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Abstract

Carboxylate (COO™) groups can coordinate to metal ions in of the following four modes: ‘unidentate’, ‘bidentate’, ‘bridging’ and
‘pseudo-bridging’ modes. COO™ stretching frequencies provide information about the coordination modes of COO™ groups to metal
ions. We review the Fourier-transform infrared spectroscopy (FTIR) of side-chain COO~ groups of Ca®"-binding proteins: pike parval-
bumin p/ 4.10, bovine calmodulin and Akazara scallop troponin C. FTIR spectroscopy of Akazara scallop troponin C has demonstrated
that the coordination structure of Mg®" is distinctly different from that of Ca®" in the Ca*"-binding site. The assignments of the COO~
antisymmetric stretch have been ensured on the basis of the spectra of calcium-binding peptide analogues. The downshift of the COO™
antisymmetric stretching mode from 1565 cm™ to 1555-1540 cm ™" upon Ca®* binding is a commonly observed feature of FTIR spectra

for EF-hand proteins.
© 2007 Elsevier Inc. All rights reserved.
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Calcium ion has a number of functions in biological sys-
tems, from biomineralisation in bones and teeth to a com-
plex role as an intracellular messenger. The role of Ca*" as
an intracellular messenger has been recognised since the
1970s [1]. Kretsinger proposed that the actions of Ca®"
are the results of its binding to specific proteins considered
to be Ca®" receptors [2]. Like Ca®", Mg”" is essential in
biological systems, as it has both structural and catalytic
functions [3]. Mg®" is the most abundant divalent cation
in mammalian cells, with a nearly constant cytosolic free
concentration of 0.5-2.0 mM. The concentration of Ca*"
in the cytosol is 1077 M, four orders of magnitude lower
than that of Mg®". The cellular activities by Ca”>" are reg-
ulated through transient increases in the cytosolic concen-
tration, from 1077 M in a resting cell to 107°-107> M in
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an activated cell [4]. Thus, Ca>" can regulate the functions
of Ca*"-binding proteins even in a 100- to 1000-fold excess
of Mg®". Discrimination of the Ca®'-binding protein
against Mg " is achieved by taking advantage of the larger
jonic radius of Ca®>" and, possibly, through a special
arrangement of coordinating oxygen ligands: Ca®" takes
a coordination number of 6-8, less stringent than that of
Mg?*, which has a strong preference for six-fold coordina-
tion in an octahedral symmetry [5].

The Ca’'-binding region is composed of about 30
amino-acid residues and has a conserved helix-loop-helix
motif called the EF-hand domain [6,7]. The calcium-bind-
ing site involves a segment of a polypeptide chain having
12 continuous residues, which are arranged to coordinate
Ca’" with pentagonal bipyramid symmetry, with seven
ligands provided by five side-chain oxygens of the carbox-
ylate group etc., one backbone carbonyl oxygen and one
water oxygen. Two of the side-chain ligands are provided
by a highly conserved bidentate Glu in the 12th residue.
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Upon accommodation of Ca®", the EF-hand domain
changes from a relatively compact, “closed” conformation
to an “open” conformation, allowing the hydrophobic
residues that had been hidden in the internal portions of
Ca”"-binding proteins to be exposed. The hydrophobic res-
idues in the Ca”"-binding proteins interact with their target
proteins and control their activity in the cell.

The carboxylate (COO™) groups can coordinate to
metal ions in a number of modes (Fig. 1): ‘unidentate
(or ‘monodentate’), ‘bidentate’ (or ‘chelating’), ‘bridging’
(or ‘bridging bidentate’), and ‘pseudo-bridging’ modes
[8,9]. When a metal ion interacts with only one oxygen
atom of a COO™ group, the coordination structure is
regarded as unidendate. In the bidentate coordination
mode, the metal ion interacts equally with the two oxygen
atoms of a COO™ group. In the bridging coordination
mode, one metal ion binds to one of the two oxygens in
a COO™ group and another metal ion to the other oxygen
atom. As a special case of the bridging mode, the pseudo-
bridging coordination mode features a water molecule
replacing one of the two ligands in the bridging coordina-
tion. Extensive infrared studies have been done on the rela-
tionship between COO~ stretching frequencies and
coordination types [8,10]. Deacon and Phillips [8] have
found a general tendency in the relationship between
Av, ¢ (frequency separation between the COO™ antisym-
metric and symmetric stretching vibrations) and the coor-
dination types of the COO™~ group to metal ions by
examining the structures and vibrational frequencies of a
number of acetate salts in the solid state. The frequency
of the COO™ antisymmetric stretch of the unidentate spe-
cies is higher than that of the ionic (metal-free) species,
which is in turn higher than that of the bidentate species.
The reverse is the case for the COO™ symmetric stretch.
As a result, the Av,_ values for unidentate, bridging, biden-
tate and ionic species are in the following order:

Av, ;(unidentate) > Av, ((ionic) ~ Av, (bridging)
> Av, s(bidentate),

where Av,  (ionic) is approximately 160-170 cm ™. 4b ini-
tio molecular orbital calculation revealed that the correla-
tion is related to changes in the CO bond length and the
OCO angle [11]. An equation for the relationship between
the structure of the COO™ group and the value of Av,_ (in

cm™') is given as
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Av, s = 1818.18r + 16.47(0oco — 120) + 66.8,

where Or is the difference between the two CO bond lengths
(in A) and oco 1s the OCO angle (in deg). This equation
suggests that the variation of 0.01 A in &r or 1° in 6pco
gives rise to a change of 16-18 cm ™' in the value of Av, .

Fourier-transform infrared spectroscopy (FTIR) is a
useful method for investigating protein structures in
diverse environments [12-17]. The development of comput-
erised Fourier-transform infrared instrumentation has not
only improved the signal-to-noise ratio, but also made it
possible to enhance the resolution of broad infrared bands
by techniques such as Fourier self-deconvolution and sec-
ond-derivative calculation [18-20]. Among the infrared
bands created by the peptide group, the amide-I band
has been the most widely used in studies of protein second-
ary structures. The amide-I mode consists mainly of the
C=O0 stretch of the peptide group (mixed with the N—H
bend and the C—N stretch) and gives rise to a strong infra-
red band in the region of 1700-1600 cm~'. The relationship
between the position of the amide-I band and the type of
secondary structure has been investigated experimentally
for model peptides and proteins of known three-dimen-
sional structure [14]. The general empirical rule in the infra-
red study of proteins is to assign the individual amide-I
bands resolved by resolution-enhancement techniques to
representative secondary structures such as a-helix, B-sheet,
B-turn and so on [21].

