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A method for evaluating a physiologically relevant ion
selectivity of Ca?" signaling pathways in biological cells
based on a Ca?*-dependent on/off switch for cellular
processes via calmodulin (CaM) chemistry is described.
CaM serves as a primary ion receptor for Ca?* and a given
CaM-binding peptide as a target for a CaM—Ca2* complex.
Upon accommodating four Ca2* ions in its binding sites,
CaM undergoes a conformational change to form a CaM—
Ca2*—target peptide ternary complex. This Ca2*-induced
selective binding of the Ca2*—CaM complex to the target
peptide was monitored by a surface plasmon resonance
(SPR) technique. As a target peptide, a 26-amino acid
residue of M13 derived from skeletal muscle myosin light-
chain kinase was used. The target peptide was covalently
immobilized in the dextran matrix on top of gold, over
which sample solutions containing Ca?™ and CaM were
injected in a flow system. Ca?*-dependent SPR signals
were observed for Ca?* concentrations from 3.2 x 1078
to 1.1 x 10> M and it leveled off. The observed SPR
signals were explained as due to an increase in the
refractive indexes caused by a Ca?* ion-switched protein/
peptide interaction, i.e., Ca2" ion to CaM and subsequent
additional binding of the thus formed complex with
immobilized M13. No SPR signals were however, in-
duced by Mg2*, K*, and Li* at concentrations as high as
1.0 x 101 M; these results and previous spectroscopic
data taken together conclude that these ions do not induce
CaM/peptide interaction. Large changes in SPR signals
were observed with a Sr2* ion concentration over 5.1 x
1074 M; Sr2* ion behaved in this case as a strong agonist
toward the Ca?*-dependent on/off switch of CaM. The
present system thus exhibited “physiologically more
relevant” ion selectivity in that relevant metal ions could
switch on the CaM/peptide or -protein interaction rather
than merely be bound to CaM causing no further signal
transduction. The potential use of this finding for more
widely evaluating cation selectivity toward the Ca?* signal-
ing process was discussed.

The common strategy employed so far for designing biosen-
sors is that the transducer is used to directly monitor the binding
between antigen and antibody or a product of the interaction of
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enzymes.! Recently, some new types of biosensors have emerged
that rely on signal transduction mechanisms by membrane
receptor proteins themselves for generating the analytical signal.
Typical examples are ion channel? or transporter proteins® embed-
ded in lipid bilayer membranes. In contrast to the binding assay
and related techniques, these sensors utilize the corresponding
transmembrane signals, such as ion channel currents or active
membrane transport for yielding, in some cases, physiologically
more relevant signals compared to those with the binding assay
approach: The chemical selectivity of a glutamate receptor
displayed by its ion channel, for example, has been evaluated from
the sum of total amount of ions passed through the glutamate
receptor.2® The integrated channel currents were used as an
amplified physiologically more relevant measure of agonist
potency to activate the glutamate receptor. The chemical selectiv-
ity ratio among three agonists including glutamate ion evaluated
from the integrated channel currents was found to be ~1 order
of magnitude narrower than that obtained by binding studies.
Novel methods for evaluating chemical selectivities on an agonist
or antagonist for receptor-type proteins are thus increasingly
required in addition to sensitive and selective sensing methods
of analytes.

Calcium ions play an important role as a messenger in cellular
signal transduction pathways. In order to detect the Ca?* signal
in cells, nature has developed a number of proteins to selectively
or specifically recognize Ca2*. Among many Ca?* sensor proteins,
calmodulin (CaM; 148 amino acid residueds 16.7 kDa) is a
ubiquitous Ca?" binding protein which serves as a multifunctional
Ca?* sensor in a variety of cellular processes such as energy and
biosynthetic metabolism, cell motility, exocytosis, cytoskeletal
assembly, and intracellular modulation of both cAMP and Ca?*
concentrations.* It has four Ca?* binding sites within two helix—
loop—helix (EF-hand) motifs, organized in two structurally similar
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globular domains.> One of the EF-hands has high-affinity sites
with binding constants for Ca?* of 5 x 105 M1, and the other has
low-affinity sites with binding constants of 5 x 105 M~15 Also a
high degree of selectivity for Ca?* over Mg?" (>10? difference in
stability constants) has been explored.” The inherent selectivity
of CaM becomes a definite advantage for developing new types
of Ca?* ion sensors. Recently, Bachas and co-workers reported
a fiber-optic sensor with a fluorescein-labeled calmodulin (F-CaM)
entrapped in a dialysis membrane at the fiber tip.# F-CaM
exhibited Ca?" ion-dependent changes in its fluorescence intensity,
which was found to be a measure of Ca?" concentrations in sample
solutions.

