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Calcium Binding Induces Interaction between the N- and C-Terminal Domains of
Yeast Calmodulin and Modulates Its Overall Conformation
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ABSTRACT. Calmodulin from the yeas$accharomyces cerisiae binds 3 mol of C&" cooperatively. We

report here lines of evidence supporting the intramolecular interaction between the N- and C-terminal
domains which modulates the €abinding properties of yeast calmodulin. First, the sum of thé"Ca
binding curves of the N-terminal and the C-terminal half-molecule did not yield tR& ading curve

of yeast calmodulin. Second, the mean residue CD of yeast calmodulin at 222 Aeg,f) decreased

with increases in the concentration ofZawhereas 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 aeach corresponding to the apo, the intermediate, and tfe Ca
saturated state. The intermediate peak could not be observed in the C-terminal half-molecule of yeast
calmodulin. Computer simulation considering the macroscopit™ @inding 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’CaPeptide segments spanning the defective fourtt Ganding

site may be involved in the interdomain interaction and the yeast-specific function of calmodulin.

Calmodulin (CaM) is a ubiquitous C& binding protein Recent structural analyses by NMR and X-ray crystal-
which modulates many intracellular €adependent pro-  lography offered a structural basis for the?Gaependent
cesses. Primary structures of CaMs from various sourcesactivation process of target proteins by CaM (reviewed in
consist of the four Cd binding sites of the EF-hand motif ref 13). CaM consists of the N- and C-terminal half-
(1), and they are highly conserved among all eukaryotes molecular domain connected by a flexible helical linker. Each
except the one from baker’s yeaSgccharomyces cerisiae domain contains two CGa binding sites and flickers in an
(2, 3). Yeast CaM exhibits only about 60% identity in the independent manned4, 15). In the C&*-saturated form,
primary structure compared to vertebrate Ca5), binds each domain exposes a hydrophobic core with many Met
only 3 mol of C&" because of the divergent structure of the residues on the molecular surfad€), while they are buried
fourth C&* binding site (site IV, the most C-terminal &a  in the molecular inside in the apo forrd7, 18). In the
binding site) 6), and can activate very poorly the target process of target recognition, the exposed hydrophobic
enzymes from vertebrate$, (7). Because these properties residues play a critical role in binding to targefd{21).
are different from those of other CaMs, mutational effects  Earlier biochemical studies involving limited tryptic diges-
of yeast CaM have been studied with an aim to understandingtion (22, 23) showed these features of Ca®¥(-27). Similar
the mechanism of target activatios, —11). Since CaM is biochemical studies and NMR measurements with yeast CaM
essential in yeast)( 12), the characteristic structure of yeast (28—30) suggested a conformational similarity between yeast

CaM would be essential for the interaction with specific and vertebrate CaM.

targets in yeast cells. On the other hand, it has been rep.orted that yeast and

vertebrate CaMs have different properties. Thé'Gkepen-

" 3 y v & Gramin A for Scionif dence of the CD spectral change of yeast CaM was different
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roacetic acid; Y12, N-terminal half-molecular domain of yeast CaM ; ;
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formerly named YCM\132—-148. cooperativity among all three €abinding sites {1).
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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 €abinding properties with those
of YCMA (5) and the tryptic fragments, F12 and F34, of
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scallop CaM 25) as well as with those of yeast and
vertebrate CaM. The region in yeast CaM corresponding to
the C-terminal C& binding site (site 1V) of vertebrate CaM
was revealed to be involved in the Talependent interdo-
main interaction and may play a specific role in the CaM-
dependent regulation in yeast cells.
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Ficure 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 (YCMO) is shown at the top. The arrows show the
’ L - ] sites at which the initiation or stop codon was generated. The
E. coliTG1 and purified as described previousby 11, 30). expressed N- and C-terminal half-molecules named Y12 and Y34
The C-terminal half of yeast CaM, Y34 (residues-71@6), are shown in the second and third lines, respectively. Mutant XCM
encoded by plasmid pY-Cterm was expressed similarly and in which the site IV sequence was deleted is shown at the bottom.
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 method3@). The protein solution was
desalted by gel filtration (Sephadex G-25) and loaded onto,, _ K. + 28 2 ;

