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ABSTRACT: The voltage-dependent sodium channel (VDSC) interacts with intracellular molecules to
modulate channel properties and localizations in neuronal cells. To study protein interactions, we applied
yeast two-hybrid screening to the cytoplasmic C-terminal domain of the main pore-formingR-subunit.
We found a novel interaction between the C-terminal domain and calmodulin (CaM). By two-hybrid
interaction assays, we specified the interaction site of VDSC in a C-terminal region, which is composed
of 38 amino acid residues and contains both IQ-like and Baa motifs. Using a fusion protein of the C-terminal
domain, we showed that interaction with CaM occurred in the presence and absence of Ca2+. Two synthetic
peptides, each covering the IQ-like (NaIQ) or the Baa motifs (NaBaa), were used to examine the binding
property by a gel mobility shift assay. Although the NaIQ and NaBaa sequences are overlapped, NaBaa
binds only to Ca2+-bound Ca2+CaM, whereas NaIQ binds to both Ca2+CaM and Ca2+-free apoCaM.
Fluorescence spectroscopy of dansylated CaM showed Ca2+-dependent spectral changes not only for NaBaa‚
CaM but also for NaIQ‚CaM. The results, taken together with other results, indicate that whereas the
NaBaa‚CaM complex is formed in a Ca2+-dependent manner, the NaIQ‚CaM complex has two
conformational states, distinct with respect to the peptide binding site and the CaM conformation, depending
on the Ca2+ concentration. These observations suggest the possibility that VDSC is functionally modulated
through the direct CaM interaction and the Ca2+-dependent conformational transition of the complex.

The voltage-dependent sodium channel (VDSC)1 is es-
sential to generating action potentials in many excitable cells.
The R-subunit of VDSC is the main component of the
channel responsible for voltage-sensitive gating and selective
ion permeation (1). This R-subunit could conceivably be
modulated through interaction with associated proteins to
regulate action potential generation. In fact, the electrophysi-
ological response of VDSC type IIA, a splicing variant of
VDSC type II (2), is modulated by direct binding of G
protein subunits, Gâγ, to the C-terminal domain of the
channel protein (3). VDSC also interacts with the actin-
associated proteins ankyrin and spectrin (4), which regulate

channel localization, and AKAP15, which regulates phos-
pholylation (5). Most of the above findings for the proteins
interacting with VDSC are based, however, on indirect or
functional observations.

To establish a solid biochemical basis for analyzing
intracellular events regulating VDSC, we looked for proteins
that directly interact with VDSC intracellularly, using yeast
two-hybrid screening system (6), focusing on the C-terminal
domain of VDSC type II. This domain is located intracel-
lularly and exhibits a greater sequence diversity among the
variousR-subunits than in other regions of the protein.

Through yeast two-hybrid screening, we identified a novel
interaction of VDSC with calmodulin (CaM). CaM, a
ubiquitous small (16.7 kDa) calcium-binding protein, acts
as an intracellular Ca2+ sensor, which translates Ca2+ signals
into cellular responses by interacting with target molecules
(7). Previous studies on theParameciumcalcium-dependent
sodium channel showed that CaM binding to the channel
itself or a channel-associated protein modulates activity of
this type of sodium channel (8, 9). In addition, recent
observation has shown that the CaM interaction also
modulates functions of other channels, such as the rod
cGMP-gated cation channel (10, 11), the N-methyl-D-
aspartate (NMDA) receptor channel (12), the calcium-
activated potassium channel (13), and the voltage-dependent
calcium channels (VDCC) (14-17). Whereas their common
feature is their coupling to cytoplasmic Ca2+ regulation,
VDSC is not known to directly couple to the Ca2+ signaling.
In this work, we studied the novel interaction of CaM and

† This work was supported in part by grants from the Ministry of
Education, Science, Sports and Culture of Japan.

* Corresponding author. Telephone:+81-564-55-7811. Fax:+81-
564-52-7913. E-mail: nagayama@nips.ac.jp.

‡ Department of Physiological Sciences, The Graduate University
for Advanced Studies.

§ Department of Molecular Physiology, National Institute for Physi-
ological Sciences.

| Center for Brain Experiment, National Institute for Physiological
Sciences.

⊥ Department of Chemistry, University of Tokyo.
# Department of Informational Physiology, National Institute for

Physiological Sciences.
1 Abbreviations: VDSC, voltage-dependent sodium channel; CaM,

calmodulin; SD medium, minimal synthetic dropout medium; CD,
circular dichroism; ESI-MS, electrospray-ionization mass spectrometry;
PAGE, polyacrylamide gel electrophoresis; Hepes, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; Tris, tris(hydroxymethyl)aminomethane;
EGTA, ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid.

