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ABSTRACT: Calmodulin from the yeastSaccharomyces cereVisiaebinds 3 mol of Ca2+ cooperatively. We
report here lines of evidence supporting the intramolecular interaction between the N- and C-terminal
domains which modulates the Ca2+ binding properties of yeast calmodulin. First, the sum of the Ca2+

binding curves of the N-terminal and the C-terminal half-molecule did not yield the Ca2+ binding curve
of yeast calmodulin. Second, the mean residue CD of yeast calmodulin at 222 nm (-∆ε222) decreased
with increases in the concentration of Ca2+, whereas those of each half-molecule increased. Finally, the
C2 proton of His107 in the C-terminal domain of yeast calmodulin showed three resonance peaks with
increases in the concentration of Ca2+, each corresponding to the apo, the intermediate, and the Ca2+-
saturated state. The intermediate peak could not be observed in the C-terminal half-molecule of yeast
calmodulin. Computer simulation considering the macroscopic Ca2+ binding constants assigned this
intermediate to a species consisting of the apo C-terminal domain and the N-terminal domain with at
least one of the two sites occupied by Ca2+. Peptide segments spanning the defective fourth Ca2+ binding
site may be involved in the interdomain interaction and the yeast-specific function of calmodulin.

Calmodulin (CaM)1 is a ubiquitous Ca2+ binding protein
which modulates many intracellular Ca2+-dependent pro-
cesses. Primary structures of CaMs from various sources
consist of the four Ca2+ binding sites of the EF-hand motif
(1), and they are highly conserved among all eukaryotes
except the one from baker’s yeast,Saccharomyces cereVisiae
(2, 3). Yeast CaM exhibits only about 60% identity in the
primary structure compared to vertebrate CaM (4, 5), binds
only 3 mol of Ca2+ because of the divergent structure of the
fourth Ca2+ binding site (site IV, the most C-terminal Ca2+

binding site) (6), and can activate very poorly the target
enzymes from vertebrates (6, 7). Because these properties
are different from those of other CaMs, mutational effects
of yeast CaM have been studied with an aim to understanding
the mechanism of target activation (5, 8-11). Since CaM is
essential in yeast (4, 12), the characteristic structure of yeast
CaM would be essential for the interaction with specific
targets in yeast cells.

Recent structural analyses by NMR and X-ray crystal-
lography offered a structural basis for the Ca2+-dependent
activation process of target proteins by CaM (reviewed in
ref 13). CaM consists of the N- and C-terminal half-
molecular domain connected by a flexible helical linker. Each
domain contains two Ca2+ binding sites and flickers in an
independent manner (14, 15). In the Ca2+-saturated form,
each domain exposes a hydrophobic core with many Met
residues on the molecular surface (16), while they are buried
in the molecular inside in the apo form (17, 18). In the
process of target recognition, the exposed hydrophobic
residues play a critical role in binding to targets (19-21).

Earlier biochemical studies involving limited tryptic diges-
tion (22, 23) showed these features of CaM (24-27). Similar
biochemical studies and NMR measurements with yeast CaM
(28-30) suggested a conformational similarity between yeast
and vertebrate CaM.

On the other hand, it has been reported that yeast and
vertebrate CaMs have different properties. The Ca2+ depen-
dence of the CD spectral change of yeast CaM was different
from the one of vertebrate CaM (5, 7). Measurements of
small-angle X-ray scattering did not suggest a typical
dumbbell shape for yeast CaM in solution (31). Tryptic
digestion of yeast CaM showed cleavage at R126, while
vertebrate CaM was preferentially cut at the central linker
in the presence of Ca2+ (22, 23, 28). Binding of three Ca2+

to yeast CaM is highly cooperative; vertebrate CaM binds a
pair of Ca2+ to each of the apparently independent half-
molecular domains (6, 11, 29), and a possible interaction
between the two domains of yeast CaM has been suggested
from the NMR measurements (29). Studies on chimeric
proteins of yeast and chicken CaM suggested some role of
the C-terminal region of yeast CaM, giving a strong
cooperativity among all three Ca2+ binding sites (11).
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Here we generated the recombinant proteins corresponding
to the two half-molecular domains (Y12 and Y34) of yeast
CaM and compared their Ca2+ binding properties with those
of YCM∆ (5) and the tryptic fragments, F12 and F34, of
scallop CaM (25) as well as with those of yeast and
vertebrate CaM. The region in yeast CaM corresponding to
the C-terminal Ca2+ binding site (site IV) of vertebrate CaM
was revealed to be involved in the Ca2+-dependent interdo-
main interaction and may play a specific role in the CaM-
dependent regulation in yeast cells.

