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Abstract

A new screening method was developed for evaluating effects of calmodulin (CaM) antagonists on the interaction between
CaM and its target protein in the Ca2+-signaling pathway. A binding of Ca2+-CaM to the target peptide, M13, derived from
myosin light-chain kinase (MLCK) is monitored by surface plasmon resonance (SPR) technique. When a sample solution
containing Ca2+-CaM was injected into a flow cell with M13 immobilized on the SPR sensor surface, the SPR signal largely
increased and leveled-off within 3 min. By adding W-7, a CaM antagonist, into the sample solution, the SPR signal at the
equilibrium state decreased. This decrease in the SPR signal is due to the binding of W-7 to Ca2+-CaM, thereby inhibiting the
specific interaction between Ca2+-CaM and M13. In the case of other antagonists such as trifluoperazine, prenylamine and
bepridil, upon increasing the concentration of these antagonists, the initial rate of the increase in the SPR signals decreased,
and the signals reached the same value under the equilibrium state. These IC50 values obtained by the present method were
consistent with ones obtained earlier by MLCK activity itself. The present method was thus capable of finding antagonists
inhibiting the interaction between Ca2+-CaM and MLCK. The applicability of the present method for evaluating the effect
of endocrine disrupting chemicals toward the Ca2+-signaling pathway was also examined and discussed. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Development of a new screening method for antago-
nists that specifically inhibit particular protein–protein
interactions is very important for fundamental studies
on cellular mechanisms and toxicological and phar-
maceutical applications. Many significant intracellular
signaling cascades have been determined by using an-

Abbreviations: CaM, calmodulin; MLCK, myosin light-chain
kinase; SPR, surface plasmon resonance; IC50, 50% inhibitory
concentration; TFP, trifluoperazine; EDCs, endocrine disrupting
chemicals
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tagonists that inhibit the interaction between proteins
and their target enzymes or proteins such as kinases
and phosphatases. Also, by the cascade-specific antag-
onists, there has been a vast increase in our knowledge
of the molecular mechanisms and pathophysiology of
various diseases. Such interaction-specific screening
methods are capable of determining mechanisms of
pharmacological effects of drugs and toxicological ef-
fects of chemical compounds. A study of these antag-
onists is applicable for finding drugs, without the side
effects, that could specifically inhibit the signal path-
way underlying the disease.

Calmodulin (CaM) serves as a multifunctional
activator or regulator in Ca2+-dependent cellular
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processes. CaM activates a number of important
intracellular enzymes and proteins such as myosin
light-chain kinase (MLCK), cyclic nucleotide phos-
phodiesterase, protein kinases/phosphatases, nitric
oxidase synthase, adenylate cyclase and Ca2+-ATPase
[1–4]. CaM performs these roles by primarily ac-
commodating four Ca2+ ions in its binding-sites
and its subsequent large conformational change in
CaM. The crystal structure of CaM was found to be
dumbbell-shaped with two similar globular domains
connected by a central�-helix [5–7]. Each domain
forms hydrophobic pockets when bound to two Ca2+
ions, respectively, four Ca2+ ions altogether. The
three-dimensional structure of the complex between
Ca2+-CaM and M13, which is a synthetic peptide of
22 amino acid residues comprising a CaM-binding
domain (residues of 577–598) of skeletal muscle
MLCK [8], has been solved by multidimensional
NMR and X-ray crystallography [9–11]. In the struc-
ture of the Ca2+-CaM complex with M13, the Phe593
and Trp580 amino acids in M13 bind to the two
hydrophobic pockets on CaM.

Various antagonists that inhibit Ca2+-activated
CaM to bind to some specific target proteins are used
for pharmacological and biochemical studies. It has
been reported that such CaM antagonists as phenoth-
iazine and naphthalenesulfonamide bind to CaM in
Ca2+-dependent manner [12–17]. Studies using such
CaM antagonists suggested that CaM seems to play an
important role in angina pectoris, cardiac arrhythmias
and hypertension [18–34]. NMR studies indicate that
W-7- and TFP-binding-sites of Ca2+-CaM correspond
to the hydrophobic pockets that bind to M13 [35–40].

