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Abstract. Although calmodulin binding to various sites of the Cav1.2 Ca2+ channel has been
reported, the mechanism of the interaction is not fully understood. In this study we examined
calmodulin binding to fragment channel peptides using a semi-quantitative pull-down assay.
Calmodulin bound to the peptides with decreasing affinity order: IQ > preIQ > I-II loop > N-terminal peptide. A peptide containing both preIQ and IQ regions (Leu1599 – Leu1668) bound with approximately 2 mol of calmodulin per peptide. These results support the hypothesis that two molecules of calmodulin can simultaneously bind to the C-terminus of the Cav1.2 channel and modulate
its facilitatory and inhibitory activities.
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Introduction

and Erickson et al. (11) have all reported that a region
between the EF-hand–like region and the IQ region, labeled peptide C (2), CB (9), or preIQ (12), binds with
CaM and is also involved in CDI.
Although the IQ and preIQ regions are involved in
CDI, it remains to be established how many molecules of
CaM are involved in the channel regulation. Mori et al.
reported that a single CaM interacts with the preIQ and
IQ regions and mediates CDI (13). However, a recent
crystallographic study provides evidence for multiple
units of CaM binding to the preIQ–IQ region of Cav1.2
(14). Thus, although CaM binding to the Cav1.2 channel
at multiple sites has been established, it is not fully understood how CaM interacts with the channel during
CDI.
CaM is also suggested to be involved in CDF of the
Cav1.2 channel. CaM might interact directly with the
channel to produce CDF (3, 12). However, there are
number of reports that suggest a critical role of channel
phosphorylation mediated by Ca2+/CaM-dependent protein kinase II (CaMKII) in CDF. Thus, further work
needs to be done to delineate the roles CaM plays during
CDF.
In this study, we have examined binding of CaM to the
intracellular binding regions of the Cav1.2 channel, including the preIQ and IQ regions in the C-terminal, I-II
intracellular loop, and the CaM-binding region in the
N-terminus (15, 16), by using a semi-quantitative pull-

The voltage-gated L-type Ca2+ channel is an essential
part of the signal transduction system in many cell types.
The channel is a heteromeric protein complex that occurs
in several subunit combinations. The Cav1.2 channel is
the predominant type in the heart and consists of the
pore-forming α1C subunit and auxiliary β and α2/δ subunits (1). The Cav1.2 channel is regulated by intracellular
Ca2+ that permeates through the channel, that is, Ca2+dependent inactivation (CDI) and facilitation (CDF).
These autoregulatory mechanisms are of critical importance for regulation of the electromechanical activity of
the heart and other essential physiological processes (2
– 4).
Several studies have implicated that calmodulin (CaM)
is tethered to the Cav1.2 channel and mediates the Ca2+
signals in CDI. Zühlke and Reuter have reported that
deletion of the IQ region, a consensus CaM-binding
motif in the C-terminal tail of Cav1.2, eliminates CDI
(1). Later studies have also supported the view that the
interaction of CaM with the proximal part of the C-terminal tail of the channel plays a prominent role in CDI
(1 – 8). Pitt et al. (2), Pate et al. (9), Romanin et al. (10),
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down method. We have found that approximately 2 mol/
mol CaM binds with the preIQ–IQ region with a relatively high affinity. These results are consistent with the
hypothesis that more than one molecule of CaM binds to
the C-terminal tail of Cav1.2 and mediates both CDF and
CDI. Possible conformations of the CaM/channel complex during CDF and CDI are discussed.
Materials and Methods
Preparation of fragment peptides of Cav1.2 channel and
CaM
The cDNAs of guinea-pig cardiac Cav1.2 channel
(Gen Bank AB016287) corresponding to the CaMbinding region in the N-terminus (NT or the N-terminal
spatial Ca2+ transforming element (16), Ala66 – Lys93), an
intracellular loop between repeat I and II (I-II loop, Phe437
– Asn553), the C-terminal preIQ region (Leu1599 – Asp1639),
IQ region (Tyr1648 – Leu1668), and a longer preIQ–IQ
peptide (Leu1599 – Leu1668) were inserted into the pGEX
vector (GE Healthcare, Uppsala, Sweden). Mutant fragments of the Cav1.2 channel were constructed using the
QuickChange site-directed mutagenesis and multisitedirected mutagenesis kits (Stratagene, La Jolla, CA,
USA). The corresponding peptides were expressed as
glutathione-S-transferase (GST) fusion proteins in E.
coli BL21, homogenized and solubilized with N-lauroylsarcosine sodium salt (1.5%; Sigma-Aldrich, St. Louis,
MO, USA), and isolated using glutathione-Sepharose 4B
beads (GE Healthcare). The purified peptides were
checked on SDS-PAGE and quantified by densitometry
using an authentic GST that had a molar extinction coefficient of 1.69 M−1·cm−1 at 280 nm.
A recombinant human CaM was expressed as a GSTfusion protein in a similar way to those mentioned above.
The GST region of fused CaM was removed by cleavage
using PreScission Protease (GE Healthcare). The expressed CaM was checked on SDS-PAGE and quantified
by the Bradford method (Pierce, Rockford, IL, USA)
using an authentic CaM that had a molar extinction coefficient of 0.18 M−1·cm−1 at 276 nm.
Binding assay
The interactions of CaM with the preIQ–IQ, preIQ,
IQ, I-II loop, and NT of Cav1.2 channel were examined
by a semi-quantitative pull-down assay. GST-fusion
fragments of the Cav1.2 channel (5 μg) were immobilized
on to glutathione-Sepharose 4B beads (GE Healthcare)
and incubated with CaM for 3 h at 4°C in 100 μl Tris
buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl,
and protease inhibitor cocktail (Roche, Mannheim, Germany) in the presence of 2 mM CaCl2. Then the beads
were gently washed two times with the same buffer