MATERIALS AND METHODS

Protein Engineering.An Escherichia coli expression
plasmid encoding the C-terminal half domain (Y34) of yeast
CaM (YCM0) was constructed as follows. Two restriction
sites forNcoI were generated by site-directed mutagenesis
in plasmid pY encoding YCM0 (5) in a manner similar to
that reported previously (11). The first site was created at
the initiation codon, and the other site was at a region
encoding Leu69. The constructed plasmid pY(NcoI-1/70) was
digested withNcoI, and the products were ligated. The
generated plasmid pY-Cterm encoded residues 70-146 of
yeast CaM. The nucleotide sequence was confirmed using a
Hitachi model SQ5500 DNA autosequencer.

Protein Purification.Scallop CaM was prepared according
to the methods of Yazawa et al. (32). Fragments F12 and
F34 corresponding to the N-terminal (residues 1-75) and
the C-terminal halves (residues 78-148), respectively, of
scallop CaM were prepared by tryptic digestion (25).

The recombinant proteins of yeast CaM (YCM0) and its
deletion mutants YCM∆ (residues 1-132 with an extra
residue Ile130) and Y12 (residues 1-77) were expressed in
E. coli TG1 and purified as described previously (5, 11, 30).
The C-terminal half of yeast CaM, Y34 (residues 70-146),
encoded by plasmid pY-Cterm was expressed similarly and
purified as follows. Chromatography on phenyl Sepharose
CL-4B was performed in a manner similar to that for Y12
(30) except that the concentration of ammonium sulfate in
the washing buffer (1 column volume) and in the elution
buffer was 0.6 M instead of 0.4 M. The fractions containing
Y34 were collected and concentrated by the trichloroacetic
acid precipitation method (32). The protein solution was
desalted by gel filtration (Sephadex G-25) and loaded onto
a column of DEAE Cellulofine A500 (50 mL bed) equili-
brated with 10 mM Tris, 10 mM imidazole hydrochloride
(pH 6.8), and 0.1 mM EGTA containing 0.05 M NaCl. The
column was washed with 4 column volumes of the equilibra-
tion buffer, and then the adsorbed proteins were eluted by a
linear gradient of the concentration of NaCl to 0.2 M in the
equilibration buffer. Y34 was eluted at 0.12 M NaCl with a
purity of the apparent single band on PAGE. Contaminating
Ca2+ in the protein solution was removed as described
previously (11). The proteins used in this work are shown
schematically in Figure 1.

Ca2+ Binding Measurement.The extent of Ca2+ binding
was measured by the flow dialysis method using45CaCl2
(DuPont-NEN) in 0.1 M NaCl and 20 mM MOPS/NaOH
(pH 7.0) at 25°C in the presence of 25-100 µM CaM or
50-200µM fragments as described previously (11, 33). For
each of the protein samples, the measurements were taken

three times and all of the data points were analyzed together
by fitting to Adair’s equation (Figure 2); the results for
YCM0 and YCM∆ were fitted to a three-site model, while
the results for scallop CaM were fitted to a four-site model
(11). The results for F12, F34, and Y12 were fitted to a two-
site model:

and the results of Y34 were fitted to a single-site model:

whereK1 andK2 are the macroscopic dissociation constants,
y is the number of bound Ca2+ (moles per mole of protein),
x is the concentration of free Ca2+, and j is the slope term
for nonspecific binding. Results of analyses giving anR2

value of>0.997 were shown as best-fit curves.
Circular Dichroism Spectra.The CD spectra were mea-

sured at 25°C with a rectangular quartz cell (1 mm light
path) using a JASCO J-500A CD spectropolarimeter equipped
with a DP-500N data processor. The protein concentrations
were 25 (scallop CaM, YCM0, or YCM∆) or 50 µM (F12,
F34, Y12, or Y34) in 0.1 M NaCl and 20 mM MOPS/NaOH
(pH 7.0) containing CaCl2 at various concentrations. Mea-

