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pivotal role in cell adhesion, shape change,
migration and apoptosis. CS is composed of a
unique leader domain (domain L) in the
N-terminal and four repetitive homologous
domains (domains 1-4), each of which has
calpain-inhibiting activity. However, CS domain
L (CSL) has no calpain-inhibiting activity (1)
and its physiological role remains largely
unknown. Previous studies have shown that CS
or CSL reprimes activity of Cav1.2 Ca2+
channels, in a concentration-dependent manner,
in cardiac myocytes using the inside-out
patch-clamp technique (2, 3). Subsequent
studies have further shown that the effective
region of CSL is confined to a region spanning
eleven amino acid residues (amino acids 54-64
in exon 5), and that CSL can bind to a fragment
derived from the intracellular C-terminal region
of Cav1.2 channels (4, 5). However, it has not
been clarified how CSL interacts with the
channel and regulates its activity.
Calmodulin (CaM) is a small (18 kD),
ubiquitous, Ca2+-binding protein that mediates
Ca2+-dependent regulation of various target
proteins, such as enzymes, ion channels and
transporters (6). The activity of the Cav1.2 Ca2+
channel is controlled by Ca2+-dependent
facilitation (CDF) and inactivation (CDI) (7-11).
CaM has been suggested to serve as a Ca2+
sensor and a transducer to produce
Ca2+-dependent conformation changes of the
channel protein in both CDF and CDI. In the
case of CDF, although another mechanism
involving phosphorylation of the channels by
Ca2+/CaM-dependent protein kinase has been
suggested (12), the activation of the kinase is

Calpastatin (CS) is a specific endogenous
inhibitor of calpain, a Ca2+-activated cysteine
protease. The calpain and CS complex plays a
1
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Cav1.2 Ca2+ channel activity diminishes in
inside-out patches (run-down). Previously, we
have found that with ATP, calpastatin domain
L (CSL) and calmodulin (CaM) recover
channel activity from the run-down in
guinea-pig cardiac myocytes. Because the
potency of the CSL repriming effect was
smaller than CaM, we hypothesized that CSL
might act as a partial agonist of CaM in the
channel-repriming effect. To examine this
hypothesis, we investigated the effect of the
competitions between CSL and CaM on
channel activity and on binding in the
channel. We found that CSL suppressed the
channel activating effect of CaM in a
reversible
and
concentration-dependent
manner. The channel inactivating effect of
CaM seen at high concentrations of CaM,
however, did not seem to be affected by CSL.
In the GST pull-down assay, CSL suppressed
binding of CaM to GST-fusion peptides
derived from C-terminal regions in a
competitive manner. The inhibition of CaM
binding by CSL was observed with the IQ
peptide, but not the PreIQ peptide, which are
CaM-binding domain in the C-terminus. The
results are consistent with the hypothesis that
CSL competes with CaM as a partial agonist
for the site in the IQ domain in the
C-terminal region of the Cav1.2 channel,
which may be involved in activation of the
channel.

under artificial respiration. The dissected heart
was mounted on a Langendorff apparatus and
perfused with Tyrode solution for 3 min at 37°C,
nominally Ca2+-free Tyrode solution for 5 min,
Tyrode
solution
containing
Ca2+-free
collagenase (0.08 mg/ml; Yakult, Tokyo, Japan)
for 9 to 15 min, and finally washed out with a
high-K+ and low-Ca2+ storage solution. The left
ventricular myocytes were dispersed and filtered
through a stainless-steel mesh (105 µm). Then,
isolated myocytes were treated with storage
solution containing alkaline protease (Nagase
NK-103, 0.03 mg/ml; Katayama, Osaka, Japan)
and DNase I (type IV, 0.02 mg/ml;
Sigma-Aldrich, St. Louis, MO, USA) for 3 min
at 37°C, and washed twice with storage solution
followed by centrifugation at 800 rpm for 3 min.
The isolated cells were stored at 4°C in storage
solution until use in the experiments.
Experiments were carried out after approval was
received from the Committee of Animal
Experimentation, Kagoshima University, Japan.
Solutions- Tyrode solution contained (in mM):
135 NaCl, 5.4 KCl, 0.33 NaH2PO4, 1 MgCl2, 5.5
glucose, 1.8 CaCl2 and 10 Hepes-NaOH buffer,
pH 7.4. Storage solution contained (in mM): 70
KOH, 50 glutamic acid, 40 KCl, 20 KH2PO4, 20
taurin, 3 MgCl2, 10 glucose, 10 Hepes and 0.5
EGTA-buffer, pH 7.4 (with KOH). Pipette
solution contained (in mM): 50 BaCl2, 70
tetraethylammonium (TEA)-Cl, 0.5 EGTA,
0.003 Bay K 8644 and 10 Hepes-CsOH buffer,
pH 7.4. The basic internal solution (I.O.
solution) contained (in mM): 120 potassium
aspartate, 30 KCl, 1 EGTA, 0.5 MgCl2, 0.5
CaCl2 (free [Ca2+] = 80 nM) and 10 Hepes-KOH
buffer, pH 7.4.
Patch-clamp and data analysis- Ca2+ channel
activity was monitored using the patch-clamp
technique. The myocytes were superfused with
I.O. solution. Channel activity was elicited by a
depolarizing pulse from a holding potential of
-70 to 0 mV for 200 ms at a rate of 0.5 Hz with
a patch-clamp amplifier (EPC-7; List,
Darmstadt, Germany). The current signals were

