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ABSTRACT: Calmodulin (CaM) activates the skeletal muscle ryanodine receptor (RyR1) at nanomolar Ca2+

concentrations but inhibits it at micromolar Ca2+ concentrations, indicating that binding of Ca2+ to CaM
may provide a molecular switch for modulating RyR1 channel activity. To directly examine the Ca2+

sensitivity of RyR1-complexed CaM, we used an environment-sensitive acrylodan adduct of CaM. The
resultingACRCaM probe displayed high-affinity binding to, and Ca2+-dependent regulation of, RyR1 similar
to that of unlabeled wild-type (WT) CaM. Upon addition of Ca2+, ACRCaM exhibited a substantial (>50%)
decrease in fluorescence (KCa ) 2.7 ( 0.8 µM). A peptide derived from the RyR1 CaM binding domain
(RyR13614-43) caused an even more pronounced Ca2+-dependent fluorescence decrease, and ag10-fold
leftward shift in itsKCa (0.2 ( 0.1 µM). In the presence of intact RyR1 channels in SR vesicles,ACRCaM
fluorescence spectra were distinct from those in the presence of RyR13614-43, although a Ca2+-dependent
decrease in fluorescence was still observed. TheKCa for ACRCaM fluorescence in the presence of SR (0.8
( 0.4µM) was greater than in the presence of RyR13614-43 but was consistent with functional determinations
showing the conversion ofACRCaM from channel activator (apoCaM) to inhibitor (Ca2+CaM) at Ca2+

concentrations between 0.3 and 1µM. These results indicate that binding to RyR1 targets evokes significant
changes in the CaM structure and Ca2+ sensitivity (i.e., CaM tuning). However, changes resulting from
binding of CaM to the full-length, tetrameric channels are clearly distinct from changes caused by the
RyR1-derived peptide. We suggest that the Ca2+ sensitivity of CaM when in complex with full-length
channels may be tuned to respond to physiologically relevant changes in Ca2+.

Calmodulin (CaM)1 is a ubiquitous, highly conserved
intracellular Ca2+ sensor, capable of binding and regulating
diverse intracellular targets. Crystal and NMR structures of
CaM in complex with different peptide targets have revealed
multiple and distinct mechanisms of target binding (1, 2).
These structural data illustrate how binding to a particular
target dictates the three-dimensional (3D) structure of CaM.
In this way, target binding also determines CaM’s sensitivity
to Ca2+ such that a particular complex may respond to
changing Ca2+ concentrations within a range appropriate for
the regulation of a particular cellular process. Accordingly,
pronounced and specific “tuning” of CaM Ca2+ affinities has

been observed in the presence of soluble peptide fragments
derived from various targets (3-5).

The type 1 ryanodine receptor (RyR1) is the major CaM
binding protein in sarcoplasmic reticulum (SR) membranes
isolated from skeletal muscle (6-8). Each tetrameric RyR1
channel binds four CaMs with high affinity (9, 10), and 3D
reconstructions based on cryoelectron microscopy show CaM
bound within a crevice of the channel’s cytoplasmic assembly
(11). Binding of CaM to RyR1 channels promotes a leftward
shift in the biphasic Ca2+ dependence of channel activity.
This shift is explained by the opposing effects of apoCaM,
which activates the channel in<1 µM Ca2+, and Ca2+CaM,
which inhibits the channel in>1 µM Ca2+ (12).

Hamilton and co-workers have identified a critical region
for CaM binding within the RyR1 primary sequence (10),
and demonstrated that a peptide derived from this region
(RyR13614-43) displays a high affinity for both apoCaM and
Ca2+CaM (13). More recently, a second noncontiguous
region within RyR1 has also been implicated in CaM binding
(14), and current models suggest that the CaM binding pocket
is formed by neighboring subunits of tetrameric RyR1.
Measurements of the intrinsic tryptophan fluorescence of the
RyR13614-43 peptide in complex with CaM (15) have
indicated that this peptide target promotes a substantial
increase in CaM’s affinity for Ca2+ (Kd ) 58 nM), suggesting
that formation of the inhibitory Ca2+CaM species requires
only nanomolar Ca2+ concentrations. In contrast, functional
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studies demonstrate that much higher Ca2+ concentrations
(∼1 µM) are required for inhibition of full-length RyR1
channels (9, 12, 16). Thus, the particular structure and Ca2+

sensitivity of CaM when in complex with RyR1 remain
undefined, although this information is key to resolving the
potential roles of CaM as a regulatory channel subunit.