i - = XTK K1 + XK + xTKK,) + jx 1
a column of DEAE Cellulofine A500 (50 mL bed) equili- y= (K, K ! K2) ) @)

brated with 10 mM Tris, 10 mM imidazole hydrochloride 5 the results of Y34 were fitted to a single-site model:
(pH 6.8), and 0.1 mM EGTA containing 0.05 M NaCl. The
2

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 whereK; andK; are the macroscopic dissociation constants,
equilibration buffer. Y34 was eluted at 0.12 M NaCl with a y is the number of bound €a(moles per mole of protein),
purity of the apparent single band on PAGE. Contaminating x is the concentration of free €3 andj is the slope term
C&" in the protein solution was removed as described for nonspecific binding. Results of analyses giving Rh
previously (L1). The proteins used in this work are shown value of >0.997 were shown as best-fit curves.
schematically in Figure 1. Circular Dichroism SpectraThe CD spectra were mea-
Ca&?* Binding MeasuremeniThe extent of C# binding sured at 25°C with a rectangular quartz cell (1 mm light
was measured by the flow dialysis method usff@aCl path) using a JASCO J-500A CD spectropolarimeter equipped
(DuPont-NEN) in 0.1 M NaCl and 20 mM MOPS/NaOH with a DP-500N data processor. The protein concentrations
(pH 7.0) at 25°C in the presence of 25100 uM CaM or were 25 (scallop CaM, YCMO, or YCM) or 50uM (F12,
50—200uM fragments as described previoushi(33). For F34,Y12, or Y34) in 0.1 M NaCl and 20 mM MOPS/NaOH
each of the protein samples, the measurements were takeifpH 7.0) containing CaGlat various concentrations. Mea-

MATERIALS AND METHODS

Protein Engineering.An Escherichia coli expression
plasmid encoding the C-terminal half domain (Y34) of yeast
CaM (YCMO) was constructed as follows. Two restriction
sites forNcd were generated by site-directed mutagenesis
in plasmid pY encoding YCMO0Y) in a manner similar to
that reported previouslyl(). The first site was created at
the initiation codon, and the other site was at a region
encoding Leu69. The constructed plasmid ld¥d-1/70) was
digested withNcd, and the products were ligated. The
generated plasmid pY-Cterm encoded residues14® 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 aB3). Fragments F12 and
F34 corresponding to the N-terminal (residues7b) and
the C-terminal halves (residues -7848), respectively, of
scallop CaM were prepared by tryptic digesti@b)(

The recombinant proteins of yeast CaM (YCMO0) and its
deletion mutants YCM (residues +132 with an extra
residue 1le130) and Y12 (residues17) were expressed in

Y34

three times and all of the data points were analyzed together
by fitting to Adair's equation (Figure 2); the results for
YCMO and YCMA 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:

y = XK /(L1 + XIK,) + jx
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- Ficure 3: Effect of total C&" concentration on the CD spectral
. +
FiGure 2: C&" binding to CaMs and fragments. The extent of changes of YCMO (A) and YCM (B). Relative changes inesz»

C&*" binding was measured by the flow dialysis method using - -
2 . : (O) were calculated, and they were compared with the statistical
*cackin a medium of 0.1 M NaCl and 20 mM MOPS/INaOH at - gigiriptions ofPc,-cay (dotted line) Peq,-cav (dotted-dashed line),

pH 7.0 and 25°C: (A) (O) YCMO, (2) Y12, (v) Y34, and ©) and Pc,,-cam (dashed line). These lines were calculated from eqs

YCMA and (B) ©) scallop CaM, f) F12, and ¢) F34. Solid 3—7 (Materi - e L
! : L . ’ — aterials and Methods), using the macroscopic dissociation
lines show the best-fit curves to Adair's equation (Materials and const(ants given in Table 1 arzd the ?otal concentratirc))n of YCMO or