After the selective recognition by CaM of Ca?* ion, how do
CaM and other Ca?* binding proteins transfer the Ca?" signal to
different cellular processes? In many cases, they interact with
target proteins when they bind Ca?", while their Ca?™free forms
do not bind the targets: Ca?™-induced conformational transitions
enable CaM and other Ca?" binding proteins to interact (bind)
with the target proteins and lead to the activation and regulation
of the latter. The mechanism by which CaM recognizes the target
protein has been defined by crystallography, NMR, and other
spectroscopic studies combining with site-directed mutagenesis
of CaM; the CaM—Ca?* complex can bind to the CaM binding
domains of all its target proteins with high affinity, despite their
lack of amino acid sequence homology.*? The only common
feature is that they are hydrophobic basic peptides that have a
propensity to form an o-helix. If the molecular mechanisms of
such a fine tuning of protein conformation are introduced into a
sensing system, which is responsible for a Ca?*-dependent on/
off switch for cellular processes, then physiologically more relevant
ion selectivity, i.e., agonists or antagonists toward Ca?" signaling
pathway via CaM, may be evaluated.

In this paper, a new optical method for evaluating such ion
selectivity for the Ca?" signaling pathway is described based on
the above described on/off switching mechanism of the CaM-
mediated Ca?* signaling, which is monitored by surface plasmon
resonance (SPR). The principle is schematically shown in Figure
1. CaM serves as a primary receptor for Ca?* ion and M13 as a
target peptide. The selective binding of CaM to M13 in the
presence of CaZ" or other possible interfering ions is monitored
by the SPR technique. M13, a synthetic peptide of 26 amino acid
residues, comprising a CaM binding domain (residues 577—602;
its dissociation constant with CaM is 1 nM) of skeletal muscle
myosin light-chain kinase (MLCK)X is immobilized covalently on
the dextran matrix attached to the gold surface. Upon binding
four Ca?* ions, CaM in the sample solution undergoes conforma-
tional changes to form a CaM—Ca?* complex. The complex thus
formed is then bound to the immobilized target peptide M13, and
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Figure 1. Principle of the physiologically relevant Ca?* ion sensor.

forms a CaM—Ca?"—M13 ternary complex in the dextran matrix,
which is measured by SPR, a technique that sensitively responds
to changes in the refractive index close to a gold surface.!! The
amount of the ternary complex thus formed is expected to be a
selective and sensitive measure of the extent of the Ca?" signaling,
representing the physiologically more relevant selectivity of metal
ions including Ca%*, Mg?*, Sr2*, and others.

EXPERIMENTAL SECTION
Materials. Bovine brain CaM was extracted as previously

described.’? The purity of CaM was assessed by SDS—polyacry-
lamide gel electrophoresis (SDS—PAGE): A major band of CaM
was detected at 17 kDa and a very minor impurity was assessed
near 17 kDa, which was used without further purification.
Chemically synthesized HPLC-purified M13 peptide, which con-
sists of the amino acid sequence of KRRWKKNFIAVSAANRFK-
KISSSGAL (expressed by one-letter abbreviations), was purchased
from Queen’s University Peptide Facility (Kingston, Canada) and
was used without further purification. O,0'-Bis(2-aminoethyl)-
ethylene glycol-N,N,N',N'-tetraacetic acid (EGTA) and 1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) were
obtained from Dojindo Laboratories (Kumamoto, Japan). N-(2-
Hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES) was
obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Other salts
and solvents used were all of the highest purity available. All
aqueous solutions were prepared with Milli-Q grade water (Mil-
lipore reagent water system, Bedford, MA).

Apparatus. All SPR measurements were performed on a
BlAcore system of Pharmacia Biosensor Co. (Uppsala, Sweden).
A gold film called Sensor Chip CM5 (a carboxymethylated dextran
attached to a gold-coated glass surface) was purchased from
Pharmacia. Adjustment of the pH of the buffer solutions was made
by a glass electrode pH meter Model HM-18E (TOA Electronics
Co., Tokyo, Japan).