1316 Biochemistry2000,39, 1316-1323

10.1021/bi9912600 CCC: $19.00 © 2000 American Chemical Society
Published on Web 01/20/2000



VDSC, and the consequent Ca2+-dependent structural transi-
tion of the complex.

MATERIALS AND METHODS

Materials

Hepes, dansyl chloride, and EGTA of the highest purity
grade were obtained from Sigma Chemical Co. Dr. M. Noda
(National Institute for Basic Biology, Japan) kindly provided
the rat brain VDSC type II cDNA (18). Two synthetic
peptides, NaIQ and NaBaa (Figure 1B), derived from the
VDSC sequence (2), were obtained from Bio-Synthesis Inc.
The peptides were purified by high-performance liquid
chromatography and verified by mass spectrometry.

Methods

Two-Hybrid Screening.Yeast two-hybrid screening was
done using Matchmaker Two-Hybrid System 2 (Clontech).
Bait was constructed in the plasmid pAS2-1C (provided by
Dr. T. Maeda, University of Tokyo, Japan), which carries
the cDNA sequence that encodes the Gal4 DNA binding
domain. Plasmid pAS2-1C was constructed by replacing the
2 µm origin of pAS2-1 (Clontech) with theCEN-ARSorigin
(19). The efficiency of Y190 yeast cell transformation with
pAS2-1C was 10 times higher than that with the original
pAS2-1. The VDSC cDNA fragment encoding the C-terminal
domain of rat brain VDSC type II was amplified by PCR
using HF DNA polymerase (Boehringer Mannheim) with the
following primers:

The amplified cDNA fragment (encoding amino acid residues
1777-2005; see ref2) was inserted into theNdeI-PstI site
of pAS2-1C to yield bait plasmid pGal4VDSCC1. The
nucleotide sequence of the bait construct was confirmed by
the dye terminator method. The two-hybrid screening and
the interaction assay were performed essentially as described
in the Matchmaker 2 protocol (Clontech). Strain Y190 yeast
cells containingLacZandHis3 reporter genes with upstream
Gal4 operators were transformed with bait plasmid
pGal4VDSCC1. Y190 cells containing the bait plasmid were
retransformed with a rat brain cDNA library (Clontech) by
a lithium acetate method. Transformants were plated on
minimal medium lacking leucine, tryptophan, and histidine
in the presence of 25 mM 3-amino-1,2,4-triazole (SD/-
Leu/-Trp/-His/+25 mM 3-AT) and incubated for 7 days
at 30 °C. This yielded 5.5× 106 Leu+ and Trp+ transfor-
mants (2× 105/µg of DNA). â-Galactosidase assay of His+

cells was conducted as described in the Matchmaker 2
protocol.

Two-Hybrid Interaction Assay of the VDSC C-Terminal
Domain with CaM.The cDNA fragment encoding the VDSC
C-terminal domain was mutated by PCR to obtain deleted
or truncated mutants. These cDNA fragments were intro-
duced into pAS2-1C to yield mutant bait plasmids
pGal4VDSCC2 (encoding amino acid residues 1777-1938),
pGal4VDSCC3 (1777-1900), pGal4VDSCC4 (1866-2005),

and pGal4VDSCC5 (1777-1900 and 1939-2005) (Figure
1A). The nucleotide sequences of the bait constructs were
confirmed by the dye terminator method. One of the mutant
bait plasmids and the plasmid encoding rat CaM (pRCaM),
identified through the yeast two-hybrid screening, were
cotransfected into Y190 cells. Transformants were plated
onto SD/-Leu/-Trp/-His/+25 mM 3-AT plates and incu-
bated for 5 days at 30°C. Reporter geneLacZactivity was
studied usingâ-galactosidase assay as described in the
Matchmaker 2 protocol.

Fusion Proteins.Expression plasmids for two S-Tag fusion
proteins were constructed in pET32a (Novagen). Plasmid
pETfull contained the cDNA sequence encoding the entire
C-terminal domain (amino acid residues 1777-2005), and
plasmid pET∆Region 2 contained the cDNA insert encoding
amino acid residues 1777-1900 and 1939-2005 (missing
Region 2). Bacterial cells ofE. coli BL21(DE3)pLysS (20)
were transfected by each plasmid, and two fusion proteins
were expressed as described in the protocol (Novagen). To
purify fusion proteins, bacterial lysates were applied to
nickel-Sepharose columns. Eluted fractions were checked
for purity by Coomassie brilliant blue staining of SDS-
PAGE. Purified fusion proteins were digested with thrombin
to remove the thioredoxin and His-tag region.

