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• Calcium-dependent energies of calmod-
ulin domains binding to RyR1 sites
were compared.

• CaM domains N and C bind preferen-
tially to RyR13614–3643 rather than
RyR11975–1999.

• RyR13614–3643 binds (Ca2+)2–CaMC

~5 kcal/mol more favorably than it
binds apo CaMC.

• CaMN requires Ca2+ to bind RyR1 sites
and is ~3.5 kcal/mol less favorable than
CaMC.

• CaM associated with RyR13614–43
retains sequential binding of Ca2+ to
its domains.
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Calmodulin (CaM) allosterically regulates the homo-tetrameric human Ryanodine Receptor Type 1 (hRyR1): apo
CaM activates the channel, while (Ca2+)4–CaM inhibits it. CaM-binding RyR1 residues 1975–1999 and 3614–
3643 were proposed to allow CaM to bridge adjacent RyR1 subunits. Fluorescence anisotropy titrations moni-
tored the binding of CaM and its domains to peptides encompassing hRyR11975–1999 or hRyR13614-3643. Both
CaM and its C-domain associated in a calcium-independent manner with hRyR13614–3643 while N-domain re-
quired calcium and bound ~250-foldmore weakly. Associationwith hRyR111975–1999 wasweak. Both hRyR1 pep-
tides increased the calcium-binding affinity of both CaM domains, while maintaining differences between them.
These energetics support the CaM C-domain association with hRyR13614–3643 at low calcium, positioning CaM to
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Titration

Intracellular calcium channel
Thermodynamics
respond to calcium efflux. However, the CaM N-domain affinity for hRyR11975–1999 alone was insufficient to sup-
port CaM bridging adjacent RyR1 subunits. Other proteins or elements of the hRyR1 structuremust contribute to
the energetics of CaM-mediated regulation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Intracellular calciumfluxes play amajor role in regulating vital cellu-
lar processes such as synaptic transmission, cell cycle progression,
fertilization, andmuscle contraction. It is necessary to regulate intracel-
lular calcium levels to prevent prolonged exposure of cells to toxic levels
of this ion. The essential calcium sensor calmodulin (CaM) is a central
mediator of most calcium-signaling events [1]. This small (148 amino
acids), acidic (pI ~ 4) protein contains two globular domains that
share a common flexible linker region [2]. Each domain can bind two
calcium ions cooperatively via two EF-hand calcium-binding motifs.
The CaM N-domain (residues 1–80) contains calcium-binding sites I
and II and the C-domain (residues 76–148) contains calcium-binding
sites III and IV (Fig. 1A). Whereas the two domains share a high degree
of similarity at both the sequence and structural levels, the C-domain
coordinates calcium ions with a 10-fold higher intrinsic affinity than
the N-domain [3–6].

In a classical model of CaM–target interactions, methionine-rich
hydrophobic clefts in CaM that are exposed upon calcium binding
allow CaM to bind a variety of target proteins including enzymes,
cytoskeletal molecules, and ion channels with high affinity (Kd of 10−7

to 10−11 M) [1,7,8]. Whereas the binding of CaM to many of its targets
depends upon saturation by calcium, some interactions are calcium-
independent [9–12], while in others they depend on partial saturation
of CaM with calcium. For example, in the cases of the Anthrax Edema
Factor (Fig. 1E) and the small conductance potassium (SK) channel
(Fig. 1F), one domain is calcium-saturated and the other is calcium-
free (apo) [13,14].

Ryanodine Receptor Type 1 (RyR1) is the predominant intracellular
calcium release channel in skeletal muscle. This large (~2.3 MDa)
homo-tetrameric ion channel gates calcium efflux from the sarcoplas-
mic reticulum to the cytosol of the muscle cell. The cytoplasmic face of
RyR1 constitutesmore than 80% of the channel and is the site of alloste-
ric regulation by endogenous cytosolic modulators such as CaM.
Biochemical studies and cryo-EM three-dimensional reconstructions
have shown that CaM binds to full-length RyR1with nanomolar affinity
both in the absence and presence of calcium, at a stoichiometry of one
CaM molecule per RyR1 monomer [15–17]. CaM is a weak activator of
RyR1 at submicromolar calcium levels and an inhibitor of the channel
at micromolar calcium concentrations [18]. Essentially, CaM acts as a
ligand-induced allosteric effector, which undergoes a calcium-
dependent conformational change that, in turn, triggers a change in
RyR1 to regulate its activity.

Previous studies have shown that both apo and calcium-saturated
CaM associate with a region of mammalian RyR1 that maps to amino
acids 3614 to 3643, and have reported that CaM binds a peptide
corresponding to this region with similar affinity as it binds the full-
length channel, both in the presence and the absence of calcium [15,
16]. This sequence is highly-conserved across vertebrate ryanodine
receptors, and has been defined as a novel ‘1–17’ basic amphipathic
alpha helix (BAA)motif in whichW3620 and F3636 serve as hydropho-
bic anchors interacting with calcium-saturated CaM (Fig. 1B) [19]. Few
structural contacts were observed between the N- and C-domains of
calcium-saturated CaM in complex with residues 3614–3643, allowing
for motions of the two domains while bound to the ryanodine receptor
target [19,20]. Studies with synthetic peptides corresponding to nested
sequences within RyR1(3614–3643) show that the C-terminal portion
(residues 3635–3643) is required for apo CaM binding, while the
N-terminal portion (residues 3614–3634) is necessary for calci-
um–CaM binding [16]. Additional data indicate that the residue-
specific interactions between CaM and the 3614–3643 sequence
are different in low versus high calcium environments. Alkylation
of C3635 blocks apo CaM binding, but has no effect on the binding
of calcium-saturated CaM [21]. Moreover, point mutations within
the 3614–3643 region differentially affect channel regulation by
apo or calcium-bound CaM [22–24]. Lastly, cryo-EM reconstructions
of full-length RyR1 channels show that the apo and Ca2+–CaM bind-
ing sites on the receptor are clearly distinct, albeit partially overlap-
ping [17,25].

Binding studies with the individual domains of CaM reveal inter-
esting insights into the functional and structural interplay of these
domains when bound to RyR1. Models by Hamilton and colleagues
proposed a calcium-independent binding of the CaM C-domain to
the C-terminal region of RyR1(3614–3643) and its subsequent
calcium-dependent translocation towards residue 3614 [26]. The
CaM N-domain can bind to the C-terminal region of this sequence
under calcium-saturating conditions, in what appears to be a low af-
finity interaction [26]. However, alkylation, crosslinking and tryptic
cleavage studies [27] indicate that the N-domain can associate with
a non-canonical CaM-binding motif (residues 1975–1999) located
on an adjacent subunit that lies in close spatial proximity to resi-
dues 3614–3643, suggesting that CaM may bridge the RyR1(3614–
3643) and RyR1(1975–1999) regions on neighboring RyR1 sub-
units. While a previous study has shown that association of CaM
domains with the 3614–3643 CaM-binding motif is sufficient to ex-
plain the ability of CaM to regulate RyR1 activity, [28] the role of the
CaM domains in the association with the 1975–1999 site has not yet
been investigated.

The study presented here compares the energetics of calcium-
dependent association between the CaM domains and two pep-
tides corresponding to the 1975–1999 and 3614–3643 regions
of human RyR1 (hRyR1(1975–1999)p and hRyR1(3614–3643)p,
Fig. 1C and D), and the effect of this association on the energetics
of calcium binding to the CaM domains. Our results confirm
the calcium-independent association of the CaM C-domain to
RyR1(3614–3643) observed previously [26], and are consistent
with structural domain independence in the complex [19,20]. As-
sociation of CaM with RyR1(1975–1999) was calcium-dependent,
physiologically relevant, and significantly weaker than that ob-
served for RyR1(3614–3643).