Immobilization of M13 on the Carboxymethylated Dext-
ran Matrix. Immobilization of M13 on a dextran matrix attached

(10) (a) Ikura, M.; Clore, M.; Gronenborn, A. M.; Zhu, G.; Klee, C. B.; Bax, A.
Science 1992, 256, 632—638. (b) lkura, M.; Bax, A. J. Am. Chem. Soc.
1992, 114, 2433—2440. (c) Blumenthal, D. K.; Takio, K.; Edelman, A. M;
Charbonneau, H.; Titani, K.; Walsh, K. A.; Krebs, E. G. Proc. Natl. Acad.
Sci. U.S.A. 1985, 82, 3187—3191.

(11) (a) Raether, H. Phys. Thim Films 1977, 9, 145—261. (b) Daniels, P. B,;
Deacon, J. K.; Eddowes, M. J.; Pedley, D. G. Sens. Actuators 1988, 15,
11-18. (c) Fdrgerstam, L. G.; Frosyell-Karlsson, A.; Karlsson, R.; Persson,
B.; Ronnberg, I. J. Chromatogr. 1992, 597, 397—410.

(12) Gopalakrishna, R.; Anderson, W. B. Biochem. Biophys. Res. Commun. 1982,
104, 830—836.



to a gold thin film was performed via primary amine groups by
the amine coupling method.®® Briefly, after equilibration of the
dextran matrix with 10 mM HEPES buffer solution (pH 7.5) at a
constant flow rate of 5 uL/min, the carboxymethylated dextran
on the surface of the gold film was first activated with 35 uL of a
NHS/EDC mixture (0.05 M NHS, 0.2 M EDC in water). Succes-
sively, a 30 uL solution containing 0.1 mg/mL M13 and 5 mM
maleate (pH 6.0) was injected over the activated dextran at a flow
rate of 2 uL/min, followed by deactivation of residual NHS esters
with 1 M ethanolamine (pH 8.5) at a flow rate of 5 uL/min.

The immobilization process was monitored in situ by SPR. The
change in the observed resonance units (RU) was 1722 + 265 for
three trials, which corresponded to 1.7 + 0.3 ng/mm? M13. Since
the molecular weight of CaM is 6 times higher than that of the
M13 peptides, more than 10 000 RU changes in SPR signals are
expected to occur if CaM—Ca?* complexes bind all of the M13
molecules immobilized on the dextran matrix with a 1:1
stoichiometry.1%2 The changes in SPR signals of the order of
10 000 RU are well over the noise level (less than 1 RU) of
observed SPR signals in the present study. The amount of M13
thus immobilized on the dextran matrix was, therefore, assumed
to be enough for the following quantitative evaluation of CaM—
Ca?*—M13 complex.

Measurement of SPR Signals. The M13-immobilized dex-
tran 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 operating temperature for all SPR measurements was 25.0 +
0.1 °C. The Ca?" solutions were prepared, consisting of 5 uM
CaM, 0.5 mM EGTA, 150 mM NaCl, 10 mM HEPES (pH 7.5),
and each concentration of Ca?". Since the change in the refractive
index on the gold surface was greatly affected by a small change
in ionic strengths (Is) of the adjacent buffer solutions, 150 mM
of NaCl was added to all the sample solutions to eliminate such
an ionic strength effect. The concentration of free Ca?* in the
presence of a given concentration of EGTA was determined by
using the conditional formation constant of the Ca?*—EGTA
complex at a given pH, calculated from the formation constant of
the Ca?*—EGTA chelate (log K = 11.0, I = 0.1, 25 °C) and four
acid dissociation constants of EGTA (pK;—pK,; = 2.08, 2.73, 8.93,
and 9.54, I = 0.1, 25 °C);! the values of formation and dissociation
constants used here were those with I = 0.1 and were not
corrected for the experimental ionic strength value of 0.15
employed in the present study. The samples were loaded into
an autosampler of the instrument and injected automatically into
the flow cell, followed by washing the dextran matrix with a
running buffer for ~3 min to remove CaM. This procedure was
repeated at each concentration of free Ca?".