In this paper, a new screening method is reported
for evaluating specific antagonists that inhibit the in-
teraction between Ca2+-activated CaM and MLCK
essentially represented by M13. In the preceding
study [41,42], where the present method is based,
a formation of the Ca2+-CaM–M13 complex was
monitored by a surface plasmon resonance (SPR)
technique that sensitively responded to changes in
the refractive index close to the SPR sensor surface:
This study aimed at evaluating a physiologically
relevant metal ion selectivity for the Ca2+ signal-
ing based on on/off switching mechanism of the
CaM-mediated Ca2+ signaling. When the CaM an-
tagonist is added to a sample solution, it will interfere
with the binding of Ca2+-CaM complex to immo-

Fig. 1. Principle of the present screening method for antagonists
that inhibit a physiologically relevant Ca2+-signal transduction.
When a CaM antagonist is added in a sample solution and binds
to Ca2+-CaM complexes, the amount of Ca2+-CaM complexes
bound to immobilized M13 decreases, and the observed SPR signal
is reduced, as a result.

bilized M13 and the Ca2+-CaM-antagonist complex
runs through. Consequently, with increasing concen-
trations of a CaM antagonist in a sample solution,
the binding of Ca2+-CaM complex to the immobi-
lized M13 decreased. Hence, a potency to inhibit the
binding of Ca2+-CaM complex to M13 is reflected
as the resulting change in the SPR signal (Fig. 1).
We demonstrated the feasibility of our methodol-
ogy using W-7 and TFP, which were well-known
as representative CaM antagonists. Prenylamine and
bepridil were chosen as application examples of the
present method (see Fig. 2). Finally, using the devel-
oped screening method, inhibition of the formation of
Ca2+-CaM–M13 complex by some endocrine disrupt-
ing chemicals (EDCs) was newly found (see Fig. 2).

2. Experimental

2.1. Materials

Bovine brain CaM was extracted as previ-
ously described [43]. The extracted CaM was
purified by reverse phase HPLC. The purity of
CaM was assessed by SDS-polyacrylamide gel
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Fig. 2. Chemical structures of CaM antagonists (1) and EDCs (2); (1-a) W-7, (1-b) TFP, (1-c) bepridil, (1-d) prenylamine, (2-a) bisphenol
A, (2-b) methoxychlor, (2-c) carbaryl, (2-d) bis(2-ethylhexyl)phthalate and (2-e) dibutylphthalate.

electrophoresis (SDS-PAGE): a single band for CaM
was detected at 17 kDa. Chemically synthesized
HPLC-purified 22-residue M13 peptide (KRRWKKN-
FIAVSAANRFKKISS) was purchased from Sawady
Technology (Tokyo, Japan).N-(6-Aminohexyl)-5-
chloro-1-naphtalenesulfonamide hydrochloride (W-7)

was obtained from Seikagaku Kogyo Co. (Tokyo,
Japan), 10-[3-(4-methylpiperazin-1-yl)propyl]-2-(tri-
fluoromethyl)-10H-phenothiazine (trifluoperazine,
TFP), N-[3,3-diphenylpropyl]-�-methyl-phenethyla-
mine lactate (prenylamine),β-[(2-methylpropoxy)-
methyl]-N-phenyl-N - (phenylmethyl)-1 - pyrrolidine-
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ethanamine hydrochloride (bepridil),p,p′-isopropyli-
denediphenol (bisphenol A), 1-naphthyl methylcar-
bamate (carbaryl), 1,1,1-trichloro-2,2-bis(4-meth-
oxyphenyl)ethane (methoxychlor), bis(2-ethylhexyl)-
phthalate, dibutylphthalate, other salts and solvents
were obtained from Wako Pure Chem. Ind. (Osaka,
Japan). All aqueous solutions were prepared using
Milli-Q grade (>18.2 M� resistance) water obtained
with a Milli-Q Plus System (Millipore Corp., Bedford,
MA, USA).

2.2. Apparatus

HPLC was performed on a 801-SC system (Japan
Spectroscopic, Tokyo, Japan), equipped with Capcell
Pak C18 UG80 (250 mm i.d.×20 mm, Shiseido, Tokyo,
Japan) and a UV detector (UV-970, Japan Spectro-
scopic). All SPR measurements were performed on a
BIAcoreX system of Pharmacia Biosensor Co. (Upp-
sala, Sweden). A gold film called sensor chip CM5 (a
carboxymethylated dextran attached to a gold-coated
glass surface) was purchased from Pharmacia. The
operating temperature for all SPR measurements was
25.0 ± 0.1◦C.