EXPERIMENTAL PROCEDURES
Preparation of single cardiac myocytesVentricular cells were obtained from adult
guinea-pig hearts. Female guinea-pigs (350-600
g) were anaesthetized with sodium pentobarbital
(30 mg/kg, I.P.), and the aorta was cannulated
2
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also mediated by CaM. In our previous studies,
we have found that CaM enhances (facilitation)
and then inhibits (inactivation) channel activity
of
the
Cav1.2
channels
(in
a
concentration-dependent manner) in the
inside-out patch mode (13), in which the
channel shows no activity without CaM (i.e.,
run-down). Although a central role for CaM in
the Ca2+-dependent regulation of Cav1.2
channels is widely accepted, the molecular basis
for these effects is yet to be established.
The effect of CSL on the activity of the
Cav1.2 channel in the inside-out mode is small
(~30% of control activity seen in the preceding
cell-attached mode), while that of CaM is much
larger (> 100% of control). This finding led us
to hypothesize that CSL might act as a partial
agonist of the CaM-binding site, which is
involved in the repriming or facilitation of the
channel. In general, a partial agonist can bind
and activate a given receptor but with partial
efficiency relative to a full agonist. However,
the partial agonist acts as a competitive
antagonist in the presence of a full agonist. To
test this hypothesis, we compared the effects of
CSL with those of CaM on Cav1.2 channels,
and investigated a functional relation between
CSL and CaM in the inside-out patch mode in
guinea-pig ventricular myocytes. Then, we
explored the binding sites of CSL and CaM on
the channel using a pull-down assay with
GST-fusion peptides of the α1C subunit of the
channel. We found that CSL regulate the
channel activity in a manner consistent with a
partial agonist of CaM, and that the binding site
locates in the IQ region of the C-terminal tail of
the Cav1.2 channel.

suspension was treated with lysis buffer
(Tris-buffer containing 0.1 mg/ml lysozyme and
5 mM DTT) for 30 min. In the case of the α1C
fragments, in particular CT1 due to its limited
solubility, the bacterial precipitates were treated
with 1.5% n-lauroylsarcosine (Sigma-Aldrich)
for 30 min (16, 17). The mixture was sonicated
at 50% output with an ultrasonic homogenizer,
NR-50M (Microtec Nition, Funabashi, Japan)
for 1 min and 20 sec rest, seven cycles. After
treating with 1% Triton X-100 for 30 min, the
lysate was separated by centrifugation at 12,000
rpm for 20 min, and then the supernatant was
incubated with Glutathione Sepharose 4B
(GS-4B; GE Healthcare) for 4 h. Bound fusion
proteins were extensively washed with
nominally Ca2+-free I.O. solution (pH 8.0), and
GST was removed by PreScission Protease (GE
Healthcare). All steps were performed on ice or
at 4°C. The content of purified CSL and CSD1
was estimated by the Bradford method using a
protein assay kit (Pierce, Rockford, IL, USA)
and BSA (Pierce) as a standard. CaM
concentration was determined by extinction
coefficient at 276 nm (E276) of 0.18
(mg/ml)-1cm-1 or the Bradford methods using
authentic CaM (Sigma-Aldrich) as a standard.
The purity of yields was confirmed by
densitometry on SDS-PAGE gels.
GST pull-down assay- Fusion peptides
corresponding to intracellular regions of α1C at
saturating concentrations (2-4 µg) were
immobilized on GS-4B. Each peptide was
incubated with CSL, CaM or both in 100 µl of
I.O. solution with 80 nM or 1 mM Ca2+, for 3 h
at 4°C with agitation. Then, these reaction
mixtures were washed twice with two volumes
of the same buffer, and centrifuged at 5,000 rpm
for 1 min at 4°C. Bound CSL/CaM and α1C
peptides were resuspended in SDS sample
loading buffer at 50°C for 5 min and separated
on 12% SDS-PAGE gel. Proteins were
visualized by Coomassie brilliant blue R
staining. Protein amounts were quantified by
scanning with the Photoshop software (Adobe,
3
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filtered at 1-1.5 Hz and fed to a computer at a
sampling rate of 3.3 kHz, where the capacity
and the leakage currents were subtracted
digitally. The NPo value was used to represent
the channel activity, where N is the number of
channels in the patch and Po is the
time-averaged open-state probability of the
channels at each depolarizing pulse. NPo was
calculated based on the equation NPo = I/i,
where I was the mean current during the 5-105
ms period after the onset of the test pulses, and i
was the unitary current amplitude. In each
experiment, basal activity was recorded in the
cell-attached mode for 2 min, and then in the
inside-out patch mode. Test solutions were
applied by moving the patch into a small inlet of
the perfusion chamber, which was connected to
a microinjection system. Data are presented as
mean ± S.E. (number of observations). Student’s
t-test was used to estimate the statistical
significance.
Fusion peptide Constructs- The coding
sequence of CSL (amino acids: aa 3-148) and
calpastatin domain 1 (CSD1, aa 151-279) were
subcloned from a human CS cDNA (sequence
identical to GenBank Accession Number
D16217) (14), and a human CaM sequence (aa
3-149) was cloned from HEK 293 cDNA.
Eleven constructs encoding the cytoplasmic
regions of α1C (See Fig. 3A) were generated by
PCR based on guinea-pig cDNA (GenBank
Accession Number AB016287) (15) and
inserted into pGEX6p-3 (GE Healthcare,
Piscataway, NJ, USA) as a GST-fusion peptide.
The identity of all constructs was confirmed by
DNA sequencing prior to use in experiments.
Purification of recombinant GST-fusion
Peptides- Vectors were transformed into the E.
coli BL21 (DE3) strain (Stratagene, La Jolla,
CA, USA) and bacteria were cultured to an
OD600 of 0.8. Expression of GST-fusion peptides
was
induced
by
1
mM
isopropyl
β-thiogalactopyranoside (IPTG) for 4 h at 37°C.
Next, bacteria were resuspended in Tris-buffer
(50 mM Tris, pH 8.0, and 150 mM NaCl). The

where α is the efficacy of CSL as a partial
agonist of the CaM F site, and Kdl and nl denote
[CSL] producing 50% of the maximum effect
and an apparent Hill’s coefficient, respectively.
The channel activity in the presence of both
CaM and CSL was fitted with the equation:

San Jose, CA, USA), and optical density was
analyzed by software Image J (NIH, Bethesda,
MD, USA). The standard curves were generated
with authentic BSA [E286 = 0.66 (mg/ml)-1cm-1;
Pierce], CaM [E276 = 0.18 (mg/ml)-1cm-1;
Sigma-Aldrich] and GST [E280 = 1.69
(mg/ml)-1cm-1]. We measured that relative
optical densities of the same amount of CaM
and GST on the gel in reference to BSA were
0.59 and 0.80, respectively. The contents of
GST-fusion peptides were calculated using the
standard curve for GST, assuming similar E
values. Data were presented as mean ± S.E.
(number of observations). Student’s t-test and
Dunnett’s test were used to estimate the
statistical significance.
Curve-fitting and analysis derived from a
simplified model- We have hypothesized that
α1C has at least two CaM binding sites: one for
the facilitatory (F) and the other for the
inhibitory (I) effects (13). Thus, channel activity
(A) including the overall effect of CaM would
be:
A = A max ⋅ F ⋅ I (0 ≤ F, I ≤ 1)
(Eq. 1),
where Amax is the maximum value of A at F = I =
1. The effects of CaM were fitted with a
modified Hill’s equation:

(Eq. 4),
using the DeltaGraph software (Red Rock
Software, Salt Lake City, UT, USA).
In the pull-down assay, bound ligand (CaM or
CSL; denoted as Y) for the one-site model was
expressed by the following Hill’s equation:
Y = B max⋅

A = A max ⋅ α ⋅

(Eq. 2),

RESULTS
Calpastatin domain L suppresses Cav1.2
channel activity in the presence of calmodulin.
To explore the functional regulation of the
channel, we measured its activity using an
electrophysiological technique (Fig. 1 shows a
representative experiment). After inside-out
configuration, Ca2+-channel activity was
significantly diminished in 1 min (run-down;
data not shown). In this experiment, test solution
was applied within 1 min to prevent the
complete run-down. Calpastain domain L (CSL)
and calmodulin (CaM) reprimed channel
activity from the run-down state as described in
previous studies (2, 4, 13, 19-21). We used 10

nl

⎛ [CS L ] ⎞
1+ ⎜
⎟
⎝ Kdl ⎠

(Eq. 5),

where Bmax is the maximum binding, X is total
amount of ligand, and Kd is an apparent
dissociation constant. In the case of the
two-binding-site model, a sum of two Hill’s
equations was used assuming independent
binding. The value of Y can be obtained from
the solution to the cubic equation and was
analyzed by the Kell Ligand program (Biosoft,
Cambridge, UK) (18).

where Kdf and nf denote the concentration of
CaM, [CaM], producing 50% of the maximum
effect and an apparent Hill’s coefficient,
respectively, and Kdi and ni denote [CaM]
producing 50% of the inhibitory effect and an
apparent Hill’s coefficient, respectively. The
repriming effect of CSL on Cav1.2 channel
activity (A) was fitted with the following Hill’s
equation:
⎛ [CS L ] ⎞
⎜
⎟
⎝ Kdl ⎠

( X −Y )
Kd + ( X −Y )

(Eq. 3),
nl

4
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nf
⎛ [CaM ] ⎞
⎟⎟
⎜⎜
Kdf ⎠
1
A = A max⋅ ⎝
⋅
nf
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⎛ [CaM ] ⎞
⎛ [CaM ] ⎞
1+ ⎜
⎟
⎟⎟
1 + ⎜⎜
⎝ Kdi ⎠
⎝ Kdf ⎠

nf
nl
⎛ [CaM ] ⎞
⎛ [CSL ] ⎞
⎜⎜
⎟⎟ + α ⋅ ⎜
⎟
Kdf ⎠
1
⎝ Kdl ⎠
A = A max⋅ ⎝
⋅
nf
ni
nl
⎛ [CaM ] ⎞
⎛ [CaM ] ⎞
⎛ [CSL ] ⎞
1+ ⎜
⎟⎟ + ⎜
⎟
1 + ⎜⎜
⎟
⎝ Kdi ⎠
⎝ Kdl ⎠
⎝ Kdf ⎠