Interaction of CaM with these regions increases the calcium-
binding affinities of both the N- and C-domains of CaM, allowing
CaM to regulate RyR1 channel activity over the physiological
range of calcium concentrations during muscle contraction. To-
gether, our results support a model of RyR1 regulation by CaM
in which (a) the CaM C-domain binds to RyR1(3614–3643)
under resting (apo or very low calcium) conditions, positioning
CaM to respond to local changes in calcium concentration, and
(b) calcium triggers a change in the CaM N-domain that allows
it to associate with either of the two CaM-binding motifs
(3614–3643 or 1975–1999). This is the first time that the
domain-specificity of CaM interaction with the 1975–1999 CaM-
binding region and corresponding changes in calcium-binding
affinity have been explored, and our results contribute to
our overall understanding of allosteric regulation of RyR1 via
calcium-dependent regulation of CaM domains.
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Fig. 1. Ribbon diagrams of CaM and CaM-binding motifs from the Human Ryanodine Receptor Type 1. These figures were created using SYBYL (MIPS3-IRIX 6.2 Tripos Associates Inc.),
MOLSCRIPT [75] and RASTER3D [76]. The CaM N-domain (blue, residues 1–80) and the C-domain (red, residues 76–148) are connected by a flexible linker (black; residues 76 to 80).
Calcium-binding sites (I, II, III, and IV) and calcium ions are highlighted in yellow, and target proteins/peptides are shown in green. Boxes illustrating the ligation state of CaM are included
for ease of visualization. A. Ribbon diagram of calcium-saturated CaM1–148 (3CLN.pdb) [77] depicting the intrinsic fluorophores (green ball-and-stick) of the two CaM domains. B. Ribbon
diagram of calcium-saturated CaM bound to RyR1(3614–3643)p (2BCX.pdb) [19]; hydrophobic anchor residues in RyR1 peptide, shown inmagenta ball-and-stick. Residues 41–43 of the
peptide were not defined. Sequence and helical model representations of CaM-binding domains of the human Ryanodine Receptor Type 1: C. hRyR1(1975–1999)p and D.
hRyR1(3614–3643)p. Side-chains of hydrophobic (magenta), basic (blue), and hydrophilic (yellow) residues are shown in ball-and-stick. Asterisks below the sequences highlight the
positions of residues that are proposed (in the case of hRyR1(1975–1999)p, panel C) or shown (in the case of hRyR1(3614–3643)p, panel D) to serve as hydrophobic anchor residues.
E. Diagram of (Ca2+)2–CaM (apo N-domain) in the presence of the Anthrax Edema Factor + 3D-ATP (1K90.pdb) [13]. F. Diagram of 2 (Ca2+)2–CaM (apo C-domain) in the presence of
2 CaM binding peptides from the small conductance potassium (SK) channel (1G4Y.pdb) [14].
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2. Materials and methods

2.1. Expression and purification of WT CaM

The pET vectors for over-expression of the full-length mammalian
CaM (CaM1–148) and the corresponding domain fragments (CaM1–80

and CaM76–148) were described previously [29–32]. Recombinant CaM
proteins were purified on phenyl sepharose CL-4B columns [33]. To
precipitate contaminating proteins with a lower thermal stability than
calcium-saturated CaM, eluate was incubated at 80 °C for 10 min in
the presence of 10 mM CaCl2 (total) before it was purified on a phenyl
sepharose column pre-equilibrated with CaCl2-containing buffer.
In some instances, the proteins required further purification via
DEAE-Sephacel anion exchange and/or HiLoad 26/60 Superdex 75 (GE
Healthcare) chromatography. The purified recombinant proteins were
shown to be 95–99% pure, as judged by reversed-phase HPLC. Protein
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concentrations were determined by UV absorbance in the presence of
0.1 N NaOH, using published extinction coefficients for Phe and Tyr
[34] (CaM does not contain Trp).
2.2. Preparation of hRyR1 peptides

Peptides corresponding to the 1975–1999 and 3614–3643 regions of
human RyR1—hRyR1(1975–1999)p (Acetyl-Ser-Arg-Tyr-Gly-Leu-Leu-
Ile-Lys-Ala-Phe-Ser-Met-Thr-Ala-Ala-Glu-Thr-Ala-Arg-Arg-Thr-Arg-
Glu-Phe-Arg-NH2) and hRyR1(3614–3643) (Acetyl-Lys-Ser-Lys-Lys-
Ala-Val-Trp-His-Lys-Leu-Leu-Ser-Lys-Gln-Arg-Arg-Arg-Ala-Val-Val-
Ala-Cys-Phe-Arg-Met-Thr-Pro-Leu-Tyr-Asn-NH2)—were obtained from
the Keck Biotechnology Resource Laboratory (New Haven, CT). Using
split synthesis, half of the peptide sample was modified at the
N-terminus with 5,6-carboxy fluorescein (hereafter referred to as
fluorescein) for use in fluorescence anisotropy experiments. Peptides
were judged to be greater than 95% pure based on reversed-phase
HPLC and MALDI-TOF conducted at the Univ. of Iowa.
A

B

C

Fig. 2.Representative titrations of calcium-saturated (+10mMCaCl2; panels A–C) and apo (calc
and CaM76–148 as monitored by changes in fluorescence anisotropy. The amino acid sequence o
fits to a one-site bindingmodel (Eq. (3); Table 1A). Titration data for CaM1–148 and CaM76–148 are
Kd binding curves of 0.1 nM (- - -), 1 nM (–– - ––), 10 nM (––––), and 50 nM (–– - - -). Thefinal
the measured anisotropy after subsequent titration with concentrated calcium titrants (● sym
estimating the Kd of the interaction between CaM1–80 and Fl-hRyR1(3614–3643)p by nonlinea
2.3. Fluorescence anisotropy experiments

Fluorescence anisotropy experiments were conducted using a
Fluorolog 3 (Jobin Yvon, Horiba) spectrofluorimeter. Fluorescence was
monitored selectively using λex of 496 nm, and λem of 520 nm with an
8 nm bandpass. Anisotropy (r) was calculated as shown in Eq. (1),

r ¼ IVV−G � IVH
IVV þ G � IVH

ð1Þ

where IVV and IVH equal the intensities of vertically or horizontally
emitted light upon vertical excitation, respectively, and G equals
the instrument correction factor (G = IHV / IHH) where IHH and
IHV equal the intensities of horizontally and vertically emitted
light upon horizontal excitation, respectively. Averages of three
readings with a 2 s. integration time at each point were recorded.
The initial anisotropy was ~0.07 for Fl-hRyR1(3614–3643)p and
~0.05 for Fl-hRyR1(1975–1999)p. Samples containing 79 nM
Fl-hRyR1(3614–3643)p or 200 nM Fl-hRyR1(1975–1999)p in
D

E

F

ium-free; panels D–F) solutions of 79 nMFl-hRyR1(3614–3643)pwith CaM1–148, CaM1–80,
f hRyR1(3614–3643)p is depicted above the graphs. The solid curves depict simulations of
also depicted on a linear scale in the insets of panelsA and C, alongwith simulated one-site
anisotropy of the apo CaM1–80:Fl-hRyR1(3614–3643)p solution (panel E)was estimated as
bol after break in the X-axis). This endpoint value was used as a fixed value for Y[X]high in
r least squares analysis.
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50 mM HEPES, 100 mM KCl, 50 μM EGTA, 5 mM NTA, 1 mM MgCl2,
pH 7.4 at 22 °C were titrated with concentrated solutions of CaM
in the same buffer.

At least three titrations of each peptide were conducted under apo
and calcium-saturating (i.e., in the presence of 10mMCaCl2) conditions.
Representative sets of normalized data ((r − rmin) / (rmax − rmin)) are
shown in Figs. 2 and 3. For titrations in the absence of calcium, which
did not approach saturation (see Figs. 2E and 3D–F), the anisotropy
signal that would correspond to complete saturation of hRyR1 peptides
was estimated by subsequently titrating the peptide–CaM solutionwith
concentrated CaCl2 solution in matching buffer, to a final calcium
concentration of 5 mM. The addition of calcium is indicated in the
figures by a break in the X-axis.