2.3. Immobilization of M13 on a dextran matrix

A standardized amine coupling procedure was used
to immobilize M13 via primary amine groups onto a
carboxymethylated dextran-coated gold thin film (BI-
Acore sensor chips CM5) [44]. After equilibrated with
a running buffer containing 150 mM NaCl and 10 mM
HEPES (pH 7.5), carboxy groups in the dextran ma-
trix were esterified by a 40�l mixture of 50 mM NHS
and 200 mM EDC at a flow rate of 5�l/min. A 10�l
solution containing 0.5 mg/ml M13 and 5 mM maleate
(pH 5.5) was injected over the activated dextran. The
immobilization procedure was completed by injecting
60�l of 1 M ethanolamine (pH 8.5) to block remaining
ester groups at a flow rate of 20�l/min. The change
in the observed resonance units by immobilization of
M13 was 2287.3 ± 47.8 RU.

2.4. Measurements of SPR signals

The M13-immobilized dextran matrix on the
gold surface was equilibrated with a running buffer
(0.5 mM EGTA, 150 mM NaCl, 10 mM HEPES, pH

7.5). The Ca2+ solutions were prepared, consisting of
5�M CaM, 0.5 mM EGTA, 150 mM NaCl, 10 mM
HEPES (pH 7.5), and each concentration of Ca2+.

Sample solutions were prepared, consisting of
0.05% dimetyl sulfoxide, 100�M Ca2+, 5.0�M
CaM, 150 mM NaCl, 10 mM HEPES (pH 7.5), and
a given concentration of CaM antagonists (W-7,
TFP, bepridil, and prenylamine) or EDCs (bisphenol
A, carbaryl, methoxychlor, dibuthylphthalate, and
bis(2-ethylhexyl)phthalate). The sample solution was
injected into the flow cell for 3 min, followed by
the running buffer for 3 min to measure dissociation
between Ca2+-CaM and M13 (Fig. 3). To remove
residual Ca2+-CaM–M13 complex from the dex-
tran matrix, an EDTA buffer (1 mM EDTA, 150 mM
NaCl, 10 mM HEPES, pH 7.5) was injected for 1 min.
This procedure was repeated at each concentration of
CaM antagonists. In order to offset unwanted SPR
signals that were independent of the formation of
the Ca2+-CaM–M13 complex, each sample solution
flowing over the dextran matrix without M13 was
measured. Since the bulk refractive index changes
between the running buffer and the sample solutions,
the SPR signal measured for each sample solution in
the presence of M13 was corrected for the one in the
absence of M13 under otherwise identical conditions.
The flow rate was kept constant at 20�l/min. The
observed change in the refractive index on the gold
surface was defined as the resonance unit, RU. Since
the amounts of the M13 immobilized on the dextran
matrix were uncontrollable, the change in the SPR
signals for the same Ca2+-CaM with a given concen-
tration were not negligible between one sensor chip to
another. The observed SPR signals were normalized
using the lowest and highest point in the SPR signal
of a reference solution (100 mM Ca2+, 150 mM NaCl,
10 mM HEPES, pH 7.5), whose value was defined as
100%. The observed changes in the sample solutions
were termed as Rp. The precision of the observed
SPR signals was evaluated upon three-time repetitive
injections of each sample solution.

2.5. Kinetic analysis

Rate constants of the observed SPR signals were
calculated from the association and dissociation
phases that were marked with (b) and (c) in Fig. 3,
respectively, using a BIA evaluation software version
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Fig. 3. A typical time profile of the SPR signal. The SPR signals on the gold surface immobilized with M13 (1), and the one without M13
(2). The gold surface is equilibrated with a running buffer for 50 s. A Ca2+ solution containing 5�M CaM is injected at 0 s and passed
through the gold surface (a). Injection is stopped at 180 s and the sample solution is replaced with the running buffer (b). To dissociate
the residual Ca2+-CaM–M13 complex on the surface, a buffer containing 1 mM EDTA was injected for 1 min (c).