channel.
Concentration-dependent
effects
of
calpastatin domain L and calmodulin. To
examine our hypothesis, we investigated the
concentration-dependent effects of CSL and
CaM.
First,
we
plotted
the
concentration-response curves of CSL and CaM.
Channel activity was recorded in the inside-out
patch mode, and expressed as relative values
normalized by the basal activity recorded in the
preceding cell-attached mode. Fig. 2Aa shows
the [CSL]-activity relationship (open circles, n =
4-5), which was fitted by equation 3 (in
Experimental Procedures). It was apparent that
the maximum effect of CSL was 25% of the
control. This result is consistent with our
previous report (2). The [CaM]-activity
relationship (Fig. 2Ba, open circles, n = 4-10)
had a clear bell-shaped curve. The data were
fitted by equation 2 (in Experimental
Procedures). Channel activity appeared at 0.04
µM CaM, reached 100% at 0.6 µM, and peaked
at around 3 µM (~150% of control). Further
increase in CaM decreased channel activity
toward null activity. These results are consistent
with our previous experiments (13, 19). From
the maximum effects of CSL and CaM, the
value of α was estimated as 0.14.
We
then
examined
the
concentration-dependent effect of CSL on
channel activity in the presence of 1.22 µM
CaM (Fig. 2Ab, filled circles; n = 4-10). CSL
suppressed the repriming effect of 1.22 µM
CaM in a concentration-dependent manner with
an IC50 of ~2 µM, and a maximum inhibition to
~20% of control at > 5 µM. The relationship
was fitted by equation 4 (in Experimental
Procedures). These values were comparable to
those obtained with either CSL or CaM alone.
We also examined the concentration-dependent
effect of CaM in the presence of 10 µM CSL
(Fig. 2Bb, filled circles; n = 4-5). We noted that
the facilitatory effect of CaM (< 3 µM) was
markedly suppressed, whereas the inhibitory
effect did not seem to be affected. The data was
5
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µM CSL and 1.22 µM CaM, which were
sub-maximum
concentrations
for
the
channel-repriming effects, together with 3 mM
ATP in all the inside-out patch experiments. ATP
was necessary to induce channel activity (19, 22,
23). In the previous studies, it has been reported
that ATP supports channel activity by a
mechanism
independent
of
protein
phosphorylation but not fully understood (22,
23). CSL recovered channel activity at the early
transient phase, lasting for about 2 min after
treatment, to 29.3% of that recorded in the
cell-attached mode (control), and to 2.1% of the
control at the late phase (Fig. 1Aa) (20).
Addition of CaM to a channel pre-activated by
CSL increased the activity only to 5.4% of the
control (Fig. 1Ab), which was markedly smaller
than the effect expected with CaM alone (Fig.
1Bb). After CSL wash-out, the channel activity
increased to 41.3% of the control (Fig. 1Ac),
suggesting that CSL had an antagonistic effect
on the CaM action to reprime channel activity.
In another experiment, CaM was applied to the
channel first, which recovered the channel
activity to 117.0% of the control (Fig. 1, Ba and
Bb) and the effect was maintained stably for
longer than 10 min (19). Then, addition of CSL
to the CaM-pre-activated channel conversely
suppressed channel activity to 16.5% of the
control, and this effect was repeatable (Fig. 1Bc).
We confirmed that the inhibitory effect of CSL
on the CaM-induced channel activity was seen
even in the presence of protein kinase inhibitors
KN-93 and K252a (Supplemental Fig. S1),
excluding a possible involvement of protein
kinases in the CSL effect.
These results suggest that there might be a
competition between CaM and CSL for the
binding to some region of the channel. CSL
alone has a partial repriming effect on channel
activity. On the other hand, it has an inhibitory
effect on channel activity in the presence of
CaM. Based on these findings, we hypothesized
that CSL acts as a partial agonist of the
CaM-binding repriming (facilitatory) site of the

GST-fusion CSL peptide (Fig. 3B and C). As
previously reported (18), in the absence of Ca2+
(in the presence of 5 mM EGTA), it was
difficult to detect CaM binding to any
GST-fusion peptide (data not shown).
In this study we confirmed the report that
three peptides, NT, LI-II and CT1, interact with
CaM (24), except that the binding to LI-II was
weak and not statistically significant. We
attempted to analyze the stoichiometry of CaM
binding with these peptides in two [Ca2+]
conditions, 80 nM (a resting [Ca2+] level in the
myocytes) and 1 mM (a saturating [Ca2+] level).
In 1 mM Ca2+, CaM binding to the three
peptides was detected with a wide range of
[CaM] as illustrated in Fig. 3D (upper graph).
The curve-fitting analysis suggested that CaM
bound to NT (open circles; n = 4-9), and to LI-II
(open triangles; n = 4-5). CaM binding to CT1
was better fitted with a two-site model (open
squares; n = 4-9). As a result, 1.94 mol/mol
CaM (Bmax1 + Bmax2) was estimated to bind with
CT1. On the other hand, as previously reported
(25), CaM-binding at 80 nM Ca2+ was much
lower than at 1 mM Ca2+ (Fig 3D lower graph; n
= 4-10). Nevertheless, we could estimate the
ranking of the Kd values: CT1 < NT < LI-II.
This tendency was similar to that found at the
high [Ca2+] condition (18). The parameter values
analyzed from the theoretical curves of CaM
binding to NT, LI-II, CT1 and IQ are
summarized in Table II. These results supported
the view that CaM bound to both N-terminal
and proximal C-terminal regions of α1C, and
that more than one molecule of CaM could bind
the C-terminal region, at least in high [Ca2+]
conditions.
Calpastatin domain L suppresses calmodulin
binding to the C-terminal peptides of the Cav1.2
channel. Finally, we investigated the effects of
CSL on the binding of CaM to the GST-fusion
peptides of α1C, i.e., NT, CT1, CT1B, PreIQ
and IQ. Binding of CaM (in 1 µM of total
[CaM]) to these peptides in the absence or
presence of 10 µM CSL was compared using the
6
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fitted by equation 4 (in Experimental
Procedures). Again, these values were not much
different from those obtained with either CSL or
CaM alone. The parameter values to fit the
theoretical curves are summarized in Table I.
These results are consistent with the hypothesis
that CSL interacts with CaM as a partial agonist
at the CaM-repriming site, presumably located
within the Cav1.2 channel. The inhibitory effect
of CSL was also seen in the whole-cell Ca2+
current recorded from intact myocytes
(Supplemental Fig. S2).
Calmodulin can bind to the N-terminal and
C-terminal peptide of Cav1.2 channel. As
shown in Fig. 3A, we prepared seven constructs
of GST-fusion peptides of the α1C intracellular
domains: N-terminus (NT), cytosolic linker
between channel domains I and II (LI-II),
domain II to III linker (LII-III), domain III to IV
linker (LIII-IV) and three C-terminal regions,
proximal (CT1), middle (CT2) and distal (CT3).
Because the CT1 region contains important
regulatory domains, such as the EF-hand-like
Ca2+-binding motif (EF) and two CaM-binding
domains (PreIQ and IQ), four constructs related
to CT1 were prepared: CT1A (EF + PreIQ),
CT1B (PreIQ + IQ), PreIQ and IQ. The
GST-fusion
peptides
immobilized
to
glutathione-Sepharose beads were mixed with
CaM and 1 mM Ca2+, and then bound CaM was
analyzed on SDS-PAGE (Fig. 3B). CaM bound
markedly to NT and CT1, and weakly to LI-II
and CT2, whereas its binding to LII-III, LIII-IV
and CT3 was minimal. Furthermore, CT1B,
PreIQ and IQ were also found to bind to CaM
(example shown in Fig. 4A). Fig. 3C
summarizes the pull-down assay results. CaM
significantly bound to five peptides: NT, CT1,
CT1B, PreIQ and IQ (p < 0.001 compared with
CaM-GST binding, n = 3-8) and weakly to three
peptides: LI-II, CT2 and CT1A, although not
statistically significant. On the other hand, CaM
binding to LII-III, LIII-IV and CT3 was
negligible. We also confirmed that there was no
binding between CSL and CaM using a