2.4. Determination of the dissociation constants for CaM binding to the
hRyR1-derived peptides

Given that the peptide–CaM complex showed a 1:1 stoichiometry
(data not shown), the affinity of apo and calcium-saturated CaM for
the individual hRyR1 peptides was determined by fitting normalized
titration data to a one-site Langmuir binding isotherm. Titrations of
each peptide with CaM were analyzed by nonlinear least squares
analysis using Eq. (2),

Y1 ¼ Ka � Xfree½ �
1þ Ka � Xfree½ � ð2Þ

where Y1 is the fractional saturation of binding one CaM molecule to a
peptide, Ka represents the association constant (the reciprocal of the
dissociation constant, Kd) and [Xfree] equals the free concentration of
CaM in solution. Approximating the free concentration of CaM by the
total (i.e., [Xfree] ≅ [Xtotal]) is valid when the association is weak, and
the dissociation constant is high relative to the peptide concentration.
However, under stoichiometric conditions (i.e., where the Kd for CaM
binding to the peptide was close to the concentration of peptide), the
ligand (CaM) concentration is limiting. Therefore, in all titrations
performed, the value of [Xfree] was estimated iteratively as the best
solution to the difference between [Xtotal] (calculated on the basis of
the total ligand added) and [Xbound], which was calculated as
the product of the total peptide concentration ([peptide]) and Y1



Table 1
Affinity of Calmodulin for hRyR1 Peptides.

CaM Apo Calcium-saturated a Fold change b

Kd (μM) ΔGc (kcal/mol) Kd (μM) ΔGc (kcal/mol)

A. hRyR1(3614–3643)p
CaM1–148 6.79 ± 3.05 −7.02 ± 0.25 ≤0.001 −12.15 ~7000
CaM1–80 ~1500d −3.81 2.50 ± 0.83 −7.59 ± 0.22 ~600
CaM76–148 24.89 ± 4.27 −6.22 ± 0.10 ≤0.01 −10.80 ~2500

B. hRyR1(1975–1999)p
CaM1–148 ~850d −4.14 0.66 ± 0.01 −8.34 ± 0.01 ~1300
CaM1–80 ~7000d −2.91 12.50 ± 1.95 −6.62 ± 0.09 ~600
CaM76–148 ~650d −4.30 9.21 ± 0.82 −6.80 ± 0.05 ~70

a Standard buffer with 10 mM CaCl2.
b Fold change = (Kd, Apo) / (Kd, Ca2+).
c Free energy corresponding to estimated Kd; errors are reported only for cases where experimental errors could be determined for Kd.
d Kd estimated by fixing maximal anisotropy of titration as described in Materials and methods.
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(the experimental observable). For high-affinity binding, the value of a
dissociation constant estimated in this way correlates well with the
precise numerical value of [peptide], which is subject to experimental
inaccuracies. Thus, the dissociation constants for titrations performed
under stoichiometric conditions are reported as limiting values in
Table 1.

Experimental variations in the limits of the anisotropy signal of
individual titrations of peptide were accounted for by Eq. (3),

f Xð Þ ¼ Y X½ �low þ Y1 � Y X½ �high−Y X½ �low
� �

¼ Span
h i

ð3Þ

where Y[X]low (low endpoint) corresponds to the fluorescence anisotro-
py of peptide alone,Y1 is the average fractional saturation of the peptide
(Eq. (2)), and Y[X]high (high endpoint) corresponds to the anisotropy of
the saturated peptide (Span represents the difference between the two
endpoints). The formulation of Eq. (3) allows the value of either or both
endpoint parameters to be set to a value(s) determined independently
by experimentation (e.g., subsequent calcium titration of apo solutions
to estimate the final anisotropies corresponding to complete saturation
of RyR1 peptides in Figs. 2E and 3D–F) or test the dependence of
resolved parameters on endpoint values. Three to six replicates of
each titration were conducted. Representative sets of normalized data
-14

-12

-10

-8

-6

-4

-2

A B

Apo Ca2+-saturated 

G
 (k

ca
l/m

ol
) 

Full N C Full N C 
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hRyR1(3614–3643)p (white bars); values and errors correspond to those presented in
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(ΔΔG= ΔG of CaM in the presence of hRyR1(3614–3643)p− ΔG of CaM in the presence
of hRyR1(1975–1999)p) are also shown.
are shown in Figs. 2 and 3, and the results are summarized in a bar
graph in Fig. 4.

2.5. Equilibrium calcium titrations monitored by Phe and Tyr fluorescence

Fluorescence-monitored calcium titrations were conducted using
SLM 4800™ (SLM Instruments Inc., Champaign-Urbana, IL) and PTI-
QM4 (Photon Technology International, Birmingham, N.J.) fluorimeters.
Calcium binding to sites I and II of the N-domain and to sites III and IV of
the C-domain of CaM was studied in the absence and presence of
hRyR1(1975–1999)p, as well as in the presence of hRyR1(3614–3643)
p. In the case of hRyR1(1975–1999)p, domain-specific changes in the
intensity of phenylalanine fluorescence were monitored with λex of
250 and λem of 280 nm, and changes in the intensity of tyrosine fluores-
cence with λex of 277 and λem of 320 nm, as described previously [5]. In
the case of hRyR1(3614–3643)p, the same wavelengths were used for
phenylalanine fluorescence intensity, but tyrosine was monitored at
λex of 270 nmandλem of 295 nm so that contributions from tryptophan
in this peptide would be minimized, as described previously [35].

Each CaM sample (6 μM), either alone or with 2 equivalents of
peptide (2 eq; 12 μM), was in a solution of 0.05–0.1 μM calcium indica-
tor (Oregon Green 488 BAPTA-5N and/or X-Rhod-5F; Molecular Probes,
Eugene, OR), 50mMHEPES, 100mMKCl, 50 μMEGTA, 5mMNTA, 1mM
MgCl2, pH7.4, 22 °C andwas titratedwith a concentrated CaCl2 solution
containing the same buffer components. Note that the concentrations of
buffer components listed are values for total solute concentration; the
concentration of free Mg2+ varied as CaM was titrated with calcium.
The concentration of free calcium at each titration point was deter-
mined by monitoring the fractional saturation of Oregon Green 488
BAPTA-5N (λex of 494 nm, λem 521 nm; Kd for calcium of 34.24 μM) or
X-Rhod-5F (λex of 576 nm, λem of 603 nm; Kd for calcium of 1.78 μM)
as described previously [36]. Three to six replicates of each titration
were conducted. Representative sets of normalized data ((F − Fmin) /
(Fmax − Fmin)) are shown in Fig. 5.

2.6. Analysis of free energies of calcium binding

Each CaMdomainwas analyzed as a 2-site binding system, as shown
in the diagram below, where the intrinsic equilibrium constants are k1
and k2, and kc represents any cooperativity between sites.
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Fig. 5. Calcium titrations of 6 μMCaM1–148, CaM1–80, and CaM76–148 in the absence (open symbols) and presence (filled symbols) of 2M equivalents of 12 μMhRyR1(3614–3643)p (panels
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using the free energies resolved for calcium binding to CaM (Eq. (4); Table 2) in the absence (dashed curves) and presence (solid curve) of the hRyR1 peptide.
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The Gibbs free energies of calcium binding to the CaM domains
were determined by nonlinear least squares analysis, using a model-
independent Adair function for saturation of two sites,

Y2 ¼ K1 � X½ � þ 2 � K2 � X½ �
2 � 1þ K1 � X½ � þ K2 � X½ �2� � ð4Þ

where the macroscopic equilibrium constant K1 is the sum of the two
intrinsic equilibrium binding constants (k1 and k2), K2 accounts for the
total free energy of calcium binding to a domain (ΔG2 is −RT ln(K2))
and is the product of k1, k2 and kc, and [X] is the concentration of free
calcium [37,38]. The formulation of Eq. (4) imposes no constraints on
the relative values of k1, k2 and kc; the sites may be non-equivalent
and/or cooperative [37].

For nonlinear least squares analysis [39], the equilibrium calcium
titrations were fit to a function [f(X)] that explicitly included terms to
account for finite variations in the fluorescence signal at the asymptotes
of the titrations, as described in Eq. (5),

f Xð Þ ¼ Y X½ �low þ Y2 � Span ð5Þ
where Y[X]low refers to the value of the fluorescence intensity in the
absence of added calcium, Y2 (Eq. (4)) corresponds to the average
fractional saturation of the two calcium-binding sites in each domain,
and Span describes the magnitude of change in intensity (difference
between high and low endpoints) and direction of change
(i.e., positive for increasing fluorescence intensity and negative for
decreasing fluorescence intensity) upon titration with calcium. These
values were used to normalize the raw fluorescence intensity data for
ease of comparison in Fig. 5.

