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In heart and skeletal muscle an S100 protein family member,
S100A1, binds to the ryanodine receptor (RyR) and promotes
Ca®* release. Using competition binding assays, we further
characterized this system in skeletal muscle and showed that
Ca?*-S100A1 competes with Ca®*-calmodulin (CaM) for the
same binding site on RyR1. In addition, the NMR structure was
determined for Ca>*-S100A1 bound to a peptide derived from
this CaM/S100A1 binding domain, a region conserved in RyR1
and RyR2 and termed RyRP12 (residues 3616 —3627 in human
RyR1). Examination of the S100A1-RyRP12 complex revealed
residues of the helical RyRP12 peptide (Lys-3616, Trp-3620,
Lys-3622, Leu-3623, Leu-3624, and Lys-3626) that are involved
in favorable hydrophobic and electrostatic interactions with
Ca?*-S100A1. These same residues were shown previously to be
important for RyR1 binding to Ca**-CaM. A model for regulat-
ing muscle contraction is presented in which Ca*>*-S100A1 and
Ca?*-CaM compete directly for the same binding site on the
ryanodine receptor.

Excitation coupling is a process by which sarcolemmal depo-
larization triggers Ca®" release from the sarcoplasmic reticu-
lum (SR),* leading to Ca®* activation of the thin filaments and
muscle fiber contraction. The ryanodine receptor (RyR1) is the
primary SR Ca®" release channel in skeletal muscle and is
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mechanically coupled to the dihydropyridine receptor (Ca,, 1.1
L-type channel) (reviewed in Ref. 1). A second isoform, RyR2,
regulates calcium release in cardiac muscle in response to a
cytosolic Ca>™ influx generated from another dihydropyridine
receptor L-type channel (Ca,, 1.2 L-type channel). For both
cardiac and skeletal muscle, RyR-dependent calcium release is
modulated by ions such as Ca®>" and Mg>", as well as by several
small soluble proteins, including FKBP12 and CaM (2—4).
Recently, several studies demonstrated that an S100 protein,
S100A1, enhances RyR1- and RyR2-dependent calcium release
in both skeletal and cardiac muscle, respectively (5-10). Specif-
ically, SI00A1 knock-out skeletal muscle fibers demonstrate
decreased Ca®" transients (6), and adenoviral delivery of
S100A1 into failing cardiomyocytes restores myocyte contract-
ile properties (11). Additionally, SI00A1 increases [*H]ryanod-
ine binding to RyR1, indicative of increased activation of the
channel (5), and S100A1 binds directly to RyR1 in a calcium-
dependent manner (6). These data suggest a possible therapeu-
tic role of SI00A1 in treatment strategies for skeletal and car-
diomyopathies (6, 8, 11).

S100A1 is a symmetric homodimer (93 residues/subunit)
with each SI00A1 subunit having a low affinity pseudo-EF hand
and a second high affinity canonical EF hand calcium binding
domain (12). The solution structures of apo- and Ca®*-S100A1
were solved previously using NMR methods (12, 13), and show
that a large reorientation of helix 3 occurs in SI00A1 upon the
addition of calcium. This conformational change exposes a
hydrophobic pocket on each SI00A1 subunit (12, 14), provid-
ing a binding site for target proteins such as RyR1 and RyR2.
Here we show that a 12-residue peptide (termed RyRP12),
derived from the CaM/S100A1-binding site on both RyR1 and
RyR2, interacts with a major portion of the target protein-bind-
ing site on Ca®>"-S100A1 (6, 15, 16). We present the solution
NMR structure of RyRP12 bound to Ca*"-S100A1, which has
several striking similarities to that observed previously for the
RyR1 (residues 3614 —3643 in human)-CaM complex (17). Fur-
thermore, competition binding experiments show that Ca**-
S100A1 competes directly with an RyR antagonist, Ca®>*-CaM,
for the same binding site on RyR1 and could explain how
S100A1 promotes Ca®" release in skeletal and heart muscle.

EXPERIMENTAL PROCEDURES
Fluo-4 AM Fluorescent Recordings—FDB fibers were isolated

from transgenic S100A1 KO mice and their wild type age-
matched, sex-matched littermates (described in Ref. 6). Follow-
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ing enzymatic dissociation and ~24 h in culture, FDB skeletal
fiber cultures were loaded with 2 um Fluo-4 AM in 0.1%
DMSO for 30 min, rinsed with Ringer’s solution three times,
and equilibrated for 30 min before recording. The culture
chamber was then mounted on an Olympus IX-70 inverted
microscope using a 60X /1.20 NA water immersion objective
coupled to a cell map laser scanning confocal system (Bio-
Rad). The system was operated in line scan x-f mode at a
scanning speed of 2 ms/line for 512 ms. Line scan images
were processed, and fluorescent recordings were converted
to AF/F, values. Statistical analysis was performed using
OriginPro 7.5. All significance tests were done using Stu-
dent’s ¢ test, and significance was set at p < 0.05.

