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ABSTRACT: We have determined the solution structure of calmodulin (CaM) from yeast (Saccharomyces
cereVisiae) (yCaM) in the apo state by using NMR spectroscopy. yCaM is 60% identical in its amino
acid sequence with other CaMs, and exhibits its unique biological features. yCaM consists of two similar
globular domains (N- and C-domain) containing three Ca2+-binding motifs, EF-hands, in accordance with
the observed 3 mol of Ca2+ binding. In the solution structure of yCaM, the conformation of the N-domain
conforms well to the one of the expressed N-terminal half-domains of yCaM [Ishida, H., et al. (2000)
Biochemistry 39, 13660-13668]. The conformation of the C-domain basically consists of a pair of helix-
loop-helix motifs, though a segment corresponding to the forth Ca2+-binding site of CaM deviates in its
primary structure from a typical EF-hand motif and loses the ability to bind Ca2+. Thus, the resulting
conformation of each domain is essentially identical to the corresponding domain of CaM in the apo
state. A flexible linker connects the two domains as observed for CaM. Any evidence for the previously
reported interdomain interaction in yCaM was not observed in the solution structure of the apo state.
Hence, the interdomain interaction possibly occurs in the course of Ca2+ binding and generates a cooperative
Ca2+ binding among all three sites. Preliminary studies on a mutant protein of yCaM, E104Q, revealed
that the Ca2+-bound N-domain interacts with the apo C-domain and induces a large conformational change
in the C-domain.

Calmodulin (CaM)1 is a small eukaryotic Ca2+-binding
protein, which modulates the function of many target
enzymes in response to the intracellular Ca2+ level. It consists
of two similar domains (N- and C-domain), each containing
two helix-loop-helix Ca2+-binding motifs called EF-hands
(1, 2). The EF-hands are termed EF1-EF4 from the
N-terminus. The bundles of four helices constituting the two
EF-hands in each domain are well-packed in the apo state,
and Ca2+ binding takes place with a large rearrangement of
these helices (3, 4). Consequently, many hydrophobic
residues are exposed to the molecular surface and build up
a large hydrophobic cluster on each domain. The resulting
hydrophobic clusters serve as sites for target enzyme binding
(5-8). So far, the protein has been found in all eukaryotic
cells, and is very similar in sequence and exhibits the same

biological property (9). CaM isolated from baker’s yeast
(yCaM), however, is∼60% identical in sequence to verte-
brate CaMs (Figure 1) (10). Many important residues for
the function of CaMs are replaced with others in yCaM.
yCaM binds only 3 mol of Ca2+ instead of 4 mol due to the
deficiency of the Ca2+-binding ligands in the site corre-
sponding to EF4 of CaMs (11). Only three residues of the
nine Met residues in CaM are conserved in yCaM. The high
frequency of Met residues (eight residues out of nine) on
the target-binding surface in CaMs is considered to be
essential for recognizing a wide variety of target proteins
(12, 13). Consequently, yCaM cannot practically activate
target enzymes of CaMs from vertebrates or plants to the
levels attained by vertebrates or plants CaMs (11, 14). Since
the linker which tethers the N- and C-domains of CaM is
very flexible, each domain behaves like an independent Ca2+-
binding unit in solution (15, 16), and the interaction between
the N- and C-domains has been observed only in the
conformation complexed with target enzymes or under low-
ionic strength conditions (17-19). The cooperative Ca2+