FIGURE 1: Schematic presentation of CaMs and their fragments.
(A) A whole structure of the scallop CaM is shown at the top. The
arrows indicate the site of trypsin digestion. The N- and the
C-terminal half-molecular fragments named F12 and F34 are shown
at the middle and bottom, respectively. (B) A whole structure of
the yeast CaM (YCM0) is shown at the top. The arrows show the
sites at which the initiation or stop codon was generated. The
expressed N- and C-terminal half-molecules named Y12 and Y34
are shown in the second and third lines, respectively. Mutant YCM∆
in which the site IV sequence was deleted is shown at the bottom.

y ) (x/K1 + 2x2/K1K2)/(1 + x/K1 + x2/K1K2) + jx (1)

y ) x/K1/(1 + x/K1) + jx (2)
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surements on the equimolar mixture were performed in the
presence of each of the half-molecular fragments at 25µM.
The spectra were scanned 16 times on each sample for the
data processing, and the values of mean residue CD at 222
nm [-∆ε222 (cm-1 M-1)] were determined. The two inde-
pendent measurements were performed for each sample, and
all of the data points were used for analysis (Figure 3).

1H NMR Spectra.NMR signals of the C2 protons of His
residues (a) and the lower-field-shifted amide protons (b)
were monitored using a JEOL JNM-A600 spectrometer at
1H frequencies of 600 MHz. The experimental conditions
were as follows: (a) 0.8 mM protein, 50 mM KCl, and 10
mM MOPS/KOD (pH 7.5) in D2O and (b) 1.6 mM protein
and 50 mM KCl in H2O containing 10% D2O and pH
adjusted to 7.2-7.7 by addition of KOD. The NMR spectra
of these samples were observed at various concentrations of
Ca2+. The FID data were recorded with 8192 complex data
points over a frequency width of 8000 Hz. Water peak
suppression was achieved by the 1-1 echo method. Chemical
shifts are reported in parts per million relative to the internal
standard TSP (0 ppm). The temperature of samples was kept
at 30( 0.1 °C throughout the experiments. The NMR data
processing was performed using Felix95 software (Molecular
Simulations Inc., San Diego, CA) running on an SGI Indigo2
or 02 workstation.

Protein Concentration.The protein concentration was
determined by the biuret method (34) or by the method of
Bradford (35) using a Bio-Rad protein assay reagent. In the
latter method, each authentic protein was used as the standard
which was determined by the biuret method using bovine
serum albumin as a standard.

Computer Simulation.The Ca2+ dependence of CD and
NMR spectral changes of YCM0 and YCM∆ was analyzed
by estimating the relative contribution of the Ca2+-bound
species, Ca-CaM, Ca2-CaM, and Ca3-CaM. For calculat-
ing the relative distribution of each species, the concentration
of free Ca2+, Caf, was first estimated from eq 3:

whereP0 and Ca0 are the concentrations of total CaM and
Ca2+, respectively, andK1, K2, andK3 are the macroscopic
dissociation constants determined by the Ca2+ binding
measurements. Values of Caf giving the Ca0/P0 values
converging within 0.001% deviations were estimated. Then
the concentration of free CaM,Pf, is given by eq 4.

The Ca2+-dependent distribution of each species, that is,
PCa-CaM, PCa2-CaM, andPCa3-CaM can be calculated as follows:

Using these values, the Ca2+ dependence of the CD spectral

FIGURE 2: Ca2+ binding to CaMs and fragments. The extent of
Ca2+ binding was measured by the flow dialysis method using
45CaCl2 in a medium of 0.1 M NaCl and 20 mM MOPS/NaOH at
pH 7.0 and 25°C: (A) (O) YCM0, (4) Y12, (3) Y34, and (])
YCM∆ and (B) (O) scallop CaM, (4) F12, and (3) F34. Solid
lines show the best-fit curves to Adair’s equation (Materials and
Methods) for each set of data. The dotted line represents the sum
of the Ca2+ binding curves of Y12 and Y34 (A) or F12 and F34
(B).