Pull-Down Assay.Mixtures of rat brain extracts [100µg
of protein in total volume (1 mL)], each fusion protein (10
µg of protein in total volume), and S-protein agarose
(Novagen; 50µL in total volume) that specifically binds to
S-tag of fusion proteins (21) were incubated for 30 min at 4
°C in the following solutions: 50 mM Hepes/Tris (pH 7.3),
150 mM KCl, and 1% Nonidet P-40 in the presence (0.5
mM CaCl2: buffer A) or absence (2 mM EGTA: buffer B)
of Ca2+. Mixtures were then washed 5 times with buffer A
or B (1 mL × 5). After brief centrifugation, proteins bound
to the agarose were eluted with SDS-PAGE sample buffer
(50 µL), and 15µL of each sample was applied to a 12.5%
gel. After electrophoresis, the gel was electroblotted onto a
nitrocellulose membrane. CaM was detected by an anti-CaM
monoclonal antibody (Upstate Biotechnology) and alkaline
phosphatase-linked secondary antibody (Bio-Rad), and vi-
sualized by chemiluminescence (NEN).

Gel Mobility Shift Assay.Different concentrations of
peptides derived from VDSC (NaIQ and NaBaa) were
incubated with 2µM CaM (purified as ref22), in 30 mM
Hepes/Tris, pH 7.3, 150 mM KCl, 0.1% Nonidet P-40, and
1 mM CaCl2 or 2 mM EGTA for 30 min at room
temperature. These mixtures were loaded on nondenaturing
12.5% polyacrylamide gels containing 1 mM CaCl2 or 2 mM
EGTA and visualized by silver staining.

CaM Dansylation.Fluorescent dansylated CaM (dansyl-
CaM) was prepared using rat brain CaM and dansyl chloride
as described previously (23). Additionally, the dialyzed
mixture of dansyl chloride with CaM was applied to a PD-
10 column (Sephadex-25G, Pharmacia) to remove remaining
free dansyl chloride. Measurement of the absorbance at 320
nm using a molar extinction coefficient of 3400 M-1 cm-1

(24) showed incorporation of about 0.6 mol of dansyl moiety/
mol of CaM.

Fluorescence Spectroscopy.Fluorescence spectra were
recorded in a quartz cuvette (light path: 10 mm), using a
Hitachi F-4500 fluorescent photometer. Each peptide dis-
solved in distilled water was added to a cuvette containing

sense primer:
5′-CGCCATATGGAGAATTCACGTCGCC-3′

antisense primer:
5′-CGCCTGCAGTTACTTTTTACTTTCCCTGAT-3′
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dansyl-CaM. The concentration of dansyl-CaM was 120 nM
in 30 mM Hepes/Tris (pH 7.3), 150 mM KCl, and 1 mM
CaCl2 or 2 mM EGTA. To ensure equilibration of the
mixture, the sample was constantly stirred for 15 min at 25
°C before measurement. The excitation wavelength (Ex) was
340 nm, the measured emission wavelength (Em) was 400-
600 nm, and both excitation and emission bandwidths were
10 nm. The fluorescence spectrum for each sample is an
average of five scans. For the titration experiments, the
fluorescence intensity was measured at Em 480 nm integrated
for 5 s for each sample. The binding model used to fit the
dansyl fluorescence data was simply

where pep is the peptide (NaBaa or NaIQ) and pep‚CaM
the peptide-CaM complex. The dissociation constantKd is

where [CaM]0 is the initial concentration of CaM and [pep]0

that of the peptide. Fluorescence intensity is assumed to be
a linear function of [pep‚CaM]:

Experimental fluorescence data given as a function of [pep]0

were fitted by combining eqs 1 and 2 using a nonlinear least-
squares program (25) run on a personal computer. Fitting
parameters wereFb, F0, andKd.

Ca2+ Dependence of Fluorescence.Fluorescence intensity
was obtained at Em 480 in 30 mM Hepes/Tris, pH 7.3, 150
mM KCl, and 2 mM EGTA buffer containing 120 nM
dansyl-CaM and 250 nM NaIQ or 800 nM NaBaa, with an
increasing concentration of Ca2+. Free Ca2+ concentration
was calculated according to ref26. Relative fluorescence was
calculated by the following equation: relative fluorescence
) (F - F0)/(Fmax - F0), whereF is the measured intensity,
Fmax is the maximum intensity, andF0 is the intensity without
added Ca2+.