containing the nonionic detergent Tween 20 (0.05%,
Sigma-Aldrich), as previously described (7). Bound CaM
was eluted with 1× SDS sample buffer and applied to
15% SDS-PAGE. The binding of CaM to the peptides at
low [Ca2+] was too weak to analyze in a quantitative
manner.
Data analyses
Peptide bands in SDS-PAGE were digitized by a scanner, normalized by the densities of reference GST bands,
and quantified with the Image J software (distributed by
Dr. Wayne Rasband, NIH, USA) using non-linear calibration curves to calculate the mol/mol binding values of
CaM to the peptides. The non-linear calibration curves
were constructed with authentic CaM and GST. From the
law of mass action, bound [CaM] (Y) for the one-site
model is expressed by a Hill equation as follows:

Y = B max ∙

[CaM]F
+ NSB
K d + [CaM]F

(1)

, where the first term is the specific binding, denoted as
Bmax for the maximum binding, [CaM]F for the free CaM
concentration, and Kd for the dissociation constant. The
second term NSB, which was mainly nonspecific binding
of CaM to GST and the beads, was verified to be negligible in our experiments. Since [CaM]F is not known, it
is expressed by using total [CaM] (X) as:
Y = B max ∙

(X −Y )
Kd + ( X − Y )

(2)

Thus, Y can be expressed as:
b − b 2 − 4Bmax ∙ X

(3)
2
, where b = (Kd + Bmax + X). In the case of the two binding site model, in which we assumed independent binding, the equation is as follows:
Y=

Y = B max1 ∙

( X −Y )
( X −Y )
+ Bmax2 ∙
K d1 + ( X − Y )
K d2 + ( X − Y )

(4)