binding among the three sites in yCaM has been supposed
by the NMR experiments, suggesting a possible interdomain
interaction (20, 21). The results of small-angle X-ray
scattering revealed that yCaM adopts a more globular
conformation than other CaMs with a dumbbell-like one (22).
Recently, the interaction between the N- and C-terminal half-
domain fragments of yCaM has been observed in a high-
concentration mixture with sufficient Ca2+ (23). EF3, a single
EF-hand in the C-domain of yCaM, may thus bind a Ca2+
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with high affinity by means of a manner distinct from those
of other CaMs. Recently, we have reported solution structures
of the N-terminal half-fragment of yCaM in the apo and
Ca2+-bound states by using uniformly15N-labeled protein
(24). The recombinant N-domain of yCaM adopts conforma-
tions similar to those of the N-domain of CaM in both of
the states. The local conformational differences were ob-
served, however, which might constitute a part of origins of
the biochemical properties of yCaM that are different from
those of other CaMs. Here, we report the solution structure
of intact yCaM (146 amino acid residues) in the apo state
by using uniformly 13C- and 15N-labeled protein. The
characteristic Ca2+ binding manner of yCaM is also discussed
on the basis of this structure, taking into account the result
of a mutation study of yCaM.

MATERIALS AND METHODS

Sample Preparation.A recombinant yCaM (146 amino
acid residues, 16 kDa) was overexpressed inEscherichia coli
strain BL21(DE3) transformed with an expression plasmid
pETyCaM. Plasmid pETyCaM expressing yCaM was con-
structed by ligating aNdeI-BamHI fragment with a coding
region of yCaM of plasmid pYCM0 (25), in which a unique
NdeI site was incorporated at the position of the initiation
codon, into theNdeI-BamHI sites of plasmid pET30b.
yCaM mutant E104Q, in which invariant Glu104 of EF3 in
the C-domain was replaced with Gln to remove the Ca2+

binding ability in this site, was overexpressed similarly in
E. coli BL21(DE3) transformed with pETE104Q which was
constructed by site-directed mutagenesis of pETyCaM using
PCR. Uniformly15N-labeled yCaM was expressed inE. coli
cultured in M10 minimal medium containing15NH4Cl (0.5
g/L). Uniformly 15N/13C-labeled yCaM was also prepared
by culturing it in M10 minimal medium containing15NH4-
Cl (0.5 g/L) and [13C]glucose (4.0 g/L). yCaM and E104Q
were purified using a previously published method (26). We
obtained metal-free yCaMs using a Sephadex G-25 gel

column, and the resulting proteins in the NH4HCO3 solution
were lyophilized. A weighed quantity of yCaMs was
dissolved in 0.3 mL of an unbuffered 90% H2O/10% D2O
or 99.99% D2O solution containing 50 mM KCl and 0.02%
NaN3 for NMR measurements. The pH/pD values of samples
were 7.0( 0.1 without consideration of the isotope effects.
The concentrations of all samples of yCaM were set to 1.0-
1.4 mM. In the NMR sample of a mutant protein of yCaM,
E104Q, a 0.8 mM protein solution was prepared in a 99.99%
D2O solution containing 10 mM MOPS/KOD (pH 7.5) and
50 mM KCl.

NMR Experiments.All NMR experiments were performed
at 30( 0.1 °C using Varian UNITY 500 and JEOL JNM-
A600 spectrometers at1H frequencies of 500 and 600 MHz,
respectively. Each spectrometer is equipped with a triple-
resonance 5 mm probe with az-axis pulse field gradient coil.
Two-dimensional (2D)1H-15N HSQC and1H-13C CT-
HSQC spectra were acquired on the uniformly15N- and15N/
13C-labeled yCaM, respectively. Sequential assignments of
the backbone resonances were achieved using the following
sets of three-dimensional (3D) NMR experiments: HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO, HNHA,
and HBHA(CBCACO)NH. The side chain assignments were
achieved using H(CCO)NH, C(CO)NH, and HCCH-TOCSY
experiments. 3D13C-separated and 4D13C/13C-separated
NOESY spectra were acquired on uniformly13C/15N-labeled
yCaM. The 3D15N-separated NOESY spectrum was acquired
on uniformly15N-labeled yCaM. The 2D NOESY spectrum
was acquired on unlabeled yCaM in a D2O solution. All
NOESY spectra were recorded with a mixing period of 75
and/or 100 ms. Heteronuclear15N{1H} NOE experiments
were carried out on a JEOL JNM-A600 spectrometer using
a uniformly 15N-labeled sample. The stereospecific assign-
ments of Val methyl groups with different chemical shift
were achieved by analyzing intraresidue NH/CH3 and CRΗ/
CH3 NOE intensity patterns (27). In the later stage of the
structural calculation, Leu methyl groups were stereospe-
cifically assigned by carefully analyzing the distance from
the methyl groups to their spatially neighboring protons. The
stereospecific information of any other methyl protons,
methylene protons, and aromatic Phe protons was not
included in the structural calculation.