To further investigate effects of RyR1 binding on CaM
structure and Ca2+ sensitivity, we utilize a Ca2+-sensitive
fluorescent derivative of CaM that retains a high affinity for
both the RyR13614-43 peptide and full-length RyR1. Our
results suggest important differences between the effects
exerted on CaM by these two types of targets.

EXPERIMENTAL PROCEDURES

Materials. Pigs were obtained from the University of
Minnesota Experimental Farm. Acrylodan was purchased
from Molecular Probes (Eugene, OR). Tran35S-label was
obtained from ICN Radiochemicals (Costa Mesa, CA). [3H]-
Ryanodine was purchased from NEN Life Science Products
(Boston, MA). The RyR13614-43 30-mer peptide derived from
the proposed CaM binding site of RyR1 (13) was synthesized
and HPLC-purified at the University of Minnesota Micro-
chemical Facility. Other reagents were from Sigma (St.
Louis, MO).

Isolation of SR Vesicles. Skeletal muscle SR vesicles were
isolated from pig longissimus dorsi muscle (16, 17). Briefly,
muscle homogenates were subjected to differential centrifu-
gation, and the resulting vesicles were extracted with 0.6 M
KCl and subsequently fractionated on discontinuous sucrose
gradients. All isolation buffers contained a mixture of
protease inhibitors (100 nM aprotinin, 1µM leupeptin, 1µM
pepstatin, 1 mM benzamidine, and 0.2 mM phenylmethane-
sulfonyl fluoride).

CaM Mutagenesis and Purification.Recombinant rat CaM
was expressed inEscherichia coliusing the pET-7 vector
(18). The native threonine at position 26 (-Y position of
the first EF-hand Ca2+ binding site) was mutated to cysteine
using the QuikChange mutagenesis kit (Stratagene, La Jolla,
CA), and the mutation was verified by DNA sequencing.
Following induction with isopropylD-thiogalactopyranoside,
WT- and T26C-CaM were purified via phenyl-Sepharose
chromatography (19). A cysteine was also introduced at
residue 26 of a Ca2+-insensitive CaM mutant (CaM1234), with
glutamate to alanine substitutions at the-Z position of each
EF-hand (20). This mutant (termed T26C-CaM1234) was
subcloned into the pET-30 vector (Novagen), expressed as
a His-tagged fusion protein, and purified by nickel affinity
chromatography. Protein concentrations were determined by
the bicinchoninic acid procedure (Pierce, Rockford, IL) using
bovine brain CaM as the standard.

Labeling of CaM with Acrylodan.To eliminate potential
intermolecular disulfide bridges, T26C-CaM (0.2 mM) was
treated with 5 mM DTT for 2 h, in a medium containing 25
mM HEPES (pH 7.5) and 6 M GuHCl. The sample was then
diluted 2-fold and subjected to phenyl-Sepharose chroma-
tography to remove excess DTT. The concentration of CaM
in the eluted samples [50 mM Tris, 0.5 mM CaCl2, and 5
mM EGTA (pH 7.5)] was adjusted to 0.15 mM, and the
concentration of GuHCl was adjusted to 6 M. To this sample
was added acrylodan from a 100 mM stock (in DMF) to a
final concentration of 1.5 mM. The sample was incubated

at room temperature, protected from light, with tumbling for
4 h. The ACRCaM sample was separated from unreacted
acrylodan by phenyl-Sepharose chromatography. To obtain
ACRCaM1234, nickel affinity chromatography was used instead
of phenyl-Sepharose chromatography. The column-immo-
bilized His-taggedACRCaM1234 was then treated with factor
Xa protease to release the full-length labeledACRCaM1234with
no additional N-terminal residues. The bound fluorophore
was quantitated using the extinction coefficient ofACRCaM
(εbound ) 19 000 M-1 cm-1 at λ ) 370 nm). The final dye:
protein ratio was 0.95( 0.05, consistent with specific
labeling of a single residue of T26C-CaM.