Methods) for each set of data. The dotted line represents the su o o s
of the C&" binding curves of Y12 and Y34 (A) or F12 and F34 mgf'g'qu(Po = 25uM). Solid lines were the best-fit curves based

(B).
surements on the equimolar mixture were performed in the Computer SimulationThe C&" dependence of CD and
presence of each of the half-molecular fragments atK5 NMR spectral changes of YCMO and YCMwas analyzed
The spectra were scanned 16 times on each sample for théy estimating the relative contribution of the T&ound
data processing, and the values of mean residue CD at 22Zpecies, CaCaM, Ca—CaM, and Ca—CaM. For calculat-

nm [—Aez, (cm™t M~1)] were determined. The two inde-  ing the relative distribution of each species, the concentration
pendent measurements were performed for each sample, andf free C&*, Ca, was first estimated from eq 3:

all of the data points were used for analysis (Figure 3).

1H NMR SpectraNMR signals of the C2 protons of His ~ Cay/P, = [(Ca/Py)(1 + Ca/K, + Ca7K K, +
residues (_a) and the lower-field-shifted amide protons (b) CafS/K1K2K3) + CalK, + 2(:,5;2/K1K2 + 3Ca3/K1K2K3]/
were monitored using a JEOL JNM-A600 spectrometer at 2 3
IH frequencies of 600 MHz. The experimental conditions (1+ Cal/K; + CqK K, + Cq7K KKy (3)
were as follows: (a) 0.8 mM protein, 50 mM KCI, and 10 i
mM MOPS/KOD (pH 7.5) in BO and (b) 1.6 mM protein wherePg and.Ca are the concentrations of total CaM qnd
and 50 mM KCI in HO containing 10% BO and pH C_a”, r_es_pectlvely, andk;, Ko, an_d K3 are the macroscopic
adjusted to 7.27.7 by addition of KOD. The NMR spectra  dissociation constants determined by the*'Céinding
of these samples were observed at various concentrations of’€asurements. Values of Cgiving the Ca/Po values
C&*. The FID data were recorded with 8192 complex data CONverging W|th|n 0.001% dewatpng were estimated. Then
points over a frequency width of 8000 Hz. Water peak the concentration of free CalF;, is given by eq 4.
suppression was achieved by the 1-1 echo method. Chemica 2 3
shifts are reported in parts per million relative to the internal ‘Df = P(1+ Ca/K; + CaK K, + Ca/K KKy) (4)
standard TSP (0 ppm). The temperature of samples was kep
at 30+ 0.1 °C throughout the experiments. The NMR data
processing was performed using Felix95 software (Molecular
Simulations Inp., San Diego, CA) running on an SGI Indigo2 Peacan = CaP/K, (5)
or 0, workstation.

Protein Concentration.The protein concentration was
determined by the biuret method4) or by the method of
Bradford @35) using a Bio-Rad protein assay reagent. In the 3
latter method, each authentic protein was used as the standard Pea,-can= Ca P/K KKy (7)
which was determined by the biuret method using bovine
serum albumin as a standard. Using these values, the €adependence of the CD spectral

tI'he Cé&"-dependent distribution of each species, that is,
Pca-cam, Pca—cam, andPc,,—cam Can be calculated as follows:

Pca-cam = Ca’P/K K, (6)
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Table 1: C&" Binding to CaM and Fragmerits

Table 2: C&™Induced CD Spectral Charye

CaM K1 (‘MM)b Kz (/lM)b Ks (,LtM)b Ka (,LtM)b j
YCMO 28(0.8) 36(2.0)  2.2(0.9) 31.4
Y12 13(2)  1.2(0.2) 26.6
Y34 5.2(0.4) ~16.5
YCMA 2.2(1.1) 0.30(0.17) 2.2(0.5) 55.6
scallopCaM  7.8(3.9) 0.68(0.39) 21(8) 7.7(2.51-39.7
F12 12(1)  5.8(0.6) 23.5
F34 12(2)  0.85(0.13) 67.7

@ Each set of macroscopic dissociation const#&itKs,, Ks, andK,
gives the corresponding best-fit curve to Adair's equation (Materials
and Methods) shown in Figure 2Standard errors for the evaluated
dissociation constants are indicated in parentheses.