Identification of Dansylated Site in Dansyl-CaM.The
molecular weights of CaM and dansyl-CaM were determined
by an electrospray-ionization mass spectrometer, ESI-MS
API-300 (Perkin-Elmer), to calculate the number of dansyl-
ated sites in a dansyl-CaM molecule. To identify the specific
dansylation site, CaM and dansyl-CaM (50µg of each) were
digested by trypsin (Sigma) in 20 mM Tris/pH 8.0 with HCl,
100 mM NaCl, 1 mM CaCl2, 2 M urea, and 1% CaM or
dansyl-CaM for 4 h at room temperature. Tryptic peptides
were separated out using a SMART system with aµRPC
C2/C18 column (Pharmacia). The mobile phase was 0.1%
trifluoroacetic acid and an increasing gradient of 0-50%
acetonitrile for 50 min at room temperature. Separated
fractions were lyophilized and dissolved in distilled water
(total volume: 200µL). Lyophilized fractions were measured
for the fluorescence by a fluorescence micro-plate reader,
MTP-100F (Corona Electric), with Ex 360 nm and Em 500
nm. Only one specific fraction of the dansyl-CaM products
showed strong fluorescence emission, and the peptide
sequence of the fraction was determined by the Edman
method. Automated sequence analysis was conducted using
an ABI494 protein sequencer (Applied Biosystem), and

phenylthiohydantoin derivatives of amino acids were identi-
fied by reverse-phase high-performance liquid chromatog-
raphy.

Circular Dichroism Spectroscopy.Circular dichroism (CD)
spectra were measured with a J-720WI spectropolarimeter
(Jasco) using a quartz cuvette with a light path of 2 mm at
25 °C in 30 mM Hepes/Tris, pH 7.3, 150 mM KCl, and 0.5
mM CaCl2 or 5 mM EGTA. Spectra were obtained by
scanning at 100 nm/min over a wavelength range of 190-
250 nm. Far-UV CD spectra were measured at 10µM peptide
and 5µM CaM. For each sample, 16 scans were averaged.
Mean residue ellipticity, [θ], was determined from the
relationship: [θ] ) θ/10cdr, whereθ is the ellipticity in
degrees,c the protein concentration (M),d the path length
(cm), andr the number of amino acid residues (148 in the
case of CaM). The ellipticity of the mixture was obtained
by subtracting the record of the peptide alone measured in
advance.

RESULTS

Two-Hybrid Screening.To search for proteins that interact
with the C-terminal domain of VDSC type II (2), we used
yeast two-hybrid screening of an expression cDNA library
from rat brain with 5.5× 106 independent clones, and
obtained 20 positive colonies. Four of the positive clones
carried full-length rat calmodulin (CaM) cDNA (27) (plas-
mid: pRCaM). The remainder of the positive clones were
found to encode only short peptides (10-15 amino acid
residues) fused with the Gal4 activation domain, and were
not studied further.

Two-Hybrid Interaction Assay.Reports on CaM binding
proteins have shown that CaM binds to several consensus
sequence motifs, such as the Baa motif (basicamphipathic
R-helix) (28) and the IQ motif (IQXXXRGXXXR, where
X is any amino acid) (29, 30). We searched for these types
of CaM binding motifs in the VDSC C-terminal domain to
find two candidate regions for CaM binding (designated
Region 1 and Region 2; Figure 1A). Region 1 (amino acid
residues 1852-1866) has a Baa motif, whereas Region 2
(1919-1933) has both Baa and IQ-like motifs (Figure 1B).

pep+ CaM T pep‚CaM

Kd )
([CaM]0 - [pep‚CaM])([pep]0 - [pep‚CaM])

[pep‚CaM]
(1)

F480 ) Fb[pep‚CaM] + F0 (2)

FIGURE 1: (A) Constructs for wild-type and mutated VDSC
C-terminal domains used in the two-hybrid interaction assay. The
Gal4 sequence (thick solid line) was fused with the wild-type or
deleted sequences encoding the C-terminal domain (boxes). Putative
CaM binding sites, Region 1 and Region 2, are indicated by striped
and dark shaded boxes, respectively. The dashed line indicates
deletion of Region 2. (B) Amino acid sequence of synthetic peptides
(NaIQ and NaBaa). Region 2 corresponds to amino acid residues
1901-1938 of type II VDSC. The solid line above the sequence
indicates NaIQ, the dashed line under the sequence NaBaa.
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To determine whether Region 1 and Region 2 are actual
CaM binding regions, we performed a two-hybrid interaction
assay using four mutated C-terminal domains of the VDSC
R-subunit as bait proteins (Figure 1A). Y190 cells were
cotransfected with pRCaM and one of the bait plasmids.
Y190 cells cotransfected with pRCaM and pGal4VDSCC5
(containing Region 1 but not Region 2) did not grow on
selection plates (Table 1). Cells cotransfected with pRCaM
and pGal4VDSCC3 (containing Region 1 but not Region 2
and the following residues) grew feebly on selection plates,
but â-galactosidase activity was not detected. In con-
rast, cells cotransfected with pRCaM and one of the
pGal4VDSCC1, -2, or -4 (all containing Region 2) showed
moderate or highâ-galactosidase activity. The results of the
two-hybrid interaction assay indicate that Region 2 is a CaM
binding region in the VDSC C-terminal domain in the yeast
two-hybrid system.