3.0 [45–47]. A 1:1 interaction between Ca2+-activated
CaM and M13 on the sensor chip surface was suffi-
cient to fit the sensorgrams.

The dissociation phase (Fig. 3(c)) is described by

dR

dt
= −kdR, (1)

where dR/dt is the rate of change in the SPR signal,kd
the dissociation rate constant of Ca2+-CaM and M13,
and R is the amount of the bound Ca2+-CaM. The
slope of the plot of dR/dt versusR provideskd. For
the association phase (Fig. 3(b)), the rate of formation
of the Ca2+-CaM–M13 complex is given by

dR

dt
= kaC(Rmax − R) − kdR, (2)

whereka is the association rate constant of Ca2+-CaM
and M13,C the concentration of Ca2+-CaM, andRmax

is the maximum Ca2+-CaM binding capacity in RU.
Rearranging Eq. (2) gives

dR

dt
= kaCRmax − kobsR, (3)

kobs = kaC + kd. (4)

The slope of the plot of dR/dt versusR provides
kobs. When the concentration of an antagonist was
0�M, the ka was determined from Eq. (4), since the
Ca2+-CaM in the flow cell is constantly provided. The
initial rate, which is dR/dt at 0 s, is determined by as-
signingR to 0 in Eq. (3).

Since the dR/dt of steady state is 0, dR/dt is assigned
to 0 in Eq. (3). The steady state binding level (Req) is
obtained from

Req = kaCRmax

kaC + kd
. (5)
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3. Results and discussion

3.1. Response for Ca2+

After M13 was immobilized on the carboxymethy-
lated dextran matrix on the sensor chip and the dextran
matrix was equilibrated with a running buffer (150 mM
NaCl, 10 mM HEPES, pH 6.0, 7.0, or 7.5), Ca2+ solu-
tions containing 5.0�M CaM were injected. A typical
time profile of the SPR signals was shown in Fig. 3
with 100�M Ca2+. When a Ca2+ solution containing
5.0�M CaM was injected (Fig. 3(a)), the SPR signal
on the sensor chip immobilized with M13 sharply in-
creased (Fig. 3(1)), and the one without M13 slightly
increased (Fig. 3(2)). The low increase in the SPR
signals on the dextran matrix without M13 originated
from the change in bulk indexes between the running
buffer and the sample solutions, and this increase was
less than 10% of the increase in the SPR signals due
to the formation of Ca2+-CaM–M13 complex. There-
fore, these background signals were subtracted from
the SPR signals measured for each sample solution in
the presence of M13. Upon replacing the sample so-
lution with the running buffer for 3 min (Fig. 3(b)),
the preceding SPR signals decreased. To dissociate a
residual Ca2+-CaM–M13 complex on the surface, a
buffer including 1 mM EDTA was injected over it for
1 min (Fig. 3(c)). After finishing the injection followed
by replacing with the running buffer, the SPR signals
returned to the initial baseline without hysteresis.

The SPR signal of the immobilization of M13 was
about 2200 RU. Since the molecular weight of CaM is
six times higher than that of M13, more than 10,000
RU changes in SPR signals are expected if it is as-
sumed that Ca2+-CaM complex binds to all of the im-
mobilized M13 with 1:1 stoichiometry. But the change
due to the formation of Ca2+-CaM–M13 complex was
only 10% of the expected value. This may be because
not only N-terminal but also five lysine residues of
M13 are capable of being immobilized on the dex-
tran matrix, and thereby the amount of M13 having
an ability to bind to Ca2+-CaM greatly decreases.

Fig. 4 shows the SPR signals as a function of Ca2+
concentration. At pH 7.5, the magnitude of the SPR
signal sharply increased with an increase in Ca2+ con-
centrations from 1.2 × 10−7 to 1.0 × 10−4 M. The
median effective value, ED50, defined as Ca2+ con-
centration yielding a half-maximum SPR signal, was

Fig. 4. Dependence of the SPR signals on Ca2+ concentrations at
pH 7.5 ( ), pH 7.0 (�) and pH 6.0 (	), respectively. The Ca2+
concentrations of each pH buffer solution were calculated based
on the respective conditional stability constants for the 1:1 Ca2+
ion–EGTA complex.