—Aé€on (M71 Cmfl)

CaM without C&"  with C&" Ca&*-induced change
YCMO 4.43 3.95 —0.48
YCMA 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 Y34 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 F3% 3.96 4.96 1.00

changes is given by eq 8:

Y= 0Pcqcam T BPcq-cam T Pca-cam (8)
wherey is the relative spectral change andandj are the
contribution factors of CaCaM and Ca—CaM, respectively,
with respect to the spectral change of the final'Gsaturated
conformation. The contribution factorsy and 3, were
estimated by curve fitting. The €adependence of the NMR

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
Ca") or 0.2 mM CaCj (with Ca&") at 25 °C.°The values were
calculated using the data of each half-fragment.

2) (5, 7). If the Ca&"-dependent decrease inAezz; is
considered, YCMO in the Ca-free conformation is appar-
ently more helical than in the €asaturated conformation.
Each of the half-molecular fragments of yeast CaM, that is,
Y12 and Y34, and YCM which lacked the site IV sequence,

spectral changes was analyzed similarly. The whole processhowever, showed an apparent increasenihelicity as a

of the analysis was performed with a program written in
Think C.

RESULTS

Ca&" Binding. The results of C& 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 C#, while Y34 containing the
sequence of sites Il and IV of yeast CaM bound 1 mol of
C&" (Figure 2). Judging from their Ga binding curves,
the N-domain of YCMO is probably occupied first by Ta
(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 Ca binding as does the C-domain of
scallop CaM as evidenced by the significantly lower value
of K, compared withK; (Table 1). Compared with the sum
of the C&" binding curves of each half-molecular fragment,
Y12 and Y34, the CH hinding to the three sites in YCMO

is highly cooperative, giving a steeper curve with a midpoint
at lower C&* 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 28B).(
YCMA bound three Ca and showed an affinity for Ca
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 Cd affinity.

Circular Dichroism SpectraThe C&*-dependent confor-
mational changes of CaMs and fragments were studied with
far-UV CD spectroscopy. Values efAez,, were calculated
from the spectra in the presence of 0.2 mM G4@ith Ca")
or 0.1 mM EGTA (without C#&'), and they are summarized
in Table 2. In contrast to the apparent?Gaependent
increase in—Aeyz, 0bserved for scallop or vertebrate CaM,
YCMO showed a C#-dependent decrease-ie,,, (Table

result of C&" binding (Table 2). The equimolar mixture of
Y12 and Y34 also showed the €adependent increase in
o-helicity, and the C& dependence of Aeyy, was similar
to that for scallop CaM (Table 2).

In the course of CA titration of proteins other than YCMO
and YCMA, —Aex;increased almost linearly with increases
in the molar ratio of C& :protein up to their C& bhinding
capacity, and then the increase leveled off. Similarly, addition
of C&* to an equimolar mixture of Y12 and Y34 caused an
increase in—Aex,, almost linearly up to 3 equiv of Ca
with respect to Y12 or Y34 (data not shown). As shown in
Figure 3 by the relative spectral changes, effects éf ©a
—Aé€z, 0f YCMO and YCMA are different from the one of
the equimolar mixture. Major conformational changes of
YCMO and YCMA occurred after addition of-13 and 0-2
equiv of C&", respectively (Figure 3), and YCMO showed
decrease in—Aezz,, in contrast to the Cd-dependent
increase observed in other cases (Table 2). The results
suggest that the N- and the C-terminal domains in YCMO
and YCMA interact with each other.