Matrix-Assisted Laser Desorption Ionization Time-of-
Flight (MALDI-TOF) Mass Spectrometry.Specific, stoichio-
metric labeling of T26C-CaM with a single acrylodan moiety
was confirmed by MALDI-TOF mass spectrometry carried
out at the University of Minnesota Mass Spectrometry
Consortium for the Life Sciences using a Bruker (Boston,
MA) Biflex III mass spectrometer equipped with a N2 laser
(337 nm, pulse length of 3 ns) and a microchannel plate
detector. Data were collected in the linear mode, with positive
polarity, with an accelerating potential of 19 kV. External
calibration was performed using trypsinogen and horse heart
cytochromec. The matrix used for samples and standards
was a saturated solution of 3,5-dimethoxy-4-hydroxycin-
namic acid in a 50:50 acetonitrile/Nanopure water mixture,
with 0.1% trifluoroacetic acid. Prior to MALDI-TOF analy-
sis, samples were desalted using C4 ZipTips (Millipore)
according to the manufacturer’s protocol.

Fluorescence Measurements.Fluorescence was measured
in a 2 mm× 10 mm quartz cuvette. Steady-state fluorescence
emission spectra were acquired using an ISS K2 fluorometer
(ISS, Champaign, IL) in ratio mode, using an argon ion laser
(Coherent, Santa Clara, CA) as the source of excitation at
363.8 nm. Corrected emission spectra were acquired with a
step size of 1 nm, an integration time of 1 s/step, and a
bandwidth of 8 nm. A matching sample blank scan was
subtracted from each spectrum. The sample temperature was
controlled using a recirculating water bath set to 25°C. Ca2+

titrations were performed by addition of small aliquots of
concentrated CaCl2 to the sample in the apo buffer [20 mM
K-PIPES, 120 mM K-propionate, 5 mM GSH, 0.1 mg/mL
BSA, 1µg/mL aprotinin/leupeptin, and 1.0 mM EGTA (pH
7.0)]. The free Ca2+ concentration was set using Ca2+EGTA
buffers (Bound and Determined Software) (21), and verified
using calcium calibration buffer kits (Molecular Probes).

[ 35S]CaM Binding. Equilibrium binding of wild-type
mammalian CaM metabolically labeled with [35S]methionine
was assessed at 25°C in a medium containing 0.05 mg/mL
SR vesicles, 20 mM K-PIPES (pH 7.0), 150 mM K-
propionate, 5 mM GSH, 1µg/mL aprotinin/leupeptin, 0.1
mg/mL BSA, and 50 nM [35S]CaM (20). Following 2 h
incubations at room temperature, vesicles were pelleted at
80000g (22). The amount of bound [35S]CaM was determined
by scintillation counting after solubilization of the pellets in
2% SDS. Nonspecific binding was assessed in the presence
of 10µM unlabeled CaM. Data were normalized to maximal
binding, as determined in a medium containing 500µM Ca2+

and 50 nM [35S]CaM.
[ 3H]Ryanodine Binding.Ryanodine selectively binds to

RyR channels in the open state; thus, [3H]ryanodine binding
measurements are an indicator of RyR channel activity (23).
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Binding of [3H]ryanodine to skeletal muscle SR vesicles
(0.05 mg/mL) was assessed at 25°C in a medium containing
20 mM K-PIPES (pH 7.0), 150 mM K-propionate, 5 mM
GSH, 0.1 mg/mL BSA, and 7 nM [3H]ryanodine. Free Ca2+

concentrations were set using Ca2+EGTA buffers (21).
Nonspecific binding was assessed in the presence of 20µM
nonradioactive ryanodine. All assays were performed in
duplicate and were repeated using at least three different SR
vesicle preparations.