Western Blots—Recombinant SI00A1 was attached to CH-
Sepharose beads (Sigma) using standard methods. Intact RyR in
SR vesicles were prepared as described previously and bound to
S100A1 beads in the presence of calcium (100 nMm to 1.0 mm)
prior to competition experiments with variable concentrations
of calmodulin (6). After incubation, 8-ul aliquots of the
S100A1-linked beads were washed, boiled, and loaded into an
SDS-polyacrylamide gel. An anti-RyR antibody (C34)(Sigma)
was used to detect RyR, and Image] software, available on the
National Institutes of Health website, was used to quantify the
intensity of each band from the Western blot.

Sample Preparations—A synthetic peptide derived from the
S100A1/calmodulin binding domain of human RyR1 (residues
3616 —3627) was chemically synthesized and prepared for NMR
as described previously (6). Recombinant '*N- and **C,'*N-
labeled SI00A1 human S100A1 protein was purified after over-
expression in Escherichia coli (HMS174(DE3)) as described
(12). NMR samples contained 15 mm d,,-Tris-HCI, pH 7.2, 15
mM dithiothreitol, 10 mm CaCl,, 0.34 mm NaNj, 20 mm NaCl,
10% *H,O, RyRP12 peptide (2—6 mm), and S100A1 (1-3 mwm;
subunit concentration). Acrylamide solutions used for dipolar
coupling experiments were prepared as described previously
(12).

NMR Spectroscopy and Chemical Shift Assignments—NMR
spectra were collected at 37 °C with a Bruker DMX600 NMR
spectrometer (600.13 MHz for protons) and a Bruker AVANCE
800 NMR spectrometer (800.27 MHz for protons), each
equipped with four frequency channels and 5-mm triple-reso-
nance z-axis gradient cryogenic probe heads. Sequential back-
bone and side chain assignments of SI00A1 in the RyRP12 pep-
tide complex were obtained using standard NMR spectroscopy
methods as described (6, 12). The sequential assignments for
the unlabeled RyRP12 peptide bound to **C,**N-labeled Ca*" -
S100A1 were based on correlations recorded in '*N- and '*C-
filtered TOCSY and *°N- and "*C-filtered NOESY experiments
(31, 32). The filtered TOCSY spinlock time was 75 ms, and the
filtered NOESY mixing time was 200 ms. The backbone and
side chain 'H, '*C, and '°N chemical shift assignments are com-
plete. Chemical shifts assignments for SI00A1 and the RyRP12
peptide in the RyRP12-Ca®>*-S100A1 complex have been
deposited in the BioMagResBank (accession numbers 15296
and 15704).

Structure Calculations—Interproton distance constraints
were derived from two-, three-, and four-dimensional NOESY
experiments (two-dimensional NOESY, '*C-filtered two-di-
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FIGURE 1.5100A1 binding and enhancement of RyR1 function in skeletal
muscle. A, ST00A1 ™/~ muscle fibers (red) demonstrate decreased amplitude
of Ca®* transients following single (1AP) and multiple (5AP, 100 Hz) action
potential stimulation compared with WT age- and sex-matched littermates
(black). Fluo-4 AM-loaded adult FDB muscle fibers from WT and S100A1 KO
mice were stimulated with field electrodes and assayed for Ca®* transient
responses using confocal line scan microscopy. KO fibers showed signifi-
cantly decreased peak amplitude of Ca®" transients following 1AP (WT =
8.62 £0.41;,n=6,KO =6.22 = 0.45;n = 6,* p = 0.003) and 5AP stimulation
(WT = 10.54 £ 0.49; n = 6, KO = 859 = 0.59; n = 6, ¥, p = 0.036), when
compared with WT controls. B, at 5 um Ca®* concentration, calmodulin com-
petes with S100A1-linked Sepharose beads bound to intact RyR1 in a
concentration-dependent manner. The RyR does not bind to ST00A1-linked
Sepharose beads in the absence of calcium (data not shown). C, full-length
RyR is eluted from S100A1-linked Sepharose beads upon addition of 3 um
RyRP12 peptide in 1 mm Ca*™.