Estimation of Intermediate Species and Their Contribution
to the CD ChangesThe relative change in-Aezp was
analyzed according to eq 8 (Figure 3) on the basis of the
C&"-dependent distributions of G&€€aM, Ca—CaM, and
Ca—CaM (Figure 3). Since YCMO binds all three €an
a highly cooperative manner (Table 1), only small peaks in
the distribution of CaeCaM and Ca—CaM appeared one
by one, and then the most stable?Gaaturated form, Ga-
CaM, appeared with increases in the concentration éf Ca
(Figure 3A). On the other hand, YCMhas two high-affinity
C&" binding sites with high cooperativity and a low-affinity
C&" binding site (Table 1). As a result, a small peak in the
distribution of Ca-CaM and a larger peak of gaCaM
appeared clearly (Figure 3B), and thenz€&aM was
formed.

The contribution factorst and of eq 8 which give the
best-fit curves (solid lines in Figure 3) to the data wef®39
and 1.00, respectively, for YCMO, and 0.35 and 1.05,
respectively, for YCM\. These results indicate that saturation
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Ficure 4: C&* dependence ofH NMR spectra around the C2
proton signals of His residues: (A) YCMO, (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 KCI and 50 mM MOPS/KOD at pH 7.5
and 30°C. The protein concentration was 0.8 mM. Addec®Ca
protein molar ratios are indicated in each panel.
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of two out of three C&-binding sites is sufficient to  Ficure5: Effect of total C&" concentration on the NMR spectral

complete the overall Ga-saturated conformation of YCMO  changes of YCMO (A) and YCM (B). Relative changes in the
and YCMA. signal intensities of His61-C2Hy( peak b in Figure 4) and His107-

. . . . C2H (O, peak d; andv, peak e; each in Figure 4) were compared
'H NMR SpectraYeast CaM contains a single His residue it the statistical distributions dPea_caw (dotted line),Pes_cam

in each'half-mo'lecular domgin: His61 in s'ite Il in th? (dotted-dashed line), arts,-cam (dashed line). These lines were
N-domain and His107 at the linker between site Ill and site calculated according to eqs-3 (Materials and Methods). Solid
IV in the C-domain.*H NMR spectra of YCMO, YCM\, lines a and b represent traces Rafa—cam + Pca,-caw, andPca-cam
and Y34 in the regions of the C2 proton signals of His are + Pca-cau + Pca-caw, respectively.

shown in Figure 4. A signal from His61 (peak a) appeared
at 8.43 ppm in the Ca-free state of YCMO and YCM. the C&"-saturated state (peak e) may correspond to the

This peak progressively diminished in intensity with in- conformation of the species with the Tesaturated C-