In the absence of peptide, the free energies of calcium binding
analyzed in this way represent the total free energy of binding.
However, the apparent free energy of calcium binding is linked to the
energy of peptide binding. In all cases studied, 2 eq of peptide did not
fully saturate the apo CaM present at the beginning of each titration
(i.e., under apo conditions). The initial concentration of CaM–peptide
complex varied according to the affinities of apo CaM1–80, CaM76–148

and CaM1–148 for each peptide. In calcium titrations of solutions
containing hRyR1(3614–3643)p, the abundance of the apo complex
was calculated to be ~64% for CaM1–148, ~1% for CaM1–80, and ~33% for
CaM76–148. In the presence of hRyR1(1975–1999)p, the abundance of
each of those species was b2%. Therefore, values in Table 2 for calcium



Table 2
Effects of hRyR1 peptides on energies of calcium binding.

Protein Peptide eqa Peptideb ΔG1
c ΔG2

c ΔΔG2
app,d

A. Sites I and II (phenylalanine fluorescence)
CaM1–148 0 −6.17 ± 0.23 −12.76 ± 0.08

2 3614 −8.40 ± 0.03 −16.54 ± 0.18 −3.78 ± 0.20
2 1975 −6.61 ± 0.50 −14.86 ± 0.28 −2.10 ± 0.29

CaM1–80 0 −5.78 ± 0.29 −12.74 ± 0.02
2 3614 −6.93 ± 0.13 −15.36 ± 0.11 −2.62 ± 0.11
2 1975 −6.25 ± 0.33 −13.56 ± 0.15 −0.82 ± 0.15

B. Sites III and IV (tyrosine fluorescence)
CaM1–148 0 −6.58 ± 0.24 −15.02 ± 0.02

2 3614 −10.00 ± 0.03 −18.85 ± 0.14 −3.83 ± 0.14
2 1975 −6.81 ± 0.96 −16.11 ± 0.23 −1.09 ± 0.23

CaM76–148 0 −6.15 ± 0.34 −14.85 ± 0.04
2 3614 −9.37 ± 0.31 −18.26 ± 0.13 −3.41 ± 0.14
2 1975 −6.99 ± 0.56 −15.54 ± 0.08 −0.69 ± 0.09

a Molar ratios of CaM (6 μM) to peptide.
b 3614 refers to hRyR1(3614–3643)p, 1975 refers to hRyR1(1975–1999)p.
c Gibbs free energies (kcal/mol) determined from fits of 3 independent trials. Values from fits of CaM in the presence of peptide are reported as apparent Gibbs free energies (ΔGn

app

where n = 1 or 2) as described in Materials and methods.
d ΔΔG2

app = ΔG2
app

(CaM + peptide) − ΔG2(CaM alone).
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binding to CaM in the presence of 2 eq of peptide are reported as
apparent Gibbs free energies (i.e., ΔG1

app and ΔG2
app).
3. Results

3.1. Affinity of CaM domains for hRyR1(3614–3643)p

Fluorescence anisotropy studies were conducted to determine
the binding affinities of full-length CaM and its domains for
Fl-hRyR1(3614–3643)p. Under conditions of saturating calcium, titra-
tions of this peptide with CaM1–148 demonstrated that binding was in
the stoichiometric range (i.e., 50% of the overall change in anisotropy,
was achieved by the addition of 0.5 eq CaM1–148; see Fig. 2A). To deter-
mine a limit for the dissociation constant, stoichiometric binding curves
were simulated using multiple estimates of Kd (examples are shown in
the inset of Fig. 2A); these indicated that the Kd was ≤1 nM.

Titrations of Fl-hRyR1(3614–3643)p with calcium-saturated
domain fragments of CaM (CaM1–80 and CaM76–148) are shown in
Fig. 2. CaM1–80 (Fig. 2B) bound weakly, with a median ligand activity
at ~100 eq, indicating that binding occurred under equilibrium condi-
tions. Fractional saturation reached greater than 98% at ~100 μM total
CaM1–80, the highest concentration measured (Fig. 2B). Therefore, non-
linear least squares analysis (Eq. (3)) of titrationswith CaM1–80 allowed
simultaneous determinations of Ka, Y[X]low, and Y[X]high. The correspond-
ing Kd was 2.50 ± 0.83 μM (Table 1A). In contrast, binding of calcium-
saturated CaM76–148 (Fig. 2C) was judged to be stoichiometric, based
on the observation that 50% of the change in anisotropy was complete
after the addition of ~0.6 eq CaM76–148. Based on a comparison to simu-
lations such as those performed for CaM1–148, the Kd was estimated to
be ≤10 nM (inset of Fig. 2C). This was less favorable than the binding
affinity of calcium-saturated CaM1–148 (by ~10-fold), but significantly
more favorable (by 250-fold) than the binding affinity of the
N-domain fragment.

Titrations of Fl-hRyR1(3614–3643)p with apo CaM1–148, CaM1–80,
and CaM76–148 (Fig. 2D–F) demonstrated equilibrium (rather than
stoichiometric) binding isotherms because the binding affinity was
much lower than for calcium-saturated CaM. The titrations of peptide
with apo CaM1–148 exceeded 90% saturation at the highest concentra-
tion of CaM measured (~60 μM) (Fig. 2D), and titrations with apo
CaM76–148 exceeded 65% saturation (Fig. 2F). These values were fit to
Eq. (3) using nonlinear least squares analysis, with simultaneous deter-
mination of Ka, Y[X]low and Y[X]high. The Kd resolved for apo CaM1–148
was 6.79 ± 3.05 μM, while that for apo CaM76–148 was 24.89 ±
4.27 μM (i.e., a factor of 3.7 lower than that observed for CaM1–148;
Table 1A).

As illustrated in Fig. 2E, apo CaM1–80 had a much lower affinity for
hRyR1(3614–3643)p than did either apo CaM1–148 or apo CaM76–148.
Even at ~200 μM total added CaM1–80, less than 15% of the estimated
overall change (i.e., determined by subsequent addition of calcium to
the apo titration solution as described in the Materials and methods)
in anisotropy for CaM-saturated Fl-hRyR1(3614–3643)p was complete.
Therefore, in the nonlinear least squares analysis, it was necessary to set
Y[X]high equal to that experimentally estimated endpoint, and to deter-
mine corresponding values for Ka and Y[X]low. Titrations simulated
based on these values are shown as dashed curves in Fig. 2E. The
estimated Kd was ~1.5 mM, a factor of 220 times less favorable than
that measured for apo CaM1–148 binding to this peptide. The actual
dissociation constant may be even less favorable.

Comparison of binding to Fl-hRyR1(3614–3643)p under apo and
calcium-saturating conditions indicated that calcium increased the
affinity of CaM1–148 for the peptide by ~7000-fold, CaM1–80 by
~600-fold, and CaM76–148 by ~2500-fold (Table 1A).
3.2. Affinity of CaM domains for Fl-hRyR1(1975–1999)p

The relative affinities of CaM and its domains for
hRyR1(1975–1999)p were determined in the same manner as
those for Fl-hRyR1(3614–3643)p. All titrations of the peptide with
calcium-saturated CaM1–148 (Fig. 3A), CaM1–80 (Fig. 3B), and
CaM76–148 (Fig. 3C) reached greater than 85% saturation at concen-
trations of ~100 μM, and these titrations allowed simultaneous
determination of Ka, Y[X]low, and Y[X]high. As shown in Table 1B, the
estimated dissociation constant for calcium-saturated CaM1–148

(0.66 ± 0.01 μM) was more than an order of magnitude more
favorable than those for CaM1–80 (12.50 ± 1.95 μM) and CaM76–148

(9.21 ± 0.82 μM).
In experiments performed in the absence of calcium, titrations of

Fl-hRyR1(1975–1999)p with up to ~200 μM total CaM1–148 resulted in
less than 20% of the predicted overall change in fluorescence anisotropy
(see Fig. 3D). The upper limit of each titration (Y[X]high) was estimated
by adding calcium to the final titration solution, as described for the
studies of CaM1–80 binding to Fl-hRyR1(3614–3643). Nonlinear least
squares analysis was used to determine the most consistent values for
Ka and Y[X]low. The Kd for apo CaM1–148 binding was estimated to be at
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least 850 μM (Table 1B). Titrations with CaM1–80 and CaM76–148 also
indicated very weak associations. Less than 3% of the predicted change
in anisotropy of the peptide was observed upon addition of ~200 μM
CaM1–80 (Fig. 3E), and less than 11% of the predicted overall change
was observed upon addition of ~80 μM CaM76–148 (Fig. 3F). Based on
these titrations, limiting values of the weak dissociation constants
were estimated as ~7 mM in the case of apo CaM1–80 and ~650 μM in
the case of apo CaM76–148. Titrations simulated with these values are
shown as dashed curves in Fig. 3; the actual dissociation constants
may be less favorable.