, where Bmax1, Kd1, Bmax2, and Kd2 denote Bmax and Kd for
the high and low affinity sites, respectively. Thus, Y
could be obtained from the solution to the cubic equation.
These equations were used to analyze the data via the
Kell Ligand program (Biosoft, Cambridge, UK).
Data are presented as the mean ± S.E.M. of at least
three separate experiments. Student’s t test and Dunnett’s
test were used to estimate statistical significance and P <
0.05 was considered to be significant.
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Results
CaM binds to the multiple binding sites in the Cav1.2
Ca2+ channel
It has been reported that CaM binds not only to the
C-terminal tail, but also to the I-II loop and the N-terminus
(Fig. 1A) (3, 14 – 16). Therefore, we first examined affinities of these regions for CaM using GST-fusion peptides encoding these portions in the semi-quantitative
pull-down assay. Figure 1B shows an example of the
pull-down experiment, in which various concentrations
of CaM (0.02 – 21.8 μM) were incubated with a fixed
concentration of GST-fusion fragment peptides at 2 mM
[Ca2+]. The binding of CaM to the GST-fusion preIQ or
IQ peptide increased with increasing [CaM]. In the control, CaM binding to GST was negligible (not shown).
CaM also bound to a longer fragment containing both the
preIQ and IQ regions in a concentration-dependent manner. On the other hand, CaM binding to the I-II loop or
NT (N-terminal CaM-binding region) was evident only
at higher concentrations, suggesting a lower affinity of
these regions for CaM.
The CaM bands in the gel was quantified by densitometry and data were analyzed by a computer program to
estimate the maximum binding (Bmax) and apparent dissociation constant (Kd) of CaM (see Materials and
Methods). Figure 1C shows a plot of bound CaM against
total [CaM] with fitted curves. The maximum binding
(Bmax) of CaM to the preIQ and IQ regions was approximately 0.6 and 1.0 mol/mol peptide, respectively. These
data fit to the curve with the single-site model better than
the two-site model. The Kd values were estimated as 0.13
and 0.07 μM, respectively. On the other hand, the data
for the preIQ–IQ region were fitted with the two-site
model providing a total Bmax (Bmax1 + Bmax2) of 1.8 mol/
mol and the Kd1 and Kd2 values were estimated as 0.23

100

Fig. 1. CaM binding to fragment peptides of the
Cav1.2 channel. A: Schematic illustration of the Cav1.2
channel. NT is the CaM-binding region in the N-terminus (ref. 16, shown as a box). EF-hand, preIQ, and IQ
regions are shown as boxes in the C-terminal tail. B:
GST-pull down assay for the peptides. A 5-μg sample
of a GST-fusion peptide (preIQ, IQ, preIQ–IQ, I-II
loop, or NT) was mixed with several concentrations of
CaM (0.02 – 21.8 μM) in 2 mM Ca2+ buffer, and bound
CaM was quantified by SDS-PAGE and densitometry.
Protein bands stained with Coomassie brilliant blue
(CBB) are shown. C: Bound CaM was plotted against
total [CaM] on a mol/mol basis.

and 1.42 μM, respectively. It should be noted that each
value of Bmax1 (0.6) and Bmax2 (1.2) might not be so reliable, although derived as the best fit, possibly due to data
variation or an interaction between the presumed two
sites. Nevertheless, these analyses suggested that the
preIQ–IQ region bound to two molecules of CaM,
whereas the preIQ and IQ regions bound to one CaM
molecule.
The binding to the I-II loop and NT peptides was associated with a much lower Bmax and could be fitted only
to the one-site model, albeit with lower accuracy. The Kd
values were estimated as 2.30 and >100 μM, respectively.
The estimated Bmax and Kd values are summarized in
Table 1. The results suggested that CaM bound to the
fragment peptides of the Cav1.2 channel in the following
order of decreasing affinity: IQ > preIQ > I-II loop > NT
in a one-to-one manner. On the other hand, the preIQ–IQ
peptide appeared to bind two molecules of CaM, presumably to the preIQ and IQ region at the same time. There
was a clear tendency that Bmax was negatively correlated
with Kd (Fig. 1C and Table 1), probably because partial
dissociation of the GST-peptide–CaM complex occurred
during the washing of the beads. Because of the low affinity values of the NT and I-II loop peptides, we did not
further investigate the binding of the NT and I-II loop
peptides with CaM.
CaM binding to the preIQ peptides
It has been reported that two regions in the C-terminal
portion in the preIQ region are important for CaM interaction, that is, 1611NEELRAIIKKIWKRTSMKLLDQV1633
(corresponding the amino acid sequence of guinea-pig
Cav1.2) (10) and 1614LRAIIKKIWKRTSMKLL1630 (9).
Related to these studies, Zühlke and Reuter (1) have reported that NE (Asn1611 – Glu1612) is important for CDI.
In addition, Soldatov et al. (17) have reported that
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LLDQV1633 also plays an important role in CDI. Based
on this information, we have made several mutations in
the preIQ region to explore the amino acids important for
interaction with CaM.
Figure 2A shows an example of CaM binding (with
total [CaM] of 6 μM at 2 mM [Ca2+]) to mutated preIQ
peptides: I1618D (I/D), E1612K (E/K) + I/D, and E/K +
I/D + LL1629-30RR (LL/RR). The CaM binding was
reduced in all mutants compared with that of wild-type,
and the quantified data are summarized in Fig. 2B. These
results indicated that all the mutations (E/K + I/D + LL/
RR) reduced the amount of CaM binding to preIQ and
that the reduction in the CaM binding reflected a decrease
in the affinity of the mutated preIQ for CaM. Thus, the
results supported the idea that these amino acid residues
were important for CaM–preIQ interaction.