Responses for Mg?*, K*, Li*, and Sr?* of the present sensing
system were evaluated by a separate solution method similar to
the ones used in ion-selective electrode methodology.’® For doing
so, the concentration of interfering ions had to be increased to
an extreme level like ~1071 M, because the effect of interfering
ions was in many cases found to be very small. In such an
experimental condition, we found CaM-independent SPR signals
with the concentration of analyte ions (primary or interfering ions)

(13) Johnsson, B.; Lofas, S.; Lindquist, G. Anal. Biochem. 1991, 198, 268—277.

(14) Sillén, L. G.; Martell, A. E. Stability Constants Supplement No. 1; The Alden
Press: Oxford, U.K., 1964, p 733—735.

(15) Umezawa, K.; Umezawa, Y. In CRC Handbook of lon-Selective Electrodes:
Selectivity Coefficients; Umezawa, Y., Ed.; CRC Press: Boca Raton, FL, 1990;
pp 3-9.

exceeding 1.0 x 1072 M. This unexpected CaM-independent and
non-ion-selective SPR signals may have originated from a large
bulk refractive index change caused by the high concentration of
analyte ion solutions. In order to offset these unwanted signals,
the SPR signal measured in each sample solution without CaM
was subtracted from the one with CaM under otherwise identical
conditions.

The observed changes in the refractive index on the gold
surface were defined as the resonance units. All SPR signals were
measured at a constant flow rate of 5 uL/min. The precision of
the observed SPR signals was evaluated upon five times repetitive
injections of 1.0 x 10~ M free Ca%" solution: The SPR signal
with thus obtained standard deviation was 3286 + 10 RU.

RESULTS AND DISCUSSION

The sensitivity of SPR depends on the molecular weight of
proteins and has a lower limit of detection of 10 pg/mm?216
However, small molecules or ions are difficult to detect because
they contribute only small changes in the mass, giving also only
minimum refractive index changes.l” The reason why M13 was
immobilized in the present system rather than CaM was that we
expected much larger SPR signals by doing so than the other
way, because the molecular weight of CaM is 6 times higher than
that of M13. The present approach, relying on the formation of
a large molecular complex, a CaM—Ca?*—M13 ternary complex,
enables one to measure small ions and molecules like Ca?* by
the SPR method.

(i) Response for Ca?*. When M13 was immobilized on the
dextran matrix and a Ca?* ion sample solution containing CaM
was injected, binding of the CaM—Ca?" complex to the im-
mobilized M13 was revealed as a response of the SPR signal. A
typical time profile of the SPR signals with increasing concentra-
tions of Ca?" ion from 4.1 x 107 to 1.1 x 1073 M is shown in
Figure 2. Upon conditioning the sensing membrane in a buffer
solution containing 0.5 mM EGTA, an initial baseline (marked
by bar L in Figure 2) for the SPR signal was 13 207 RU. With
injection of the Ca?* sample solutions, the SPR signals increased
and leveled off within 3 min. At low Ca?* concentrations, this
SPR signals did not return to the baseline upon running the buffer
solution containing 0.5 mM EGTA. Upon conditioning with the
buffer solution containing EGTA after the measurement for 1.1
x 107% M Ca?" solution, a final baseline (bar R in Figure 2) for
the SPR signal was 13 897 RU, which is higher than the initial
baseline (13 207 RU).

The small difference of the SPR signals (690 RU) between the
initial and final baselines may originate from Ca?"-independent
irreversible adsorption of a small amount of CaM on the dextran
matrix and/or on the immobilized M13. Klevit et al. have reported
by the NMR method that, in the absence of free Ca?*, there is an
ionic interaction between CaM and M13 if the concentration of
CaM and M13 is high (500 #M), and adding high concentrations
of NaCl results in their dissociation.’® In the present system, the
sample solutions contained 150 mM of NaCl and the concentration
of CaM was only 5 uM. Therefore, the ionic interaction between
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Figure 2. Changes in SPR signals by injecting various concentra-
tions of Ca?* ion (arrows a—k) and running buffer without Ca2*. The
surface-immobilized M13 was initially equilibrated during the time L
with a running buffer (150 mM NacCl, 0.5 mM EGTA, 10 mM HEPES
buffer, pH 7.5) at a constant flow of 5 uL/min. Calcium ion solutions
ranging from 4.1 x 1072to 1.1 x 10~ M each containing 5 uM CaM
were injected successively at each arrow: (a) 4.1 x 1079, (b) 8.3 x
1079, (c) 1.4 x 1078, (d) 3.2 x 1078, (e) 1.1 x 1077, (f) 1.3 x 1077,
(g) 1.9 x 1077, (h) 3.3 x 1077, (i) 9.6 x 1077, (j) 3.3 x 1075, and (k)
1.1 x 1075 M. After the end of each injection, the surface-immobilized
M13 was regenerated with the running buffer during a period R.
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Figure 3. Dependence of the observed SPR signals on the
concentrations of free Ca?* ion. The data sets from just two separate
runs are shown to demonstrate the reproducibility of the method.