Comparing the binding of CaM to Fl-hRyR1(1975–1999)p under
apo and calcium-saturating conditions, it was observed that
calcium increased the affinity of CaM1–148 by ~1,300-fold, CaM1–80 by
~600-fold, and CaM76–148 by ~70-fold (Table 1B). As shown in
Fig. 4, the domain-specific binding affinities of CaM for
Fl-hRyR1(1975–1999) and Fl-hRyR1(3614–3643) were not equivalent
under apo (Fig. 4A) or calcium-saturating conditions (Fig. 4B). In all
pairwise comparisons, binding to Fl-hRyR1(3614–3643) (shown in
white bars) was favored over binding to Fl-hRyR1(1975–1999)p
(shown in gray bars). The corresponding values of the Gibbs free
energies are given in Table 1.

3.3. Monitoring domain-specific calcium binding to CaM

Binding of calcium to sites III and IV in CaM1-148 causes a calcium-
dependent increase in fluorescence intensity of residue Tyr138 located
within site III (see Fig. 1A) in the absence [40,41] (open diamonds in
Fig. 5A and D), and presence of hRyR1(3614–3643) (Fig. 5A; filled
diamonds) or hRyR1(1975–1999) (Fig. 5D; filled diamonds). Binding
of calcium to sites I and II causes a calcium-dependent decrease in the
intrinsic steady-state fluorescence intensity of Phe residues in the
absence of hRyR peptides (see open circles in Fig. 5A and D). Although
the C-domain of CaM harbors three Phe residues, we previously
established that for CaM alone (i.e., in the absence of exogenous
peptide), domain-specific changes in calcium-dependent phenylalanine
intensity reflect calcium binding to sites I and II in the CaM N-domain
alone with no contribution from calcium binding to the C-domain [5].
However, in a study involving a peptide derived from the Drosophila
RyR, we found that the CaM C-domain was disrupted such that it
made a small contribution to the Phe signal [42].

To determine whether the binding of either hRyR1(3614–3643)p or
hRyR1(1975–1999)p to CaM causes calcium-dependent changes in the
Phe fluorescence intensity of the C-domain, we compared titrations of
the peptides alone, and of CaM76–148 and CaM1–148 in the presence of
2 eq of each peptide. Calcium titrations of each RyR1 peptide alone
showed no calcium-dependent changes in intrinsic Phe fluorescence
intensity. There was a small change (b5%) in Phe intensity observed in
the titration of CaM76–148 relative to the total signal change observed
for CaM1–148 in the presence of each of these peptides (data not
shown). Therefore, CaM association did not alter the contributions of
Phe residues in the C-domain significantly, and the calcium-
dependent changes in the Phe fluorescence of CaM-peptide complexes
were interpreted to report exclusively on calcium binding to sites I
and II.

3.4. hRyR1(3614–3643)p-induced changes in the calcium-binding
properties of CaM

To explore the effect of hRyR1(3614–3643)p on the calcium-binding
properties of the CaM domains (Fig. 5A–C), equilibrium calcium titra-
tions of CaM alone (dashed curves, open symbols) were compared to
those in the presence of hRyR1(3614–3643)p (solid curves, filled sym-
bols). The total free energy (ΔG2) of calcium binding to CaM1–148

alone was −12.76 ± 0.08 kcal/mol for sites I and II and −15.02 ±
0.02 kcal/mol for sites III and IV (see Table 2). These values reflect
averages of determinations from 3 to 9 titrations. The solid curves
through the data were simulated using best-fit parameters for the
specific data set shown. As reported previously [3–5], a 10-fold differ-
ence in affinity of the two domains (ΔΔG2 of 2.26 kcal/mol) was
observed.

In the presence of 2 eq of hRyR1(3614–3643)p (Fig. 5A, solid
curves), the calcium-binding affinities of the N-domain (filled circles)
and C-domain (filled diamonds) of CaM1–148 were increased signifi-
cantly, as shown by the shift of the mid-point of the curves to lower
calcium concentrations. Because 2 eq of hRyR1(3614–3643)p failed to
fully saturate apo CaM1–148 present at the beginning of the titration
(see Fig. 2D) the free energies of calcium binding to CaM1–148 in the
presence of hRyR1(3614–3643)p are reported as apparent Gibbs free
energies (ΔG2

app, see Materials and methods). This was also observed
in the studies of the domain fragments in the presence of
hRyR1(3614–3643)p (see below) and the calcium titrations of CaM in
the presence of hRyR1(1975–1999)p, and so values reported for those
studies are also apparent Gibbs free energies.

The ΔG2
app of calcium binding to CaM1–148 in the presence of

hRyR1(3614–3643)p was −16.54 ± 0.18 kcal/mol for sites I and II
and −18.85 ± 0.14 kcal/mol for sites III and IV, resulting in 3.78 ±
0.20 kcal/mol increase in affinity for sites I and II (see ΔΔG2

app in
Table 2A) and a 3.83 ± 0.14 kcal/mol increase in affinity for sites III
and IV (see ΔΔG2

app in Table 2B) relative to that observed in the absence
of hRyR1(3614–3643)p.

The results for CaM1–148 were compared to those obtained for the
CaM domain fragments (CaM1–80 and CaM76–148). In the absence of
hRyR1(3614–3643)p (dashed curve in Fig. 5B), the total free energy of
calcium binding to CaM1–80 was −12.74 ± 0.02 kcal/mol and within
the margin of error for the determination of calcium binding to sites I
and II in the context of CaM1–148 (−12.76 ± 0.08 kcal/mol or ΔΔG2 of
0.02 ± 0.08 kcal/mol; Table 2A). However, the addition of 2 eq of
hRyR1(3614–3643)p to CaM1–80 (solid curve in Fig. 5B) increased the
apparent calcium-binding affinity of sites I and II to −15.36 ±
0.11 kcal/mol, which was 2.62 ± 0.11 kcal/mol more favorable than in
the absence of hRyR1(3614–3643)p. This increase in affinity was not
as great as the 3.78 ± 0.20 kcal/mol increase observed for the
N-domain sites in CaM1–148 (Table 2A).

The total free energy of calcium binding to sites III and IV of
CaM76–148 in the absence of peptide (dashed curve in Fig. 5C) was
−14.85 ± 0.04 kcal/mol and slightly less favorable than that observed
for CaM1–148 (−15.02 ± 0.02 kcal/mol or ΔΔG2 of 0.17 ± 0.04 kcal/
mol; Table 2B). This small difference in binding affinity for sites III and
IV in a fragment vs. in full-length CaM is consistent with previous
observations [31]. The addition of 2 eq of hRyR1(3614–3643)p
improved the apparent calcium-binding affinity of sites III and IV in
CaM76–148 (solid curve in Fig. 5C) to −18.26 ± 0.13 kcal/mol, which
was 3.41 ± 0.14 kcal/mol more favorable than in the absence of
hRyR1(3614–3643)p (Table 2B). This was comparable to the peptide-
induced difference observed for the same sites in CaM1–148 (3.83 ±
0.14 kcal/mol). A bar graph summarizing the energetics of calcium
binding to CaM alone and in the presence of 2 eq hRyR1(3614–3643)p
is shown in Fig. 6A–B.
3.5. hRyR1(1975–1999)p-induced change in the calcium-binding
properties of CaM

Equilibrium calcium titrations of CaM1–148 conducted in the
presence of 2 eq of hRyR1(1975–1999)p (solid curves in Fig. 5D)
showed measurable increases in the calcium-binding affinities of sites
within both domains when compared to CaM1–148 alone. The ΔG2

app of
calcium binding to sites I and II (closed circles) was −14.86 ±
0.28 kcal/mol (Table 2A), and 2.10 ± 0.29 kcal/mol more favorable
than in the absence of hRyR1(1975–1999)p (open circles; see ΔΔG2

app

in Table 2A). The ΔG2
app of calcium binding to sites III and IV (closed

diamonds) of CaM1–148 was −16.11 ± 0.23 kcal/mol and 1.09 ±
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0.23 kcal/mol more favorable than in the absence of
hRyR1(1975–1999)p (open diamonds).