mensional NOESY, '°N-edited three-dimensional NOESY,
12C-filtered and '*C-edited three-dimensional NOESY, '°N-
and '*C-edited four-dimensional NOESY, and '*C and '*C-
edited four-dimensional NOESY) as described previously (6,
12). Dihedral constraints ¢ * 20 and y = 15° for a-helix and
¢ = 40 and i = 40° for B-sheet were included based on *Jyy; 11,
coupling constants, hydrogen exchange rates, and the chemical
shift index (35) of "Ha and **Ca atoms. Distance constraints of
2.0-2.8 A between Ca®" and protein ligands were included
based on the EF-hand model for a typical and S100-type cal-
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-34 RESULTS
20 S100A1 Binding to the CaM-
binding Site on RyRI1 Positively
Modulates Calcium Release—In
both skeletal and heart muscle,
S100A1 modulates excitation cou-
pling by promoting calcium release
from SR stores (6, 8, 10). In skeletal
5 muscle, SI00A1 binds to the cal-

modulin binding domain (CaMBD,
residues 3614-3643) of RyR1 and
activates Ca>" release via the chan-
nel during single action potential (5,
6). To further test this model, cal-
cium transients arising from electri-
cally stimulated FDB muscle fibers
were compared here in wild type
(WT) and S100A1 knock-out (KO)
mice (Fig. 1A). Calcium transients

DNH: 35.7 Hz

FIGURE 2. NMR data from the RyRP12-Ca®*-S100A1 complex. A, strip from the two-dimensional '2C-filtered
TOCSY illustrating proton assignments of Leu-3623 and Val-3619 of the RyRP12 peptide when bound to Ca®*-
S100A1. B, strip from a plane of the three-dimensional '*C-edited, '*C-filtered NOESY experiment illustrating
intermolecular NOE correlations between Ala-80 and Ala-84 of Ca®"-S100A1 with several residues from the
RyRP12 peptide. C, a plane from the four-dimensional '3C, *C-edited NOESY spectrum illustrating ST00A1T NOE
correlations to Ala-384 in the RyRP12-Ca?*-S100A1 complex. The contour labeled with an asterisk is the auto-
correlation peak and unlabeled NOE correlations maximize in different planes. D, residual dipolar coupling
dataillustrating typical N-HN and C*-H* splittings for Asn-64 of ST00A1 in the RyRP12-Ca®*-S100A1 complexin

isotropic (left) and aligned (right) media.

cium binding domain, respectively (33). The inclusion of such
restraints had no effect on the overall structure of the complex.
Hydrogen bond constraints of 7, = 1.5-2.8 A and r o, =
2.4-2.5 A were included in the final stage of structure calcula-
tions. Pseudopotentials for secondary **C* and **CP chemical
shifts and a conformational data base potential were included in
the final simulated annealing refinements using the computer
program XPLOR (36). The internuclear dipolar couplings (in
Hz) were determined from the difference in / splitting between
isotropic and axially compressed polyacrylamide-aligned
phases, using both a two-dimensional IPAP 'H-'°N hetero-
nuclear single quantum coherence to record N-HY splittings
and a three-dimensional CT-(H)CA(CO)NH experiment with-
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Dcy=24.2 Hz

arising from single and repetitive
action potential (AP) stimulation
were both diminished by ~25% in
S100A1 knockouts versus WT
fibers (Fig. 1A). These data are
consistent with previous studies
that showed S100A1 positively
modulates SR Ca®" release and
corresponding fractional myocyte
shortening (5, 6, 8, 10).

It is now generally recognized that exogenous CaM regulates
calcium release from the SR by binding most tightly to a single
conserved site on RyR1 and RyR2 (15-18). SI00A1 binds this
same high affinity site on RyR1 (6); however, the question
remained whether S100A1 binds tightly to just this single
region or whether multiple high affinity SI00A1-binding sites
exist on the intact RyR channel (5, 6). To address this issue
directly, SR vesicles containing intact RyR1 were incubated
with Sepharose-linked S100A1 beads at high [Ca®*] in the pres-
ence of increasing amounts of CaM. As observed in Fig. 1B,
CaM fully displaced RyR1 from the S100A1l beads in a
concentration-dependent manner indicating that S100A1
binds to the same region as CaM in the intact RyR. Because
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FIGURE 3. The three-dimensional structure of the Ca>*-S100A1-RyRP12 complex. 4, stereoview of the 20 low-
estenergy structures. The r.m.s.d. of the entire complex, (3-87 A1 and 2-11 RyRP12) is 0.68 for the backbone atoms.
The S100A1 subunits 1 and 2 are colored tan and blue, respectively, and the RyRP12 peptide is colored red. B, ribbon
diagram of the Ca?*-S100A1-RyRP12 complex. C, overlay of the Ca®>"-5100A1 complex (yellow) with the Ca**-
S100A1-RyRP12 complex (blue) illustrating small conformational changes in Ca?*-S100A1 upon the addition or
RyRP12.The r.m.s.d. of C* atoms between the two structures (residues 3-88) is 1.60 A.