FTIR spectroscopy also has potential in the study of
protein side chains such as aromatic rings —COO™,
—OH, —SH, —CH3;, —CH,— and so on, to elucidate the
mechanisms underlying protein reactions. Barth has
reviewed the infrared absorption of amino-acid side chains
in H,O and D,O [22]. As mentioned above, infrared spec-
troscopy provides information about the coordination
modes of the COO™ groups of various acetate compounds
in the solid state. The empirical rule described above can be
applied to other compounds, such as amino acids (glutamic
and aspartic) and ethylenediaminetetraacetic acid (EDTA),
although the value Av,_ (ionic) depends on the compound.
When we apply this empirical rule to the side-chain COO™
groups contained in a protein in solution, we see that the
COO~ group, which binds to M*" (bicationic metal ion)
in the unidentate coordination mode in the solid state,
probably contacts water molecules in aqueous solution
and may become a ‘pseudo-bridging’ coordination mode.
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Fig. 1. Coordinating structures of the side-chain COO~ groups to M>" in (A) unidentate, (B) bidentate, and (C) bridging modes.
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This is applicable to [EDTA* —Ca*"] complex in aqueous
solution [23] and most of the side-chain COO™ groups in
the unidentate coordination mode in Ca*"-binding pro-
teins, as mentioned below.

In this article we review the FTIR spectroscopy of side-
chain COO~ groups of Ca*"-binding proteins: pike parval-
bumin p/4.10 [24], bovine calmodulin (CaM) [25], Akazara
scallop troponin C (TnC) [26-28] and calcium-binding pep-
tide analogues [29]. First, we have presented FTIR studies
on pike parvalbumin p/ 4.10 [24] and CaM [25], where we
have established that the COO™ stretches identify the coor-
dination modes of COO™ groups on the level of Ca*"-bind-
ing proteins. Second, we have shown the FTIR spectra of
Akazara scallop TnC [26], a single Ca®*-binding protein,
and its site-directed mutants [27,28], where FTIR spectros-
copy demonstrates that the coordination structure of Mg>"
is distinctly different from that of Ca?" in the Ca*"-binding
site in solution. Finally, the assignments of the COO™ anti-
symmetric stretch were ensured on the basis of the spectra
of calcium-binding peptide analogues [28,29].

Pike parvalbumin pZ 4.10

Parvalbumins, which are ubiquitous in vertebrates, form
a group in Ca”"-binding proteins in parallel with calmodu-
lin and troponin C [30]. Although the function of parvalbu-
mins is not yet understood, their involvement in the
relaxation process of fast muscles has been proposed
[31,32]. Kretsinger and Nockolds [33] first reported the
three-dimensional structure of carp parvalbumin (isoform
pl 4.25) in crystal. According to their results, which Moew
and Kretsinger later refined [34], this protein is globular
and contains six helical parts called the A-F helices from
the N-terminus, and has a feature common to Ca>"-bind-
ing proteins, namely, the EF-hand motif, which is formed
by about 30 amino-acid residues consisting of the E and
F helices (nearly perpendicular to each other) and a con-
necting loop with a Ca”*"-binding site (EF site). Another
domain of about 30 amino-acid residues containing the C
and D helices also assumes a similar conformation with a
Ca’"-binding site in it (CD site).

An X-ray analysis of carp parvalbumin at 1.5 A resolu-
tion by Kumar et al. [35] has shown that the Ca®" ions in
both the CD and EF sites are 7-coordinate; the ligands in
the CD site are Asp-51, Asp-53, Ser-55 (O of the OH
group), Phe-57 (O of the main chain CO group), Glu-59
and Glu-62; and those in the EF site are Asp-90, Asp-92,
Asp-94, Lys-96 (O of the main chain CO group), Glu-
101, and water-128. The COO~ groups of all of these
aspartic acid residues and Glu-59 are unidentate, whereas
those of Glu-62 and Glu-101 are bidentate.

The Mg?" and Mn?' ions have affinities for the
Ca”"-binding sites in parvalbumins, but the association
constants for Mg>" are three to four orders of magnitude
smaller than those for Ca®* [36,37]. Pike parvalbumin pI
4.10 is interesting for the purpose of studying the
metal-ligand interactions in Ca®'-binding proteins,

because Declercq et al. [38,6] have reported the X-ray
structures (1.6-1.8 A resolution) of this protein for not
only the Ca®"-bound state but also the Mn”>"-bound state
and a partially Mg”>"-bound state where the Mg>" jon is
bound only to the EF site. The primary structures of the
two Ca’'-binding sites in pike parvalbumin pI 4.10 are
exactly the same as those of carp parvalbumin p/ 4.25,
and the X-ray structures of those two kinds of parvalbu-
mins are essentially the same. In contrast to the Ca®'-
bound state, the COO™ groups of both Glu-62 and Glu-
101 in the Mn?*-bound state of pike parvalbumin are uni-
dentate. The COO™ group of Glu-101 in the partially
Mg*"-bound form is also unidentate.

We have demonstrated that the comparison of the FTIR
spectra of the metal-bound forms (metal = Mg>", Mn*",
and Ca’") of pike parvalbumin p/ 4.10 leads to unique
identification of bands that can be used as markers for
the types of coordination of the COO™ group to the metal
ion in Ca”*"-binding proteins. Fig. 2 shows the infrared
Fourier self-deconvolved and second-derivative spectra of
the Mg®"-bound, Mn?>"-bound and Ca®"-bound states of
deuterated pike parvalbumin p/ 4.10. Significant differences
were observed in the region of COO™ antisymmetric
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Fig. 2. Fourier self-deconvolved (a, ¢, and, ¢) and second-derivative (b, d,
and f) spectra of (a and b) Mg?"-bound, (¢ and d) Mn>*-bound, and (e
and f) Ca’"-bound pike parvalbumin. Deconvolution was performed
according to the method described by Jones and Shimokoshi [20]. Second
derivatives are multiplied by —1. From Nara et al. [24].
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stretch; there were two bands, at 1584 and 1577 cm ™!, in

the Mn>"-bound form, while there is a single band at
1584 cm™" in Fig. 2a and b and at 1582 cm™! in Fig. 2e
and f. The band at 1553 cm ™' in Fig. 2¢ and f is character-
istic of the Ca®"-bound state.

The bands observed in the region of 1610-1550 cm ™! in
Fig. 2 are correlated to the local environments of the
COO™ groups in the protein molecule.

