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Although the 3D structure of the Ca2+-bound CaM (Ca2+/CaM) complex with the antagonist, N-(6-amin-
ohexyl)-5-chloro-1-naphthalenesulphonamide (W-7), has been resolved, the dynamic changes in Ca2+/
CaM structure upon interaction with W-7 are still unknown. We investigated time- and temperature-
dependent dynamic changes in Ca2+/CaM interaction with W-7 in physiological conditions using one-
and two-dimensional Fourier-transformed infrared spectroscopy (2D-IR). We observed changes in the
a-helix secondary structure of Ca2+/CaM when complexed with W-7 at a molar ratio of 1:2, but not at
higher molar ratios (between 1:2 and 1:5). Kinetic studies revealed that, during the initial 125 s at
25 �C, Ca2+/CaM underwent formation of secondary coil and turn structures upon binding to W-7. Vari-
ations in temperature that induced significant changes in the structure of the Ca2+/CaM complex failed
to do so when Ca2+/CaM was complexed with W-7. We concluded that W-7 induced stepwise conforma-
tional changes in Ca2+/CaM that resulted in a rigidification of the complex and its inability to interact with
target proteins and/or polypeptides.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Calmodulin (CaM) is a ubiquitous Ca2+-binding protein of 148
residues that regulates a variety of physiological processes in a
Ca2+-dependent manner [1–3]. The regulation is achieved through
the interaction of Ca2+-bound CaM (Ca2+/CaM) with a large number
of target enzymes [1–5]. CaM adopts an ‘‘elongated’’ structure [5–8]
in which the two globular domains are connected by a highly
flexible linker [9–12], both in its Ca2+-bound and Ca2+-free states.
In contrast, Ca2+/CaM complexed with target proteins adopt a com-
pact globular shape caused by the bending of the domain linker
[13–15].

A CaM antagonist, N-(6-aminohexyl)-5-chloro-1-naphtha-
lenesulphonamide, W-7, has been used extensively to study the
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Ca2+/CaM-dependent activation of various enzymes [16–18]. Dis-
tinct binding sites of W-7 have been mapped in the N-terminal
and C-terminal domains of CaM (Fig. 1). Binding of W-7 induces
important changes in the 3D structure of Ca2+/CaM [16]. To date,
studies related to structural changes in Ca2+/CaM upon interaction
with W-7, have been conducted in the stable state. There has not
been any study of dynamic changes of Ca2+/CaM upon binding to
W-7.

Fourier transform infrared spectroscopy (FTIR) is a powerful
tool for analyzing dynamic changes in protein structure in physio-
logical conditions [19,20]. Second dimensional FTIR analysis as a
function of time provides important information about the second-
ary structural changes in protein–protein and/or protein-chemical
substance complexes, such as receptor-drugs. Dynamic IR spec-
troscopy, combined with two-dimensional (2D) correlation analy-
sis, has been used for solving protein structure prior to and after
complex formation [21–25]. This technique is a powerful tool for
studying the time-dependent response of a sample as a function
of an applied perturbation. Furthermore, by applying 2D correla-
tion analysis, it is possible to identify intra- and intermolecular
interactions in proteins or peptides. The power of the analysis is
enhanced because of the ability to resolve overlapping spectral
bands spread out over the second spectral dimension.

http://dx.doi.org/10.1016/j.bbrc.2012.05.131
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Fig. 1. 3D structure of Ca2+/CaM (PDB No. 1cll) and its complex with W-7 (PDB No. 1mun).
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In the present study, we confirmed by one-dimensional FTIR
that the appropriate binding ratio of Ca2+/CaM to W-7 was 1:2.
We investigated dynamic changes in the secondary structure of
Ca2+/CaM upon interaction with W-7 as a function of time. During
an initial period of �125 s, changes in the secondary structure of
Ca2+/CaM upon binding to W-7, followed our prediction of forma-
tion of coil and turn structures. Changes in temperature induced
conformational changes in Ca2+/CaM but failed to do so in the con-
text of the Ca2+/CaM/W-7 complex. Together, our observations led
us to conclude that W-7 induced stepwise conformational changes
in Ca2+/CaM leading to rigidification of Ca2+/CaM and its inability to
interact with its target proteins.

2. Materials and methods

CaM was purified from bovine brain by phenyl-Sepharose affin-
ity chromatography with slight modifications, as previously de-
scribed [20,26]. The purity of CaM was assessed by TOF/MS and
SDS–PAGE (15% polyacrylamide gel) as previously reported [20].
CaM concentration was calculated based on the absorbance at
280 nm and an E1% of 1.6 for CaM. W-7 was purchased from Sig-
ma–Aldrich (U.S.A).