residues 3416 —3427 of the CaMBD very closely resemble the
canonical S100-binding sequence (RyRP12: Lys-Lys-Ala-Val-
Trp-His-Lys-Leu-Leu-Ser-Lys-Gln; underlined residues are
the S100 consensus binding sequence), we next tested whether
RyRP12 could compete with full-length RyR1 binding to Sepha-
rose-S100A1 beads in the presence of micromolar [Ca®"]. Fig.
1C shows that RyRP12 was sufficient to elute intact full-length
RyR1 from Sepharose-S100A1 beads, providing evidence that
this peptide includes a major portion of the S100A1-binding
site on RyR1.

Taken together, these results show that SI00A1 competes
with CaM for the same binding site of RyR1 and that the
RyRP12 peptide can disrupt a complex involving S100A1 and
full-length RyR1. Furthermore, genetic deletion of SI00A1 sig-
nificantly decreased calcium release from the SR of skeletal
muscle. Given that the RyRP12-S100A1 complex is both struc-
turally and functionally relevant in modulating SR calcium
release in skeletal muscle, we solved the solution structure of
RyRP12 bound to Ca**-S100A1.

Solution NMR Structure of Ca®*-SI100A1 Bound to RyRPI12—
The size of the RyRP12-S100A1 complex (24 kDa) necessitated
the collection of a series of heteronuclear multidimensional
NMR experiments to determine its structure in solution. The
'H, '3C, and '°N chemical shift assignments for the backbone
and side chain resonances of Ca®>*-S100A1 bound to RyRP12
were conducted using standard NMR through-bond experi-
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ments and are described in Prosser
et al. (6). Unambiguous resonance
and NOE assignments for the
unlabeled RyRP12 peptide bound
to 'C-, '°N-labeled S100A1 were
made using two-dimensional '*C-
filtered spectra (NOESY, TOCSY
in H,O and D,0), which removed
all resonances arising from the
labeled S100A1 (Fig. 2A). With the
same sample in H,O, a three-di-
mensional *C-edited, 1*>C-filtered
NOESY experiment was then col-
lected to assign intermolecu-
lar NOE correlations between
13C,'>N-labeled S100A1 and unla-
beled RyRP12 peptide (Fig. 2B).
This NMR experiment detects
only NOE correlations between
protons attached to **C and pro-
tons attached to '>C; therefore,
only those NOE correlations at the
peptide (**C)—protein (**C) inter-
face are detected. Unambiguous
assignment of intramolecular NOE
correlations for Ca®'-S100A1 in
the protein-peptide complex was
achieved via three-dimensional
!>N-edited NOESY, three-dimen-
sional ®*C-edited NOESY, four-di-
mensional '°N- and '?C-edited
NOESY, and four-dimensional '*C
and "*C-edited NOESY experiments (Fig. 2C). In an effort to
both improve and independently verify the NOE-based struc-
ture (20), both N-H™ and C*-H® residual dipolar coupling data
were also included in the structure calculations (Fig. 2D).

In total, 3,306 experimental distance constraints, 278 dihe-
dral angle constraints, and 116 residual dipolar coupling con-
straints were used to calculate the solution structure of the
Ca®>*-S100A1-RyRP12 complex (>17 constraints/residue).
Importantly, the SI00A1-bound RyRP12 peptide has more than
11 constraints/residue on average, which allowed for an accu-
rate residue-by-residue examination of the SI00A1-RyRP12
binding interface. A family of the 20 best Ca®>*-S100A1-
RyRP12 structures is depicted in stereoview in Fig. 3A. These
structures all have low Q-factors; no dihedral violations greater
than 5°, no NOE violations greater than 0.4 A, and no residues
in the unfavorable portion of the Ramachandran plot (Table 1).
The backbone atoms in each of the 20 S100A1 subunits are
well defined with an r.m.s.d. of 0.57 for all ordered residues.
For the bound RyRP12 peptide, the backbone is slightly less
well defined, with an r.m.s.d. of 0.95 for all ordered residues
(Table 1). No long range NOE correlations were observed for
residues 1-2 and 88-93 in Ca®>"-S100A1 or for residues 1
and 12 in RyRP12, so these residues were not included in the
r.m.s.d. calculation.

Upon binding calcium, helix 3 of S100A1 undergoes a
large reorientation from being nearly antiparallel to being
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TABLE 1
NMR-derived restraints and statistics of 20 NMR structures

The 20 ensemble structures, (20), are the results of simulated annealing calculations. The best structure is the closest to the average structure. The values shown for the (20)

are the mean = S.D.