The1H NMR spectra were obtained at a frequency of 600
MHz using a JEOL JNM-A600 spectrometer to monitor the
signals of the C2 proton of the His residue.

Chemical shifts were referenced using internal DSS to
obtain 1H, 13C, and 15N chemical shifts as described in
Wishart et al. (28). All NMR data were processed by using
NMRPipe (29) and analyzed by using PIPP (30) and
X-EASY (31) on a SGI O2 workstation (Silicon Graphics,
Mountain View, CA).

Structural Calculation.The assigned NOE cross-peaks
were broadly classified on the basis of peak intensity into
very strong, strong, medium, and weak, which were assumed
to correspond to upper distance limits of 2.8, 3.6, 4.5, and
5.5 Å, respectively. Theφ andæ dihedral angle constraints
were employed for the regions of regular secondary structure
determined using3JHN-HR coupling constants derived from
the HNHA experiment, chemical shift indices (CSI), and
NOE patterns. The hydrogen bond constraints were also
employed for the regular secondary structures in the final
stage of structure calculation. Values of-60( 30° and-40

FIGURE 1: Alignment of the amino acid sequence of CaM from
chicken (top) with that of CaM from scallop (middle) and yCaM
(bottom). In the sequence except for chicken, only substituted
residues are indicated, and identical residues are indicated with
dashes. Asterisks indicate deletions in yCaM.
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( 30° were used forφ andæ dihedral angles forR-helical
regions, respectively. Inâ-sheet regions, values of-120(
40° and 120( 40° were used asφ andæ dihedral angles,
respectively. The two upper limits forrHN-O of 2.3 Å and
for rN-O of 3.3 Å were used for each hydrogen bond.

Structure calculation was carried out with X-PLOR version
3.851 using a standard simulated annealing (SA) protocol
(32). An r-6 averaging was adopted in the structural
calculation. The imidazole ring for His61 exhibits a high
pKa value (>7.5) (data not shown). Since the imidazole ring
of His61 is fully protonated under our experimental condi-
tions, His with a doubly protonated ring was adopted in the
structural calculation. MOLMOL was used for structural
drawing (33).

RESULTS

The sequential backbone assignments of yCaM in the apo
state were achieved by the analysis of a series of 3D NMR
experiments: HNCA, HN(CO)CA, HNCACB, CBCA(CO)-
NH, HNCO, and HNHA. Consequently, 96% of the back-
bone13C and15N signals were successfully assigned. The
backbone amide resonances of Phe92 and Gly98 could not
be observed in these experiments, because of extremely low
intensity. The assignments of other aliphatic1H and 13C
resonances by using HBHA(CO)NH, C(CO)NH, H(CCO)-
NH, and HCCH-TOCSY experiments were achieved. Any
signals of N-terminal Ser1 and Ser2 could not be found in
all of the NMR experiments. Any side chain amide and

amino signals were not assigned, and they were not included
in this structural calculation.

The secondary structure of yCaM in the apo state was
predicted by analyzing the intensity of sequential NOEs and
determining the helix specific NOEs. The CSIs were also
calculated for HR, CR, and C resonances. Consequently, eight
helices and four shortâ-strands were defined. The eight
helices are residues 6-18 (A-helix), 29-38 (B-helix), 45-
54 (C-helix), 65-74 (D-helix), 81-92 (E-helix), 102-111
(F-helix), 118-127 (G-helix), and 137-144 (H-helix) from
the N-terminus. Fourâ-strands are residues 26-28, 62-64,
99-101, and 134-136. These predicted regions of secondary
structure are in agreement with the secondary structure
obtained with this structural calculation.