creases in the concentration of<Caand a new peak at 8.46 ~domain of YCMO and YCM.
ppm (peak b) corresponding to the?Caaturated conforma- The C&" dependence of the intensity of these His signals
tion appeared in a slow-exchange manner. Therefore, thefrom YCMO or YCMA was analyzed on the basis of the
local conformation of the N-domain around His61 seems distribution of each specieBda-cav Pca-cav andPca—cam)
similar in these two molecules. On the other hand, the signalswhich was calculated as described previously by using
from His107 showed three different peaks depending on the macroscopic dissociation constants (Table 1) and the con-
concentration of C&. In YCMO, a signal (peak c) appeared ~centration of total proteinP, = 0.8 mM (Figure 5). The
at 7.91 ppm in the absence of alt shifted first downfield Ca&" dependence of these values together with the sum of
(peak d, 7.99 ppm) in a slow-exchange manner and thenPca-cam @ndPca,-cam (SOlid line a) and the sum dtca—cam,
upfield with increases in the concentration oCarhe latter Pca,—cam andPcg-—cam (solid line b) is shown in Figure 5.
signal (peak e) was observed at 7.78 ppm (Figure 4A). ThreeThe C&"-dependent changes in intensity of His61 in the
similar peaks were observed in YQMFigure 4B). There-  Cé&'-saturated state (peak b in Figure 4), His107 in th& Ca
fore, His107 in the C-domain of these two molecules Saturated state (peak e in Figure 4), and His107 in the
experiences three different conformational states with in- intermediate state (peak d in Figure 4) are similar to those
creases in the concentration ofathe apo state (peak c), of curve b, the curve foPc,—cam (broken line), and curve
the intermediate state (peak d), and thé'Gsaturated state  a, respectively (Figure 5). Therefore, the?Caffinity of
(peak e). site 11l is the lowest among the three sites in YCMO and
The C&" dependence of the His107 signals in the isolated YCMA. The conformation of the C-domain, especially
C-domain, Y34, was also examined (Figure 4C). The peak @round His107, is not independent of the N-domain and is
appeared at 7.87 ppm in the absence 6¥Ghifted upfield influenced by at least 1 mol of €abinding to the N-domain.
in a fast-exchange manner with increases iffGancentra- Hydrogen BondsFigure 6 shows'H NMR spectra of
tion, and finally appeared at 7.76 ppm in the?Gaaturated YCMO and YCMA in the region of lower-field-shifted amide
state. The exchange behavior of His107 in the isolated proton signals. Signals of Gly25, His61, and Gly98 (at 10.75,
C-domain is different from that in the intact yeast CaM 10.33, and 10.03 ppm, respectively) were observed in the
(Figure 4). A similar result has been observed by Starovasnik Ca?*-saturated state. These are lower-field-shifted due to
et al. 9), indicating a possible interdomain interaction. strong hydrogen bonding to the side chain carboxylate
Therefore, the intermediate peak (peak d) of YCMO and oxygen of the Asp residue five residues ahead in each of
YCMA detected in our experiments can be assigned to athe three EF-hand Ga binding loops 29, 30). In the
species with the Ca-saturated N-domain, and the peak in spectrum of the apo YCMO, a broad peak assigned to Gly25
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Ficure 6: H NMR spectra around signals of amide protons
constituting the C& binding loops. Spectra of YCMO (A) and
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a role in communication between the two domains col-
laborating with a sequence extended to site Ill. Since the
N-terminal domain is the high-affinity Ca binding site
of yeast CaM (Figure 2 and Table 124 S. Ohki et al.,
unpublished results), €a 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 CH bhinding. Most probably, the defective site
IV sequence of YCMO makes contact with the N-domain,
and then the cooperative €abinding may occur.
Quantitative analyses of the €adependences of CD
(Figure 3) andH NMR (Figure 5) spectra provided the detail
of the interdomain interaction in yeast CaM. The results of
C&* titration of the lower-field-shifted amide protons in each
C&" binding loop are consistent with these results (Figure
6). As the contribution of Ga-CaM to the final CD spectral
change was equal to that of £e&CaM (B = 1.00), the overall
Ca*-saturated structure of YCMO or YCM including the
conformational change in the C-domain, can be completed
when the N-domain is saturated withC4Figure 3). Since
the apparent Ca-dependent increase i-helicity of CaM
is thought of as a result of some structural reorientation of
the a-helical segments 3(7), the apparent decrease in
o-helicity specific to YCMO and yeast CaM would indicate

YCMA (B) are shown in each panel. Assignments of several signals @ different way of rearrangement in the secondary structure
and C&":protein molar ratios are shown in each panel. Peak x has which leads to the interdomain interaction responsible for

not been assigned yet.

the highly cooperative Ca binding.
The C&" dependence of the C2 proton of His107 in the

was observed around 10.7 ppm. With increases in the c.domain of YCMO and YCM showed the three-state

concentration of C4, this broad peak shifted to a lower

spectral changes, which was different from that in Y34

field, and then the His61 peak appeared, which was ac-exnibiting only the upfield shift (Figure 4). The result shown

companied by the appearance of the Gly98 peak (Figure 6A).