(n = 10). It was difficult to examine the
CaM-CSL competition for the IQ peptide at 80
nM Ca2+ in the pull-down assay, due to a low
affinity between IQ and CaM. However, we
confirmed obvious CaM binding to the IQ
peptide at 80 nM Ca2+, and a concentrationdependent inhibition by CSL of the CaM
binding to the IQ peptide in native PAGE
(gel-shift assay; Supplemental Fig. S3). As
expected, the inhibitory effect of CSL was much
stronger at 80 nM than at 1 mM Ca2+
(Supplemental Fig. S3C).
DISCUSSION
Dual CaM effects on channel activity. CaM
has been suggested to mediate both
facilitation
(CDF)
and
Ca2+-dependent
inactivation (CDI) of Cav1.2 channels (7-11).
Our previous studies have revealed that CaM
reprimes the channels in a run-down state in
inside-out patches (13, 19, 21). Furthermore, an
inhibitory effect of CaM on channel activity has
been found at high [CaM], indicating that CaM
can manifest both facilitatory and inhibitory
effects in the inside-out mode. The fact that
these CaM effects are Ca2+-dependent, implies
that the effects may reflect those seen in CDF
and CDI in intact myocytes (13, 19, 21). In this
study, we confirmed the dual CaM effects on
channel activity, and provided further support
for the view that CaM interacts dynamically
with the channel, thereby regulating basal
activity and mediating CDF and CDI in cardiac
myocytes.
CSL is a partial agonist. Calpastatin (CS)
has been known as the specific inhibitor of
calpain. In addition, domain L of CS (CSL) can
reprime the activity of Cav1.2 channels from
run-down (3, 20, 26). This effect is specific to
CSL, as demonstrated by the findings that a
synthetic calpain inhibitor has no effect on the
channel (26), and that CSL peptides, but not
CSD1, reproduced the same effect (2, 4). In this
study, we examined an interrelation between
7
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pull-down assay. As shown in Fig. 4A (upper
gel), while CaM binding to NT, CT1, CT1B and
PreIQ tended to be only slightly reduced, CaM
binding to IQ was clearly reduced in the
presence of CSL. The binding of CaM to CT1A ,
examined as control, was negligible. The
densitometric analysis revealed that the
reduction in CaM binding to IQ by CSL was
about 40% (Fig. 4B). This effect was thought to
be specific to CSL, because 10 µM CS domain 1
(CSD1) produced negligible or no effect (Fig.
4A, lower gel). We also performed similar
experiments with 10 µM CaM, and obtained
essentially the same results. The summary of the
densitometric analysis with 1 and 10 µM CaM is
shown in Fig. 4B. CaM binding to IQ was
significantly suppressed by CSL (p < 0.01 at 1
µM and p < 0.001 at 10 µM CaM vs. GST-NT).
Although 10 µM CSL reduced CaM binding to
NT, CT1, CT1B and PreIQ by 10-20%, this
effect was considered as a non-specific effect of
CSL. We further analyzed the competition
between CSL and CaM for the binding to NT,
CT1 and IQ peptides at various [CaM]. Fig. 4C
shows concentration-dependent CaM binding to
NT at 1 mM Ca2+ in the presence of 10 µM CSL.
CaM binding was not significantly affected by
CSL compared with the binding in the absence
of CSL (broken line) at total [CaM] higher than
1 µM. However, CaM binding to CT1 at 1 mM
Ca2+ showed a small but significant rightward
shift by CSL (Fig. 4D), suggesting the existence
of a CaM-CSL competition to the CT1 peptide.
This tendency was more pronounced with the IQ
peptide (Fig. 4E): CSL shifted the
concentration-binding curve, changing the
apparent CaM Kd value from 1.72 to 5.81 µM.
We also examined the competition between CSL
and CaM for binding to the CT1 peptide at 80
nM Ca2+. The CaM-binding curve for CT1 at 80
nM Ca2+ was largely shifted rightward by CSL,
changing the apparent CaM Kd value from 0.66
to 5.22 µM (Fig. 4F). The reduction of CaM
binding by 10 µM CSL was 67.2±13.1% at 1.22
µM CaM (n = 5) and 29.2±7.6% at 10 µM CaM