(a) The band at 1553 cm™' of the Ca*"-bound state is
undoubtedly due to the COO™ groups of Glu-62
and Glu-101, which are coordinated to Ca®>" in the
bidentate mode. The fact that this band is character-
istic of the Ca®*-bound form agrees completely with
the results of X-ray analyses that the COO™ groups
of Glu-62 and Glu-101 are bidentate only in the
Ca’"-bound form. The 1553 cm™' band of the
Ca’*-bound form is 14 cm~' downshifted from the
1567 cm™" band of free glutamate. This downshift
parallels that of the COO™ antisymmetric stretching
band of the acetate anion ongoing from the ‘ionic’
state to the bidentate state.

(b) The band at 1577-1574 cm ™! in Fig. 2¢ and d is prob-
ably due to the COO™ groups of Glu-62 and Glu-101
in the Mn?"-bound state, which are unidentate
according to X-ray analysis [6]. This band is 7-
10 cm ™! upshifted from the 1567 cm ™' band of “free’
glutamate in parallel with the upshift of the acetate
ion ongoing from the ‘ionic’ state to the unidentate.
These unidentate COO™ groups may change to the
pseudo-bridging coordination mode in solution, since
the upshifted value of 7-10 cm™' is much smaller
than those observed for acetate salts going from the
‘ionic’ to unidentate state.

(c) According to the X-ray analysis of the partially
Mg?*-bound form [6], the COO~ group of Glu-101
in this form is in the pseudo-bridging state. The band
at 1584 cm ™! of the Mg?"-bound state may contain a
contribution from (COO™) of Glu-101 in the pseudo-
bridging mode, in addition to the absorption due to
the ‘free’ COO™ groups of aspartate residues.

Calmodulin

Calmodulin regulates the functions of a wide variety of
enzymes [31,32,39]. It has four Ca®*-binding sites (I-IV).
X-ray analyses [40,41] have revealed that these four sites
are similar to the EF-hand motif reported on parvalbumin
[33], and that the COO™ groups of Asp and Glu, the
CONH, groups of Asn and so on are coordinated to
Ca®". Bovine CaM has 17 Asp COO~ groups and 21 Glu
COO™ groups in a molecule. Of these 38 COO™ groups,
16 exist in the Ca®>"-binding sites, and the COO~ groups
of the following 14 amino-acid residues are directly coordi-
nated to Ca>": Asp-20 (1), Asp-22 (3), Asp-24 (5), and Glu-
31(12) in site I; Asp-56 (1), Asp-58 (3), and Glu-67 (12) in

site II; Asp-93 (1), Asp-95 (3), and Glu-104 (12) in site III;
and Asp-129 (1), Asp-131 (3), Asp-133 (5), and Glu-140
(12) in site IV, where the numbers in parentheses refer to
the local sequential order of the amino-acid residues in each
Ca*"-binding site consisting of 12 residues. Studies on CaM
obtained from various mutants have shown that the 12th
Glu residues in sites I-IV (Glu-31, Glu-67, Glu-104, and
Glu-140) are essential for Ca®" binding [42], whereas the
third Asp residue in site II (Asp-58) and that in site III
(Asp-95) are associated with intersite cooperativity [43].

CaM binds various metal ions besides Ca>" [44,45]. The
correlation between CaM activities and the metal-ion radii
has been studied by assaying CaM-dependent phosphodi-
esterase activity as well as tyrosine fluorescence [45]. FTIR
and electron-spin-resonance spectroscopies and the assay
of CaM-dependent myosin light-chain kinase activity have
also been applied to the study of the interaction between
CaM and various metal ions [46]. CaM’s interaction with
Mg”" is interesting because CaM is thought to interact
with not only Ca*" but also Mg®" under physiological con-
ditions [47]. Comparative studies on the binding effects of
Ca*" and Mg®" have been performed by using circular
dichroism [48] and nuclear magnetic resonance [49] spec-
troscopies. Cd*" is thought to be an effective substitute
for Ca®", since the radii of these two cations are close to
each other (1.00 A for Ca®" and 0.95 A for Ccd*h).

FTIR studies on CaM have been reported by Trewhella
et al. [50], Rainteau et al. [46] and Jackson et al. [51]. The
amide-I’ bands of CaM in D,O solution have been ana-
lysed by the method of Fourier self-deconvolution, sec-
ond-derivative spectrum, and difference spectrum [50].
The metal-ion dependence of the half-width of the amide-
IT band has been reported on undeuterated CaM in nujol
[46]. CaM’s interactions with its peptides also have been
studied by FTIR spectroscopy in combination with the iso-
tope-edited method [52] or vibrational circular dichroism
(VCD) spectroscopy [53].

We have utilised resolution-enhancement techniques to
study the FTIR spectra of M?"-bound CaM
(M2+ = Mg”, Ca’", Sr*", and Cd”) as well as M?*-free
(apo) CaM in order to determine the correlations between
the FTIR spectra and the function of CaM and to obtain
information about structural changes induced by M>"
binding. By comparing the spectra of the Ca®"-bound state
with those of the M*"-free state, we tried to find bands
characteristic of active-type protein such as the
Ca*"-bound state and those of the inactive type such as
the M*"-free state. Fig. 3 shows infrared second-derivative
spectra of the M?*-bound and M?*-free (apo) states of
CaM. In the amide-I' region, three bands were observed
at 1674, 1660, and 1644 cm™' in the spectrum of the
Ca’"-bound form [Fig. 3b], whereas only two bands were
observed at 1675 and 1642 cm ™' in the spectrum of the
M?**-free state [Fig. 3e]. Since the 1660 cm ™' band of the
Ca’"-bound form is clearly observed, it is considered a
band characteristic of the active type. Clear differences
were found between the Ca®*-bound and M?*-free forms
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Fig. 3. FTIR second-derivative spectra of the M>*-bound and M>*-free
(apo) states of calmodulin in D,O solution: (a) Mg>"-bound state; (b)
Ca?"-bound state; (c) Sr**-bound state; (d) Cd**-bound state; and (e)
M?"free state. From Nara et al. [25].

in the region of COO™ antisymmetric stretch. The
Ca’*-bound state had two bands, at 1580 and 1552 cm ™,
in Fig. 3b and two at the M?*-free state, at 1582 and
1565cm ™!, in Fig. 3e. These spectra demonstrated that
the 1552 cm ™' band is characteristic of the active type. In
the COO™ symmetric stretching region, the intensity of
the band at 1425 cm ™! of the Ca*"-bound state in Fig. 3b
seemed to be stronger than that of the corresponding band
at 1423 cm™! of the M*"-free state in Fig. 3e. This differ-
ence is more clearly seen in the original spectra taken from
H,O solutions. The band at 1424 cm™"! of the Ca®>"-bound
form apparently exists in Fig. 4b, whereas no definitive
band is seen around this position in the spectrum of the
M?>*-free form in Fig. 4e. Accordingly, the existence of a
band at 1424 cm ™' in addition to a more intense band at
about 1404 cm ™! may be regarded as a spectral feature of
the active type. Consequently, the marker bands of the
active form were: (1) the amide-I'’ band at about
1661 cm™', (2) the COO™ antisymmetric stretching band
at 1553 cm™ !, and (3) the COO~ symmetric stretching band
at 1424 cm~!. We call these bands markers I, I, and IIL,
respectively.