At the same time, the signal of Gly25 shifted upfield in a

in Figure 5 indicated that the upfield shift of His107 peak
may result from C# binding to the C-domain, while the

slow-exchange manner. Similar results were obtained in the gownfield shift observed on binding of the initial two €a

C&* titration of YCMA (Figure 6B), except that the upfield
shift of Gly25 occurred in a fast-exchange manner. In the
Cat 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 Tasaturated state shown by
Starovasnik et al.29) were confirmed (data not shown).
These results suggest a’Calependent interdomain interac-
tion, such as hydrogen bond formation in site 11l (Gly98
-Asp93) accompanied by €abinding and hydrogen bond
formation in site Il (His61--Asp56). Similarly, the upfield
shift of the Gly25 signal in site | and another transiently

may result from C& binding to the N-domain. Therefore,
His107 is sensitive to the interdomain cross-talk. Another
residue detected as a transiently obserit¢dNMR 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 €ain YCMO (Figure 2 and
Table 1), while the same interaction lacking the 17 most
C-terminal residues caused different effects in Y&Mn

the exchange rate of the amide proton of Gly25 (Figure 6)
and emphasized the cooperative?Cainding in the N-

appearing signal (peak x in Figure 6), which has not been jomain of YCMA (Figure 2 and Table 1). The 17 residues
assigned yet, are notable and may provide further evidencein site |v may be responsible for the observed positive
for the interdomain interaction accompanying the cooperative copperativity in yeast CaM which may result from the

C&" binding.
DISCUSSION

Yeast CaM binds three €ain a cooperative manner
(Figure 2A and Table 1)5( 11, 29). The possible interaction
between the two half-molecular domains in yeast CaM is
suggested by comparing the €ainding properties (Table
1 and Figure 2), the C&induced CD spectral changes
(Table 2), and the Ca dependence of severdi NMR
signals (Figures 4 and 6R9 of the intact yeast CaM,
YCMA, and half-molecules Y12 and Y34. As fragment
YCMA with a deletion of the 17 C-terminal residues showed

interaction between the N-domain and®Chinding site lII.

The interdomain interaction observed in yeast CaM, which
might also be responsible for the characteristic structure
observed by solution X-ray scatteringlj, 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 peptid81( 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-handGainding
proteins (9—21, 38—42), those of amphioxus sarcoplasmic

properties (Figure 2 and Tables 1 and 2) different from those Ca* binding protein 42) and recoverin39) are interesting

of YCMO as well as those of the half-molecular fragments,
the C-terminal sequence missing in Y@\probably plays

when considering the interdomain interaction of yeast CaM.
Although they consist of four EF-hand motifs, site IV in their
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C-terminal half-domains does not bind aDespite the 12. Sun, G. H., Ohya, Y., and Anraku, Y. (1991)Biol. Chem.
defect in site IV, the two EF-hand motifs in the C-domain 266, 7008-7015. _ _
maintain the apparent 2-fold rotation symmetry, and interact 13- kura, M. (1996)Trends Biochem. Sci. 214-17.

with the N-domain. Since Y34 showed high affinity for a  * G3G)0: > [k Vo, E8Y, 1 B Pastor, R-W., and Bax, A

single C&", similar symmetry may also be maintained in 15 Tjandra, N., Kuboniwa, H., Ren, H., and Bax, A. (19€&y.
yeast CaM. In recoverin, part of the site Ill sequence makes J. Biochem. 2301014-1024.

contact with site Il and the C-terminal segment of the site 16. Babu, Y. S., Bugg, C. E., and Cook, W. J. (1988)Mol.
IV sequence interacts with the N-terminal half molecular Biol. 204 191-204. .
domain. As a result, a hydrophobic face is formed on the 17-Zhang, M. Tanaka, T., and lkura, M. (1996t. Struct. Biol.