Table 1. Dissociation constants (Kd) and maximum bindings (Bmax)
of fragment peptides of Cav1.2 channel for CaM binding
Site 1

Site 2

GST-peptides

Kd1
(μM)

Bmax1
(mol/mol)

Kd2
(μM)

Bmax2
(mol/mol)

IQ

0.07

1.00

–

–

preIQ

0.13

0.60

–

–

preIQ–IQ

0.23

0.60

1.42

1.20

I-II loop

2.30

0.20

–

–

NT

>100

0.05

–

–

Concentration-dependent binding of GST-fusion fragment peptides
derived from Cav1.2 channel with CaM was examined by a semiquantitative pull-down assay, quantified by densitometry on SDSPAGE, and the data were analyzed with a Kell Ligand program using
a model having either two (preIQ–IQ) or one (peptides other than
preIQ–IQ) binding site (see Materials and Methods).

CaM binding to the IQ peptides
In contrast to the preIQ region, many studies have investigated CaM binding to the IQ region. Peterson et al.
(7) reported biochemical evidence for Ca2+-dependent
CaM binding to the IQ motif. In addition, Zühlke et al.
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Fig. 2. CaM binding to mutated preIQ and IQ peptides. A:
GST-pull down assay for preIQ peptide. GST-fusion preIQ
peptide and its mutants (I/D, E/K + I/D, and E/K + I/D + LL/
RR) (5 μg each) were mixed with 6 μM CaM in 2 mM Ca2+
buffer, and bound CaM was quantified by SDS-PAGE and
densitometry. CBB-stained protein bands are shown. B:
Summary of the bound CaM to the preIQ peptide and its
mutants. Number of data points is shown in parentheses.
***P < 0.001, compared with the wild-type. C: GST-pull
down assay for the IQ peptide. GST-fusion IQ peptide and
its mutant (I/E) (each 5 μg) were mixed with 6 μM CaM and
bound CaM was quantified as in A. CBB-stained protein
bands are shown. D: Summary of the bound CaM to the IQ
peptide and its mutant. Number of data points is shown in
parentheses. ***P < 0.001, compared with the wild-type. E:
Illustration of the effects of mutations in the preIQ and IQ
peptides. Amino acid sequences of the preIQ and IQ peptides
are shown at the top. Locations of the mutations and their
residual CaM binding, relative to that of the wild-type, are
also shown.
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(5, 18) and Kim et al. (12) reported that a mutation of
Ile1653 to Glu (I1653E, I/E) in the IQ region inhibited CDI
and reduced CaM binding.
In this study, we re-examined the effect of the I/E
mutation on CaM binding to the IQ region. As shown in
Fig. 2C, the I/E mutation nearly completely abolished the
CaM binding (see also Fig. 2D), confirming that Ile1653 is
an important amino acid residue for the interaction between CaM and the IQ region.
The effects of mutations in the preIQ and IQ peptides
are illustrated in Fig. 2E. It is shown that a single mutation in the preIQ peptide produced a significant but relatively small reduction in CaM binding, whereas the I/E
mutation in the IQ peptide significantly decreased its
affinity for CaM.
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CaM binding to the preIQ–IQ peptides
There have been only a few reports about the binding
of CaM to the preIQ–IQ peptide (Leu1599 – Leu1668 that
covers both the preIQ and IQ regions) (14, 19). We found
that the preIQ–IQ peptide could bind to more than one
molecule of CaM (Fig. 1C and Table 1). To explore the
binding sites of CaM in this region, we performed a pulldown assay using GST-fusion preIQ–IQ peptides containing mutations that were examined in the short preIQ
and IQ peptides.
First, we examined the CaM binding with a peptide
mutated at 1601IKT1603 since this region has been reported
to be important for CDI (17). The CaM binding to the
preIQ–IQIKT/AAA, with total [CaM] of 6 μM and 2 mM
[Ca2+], was 82% of that for the wild-type, which was not
significantly different. In contrast, the mutation of Ile1618
to Asp (I/D) or Ile1653 to Glu (I/E) in the preIQ–IQ peptide
resulted in a significant reduction (45% or 36%, respectively) in the CaM binding. Mutations in two or more
regions, i.e., IKT/AAA + I/E, I/D + I/E, E/K + I/D + I/E,
and E/K + I/D + LL/RR + I/E, resulted in further reductions in binding, except for preIQ–IQIKT/AAA+I/E. The results are summarized in Fig. 3A. It should be noted that
although increasing the number of mutations reduced the
CaM-binding in a gradual manner, even the preIQ–IQE/
K+I/D+LL/RR+I/E possessed a CaM-binding of about 30% of
the wild-type.
As shown in Fig. 1C, a decrease in Bmax (Bmax1 + Bmax2)
in our pull-down assay may arise from an increased Kd
value, due to partial dissociation of the loosely bound
GST-peptide–CaM during the washing process. To explore this possibility, we examined binding between
CaM and the peptide preIQ–IQE/K,I/D,LL/RR,I/E at 0.02 – 20
μM [CaM]. As shown in Fig. 4, CaM bound to the mutant
peptide in a concentration-dependent manner, with a Kd
of 3.23 μM. This result suggested that although the quadruple mutations of the preIQ–IQ peptide reduced Bmax,