The spectra of the Sr*"- and Cd**-bound forms had
similarities to those of the Ca*>"-bound form, whereas the
spectrum of the Mg®*-bound form was closer to that of
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Fig. 4. FTIR spectra (1500-1300 cm ') of the M**-bound and M*"-free
states of calmodulin in H,O solution. For (a)—(e), see the caption of Fig. 3.
From Nara et al. [25].

the M*"-free form. Marker I was seen in the second-deriv-
ative spectra of the Sr**- and Cd*"-bound forms, whereas
the Mg*"-bound form did not show this marker band.
Marker II was found at 1550 cm™' for the Sr**-bound
form and at 1552 cm™! for the Cd>"-bound form, but these
bands are relatively weaker in intensity than the 1552 cm ™"
band of the Ca®*-bound form. Marker II was not clearly
observed for the Mg?"-bound form. Marker III was
observed in the spectra of all the M>'-bound forms,
although the intensity of this marker band at 1424-—
1420 cm ™! relative to that of the band at 1406-1404 cm™!
varied with the metal ion. Marker band I is considered to
be associated with a secondary structure of the protein
main chain, and marker bands II and III with the interac-
tion between M>" and the COO ™ groups in the side chains
of Asp and Glu residues. The Mg?"-bound form is defi-
nitely different from the Ca’*-, Sr**-, and Cd*"-bound
forms, and is close to the M>"-free form.

Chao et al. [47] have investigated the correlation
between the radii of M?' and the activities of the
M>*-bound form by measuring CaM-dependent phospho-
diesterase activities. According to their results, the activi-
ties of the Mg2+—, Sr?*-, and Cd*"-bound forms are 35%,
86%, and 90% of that of the Ca’"-bound form, respec-
tively. Since the ionic radii of Mg”, Ca*", Sr**, and
Cd>" are 0.72, 0.95, 1.00, and 1.16 A, respectively, the
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activity level of the M**-bound form tends to fall below
that of the Ca®*-bound form as the ionic radius of M**
deviates from that of Ca®*. There seems to be a broad par-
allel between the infrared intensities at about 1553 cm™'
(band IT) and the order of activity levels of the M**-bound
forms reported by Chao et al. [47]. The infrared intensities
at about 1553cm™' seem to have the order Ca®" >
Sr** > Cd** > Mg?", although it is difficult to determine
the intensities quantitatively because of the overlapping
of closely located bands. The intensities at 1424—
1420 cm™! (band III) relative to that of 1406-1402 cm™!
in Fig. 4 also seemed to be associated with the activity level.
The correlation between the intensities at 1663-1660 cm ™!
in Fig. 3 and the M*"-bound activities is not as obvious,
because band I is not well resolved. In Fig. 3, however,
band I is clearly observable only in the spectra of the
Ca®"-, Sr*"-, and Cd*"-bound states.

Akazara scallop troponin C

Muscle contraction of vertebrate skeletal and cardiac
muscles is regulated by troponin in a Ca?*-dependent man-
ner [54]. Troponin contains three components: troponin C
(TnC), troponin I and troponin T; TnC is the Ca®*-binding
component. In general, TnC contains two independent
Ca”"-binding domains, each consisting of two EF-hand
motifs [55]. Vertebrate TnCs bind three or four Ca** ions
in a molecule [56-58] and act as the Ca®" switch of muscle
contraction associated with the binding and release of one
or two Ca*" ions in the N-terminal domain. The N-termi-
nal domain has thus been called the regulatory domain and
contains one or two low-affinity Ca?"-binding sites [59]. On
the other hand, the C-terminal domain has been called the
structural domain and contains two high-affinity sites.
They also bind Mg>" and are called Ca?"/Mg”" sites.
Although the N-terminal low-affinity sites are called
Ca®"-specific sites, they also bind Mg®" very weakly
[60,61]. Since the intracellular Mg®" concentration is rela-
tively high at about 1 mM [62,63], intracellular Mg>* ions
are bound to the low-affinity Ca®*-binding sites in addition
to high-affinity sites in resting muscle cells [61]. It is there-
fore important to know the structural differences between
the Ca®*- and Mg*>"-bound forms.

Invertebrate muscles also have troponin molecules, and
their TnCs bind less Ca”" than do vertebrate ones, because
they have lost the Ca®"-binding ability at several sites due
to the replacement of amino acids critical to chelate Ca®*
[64]. Akazara scallop is an invertebrate. Its striated adduc-
tor muscle contains TnC that works as a Ca®" switch of
contraction [65], and it binds only one Ca®" ion at the
C-terminal EF-hand motif [66]. Akazara scallop TnC is
thus a curious and interesting molecule, since it regulates
muscle contraction by binding a single Ca®* ion.

Our interest is focused on the coordination structures of
Mg?" and Ca®* in the Ca®>"-binding site as well as the pro-
tein conformation. The Ca®*-binding loop (site IV) of this
protein is composed of DTDGSGTVDYEE (residues 131—

142) [66]. Applying the general rule of the EF-hand motif
[33] to this protein, the COO™ groups of Asp-131, Asp-
133 and Glu-142 should coordinate to Ca*" directly. On
the basis of the crystal structure of vertebrate TnCs
[67,68], the COO™ group of Glu at the 12th position in site
IV may coordinate to the Ca®>" ion in the bidentate mode
and to the COO™ groups of Asp at the 1st and 3rd posi-
tions in the unidentate mode.

