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ABSTRACT

The skeletal muscle (RyR1)
and cardiac muscle (RyR2)
ryanodine receptor calcium
release channels contain a
single, conserved calmodulin
(CaM) binding domain, yet
are differentially regulated
by CaM. Here, we report
that high-affinity [**S]CaM
binding to RyRl is driven by
favorable enthalpic and
entropic contributions at Ca**
concentrations from <0.01 to
100 pM. At 0.15 pM Ca*",
[**s]CaM bound to RyR2 with
decreased affinity and binding
enthalpy compared with RyRI.
The rates of [*°S]CaM dissoci-
ation from RyRl increased as
the temperature was raised,
whereas at 0.15 pM Ca®>* the
rate from RyR2 was little
affected. The results suggest
major differences in the ener-
getics of CaM binding to and
dissociation from RyR1 and
RyR2.
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INTRODUCTION

In skeletal and cardiac muscle, the release of Ca** ions through ryanodine receptor
calcium release channels (RyRs) into the cytoplasm leads to muscle contraction. RyR1
is present at high levels in skeletal muscle, and RyR2 is the dominant isoform in cardiac
muscle. A muscle action potential initiates L-type Ca>* channel protein conformational
changes that either permit an influx of extracellular Ca>* (in cardiac muscle)! or alter
the conformation of the RyRs by a direct physical interaction (in skeletal muscle)? with
both mechanisms leading to the release of Ca®" from the sarcoplasmic reticulum (SR)
via the RyRs and subsequent muscle contraction. The skeletal muscle and cardiac mus-
cle RyRs are massive ion channels that are composed of four RyR 560 kDa peptide sub-
units, four small 12 kDa FK506 binding proteins (FKBP), and various associated pro-
teins that include calmodulin.3->

Calmodulin (CaM) is a small cytoplasmic Ca** binding protein that is comprised
of two globular domains separated by a central alpha helical domain. Each of the N-
and C-terminal domains contains two EF-hand Ca>" binding sites.08 The two Ca**
binding sites in the C-lobe have a higher Ca®" affinity than the two sites in the N-
lobe, resulting in nearly full occupancy at 100 uM Ca>”, binding of only one or two
Ca’" to the C-lobe at <1 pM Ca’", and little binding at <0.01 uM free Ca**. A no-
table property of the RyRs is that they interact with both the Ca’"-free (apoCaM)
and Ca’"-bound (CaCaM) forms of CaM. CaM inhibits RyR1 and RyR2 at micromo-
lar Ca®?" concentrations, whereas at submicromolar Ca®* concentrations, RyR1 is acti-
vated but RyR2 is inhibited by CaM.9~13 CaM binding to the intact receptors indi-
cates that the RyRs have a single, high-affinity binding domain for apoCaM and
CaCaM.210,13,14 Use of CaM mutants and fragments of CaM binding domain, and
structural studies have suggested that the C-lobe of CaM tightly binds to the highly
conserved CaM binding site, affording the N-lobe of CaM to interact with other RyR
regions.1>=17 To better understand the mechanism of CaM regulation of RyRs, the
present study compares the thermodynamic parameters of CaM binding to RyR1 and
RyR2.

Abbreviations: apoCaM, Ca?"-free CaM; CaM, calmodulin; CaCaM, Ca?"-bound CaM; RyR, ryanodine receptor; RyRI,
skeletal muscle RyR; RyR2, cardiac muscle RyR; SR, sarcoplasmic reticulum.
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MATERIALS AND METHODS

Materials

[’H]Ryanodine was obtained from Perkin Elmer
(Boston, MA), Tran>>S-Label from MP Biomedicals
(Irvine, CA), unlabeled ryanodine from EMD Biosciences
(La Jolla, CA), and complete protease inhibitors from
Roche Diagnostics (Indianapolis, IN). Unlabeled CaM
and [*°S]CaM were prepared as described.13

SR vesicle preparations

SR vesicles enriched in RyRs were isolated in presence
of protease inhibitors from rabbit hind limb and back
muscle!8 and canine cardiac muscle.1?

[35s1Calmodulin binding

Effects of temperature on calmodulin binding to RyR1
and RyR2 were determined using CaM metabolically la-
beled with *°S.13 Unless otherwise indicated, SR mem-
branes (100-150 pg/mL) were incubated for 2-5 h with
[’>S]CaM in 150 mM KCl, 20 mM imidazole (pH 7.0),
5 mM reduced glutathione, 0.1 mg/mL bovine serum al-
bumin (Sigma A-0281), 0.2 mM Pefabloc, 20 pM leupep-
tin with either 100 uM (200 pM CaCl,, 100 pM EGTA),
0.15 uM (0.55 mM CaCl,, 1 mM EGTA) or <0.01 pM
(5 mM EGTA, no added CaCl,) free Ca*". Equilibrium
was assumed to have been reached when no additional
binding was measured at more extended times. Nonspe-
cific binding was determined using a 100-1000 fold
excess of unlabeled calmodulin. SR membranes were sed-
imented by centrifugation in a Beckman Airfuge at the
same temperature as used for incubation for 30 min at
90,000¢, which should have minimally affected binding
because it was performed in presence of constant concen-
tration of free CaM in the solution. Bound [*°S]CaM
was determined by liquid scintillation counting following
solubilization of pellets in 50 mM Tris HCl buffer (pH
8.5) containing 2% sodium dodecylsulfate.