NOE cross-peaks of 3D15N-edited NOESY and of 3D
and 4D13C-edited NOESY spectra were analyzed to obtain
NOE distance constraints. Finally, the structural calculations
were based on 192 dihedral constraints derived from analyz-
ing HNHA spectra and predicted secondary structure, and
2044 interproton distance constraints which consist of 803
intraresidue and 1241 interresidue constraints containing 467
sequential, 432 medium-range (2e |i - j| e 4), and 342
long-range (|i - j| g 5) NOEs. In addition, 110 hydrogen
bond constraints were employed for the regions of regular
secondary structure. The distributions of distance constraints,
rmsds, and15N{1H} NOEs were shown in Figure 2 as a
function of residue number.

FIGURE 2: Structural data for the 31 NMR-derived yCaMs in the apo state plotted as a function of residue number. (a) The number of
intraresidue, sequential, middle-range (2e |i - j| e 4), and long-range (|i - j| g 5) distance constraints are plotted as black, white,
cross-hatched, and gray bars, respectively. (b) Values of the rmsds of backbone heavy atoms vs the mean structure. (c)15N{1H} NOEs.
Blank indicates the residue of which NOE could not be determined because of spectral overlap. TheR-helix (box) andâ-sheet (allow)
regions are also illustrated.
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From a total of 100 simulated annealing structures that
were generated, 31 with the fewest violations for distance
constraints were determined. The set of the final 31 structures
does not include violations of>0.2 Å and>2° in the distance
and dihedral constraints, respectively. Allφ and æ torsion
angles were found within the allowed regions of the
Ramachandran map generated by PROCHEK (34). The
resulting geometric statistics of the final set of structures were
summarized in Table 1.

yCaM in the apo state has two similar globular domains:
N-domain (residues 1-77) and C-domain (residues 81-146).
These domains are tethered by a short flexible linker
(residues 78-80) like in other CaMs. Since any long-range
NOEs for residues in the linker region (Figure 2a) as well
as any interdomain NOEs were not found in the experiments
presented here, all the structures of yCaM did not converge
to one conformation; the calculated average root-mean-square
deviations (rmsds) were more than 10 Å in the global heavy
atoms. For individual domains, however, we obtained
structures that converged well. The best-fit superpositions
of backbone atoms for the N- and C-domain were shown in
Figure 3a. The average rmsds for the backbone heavy atoms
(N, CR, and C) in the secondary region of the N- and
C-domains were 0.43( 0.13 and 0.59( 0.14 Å, respec-
tively. The average rmsds for all heavy atoms in the N- and
C-domains were 1.12( 0.12 and 1.21( 0.12 Å, respec-
tively.

Figure 3b shows the ribbon diagrams of the best structure
of each domain, which satisfied experimental constraints. The
conformation of each domain is essentially the same as that
of the corresponding domain of CaM in the apo state. Thus,
in the N-domain of yCaM, the A- and B-helices, and the C-
and D-helices, form EF-hand Ca2+-binding motifs EF1 and
EF2, respectively. EF1 and EF2 are linked with each other
by a short antiparallelâ-sheet (residues 26-28 and 62-64).
In the C-domain of yCaM, the E- and F-helices form EF3.
In a region corresponding to EF4 of CaM, the G- and

H-helices form an EF-hand-like helix-loop-helix confor-
mation. The region is also connected with EF3 by a short
antiparalledâ-sheet (residues 99-101 and 134-136). In-
terhelical angles of the EF-hand motifs in yCaM and CaM
are summarized in Table 2.