(20) Best
r.m.s.d. from distance constraints (A)“
Total (3306) 0.034 = 0.001 0.035
Intraresidue (574) 0.004 = 0.003 0.003
Sequential (|i — j| = 1) (934) 0.032 = 0.003 0.033
Medium range (1 < |i — j| = 1) (830) 0.035 + 0.004 0.039
Long range (ﬁ' —j| > 5) (380) 0.043 = 0.007 0.034
Intermolecular for dimer interface (102) 0.030 = 0.010 0.028
Intra- and/or intermolecular (24) 0.004 = 0.002 0.000
RyRP12 peptide (intrasequential, sequential, medium) (194) 0.034 =+ 0.002 0.028
Intermolecular SI00A1 to RyRP12 peptide (78) 0.047 £ 0.011 0.034
Calcium ligand (18) 0.024 + 0.017 0.053
Hydrogen bonds (170) 0.063 = 0.006 0.069
r.m.s.d. from experimental dihedral constraints (°)
D, W (278) 0.573 = 0.152 0.563
r.m.s.d. from dipolar coupling restraints (Hz)
Dy (57) 0.981 = 0.065 1.090
D¢y, (59) 1.386 * 0.140 1.560
r.m.s.d. from experimental **C chemical shifts
13C* (ppm) 1.203 *+ 0.052 1.210
13CP (ppm) 1.061 *+ 0.045 1.041
r.m.s.d. from idealized geometry
Bonds (A) 0.005 = 0.001 0.005
Angles () 0.885 = 0.017 0.891
Impropers (°) 1.825 = 0.013 1.827
Lennard-Jones potential energy (kcal/mol)” —852 * 36 —838
Q-Factor® 0.22 = 0.02 0.18
% of residues in the most favorable region of the Ramachandran plot? 88.0 £ 2.1 89.7
r.m.s.d. to the mean structure (A)®
All backbone atoms in S100A1 (3-87) 0.565 + 0.103 0.530
All heavy atoms in S100A1 (3-87) 1.107 = 0.254 1.150
All backbone atoms in RyRP12 peptide (2—11) 0.949 * 0.302 0.460
All heavy atoms in RyRP12 peptide (2—11) 1.322 = 0.350 0.974

“ None of the 20 structures has a distance violation >0.4 A or a dihedral angle violation of >5°. The force constants used in the SA calculations are as follows: 1000 kcal mol ~*
A2 for bond length, 500 kcal mol ~* rad ~ 2 for angles and improper torsions, 4 kcal mol ~* A~* for the quartic van der Waals repulsion term (hard-sphere effective van der Waals
set to 0.8 times their values in CHARMm parameters), 50 kcal mol ~' A~ for experimental distance constraints, 100 kcal mol ~* A~2 for noncrystallographic symmetry, 1 kcal
mol ! A2 for distance symmetry constraints, 0.5 kcal mol ! ppm ™2 for the 1*C chemical shift constraints, and 1.0 for the conformational data base potential. The force
constants used for (in kcal Hz ) used for dipolar coupling restraints were as follows: 0.63 for >N-"H™ and 0.25 for '3C*-'H*.

® Lennard-Jones van der Waals energies were calculated using CHARMm parameters and were not used in any stage of the structure determination.

¢ Q-Factors were determined by randomly removing 10% of all RDC values. To ensure accuracy, an ensemble of structures with a second randomly removed subset of RDCs was

also run. The Q-factor of this second set was 0.21.
4 PROCHECK was utilized to generate the Ramachandran plot.

¢ Backbone calculations include C%, N, and C" atoms. Only residues 3— 87 are included since no long range NOE correlations were observed for residues 1-3 and 87-93 in SI00A1

or residues 1 and 12 in the RyRP12 peptide.

TABLE 2
Interhelical angles and distance of various states of ST00A1 and S100B

Interhelical angles and interhelical distances were calculated using Ihe version 1.4 (S. M. Gangue, MSG Software, Inc.) using the structures indicated.

