM and apoCaM. In fact, it forms the highest-
affinity binding site we detected for CaM in the absence of Ca2+,
suggesting that it may form the primary apoCaM binding site. In
both RyR1 and RyR2, CaMBD3 strongly bound apoCaM and is
mainlymediated by the apo-N-lobe. Ca2+/CaM binding is almost
as strong as for CaMBD2, but the energetic profile differs
substantially between RyR1 and RyR2, with even two binding
sites existing for the Ca2+/N-lobe in RyR1.
We also investigated physiological mutations in RyR1

CaMBD3 that have been linked to CCD, to mmCD
(R4235D), and to increased creatine kinase levels/MH (LRR
duplication). Neither mutation abolishes CaM binding, but both
affect the energetics and likely also the binding mode, suggesting

that interfering with CaM regulation at this site may be the
primary cause of the disease for these specific mutations.
A crucial question is whether the CaMBDs described here also

bind CaM when they are present in the native context of a full-
length channel. In the absence of a high-resolution structure of
the full-length protein, this is a difficult question to answer. CaM
binds to RyR subunits with a 1:1 stoichiometry, which would
seem to be at odds with the presence of three sites that can all
bind Ca2+/CaM. Two sites could bind Ca2+/CaM simulta-
neously through the ability of individual CaM lobes to bind
targets separately, a feature that has been observed in several
CaM−ion channel complexes.47,48 In addition, the sites could
also be mutually exclusive, whereby binding to one site occludes
the other through direct steric hindrance or allosterically. This
allows redundancy in CaM binding, without affecting the 1:1
stoichiometry. Cryo-EM studies have shown that the center of
mass of CaM undergoes an ∼30 Å shift on RyR1. Because
CaMBD2 is able to bind both apoCaM and Ca2+/CaM, it has
been suggested that CaM shifts along this helix upon binding
Ca2+.31,61,62 However, mere shifts within the CaMBD2 are
unlikely to create the large movements observed in the cryo-EM
studies. Instead, it is more likely that either one or both lobes of
CaM shift to another CaMBD upon associating with Ca2+.
Förster resonance energy transfer (FRET) measurements
between CaM and FKBP on RyRs, however, do not reveal a
large shift in apoCaM and Ca2+/CaM.63 To reconcile these
differences, it has been proposed that CaMmoves in an arc with a
constant radius relative to the donor FKBP in the FRET
measurements.
The concentration of free CaM in the cytosol of cardiac

myocytes has been measured to be ∼50−75 nM.64 In addition,
the affinity of CaM for intact RyR2 near cardiac myocyte Z-lines
has been found to have a Kd of∼10−20 nM,65 comparable to the
Kd values obtained by measuring binding of [

35S]CaM to RyRs in
SR vesicles (∼20−30 nM), even at Ca2+ concentrations below
0.01 μM.66 One could therefore question the relevance of
individual CaMBDs with Kd values of >1 μM. However,
functional studies with voltage-gated calcium channels have
shown that CaM concentrations in the immediate vicinity of
some targets can be enriched several orders of magnitude.67

More importantly, because of the inherent ability of the CaM
lobes to bind segments individually, it is likely that higher-affinity
sites are formed by allowing the lobes to bridge noncontiguous
CaMBDs, capitalizing on additive affinities. This would be most
important for apoCaM, because the highest affinity we observed
is ∼5 μM for RyR2 CaMBD3. Because CaMBD1 does not bind
apoCaM in our experiments, an attractive possibility is thus that
apoCaM bridges CaMBD2 and CaMBD3.
Importantly, for the CaMBDs to be “true” CaM binding sites,

they also have to be solvent accessible within full-length RyR.
Cryo-EM reconstructions using GFP insertions in full-length
RyR2 localized CaMBD3 to the cytosolic surface, near the side of
domain 3 and close to the cleft formed by domains 7 and 8a.37

This is in the proximity of the Ca2+/CaM binding site of RyR1
and the apoCaM site in RyR2.40 Importantly, the GFP insertion
did not create any visible conformational changes, suggesting
that the site could be solvent-exposed. Similarly, GFP insertion
studies show that CaMBD2 is located near domains 3 and 8a,
again close to both apoCaM and Ca2+/CaM sites of RyR1, and to
the apoCaM site of RyR2.37 On the other hand, two GFP
insertions near CaMBD1, at positions T1874 and T2023 of
RyR2, localized to domains 9 and 4, respectively.68,69 These were
interpreted to be too far from the identified CaM binding sites in