Single-Channel Recording.Single-channel recordings were
performed as previously described (24). Planar lipid bilayers
were formed across a 250µm aperture in a Delrin cup.
Single-channel currents were recorded using an Axoclamp
200B patch clamp amplifier (Axon Instruments, Foster City,
CA). The recording solution consisted of symmetric 100 mM
KCl, 10 mM PIPES (pH 7.0), and 1 mM EGTA with the
Ca2+ concentrations adjusted by adding small aliquots of
concentrated CaCl2 (21). Single-channel data were collected
using a pulsing protocol in which the potential was held at
0 mV for 4 s between 2 s steps to-70 mV. The single-
channel open probability (Po) was calculated using FETCHAN
and PSTAT (pClamp software, Axon Instruments).

RESULTS

Ca2+ SensitiVity of ACRCaM.Stoichiometric labeling of the
T26C-CaM mutant using the acrylodan fluorophore was
carried out as described in Experimental Procedures. In an
initial test of ACRCaM Ca2+ sensitivity, we compared the
Ca2+-induced electrophoretic gel shifts undergone by WT-
CaM, T26C-CaM, andACRCaM. As illustrated in Figure 1A,
WT-CaM exhibited a characteristic Ca2+-dependent gel shift,
which consisted of an increased electrophoretic mobility of
CaM in the presence of a saturating Ca2+ concentration (25).
We observed a similar electrophoretic mobility response to
Ca2+ for the unlabeled T26C-CaM and for its acrylodan
adduct, suggesting that mutation and chemical modification
did not alter the CaM structural features responsible for the
gel shift.

At 10 nM free Ca2+ [Figure 1B (2)], the fluorescence
spectrum ofACRCaM was broad (57 nm half-width) and
structured, with a peak at 516 nm and a shoulder on its blue
side, at∼486 nm. These features suggest that the probe was
distributed between states of relatively high and low solvent
exposure, respectively. By comparison, at 300µM free Ca2+

[Figure 1B (4)], we observed a substantial decrease in the
fluorescence intensity, and a red shift of the main peak from
516 to 522 nm. In addition, the spectrum at high Ca2+

concentrations was much narrower (45.5 nm half-width), and
lacked the blue-shifted shoulder. These features suggest that
binding of Ca2+ to ACRCaM promoted a more homogeneous
fluorophore distribution, in which the level of solvent
exposure of the probe was increased (26).

To further analyze the effects of Ca2+ on the ACRCaM
fluorescence, we used the value of the fluorescence integral
over the emission range of 440-570 nm. The dependence
of the integratedACRCaM fluorescence on the concentration
of free Ca2+ is illustrated in Figure 1C (2). Increasing Ca2+

concentrations caused a substantial decrease (>50%) in
ACRCaM fluorescence with an apparentKCa of 2.7( 0.8µM.
For comparison, we also synthesized an acrylodan adduct
of a Ca2+-insensitive CaM mutant (ACRCaM1234). In contrast

to theACRCaM probe,ACRCaM1234was unaffected by a Ca2+

concentration of<10µM [Figure 1C (b)]. At g10µM Ca2+,
the fluorescence ofACRCaM1234 was decreased (by 25% at
100µM), indicating that this probe bound Ca2+, albeit with
an affinity at least 10-fold lower than that of Ca2+-sensitive
ACRCaM. In addition, the fluorescence of a control consisting
of the acrylodan adduct of free Cys (ACRCys) was unaffected
by changes in Ca2+ concentration [Figure 1C (9)].

ACRCaM Binding and Regulation of RyR1 Channels.To
determine whetherACRCaM binds to RyR1 with an affinity
similar to that of the wild-type apo- and Ca2+CaM species,
we examined the competitive inhibition of binding of [35S]-
WT-CaM to SR vesicles at nanomolar and micromolar Ca2+

concentrations. We observed that binding of [35S]CaM to
SR vesicles was fully inhibited byACRCaM [Figure 2 (4 and
2)] at both nanomolar (filled symbols) and micromolar Ca2+

concentrations (empty symbols). Furthermore, the concentra-
tion dependence of the inhibition of [35S]CaM binding was
similar for WT-CaM [Figure 2 (0 and 9)] and ACRCaM
[Figure 2 (4 and 2)]. Because RyR1 channels are the
predominant CaM binding protein in our SR vesicle prepara-
tions (7, 8, 16), these data indicate that the affinity ofACRCaM
for RyR1 channels was similar to that of the wild-type apo-
and Ca2+CaM species.