Interhelical angle (degree)

Interhelical distance

Itoll ItoIII ItolV II to III IIto IV Il to IV ItoI' IVto IV’ Itol' IVto IV’
A A

Ca®"-S100A1-RyRP12 136 = 2 —94+2 1252 126 x 1 —35*x2 136 = 2 —153 x 2 156 = 2 123 0.3 122+ 0.3
Ca**-S100A1“* 1321 —102 £ 2 131 =2 125+ 2 —29*+1 121 =2 —157 3 1523 125+ 0.2 11.1 £ 0.4
Apo-S100A1° 120+ 3 —45*+ 2 107 =2 148 = 2 —46*+ 1 —150 £ 1 —165* 3 176 = 2 102+ 0.3 9.9*03
Ca®"-S100B-TRTK" 1322 —118 £ 2 128 =1 109 =2 —33*x2 108 = 4 —148 = 2 146 = 3 124 = 0.1 9.3 0.3
Ca®"-S100B* 137 =5 —188 £5 128 = 4 104 =3 —35*4 106 = 4 —155*5 1595 143 * 0.5 10.6 £ 0.5
Apo-S100B°¢ 133+1 —46 + 1 120+ 1 149+ 1 —40=*1 —166 £ 1 —153*1 155+ 1 13.6 £ 0.3 10.3 + 0.4

“ Data were taken from NMR structure (PDB entry 1ZFS) of Wright et al. (12).
’ Data were taken NMR structure (PDB entry 1K2H) of Rustandi et al. (13).

¢ Data were taken from NMR structure (PDB entry IMWN) of Inman et al. (21).
9 Data were taken from NMR structure (PDB entry 1QLK) of Drohat et al. (33).
¢ Data were taken from NMR structure (PDB entry 1B4C) of Drohat et al. (34).

perpendicular to helix 4 (Table 2) (12). This conformational
change exposes a large hydrophobic pocket in Ca>"-S100A1,
which is important for binding the RyRP12 peptide (Fig. 3B).
The RyRP12 peptide adopts a helical conformation when
bound to Ca*>*-S100A1 with the peptide aligned in an anti-
parallel orientation to helix 3 of each monomer in the
S100A1 dimer. The orientation of RyRP12 on S100A1 is
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unlike other S100-peptide complexes in which peptides align
in parallel with helix 3 (21-24). Peptide binding produces
only minor structural changes in Ca?’"-S100A1 with the
largest difference between the peptide-bound and peptide-
free states being a 15° difference in the helix 3— 4 angle (Table
2). This closure of helices 3 and 4 in SI00A1 is necessary to
optimally interact with RyRP12.
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FIGURE 4. Residues of the RyRP12 peptide (residues 3616 -3627 or RyR1) and S100A1 involved in Ca®>*-S100A1-RyRP12 complex formation. A, diagram
illustrating hydrophobic residues involved in the RyRP12-S100A1 interaction including Ala-53, lle-57, Leu-77, Ala-80, Leu-81, and Ala-84 of S100A1, and
Trp-3620, Leu-3623, and Leu-3624 of RyRP12. B, ribbon diagramiillustrating hydrophilic residues in the RyRP12-S100A1 complex that are likely involved in ionic
interactions, including Asp-52 and Glu-63 on S100A1 and Lys-3616, Lys-3622, and Lys-3627 on the RyRP12 peptide. C, space-filling diagram of the ST00A1-
RyP12 peptide showing residues in green (Trp-3620 and Leu-3624) that are important for calmodulin binding to the ryanodine receptor. The rest of the RyRP12
peptide is colored in red, and the ST00A1 subunits 1 and 2 are colored tan and blue, respectively. D, ribbon diagram of the C-terminal region of CaM bound to
the CaMBD of the RyR (residues 3614 -3643 of RyR; Protein Data Bank code 2BCX) (17), showing side chains of the RyR that are involved in ionicinteractions with
CaM; these same residues are also likely to form salt bridges with negatively charged side chains of Ca®*-S100A1.

Bound RyRPI12 Peptide and the Binding Interface—In the
absence of S100A1, the RyRP12 exists as a random coil, as judged
by circular dichroism, a lack of NOE correlations, and a narrow
range of dispersion for NMR chemical shift values (data not
shown). However, when bound to Ca®* -loaded S100A 1, most res-
idues in RyRP12 adopt a helical conformation as judged by a sig-
nificant increase in proton spectral dispersion when compared
with free peptide, upfield shifted 'H* chemical shift values, and by
a number of characteristic NOE correlations indicative of helix
formation (i.e. af3;; 5, aN;,, 5, etc.). Such a change in a target pep-
tide from a random coil to a helix, as observed here when RyRP12
bound to S100A1, was observed previously for several S100-target
peptide interactions (21, 22) and is likely a common occurrence
based on the overall similarity in the geometry of the binding pock-
ets for this family of proteins.