Pull-Down Assay.Ca2+ dependence of CaM binding to
its target proteins is the critical property that controls the
binding process. However, in the yeast two-hybrid system,
it is difficult to determine whether the CaM molecule is Ca2+-
free apoCaM or Ca2+-bound Ca2+CaM because this system
detects molecular interaction in an intranuclear environment
(6). We studied the Ca2+ dependence of binding between
Region 2 and CaM using a pull-down assay. Two fusion
proteins, one carrying the full-length C-terminal protein (Full-
length) and the other having the C-terminal domain without
Region 2 (∆Region 2), were bound to S-protein agarose, and
purified CaM was adsorbed to the fusion protein-agarose
complex. Immunoblot analysis using an anti-CaM antibody
showed that CaM was detected only in the mixture of CaM
and the agarose containing Full-length, either in the presence
or in the absence of Ca2+, but not in mixtures containing
∆Region 2 or the control S-protein (Figure 2). Binding of
CaM with Full-length fusion protein was even stronger in
the absence of Ca2+ than in the presence of Ca2+.

Gel Mobility Shift Assay.Region 2 contains both IQ-like
and Baa motifs. We prepared two synthetic peptides, NaIQ
and NaBaa, whose sequences contain IQ-like or Baa motifs
(Figure 1B). We then analyzed the binding properties
between the peptides and CaM in a gel mobility shift assay.
In the presence of Ca2+, CaM preincubation with either NaIQ
or NaBaa delayed the mobility of the CaM band (Figure
3A,C). Mixtures of higher ratios of either peptide to CaM
showed a larger population of the slowly mobile CaM band.
A complete shift of the mobility occurred at a peptide to
CaM ratio of 4:1 for NaIQ (Figure 3A), while NaBaa caused
no complete shift under our experimental conditions (Figure

3C). Thus, in the presence of Ca2+, CaM was able to bind
to both peptides with a higher affinity for NaIQ than for
NaBaa (compare Figure 3A and Figure 3C). In the absence
of Ca2+ (2 mM EGTA), no band shift was observed for the
mixture of NaBaa and CaM (Figure 3D), whereas the NaIQ
and CaM mixture still strongly delayed CaM band mobility
(Figure 3B). A complete shift occurred at an NaIQ:CaM
molar ratio of 2:1. The results demonstrated that whereas
the interaction between the Baa motif and CaM is Ca2+-
dependent, the IQ-like motif of VDSC can bind to CaM in
a Ca2+-independent manner.

Fluorescence Spectroscopy.Binding of the two peptides
with CaM was also studied using dansylated CaM (dansyl-
CaM). Dansyl-CaM is a useful tool to detect interactions
between CaM and other proteins and conformational changes
of CaM, because the fluorescence spectrum is shifted and
the intensity is enhanced when the environment of the dansyl
moiety becomes hydrophobic (31). In the presence of Ca2+,
the blue shift and enhancement of the dansyl fluorescence

Table 1: Two-Hybrid Interaction Assay between Mutated
C-Terminal Domains and CaM

bait plasmid/pray plasmid cell growtha LacZ activityb

pGalVDSCC1/- - -
-/pRCaM - -
pGalVDSCC1/pRCaM ++ ++
pGalVDSCC2/pRCaM +++ +++
pGalVDSCC3/pRCaM + -
pGalVDSCC4/pRCaM ++ ++
pGalVDSCC5/pRCaM - -

a Growth of yeast incubated 5 days after cotransfection.b LacZ
activity studied usingâ-galactosidase assay: (-) none, (+) weak, (++)
moderate, and (+++) strong.

FIGURE 2: Pull-down assay. The full-length fusion protein of the
C-terminal domain (Full-length) or the Region 2-deletion fusion
protein (∆Region 2) (10µg of each) was incubated with S-protein
agarose (50µL) and rat brain extracts (100µg of protein) in the
presence of Ca2+ (0.5 mM) or EGTA (2 mM). The “S-protein” did
not contain fusion proteins in the mixture. After washing by brief
centrifugation, the pellet was solubilized with 50µL of a SDS-
PAGE sample buffer. CaM was detected by immunoblot analysis
using an anti-CaM monoclonal antibody. CaM (10 ng) was run as
a control.