with CaM only for the IQ site.
In the patch-clamp experiments of this study,
Kd values of CSL and CaM for channel
activation were estimated at 0.7 µM and 0.5 µM,
respectively (Fig. 2), supporting the view that
CaM had approximately 1.5-fold higher affinity
than CSL for the ‘putative’ activation site.
Amino acid sequence analysis showed that there
is no homologues sequence between CSL and
CaM. CSL probably has no α-helix region and
no other secondary structure as suggested by in
silico analysis (4). Thus, it is difficult to
speculate on the structural basis for CSL binding
with the CaM site. Nevertheless, CSL provides a
useful tool for investigating the ‘putative’
CaM-activation site in the Cav1.2 channel.
CaM-mediated regulation of Cav1.2 channel.
Although CaM has been known to interact with
the α1C subunit during CDF and CDI, it is still
unclear how and to which of the various CaM
binding regions it associates. Many reports have
identified important roles for the C-terminal
regions in CDF and CDI. Three regions in the
C-terminus have been reported to be involved in
CDF (31) and CDI (8, 11, 17, 32-34):
EF-hand-motif like region, PreIQ and IQ region.
Although the latter two regions can bind with
CaM at high [Ca2+], a number of studies have
failed to detect CaM binding under low [Ca2+]
conditions (17, 28, 35). It has also been reported
that a Ca2+-insensitive CaM mutant hardly binds
to the C-terminal peptides (9, 31, 36) or to the
IQ peptide (3, 9). On the other hand, some
reports suggested that CaM binds to the Pre-IQ
(3) and IQ peptides (10, 31) independently of
Ca2+. Thus, it still remains to be answered
whether CaM is tethered to or constitutively
integrated with the C-terminal region or not. In
the present study, we observed a weak but
consistent binding of CaM (Kd ~0.7 µM) to the
proximal C-terminal region (CT1) at a low
[Ca2+] compared with a relatively tight binding
at a high [Ca2+] (Kd ~0.2 µM). This result is
consistent with the electrophysiological
observation that the channel-repriming effect of
8
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CaM and CSL in the regulation of Cav1.2
channels, and obtained several new findings.
First, although CaM and CSL showed similar
effects in producing channel activity in the
run-down channels, the maximum effect of CSL
was only 14% of the CaM effect. The
concentration-dependent effects of CSL could
be fitted with a Hill’s equation (Fig. 2, open
circles) by introducing an efficacy factor of 0.14
(equation 4 in Experimental Procedures).
Second, the effects of CSL and CaM were not
simply additive, but CSL suppressed the effect
of CaM in a concentration-dependent manner
(Fig. 2, filled circles). Third, unlike CaM, CSL
by itself did not show an inhibitory effect on
channel activity at high concentrations (> 10
µM). These results strongly suggest that CSL
may be a partial agonist of the CaM-activation
site in the channel, and compete with CaM over
this site.
CSL binding site in the channel. Previously,
we explored the possible CSL binding site in the
channel using the pull-down method (5). It has
been found that, in the 1 mM Ca2+ condition,
CSL does not bind to NT, LI-II, LII-III, LIII-IV,
CT2 or CT3, but only to the CT1 peptide.
Further analysis has revealed that the binding is
confined to the IQ, but not to the PreIQ region.
In this study, we confirmed that CaM binding to
the IQ domain in the C-terminal proximal region
was competed by CSL in the pull-down assay
(Fig. 4E) and in the gel-shift assay
(Supplemental Fig. S3). A direct binding
between CaM and CS was excluded by the
experiments, in which no specific binding
between CaM and CS was detected with the
SPR assay (27) and the GST pull-down assay
(Fig. 3). Thus, these data are in accordance with
the patch-clamp experiments, which suggested
that the C-terminal proximal region of α1C is a
target site for a modulatory effect by
endogenous CS (3). It has been suggested that
CaM can bind to both PreIQ and IQ at the same
time (18, 28-30), which is also supported by this
study. It is interesting to note that CSL competes