preIQ

IQ

Relative
binding
(% of wt)

100

Wild-type

82

IKT/AAA

55

I/D
I/E

64

I/E

70

I/D

I/E

49

E/K

I/D

I/E

47

E/K

I/D

I/E

29

IKT/AAA

LL/RR

Fig. 3. CaM binding to mutated preIQ–IQ long peptides. A: Summary of CaM binding to the preIQ–IQ peptide and its mutant. Number
of data points is shown in parentheses. **P < 0.01 and ***P < 0.001,
compared with the wild-type. B: Illustration of the effects of mutations in the preIQ–IQ peptide. Amino acid sequences of the preIQ and
IQ peptides are shown at the top. Locations of the mutations and their
residual CaM binding, relative to that of the wild-type, are also
shown.

the mutant peptide still possessed CaM-binding capability, albeit with a lowered affinity.
Discussion
In this study, we have explored the binding of CaM to
multiple binding sites in the Cav1.2 Ca2+ channel. The
Cav1.2 channel shows CDI and CDF and CaM is thought
to be involved in both (1 – 14 and see 20). Although
there are many reports on the CaM-binding sites responsible for CDI or CDF, models suggesting the conformation of the CaM-channel complex are diverse and remain
to be clarified.
Two molecules of CaM bind to the C-terminus of Cav1.2
channel
A number of reports suggest that CaM interacts with
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the preIQ–IQ peptide only eliminate about half of the
binding affinity to CaM (Fig. 3). Since short preIQ and
IQ peptides can bind with one molecule each of CaM, it
is reasonable to state that the longer preIQ–IQ peptide
binds with two molecules of CaM at the same time. This
idea is consistent with our hypothesis that CaM binding
to one site plays a role in CDF and the binding of the
second CaM to the other site triggers CDI (24).

2
1.8

PreIQ-IQ (wild-type)

1.6

PreIQ-IQ mutant
(E/K+I/D+LL/RR+I/E)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0.01

0.1

1

10

100

Total [CaM] (μM)
Fig. 4. Concentration-dependent binding of CaM to a multi-site
mutant of the preIQ–IQ peptide. GST-fusion preIQ–IQE/K+I/D+LL/RR+I/E
(5 μg) was mixed with 6 μM CaM at 2 mM [Ca2+] and bound CaM
was quantified as in Fig. 1. CaM bound to the mutant peptide is plotted against total [CaM] (closed circle). A best-fit curve was obtained
with the one-site model, rather than the two-site model, having a Kd of
3.23 μM and Bmax of 0.50. For comparison, CaM binding to the wildtype preIQ–IQ is shown by a broken line with Kd1 and Kd2 of 0.23 and
1.42 μM, respectively, and Bmax1 and Bmax2 of 0.6 and 1.2,
respectively.