3.3 × 10−7 M. When pH of the sample solution was
changed from 7.5 to 6.0, the Ca2+-dependent SPR sig-
nals were shifted in parallel to a higher Ca2+ concen-
tration side. The ED50 value for Ca2+ at pH 7.0 was
1.6×10−6 M and the one at pH 6.0 was 1.6×10−5 M.
These results demonstrate that the amount of CaM
that can bind to the immobilized M13 depends on the
Ca2+ concentration.

3.2. Response for W-7

A time profile of the SPR signals was shown in
Fig. 5. Upon equilibrating the sensing membrane with
the running buffer, the observed SPR signal was de-
fined as 0%. TheReq value, which shows the SPR
signal for a steady state, gradually decreased with in-
creasing of W-7 concentrations. This indicates that
the decrease in concentrations of Ca2+-CaM by par-
tial binding of Ca2+-CaM to W-7 in the sample so-
lution resulted in a decrease in the amounts of bind-
ing Ca2+-CaM to M13. To examine the SPR response
for non-specific adsorption of W-7 to M13, a standard
solution without CaM (100�M W-7, 100�M Ca2+,
and 10 mM HEPES, pH 7.5) was injected into the flow
cell, where no change in the SPR signal was observed
(data not shown). TheReq value was reduced to 27% of
that of the standard solution with increasing the con-
centrations of W-7 up to 100�M. The concentration



K. Sasaki et al. / Analytica Chimica Acta 447 (2001) 63–74 69

Fig. 5. A change in SPR signals was shown at various concentrations of W-7 ((1)–(6)). The sensor chip immobilized with M13 was
initially equilibrated for 30 s with a running buffer at a constant flow of 20 ml/min. Sample solutions ranging from 0 to 100 mM each
containing 5.0 mM CaM were injected. The concentration of W-7: (1) 0, (2) 20, (3) 40, (4) 60, (5) 80, and (6) 100 mM.

required to inhibit 50% of the binding (IC50) value for
W-7 was 59±1�M. It was reported that the IC50 value
of W-7 using Ca2+-CaM-dependent MLCK activity
was 14–50�M [22,23,26,33,34]. This value was in
accordance with the one obtained in the present study.

3.3. Response for TFP

Fig. 6 illustrates a time profile of the observed SPR
signals for various concentrations of TFP. With in-
creasing the concentrations of TFP, an initial slope of
the SPR signals decreased, but the difference in the
SPR signals in 180 s between various concentrations
of TFP was not observed. Consequently, the difference
of Req at each concentration of TFP was very small.
This time profile was different from that of W-7. To ex-
amine the SPR response for non-specific adsorption of
TFP to M13, a sample solution in the absence of CaM
(50�M TFP, 100�M Ca2+, and 10 mM HEPES, pH
7.5) was injected into the flow cell, where no change in
the SPR signal was observed (data not shown). Hence,
the dependence of the SPR signals on the concentra-
tions of TFP was evaluated using an initial rate.

The difference between W-7 and TFP in the time
profiles was observed. The result obtained from the
simulated time courses indicated that the binding
of Ca2+-CaM to W-7 induced a decrease in the
Ca2+-CaM concentration in the sample solution. In
the case of TFP, the binding of Ca2+-CaM to TFP may
also have effects on the rate constants of association
and dissociation. This indicated that the Ca2+-CaM
bound to TFP might bind to M13.

Fig. 7, which was replotted from Fig. 6, shows the
dependence of SPR signals on the concentrations of
TFP. The dR/dt values in they-axis showed the initial
rate of the SPR signals. Since the binding capacity of
M13 immobilized on the dextran matrix reduced while
a M13-immobilized sensor chip was repeatedly used
for measuring SPR signals, the dR/dt changed even for
the same sample solution. In order to compare dR/dt
for an Ca2+-CaM with those for other Ca2+-CaM, the
observed dR/dt was normalized by that of the standard
solution.

The dR/dt sharply decreased with an increase in TFP
concentration from 0 to 25�M. With the increase in
TFP concentration up to 25�M, the dR/dt reduced to
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Fig. 6. A change in SPR signals by injecting various concentrations of TFP. Sample solutions ranging from 0 to 100 mM each containing
5.0 mM CaM were injected. The concentration of TFP: (1) 0, (2) 5, (3) 10, (4) 15, (5) 20, and (6) 25 mM.