The binding surfaces in the Ca®>*-S100A1-RyRP12 peptide
complex are defined by 14 residues from the hinge region
(Leu-45 and Asp-46), helix 3 (Asp-52, Ala-53, Lys-56, Ile-57,
and Glu-60), and helix 4 (Val-76, Leu-77, Val-78, Ala-80, Leu-
81, Ala-84, and Cys-85) on S100A1, which come into contact
with six residues (Lys-3616, Trp-3620, Lys-3622, Leu-3623,
Leu-3624, and Lys-3627) from RyRP12. Specifically, three
hydrophobic residues (Trp-3620, Leu-3623, and Leu-3624) are
on the same face of the amphipathic RyRP12 helix and buried in
the hydrophobic pocket of SI00A1 upon peptide binding (Fig.
4A). Additionally, several potential ionic interactions involving
Lys-3616, Lys-3622, and Lys-3626 of RyRP12 and Asp-52 and
Glu-63 of S100A1 are also likely, based on the NMR structure
(Fig. 4B). Of interest, all of the charged residues close to the
hydrophobic binding pocket on S100A1 are located on one side
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of the hydrophobic pocket, at or near the hinge region and helix
3 (Asp-46, Lys-49, Asp-50, Asp-52, Lys-56, Glu-60, and Glu-
63), whereas no charged residues from helix 4 contribute to the
binding pocket. Thus, the charged residues on helix 3 likely
dictate the orientation in which RyRP12 binds to S100A1, and
they likely contribute to specificity between S100A1 and its
target proteins, including RyR1, because they are not that well
conserved in the S100 protein family.

DISCUSSION

As found previously for other S100 proteins (25, 26), SI00A1
binds to the RyR in a calcium-dependent manner. The Ca**
dependence of the SI00A1-RyRP12 peptide interaction can be
understood by comparing the structures of apo-S100A1, Ca**-
S100A1, and RyRP12-Ca>"-S100A1. Specifically, most of the
residues of S100A1 (11 of 14) that are in close contact with the
RyRP12 peptide in the SI00A1-peptide complex are either par-
tially or fully buried in the apo-form of SI00A1 and unavailable
for binding RyRP12. However, upon binding calcium, these
same residues of SI00A1 become solvent-exposed and local-
ized in a single binding pocket because of the large calcium-de-
pendent reorientation of helix 3 (12). Upon binding the RyRP12
peptide, only minor structural changes were observed in the
Ca®"-S100A1 peptide binding pocket, which are necessary for
an optimal protein-peptide interaction (Fig. 3C).

The RyRP12 peptide includes part of a well characterized calm-
odulin-binding site on the ryanodine receptor, and data presented
here demonstrate that Ca®>"-S100A1 and Ca**-CaM compete for
this site on RyR1 (Fig. 1B). Furthermore, similarities in the mode of
binding were observed when the structures of Ca®>"-S100A1
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Solution Structure of RyRP12-Ca’*-S100A1

Ca’*-S100A1-RyRP12
com plex .

$ *

Ca’*-CaM-RyR complex

FIGURE 5. Schematic of ST00A1 function in skeletal muscle. Ca?*-S100A1 and Ca?*-CaM bind to an over-
lapping region of RyR1 (red) in a Ca®"-dependent manner. S100A1 binding leads to events that enhance SR
calcium release. In contrast, calmodulin binding to this CaM binding domain leads to events that reduce
SR calcium release. Competition between these two calcium-binding proteins for this target site may regulate
SR Ca®" release in skeletal muscle. The asterisk close to the Ca?*-S100A1-RyRP12 structure denotes the loca-
tion of the residues of RyR that are C-terminal to RyRP12 (residues 3616 -3627 of RyR) present in the longer RyR
peptide (residues 3614 -3643 of RyR), used for structural studies when bound to CaM.

bound to RyRP12 (residues 3616 —3627) and Ca>*-CaM bound to
a 30-residue peptide from an overlapping region of the RyR1 (res-
idues 3614 —3643) (17) were compared. First, both RyR1 peptides
were found to adopt a helical secondary structure when bound to
Ca®"-S100A1 and Ca®"-CaM, respectively. In addition, impor-
tant side chain interactions with Trp-3620 and three basic residues
of RyR1 (Lys-3616, Lys-3622, and Lys-3626) were observed for
both the S100A1- and CaM-peptide complexes (Fig. 4, A, Band D).
In both complexes, Trp-3620 is central in anchoring the RyR pep-
tide into the hydrophobic pocket of the protein. In contrast to what
was observed here in the SI00A1-RyRP12 peptide complex, Leu-
3624 is only peripherally associated with the calmodulin hydro-
phobic pocket (17). Nonetheless, mutagenesis of either Leu-3624
(L3624D) or Trp-3620 (W3620A) of RyR1 was found to disrupt
CaM binding to the intact RyR channel (15). For S100A1, Trp-
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3620 and Leu-3624 are both almost
completely buried at the S100A1-
RyRP12 interface (Fig. 4C), and so it is
not surprising that mutation of either
of these hydrophobic residues abro-
gates the SI00A1-RyRP12 interaction
(6).