FIGURE 1: Ca2+ sensitivity ofACRCaM. (A) SDS-PAGE charac-
terization of WT-CaM (WT), T26C-CaM (T26C), andACRCaM
(ACR). The arrow indicates the Ca2+ condition: 5 mM EGTA (-)
and 5 mM CaCl2 (+). Protein bands are evidenced by Coomassie
dye staining (Coomassie) or by UV illumination of the gel prior to
staining (UV). (B) Fluorescence spectra ofACRCaM (0.2 µM)
corresponding to the low (2) and high (4) end points of the Ca2+

concentration range that was scanned. Spectra are normalized to
the intensity of the low-Ca2+ spectrum. (C) The fluorescence
emission spectra ofACRCaM (2), ACRCaM1234 (b), and acrylodan-
labeled free cysteine (9) were integrated from 440 to 570 nm, and
the integral values (f) were normalized (f/fmax) and plotted as a
function of the ionized Ca2+ concentration. Curve represents
ACRCaM fluorescence data fit to the Hill function.

280 Biochemistry, Vol. 44, No. 1, 2005 Fruen et al.



To directly examine regulation of RyR1 byACRCaM, we
determined the CaM dependence of SR vesicle [3H]ryanodine
binding. Figure 3A shows results from experiments at
nanomolar Ca2+ concentrations, which favors RyR1 activa-
tion by the apoCaM species. In these media,ACRCaM (3 nM
to 3 µM) significantly activated [3H]ryanodine binding
[Figure 3A (2)], and both the concentration dependence and
the extent of activation were similar to those of WT-CaM
[Figure 3A (9)]. Figure 3B shows results from experiments
at micromolar Ca2+ concentrations, which favors inhibition
of RyR1 by the Ca2+CaM species. In these media,ACRCaM,
like WT-CaM, significantly inhibited [3H]ryanodine binding.

To further document regulation of RyR1 byACRCaM, we
examined the effects ofACRCaM on RyR1 channelPo in lipid

bilayers. In media containing sub-micromolar Ca2+ concen-
trations, RyR1 was activated byACRCaM (Figure 3C), in
accordance with the effect of WT apoCaM. Conversely, in
media containing 700µM Ca2+, RyR1 Po was reduced
(Figure 3D), in accordance with the inhibitory effect of WT
Ca2+CaM. Together, results in Figures 2 and 3 thus indicate
that both activating and inhibitory interactions of WT-CaM
with RyR1 channels are retained by theACRCaM reporter.

RyR1 channel activity displays a biphasic dependence on
Ca2+ concentration that is shifted leftward in the presence
of CaM. Accordingly, Figure 4 shows that activation of RyR1
by wild-type apoCaM (<1 µM Ca2+) and inhibition of RyR1
by wild-type Ca2+CaM (>1 µM Ca2+) resulted in a leftward
shift in the Ca2+ dependence of SR vesicle [3H]ryanodine
binding. A similar leftward shift in RyR1 Ca2+ dependence
was observed in the presence ofACRCaM. The point at which
the control and the CaM curves cross may be taken to
approximate the Ca2+ concentration at which CaM switches
from the RyR1 activator (apoCaM) to inhibitor (Ca2+CaM)
in these steady-state experiments. Notably, for both WT-
CaM andACRCaM, the crossover point was observed between
0.3 and 1µM Ca2+ (Figure 4, arrow), suggesting that WT-
CaM andACRCaM exhibit similar Ca2+ sensitivities when in
complex with RyR1 channels.