Since any evidence for the interdomain interaction was
not given in the structure of apo-yCaM, we designed an
experiment for detecting a Ca2+-dependent interdomain
interaction using a mutant protein of yCaM. We prepared
the E104Q mutant which lost the ability to bind Ca2+ in the
C-domain due to a Glu104f Gln point mutation in EF3
(Figure 1). Flow dialysis experiments provided evidence for

Table 1: Structural Statistics of the 31 Structures of yCaM

no. of total NOE constraints 2044
intraresidue 803
interresidue 1241

sequential 467
medium-range 432
long-range 342
interdomain 0

no. of hydrogen bond constraints 110
no. ofφ andæ torsion angle constraints 192

〈SA〉
rmsd from experimental distance constraints (Å) (3.59( 2.34)× 10-3

no. of distance constraint violations greater
than 0.2 Å

0

rmsd from experimental dihedral constraints (deg) (4.25( 1.32)× 10-2

no. of dihedral constraint violations greater
than 0.2°

0

rmsd from idealized geometry
bonds (Å) 1.24× 10-3 ( 5.80

× 10-5

bond angles (deg) (0.45( 0.27)× 10-2

improper torsions (deg) (0.34( 0.12)× 10-2

rmsds of the N- and C-domains in the folding
region
backbone heavy atoms

N-domain (residues 6-75) 0.43( 0.13 Å
C-domain (residues 81-144) 0.59( 0.14 Å

all heavy atoms
N-domain (residues 6-75) 1.12( 0.12 Å
C-domain (residues 81-144) 1.21( 0.12 Å

FIGURE 3: Tertiary structures of yCaM in the apo state. (a) Best-
fit superpositions of the backbone heavy atoms of the final 31
structures are shown. The N- (blue) and C-domains (green) are
separately superimposed on the regular secondary regions. (b)
Ribbon diagrams of typical structures of the N- (blue) and
C-domains (green) with the fewest violations in the final 31
structures. In each figure, helices are labeled as described in the
text.

Table 2: Interhelical Angles of yCaM Compared with
Those of CaM

interhelical angle (deg)a

helix pair apo yCaMb apo CaMc Ca2+-CaMd

A and B 129( 1 129( 3 87
C and D 142( 4 131( 4 85
B and C 134( 2 129( 4 112
A and D 120( 2 122( 2 109
E and F 137( 5 138( 3 103
G and H 133( 3 132( 5 95
F and G 140( 3 144( 3 112
E and H 151( 4 145( 3 116

a Calculated using an in-house program. The helices of yCaM are
defined as follows: residues 6-18 for helix A, 29-38 for helix B,
45-54 for helix C, 65-75 for helix D, 81-92 for helix E, 102-111
for helix F, 118-127 for helix G, and 137-144 for helix H. The helices
of CaM are defined as follows: residues 5-19 for helix A, 29-38 for
helix B, 45-54 for helix C, 65-75 for helix D, 82-92 for helix E,
102-111 for helix F, 118-128 for helix G, and 138-146 for helix H.
b Calculated using the 31 structures determined in this work.c Calculated
from the NMR structures of CaM in the apo state (PDB entry 1DMO).
d Calculated from the crystal structure of CaM in the Ca2+-binding state
(PDB entry 3CLN).
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only two functional Ca2+-binding sites retained within the
range of Ca2+ concentrations similar to that within which
yCaM bound three Ca2+ ions (data not shown). Figure 4
shows the Ca2+ dependence of the1H NMR spectra of E104Q
in the aromatic region. The two signals in the spectra
correspond to the C2 protons of His61 in the N-domain and
His107 in the C-domain. The signals of His61 and His107
both showed a low-field shift in a slow exchange manner
with addition of excess Ca2+. In the spectrum of yCaM with
an approximately half-saturating amount of Ca2+, a signal
of His107 exhibited a low-field shift in a slow exchange
manner as shown in our previous report (21). Though E104Q
could not bind Ca2+ in the C-domain, the similar unambigu-
ous low-field shift of His107 was observed in the series of
Ca2+ titration.

DISCUSSION

Previously, we determined and reported the solution
structure of the N-terminal half-domain of yCaM by using
15N-labeled protein (24). Positions of the secondary elements
of the N-domain derived from the experiments presented here
agree perfectly with those of the N-terminal half-domain.
The tertiary structures are, however, slightly different from
each other. The slight differences may be caused by the
increase in the assigned signals of the inter-side chain NOEs
in the present experiment and/or by the fragmentation itself
in expressing the N-domain in the previous experiment. In
any case, we regard the conformation determined in this work
as a more refined conformation.