suggesting that these regions could not be the
CaM-binding sites that produce the basal
activity of the channel. Instead, it is possible
that these regions, in particular the N-terminal
region, serve as a CaM-interacting site for CDI
(24, 36). Alternatively, both N-terminal and
C-terminal might collaborate with CaM to
trigger CDI. The function of CaM binding to
LI-II is largely unknown, although this region
was also suggested to be involved in CDI (9,
11).
Ca2+-dependence of channel activity. The
location of the Ca2+-binding sites for CDF and
CDI requires some discussion. Both the
facilitatory and inhibitory actions of CaM on the
Cav1.2 channel in cell-free patches are
Ca2+-dependent, indicating that the responsible
Ca2+-binding sites are in the EF-hand regions of
CaM (13, 19). This is supported by studies
showing that a Ca2+-insensitive CaM mutant
loses Ca2+-dependence at its major component
of action (13, 21). Ca2+-dependent binding of
CaM to peptides containing PreIQ and/or IQ
peptides has been reported in many studies (7,
9-11, 17, 31, 33, 35), and confirmed in this study.
In addition, it has been suggested that
Ca2+/CaM-dependent activation of CaMKII, and
thereby phosphorylation of Cav1.2 channels,
underlies CDF (12). We believe that both
mechanisms, direct action of CaM on the
channel and phosphorylation of the channel by
CaMKII, take place during CDF in intact
myocytes. On the other hand, Hofer et al.
showed that Cav1.2 channel activity was
inhibited by Ca2+ with an IC50 of ~4 µM and a
Hill’s coefficient of ~1 (39), leading to the
proposal that Ca2+ may act directly on the
channel’s inactivation site (16, 40), on a
one-to-one molecular basis (33, 36, 39). We
have also observed that channel activity induced
by the Ca2+-insensitive CaM mutant still showed
a Ca2+-dependence with a relatively low affinity
for [Ca2+] (13). Whether this putative
Ca2+-binding site is in the EF-hand region (17)
or somewhere downstream of the EF-hand
9
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CaM is Ca2+ dependent: EC50 value was smaller
at lower [Ca2+] (13). We hypothesized that CaM
is not permanently tethered to the Cav1.2
channel, but dynamically interacts with the
channel depending on CaM and Ca2+
concentrations (13, 18, 19, 21). The results of
this study further support this hypothesis.
Deletion of the EF hand region (8) or
mutations in the PreIQ (33) or IQ regions (8, 10,
17, 24, 31, 32) eliminated CDI. Gel-shift assay
and FRET analysis have revealed that the
interaction of the PreIQ and IQ region peptides
with CaM is competitive (7), and peptides
including the PreIQ and IQ regions bind to CaM
with a 1:1 stoichiometry (7-9, 17, 25, 35, 37).
Thus, it has been suggested that one molecule of
CaM interacts with a site in the C-terminal
region (either PreIQ or IQ) of the Cav1.2
channel during CDI (38). We have suggested,
however, that more than one CaM molecule
binds to a peptide containing both the PreIQ and
IQ region, at least in the high [Ca2+] (18). In the
present study, we obtained a similar result with
the CT1 peptide. Binding of multiple CaM
molecules to the C-terminal region was further
supported by recent crystallographic studies (28,
29) and a thermodynamic analysis (30). Because
CaM affinity for the IQ region seems to be
higher than for the PreIQ region, we propose
that the first molecule of CaM may interact with
the IQ region to reprime the channel in a low
[Ca2+] and then, when [Ca2+] is increased, a
second molecule of CaM binds to the PreIQ
region, triggering CDI. Although there is little
evidence to support this idea, the finding that
CSL interacts with the IQ peptide is consistent
with this hypothesis. Thus, it would be helpful
to promote further studies on CaM-mediated
regulation of Cav1.2 channels.
In addition to the C-terminal tail of the
Cav1.2 channel, CaM has been reported to bind
with the N-terminal and the LI-II peptide (24,
36). Although CaM binding to these regions was
confirmed in this study, the affinities of these
regions for CaM seemed lower than that of CT1,
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FIGURE LEGENDS
Fig. 1. CSL suppresses the effect of CaM on the Cav1.2 channel. A. The open-state probability of
the channels for each depolarization pulse (0.5 Hz) was measured as NPo value and plotted against
time. After NPo recording in the cell-attached mode, an inside-out patch (I.O) was initiated as
indicated by an arrow. Application of 10 µM calpastatin domain L (CSL) and 1.22 µM calmodulin
(CaM) together with 3 mM ATP are indicated by boxes (black and white, respectively). The
representative consequent current traces recorded at the time points indicated in the graph (a-c) are
shown below, in the presence of CSL (a), CSL + CaM (b) and CaM (c). B. Similar experiment to A,
except that first CaM was applied and CSL was applied in the presence of CaM. Representative
current traces recorded at the indicated time points (a-c) in the graph are shown below, for control
activity in the cell-attached mode (a), and in the presence of CaM (b) and CaM + CSL (c). Scale bars
for the current traces represent 50 ms and 1 pA.
Fig. 2. Concentration-dependent effects of CSL and CaM on Cav1.2 channels. A. Channel activity
(NPo) induced by CSL in the absence (open circles) and presence (closed circles) of 1.22 µM CaM
was normalized by control values (recorded in the cell-attached mode) and plotted against [CSL].
Data in the absence and presence of CaM were fitted by eqn. 3 (a) and eqn. 4 (b), respectively, with
parameters listed in Table I. B. Normalized channel activity induced by CaM in the absence (open
circles) and presence (closed circles) of 10 µM CSL was plotted against [CaM]. Data in the absence
and presence of CSL were fitted by eqn. 2 (a) and eqn. 4 (b), respectively, with parameters listed in
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Table I. Data are displayed as mean ± S.E. (n = 4-10). Significant differences compared at the same
concentrations are marked by * (p < 0.05) and ** (p < 0.01; Student’s t-test).