Equilibrium calcium titrations of CaM1–80 (Fig. 5E) and CaM76–148

(Fig. 5F) in the presence of hRyR1(1975–1999)p (solid curves) were
compared to those in the absence of hRyR1(1975–1999)p (dashed
curves) and to those for the same sites in CaM1–148. The addition of
2 eq of hRyR1(1975–1999)p increased the apparent calcium-binding
affinity of sites I and II of CaM1–80 (filled circles) to −13.56 ±
0.15 kcal/mol, which was 0.82 ± 0.15 kcal/mol more favorable
than observed for CaM alone (open circles) and much smaller than
the 2.10 ± 0.29 kcal/mol increase observed for CaM1–148 (see ΔΔG2

app

in Table 2A). Similarly, the addition of 2 eq of hRyR1(1975–1999)p
increased the apparent calcium-binding affinity of sites III and IV in
CaM76–148 (filled diamonds) to −15.54 ± 0.08 kcal/mol which was
0.69 ± 0.09 kcal/mol more favorable than that observed for CaM
alone (open diamonds) and much smaller than the 3.41 ± 0.14 kcal/
mol increase caused by hRyR1(3614–3643) (Table 2B). A set of bar
graphs summarizing the domain-specific energetics of calcium binding
in the absence and presence of hRyR1(1975–1999)p is shown in Fig. 6C
and D.

It must also be noted that given the very weak association between
apo CaM and hRyR1(1975–1999)p, the level of saturation of apo CaM at
2 eq of hRyR1(1975–1999)p was not complete at the start of the
calcium titrations of CaM1–148, CaM1–80 and CaM76–148; obtaining
complete saturation would not be experimentally feasible. In acknowl-
edgment of this limitation, we have been careful to report resolved
values of free energies as apparent values. Likewise, we must also be
careful in our comparisons of the ΔΔG2

app values calculated for CaM in
the presence of hRyR1(1975–1999)p, and recognize that these differ-
ences may underestimate the actual differences since these data clearly
show association with hRyR1(1975–1999)p increases the calcium
affinity of CaM.

4. Discussion

Physiological and biochemical studies have shown that the two CaM
domains have separable roles in regulating the homo-tetrameric RyR1,
and that they interact with multiple CaM-binding regions on RyR1
[16,26,27,43]. The studies presented here explore the molecular basis
of CaM-mediated regulation of RyR1 by measuring the energetics of
association of full-length CaM and its individual domains with
sequences representing two of these regulatory regions of human
RyR1: hRyR1(1975–1999)p and hRyR1(3614–3643)p.

4.1. Domain-specific binding of CaM to hRyR1(3614–3643)p

Titrations monitored by fluorescence anisotropy (Fig. 2) indicate
that CaM1–148 binds to hRyR1(3614–3643)p with very high affinity
(sub-nanomolar Kd) at high calcium concentrations, and with signifi-
cantly weaker affinity (low micromolar Kd) in the absence of calcium
(Table 1). Titrations with the domain fragments of CaM (Fig. 2) show
that the C-domain of CaM interacts with the 3614–3643 region in a
calcium-independent manner, while the N-domain requires calcium
for association. Both in the presence and in the absence of calcium, the
C-domain serves as the dominant mediator of association between
CaM and hRyR1(3614–3643)p: the C-domain fragment has an affinity
for 3614–3643 that is 2 orders of magnitude more favorable than the
N-domain fragment. This difference is consistent with previous qualita-
tive studies of CaM-induced changes in the emission spectra of Trp3620
of non-fluoresceinated hRyR1(3614–3643)p [26]. Several other CaM-
binding targets are known to preferentially bind to the C-domain of
apo CaM1–148 with subsequent calcium-dependent association of the
N-domain; examples include NMDA receptor NR1 subunit [44],
voltage-dependent sodium channel NaV1.2 [45], and calcium-
dependent small conductance K+ (SK) channels [14]. Despite this
commonality, the mechanism of CaM-mediated regulation of ion
channels also depends on the relative affinity of the channel for apo
vs. calcium-saturated CaM and the stoichiometry of CaM binding. For
instance, NaV1.2 has a higher affinity for apo CaM than for calcium-
saturated CaM, while hRyR1(3614–3643)p has a higher affinity for
calcium-saturated CaM than for apo CaM.

The affinity of apo CaM for the 3614–3643 region of RyR1 is much
weaker than previously reported by Hamilton and coworkers from
binding studies using the intrinsic fluorescence of the single tryptophan
in hRyR1(3614–3643)p [16], but is consistent with the results of a very
recent ITC study of the interaction between CaM and several regulatory
regions of RyR1 and RyR2 isoforms [46]. Importantly, this affinity is
much less favorable than that for the full-length receptor (low micro-
molar compared to low nanomolar), indicating that residues outside
the 3614–3643 sequence contribute to the interaction with apo CaM.

A difference between our study and the ITC experiments by the Van
Petegem laboratory [46] involves the relative contributions of each
domain of apo CaM to the interaction. While the ITC study
suggested that the N-domain primarily contributes to binding to
hRyR1(3614–3643)p (Kd of 46.5 μM for full-length CaM and 55.6 μM
for the N-domain fragment), our estimates indicate that binding of
CaM was dominated by the contribution of the C-domain (CaM76–148)
in the absence of calcium. There are slight differences in the solution
conditions and boundaries of the CaM domains used in these studies.
It would be surprising, but interesting, if these alone accounted for
such a large difference.
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The studies agree that the interaction in the presence of calcium is
very strong and that the C-domain binds much more favorably than
the N-domain. However, our study found significantly tighter binding
of full-length CaM and each of the domains to hRyR1(3614–3643). For
example, our Kd estimate for CaM1–148 is ≤1 nM, much lower than the
value (46 nM) estimated by ITC [46]. A similar difference is seen for
the Kd values reported for individual CaM domains. This may be
explained by signal detection differences in the methods. ITC must use
higher concentrations of peptide and CaM than were used in the
titrations monitored by fluorescence anisotropy, making it more
challenging to estimate a very low (high affinity) equilibrium dissocia-
tion constant.

4.2. Domain-specific binding of CaM to hRyR1(1975–1999)p

Although both domains of calcium-saturated CaMcan associatewith
the 3614–3643 site on each RyR1 monomer, it has been hypothesized
that the N-domain preferentially associates with the 1975–1999 region
on a neighboring RyR1 subunit [27]. Such an interaction would be
analogous to the association of calcium-saturated CaM with the
1.3 MDa γ-subunit of phosphorylase kinase, in which the calcium-
saturated domains of CaM simultaneously interact with two non-
contiguous CaM-bindingmotifs (i.e., Ph5 and Ph13) at very high affinity
and in an elongated conformation [47–49]. An extended conformation
of CaM is also seen in the complexes with the SK channel calmodulin-
binding domain, inwhich theN- and C-domains of CaMbridge between
two channel monomers, and the Anthrax Edema Factor (Fig. 1E, F) [13,
14]. It was postulated that the intrinsic sequence of the 1975–1999 site
would be sufficient to mediate a strong association with the N-domain
of CaM.

However, in contrast to studies of the 3614–3643 CaM-binding
domain, titrations of Fl-hRyR1(1975–1999)p demonstrated negligible
binding of CaM1–148 or either CaM domain in the absence of calcium.
At high calcium concentrations, the sub-micromolar affinity (Kd of
660 nM; Table 1) observed for CaM1–148 was shown to result from rela-
tively weak contributions from both domains (~10 μM for CaM1–80 and
CaM76–148). Such higher-affinity binding via covalent linkage of CaM
domains has also been shown for CaM binding to a peptide derived
from CaMKII [50]. Interestingly, CaMKII and hRyR1(1975–1999)p lack
a bulkyhydrophobic anchor residue (such as Trp) adjacent to a positive-
ly charged cluster (Fig. 1C), which is typically found in targets that
utilize the C-domain as the predominant mediator of the interaction,
as in the case of hRyR1(3614–3643)p (shown here; Fig. 1D) and several
other targets including NR1C0p of the NMDA receptor [44], skMLCK
[51], and melittin [35].