FIGURE 3: Gel mobility shift assay. CaM (2µM) was incubated
with NaIQ (A, B) or NaBaa (C, D) at different molar ratios in the
presence of Ca2+ (1 mM CaCl2; A, C) or in the absence of Ca2+ (2
mM EGTA; B, D). Each gel was visualized by silver staining.
Arrowheads indicate the band of the peptide‚CaM complex.
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spectrum were observed when 300 nM NaIQ peptide or
NaBaa peptide was added (Figure 4). To quantitate binding
analysis, we applied peptide titration. Apparent dissociation
constants (Kd) obtained by fitting experimental results using
a nonlinear least-squares program were 5 nM for NaIQ‚
dansyl-Ca2+CaM and 90 nM for NaBaa‚dansyl-Ca2+CaM
(Table 2), suggesting that Region 2 of VDSC contains two
CaM binding sites with different affinities to CaM.

In the absence of Ca2+, as suggested from the result of
the gel mobility shift assay, NaBaa did not alter the
fluorescence spectrum, confirming that NaBaa does not bind
to dansyl-CaM (Figure 4B). Surprisingly, addition of 300
nM NaIQ failed to affect the fluorescence spectrum (Figure
4A), although the results of the gel mobility shift assay
described above unambiguously indicated that NaIQ binds
to apoCaM (Figure 3). To solve this apparent discrepancy,
we conducted a series of experiments. We first determined
the number of dansylated sites in a dansyl-CaM molecule
using ESI-MS. Comparison of the molecular weights of CaM
and dansyl-CaM indicated that dansyl-CaM contains a single
dansyl moiety (data not shown). We then identified Lys75

as the dansylated site by determining the amino acid sequence
of the fluorescent tryptic peptide (data not shown), consistent
with the previous report (32). Lys75 is located near the
flexible linker (amino acid residues 77-80) which connects

the N- and C-terminal globular Ca2+ binding domains of
CaM (33, 34). Third, we tested the effect of dansylation on
the gel mobility shift assay. We used dansyl-CaM instead
of CaM to obtain the same band shift in the absence of Ca2+

(data not shown). This result indicates that NaIQ can bind
to dansyl-CaM Ca2+-independently to form the NaIQ‚dansyl-
CaM complex, excluding the possibility that addition of the
dansyl moiety prevents NaIQ from binding to CaM. Taken
together, although NaIQ and dansyl-CaM bind in the
presence and absence of Ca2+, the binding in the presence
of Ca2+ alters the fluorescence spectrum, whereas the binding
in the absence of Ca2+ cannot be detected by spectroscopy,
indicating that the NaIQ-CaM complex has two conforma-
tional states, interchanging Ca2+ dependently.

To analyze the Ca2+ dependency of the conformational
states, we applied Ca2+ titration (Figure 5). Without peptides,
dansyl-CaM exhibited fluorescence changes in a Ca2+

concentration range of 0.5-2 µM. The fluorescence changes
of the NaBaa‚dansyl-CaM complex occurred in a much lower
Ca2+ concentration range, which may correspond to a
physiological Ca2+ concentration. The NaIQ‚dansyl-CaM
complex showed an intermediate Ca2+ dependency.

CD Spectroscopy.Protein-protein interaction can be
detected by the conformational analysis of proteins. Far-UV
CD spectroscopy is a powerful tool for detecting changes in
the secondary structure of CaM induced by binding with
peptides (35). The CD spectral measurements were per-
formed here to detect conformational changes accompanied
by the formation of the NaIQ‚CaM complexes. The bee
venom peptide melittin (peptide of 26 amino acid residues)
was used as a control. Melittin binds to CaM with a very
high affinity in a Ca2+-dependent manner (36, 37). In the
presence of Ca2+, the spectrum of the NaIQ-Ca2+CaM
mixture showed enhanced negative ellipticity compared to
the spectrum of Ca2+CaM alone (Figure 6A), indicating that
the NaIQ‚Ca2+CaM complex shows a significant increase
in R-helical content upon complex formation.

In the absence of Ca2+, the melittin-apoCaM mixture
showed a marginal increase inR-helical content, as expected
from little binding of melittin to CaM in the Ca2+-free
condition (Figure 6B). In contrast, the NaIQ-apoCaM
mixture showed significantly enhanced negative ellipticity
at around 222 nm (Figure 6B), indicating that NaIQ binds
to apoCaM even in the absence of Ca2+, and that the
R-helical structure was induced upon formation of the NaIQ‚
apoCaM complex. Furthermore, the spectra of the NaIQ‚

FIGURE 4: Changes in the dansyl-CaM fluorescence spectrum
induced by peptides NaIQ (A) and NaBaa (B). Emission spectrum
of dansyl-CaM (120 nM) alone (dotted lines), and mixtures of
dansyl-CaM (120 nM) and peptides (300 nM) (solid lines) in the
presence or absence of Ca2+. Peptide concentration and CaM form
are indicated for each line.