Operation of FTIR has been previously described [20]. Briefly,
infrared spectra of proteins in solution, CaM or a 1:1 (molar ratio)
mixture of CaM and W-7 dissolved in 50 mM Tris–HCl, pH 7.5,
0.15 M NaCl, 1 mM EDTA and 5 mM CaCl2 (Buffer A), were recorded
with a Tensor27 spectrometer (Bruker Optik GmbH, Ettlingen, Ger-
many). Protein samples were prepared in a BioATR celli II (Harrick
Scientific Products Inc., NY, USA), connected to a thermostat
(DC30-K20, Thermo Scientific Haake Products, NH, USA).

The BioATR sample cell was used to analyze protein samples in
solution. For each spectrum, a 64 scan interferogram was obtained
at a single beam mode at 4 cm�1 resolution. Reference spectra for
Buffer A alone were recorded under identical conditions. Recorded
and evaluated infrared spectra were analyzed with the Opus 6.5
software (Bruker Optik GmbH, Germany). Measurements were per-
formed between 20 �C and 90 �C at 5 �C increments. Second-deriv-
ative amide I spectra were determined using 9 smoothing points
according to the Savitzky-Golay algorithms [27].

The spectra were normalized by division with the static trans-
mission spectrum and then corrected for baseline. For each exper-
iment, several measurements were made with a small variation in
the static stress. The spectra shown here are all mean normalized
spectra.

Two-dimensional correlation spectroscopy (2D-IR) of the one-
dimensional FTIR spectra was implemented in MATLAB [28]. A sin-
gle window over the entire time range of the experiment (0–125 s)
was used. From the complete series of FTIR spectra as a function of
time, the raw data of the amide I band were taken, smoothed twice
by spline interpolation and a linear back-ground (1600–1700)
cm�1 was subtracted. Next, the dynamic component of the FTIR
spectra was calculated by subtraction of the static component.
Since subtraction of an average static spectrum can amplify noise
and introduce false peaks when the dynamic component has rela-
tively low amplitude versus the static component [29], we used a
steady-state spectrum as reference. The discrete Fourier transfor-
mation and its conjugate transformation for a given structural
event pair (e.g., change at m1 versus change at m2) were calculated
and summed separately. A complex number for each possible pair
of wavenumbers (m1, m2) was obtained: U + Wi. The real compo-
nent U of this complex number represents the synchronous com-
ponent of the correlation, the imaginary part W corresponding to
the asynchronous component. Real and imaginary components of
U + Wi, enabled to construct synchronous and asynchronous plots
that were analyzed according to the rules described by Noda
[21,22].
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Fig. 2. Secondary derivative spectra of Ca2+/CaM and its complex with W-7 at different molar ratios. The dotted and solid lines correspond to the secondary derivative spectra
for Ca2+/CaM and for its complex with W-7 at different Ca2+/CaM:W-7 molar ratios, 1:1–1:8 (A). The d2A/dW2 scale is plotted on the y-axis where A and W represent
absorbance and wavenumber, respectively. Changes in specific wavenumbers assigned to b-sheet (1628 cm�1), a-helix (1652 cm�1), tryptophan (1515 cm�1) and aspartic
acid mediating Ca2+ ion binding (1400 cm�1) were measured as a function of molar ratios as previously described by Nara et al. [30] (B). Derivative spectra for Ca2+/CaM alone
and Ca2+/CaM complexed with W-7 at various molar ratios (C).

1620 

1640 

1660 

1680 

1680 1660 1640 1620 1680 1660 1640 1620 

X [Wavenumber / cm-1] 

Z
 [

W
av

en
um

be
r 

/ c
m

-1
] 

BA

Fig. 3. 2D IR correlation spectra for Ca2+/CaM binding to W-7 in the 1600 cm�1–1700 cm�1 spectral range. (A) synchronous and (B) asynchronous profiles at 25 �C are shown.
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3. Results and discussion

Secondary derivation for spectra of either Ca2+/CaM alone or
complexed with W-7 at different Ca2+/CaM:W-7 molar ratios, i.e.
1:1–1:8, were generated (Fig. 2A). In the presence of W-7, the
profiles of secondary derivation of spectra were slightly changed
compared to those for Ca2+/CaM alone. Marked changes were
observed in the Ca2+/CaM/W-7 complex at 1650–1657 cm�1 at mo-
lar ratios greater than 1:7. However, in contrast to the dramatic
changes observed for the 1657 cm�1 band, a band that could be
assigned to an a-helix structure, none of the others bands (and cor-
responding structures), 1628 cm�1 (b-sheet) [20], 1652 cm�1

(a-helix), 1515 cm�1 (tryptophan) and 1400 cm�1 (aspartic acid
corresponding to a Ca2+ ion binding site) [30] changed significantly



Table 1
Observed IR wavenumber assignments to the secondary structure of Ca2+/CaM upon
binding to W-7.