The observed interaction between calcium-saturated CaM1–148 and
hRyR1(1975–1999)p is consistent with findings from previous studies
[27,46]. In particular, our estimates of the dissociation constants of
calcium-saturated CaM1–148, CaM1–80 and CaM76–148 binding to
hRyR1(1975–1999)p agree very closely with the values obtained by
Van Petegem and colleagues from ITC experiments [46]. Our failure to
observe a calcium-independent association of CaM1–148 with
hRyR1(1975–1999)p, as previously reported by Zhang et al., [27] may
be attributed to the inclusion of 1 mM MgCl2 in our experiments
which had been expected to help mimic physiological intracellular
conditions. Magnesium has previously been shown to associate with
CaM and to significantly decrease the affinity of calcium-free and
calcium-saturated CaM–target interactions [52–54]. However, the ITC
studies, also performed in the absence of magnesium, have also failed
to detect an interaction between apo calmodulin and this site [46].
The weak binding may also reflect a limitation of using a peptide as a
model of the binding site as it appears within the tertiary structure of
the complete RyR1 subunit. While this study and the ITC results agree
that the binding of full-length apo CaM and its domains to this site is
veryweak, wewere able to report for the first time estimates of limiting
values for the dissociation constants of interaction (Table 1).
4.3. Effects of hRyR1(3614–3643)p and hRyR1(1975–1999)p on calcium
binding

ManyCaM-bindingmotifs induce significant changes in the calcium-
binding properties of CaM, serving as allosteric effectors that allow CaM
to regulate individual target proteins at different levels of intracellular
calcium. Peptide association can lead to either an increase [55–57] or a
decrease [45,58] in the affinity of CaM for calcium, and can even affect
the two CaM domains differentially [35,36,59,60]. The allosteric effect
of hRyR1(3614–3643)p on the calcium affinity of each CaM domain
was dramatic and identical within the margin of error (i.e., ΔΔG2

app of
−3.78 ± 0.18 kcal/mol for sites I and II and ΔΔG2

app of −3.83 ±
0.14 kcal/mol for sites III and IV), indicating that the ten-fold difference
in the intrinsic calcium-binding affinities of sites in the N- and
C-domains was maintained when CaM associated with
hRyR1(3614–3643)p (Table 2). The midpoints of titrations of calcium
binding to the N- and C-domains of CaM in the presence of the peptide
were ~1 μM and ~100 nM, respectively (Fig. 5A). Similar
RyR1(3614–3643)p-induced increases in the calcium binding affinities
of the two CaM domains were observed in a previous study that used
a full-length CaM in which a pyrene moiety was introduced at T34C
(within the N-domain), or at T110C (within the C-domain) [28]. In
contrast, calcium-binding studies with engineered calmodulins
containing tryptophan residues in either the N-or C-domain (F19W
and F92W, respectively) reported an effect of RyR1(3614–3643)p bind-
ing on the calcium affinity of the C-, but not the N-domain of CaM [26].
The maintenance of the ten-fold difference in the calcium-binding
affinities of the CaM N- and C-domains observed in these studies is
similar to that observed for CaM bound to a calcineurin sequence [61],
but in stark contrast to the effects of the CaM-binding sequences from
CaMKII [36], MLCK, CaATPase [60] and the bee venom peptide melittin
[35], which equalize the calcium-binding affinities of the CaM N- and
C-domains.

Equilibrium calcium titrations of CaM1–148 in the presence of
hRyR1(1975–1999)p also showed significant increases in the calcium-
binding affinities of both domains (ΔΔG2

app of −2.10 ± 0.29 kcal/mol
for sites I and II and −1.09 ± 0.23 kcal/mol for sites III and IV).
However, in contrast to results from titrations in the presence
of hRyR1(3614–3643)p, hRyR1(1975–1999)p induced a 1.01 ±
0.37 kcal/mol greater increase in the calcium-binding affinities of the
N-domain sites relative to those of the C-domain (Table 2). These
domain-specific changes reduced the ~10-fold difference in intrinsic
calcium-binding affinities of the CaM domains to ~3-fold in the
presence of hRyR1(1975–1999)p, allowing for overlap in the titrations
of the two domains, as previously observed for CaM in the presence of
melittin [42] and nitric oxide synthase [62].

In addition to peptide-induced effects on the intrinsic calcium-
binding properties of the pair of sites in each CaM domain, interdomain
cooperativity has been observed in the presence of skMLCK,
mastoporan, and cerebellar nitric oxide synthase [62,63]. Comparing
the effect of hRyR1(3614–3643)p on calcium binding to sites I and II
in CaM1–80 and CaM1–148 indicated that the presence of the C-domain
made the calcium-binding free energy (ΔGapp) more favorable by
1.16 ± 0.25 kcal/mol. In contrast, the values of ΔΔG2

app for sites III and
IV in CaM76–148 and CaM1–148 were indistinguishable within the report-
ed standard deviation reported in Table 2, indicating that, in the pres-
ence of hRyR1(3614–3643)p, the N-domain had no significant effect
on the calcium-binding affinity of the C-domain in CaM1–148.

Equilibrium calcium titrations of CaM1–80 and CaM76–148 in the
presence of hRyR1(1975–1999)p also demonstrated increases in the
calcium-binding affinities of sites within both CaM fragments. However,
as observed for titrations of CaM1–80 in the presence of
hRyR1(3614–3643)p, the addition of hRyR1(1975–1999)p resulted in
a smaller increase in the calcium-binding affinity of sites I and II of
CaM1–80 (ΔΔG2

app of −0.82 kcal/mol) than in sites I and II of CaM1–148

(ΔΔG2
app of −2.10 kcal/mol), indicating that the C-domain affects the
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properties of the N-domain within CaM1–148. In contrast, the values of
ΔΔG2

app for sites III and IV of CaM76–148 (−0.69 ± 0.09 kcal/mol) and
CaM1–148 (−1.09 ± 0.23 kcal/mol) were each within the margins of
error for the other, indicating that the N-domain had no significant
effect on the calcium-binding affinity of the CaM C-domain. Taken
together, the calcium binding titrations in the presence of the two
RyR1 peptides show a small degree of interdomain cooperativity for
the weaker N-domain, but not the stronger C-domain calcium-binding
sites. This is consistent with the results of a theoretical analysis of the
distribution of the free energy of cooperativity between non-identical
sites in a two-site macromolecule [35,64]. The interdomain
cooperativity observed in the presence of hRyR1(3614–3643)p
indicates that the two domains of CaM do not function independently
(i.e. there are energetic interactions), similarly to what has been
observed in many other CaM–target interactions, even though in the
complex with the (3614–3643) peptide the structural coupling
between the CaM domains is weak [19,20].

4.4. Models of the calcium dependence of domain-specific interactions of
CaM with RyR1

Based on comparison of the energetics of CaM association with
hRyR1(1975–1999)p and hRyR1(3614–3643)p, two models of
domain-specific association in the context of the RyR1 tetramer are
proposed (Fig. 7). Comparison of the relative affinities of the domains
of apo CaM for hRyR1(1975–1999)p versus hRyR1(3614–3643)p
shows that the C-domain binds weakly to the 3614–3643, but not to
the 1975–1999 region, while the N-domain does not interact measur-
ably with either site. This suggests that a complex of apo CaM with
RyR1 exists in which CaM is tethered to RyR1 by association of its
C-domain with the 3614–3643 CaM-binding motif as depicted in
Fig. 7A. Alternatively, the N-domain of apo CaM simultaneously binds
to a still unidentified region on the channel. Given the significantly
higher affinity of apo CaM for the full-length channel [16] compared
to the 3614–3643 sequence, it is likely that there are additional binding
site(s) for apo CaM on the receptor. Residues in the vicinity of the
3614–3643 region might contribute to the interaction, increasing the
binding affinity. Based on the low micromolar affinity of calcium-free
CaM for region (4295–4325) of hRyR1, Van Petegem and colleagues
have proposed that this region represents a binding site for apo CaM
[46]. Cryo-EM studies have shown that, in the absence of calcium,
CaM binds to a site on the receptor located in domain 3 close to domain
4 [17,25], but the exact sequence of this region is unknown. Additional
sequence mapping studies will be needed in order to identify all RyR1
residues involved in the association with apo CaM.