In the N-terminal domain of yCaM, the structural features
are almost the same as those discussed previously (24). The

imidazole ring of His61 is now, however, closer to the
C-terminus of the C-helix compared with the previous result.
The strong electrostatic interaction between the imidazole
ring of His61 and the end of the C-helix is compatible with
the observable high pKa for the imidazole ring of His61. As
a result, the region around the second loop and the succeeding
â-strand shows a conformation different from that of CaM
in the apo state as previously discussed (24). The average
rmsd of backbone heavy atoms for the region (residues
6-75) between the N-domain of yCaM and the correspond-
ing domain of CaM (PDB entry 1F70) in each best conformer
is 1.23 Å.

Despite the low degree of sequence similarity with the
deletion of two residues in yCaM, the conformation of the
C-domain of yCaM is also similar to that of the correspond-
ing domain of CaM in the apo state. The region equivalent
to EF4 of CaM could not bind Ca2+ in yCaM, while the G-
and H-helices form an EF-hand-like conformation. The
position of the secondâ-strand shifts by one residue toward
the N-terminus compared with that of the corresponding
â-strand of CaM. Thus, the deletion of a residue correspond-
ing to Ile130 of CaM (Figure 1) does not seriously affect
the conformation of a paired helix-loop-helix conformation,
and only results in the loop that is one residue shorter than
that of the basic EF-hand (35). The average rmsd between
the C-domain of yCaM and the corresponding domain of
CaM (PDB entry 1F71) in each best conformer for the
backbone heavy atoms of the region (residues 82-144)
without consideration of two deletions is 1.94 Å. In
particular, the calculated interhelical angles for each helix
are in accord with those of CaM in the apo state (Table 2).
Thus, the four helices of the C-domain of yCaM form a well-
packed bundle similar to those of CaM in the apo state.

Previously, we have suggested that the intermediate signal
of His107 observed during the Ca2+ titration of yCaM by
1H NMR corresponds to another conformation of the
C-domain in the apo state, which is influenced by a Ca2+-
dependent conformational change of the N-domain. The
possible interaction between the N- and C-domains explains
the experimental results for yCaM in which Ca2+ binding
of yCaM occurs in a cooperative manner for all three sites
(11, 20, 21). The results are in accord with the observation
in small-angle X-ray scattering study of yCaM; the confor-
mation of Ca2+-bound yCaM has a nearly globular confor-
mation, in contrast with a dumbbell-like conformation of
vertebrate CaM (22). Further, the results are compatible with
a recent report that the N- and C-terminal half-fragments
interact with each other under the condition of a high
concentration of the mixture in the presence of Ca2+ (23).
However, the conformation of yCaM in the apo state obtained
from the work presented here shows a conformation with
the two globular domains connected by a flexible tether like
that of other CaMs. The region of the central linker (residues
78-80) was ill-converged with a high rmsd value as inferred
from an absence of long-range NOEs (Figure 2a,b). The
result of the15N{1H} NOE experiment also suggests that
the region has a highly flexible conformation (Figure 2c).
The NOE values are in accord with those of CaM previously
reported (16). In addition, we could not find any interdomain
NOE signals. The assigned HSQC spectrum of intact yCaM
in the apo state was consistent with the previously assigned
one of the N-terminal half-domain fragment of yCaM except