Wild-type

We have measured FTIR spectra of Akazara scallop
TnC to clarify the interaction of the side-chain COO™
groups with Ca?" and Mg®" ions in the Ca®"-binding site.
Fig. 5 shows the infrared second-derivative spectra of
apo, Mg>"-bound and Ca’"-bound Akazara scallop
TnC in D,O across the range of 1750-1350 cm™'. The
patterns of the amide-I' region (1700-1620 cm™') and
the COO™ stretching region (1430-1370 cm™!) were simi-
lar to one another; the bands at 1674, 1646, and 1402-
1 cm ™! were observed in each state. Significant differences
were observed in the region of the COO™ antisymmetric
stretch (1620-1530 cm™"). In the apo state (Fig. 5a), two
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Fig. 5. FTIR second-derivative spectra of (a) M>"-free, (b) Mg -bound
and (c) Ca®"-bound Akazara scallop troponin C in solutions containing
40 mM Hepes—NaOD (pD 7.4) and 100 mM KCI. From Yumoto et al.
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strong bands were observed, at 1584 and 1567 cm ™', that
were due to the side-chain COO™ groups of Asp and Glu,
respectively. Bands were also observed at 1601 cm™! in
the Mg®"-bound state (Fig. 5b) and at 1543 cm™! in the
Ca”"-bound state (Fig. 5c). The intensity of the 1567-
cm ! band in the Mg®>"-bound state was stronger than
that in the Ca®>"-bound one, but identical to that in the
apo one. The intensity of the 1584-cm™' band in the
Mg?"-bound state was obviously smaller than that in
the apo state, whereas the corresponding band in the
Ca”’"-bound state showed a band at 1586 cm™', slightly
higher in wavenumber than that in the apo state. The
weak bands at 1605cm~! for the apo state and
1610 cm ™! for the Ca*"-bound state may also be due to
side-chain COO™ groups.

Fig. 6 shows the 1750-1350 cm ™' region of the difference
spectra between the M>"-bound and apo states. Fig. 6 pro-
vides additional significant information on the COO™ anti-
symmetric stretching region; the negative band at
1581 cm™' in Fig. 6a, and both the positive one at
1592 cm™! and the negative one at 1573 cm ™' in Fig. 6b.
In the amide-I’ region, the intensity of 1646 cm ™' increased
slightly upon Ca®" binding, whereas no such change was
observed upon Mg®" binding. In addition, it should be
noted that an upshift of the COO™ symmetric stretching
band from 1396 to 1428-1425 cm™! occurred upon Mg>"
or Ca>" binding.
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Fig. 6. FTIR difference spectra of Akazara scallop troponin C induced by
(a) Mg>" binding and (b) Ca*>" binding. From Yumoto et al. [26].

We have interpreted the bands in the COO™ antisym-
metric stretching region for Akazara scallop TnC in rela-
tion to the coordination structures of the COO™ group
and the peak positions of COO™ stretching bands men-
tioned above. (1) The 1543-cm™! band in Fig. 5c is due
to side-chain Glu-142 COO™ coordinated to the Ca®" ion
in the bidentate mode. This band was not observed in the
Mg”"-bound state, and the intensity at 1567 cm™' in the
Mg?"-bound state was the same as that in the apo state.
Therefore, this COO~ group does not coordinate Mg>"
directly. (2) The bands at 1602 cm ™' for the Mg**-bound
state in Fig. 6a and at 1592 cm™' for the Ca*"-bound state
in Fig. 6b indicate that the COO™ groups of Asp-131 and
Asp-133 interact with Ca®' as well as Mg”" in the
pseudo-bridging mode. This is direct evidence that
Akazara scallop TnC interacts with Mg®" in the single
Ca”"-binding site. (3) The shift of the COO~ symmetric
stretch from 1396 to 1425 cm ™! in Fig. 6a also reflects that
the COO™ groups interact with Mg>" in the pseudo-bridg-
ing mode, because the peak positions for the COO™ sym-
metric and antisymmetric stretching vibrations move
together. In addition, the weak band at 1605cm™' for
the apo state and at 1610 cm ™! for the Ca*"-bound state
may be due to side-chain COO™ groups.

The effects of Mg®" and Ca®" binding in Akazara scallop
TnC were also investigated by CD spectroscopy. The
o-helix contents for apo, Mg?*-bound, and Ca*"-bound
TnC were estimated as 36%, 41%, and 39%, respectively,
according to the method reported by Provencher et al.
[69]. As a result, most of the secondary structures were con-
served among them. Therefore, most of the secondary struc-
tures of Akazara scallop TnC may not be affected upon
either Mg”>" or Ca”>" binding. The effects of Mg*" or Ca*"
binding on Akazara scallop TnC were also examined by
gel-filtration chromatography and fluorescence spectros-
copy. As a result, the sizes of TnC molecules had the follow-
ing order: apo TnC > Mg -bound TnC > Ca**-bound
TnC. The fluorescence spectra across the range of 290-
450 nm showed that the intensities at 350 nm had the fol-
lowing order: Ca*"-bound TnC > Mg**-bound TnC ~ apo
TnC. Consequently, the tertiary structure of Ca®*-bound
TnC was slightly different from that of the Mg>"-bound
one as well as that of the apo state.

On the basis of the present results, we propose a model
for the on—off mechanism in the activation of Akazara scal-
lop TnC (Fig. 7). The Mg*"-bound and Ca®*-bound states
may be regarded, respectively, as the resting and activated
ones for muscle contraction, although the apo state may be
the resting one under physiological conditions. First, in the
Mg”"-bound state, Asp-131 and Asp-133 interact with the
Mg”" ion in the pseudo-bridging mode, whereas Glu-142
does not interact with the Mg®" ion. Asp-139 may be a
ligand for the Mg®" ion. Next, when Mg”" is replaced by
Ca*" in the binding site by the stimulation, Glu-142
interacts with the Ca®" ion in the bidentate mode, whereas
Asp-131 and Asp-133 interact with the Ca®" ion in the
pseudo-bridging mode. The Ca®' affinity is higher than
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Fig. 7. A schematic model of changes in coordination structure of the Ca>"-binding site of Akazara scallop troponin C accompanying the exchange of

Mg>" with Ca®*. From Yumoto et al. [26].

the Mg>" affinity, because Mg>" has been easily replaced
by Ca®" but Ca®" has not been easily replaced by Mg?".
The Glu-142 COO™ group plays a critical role in the selec-
tivity between Ca>" and Mg”>" for the Ca®"-binding site
and may be critical for the affinity for Ca®". Thus, it has
been recognised that the side-chain COO™ groups in the
Ca’"-binding site are important for the interaction of
EF-hand proteins with divalent metal ions and the selectiv-
ity between Mg®" and Ca®*. Our result about the Mg**
ligation of Akazara scallop TnC is close to the model pro-
posed by Malmendal et al. [70]; Mg?" binding occurs with-
out ligation of the side-chain COO™ of Glu at the 12th
position in the Ca®*-binding loops of CaM.
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Site-directed mutants of Akazara scallop TnC (E142Q and
El42D)

FTIR spectroscopy was applied to study the coordina-
tion structure of Mg®" in a site-directed mutant (E142Q)
of Akazara scallop TnC. For simplicity, this mutant is
called E142Q in this manuscript. Fig. 8 shows the infrared
second-derivative spectra of apo and Mg>*-bound E142Q
in D,0 across the range of 1710-1500 cm™'. The spectral
patterns of the amide-I' region were similar to each other,
and therefore the overall main-chain conformation is
thought to be conserved upon Mg>" binding. On the other
hand, the spectral patterns of the COO™ antisymmetric
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Fig. 8. FTIR absorption (A) and second-derivative (B) spectra of (a) apo and (b) Mg*"-bound E142Q mutant. For each absorption and second-derivative
spectra, the difference spectrum (c) was obtained by subtracting spectrum (a) from spectrum (b). Second derivatives are multiplied by —1. From Nara et al.