FIGURE 3: Effect of total Ca2+ concentration on the CD spectral
changes of YCM0 (A) and YCM∆ (B). Relative changes in∆ε222
(O) were calculated, and they were compared with the statistical
distributions ofPCa-CaM (dotted line),PCa2-CaM (dotted-dashed line),
andPCa3-CaM (dashed line). These lines were calculated from eqs
3-7 (Materials and Methods), using the macroscopic dissociation
constants given in Table 1 and the total concentration of YCM0 or
YCM∆ (P0 ) 25 µM). Solid lines were the best-fit curves based
on eq 8.

Ca0/P0 ) [(Caf/P0)(1 + Caf/K1 + Caf
2/K1K2 +

Caf
3/K1K2K3) + Caf/K1 + 2Caf

2/K1K2 + 3Caf
3/K1K2K3]/

(1 + Caf/K1 + Caf
2/K1K2 + Caf

3/K1K2K3) (3)

Pf ) P0/(1 + Caf/K1 + Caf
2/K1K2 + Caf

3/K1K2K3) (4)

PCa-CaM ) CafPf/K1 (5)

PCa2-CaM ) Caf
2Pf/K1K2 (6)

PCa3-CaM ) Caf
3Pf/K1K2K3 (7)
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changes is given by eq 8:

wherey is the relative spectral change andR andâ are the
contribution factors of Ca-CaM and Ca2-CaM, respectively,
with respect to the spectral change of the final Ca2+-saturated
conformation. The contribution factors,R and â, were
estimated by curve fitting. The Ca2+ dependence of the NMR
spectral changes was analyzed similarly. The whole process
of the analysis was performed with a program written in
Think C.

RESULTS

Ca2+ Binding.The results of Ca2+ binding measurement
are summarized in Figure 2, and macroscopic dissociation
constants satisfying Adair’s equation (Materials and Meth-
ods) are summarized in Table 1. The half-molecular fragment
Y12 bound 2 mol of Ca2+, while Y34 containing the
sequence of sites III and IV of yeast CaM bound 1 mol of
Ca2+ (Figure 2). Judging from their Ca2+ binding curves,
the N-domain of YCM0 is probably occupied first by Ca2+

(29; S.-y. Ohki et al., unpublished results) in contrast to the
results for scallop or vertebrate CaM of which the C-domain
is occupied first (25, 36) (Figure 2). Fragment Y12 showed
a highly cooperative Ca2+ binding as does the C-domain of
scallop CaM as evidenced by the significantly lower value
of K2 compared withK1 (Table 1). Compared with the sum
of the Ca2+ binding curves of each half-molecular fragment,
Y12 and Y34, the Ca2+ binding to the three sites in YCM0
is highly cooperative, giving a steeper curve with a midpoint
at lower Ca2+ concentrations than the sum (Figure 2A), while
the sum of two fragments from scallop CaM fitted well to
those of intact CaM as described previously (Figure 2B) (25).
YCM∆ bound three Ca2+ and showed an affinity for Ca2+

remarkably higher than those of the half-molecular fragments,
Y12 and Y34, and their sum, despite its lack of C-terminal
residues (Figure 2A) (5). Quantitative analysis of these
properties (Table 1) clearly indicated that the two half-
molecular domains of yeast CaM interact with each other to
modulate the Ca2+ affinity.

Circular Dichroism Spectra.The Ca2+-dependent confor-
mational changes of CaMs and fragments were studied with
far-UV CD spectroscopy. Values of-∆ε222 were calculated
from the spectra in the presence of 0.2 mM CaCl2 (with Ca2+)
or 0.1 mM EGTA (without Ca2+), and they are summarized
in Table 2. In contrast to the apparent Ca2+-dependent
increase in-∆ε222 observed for scallop or vertebrate CaM,
YCM0 showed a Ca2+-dependent decrease in-∆ε222 (Table

2) (5, 7). If the Ca2+-dependent decrease in-∆ε222 is
considered, YCM0 in the Ca2+-free conformation is appar-
ently more helical than in the Ca2+-saturated conformation.
Each of the half-molecular fragments of yeast CaM, that is,
Y12 and Y34, and YCM∆ which lacked the site IV sequence,
however, showed an apparent increase inR-helicity as a
result of Ca2+ binding (Table 2). The equimolar mixture of
Y12 and Y34 also showed the Ca2+-dependent increase in
R-helicity, and the Ca2+ dependence of-∆ε222 was similar
to that for scallop CaM (Table 2).