Under calcium-saturating conditions, comparison of relative affini-
ties of the domains of CaM for the two CaM-binding motifs suggests
that the C-domain of CaM remains bound preferentially to the
3614–3643 CaM-binding motif (ΔΔG ≤ −4.00 kcal/mol). However,
under physiological concentrations of CaM (i.e., 2–25 μM [65–67]), the
calcium-saturated N-domain of CaM can associate with either the
3614–3643 (Fig. 7B) or 1975–1999 (Fig. 7C) regions. However, the
affinity of the N-domain of CaM for hRyR1(3614–3643)p was shown
to be approximately 5-fold higher (ΔΔG of −0.97 ± 0.24 kcal/mol)
than that for hRyR1(1975–1999)p. This preference of N-domain associ-
ation with hRyR1(3614–3643)p was further confirmed by the fact that
fluorescence-monitored calcium titrations in the presence of both
CaM-binding domains were identical to those seen for CaM in the
presence of 3614–3643 alone (data not shown). These data indicate
that the intrinsic properties of the CaM-binding sequences in the
context of the full-length receptor support intra-subunit binding of
the N-domain as shown in Fig. 7B. Nonetheless, conformational rear-
rangements in the full-length receptor could occlude the CaM
N-domain binding site of hRyR1(3614–3643)p, allowing CaM to bridge
the two CaM-binding regions (Fig. 7C). While FRET studies using
fluorophore-labeled CaM and FKB12.6 in the context of full-length
RyR1 suggest similar locations for apo and Ca2+–CaM on the channel
[68], cryo-EM data support Ca2+–CaM binding at the gap between
domains 3 and 7, at a distinct but partially overlapping location
compared to apo CaM [17]. As in the case of apo CaM, additional studies
will be needed in order to identify the exact RyR1 sequences corre-
sponding to these locations.

Based upon the models presented in Fig. 7 and the free energies of
calcium binding to CaM1–148 in the presence of the individual
CaM-binding motifs (Table 2), the fractional saturation of the domains
of CaM1–148 in the context of the homo-tetrameric RyR1 can be predict-
ed. If both domains of CaM1–148 associate with the 3614–3643 region of
RyR1, then the calcium-binding affinities of the N- and C-domain sites
would be separated by approximately 10-fold, as illustrated in Fig. 7B.
However, if the N-domain of CaM preferentially associates with the
1975–1999 region of RyR1, while the C-domain of CaM remains associ-
ated with the 3614–3643 region, then the calcium-binding affinity of
the N- and C-domain sites of CaM1–148 would be separated by approxi-
mately 30-fold, as illustrated in Fig. 7C.

Given the variation in stability and solubility of CaM target proteins,
synthetic peptides representing their CaM-binding motifs are often
used tomodel target associationwith CaM. Inmost instances CaM inter-
action with the peptide correlates well with properties of CaM binding
in the context of the full-length target. For example, as observed by
HSQC NMR, the backbone structures of 15N–CaM bound to a peptide
representing the CaM-binding motif of CaMKI and 15N–CaM bound to
the full enzyme were shown to be virtually identical [69]. Furthermore,
many of the properties of CaM interacting with hRyR1(3614–3643)p
have been shown to correlate well with properties of CaM binding in
the context of the full channel [28]. However, there are instances that
have demonstrated increased [70] or decreased [71] affinity of CaM
for a peptide relative to the full-length target; presumably these reflect
the absence of tertiary constraints of the full-length target that may be
favorable or unfavorable to CaM binding.

Previous studies have reported that CaM switches from an activator
to an inhibitor of RyR1 at concentrations of calcium greater than 1 μM
[18,43,72], and it has been hypothesized that the distinct functional
roles of CaM in regulating channel activity are due to calcium binding
to each domain of CaM. The models presented here are consistent
with those proposed for the C-domain association to RyR1, whereby
the C-domain of CaM binds constitutively to the 3614–3643 region of
RyR1, acting as an anchor for the channel at all calcium concentrations
[26,28]. However, conflicting evidence for N-domain binding to RyR1
has led to multiple models for its role in the regulation of the receptor.
CaM site-knockout mutations (E31Q/E67Q [73] or E31A/E67A [43])
that abolish calcium binding to the N-domain do not have a significant
effect on CaM regulation of channel closure, suggesting that calcium
binding to the N-domain of CaM is not essential for the ability of CaM
to inhibit RyR1 activity. Instead, it was proposed that calcium binding
to the C-domain switches CaM from an activator to an inhibitor of
RyR1 [73]. On the other hand, Bigelow and colleagues have proposed
that calcium binding to the N-domain of CaM at micromolar cytoplas-
mic Ca2+ levels triggers conformational changes in both CaM domains
that lead to closing of the channel. The importance of the N-domain in
channel regulation is also demonstrated by the fact that deletions or
extensions at the N-terminus of CaM cause a significant increase or
decrease, respectively, in the ability of CaM to inhibit RyR1 [26].

Studies investigating the location of the two CaM domains on RyR1
have proposed that the C-domain stays bound to the 3614–3643 region
at all calcium concentration, while the N-domain binds to this site only
at high Ca2+ and then with lower affinity than the C-domain [26]. It has
also been proposed that the N-domain of CaM interacts with the
1975–1999 sequence of RyR1, such that CaM regulates the activity of
the channel by acting at a site of inter-subunit contact that modulates
the opening and closing of the transmembrane pore [27]. Our results
presented here indicate that binding of the N-domain to either the
(3614–3643) or (1975–1999) region is calcium-linked, and that the
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affinity for the N-domain of calcium-saturated CaM is higher for
hRyR1(3614–3643)p than for hRyR1(1975–1999)p. Therefore, for the
calcium-loaded N-domain to favor binding to 1975–1999 over
3614–3643 in the context of homo-tetrameric RyR1 there must be
additional tertiary constraints. For example, a previous study demon-
strated that region 4064–4210 of RyR1 is structurally and functionally
similar to a domain fragment of CaM and therefore may provide an
additional level of allosteric control by competing with CaM domains
for binding to the 3614–3643 CaM-binding domain [74]. In addition,
residues that are spatially proximal to the 1975–1999 CaM-binding
motif in the folded structure of RyR1 could contribute to anoverall bind-
ing interface that is more favorable energetically than what the peptide
alone offers. If indeed the C-domain of CaM is constitutively bound to
the (3614–3643) region in the context of full-length RyR1, our
calcium-binding titrations suggest that this domain is calcium-loaded
in the resting muscle, and its movement between different sites within
this region may play a role in channel activation. According to the
simulations shown in Fig. 7, the N-domain is predicted to play a role
in inhibition of RyR1, especially in the presence of hRyR1(1975–1999)
p where the N-domain sites only begin to saturate at concentrations
of calcium greater than 1 μM.

5. Summary

The studies presented here comprise a thermodynamic analysis of
how two RyR1 sequences, 1975–1999 and 3614–3643, interact with
CaM, an allosteric effector of receptor function. The differences in
domain-specific interactions support a model of RyR1 regulation in
which CaM activates RyR1 via association of the apo C-domain with
the 3614–3643 CaM-binding motif under the low calcium conditions
of a resting muscle, poising the N-domain of CaM to inhibit RyR1 func-
tion via calcium-dependent association with a distinct site. This
provides a clear example of how the domains of CaM have separable
roles in regulating RyR1 and the advantages of having more than one
CaM-binding sequence in each subunit of a multimeric target protein.
RyR1 is one of many channels now recognized to use CaM to modulate
calcium-triggered conformational change linked to the regulation of its
quaternary structure. It will be interesting to seewhether the division of
labor or chemical work observed in this case will apply more generally
as the energetics and linkage inherent in those systems (e.g., the NMDA
receptor, and voltage-gated calcium and sodium channels) are explored
in greater detail.
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