Table 2: Summary of the Results on Peptide-CaM Binding

fluorescence
spectroscopyb

CD
spectroscopycgel mobility

shift assaya

peptide-CaM peptide:CaM Kd

increment
(480 nm)

increment
(222 nm)

NaIQ-Ca2+CaM 4:1 5 nM 93% enhanced
NaBaa-Ca2+CaM <4:1 90 nM 114% nd
NaIQ-apoCaM 2:1 nd 7% enhanced
NaBaa-apoCaM no shift nd 3% nd

a Peptide-to-CaM ratio where complete shift was observed. “No shift”
indicates that no complex was detected.b Dissociation constants (Kd)
of peptides for CaM and increments of fluorescence intensity (480 nm)
induced by peptides.c Changes in negative ellipticity induced by
peptides. nd) not determined.

FIGURE 5: Ca2+ dependency of dansyl-CaM fluorescence with or
without peptides. Normalized fluorescence is shown for CaM (O),
NaIQ-CaM mixture (2), and NaBaa-CaM mixture (×) under
assay conditions described under Materials and Methods. Sigmoidal
curves are just for visualization.
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Ca2+CaM and NaIQ‚apoCaM complexes were slightly but
significantly different (Figure 6B, inset). Because the helical
change in CaM conformation (without peptide) induced by
Ca2+ has reported about 11 amino acid residues (38, 39), a
simple estimate suggests that the spectral amplitude from
NaIQ‚apoCaM to NaIQ‚Ca2+CaM (ca. 40% without peptide)
corresponds to the formation ofR-helix of four to five
residues. TheR-helix inducible site of CaM is speculated
under Discussion.

DISCUSSION

Complex Formation of CaM and VDSC.We have discov-
ered that the Ca2+ binding protein CaM directly binds to the
R-subunit of VDSC. CaM is known to bind to a wide range
of functional proteins (7), and several consensus motifs for
CaM binding have been proposed. We found two regions
which contain the consensus motifs in the C-terminal domain
of VDSC. The yeast two-hybrid interaction assay confirmed
one of the two regions as an actual CaM binding site. The
identified region, Region 2, contains the sequences of both
Baa and IQ-like motifs for CaM binding. The Baa motif
(basic amphipathicR-helix) of 15-20 residues has been
found in several CaM binding proteins and peptides, such
as melittin (36, 37), CaMKII (40), and MLCK (41).
They bind to CaM Ca2+-dependently. The IQ motif
(IQXXXRGXXXR) of 11 residues is another CaM binding
motif, found in proteins such as growth cone associated
protein 43 kDa (GAP-43/neuromodulin) (42, 43), CNG
channelâ-subunit (10, 11), and L-type VDCC (17, 18) (Table
3). IQ motif proteins have more diverse Ca2+ sensitivity than
Baa motif proteins. Some IQ motif proteins such as neuro-
modulin or neurogranin bind CaM preferentially in the
absence of Ca2+ (42-44), some proteins only in the presence
of Ca2+ (17 and18), and other proteins Ca2+-independently
(45). In this work, we showed that the VDSC C-terminal

domain binds not only to Ca2+-bound Ca2+CaM but also to
Ca2+-free apoCaM. CaM is well-known to be one of the
primary Ca2+ sensors, regulating the activity of many target
proteins when Ca2+ binds to CaM (7). Nevertheless, the
physiological significance of the Ca2+-independent binding
or the relationship between the Ca2+-dependent and Ca2+-
independent binding has not been studied well. In the present
case, Region 2 in the VDSC C-terminal domain presents such
an interesting model of CaM binding, in which both Ca2+-
dependent and Ca2+-independent interactions are involved.

Binding Site and Structure of NaIQ‚CaM in the Presence
and Absence of Ca2+. We examined the CaM binding
properties of Region 2 using two synthetic peptides, NaIQ
and NaBaa. Table 2 summarizes the results from three
different series of experiments. While half of the residues
(15 aa) of the NaIQ and NaBaa sequences are overlapped,
the two peptides exhibit distinct Ca2+ dependency of CaM
binding; NaBaa binds to CaM Ca2+-dependently, and NaIQ
binds to CaM Ca2+-independently. Thus, the NaBaa sequence
is sufficient for Ca2+CaM binding but not for apoCaM
binding, whereas the NaIQ sequence is essential for apoCaM
binding. This observation suggests that the binding sites for
apoCaM and Ca2+CaM are not identical.