In the course of Ca2+ titration of proteins other than YCM0
and YCM∆, -∆ε222 increased almost linearly with increases
in the molar ratio of Ca2+:protein up to their Ca2+ binding
capacity, and then the increase leveled off. Similarly, addition
of Ca2+ to an equimolar mixture of Y12 and Y34 caused an
increase in-∆ε222 almost linearly up to 3 equiv of Ca2+

with respect to Y12 or Y34 (data not shown). As shown in
Figure 3 by the relative spectral changes, effects of Ca2+ on
-∆ε222 of YCM0 and YCM∆ are different from the one of
the equimolar mixture. Major conformational changes of
YCM0 and YCM∆ occurred after addition of 1-3 and 0-2
equiv of Ca2+, respectively (Figure 3), and YCM0 showed
decrease in-∆ε222, in contrast to the Ca2+-dependent
increase observed in other cases (Table 2). The results
suggest that the N- and the C-terminal domains in YCM0
and YCM∆ interact with each other.

Estimation of Intermediate Species and Their Contribution
to the CD Changes.The relative change in-∆ε222 was
analyzed according to eq 8 (Figure 3) on the basis of the
Ca2+-dependent distributions of Ca-CaM, Ca2-CaM, and
Ca3-CaM (Figure 3). Since YCM0 binds all three Ca2+ in
a highly cooperative manner (Table 1), only small peaks in
the distribution of Ca-CaM and Ca2-CaM appeared one
by one, and then the most stable Ca2+-saturated form, Ca3-
CaM, appeared with increases in the concentration of Ca2+

(Figure 3A). On the other hand, YCM∆ has two high-affinity
Ca2+ binding sites with high cooperativity and a low-affinity
Ca2+ binding site (Table 1). As a result, a small peak in the
distribution of Ca-CaM and a larger peak of Ca2-CaM
appeared clearly (Figure 3B), and then Ca3-CaM was
formed.

The contribution factorsR andâ of eq 8 which give the
best-fit curves (solid lines in Figure 3) to the data were-0.39
and 1.00, respectively, for YCM0, and 0.35 and 1.05,
respectively, for YCM∆. These results indicate that saturation

Table 1: Ca2+ Binding to CaM and Fragmentsa

CaM K1 (µM)b K2 (µM)b K3 (µM)b K4 (µM)b j

YCM0 2.8(0.8) 3.6(2.0) 2.2(0.9) 31.4
Y12 13(2) 1.2(0.2) 26.6
Y34 5.2(0.4) -16.5
YCM∆ 2.2(1.1) 0.30(0.17) 2.2(0.5) 55.6
scallop CaM 7.8(3.9) 0.68(0.39) 21(8) 7.7(2.5)-39.7
F12 12(1) 5.8(0.6) 23.5
F34 12(2) 0.85(0.13) 67.7

a Each set of macroscopic dissociation constantsK1, K2, K3, andK4

gives the corresponding best-fit curve to Adair’s equation (Materials
and Methods) shown in Figure 2.b Standard errors for the evaluated
dissociation constants are indicated in parentheses.

y ) RPCa-CaM + âPCa2-CaM + PCa3-CaM (8)

Table 2: Ca2+-Induced CD Spectral Changea

-∆ε222 (M-1 cm-1)

CaM without Ca2+ with Ca2+ Ca2+-induced change

YCM0 4.43 3.95 -0.48
YCM∆ 3.61 4.19 0.58
Y12 4.55 5.53 0.98
Y34 4.04 4.70 0.66
Y12 and Y34 4.21 5.18 0.97
Y12 and Y34b 4.29 5.12 0.83
scallop CaM 4.14 5.03 0.89
F12 3.69 4.42 0.73
F34 4.20 5.45 1.25
F12 and F34b 3.96 4.96 1.00

a CD spectra were measured under the following conditions: 0.1 M
NaCl, 20 mM MOPS/NaOH (pH 7.0), and 0.1 mM EGTA (without
Ca2+) or 0.2 mM CaCl2 (with Ca2+) at 25 °C. b The values were
calculated using the data of each half-fragment.
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of two out of three Ca2+-binding sites is sufficient to
complete the overall Ca2+-saturated conformation of YCM0
and YCM∆.