the proximal C-terminal region including the EF-hand,
preIQ, and IQ in a Ca2+-dependent manner (12). The
amino acid sequence of the proximal C-terminal region
is nearly identical among species (21), implying an important role in the channel regulation. Pitt et al. have
suggested that the C-lobe of CaM interacts with the IQ
region and the N-lobe of CaM interacts with the preIQ
region (2). However, Dick et al. suggest that the N-lobe
of CaM does not interact with the preIQ region but interacts with a region in the N-terminus, making a bridge
between the N- and C-terminal tails of the channel (16).
Another line of evidence suggests that Ca2+/CaM-activated CaMKII interacts directly with the C-terminal tail or
mediates phosphorylation of the channel during CDF
(18, 20, 22). All these hypotheses assume that only one
molecule of CaM interacts directly with the channel during CDI or CDF. Recently, however, a crystallographic
study has suggested that more than one molecule of CaM
can simultaneously bind to the C-terminus of Cav1.2 and
possibly participate in the channel regulation (14).
In this study, we employed a semi-quantitative pulldown method to examine the stoichiometric binding of
CaM to the peptides derived from the Cav1.2 channel.
Similar methods have been successfully employed by
Pitt et al. (2) and Saud et al. (23). We have found that
about two molecules of CaM can bind to the preIQ–IQ
peptide of Cav1.2 (Fig. 1C). This is further supported by
the finding that mutations in one region (preIQ or IQ) of

Complex feature of the CaM binding
Another interesting result of this study is that although
the preIQ–IQ peptide is likely to have two CaM-binding
sites, the Kd value of the high affinity site for CaM (Kd1
= 0.23 μM) is 2 – 3 times larger than that of the short IQ
peptides (Kd = 0.07 μM) or the preIQ peptide (Kd = 0.13
μM). The Kd value of the low affinity site in the preIQ–
IQ peptide (Kd2 = 1.42 μM) is much higher than those for
the preIQ and IQ peptides. A reason for the reduced affinity of the preIQ–IQ peptide for CaM is not clear.
Nevertheless, these results indicated that the binding of
CaM to the long preIQ–IQ peptide is not a linear summation of those for the individual short preIQ and IQ peptides. One possibility is that the two CaM-binding sites
in the preIQ–IQ region might interact with each other in
a negatively cooperative manner. A similar observation
has been reported in a nuclear magnetic resonance study
(19).
Mapping of the CaM-binding sites
Several important amino acid sequences have been
reported to be involved in CaM binding in the preIQ and
IQ regions. In the preIQ region, 1590TLFALVRTAL1599,
1601
IKTEG1605, 1617IIKIWKRTSMKLL1630, and 1629LL
DQV1633 are suggested to be involved in the CaM binding
(2, 3, 9, 10, 12, 14). In addition, Glu1612, Leu1629, and
Leu1630 are reported to be important for CDI (1, 17) and
are included in the presumed CaM-binding sites by Pate
et al. (9). In the IQ region, 1643TVGKFYATFLIQEY
SRKFKKRK1664 has been shown to be the CaM-binding
domain (14, 25, 26). In this study, we examined the effects of mutations in these domains on the CaM binding
to the fragment peptides from this region.
We have confirmed that mutations in four amino acid
residues, Glu1612, Ile1618, Leu1629, and Leu1630, significantly
affect the CaM binding to the preIQ peptide. Total replacement of these residues reduced the CaM binding by
95%. We also confirmed that a mutation at Ile1653 abolishes the CaM binding to the IQ peptide. This result is
consistent with reports that the mutation of Ile1653 diminishes CaM binding to the IQ region and CDI (5, 17). It is
interesting to note that the CaM binding to the IQ peptide
is abolished by a single-site mutation (at Ile1653), while
the binding to the preIQ peptide is only nearly abolished
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Hypothetical models for CaM binding to the preIQ–IQ
region
Based on the previous and present findings, we propose hypothetical models for the CaM interaction with
the preIQ–IQ region in the Cav1.2 channel. We assume
that two molecules of CaM can bind to this region in
multiple conformations (Fig. 5). The first model involves
one molecule of CaM binding to the IQ region in a compact manner and relatively high affinity (Fig. 5Ba). The
Ile1653 plays an important role in interacting with the hydrophobic pocket of Ca2+/CaM (14, 27), and its mutation
produces a profound effect on CaM binding (5, 18). The
second molecule of CaM binds to the preIQ region also
in a compact conformation but at multiple possible sites
involving Glu1612, Ile1618, Leu1629, and Leu1630 with a relatively low affinity compared with the IQ region. This
weak binding will allow CaM to easily move from one
site to another site within the preIQ region. The finding
that single or double mutations in the preIQ region do not
show a profound suppression in CaM binding is consistent with this model. One candidate for the CaM-binding