27].
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stretching region were different among them. The band at
1584 cm ™! and a shoulder at 1565 cm ™! in the apo state
(Fig. 8a) were, respectively, assigned to the B-COO™ group
of Asp and the y-COO™ group of Glu. The partial upshift
of the 1584-cm ™' band to 1600 cm ™' upon Mg>* binding
(Fig. 8b) was due to the pseudo-bridging coordination of
COO™ groups of Asp-131 and Asp-133, on the basis of
the results for the wild-type. On account of the replacement
of Glu to Gln, the band at 1565 cm ™' seemed to be slightly
weaker than that of the wild-type. It should be noted that
no significant downshift of the COO™ antisymmetric
stretching band was observed upon Ca®" binding (data
not shown), since E142Q does not provide a bidentate
coordination of the COO™ group at the 12th position of
site IV.

We examined Mg”" titration experiments for E142Q as
well as for the wild-type of Akazara scallop TnC by monitor-
ing the band at 1600 cm '. The intensity changes at
1600 cm ™' were evaluated by the amplitude difference
between the second derivatives, as shown in Fig. 8c. Titration
plots for E142Q and the wild-type are shown in Fig. 9. The
results indicated that their binding constants for Mg>" have
the same value as each other (about 6 mM). Consequently,
these experiments demonstrated that the side-chain COO™
group of Glu-142 has no relation to the Mg *-ligation.

The effects of Mg®" and Ca”" binding on E142Q were
investigated by CD spectroscopy. The CD spectrum in
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Fig. 9. Mg?" titration plots of the E142Q mutant (A) and wild-type (O) of
Akazara scallop TnC. The band at 1600 cm ™!, which is due to the side-
chain COO~ groups of Asp-131 and Asp-133 binding to Mg®" in the
pseudo-bridging coordination, was used for the marker of Mg*"-ligation.
Relative change was obtained by subtracting the spectrum of the apo state
from that in each total Mg>* concentration ((Mg>" Jrotar). The value of the
vertical axis was scaled as the difference between the apo state and the
[Mg® ot = 20 mM state becomes 1. From Nara et al. [27].

each state showed two negative peaks, at 208 and
222 nm. Little change occurred upon Mg>" or Ca*" bind-
ing. Therefore, most of the secondary structures were con-
served among them, consistent with the similarity in the
patterns of the amide-I region in Fig. 8. The effects of
Mg?* or Ca®* binding on Akazara scallop TnC were also
examined by fluorescence spectroscopy. The fluorescence
spectra across the range of 290-450 nm showed almost
the same intensities at 350 nm. Consequently, the tertiary
structure of Mg?"-bound Akazara scallop TnC was identi-
cal to that of the Ca*"-bound one as well as to that of the
apo one.

These results indicate that Mg®" binding to Akazara
scallop TnC is of physiological relevance, because the bind-
ing constant of Akazara scallop TnC for Mg>" was about
6 mM. Since intracellular Mg>" concentration is relatively
high at about 1 mM [62,63], the intracellular Mg”" ion
may bind Akazara scallop TnC in the resting muscle cells,
although its single Ca®'-binding site is apparently
Ca®"-specific [71]. Because the affinity of E142Q for
Mg?" was almost the same as that of the wild-type, the
side-chain COO™ group of Glu-142 has no relation to the
Mg*"ligation. Like the wild-type, the Mg>" binding to
E142Q had little effect on secondary and tertiary structures.
On the other hand, the Ca*" binding to E142Q has little
effect on the secondary or tertiary structures, whereas the
Ca”" binding to the wild-type causes both secondary and
tertiary structural changes. Therefore, the bidentate coordi-
nation of the Glu-142 COO™~ group for Ca>" is the trigger
for the activation of Akazara scallop TnC, whereas the
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Fig. 10. Infrared absorption spectra of Ca®"-bound (a) E142D and (b)
E142Q mutants and second-derivative spectra of Ca*"-bound (c) E142D
and (d) E142Q mutants of Akazara scallop TnC in D,0O solution. Second
derivatives are multiplied by —1. From Nara et al. [28].
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pseudo-bridging coordinations of the Asp-131 and -133
COO™ groups do not serve as the trigger directly.

FTIR spectroscopy was also applied to study the coor-
dination structure of Ca*" bound in the site-directed
mutant of Akazara scallop TnC, where Glu-142 is replaced
by aspartic acid. We refer to this as the “E142D” mutant.
The E142D mutant is interesting because Asp-142 has the
potential to act as a chelate for Ca®*. Fig. 10 shows the
infrared absorption and second-derivative spectra of
Ca”*"-bound E142D and E142Q of Akazara scallop TnC
across the range of 1700-1350 cm ™. It was difficult to dis-
tinguish them by the absorption spectra in Fig. 10a and b.
The second-derivative calculation provides more detailed
information about the spectral differences. As shown in
Fig. 10c and d, there was no band around 1543 cm™! for
either the E142Q mutant or the E142D mutant, although
the wild-type showed a band at about 1543 cm™! in the
Ca’*-bound state. This result is consistent with our former
conclusion that the 1543 cm ™' band is due to the Glu-142
side-chain COO~ group binding to Ca®' in the bidentate
coordination mode. The E142D mutant has a COO™ group
at the 12th position of the calcium-binding site, but a
downshift of the COO™ antisymmetric stretching mode
was not observed upon Ca®" loading, indicating that this
group does not bind with Ca?" in the bidentate coordina-
tion mode.
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Fig. 11. Infrared second-derivative spectra of (a) apo E142D, (b)
Mg**-loaded E142D, (c) Mg*"/Ca>* loaded E142D, (d) apo E142Q, (e)
Mg*"-loaded E142Q, and (f) Mg>"/Ca* loaded E142Q mutants. Sample
solutions were [TnC]=2mM and [KCl]= 100 mM for the apo state,
[TnC]=2mM, [Mg®>"]=20mM, and [KCI]= 100 mM for the Mg>*-
loaded state; and [TnC]= 2 mM, [Mg>"]= 20 mM, [Ca®*"]= 20 mM, and
[KCI] = 100 mM for the Mg*"-loaded state. From Nara et al. [28].