1H NMR Spectra.Yeast CaM contains a single His residue
in each half-molecular domain: His61 in site II in the
N-domain and His107 at the linker between site III and site
IV in the C-domain.1H NMR spectra of YCM0, YCM∆,
and Y34 in the regions of the C2 proton signals of His are
shown in Figure 4. A signal from His61 (peak a) appeared
at 8.43 ppm in the Ca2+-free state of YCM0 and YCM∆.
This peak progressively diminished in intensity with in-
creases in the concentration of Ca2+, and a new peak at 8.46
ppm (peak b) corresponding to the Ca2+-saturated conforma-
tion appeared in a slow-exchange manner. Therefore, the
local conformation of the N-domain around His61 seems
similar in these two molecules. On the other hand, the signals
from His107 showed three different peaks depending on the
concentration of Ca2+. In YCM0, a signal (peak c) appeared
at 7.91 ppm in the absence of Ca2+. It shifted first downfield
(peak d, 7.99 ppm) in a slow-exchange manner and then
upfield with increases in the concentration of Ca2+. The latter
signal (peak e) was observed at 7.78 ppm (Figure 4A). Three
similar peaks were observed in YCM∆ (Figure 4B). There-
fore, His107 in the C-domain of these two molecules
experiences three different conformational states with in-
creases in the concentration of Ca2+: the apo state (peak c),
the intermediate state (peak d), and the Ca2+-saturated state
(peak e).

The Ca2+ dependence of the His107 signals in the isolated
C-domain, Y34, was also examined (Figure 4C). The peak
appeared at 7.87 ppm in the absence of Ca2+ shifted upfield
in a fast-exchange manner with increases in Ca2+ concentra-
tion, and finally appeared at 7.76 ppm in the Ca2+-saturated
state. The exchange behavior of His107 in the isolated
C-domain is different from that in the intact yeast CaM
(Figure 4). A similar result has been observed by Starovasnik
et al. (29), indicating a possible interdomain interaction.
Therefore, the intermediate peak (peak d) of YCM0 and
YCM∆ detected in our experiments can be assigned to a
species with the Ca2+-saturated N-domain, and the peak in

the Ca2+-saturated state (peak e) may correspond to the
conformation of the species with the Ca2+-saturated C-
domain of YCM0 and YCM∆.

The Ca2+ dependence of the intensity of these His signals
from YCM0 or YCM∆ was analyzed on the basis of the
distribution of each species (PCa-CaM, PCa2-CaM, andPCa3-CaM)
which was calculated as described previously by using
macroscopic dissociation constants (Table 1) and the con-
centration of total protein,P0 ) 0.8 mM (Figure 5). The
Ca2+ dependence of these values together with the sum of
PCa-CaM andPCa2-CaM (solid line a) and the sum ofPCa-CaM,
PCa2-CaM, andPCa3-CaM (solid line b) is shown in Figure 5.
The Ca2+-dependent changes in intensity of His61 in the
Ca2+-saturated state (peak b in Figure 4), His107 in the Ca2+-
saturated state (peak e in Figure 4), and His107 in the
intermediate state (peak d in Figure 4) are similar to those
of curve b, the curve forPCa3-CaM (broken line), and curve
a, respectively (Figure 5). Therefore, the Ca2+ affinity of
site III is the lowest among the three sites in YCM0 and
YCM∆. The conformation of the C-domain, especially
around His107, is not independent of the N-domain and is
influenced by at least 1 mol of Ca2+ binding to the N-domain.

Hydrogen Bonds.Figure 6 shows1H NMR spectra of
YCM0 and YCM∆ in the region of lower-field-shifted amide
proton signals. Signals of Gly25, His61, and Gly98 (at 10.75,
10.33, and 10.03 ppm, respectively) were observed in the
Ca2+-saturated state. These are lower-field-shifted due to
strong hydrogen bonding to the side chain carboxylate
oxygen of the Asp residue five residues ahead in each of
the three EF-hand Ca2+ binding loops (29, 30). In the
spectrum of the apo YCM0, a broad peak assigned to Gly25

FIGURE 4: Ca2+ dependence of1H NMR spectra around the C2
proton signals of His residues: (A) YCM0, (B) YCM∆, and (C)
Y34. Peaks a and b arise from His61 in the N-domain, and peaks
c-e arise from His107 in the C-domain. The spectra were measured
in a medium of 50 mM KCl and 50 mM MOPS/KOD at pH 7.5
and 30°C. The protein concentration was 0.8 mM. Added Ca2+:
protein molar ratios are indicated in each panel.