CaM and immobilized M13 was initially expected to be negligible
but might be remaining to a certain extent. In order to determine
Ca?*-dependent SPR signals, the measured SPR signal was
corrected for the irreversible adsorption of CaM: We evaluated
each Ca?*-dependent SPR signal as the difference in SPR signals
between those for Ca?* sample solutions and for the following
EGTA running buffer solution (see Figure 2). Hereafter the
difference of SPR signals thus obtained is called simply the SPR
signal.

Figure 3, which is replotted from Figure 2, shows the
dependence of SPR signals thus defined as a function of Ca%*
concentrations. The magnitude of the SPR signal sharply in-
creased with an increase in Ca*" concentrations from 3.2 x 1078
t0 9.6 x 10~7 M, a moderate increase followed upto 1.1 x 10> M
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Figure 4. Dependence of SPR signals (ARU) on the concentration
of Mg?*, Sr2+, Lit, and K* ions, respectively, each of which was
dissolved in 5 uM CaM, 150 mM NacCl, 0.5 mM EGTA, and 10 mM
HEPES buffer (pH 7.5). The concentration of each free metal ion
was calculated based on the respective conditional stability constant
for the 1:1 metal ion—EGTA complex.

free Ca?*. Below 3.2 x 1078 M Ca?* concentration, small SPR
signals were still observed. Upon injection of a CaM-containing
sample solution free of Ca2" ions, similar changes in the SPR signal
(~40 RU) were also observed (data not shown). From these
observation, we found that this small SPR signal was a Ca?*-
independent signal, which originated from bulk refractive index
changes between the sample solutions and the running buffer.

A change in SPR signals was ~2000 RU when the concentration
of Ca?" increased from 3.2 x 1078 to 1.1 x 10~ M. This change
was only 20% of 10 000 RU of the calculated values (vide supra),
showing that roughly 20% of the M13 immobilized on the dextran
matrix formed the ternary complex and the rest of M13 molecules
did not form the complex. This may probably be because
immobilization of M13 on the dextran matrix was not highly
controllable; in particular, part of five lysine residues or the N
terminal of M13 could be immobilized on the dextran matrix,
which possibly hindered sterically the formation of the ternary
complex or affected the specific conformational changes of the
M13 peptide by an increase in a-helix content.1®

The detection limit of the free Ca?" concentration with the
present sensing system was 1.6 x 1078 M, defined as the
concentration that gives a signal of 3 times the standard deviation
of the background output. The detection limit for the present
Ca?* sensing was comparable to that of a fluorescein-labeled CaM
sensor (5 x 1078 M)? but inferior to those of optical ion sensors
based on Ca?* ionophores ETH1001 or ETH129,% which exhibited
a detection limit of lower than 107° M free Ca?".

The working range of the calibration curve for the present
method extends from 3.2 x 1078to 1.1 x 1075 M free Ca?*, which
is 1 order of magnitude wider on the higer concentration side
than that of the fluorescein-labeled CaM sensor.?

(ii) Response for Mg?*. The results obtained according to
the Experimental Section (vide supra) are shown in Figure 4. No
changes in the SPR signals were observed even at Mg?* ion
concentrations up to 1.0 x 1071 M.
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The binding sites for Mg?" ions in CaM are known to be the
same as those for Ca?*.®% The dissociation constants between
CaM and Mg?* ions, obtained by competitive binding reaction of
Mg?" to the Ca?" binding sites of CaM with the flow dialysis
method, range from 107 to 103 M at each binding site in CaM
(Kg1—Kgs = 0.70 x 1074, 2.7 x 1074, 1.6 x 1074 and 0.90 x 10~*
M, respectively).8 Therefore, at 1.0 x 1071 M Mg?*, all four
binding sites of CaM are occupied by Mg?*. Our results indicate
that the Mg?*—CaM complex, even if formed, is incapable of
binding to M13, thereby inducing no SPR signal.