Ca2+ SensitiVity of ACRCaM Fluorescence in the Presence
of the RyR1 Target.To investigate the effect of the RyR1
target on the Ca2+ dependence ofACRCaM fluorescence,
measurements were performed in the presence of 2µM
RyR13614-43. The interaction ofACRCaM with the soluble
RyR13614-43 target was reflected in theACRCaM fluorescence
spectra (Figure 5A, filled symbols) both at low (10 nM) and
at high (300µM) Ca2+ concentrations (Figure 5A, empty
symbols). At low Ca2+ concentrations, the effect of RyR13614-43

on ACRCaM fluorescence consisted mainly of an increase in
the intensity of the blue-shifted shoulder. At high Ca2+

concentrations, the RyR13614-43 binding decreased the
ACRCaM fluorescence intensity, but had no effect on the shape
of the spectrum, which retained a single-component aspect
both in the presence and in the absence of the peptide target.

To investigate interactions ofACRCaM with functional
RyR1 channels in native membranes, we examined the Ca2+

dependence of theACRCaM fluorescence in media containing
10 mg/mL SR (0.4µM RyR1 CaM binding sites) (Figure
5B). In these experiments, fluorescence data acquisition was

FIGURE 2: Binding of ACRCaM to skeletal muscle SR vesicles at
nanomolar and micromolar Ca2+ concentrations. Competitive
inhibition of [35S]CaM binding by WT-CaM (0 and 9) or
ACRCaM (4 and2) was assessed in media containing 0.05 mg/mL
SR (∼0.5 nM RyR1) and either 100 nM Ca2+ (filled symbols) or
700 µM Ca2+ (empty symbols). Data are means( the standard
error from three to five experiments.

FIGURE 3: Activation and inhibition of SR vesicle [3H]ryanodine
binding byACRCaM. Effects of WT-CaM (9) andACRCaM (2) on
[3H]ryanodine binding were determined in media containing 0.05
mg/mL SR and either 100 nM Ca2+ (A) or 30 µM Ca2+ (B). Data
are means( the standard error from three to six experiments.
Effects ofACRCaM on RyR1 channelPo in 500 nM Ca2+ (C) and
700 µM Ca2+ (D). Representative 1 s traces were recorded as
described in Experimental Procedures.Po values are based on a
recording time of 2 min. Dashed lines represent open channel
current levels. There were two channels present in the experiments
whose results are shown in panel C.

FIGURE 4: Effect of ACRCaM on the Ca2+ dependence of RyR1
activity. SR vesicle [3H]ryanodine binding was assessed in the
absence of CaM (b) or in the presence of either 2µM WT-CaM
(9) or ACRCaM (2). The arrow indicates the crossover point at
which the Ca2+ concentration is sufficient to promote the conversion
of ACRCaM from RyR1 activator to RyR1 inhibitor. Data are means
( the standard error from four experiments.
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affected by intense scattering of the excitation beam, which
was subtracted whenACRCaM fluorescence spectra were
corrected using a baseline consisting of the SR sample
without added fluorophore. This baseline was unaffected by
the Ca2+ titration in the sample. At low Ca2+ concentrations
in the presence of full-length, tetrameric, functional RyR1
in SR membranes, theACRCaM fluorescence spectrum
differed significantly from the spectra obtained in the absence
or presence of RyR13614-43 (Figure 5B, filled symbols).
Specifically, at low Ca2+ concentrations and in the presence
of SR membranes, the fluorescence spectrum peaked at 518
nm; however, its blue-shifted shoulder was much less
pronounced, and its half-width (47.5( 1.1 nm) was smaller
than in the absence of SR (Figure 5B, solid line). At high
Ca2+ concentrations, in the presence of SR, the fluorescence
peak was shifted slightly to the right (to 521 nm), its height
changed only negligibly relative to the low Ca2+ concentra-
tions, and its half-width was slightly smaller (37.6( 0.4
nm) than in the presence of RyR13614-43. To confirm that
changes in the fluorescence spectra could be attributed to
the specific binding ofACRCaM to SR, fluorescence spectra
were also acquired following addition of excess unlabeled
WT-CaM (10 µM) (thus, blocking binding ofACRCaM to
SR targets). Under these conditions, fluorescence spectra of
ACRCaM were equivalent toACRCaM spectra acquired in the
absence of a target (Figure 5C).