FIGURE 4: Ca2+ titration of the E104Q mutant by1H NMR. The
signals from the C2 proton of His61 in the N-domain and His107
in the C-domain are indicated. The spectra were recorded in a
medium of 50 mM KCl and 50 mM MOPS/KOD at pH 7.5. The
Ca2+ concentrations of each spectrum are expressed as the moles
of Ca2+ added per mole of protein.
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for the signals of residues spatially close to the C-terminus
of the fragment. The reported interaction between the N-
and C-terminal half-domain fragments of yCaM was not
observed under the conditions in the absence of Ca2+ (23).
Thus, we regard the individual domains of yCaM in the apo
state as being independent of each other and the relative
position as being arranged freely in solution. Figure 4 shows
the spectral changes of the mutant E104Q with increases in
Ca2+ concentration. As we expected, the deficiency in the
Ca2+ binding ability of EF3 resulted in saturation of the
spectral change with 2 mol of Ca2+ in E104Q. However,
despite a deficiency in Ca2+ binding ability in the C-domain,
the signal of His107 in the C-domain exhibits an unambigu-
ous low-field shift as observed in yCaM (Figure 4) (21). The
similar experiment for E104Q was carried out by monitoring
the 2D1H-15N HSQC spectra. The result revealed that all
signals of backbone amide in the C-domain changed severely
in a slow exchange manner (data not shown). We thought
that the Ca2+-bound N-domain interacts with the apo
C-domain and induces a large conformational change in the
apo C-domain. The Ca2+ binding to CaMs and other EF-
hand proteins with high affinity is associated with cooperative
Ca2+ binding among a pair of EF-hand motifs linked by a
short â-sheet and a linker. The proposed mechanism for
cooperative Ca2+ binding is a concerted movement of the
second helix of a first EF-hand and the first helix of a second
EF-hand (4). EF3 of yCaM, however, could not bind Ca2+

in a similar manner due to the deficiency in the Ca2+ binding
ability of the region corresponding to EF4 of CaM. Despite
the deficiency, EF3 in the C-domain of yCaM could bind
Ca2+ with the affinity of a normal level. The mutation studies
of yCaM have revealed that the high-affinity Ca2+ binding
in EF3 of yCaM was due to cooperative Ca2+ binding
between the N- and C-domains (21). According to a recent
study of the X-ray structure of CaM complexed with the
peptide fragments of the CaM-binding region of the Ca2+-
activated K+ channel, the C-domain of CaM was suggested
to form a nearly Ca2+-bound open conformation even though
it is in the apo state (36). From the observed large changes
in the backbone signals of E104Q, we thus expect that the
interaction with the Ca2+-saturated N-domain could induce
a similar large conformational change in the C-domain of
yCaM without binding of Ca2+.

We propose now the following yCaM-specific model for
Ca2+ binding in contrast to that for other CaMs. First, Ca2+

binds to the sites in the N-domain, which are the high-affinity
sites with high cooperativity (21). Second, the apo C-domain
interacts with the Ca2+-saturated N-domain, which causes a
conformational change in the C-domain. A large rearrange-
ment of the four helices in the C-domain increases the affinity
for Ca2+. Finally, Ca2+ binding occurs in EF3 of the
C-domain with resulting high affinity. In CaMs, the hydro-
phobic clusters disclosed on the molecular surfaces by
binding of Ca2+ contain eight Met residues, and the polar
group of the Met residue interacts with water molecules to
stabilize the conformation of the Ca2+-bound state. In yCaM,
however, the three Met residues of four in the C-domain of
CaM are replaced with nonpolar Leu residues (Figure 1). In
CaM from fission yeast, three Met residues of the four in
the C-domain of CaM are also replaced with other nonpolar
residues. NMR measurement indicated the intermediate
signal of His107 and Tyr138 in the C-domain with behavior

similar to that observed for yCaM (37). As shown by Zhang
et al. (13), the Met f Leu quadruple mutations in the
C-domain of CaM changed the C-domain into a significantly
low-affinity Ca2+-binding unit. Thus, the interdomain inter-
action may be essential for stabilization of the highly
hydrophobic conformation of the C-domain of yCaM and
for giving high-affinity Ca2+ binding. On the other hand,
the possible globular conformation of yCaM with high Ca2+

affinity may be disadvantageous for the target binding of
the same mechanism as in CaMs (5-8). The globular
conformation may explain the observed low level of activa-
tion of target enzymes from vertebrates or plants (11, 14).
yCaM, however, causes a normal activation to the target
enzymes from yeast cells (38). Further studies on the
structure of the Ca2+-binding state of the C-domain and the
target-binding state of yCaM are required.
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