Changes in conformation of CaM upon binding Ca?* and its
subsequent binding to its target peptide have been studied by
NMR,1% CD,8 variation in tryptophan fluorescence,?’ and spectral
differences of benzophenone derivatives of a target peptide.? A
Ca?*-specific change in the conformation of CaM was found to
be the requisite for binding to its target protein or peptide. The
influence of Mg?" on the conformation of CaM has also been
investigated by 'H NMR or Mg NMR with Mg?" titration,’
Fourier transform infrared spectroscopy (FT-IR),% and electron
paramagnetic resonance (EPR) studies.?® Contrary to the Ca?*
case, it was found that, although Mg?* binds at the Ca?*-binding
sites of CaM (which has been confirmed by competitive binding
between Ca?t and Mg?" for CaM),” it did not induce the
subsequent large change in conformation and therefore did not
bind to its target protein. The obtained result in the present study
of silent SPR signals for Mg?* up to 1.0 x 10~ M is consistent
with the conclusion drawn by the above NMR, FT-IR, and EPR
studies. In view of the above considerations, it is concluded that
the present sensing system is a simple new approach for
evaluating “physiologically more relevant” cation selectivity for
the Ca?" signaling pathway.

(iii) Responses for K™ and Li*. In the case of K and Li™,
no changes in the SPR signals were observed at concentrations
up to 1.0 x 107t M.

Four K* ions occupy all the binding sites of CaM according
to their binding constants (Kg1—Kgs = 3.7 x 1073, 10.6 x 1073, 8.7
x 1073, and 1.5 x 1073 M, respectively).®2 However, the present
SPR result indicates that the binding of K* ion to CaM does evokes
neither any CaM conformational changes nor its subsequent
binding to M13. Though the dissociation constant between CaM
and Li* is not known, the present result indicates that Li™ ion
after all evokes no conformational change for CaM to bind M13.
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(iv) Response for Sr2*. A large SPR response was observed
by Sr?* indicating that, upon binding with CaM, Sr?* induces the
conformational change of CaM and formation of the CaM—Sr2+—
M13 ternary complex resulting at the surface.

The observed SPR result with Sr>* concludes that a concentra-
tion of more than 5.1 x 10~* M SrZ" ion behaves as a strong
interfering ion or agonist toward the Ca?*-dependent on/off switch
of CaM for intracellular processes. The result implies that Sr2*
ion may be toxic in the CaM signaling pathway in a living cell.
The response of SPR signals for Sr2* ion is consistent with Sr2*
ion selectivities previously reported by CaM binding enzyme
activities such as guanylate cyclase®* and cyclic adenosine 3':5'-
monophosphate phosphodiesterase.®> With the present approach,
we do not need to measure the enzyme activities, but the
interaction between CaM and its target peptide is directly
monitored by the SPR technique. It would therefore be useful
for more widely evaluating agonist selectivity or toxicity for various
other divalent cations and also for finding possible inhibitors
(antagonists) specific for CaM signaling.

CONCLUSION
A simple new method was developed for evaluating ion

selectivity in the Ca?' signaling pathway in the cell, using a
naturally occurring selective interaction of CaM with Ca?* and
its binding peptide M13 derived from myosin light-chain kinase.
Based on the cellular Ca2* signal transduction mechanism, Ca?*
ion-switched CaM binding to its target peptide M13 was monitored
by SPR. The sequential mechanism from the Ca?* recognition
by CaM through the Ca%*-switched binding to CaM to M13 was
confirmed from the SPR signals dependent on Ca?* ion concentra-
tions, illustrating the usefulness of the present approach for
evaluating a physiologically more relevant metal ion selectivity
for the Ca?" signaling as observed in its agonistlike nature for
Sr2t ions. The present approach may also provide a means of
evaluating toxicological effects of metal cations or organic
compounds on the Ca?* signaling pathway through CaM and also
as observing a protein/protein interaction between CaM binding
protein and CaM whose amino acid sequences are changed by
genetic engineering.
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