A

II

TLF

by a multiple-site mutation at dispersed regions.
One of the important findings from this study is that
the effects of mutations on the CaM binding in the preIQ–
IQ long peptide is not simply the additive sum of the
effects of the corresponding mutations in the preIQ and
IQ short peptides. The preIQ–IQ peptide mutated at
Glu1612, Ile1618, Leu1629 – Leu1630, and Ile1653 still possesses
a CaM-binding capability of about 30% to that of the
wild-type. This remaining CaM binding may be attributed to a possible CaM-binding domain beside the mutated domains that is not detected in the experiments with
the short preIQ and IQ peptides. Alternatively, the CaM–
preIQ–IQ complex might have multiple conformations,
for example, bridge formation between two of the CaMbinding domains named A (1601IKTEG1605) and C (1629LL
DQV1633) and IQ (2). Our mutations in the preIQ–IQ
peptide cannot disrupt all the possible conformations,
and it is possible that one or more viable conformations
of the CaM–preIQ–IQ complex are still intact. It is also
possible that CaM may shift from its original binding
conformation to a masked one. The present study can not
exclude the possibility that there may be a CaM-binding
site between the preIQ and IQ region that is not covered
in our preIQ or IQ peptides. In this region, there are
amino acid residues (1643TVGKF1647) that have been reported as the CaMKII binding sites in the Cav1.2 channel
(4). Another limitation in this study is that we do not
know the possible effect of mutations on the tertiary
structure of the peptides. This effect, if any, would produce a change in the affinity for CaM of a remote site.
Further studies are needed to examine these problems.
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1B

2A
IQ

LL

Fig. 5. Hypothetical models for CaM interaction with the preIQ and
IQ regions. A: Amino acid sequences of the preIQ and IQ regions of
the Cav1.2 channel. B: CaM and the preIQ and IQ regions of the
channel are represented by dumb-bell forms and boxes, respectively.
a: One CaM binds to IQ in a compact form (1) and the other binds to
preIQ in either of the multiple non-bridging conformations (2 and 2’).
b: One CaM binds to IQ in a compact form (1) or to a site bridging
between preIQ and IQ (1’) and the other binds to discrete sites of
preIQ in a bridging conformation (2). c: A schematic illustration of
the crystal structure formed by two preIQ–IQ peptides and two CaM
reported by Fallon et al. (14).

site in the preIQ is a domain centered around Ile1618, since
a mutation in this residue produces about 50% reduction
in the binding of CaM to the preIQ–IQ peptide (Fig. 3B).
Other candidates would be domains containing Glu1612 or
Leu1629 – Leu1630, both of which have been reported to be
important for CDI (1, 17).
The second hypothesis involves CaM binding to discrete sites in the preIQ–IQ region (Fig. 5Bb). The first
molecule of CaM binds tightly to the IQ region or to both
the preIQ and IQ regions, probably in a lobe-specific
manner (2, 26 – 29). The second molecule of CaM may
bind to a site within the preIQ region. For comparison, a
crystallographic model reported by Fallon et al. (14) is
shown in Fig. 5Bc. The N-lobe of CaM interacts with the
proximal portion of the preIQ region of one peptide,
while the C-lobe interacts with the C-terminal portion of
the preIQ region of the other peptide (14, 25). However,
it is hardly conceivable that a dimeric formation of the
C-terminal tails bridged by CaM takes place in the membrane of intact myocytes. It is interesting to speculate
that if the α-helix structure of the preIQ region was interrupted at its center (near 1611NEE1613), the two CaMbinding sites would become adjacent, allowing CaM to
bind to a single preIQ peptide as shown in Fig. 5Bb.
Although the models are highly speculative, they would
be helpful for future studies as a working hypothesis.
In this study, we have found that two molecules of
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CaM bind to the preIQ–IQ peptide of the Cav1.2 channel.
However, we have not evaluated the CaM binding to a
full-sized channel protein nor the functional significance
of the CaM binding to the channel. Therefore, further
studies are required to evaluate these problems and
thereby understand CaM interactions with the C-terminal
tail and other regions of Cav1.2 channel during CDI and
CDF.
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