Fig. 7. The dependence of SPR signals on concentrations of TFP (�), prenylamine (�), and bepridil (�). The dR/dt values that were
initial association rates on they-axis showed SPR signals calculated according to Eqs. (1)–(3) (see Section 2). The initial association rate
of a standard solution (100 mM Ca2+, 150 mM NaCl, 10 mM HEPES, pH 7.5) was defined as 100. Standard deviations obtained from at
least three separate experiments are shown on the graph by the vertical bars.
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1% of that of the standard solution. The IC50 value
for TFP was 13± 5�M. It has been reported that
the IC50 values of TFP using Ca2+-CaM-dependent
MLCK activity were 6.4–23�M [22,25,26,28]. These
values are in good agreement with the one obtained in
the present study.

3.4. Effects of surface density

It is likely that SPR measurements misinterpret
the IC50 values by rebinding of Ca2+-CaM to immo-
bilized M13, when M13 is densely immobilized on
sensor chip. In order to avoid this rebinding, several
experiments were performed with decreasing surface
densities of M13 on SPR chip. When the change
of the SPR signals by immobilization of M13 was
1244.9 RU, the IC50 values of W-7 and TFP were
78 ± 9 and 20± 12�M, respectively. Though these
IC50 values were somewhat higher than the ones of
which amount of the immobilized M13 was 2287
RU, they were still within the standard deviations.
Further decreasing the amount of the immobilized
M13 to 674.2 RU, IC50 values neither for W-7 nor
TFP were determined because of their large standard
deviations.

3.5. Responses for other CaM antagonists

A time profile of a response of the SPR signal was
observed for each concentration of prenylamine. Like
TFP, with increase in the concentrations of preny-
lamine, an initial slope of the SPR signals decreased,
and the difference in the SPR signals between various
concentrations of prenylamine diminished in 180 s.
The dependence of SPR signals on the concentra-
tion of prenylamine was evaluated using dR/dt. To
examine SPR response for non-specific adsorption
of prenylamine to M13, a sample solution without
CaM (50�M prenylamine, 100�M Ca2+, and 10 mM
HEPES, pH 7.5) was injected into the flow cell, where
no change in the SPR signal was observed (data not
shown). The dR/dt moderately decreased with an in-
crease in the prenylamine concentration (Fig. 7). With
the increase in the concentrations of prenylamine up
to 50�M, the dR/dt reduced to 12% of that of the
standard solution. The IC50 value for prenylamine
was 33± 1�M, which was 2.5-fold higher than that
for TFP.

When a time profile of a response of the SPR signal
was observed for each concentration of bepridil, the
slope of the SPR signals decreased and the difference
in the SPR signals between various concentrations of
bepridil diminished in 180 s with increasing in the con-
centrations of bepridil like TFP. The dependence of
SPR signals on concentration of bepridil was evaluated
using the dR/dt values. To examine SPR response for
non-specific adsorption of bepridil to M13, a sample
solution without CaM (30�M bepridil, 100�M Ca2+,
and 10 mM HEPES, pH 7.5) was injected into the flow
cell, where no change in the SPR signal was observed
(data not shown). The dR/dt sharply decreased with an
increase in the bepridil concentration (Fig. 6). With the
increase in the concentration of bepridil up to 50�M,
the dR/dt reduced to 1% of that of the standard so-
lution. The IC50 value for bepridil was 35± 2�M,
which was equal to that for prenylamine.