Although  Ca®**-S100A1 and
Ca’"-CaM both interact with an
overlapping region of the RyR1 in a
remarkably similar fashion, there
are also several differences in the
structures. The largest difference is
that Ca®>"-CaM binds to a region of
the RyR1 that extends 16 residues
further toward the C terminus than
the RyRP12 peptide. The continua-
tion of the CaM-RyR interface gives
this complex a substantially larger
area of interaction than that of the
RyRP12-S100A1 complex. Despite
this larger area of binding, SI00A1
and CaM each bind full-length RyR
at comparable affinities at mid-
nanomolar affinity (5, 27), and both
S100A1 and CaM are able to com-
pete intact RyR away from each
other at comparable concentrations
(Fig. 1B) (6).

One interesting feature of the
S100A1-RyRP12 structure is its
symmetry; the RyRP12 peptide
binds with the same orientation to
each S100A1 subunit, maintaining
the symmetry present in S100
homodimers. This differs from the
CaM-CaMBD structure, where only
one peptide from RyR is present.
The CaMBD is involved in intersub-
unit interactions and thus close in
space to distal regions of the RyR
(28). It is therefore tempting to
speculate that the second subunit of
S100A1 is involved in linking together two subunits of the RyR
tetramer, whereas the primary SI00A1-binding site in RyR is in
the CaMBD, other secondary S100A1 binding regions have
been suggested, and these sites also bind CaM weakly (5). Such
a binding event may explain the discrepancy of affinity between
the RyRP12 peptide and the intact RyR complex.

Based on these data, we present a model (Fig. 5) in which at
physiologically elevated levels of calcium both Ca**-CaM and
Ca®"-S100A1 compete for the same binding site on RyR1. At
elevated [Ca®"], CaM is a strong inhibitor of RyR1, as evidenced
by **Ca®" release studies and [*"]ryanodine binding studies
(19). This led to the model that in the resting cell exogenous
CaM induced some initial RyR activation, but as [Ca®"] rises
during the calcium transient, CaM inhibits RyR1 activity (19).
In support of this model, recent experiments showed that the

release

release
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addition of recombinant CaM to skinned muscle fibers
increased the frequency of Ca®" sparks (29), but it also
decreased the mass of Ca®" release during a spark by roughly
37% (30). At elevated calcium levels, the ability of SI00A1 to
compete with a RyR1 antagonist such as Ca®>"-CaM is one pos-
sible explanation for how this S100 protein activates the RyR
calcium release channel.

Recently, Rodney demonstrated that although exogenous CaM
acts as a bimodal modulator of RyR1, endogenous CaM does not
modulate RyR1-dependent Ca>* release in skeletal muscle cells
(30). Additionally, this study showed that endogenous CaM
mostly localizes to the Z-line of skeletal muscle cells rather than
the triad junction as found for S100A1 and RyR1. These data, taken
with S100A1 data presented here and elsewhere (6, 8, 11), suggest
that endogenous S100A1, but not endogenous CaM, directly mod-
ulates RyR activity. This alternative model could explain why exog-
enous CaM acts as an antagonist to RyR function. In this model,
exogenous CaM overwhelms the endogenous RyR1 agonist
S100A1, which in turn leads to decreased SR Ca>™ release. In both
models presented (Fig. 5), the relative concentration of SI00A1 to
CaM at the triad junction is likely an important determinant for
modulation of SR calcium release. How various protein concen-
trations regulate this critical region of the muscle fiber, and
whether future studies can take advantage of this “turn up/turn
down” switch of Ca®" release to combat skeletal and cardiac
myopathies is currently unknown and worthy of further
investigation.

CONCLUSION

We have shown that Ca®>"-S100A1 specifically interacts with
a discrete region of RyR, conserved between RyR1 and RyR2
isoforms. The solution structure of Ca®>"-S100A1 bound to a
peptide from this region (RyRP12) reveals several hydrophobic
and ionic interactions at the protein-peptide interface and is
quite similar to a structure of this same region of the RyR bound
to Ca®>*-CaM. This RyR-S100A1 interaction was also shown to
increase SR Ca”" release from the SR following electrical stim-
ulation, and could have therapeutic implications for treatment
of skeletal and cardiac myopathies. Likewise, it is important
that small molecule inhibitors (i.e. drugs) designed to inhibit
various enzymes and/or other protein targets do not inactivate
S100A1, because this could trigger problems with heart and
skeletal muscle.
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