Figure 7.Overview of binding of Ca2+/CaM and apoCaM to CaMBDs.
Bar graphs comparing theKd andΔG values of binding for CaM (A) and
the individual Ca2+/lobes (B) to the three CaMBDs. Error bars are
standard deviations.
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cryo-EM studies. Although this would argue against the
involvement of CaMBD1 in CaM binding, no insertion was
conducted directly within the CaMBD1 sequence (residues
1941−1965 in RyR2), and the longer linker length used for
inserting GFP (nine residues on either side of the insertion) may
have created difference densities farther from the insertion site.
Importantly, the insertions in CaMBD2 and CaMBD3 had used
shorter linkers, so the locations of these sites are more reliable.
In addition to cryo-EM studies, the functional effect of CaM

on full-length RyRs has been analyzed on a series of chimeras,
deletion mutants, and point mutations. Introduction of
mutations into RyR2 CaMBD2 has been shown to cause early
cardiac hypertrophy in mice and in neonatal cardiomyocytes, as
well as an impaired inhibition by CaM.70 This study highlights a
clear role for CaMBD2 in mediating CaM regulation.
For CaMBD1, no deletion or CaM binding knockout

mutations have been generated, so a direct test of this segment
in modulation by CaM has not been performed. The CaMBD1

sequences of RyR1 and RyR2 differ in 10 positions, but swapping
these did not have an effect on the channel open probability at
either high or low Ca2+ concentrations.71 The difference in
modulation of RyR1 and RyR2 by apoCaM is therefore unlikely
to be due to any sequence differences in CaMBD1, but this does
not preclude a role for CaMBD1 in the binding and modulation
by CaM.
No deletion has been made for CaMBD3 individually, but

deletion experiments have been performed on a much larger area
(RyR1 residues 4274−4535), which encompasses CaMBD3.62

Overlay binding assays showed that apoCaM and Ca2+/CaM can
still bind to this deletion mutant. Ca2+/CaM inhibited and
apoCaM activated this mutant with potencies similar to that of
wild-type RyR1. These observations argue against the involve-
ment of CaMBD3 in mediated CaM regulation of RyR1.
However, CaMBD3 may still have a function. First, no deletion
experiments have been performed on CaMBD3 in RyR2, and
given the differences in both binding and functional effects of

Figure 8. R4325D and LRR duplication mutants in RyR1 CaMBD3. (A−F) ITC binding isotherms show the interaction between CaM or its lobes
titrated with the CaMBD3mutants in the presence of 10 mMCaCl2. The columns indicate the titrant; the rows show the CaMBD in the cell. Solid lines
represent the fits. The following concentrations were used (titrant into cell): (A) 200 μM in 20 μM, (B) 400 μM in 40 μM, (C) 400 μM in 40 μM, (D)
400 μM in 35 μM, (E) 400 μM in 35 μM, and (F) 400 μM in 35 μM. Affinity and thermodynamic parameters are listed in Table 3.
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CaM in RyR1 and RyR2, it may still be directly involved in CaM
regulation of RyR2. Second, as seen for other ion channels, there
may be additional functions for CaM beyond regulation of the
open probability, such as mediating proper folding and
trafficking, and these may involve CaMBD3. CaM may also be
able to further affect Po in the presence of additional RyR post-
translational modifications or auxiliary proteins, and this may be
dependent on particular CaMBDs.
Finally, one should also consider the possibility of an EF-hand

redundancy. It is frequently observed that CaM target peptides
are also able to bind other EF-hand-containing proteins. For
example, the IQ domain of voltage-gated calcium channels forms
a known binding site for CaM42,44,45 but is also able to bind other
members of the CaBP family,72 and even an EF-hand-containing
region of RyRs.73 Within RyRs, CaMBD2 has also been found to
associate with S100A1, a dimeric EF-hand-containing protein
that is thought to compete with CaM for binding RyRs.74,75 In
addition, CaMBD2 has been found to bind the same RyR EF-
hand-containing region.73,76 Many other EF-hand-containing
proteins simply have not been tested yet. It is therefore possible
that one or several of the RyR CaMBDs are general EF-hand
binding domains, with the exact binding depending on Ca2+

levels and relative availabilities of the various EF-hand-containing
proteins.
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