Figure 6 summarizes the effects of RyR1 targets on the
Ca2+ dependence ofACRCaM fluorescence. These data
demonstrate that, upon incubation with the RyR13614-43

peptide, a pronounced leftward shift in the Ca2+ dependence
of ACRCaM fluorescence was observed relative to controls
in the absence of a target. The RyR13614-43 peptide caused a
decrease in the apparentKCa of ACRCaM fluorescence from
2.7 ( 0.8 to 0.2( 0.1 µM. Remarkably, full-length RyR1
also caused a significant leftward shift in the Ca2+ depen-
dence ofACRCaM fluorescence (Figure 6), but the effect was
substantially smaller (apparentKCa ) 0.8 ( 0.4 µM) than
for RyR13614-43.

DISCUSSION

Defining the structure and Ca2+ sensitivity of CaM when
in complex with RyR1 channels is key to resolving potential
roles of CaM as a channel regulatory protein. Here, we use
theACRCaM adduct to investigate CaM’s structure and Ca2+

sensitivity when in complex with RyR1 targets. We dem-
onstrate that acrylodan labeling at CaM residue 26 yields
an environment-sensitive reporter that not only retains high-
affinity binding to RyR1 Ca2+ channels but also evokes a
leftward shift in the RyR1 Ca2+ dependence comparable to
that observed in the presence of WT-CaM. Previously,
interactions of CaM with a variety of other targets have been
shown to be similarly preserved following the attachment
of fluorophores at this position within the N-terminal Ca2+

binding domain of plant CaM (27-30).

The fluorescence ofACRCaM free in solution was decreased
>50% upon binding with Ca2+ (Figure 1C). Because
acrylodan senses the polarity of its local environment (26),
these results suggest that binding of Ca2+ to ACRCaM
promotes movement of the acrylodan moiety to a more
hydrophilic environment (31, 32). This interpretation is
consistent with previous evidence of a calcium-induced
increase in solvent accessibility at the equivalent position
of the first EF-hand of plant CaM (31). We further
demonstrate that the Ca2+-dependent decrease in fluorescence
is reduced by mutations that reduce CaM’s affinity for Ca2+

(Figure 1C). We, therefore, conclude that decreasedACRCaM
fluorescence is a reflection of binding of Ca2+ at CaM’s EF-
hands. However, the extent to which this response may
specifically reflect binding of Ca2+ at CaM’s N-terminal
domain or more global conformational changes resulting
from Ca2+ binding is not yet clear.

A Ca2+-dependent decrease inACRCaM fluorescence was
also observed in the presence of the RyR13614-43 peptide

FIGURE 5: Effect of RyR1 targets on theACRCaM fluorescence spectrum. Spectra of 0.2µM ACRCaM in the presence of the indicated target
were acquired at 10 nM Ca2+ (solid symbols) and 300µM Ca2+ (empty symbols). (A) Spectra acquired in the presence of 2µM RyR13614-43.
(B) Spectra acquired in the presence of 10 mg/mL SR (0.4µM RyR1 CaM binding sites). (C) Control spectra acquired in the presence of
SR with competing, unlabeled WT-CaM (10µM). Spectra in the absence of a target at low Ca2+ (solid line) and high Ca2+ (dashed line)
concentrations are shown in each panel (replotted from Figure 1B). All spectra were corrected by subtracting corresponding blanks lacking
ACRCaM and then normalized relative to the fluorescence intensity of the low-Ca2+ concentration spectrum.

FIGURE 6: Effect of RyR1 targets on the Ca2+ dependence of
ACRCaM fluorescence. Ca2+ titrations of ACRCaM (0.2µM) were
performed in the absence (9) and in the presence of either 2µM
RyR3614-43 (2) or 10 mg/mL SR [(1) 0.4 µM RyR1 CaM binding
sites]. Normalized plots [(f - fmin)/(fmax - fmin)] of integrated
ACRCaM fluorescence spectra were fit to the Hill function.
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(Figures 5A and 6); however, this effect was shifted leftward
more than 10-fold relative to that in the absence of the
peptide target (KCa decreased from 2.7( 0.8 to 0.2( 0.1
µM). This result is thus consistent with the previous report
by Xiong and co-workers (15) in indicating that the
RyR13614-43 peptide promotes a substantial increase in the
Ca2+ affinity of CaM such that only nanomolar Ca2+