FIGURE 5: Effect of total Ca2+ concentration on the NMR spectral
changes of YCM0 (A) and YCM∆ (B). Relative changes in the
signal intensities of His61-C2H (4, peak b in Figure 4) and His107-
C2H (O, peak d; and3, peak e; each in Figure 4) were compared
with the statistical distributions ofPCa-CaM (dotted line),PCa2-CaM
(dotted-dashed line), andPCa3-CaM (dashed line). These lines were
calculated according to eqs 3-7 (Materials and Methods). Solid
lines a and b represent traces forPCa-CaM + PCa2-CaM, andPCa-CaM
+ PCa2-CaM + PCa3-CaM, respectively.
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was observed around 10.7 ppm. With increases in the
concentration of Ca2+, this broad peak shifted to a lower
field, and then the His61 peak appeared, which was ac-
companied by the appearance of the Gly98 peak (Figure 6A).
At the same time, the signal of Gly25 shifted upfield in a
slow-exchange manner. Similar results were obtained in the
Ca2+ titration of YCM∆ (Figure 6B), except that the upfield
shift of Gly25 occurred in a fast-exchange manner. In the
Ca2+ titration of Y12, however, the upfield shift of the Gly25
signal was not observed (data not shown), in which the
spectra in the apo and the Ca2+-saturated state shown by
Starovasnik et al. (29) were confirmed (data not shown).
These results suggest a Ca2+-dependent interdomain interac-
tion, such as hydrogen bond formation in site III (Gly98‚‚
‚Asp93) accompanied by Ca2+ binding and hydrogen bond
formation in site II (His61‚‚‚Asp56). Similarly, the upfield
shift of the Gly25 signal in site I and another transiently
appearing signal (peak x in Figure 6), which has not been
assigned yet, are notable and may provide further evidence
for the interdomain interaction accompanying the cooperative
Ca2+ binding.

DISCUSSION

Yeast CaM binds three Ca2+ in a cooperative manner
(Figure 2A and Table 1) (6, 11, 29). The possible interaction
between the two half-molecular domains in yeast CaM is
suggested by comparing the Ca2+ binding properties (Table
1 and Figure 2), the Ca2+-induced CD spectral changes
(Table 2), and the Ca2+ dependence of several1H NMR
signals (Figures 4 and 6) (29) of the intact yeast CaM,
YCM∆, and half-molecules Y12 and Y34. As fragment
YCM∆ with a deletion of the 17 C-terminal residues showed
properties (Figure 2 and Tables 1 and 2) different from those
of YCM0 as well as those of the half-molecular fragments,
the C-terminal sequence missing in YCM∆ probably plays

a role in communication between the two domains col-
laborating with a sequence extended to site III. Since the
N-terminal domain is the high-affinity Ca2+ binding site
of yeast CaM (Figure 2 and Table 1) (29; S. Ohki et al.,
unpublished results), Ca2+ binding to the N-domain may
induce some conformational change in the C-domain through
the C-terminal sequence which may be responsible for the
cooperative Ca2+ binding. Most probably, the defective site
IV sequence of YCM0 makes contact with the N-domain,
and then the cooperative Ca2+ binding may occur.

Quantitative analyses of the Ca2+ dependences of CD
(Figure 3) and1H NMR (Figure 5) spectra provided the detail
of the interdomain interaction in yeast CaM. The results of
Ca2+ titration of the lower-field-shifted amide protons in each
Ca2+ binding loop are consistent with these results (Figure
6). As the contribution of Ca2-CaM to the final CD spectral
change was equal to that of Ca3-CaM (â ) 1.00), the overall
Ca2+-saturated structure of YCM0 or YCM∆, including the
conformational change in the C-domain, can be completed
when the N-domain is saturated with Ca2+ (Figure 3). Since
the apparent Ca2+-dependent increase inR-helicity of CaM
is thought of as a result of some structural reorientation of
the R-helical segments (37), the apparent decrease in
R-helicity specific to YCM0 and yeast CaM would indicate
a different way of rearrangement in the secondary structure
which leads to the interdomain interaction responsible for
the highly cooperative Ca2+ binding.