Fig. 4. CSL competes with CaM for its site. A. GST pull-down assay for CaM binding to the
peptides, NT, CT1, CT1A, CT1B, PreIQ and IQ, at 1 µM CaM and 1 mM Ca2+. CaM binding was
examined in the presence of 10 µM CSL (upper panel) or 10 µM CSD1 (lower panel). BSA (2 µg) and
CaM (1 µg) were run as standards. B. Summary of suppression of CaM binding by 10 µM CSL at 1
µM (open columns) and 10 µM CaM (filled columns). Data are displayed as mean ± S.E. (n = 5-9).
Significant differences vs. GST-NT (Dunnett’s test) are marked by ** (p < 0.01) and *** (p < 0.001).
C-F. Dose-dependent bindings of CaM to NT (C), CT1 (D) and IQ (E) at 1 mM Ca2+, and to CT1 at 80
nM Ca2+ (F) in the presence of 10 µM CSL. Data in molar ratio (CaM/GST-peptide) were plotted
against total [CaM] with mean ± S.E. (n = 4-10). Data were fitted to theoretical curves using Kell
software with parameters shown in Table II. For comparison, CaM-binding curves in the absence of
CSL were taken from Fig. 3D or measured (open symbols), and their fitted curves were superimposed
by broken lines. Significant differences to the value without CSL at each points (Dunnett’s test) are
marked by * (p < 0.05) and ** (p < 0.01).
Fig. 5. A hypothetical model for competitions between CSL and CaM on the Cav1.2 channel. A. At
low [Ca2+], CaM is mostly in the Ca2+-free form (apoCaM), and interacts with the IQ domain in the
C-terminus of the Cav1.2 channel, producing basal channel activity. CSL competes with CaM for the
site in the IQ domain. Interaction of CaM with NT, LI-II or PreIQ is minimal in this condition. B.
When [Ca2+] is increased, Ca2+-bound CaM (Ca2+/CaM) is formed and interacts with higher affinity
with the IQ domain, resulting in Ca2+-dependent facilitation. Further increase in [Ca2+] promotes the
interaction of Ca2+/CaM with NT and/or PreIQ, and possibly with LI-II, leading to Ca2+-dependent
inactivation. CSL does not interact with these regions and therefore does not affect the Ca2+-dependent
inactivation.
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Fig. 3. CaM binding to Cav1.2 channel peptides. A. Schematic drawing of fragment peptides of
Cav1.2 (α1C). Eleven peptides derived from the intracellular regions of the channel were constructed
as GST-fusion peptides, including NT, LI-II, LII-III and LIII-IV. The C-terminal domain was divided
into three parts as illustrated. CT1 contains regulatory regions (shown as boxes), Ca2+-binding
EF-hand-like motif (EF) and two CaM-binding domains (PreIQ and IQ). Fragments of CT1, i.e.,
CT1A, CT1B, PreIQ and IQ, were also prepared. B. GST pull-down assay for CaM-binding at 1 mM
Ca2+. GST-fusion peptides (~1 µM) were mixed with 1 µM CaM, and bound CaM was separated by
SDS-PAGE and stained with Coomassie brilliant blue. 2 µg BSA (66 kD) and 2 µg CaM (18 kD) were
run as standards. C. Summary of pull-down assay for CaM binding. Optical densities of bound CaM
were calibrated and displayed in arbitrary units with mean ± S.E. (n = 3-8). Significant differences are
marked by *** (p < 0.001; Dunnett’s test). D. Concentration-dependent binding of CaM to NT
(circles), LI-II (triangles) and CT1 (squares) at 1 mM Ca2+ (upper graph) and at 80 nM Ca2+ (lower
graph). Data in molar ratio (CaM/GST-fusion peptide) were plotted against total [CaM] with mean ±
S.E. (n = 4-10). Data were fitted to theoretical curves using Kell software with parameters shown in
Table II.

Table I
Parameter values for [CSL]- and [CaM]-dependent activity of the Cav1.2 channel.
Data shown in Fig. 2 were fitted by Eq. 2-4 (in Experimental Procedures) using DeltaGraph software.
To reduce the number of variables in the curve fitting, values of Kdl, nl and nf obtained in the fittings
of CSL data and CaM data were used as fixed values in other curve fittings (marked as *). The partial
agonist efficacy (α) was calculated from a ratio of the effects of CSL (Amax ) on CaM (Amax ·α) as 0.14,
and treated as a fixed value in further analysis. For further explanation, see Experimental Procedures.

Test solution

Kdl
(µM)
0.7
0.7 *

nl
1.6
1.6 *

0.7 *

1.6 *

Kdf
(µM)
0.3
0.5
0.5

nf

1.4 *
1.4
1.4 *

Kdi
(µM)

ni

7.4
6.4
6.4

3.7
3.0
2.8

Table II
Parameter values for CaM binding to GST-fusion peptides.
Data from the GST pull-down assay shown in Fig. 3 and 4 were analyzed based on Eq. 5 (in
Experimental Procedures) by Kell Ligand software. CaM binding to CT1 in 1 mM Ca2+ was fitted to a
two-site model, and expressed as a (Bmax1/Bmax2) and b (Kd1/Kd2). n.d denotes no data.
In 1 mM Ca2+
GST fusion peptide
NT
LI-II
CT1
IQ
In 80 nM Ca2+
GST fusion peptide
NT
LI-II
CT1

Bmax (mol/mol)
1.01
0.34
1.14 / 0.8 a
0.76

Kd (µM)
without CSL
0.42
0.54
0.23 / 17.84 b
1.72

Bmax (mol/mol)
0.28
0.16
0.37

with CSL
1.1
n.d
1.17 / 29.12 b
5.81

Kd (µM)
without CSL
4.58
4.74
0.66
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with CSL
n.d
n.d
5.22
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CSL
CSL with 1.22 µM CaM
CaM
CaM with 10 µM CSL

Amax
(%)
177
130
177
211
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