. . L 2, 758-767.
other side of the molecule relative to the four?Cainding 18. Kuboniwa, H., Tjandra, N., Grzesiek, S., Ren, H., Klee, C.

loops @9), which might be responsible for interaction with B., and Bax, A. (1995Nat. Struct. Biol. 2768-776.

targets. A similar structure is observed in calcineurin B, 19.Ikura, M., Clore, G. M., Gronenborn, A. M., Zhu, G., Klee,
another member consisiting of four EF-hand maotifs, in which C. B., and Bax, A. (19925cience 256632-638.

the hydrophobic face makes contact with the helical segment Zo.g/leador,z\gvﬁlgélﬁ/lleggg, A. R., and Quiocho, F. A. (1992)
of the catalytic subunit41). In yeast CaM, the C-terminal 21, Mc‘;zré%er' W. E. Means-, A. R., and Quiocho, F. A. (1993)
sequence and a part of the site Ill sequence may work Science 2621718-1721.

similarly in recognizing target proteins, since Matsuura et 22. Walsh, M., Stevens, F. C., Kuznicki, J., and Drabikowski, W.
al. (5) showed that YCM could not activate the phosphodi- (1977)J. Biol. Chem. 2527440-7443.

esterase and myosin light chain kinase of vertebrates at all. 23- Drabikowski, W., Kuznicki, J., and Grabarek, Z. (1977)
The difference in the mechanism for target recognition may ., B1ochim. Biophys. Acta 48824-133.

. .27 24, Drabikowski, W., Brzeska, H., and Venyaminov, S. Y. (1982)
be one of the major reasons for the observed poor activation ~ " j 'Bjol. Chem. 25711584-11590.

by yeast CaM of target enzymes isolated from vertebrate. If 25. Minowa, O., and Yagi, K. (1984). Biochem. 961175-1182.
this is the case, target proteins isolated from yeast may be 26. Vogel, H. J., Lindahl, L., and Thulin, E. (198BEBS Lett.

more efficiently activated by yeast CaM than by vertebrate 157, 241-246. o , ,
CaM. 27. Brzeska, H., Szynkiewicz, J., and Drabikowski, W. (1983)

. Biochem. Biophys. Res. Commun. 183-93.
When each of the N- and the C-terminal half-molecule of g Brockerhoff, S. E., Edmonds, C. G., and Davis, T. N. (1992)

yeast CaM was overexpressed in yeast cells, the essential  protein Sci. 1 504-516.

function of the intact molecule was complementdd®)( 29. Starovasnik, M. A., Davis, T. N., and Klevit, R. E. (1993)
Although each half-molecule of CaM appears to work as Biochemistry 323261-3270. _

the smallest functional unit, clear differences between the 30- Ohki, S., Miura, K., Saito, M., Ns.k?fh'ma’ K., Ma.ekarl]wa, H.,
whole molecule and the half-molecular fragments were Iféa%%yibgggda, S., and Hikichi, K. (1998) Biochem.
shown. This study provides evidence that the N- and the 33 yoshino, H., Izumi, Y., Sakai, K., Takezawa, H., Matsuura,
C-terminal domains in yeast CaM interact with each other, I., Maekawa, H., and Yazawa, M. (1998jochemistry 35
which influenced the Ca binding property of the whole 2388-2393.

molecule. In vertebrate CaM, this kind of interdomain 32. Yazawa, M., Sakuma, M., and Yagi, K. (198D)Biochem.
interaction is found in the presence of target proteins or under 87, 1313-1320.

o — ) Y M., Vorherr, T. P. foli, E. Yagi
conditions of low ionic strength3@, 44, 45). The site IV 33 K_""(ngvg‘;’) Biéchg%g&y ﬁéignliséﬂé_caram’ + and Yagi,

sequence in yeast CaM is important for maintaining the 34. Kabat, E. A., and Mayer, M. M. (1961) iExperimental
interaction, and may have a specific role in recognizing target Immunology pp 559-560, Charles C. Thomas Publisher,
proteins. A further study using isolated target proteins from Springfield, IL.

A ; ; 35. Bradford, M. M. (1976)Anal. Biochem. 72248-254.
)(l:za,\jt ic;eilLs arr:)d ?etgsree dimensional structural analysis of yeast 36. Ikura, M., Hiraoki, T., Hikichi, K., Minowa. O.. Yamaguchi
prog : H., Yazawa, M., and Yagi, K. (1988Biochemistry 233124~
3128.
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