The Ca2+ dependence of the C2 proton of His107 in the
C-domain of YCM0 and YCM∆ showed the three-state
spectral changes, which was different from that in Y34
exhibiting only the upfield shift (Figure 4). The result shown
in Figure 5 indicated that the upfield shift of His107 peak
may result from Ca2+ binding to the C-domain, while the
downfield shift observed on binding of the initial two Ca2+

may result from Ca2+ binding to the N-domain. Therefore,
His107 is sensitive to the interdomain cross-talk. Another
residue detected as a transiently observed1H NMR signal
(peak x in Figure 6), as well as Gly25 which showed the
upfield shift of the amide proton signal (Figure 6), may also
be involved. The interaction accompanies the highly coop-
erative binding of the three Ca2+ in YCM0 (Figure 2 and
Table 1), while the same interaction lacking the 17 most
C-terminal residues caused different effects in YCM∆ on
the exchange rate of the amide proton of Gly25 (Figure 6)
and emphasized the cooperative Ca2+ binding in the N-
domain of YCM∆ (Figure 2 and Table 1). The 17 residues
in site IV may be responsible for the observed positive
cooperativity in yeast CaM which may result from the
interaction between the N-domain and Ca2+ binding site III.

The interdomain interaction observed in yeast CaM, which
might also be responsible for the characteristic structure
observed by solution X-ray scattering (31), is unusual, since
vertebrate or invertebrate CaM takes the dumbbell shape and
the interdomain interaction is stable only in the ternary
complex formed with the target peptide (31, 33). These
properties of yeast CaM suggest an unusual mode of target
recognition which is different from the typical one of
vertebrate CaM.

Among the atomic structures of the EF-hand Ca2+ binding
proteins (19-21, 38-42), those of amphioxus sarcoplasmic
Ca2+ binding protein (42) and recoverin (39) are interesting
when considering the interdomain interaction of yeast CaM.
Although they consist of four EF-hand motifs, site IV in their

FIGURE 6: 1H NMR spectra around signals of amide protons
constituting the Ca2+ binding loops. Spectra of YCM0 (A) and
YCM∆ (B) are shown in each panel. Assignments of several signals
and Ca2+:protein molar ratios are shown in each panel. Peak x has
not been assigned yet.
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C-terminal half-domains does not bind Ca2+. Despite the
defect in site IV, the two EF-hand motifs in the C-domain
maintain the apparent 2-fold rotation symmetry, and interact
with the N-domain. Since Y34 showed high affinity for a
single Ca2+, similar symmetry may also be maintained in
yeast CaM. In recoverin, part of the site III sequence makes
contact with site II and the C-terminal segment of the site
IV sequence interacts with the N-terminal half molecular
domain. As a result, a hydrophobic face is formed on the
other side of the molecule relative to the four Ca2+ binding
loops (39), which might be responsible for interaction with
targets. A similar structure is observed in calcineurin B,
another member consisiting of four EF-hand motifs, in which
the hydrophobic face makes contact with the helical segment
of the catalytic subunit (41). In yeast CaM, the C-terminal
sequence and a part of the site III sequence may work
similarly in recognizing target proteins, since Matsuura et
al. (5) showed that YCM∆ could not activate the phosphodi-
esterase and myosin light chain kinase of vertebrates at all.
The difference in the mechanism for target recognition may
be one of the major reasons for the observed poor activation
by yeast CaM of target enzymes isolated from vertebrate. If
this is the case, target proteins isolated from yeast may be
more efficiently activated by yeast CaM than by vertebrate
CaM.

When each of the N- and the C-terminal half-molecule of
yeast CaM was overexpressed in yeast cells, the essential
function of the intact molecule was complemented (12).
Although each half-molecule of CaM appears to work as
the smallest functional unit, clear differences between the
whole molecule and the half-molecular fragments were
shown. This study provides evidence that the N- and the
C-terminal domains in yeast CaM interact with each other,
which influenced the Ca2+ binding property of the whole
molecule. In vertebrate CaM, this kind of interdomain
interaction is found in the presence of target proteins or under
conditions of low ionic strength (33, 44, 45). The site IV
sequence in yeast CaM is important for maintaining the
interaction, and may have a specific role in recognizing target
proteins. A further study using isolated target proteins from
yeast cells and a three-dimensional structural analysis of yeast
CaM is in progress.
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