concentrations may be required for formation of the inhibi-
tory Ca2+CaM species. Yet, notably, extensive functional
studies document that a significantly higher Ca2+ concentra-
tion is required for CaM’s conversion to RyR1 inhibitor
(Figure 4) (8, 12, 20). We therefore conclude that the
structure and Ca2+ sensitivity of CaM when in complex with
full-length channels may differ from those when in complex
with the RyR13614-43 peptide target. Indeed, current models
predict that the CaM binding pocket within full-length
tetrameric RyR1 is formed by additional regions within the
channel primary structure, and is therefore not likely to be
fully represented by the RyR13614-43 peptide (14, 33).

To investigate the Ca2+ sensitivity of CaM in complex
with the full-length RyR1 channel, we determined the Ca2+

dependence ofACRCaM fluorescence in the presence of SR
membranes. Our results indicate that the effects of full-length
RyR1 onACRCaM fluorescence are quite distinct from those
of the RyR13614-43 peptide. Specifically, whereas the
RyR13614-43 peptide caused an increase in the intensity of
the blue-shifted shoulder at nanomolar Ca2+ concentrations
(Figure 5A), this shoulder was decreased in the presence of
SR (Figure 5B). This result suggests that upon binding to
the full-length RyR1, the apoCaM probe assumes a more
restricted conformation, distinct from that induced by binding
to the RyR13614-43 peptide target. Furthermore, the magnitude
of calcium’s effect on the fluorescence intensity was
significantly reduced in the presence of SR, suggesting that
interactions with the RyR1 channels partially restricted Ca2+-
induced conformational transitions withinACRCaM. Nonethe-
less, the addition of Ca2+ evoked a qualitatively similar red
shift of theACRCaM spectra in the presence of SR membranes
and the RyR13614-43 peptide, suggesting that theACRCaM
probe retains sensitivity to Ca2+ even when bound to full-
length RyR1 channels. Alternatively, this result might be
explained by the Ca2+ sensitivity of a small fraction of
ACRCaM remaining unbound in the presence of SR. However,
in opposition to this interpretation, the concentration of RyR1
CaM binding sites in our SR samples (0.4µM) exceeds that
of the ACRCaM reporter (0.2µM), which in turn is present
at a concentration>20-fold greater than theKD of CaM-
RyR1 binding (10, 22). Moreover, the Ca2+ dependence of
ACRCaM fluorescence in the presence of SR was intermediate
between that in the presence of RyR13614-43 and that in the
absence of a target (Figure 6). Finally, the Ca2+ dependence
of the ACRCaM fluorescence in the presence of SR (KCa )
0.8 µM) is consistent with functional studies performed in
equivalent media that show CaM’s conversion from channel
activator to channel inhibitor between 0.3 and 1µM Ca2+

(Figure 4). Our results thus indicate that changes inACRCaM
fluorescence reflect binding of Ca2+ to the probe in complex
with RyR1 channels, and thatACRCaM therefore provides a
useful reporter for CaM’s regulatory interactions with these
channels in native SR membranes.

In conclusion, we have identifiedACRCaM as a Ca2+-
sensitive fluorescent reporter that retains high-affinity func-

tional interactions with RyR1 channel targets. Our results
demonstrate that both the structure and Ca2+ sensitivity of
CaM are altered upon target binding, although effects of the
RyR13614-43 peptide and full-length channels are distinct. In
the presence of full-length RyR1, ourACRCaM KCa determi-
nations (∼1 µM Ca2+) fall within the physiologically relevant
range of Ca2+ concentrations (from∼0.1 to ∼10 µM),
suggesting that CaM may be appropriately tuned to respond
to changing Ca2+ concentrations in the vicinity of the
channel. Additional studies defining the structure and Ca2+

sensitivity of CaM in complex with RyRs will help to resolve
CaM’s potential roles as a regulatory subunit of these
channels.
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