Although NaIQ binds to CaM in a Ca2+-independent
manner, the fluorescence spectrum of NaIQ-dansyl-CaM
was found to depend on the Ca2+ concentration in the
solution. Together with several supplementary experiments,
we concluded that the conformation of the NaIQ‚CaM
complex is different, depending on Ca2+ concentration (see
Results). Without peptides, the state transition from apoCaM
to Ca2+CaM on addition of Ca2+ alters the fluorescence
spectrum of dansyl-CaM. This change is caused by an
R-helix formation of the flexible linker domain (consisting
of 4 residues) in the close vicinity of which Lys75 resides
(39). In the presence of Ca2+, addition of NaIQ results in a
more pronounced blue shift and a greater enhancement of
the fluorescence, indicating that NaIQ binding greatly alters
the environment in the vicinity of dansylated Lys75. Direct
contact of the peptide to Lys75 (46) and more global
conformational changes of CaM induced by peptide binding
(46, 47) would cause the fluorescence changes. In the absence
of Ca2+, however, the fluorescence spectrum of NaIQ-
apoCaM was practically identical to that of apoCaM,
suggesting that NaIQ binds to apoCaM at a site away from

FIGURE 6: CD spectra of CaM and peptide-CaM mixtures. CD
spectra of CaM alone (thin solid lines), NaIQ-CaM mixture (thick
solid lines), and melittin-CaM mixture (dotted lines) in the
presence (A) or absence (B) of Ca2+. Inset in panel B: CD spectra
around 222 nm of NaIQ-Ca2+CaM and NaIQ-apoCaM. The
vertical and horizontal axes are on the same scale in panels A and
B, and the inset.

Table 3: Alignment of the IQ-like Motif in the C-Terminal of
VDSC Type II with Other VDSC Proteins and CaM Binding
Proteins Containing IQ Motifsa

a Boldface and shaded characters indicate the IQ motif consensus
sequence. Underlined and shaded characters indicate residues homolo-
gous to the consensus sequence. VDSC type III (50), rPN4 (51), L-type
VDCC (16), CNG â-subunit (11), myosin I (29), GAP-43 (44).
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Lys75, and that the CaM flexible linker conformation was
not affected on NaIQ binding. The notion that NaIQ binds
to CaM at different sites Ca2+-dependently is supported by
the nuclear magnetic resonance study on the interaction
between the IQ motif peptide “Neurop” derived from
neuromodulin and apoCaM, which showed that the Neurop
peptide binds to the C-terminal domain of CaM, but not to
the flexible linker domain (48). As for the conformational
difference of the peptide‚CaM complex, our results of CD
spectroscopy that a stretch of four to five residues forms an
R-helix in the state transition from NaIQ‚apoCaM to NaIQ‚
Ca2+CaM provide further supporting evidence that CaM is
in different conformational states depending on Ca2+. Thus,
NaIQ‚apoCaM and NaIQ‚Ca2+CaM are in two conforma-
tional states, distinct with respect to the peptide binding site
and the CaM conformation.

The Ca2+ titration experiments in Figure 5 for CaM alone,
NaBaa-CaM, and NaIQ-CaM provide information about
the conformational transitions:

The results that peptide‚CaM complexes bind with Ca2+ at
lower Ca2+ concentrations than CaM indicate that the peptide
binding to CaM enhances the Ca2+ affinity of CaM. This
implies that the binding of VDSC to CaM increases the Ca2+

sensitivity of CaM, which in turn couples with the confor-
mational transition of the CaM‚VDSC complex.

What Is the Function of the CaM‚VDSC Complex?High-
affinity CaM-target proteins (Kd e 10 nM) are thought to
be activated efficiently throughout mammalian cells (49).
In our results,Kd is 5 nM for NaIQ‚Ca2+CaM. We assume
that this value is sufficiently small enough to cause functional
interactions between CaM and VDSC in neuronal cells. The
Ca2+ concentration where the state transition between NaIQ‚
apoCaM and NaIQ‚Ca2+CaM is halfway is 250 nM in the
Ca2+ titration experiment (Figure 5, triangles). This concen-
tration is higher than the basal Ca2+ level (about 100 nM),
but is an easily attainable level when a train of action
potentials are generated. In response to changes in intracel-
lular Ca2+ concentration, the complex conformation will shift
from apoCaM‚VDSC to Ca2+CaM‚VDSC, and vice versa.
Recent observations showed that functions of several ion
channels are modulated by direct binding of CaM, which
acts as a Ca2+ sensor. Besides the Ca2+-dependent binding,
CaM is concentrated in nerve terminals through the apoCaM‚
GAP43 interaction in neuronal cells (43). In a similar way,
interaction of CaM with the IQ-like motif in VDSC may be
required to keep a sufficient CaM concentration in low-Ca2+

conditions. Although the functional significance of apoCaM
or Ca2+CaM binding has not been elucidated for VDSC, the
amino acid sequences around Region 2 are well conserved
among the VDSCR-subunits (Table 3), suggesting that
regulation through CaM binding may be a common mech-
anism for VDSC. Future work should be directed to study
the in vivo binding of CaM to VDSC and the functional
significance of CaM binding in neurons.
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