The time course of [*°S]CaM dissociation was deter-
mined with the use of a filter assay. To minimize nonspe-
cific binding of [*>S]CaM, Whatman GF/B filters were
blocked for 1 h in 0.15M KCI, 10 mM KPipes, pH 7.0
buffer containing 10 mg/mL bovine serum albumin.
Vesicles on the filters were washed with 3 X 5 mL of
0.15 KCI, 10 mM KPipes, pH 7.0 buffer containing
0.1 mg/mL bovine serum albumin.

[®HIRyanodine binding

Binax values of [*H|ryanodine binding were determined
using a saturating [ H]ryanodine concentration (30 nM)
in 0.6M KCl buffer.13 B..x values of [3H]ryanodine
binding to RyR1 and RyR2 were 7-15 and 3-6 pmol/mg
or 28-60 and 12-24 pmol/mg of [**S]CaM binding sites,
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respectively, as there are four CaM binding sites per high
affinity [*H]ryanodine binding site.!3

Biochemical assays and data analyses

Free Ca’" concentrations of >1 UM were determined
with the use of a Ca®* selective electrode and concentra-
tions of <1 uM with the use of Ca®" indicator dye Fluo-
3. Results are given as mean + SE.

RESULTS

Skeletal muscle and cardiac muscle high molecular
weight proteins (now known to be the RyRs) are the
major proteins labeled by azido-['**I]CaM in cardiac and
skeletal SR membranes.20 [*°S]CaM binding studies con-
firmed that RyR1 is the principle CaM binding protein
of skeletal muscle SR membranes.2! Figure 1 (top panel)
shows three [*°S]CaM binding curves to skeletal muscle
SR membranes in 0.15 pM free Ca>" media at tempera-
tures ranging from 22 to 37°C. Bound amounts corre-
sponded to 4.5 4 0.5 mols of [*>S]CaM per mol bound
[’H]ryanodine or ~1 bound CaM per RyRI subunit, as
there is only one high affinity [*H]ryanodine binding site
per RyR tetramer.!3 Inspection of the binding curves
indicated that an increase in temperature decreased CaM
binding affinity to RyR1, that is, complex formation was
driven by a favorable enthalpic contribution. van’t Hoff
analysis of CaM binding data yielded averaged enthalpy
of —26 + 4 kJ/mol (Fig. 1, middle panel). Table I com-
pares the averaged thermodynamic parameters of CaM
binding to RyR1 at 26°C and 0.15 pM free Ca’" with
those at <0.01 pM free Ca’" (apoCaM binding) and
100 pM free Ca*" (CaCaM binding). Increase in free
Ca®" concentration from <0.01 uM to 0.15 pM increased
the affinity and entropy of CaM binding to RyR1, whereas
binding enthalpy was decreased. Further increase in Ca®"
concentration to 100 pM resulted in only small changes
in the three parameters. In contrast to RyR1, CaM bind-
ing to RyR2 proceeded with an enthalpy near zero and
increased entropy at 0.15 uM Ca®", which suggests that
the reaction was entropically driven (Fig. 1, bottom
panel; Table I). Thermodynamic parameters of CaM
binding to RyR2 were not determined at <0.01 pM Ca*”"
because of a low binding affinity, and not at 100 pM
Ca®" because CaM bound to additional sites most likely
present in other proteins of cardiac SR membrane
fractions.13

[*°S]CaM dissociation experiments were performed to
determine the effects of temperature on the stability of
the CaM-RyR complexes. As shown in Figure 2 (top
panel), the rate of [*°S]CaM displacement from RyR1 by
60-fold excess of unlabeled CaM increased at 0.15 pM
free Ca®" as the temperature was raised from 12 to 37°C.
An Arrhenius plot of the rate constants yielded averaged
activation energy Eq = 84 £ 5 kJ/mol (Fig. 2, bottom
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panel). Table II shows that the dissociation rate constant
for RyR1 was decreased twofold at 26°C in presence of
100 pM Ca** compared with <0.01 pM Ca®", whereas
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Table |
Thermodynamic Parameters of CaM Binding to RyR1 and RyR2
- |