3.6. Response for EDCs

EDCs affect the functioning of the endocrine sys-
tem by binding to nuclear receptors such as estrogen
receptor (ER) or aryl hydrocarbon receptor (AhR).
The activation of the nuclear receptors regulates the
transcriptional activity of specific genes, thus me-
diating the so-called classical or genomic action of
steroids. Recently, it has been demonstrated that es-
trogen, which is one of steroid hormones, can act
via non-classical or non-genomic mechanism act-
ing on receptors in plasma membranes [48–50]. The
non-genomic action of estrogen involves an increase
of Ca2+ as a second messenger [50,51], and therefore
induces the intracellular Ca2+ signal transduction.
A synthetic non-steroidal antiestrogen, tamoxifen,
is one of the EDCs, which is known to bind to
Ca2+-CaM with high affinity and act as antagonist
of CaM-dependent enzymes [52]. Such an EDC may
bind to the hydrophobic pockets of Ca2+-CaM with
a hydrophobic interaction, like other known CaM
antagonists. Using the present method for evaluating
CaM antagonists, the effects of EDCs on the bind-
ing of Ca2+-CaM to M13 were examined. A time
profile of an increase in the SPR signal for each con-
centration of EDCs was observed similarly to W-7.
With increasing the concentrations of carbaryl, the
Req value slightly decreased. TheReq values on the
y-axis showed the binding levels of a steady state.
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Fig. 8. The dependence of SPR signals on concentrations of EDCs. TheReq values of bisphenol A (�), methoxychlor (�), carbaryl
(	), bis(2-ethylhexyl)phthalate (×), and dibutylphthalate (�), that were binding levels of steady state on they-axis, showed SPR signals
calculated according to Eq. (5) (see Section 2). Standard deviations obtained from at least three separate experiments are shown on the
graph by the vertical bars.

With the increase in the concentrations of carbaryl up
to 1 mM, theReq value reduced to 90% of that of a
standard solution (100�M Ca2+, 150 mM NaCl and
10 mM HEPES, pH 7.5) (Fig. 8). Also, bisphenol A
induced a gradual decrease ofReq values like W-7;
the Req values gently decreased with increasing the
concentration of bisphenol A. With the increase in
the concentration of bisphenol A up to 1 mM, theReq
values reduced to 66% of that of the standard solution
(Fig. 8). In contrast, there was no detectable decrease
in SPR signals at the concentration of methoxychlor
up to 1 mM. In the cases of dibuthylphthalate and
bis(2-ethylhexyl)phthalate at concentrations up to
100�M, there were no differences in the SPR signals
from that with EDC-free (Fig. 8).

The increase in the concentrations of carbaryl and
bisphenol A up to 1 mM was reduced to 90 and 66%
from that of the EDC-free sample solution, respec-
tively. This indicates that carbaryl and bisphenol A
inhibit the Ca2+ signaling pathway at the above ex-
amined concentrations. In the cases of methoxychlor,
dibuthylphthalate and bis(2-ethylhexyl)phthalate,

which are similarly hydrophobic, however, no dif-
ference in the SPR signals from those of EDC-free
was observed. This indicates that methoxychlor,
dibuthylphthalate and bis(2-ethylhexyl)phthalate do
not inhibit the relevant Ca2+ signaling pathway at the
above examined concentrations.

4. Conclusions

A new screening method was developed for eval-
uating the specific inhibition of the protein–protein
interaction in the Ca2+-signaling pathways. The de-
crease in the binding of Ca2+-CaM to M13 by the
binding of Ca2+-CaM to its antagonists was moni-
tored by SPR, in view of finding antagonists that in-
hibit the interaction between Ca2+-CaM and MLCK
that is essentially represented by M13. This system
is not for detecting interaction of Ca2+-CaM with the
antagonists, but for detecting the process that the rel-
evant antagonists inhibit the binding of Ca2+-CaM to
M13. By replacing the immobilized M13 with other
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target peptides having a binding domain of particular
proteins, it is possible to similarly examine whether
given antagonist candidates inhibit the interaction
between Ca2+-CaM and each corresponding target
protein. Additionally, in the case that a given target
protein has multiple binding-sites, the use of its bind-
ing domain rather than the actual target protein itself
permits to screen antagonists based on binding-site
specific inhibition of the Ca2+-CaM-target protein
interaction. This assay method is thus able to find
antagonists that uniquely suppress the interaction be-
tween Ca2+-CaM and each particular target protein
including specific binding domains.

Recently, the progress of molecular biology allows
identifying many disease-related biological pathways.
Therefore, by using the present new screening method,
it may be possible to screen drug candidates that in-
hibit only disease-related pathways, leading eventually
to the development of the drugs essentially devoid of
side effects. Furthermore, the present approach pro-
vides a method for evaluating toxicological effects of
a variety of chemical compounds that possibly inhibit
interactions between Ca2+-CaM and other target pro-
teins.
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