Fig. 11 shows the infrared second-derivative spectra of
apo, Mg®*-loaded and Mg”"/Ca*"-loaded E142D and
E142Q mutants across the range of 1700-1350 cm ™. At a
glance, the spectral patterns of apo E142D (Fig. 11a) and
apo E142Q (Fig. 11d) were, respectively, similar to those
of Ca’"-loaded El142D (Fig. 10c) and Ca’"-loaded
E142Q (Fig. 10d), since the “Ca*"-binding marker” around
1543 cm ™! was not available for these mutants. The spec-
tral patterns of the amide-I' region were similar to one
another, and therefore the overall main-chain conforma-
tion is thought to be conserved upon Mg®" and/or Ca*"
loading. As shown in Fig. 11b, the Mg®"-loaded E142D
exhibited the characteristic band around 1600 cm ™!, which
is due to Asp-131 and Asp-133 binding to Mg>" in the
pseudo-bridging coordination mode. The spectral pattern
for Mg?"/Ca®*-loaded E142D is the same as that of the
Ca”"-loaded one (Fig. 10c), meaning that Mg*>" was com-
pletely replaced by Ca®' in site IV. Therefore, it is con-
cluded that the Mg®*—Ca®*" exchange occurred for the
E142D mutant like it did for the wild-type protein. Need-
less to say, the Mg>" —Ca®" exchange also occurred for
the E142Q mutant (Fig. 11d-f). The intensity of the band
at 1588 cm™! seemed stronger for the Ca*"-bound form
than for the apo form, indicating that Asp-131 and Asp-
133 bind to Ca’" in the pseudo-bridging coordination
mode. The bands at 1600 cm™' for the E142D and
E142Q mutants decreased accompanying the exchange of
Mg?* with Ca?". This strongly supported that the Mg —
Ca’" exchange occurs in site IV only, and that therefore
Mg*" does not bind to the other sites.

Synthetic peptide analogues of Ca>*-binding site: site IV of
Akazara scallop TnC and site III of rabbit skeletal muscle
TnC

The use of the synthetic calcium-binding peptide
approach has provided valuable results for understanding
the calcium-binding properties thus far [72-75]. Calcium
binding to a series of peptides derived from site 111 of rab-
bit skeletal muscle TnC has been studied by Reid et al. [72],
who found that a 34-residue peptide was required for rela-
tively tight calcium binding. Shorter peptides have
decreased calcium affinity, and the isolated 12-residue
Ca?"-binding loop binds to Ca** very weakly [73]. Thus,
the length of the peptide is important for Ca>" binding.

Site IV of Akazara scallop TnC

Fig. 12 shows the infrared second-derivative spectra for
synthetic 17-residue peptide analogues for site IV of Akazara
scallop TnC (wild-type) [Ac-DTDGSGTVDYEEFKBLM-
NH,] and for site-directed mutated ones (E142D, E142Q,
and E142A) in the apo- and Ca®"-loaded states. We chose
a 17-residue peptide as the model Ca*"-binding peptide,
which corresponds to a calcium-binding site with the follow-
ing five amino-acid residues. It also corresponds to the rabbit
skeletal muscle TnC fragment, which is the minimum peptide
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Fig. 12. Infrared second-derivative spectra for synthetic 17-residue peptide analogues for site IV of Akazara scallop TnC (wild-type) in (a) the apo- and (b)
the Ca®"-loaded states, E142D mutant in (c) the apo- and (d) the Ca*"-loaded states, E142Q mutant in (e) the apo- and (f) the Ca*"-loaded states and
E142A mutant in (g) the apo- and (h) the Ca?"-loaded states in D,O solution. The amino-acid sequences are Ac-DTDGSGTVDYEEFKBLM-NH, for
the wild-type, Ac-DTDGSGTVDYEDFKBLM-NH, for the E142D mutant, Ac-DTDGSGTVDYEQFKBLM-NH, for the E142Q mutant and
Ac-DTDGSGTVDYEAFKBLM-NH, for the E142A mutant. The band at 1674 cm™! is mainly due to trifluoroacetate (TFA), which is thought to be

introduced during purification. From Nara et al. [28].

necessary for the interaction between the side-chain COO™
of Glu at the 12th position and Ca" in the bidentate coordi-
nation mode, as described in ‘site ITI of rabbit skeletal muscle
Tnc’. The peptide analogue for the wild-type showed a band
at 1545cm™" in the Ca®>"-loaded state, which was not
observed in the apo state. This band is almost consistent with
thatat 1543 cm™ ! for Ca®*-bound wild-type Akazara scallop
TnC. Therefore, the band at 1543 cm™' is undoubtedly
assigned to the Glu-142 side-chain COO™~ binding to Ca*"
in the bidentate coordination mode. The peptide analogues
for site-directed mutants such as E142D, E142Q, and
E142A showed no band around 1545cm™' even in the
Ca®"-loaded state. These results are consistent with those
of the E142D and E142Q mutants of Akazara scallop TnC.
Consequently, it was confirmed that the assignment of
1543 cm ™! for Ca*"-bound Akazara scallop TnC described
above using the synthetic peptide analogue approach is
correct.

The physiological activity of Akazara scallop TnC has
been reported only in the wild-type and E142Q forms
[76]. The Ca*"-loaded E142Q mutant is inactive due to
the replacement of E with Q at the 12th position of site
IV. The E142D mutant also may be inactive in the
Ca”"-loaded state, because the side-chain COO™ group at
the 12th position does not serve as the ligand for Ca®*
directly. To elucidate the function of Akazara scallop
TnC, it will be necessary to investigate not only TnC alone
but also the troponin complex.