Wavenumber (cm�1) Assignment to secondary structure
1609 Turn
1630 Coil
1636 Coil
1650 Helix
1660 Helix
1672 Turn
1682 Turn
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(Fig. 2B). Dynamic spectra were estimated from derivative spectra
for Ca2+/CaM alone and Ca2+/CaM complexed with W-7 at various
molar ratios. Dramatic changes were observed at the 1658 and
1620 cm�1 wavenumbers upon formation of a complex with W-7
at molar ratios greater than 1:2 (Fig. 2C).
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to CaM due to a low binding affinity, we chose a Ca2+/CaM:W-7mo-
lar ratio of 1:2 in subsequent experiments.

We then recorded 2D-IR spectra of Ca2+/CaM upon binding to
W-7 over the first 125 s (Fig. 3). In the C@O vibration region, the
synchronous plot showed a very strong peak at the 1650 cm�1

band corresponding to an a-helix structure (Fig. 3A). According
to the interpretation rules described by Noda [21,22], the positive
crosspeak at (m1, m2) in a synchronous plot indicates that the inten-
sities of m1 and m2 vary in the same direction. Thus, the positive
crosspeak at 1650 cm�1 suggested that the a-helix structure had
formed at a very initial stage of Ca2+/CaM interaction with W-7.

The corresponding asynchronous plots in Fig. 3B indicated that
the 1672 cm�1 band was characterized by a positive peak com-
pared to the 1682 and 1636 cm�1 bands but by a negative peak
when compared to the 1650 and 1630 cm�1 bands. Furthermore,
the 1660 cm�1 band appeared as a positive peak compared to the
1609 cm�1 but as a negative a peak when compared to the
1682 cm�1 band. According to the interpretation rules described
by Noda, in an asynchronous plot, if m1 > m2, (m1, m2) is positive,
band m1 will vary prior to band m2, and if (m1, m2) is negative, band
m1 will vary after band m2. Thus, the positive peak at 1672 cm�1

indicated that the variation of spectral intensity at 1682 cm�1

(turn) occurred earlier than that at 1636 cm�1 (coil). We also found
a positive cross peak at 1672 cm�1 and a negative cross peak at
1650 cm�1 (helix) and 1630 cm�1 (coil). Furthermore, cross peak
at 1660 cm�1 (helix) and a negative cross peak at 1609 cm�1 (turn)
and 1682 cm�1 (turn) (assignment of wavenumber is shown in Ta-
ble 1). We therefore predicted that secondary structure changes in
Ca2+/CaM upon binding to W-7 might occur according to the
following order: 1609 cm�1 (turn) > 1660 cm�1 (helix) > 1682 cm�1

(turn) > 1636 cm�1 (coil) > 1672 cm�1 (turn) > 1630 cm�1 (coil).
However, we cannot rule out that the coil and turn structure might
form in an independent manner. As shown in Fig. 1, whereas the
structure of the middle hinge region of Ca2+/CaM is an helix struc-
ture in the absence of W-7, it becomes a coil structure in the con-
text of the Ca2+/CaM/W-7 complex. The two W-7 molecules bind to
the N- and C-lobe of Ca2+/CaM as shown in Fig. 1, this binding caus-
ing secondary structure changes in the ‘‘hinge’’ region of Ca2+/CaM.

The stability of the secondary structure of Ca2+/CaM as a func-
tion of temperature was increased upon W-7 binding (Fig. 4A).
The bands at 1652 cm�1 (assigned to an a-helix structure) and at
1628 cm�1 (assigned to a b sheet) for Ca2+/CaM changed with
temperature, a phenomenon that was not observed for the Ca2+/
CaM/W-7 complex (Fig. 4B). Thus, although the pattern of the band
at 1672 cm�1 (assigned to a turn structure) changed over 60 �C,
only a slight change was observed for that same band for the com-
plex (Fig. 4C). The hydrodynamic diameter of Ca2+/CaM was not
changed with temperature up to 55 �C, its size increasing exponen-
tially over 60 �C, as shown by dynamic light scattering (DLS; data
not shown) [20,32]. Under 55 �C, the a-helix and b-sheet secondary
structures in Ca2+/CaM were stabilized by W-7 binding.

In conclusion, our study, based on 2D-IR, supported that W-7
induced stepwise conformational changes in Ca2+/CaM that led in
turn to a stabilization of the secondary structure of Ca2+/CaM
(under non-aggregating conditions). Furthermore, we observed
that, although the middle ‘‘hinge’’ region of CaM is a loop structure,
W-7 stabilized mainly the a-helix and the turn structures but not
the b-strand structures of both lobes of Ca2+/CaM. Our observations
led us to conclude that binding of W-7 induced a rigidification of
the Ca2+/CaM structure and, as a result, precluded binding to its
target proteins and polypeptides.
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