[Ca®"] (uM)  Koq (105 M7")  AH (KJ/mol) ~ AS (J/mol degree)
RyR1 <0.01 38 +4 —38+7 23 + 22
0.15 50 + 4 —26 + 4 62 + 14
100 60 + 5 =22 +7 77 + 24
RyR2 0.15 24 + 2 —4 +2 98 +7

K.q values and thermodynamic parameters of [*>S]CaM binding to RyRs at 26°C.
K.q and AH values were determined by linear regression analysis, as shown in
Figure 1.

the activation energy of dissociation was independent of
Ca’" concentration. In contrast to RyR1, the dissociation
rate constant of CaM from RyR2 was nearly independent
of temperature at 0.15 pM Ca®", yielding an activation
energy of dissociation 20-fold lower for RyR2 than RyR1.
Taken together, data of Tables I and II suggest major dif-
ferences in the thermodynamics of interaction between
CaM and RyR1 or RyR2.

DISCUSSION

Cryo-electron microscopy has indicated that apoCaM
and CaCaM exert their functional effects by binding to
an overlapping region that is a considerable distance
away from the effector site (ion pore) of RyR1,22 which
suggests that CaM exerts its function via long-range
interactions involving appreciable parts of the massive
RyRs. CaM binding to the intact receptors confirmed
that the RyRs have a single conserved binding domain
for apoCaM and CaCaM.%10:13,14 The CaM binding
domain in RyR1 is highly conserved among the mamma-
lian RyRs; however, differences in the interaction of the
CaM with the RyRs have been observed. At submicromo-
lar Ca®" concentrations, RyR1 is activated whereas RyR2
is inhibited by CaM.!3 Site directed mutagenesis in
CaM binding domain affected CaM binding and regula-
tion to a different extent in the two isoforms.23 Consist-
ent with this observation, comparison of thermodynam-
ics shows that CaM interacts with the two RyRs in differ-

|
Figure 1

Effect of temperature on [*°S]CaM equilibrium binding to RyR1. (Top
panel) Examples of [**S]CaM binding to skeletal muscle SR
membranes. Membranes were incubated as described in “Materials and
Methods” section at 22°C (O), 30°C (V) or 37°C ([1) in 0.15 pM free
Ca®" media. Data were fitted by regression analysis (solid lines) with
the following Bi,,.x (pmol/mg protein) and K.q (10° M) values,
respectively: 54.4 & 1.0 and 65.0 & 4.0 at 22°C, 58 + 0.8 and 46.0 +
2.0 at 30°C, and 61.9 + 2.1 and 29.3 + 2.7 at 37°C. (Middle and
bottom panels) Van't Hoff plots of [*>S]CaM binding to RyR1 and
RyR2, respectively. Averaged thermodynamic parameters obtained by
linear regression analysis (solid lines) are shown in Table I. R* and P
values were 0.70 and <0.0001 (middle panel) and 0.25 and 0.06 (lower
panel), respectively.
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ent ways. At 0.15 pM Ca®", RyR2 CaM complex forma-
tion was driven by entropy with only a small enthalpic
contribution, in contrast to RyR1, which showed similar
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Figure 2

Effect of temperature on [**>S]CaM dissociation from skeletal SR
membranes. (Top panel) Skeletal muscle SR membranes were labeled
with [*°S]CaM by incubation for 2 h at 24°C in media containing 0.15
1M free Ca** and 100 nM [**S]CaM. [**S]CaM dissociation was
initiated at 12°C (@), 23°C (V/), 32°C (M), or 37°C (<) by diluting
membranes 60-fold into 0.15 uM free Ca’* media containing 100 nM
unlabeled CaM. Dissociation constants (ky) were obtained by linear
regression analysis (solid lines). (Bottom panel) Arrhenius plots of CaM
dissociation from RyR1 (@) and RyR2 (Q), respectively. Averaged
activation energies (Eg) obtained by linear regression analysis (solid
lines) are shown in Table II. R* and P values were 0.97 and <0.0001
(@) and 0.01 and 0.73 (O), respectively.
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Table 1l

Rate Constants and Activation Energies of CaM Dissociation from

RyR1 and RyR2
|

[CaZ*] (uM) kg (min™") E4 (kJ/mol)
RYR1 <0.01 0.20 + 0.05 91 +13
0.15 0.15 + 0.03 84 + 5
100 0.10 + 0.02 98 +8
RyR2 0.15 0.41 + 0.05 4412

Dissociation rate constants (kg) and activation energies (Eq) of [**S]CaM dissocia-
tion from RyRI and RyR2 at 26°C. E4 values were determined by linear regression
analysis, as shown in Figure 2.

enthalpic and entropic gains on CaM binding. Further-
more, at 0.15 pM Ca’" the activation energy of CaM dis-
sociation was much lower for RyR2 than RyR1. A more
detailed understanding of the conformational changes
and associated energetics of CaM binding will require
that the solution structures of the RyRs and RyR-CaM
complexes become available.
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