Site 111 of rabbit skeletal muscle TnC

We examined a series of synthetic peptide analogues for
rabbit skeletal muscle TnC site III (Fig. 13) to understand
the relationship between the amino-acid length of the syn-
thetic peptide and the formation of the Ca*>" coordination
structure. Fig. 14 shows the second-derivative spectra of (a)
Mg?*-loaded and (b) Ca*"-loaded peptide I (correspond-
ing to an EF-hand motif) [72,74], (c) Mg>"-loaded and
(d) Ca’*"-loaded peptide II (corresponding to a calcium-
binding site) [73] in D,O across the range of 1800—
1300 cm~'. Comparing the Mg>"-loaded peptide I with
the Ca®*-loaded one, the patterns of the amide-I' region
were similar to each other; the bands at 1674 and
1640 cm ™! were observed in each state (Fig. 14a and b).
Significant differences were observed in the region of
COO™ antisymmetric  stretching vibration (1610-
1530 cm*l); three bands were observed, at 1609, 1583,
and 1563 cm ™', in the Mg?*-loaded state (Fig. 14a), while
four bands were observed, at 1607, 1581, 1565, and
1552 cm ™, in the Ca”>"-loaded state (Fig. 14b). The bands
at 1583-1581 and 1564 cm ™' observed for both states are
mainly due to uncoordinated (free) Asp and Glu side-chain
COO~ groups, respectively. The band at 1552 cm™" for
Ca”"-loaded peptide 1 is assigned to the side-chain COO~
group of Glu at the 12th position serving as the ligand
for Ca?" in the bidentate coordination mode. Based on
the analogy to the FTIR studies on Akazara scallop TnC
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1 3 5 79 12
peptide I KSEEELAEBFRIF DRDADGYIDAEH LAEIFRASG
peptide II DRDADGYIDAEHL
peptide III DRDADGYIDAEF LAEIFRASG
peptide IV DRDADGYIDAEF LAEIF
peptide V DRDADGYIDAELE| LAE
helix > loop helix >

(N terminal: Ac-, C terminal: -NH,, B= 2-aminobutyric acid (Abu) )

Fig. 13. Amino-acid sequences of synthetic peptide analogues of the Ca>'-binding site

III from rabbit skeletal muscle TnC. From Nara et al. [29].

Nﬂ-\
o
& 1674 | 1640 |sg3
g w0 | 156 1518 1403
s
E (b) 1640 1607 ?Bl I’552 1403
B
- 1565
g 1642 1582 1402
N 1ses | 1516
s
< 1642 1582 1402
glo AL N AN
o]
2 1674 1
5 (e) 1
O RAVE R R et PR
T T T T
1800 1700 1600 1500 1400 1300
WAVENUMBER / cm”

Fig. 14. Infrared second-derivative spectra of (a) Mg -loaded and (b) Ca**-loaded peptide I (corresponding to an EF-hand motif), (c) Mg**-loaded and
(d) Ca**-loaded peptide II (corresponding to a calcium-binding site with the following Leu-) in D,O solution. Dotted line shows the second-derivative
spectra of trifluoroacetate (TFA). Second derivatives are multiplied by —1. From Nara et al. [29].

described above, the band at 1609cm™! in the
Mg -loaded state and that at 1607-cm~' in the Ca®*-
loaded state may be due to the side-chain COO™ group
of Asp at the Ist, 3rd, and 5th positions serving as the
ligand for M*" in the pseudo-bridging coordination mode.
On the other hand, there was no difference between the
Mg?*-loaded peptide II and the Ca>"-loaded one even in
the second-derivative spectra. These spectral patterns in
Fig. 14c and d were the same as that of apo peptide 11 (data
not shown). Therefore, it was concluded that peptide IT has
little or no affinity for Ca®" or for Mg>".

Fig. 15 shows the infrared second-derivative spectra
(1800-1300 cm ') for Mg?*-loaded and Ca”"-loaded pep-
tides I1I-V. The spectral pattern for each peptide in the
Mg?*-loaded state was the same as that for the correspond-
ing peptide in the apo state (data not shown), meaning that
shorter peptides (I1I-V) have no affinity for Mg**. Peptides

III and IV exhibited bands at 1555 and 1554 cm ™', respec-
tively, while peptide V did not exhibit a corresponding
band. The band at about 1552 cm™' is the Ca®*-binding
marker band, because this reflects the formation of the
Ca®"-bound coordination structure. Therefore, peptides
III and IV bind to Ca**, but peptide V does not bind to
Ca’" directly under the condition of [Ca®*}/[peptide] = 10.
We found that, like peptide I, a loop-helix peptide (peptide
III) can bind to Ca”*" even if it lacks an N-terminal-side
helix.

We investigated the relationship between the amino-acid
length of synthetic peptide analogues and the formation of
Ca®"-bound coordination structure. We found that the 17-
residue peptide (peptide IV) seems to be the minimum
Ca’"-binding peptide necessary for the interaction between
the side-chain COO~ of Glu at the 12th position and Ca*"
in the bidentate coordination mode. Our results suggest
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Fig. 15. Infrared second-derivative spectra of (a) Mg”>"-loaded and (b) Ca>*-loaded peptide III (21-residue corresponding to loop-helix), (c) Mg -loaded
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Fig. 16. Ribbon diagram of peptides I-V on the basis of the crystal
structure (PDB: 2TN4). From Nara et al. [29].

that the C-terminal-side helix conformation is important
for the contribution of the Glu side-chain COO™ group
at the 12th position as the ligand. Peptide IV contains eight
residues out of the C-terminal-side helix (12 residues: AEE-

LAEIFRASG), but peptide V contains only six residues.
As shown in Fig. 16, we visualised the structures of pep-
tides I-V by using WebLab Viewer Lite (Accelys, San
Diego) on the basis of the PDB data (2TIN4) of rabbit fast
skeletal troponin C [77]. The ribbon diagrams suggest that
peptide V has less than two turns of the C-terminal-side
helix, and therefore the helix conformation is not formed.
It should be noted that the addition of only two residues
(IF) to the C-terminal helix induces Ca”" affinity of peptide
IV, since these two side chains probably contribute to
hydrophobic contact that stabilises the C-terminal helix.

Concluding remarks

FTIR spectroscopy is a powerful tool for identifying the
coordination structures of M>" in Ca®*-binding proteins—
that is, the coordination structure modes of side-chain
COO™ groups. The downshift of the COO™ antisymmetric
stretching mode from 1565 cm ™! to 1555-1540 cm ™! upon
Ca”" binding is a commonly observed feature of FTIR
spectra for EF-hand proteins. Apart from the proteins
described here, FTIR spectroscopy has already been suc-
cessfully applied to other EF-hand proteins: recoverin
[78], calcineurin B [79], and other Ca®*-binding proteins
[23,80,81] that do not belong to EF-hand proteins. FTIR
spectroscopy in combination with site-directed mutagenesis
will make it possible to more clearly identify the specific
amino-acid residues involved in the structure—function cor-
relations of the proteins.
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