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ABSTRACT: We present here the first evidence, obtained by the use of small-angle X-ray scattering, of the
solution structures of chimeras constructed from yeast (Saccharomyces cereVisiae, Sc) and chicken (Gallus
gallus, Gg) calmodulin (CaM). The chimeric proteins used in this study are Sc1-129/Gg130-148, Sc1-128/
Gg129-148, Sc1-87/Gg88-148, and Sc1-72/Gg73-148 CaMs, in which Sc1-n and Gg(n+1)-148 descend from yeast
and chicken CaM in the chimeric proteins, respectively. Under the Ca2+-saturated condition, the solution
structure of Sc1-128/Gg129-148 CaM has a dumbbell-like shape which is characteristic of vertebrate-type
CaM, while that of Sc1-129/Gg130-148 CaM takes an intermediate structure between the dumbbell-like
shape and a compact globular shape. The results provide the direct evidence that the replacement of
Asp129 with Ser129 induces an interaction between two lobes of Sc1-129/Gg130-148 CaM and brings them
close together. It implies that a site interacting with the N-lobe is induced in the C-lobe, although site IV
that is unable to bind Ca2+ hinders the ability of the C-lobe to undergo the conformational change to the
full open state. In the presence of both Ca2+ and a peptide synthesized to mimic the CaM binding domain
on myosin light chain kinase, MLCK-22p, the solution structures of these chimeric CaMs take a similar
compact globular shape but their interactions are quite different. The solution structure and interactions
of Sc1-72/Gg73-148 CaM are similar to those of Sc1-87/Gg88-148 CaM. The structure of Sc1-87/Gg88-148

CaM is similar to that of Sc1-128/Gg129-148 CaM, but their interactions are different. The result indicates
that the replacement of Glu119 with Ala119 has a critical effect on their interactions. Thus, the functional
differences among these chimeric CaMs, which have been reported previously [Nakashima, K., et al.
(1996)Biochemistry 35, 5602-5610], have been interpreted on the basis of the structures and interactions.

Calmodulin (CaM)1 is small protein which appears in all
eukaryotic cells and regulates many significant cellular
functions as a versatile decoder of Ca2+ signals. The crystal
structure of Ca2+-saturated vertebrate CaM resembles a
dumbbell in which the N-lobe is connected to the C-lobe by
a central linker helix of approximately eight turns (1-3). A

pair of Ca2+-binding sites is located in each of the lobes
(Ca2+-binding sites I and II in the N-lobe and sites III and
IV in the C-lobe). The Ca2+ binding affinity of the C-lobe
is higher than that of the N-lobe (4). Much effort has been
devoted to revealing the structure-function relationships of
CaM. The major questions are the functional significance
of the dumbbell shape and the functional differences among
the four Ca2+-binding sites.

The primary structure of CaMs is extremely conservative,
and the homology of the sequence is greater than 90% among
vertebrates and invertebrates (5). The primary structure of
CaM from baker’s yeast (Saccharomyces cereVisiae, Sc;
yeast CaM), however, is only 60% identical with that of
vertebrate CaM (6). Functionally, yeast CaM does not bind
Ca2+ at site IV; the set of macroscopic association constants
of yeast CaM is also different from others (7, 8), and yeast
CaM is a poor activator of vertebrate enzymes (9, 10). Recent
results of solution X-ray scattering, NMR, and biochemical
studies suggest an unusual mode of target recognition, which
is different from the typical one of vertebrate CaM (11-
15).

To elucidate aspects of the structure-function relationship
of yeast CaM, we have used four kinds of chimeric proteins
of chicken (Gallus gallus, Gg) and yeast CaM in which the
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N-terminal sequences of chicken CaM were substituted for
the corresponding regions of yeast CaM. Table 1 summarizes
previous results on the activation profiles of phospho-
diesterase (PDE) and skeletal myosin light chain kinase
(skMLCK) by these proteins (16). Here, Gg1-148 and Sc1-146

denote chicken CaM and yeast CaM, respectively, and the
chimera of Sc1-n/Gg(n+1)-148 consists of residues in the yeast
CaM sequence of 1-n and chicken CaM sequence ofn + 1
through 148. Sc1-129/Gg130-148 binds only 3 mol of Ca2+ like
recombinant yeast CaM and has low affinities for both PDE
and MLCK (compare theKact values in Table 1). These
results indicate that Sc1-129/Gg130-148 has a low-affinity
structure like yeast CaM, Sc1-128/Gg129-148 has a high-affinity
structure for PDE but not skMLCK, and both Sc1-87/Gg88-148

and Sc1-72/Gg73-148 have a high-affinity structure (compare
the Vmax andKact values in Table 1).

Further biochemical results have revealed that cooperative
Ca2+ binding and a suitable rearrangement of a pair of Ca2+-
binding sites in each lobe are important for high-affinity
interaction with PDE and that residues in chicken CaM
sequences of Gg129-148 and Gg88-128, respectively, are
required for low values ofKact in the activation of PDE and
skMLCK (16). The difference in the structural requirements
indicated different manners of interaction (16).

We do not as yet know the solution structure and
interaction of these chimeric CaMs. Therefore, our interests
have focused on the solution structure and the interaction of
chimeric CaMs in an effort to reveal the molecular origin of
the low-affinity and less active structure of yeast CaM. We
used here small-angle X-ray scattering with synchrotron
radiation (SR-SAXS) as a tool and a 22-residue peptide
corresponding to the CaM-binding domain (residues 577-
598) of skMLCK as a model peptide of the natural target
for chimeric CaMs. The results presented here indicate that
the replacement of Asp129 with Ser129 in site IV of CaM
induces the intramolecular interaction between two lobes.

MATERIALS AND METHODS

Materials. Recombinant chimeric proteins of yeast and
chicken CaM (Sc1-129/Gg130-148, Sc1-128/Gg129-148, Sc1-87/
Gg88-148, and Sc1-72/Gg73-148) were produced by exactly the
same procedure of protein engineering as previously de-
scribed in detail (16). The concentration of proteins was
determined by the method of Lowry et al. (17).

A 22-residue peptide having the sequence KRRWKKN-
FIAVSAANRFKKISS corresponding to the CaM-binding
domain (residues 577-598) of skMLCK (termed MLCK-
22p) was synthesized on an Applied Biosystem model 431
A peptide synthesizer using the general procedure. The crude

MLCK-22p dissolved in water was filtered (Millipore filter,
0.45 µm) and purified with Sephadex G25 (Medium)
(Pharmacia LKB) column (1.5 cm× 30 cm) chromatogra-
phy. The purified MLCK-22p was freeze-dried and kept at
-80 °C after weighing. The peptide was dissolved in water
and used after the pH of the solution had been adjusted.

SR-SAXS Measurements.The measurements were per-
formed using synchrotron orbital radiation with an instrument
for SAXS installed at beamline BL-10C of the Photon
Factory (Tsukuba, Japan). The details of the optics and
instruments are given elsewhere (18). The basic medium used
for the SAXS measurements consisted of 50 mM Tris-HCl
(pH 7.6) and 120 mM NaCl; the molar ratios of Ca2+ denoted
in this paper were added molar ratios of Ca2+ per mole of
protein, and Ca2+-free proteins were placed in 1 mM EDTA.
The temperature of the SAXS experiment was kept at 25.0
°C by circulating water through the cell holder. The volume
of the measuring cell was ca. 70µL. The details of the sample
preparation are given elsewhere (11).

Scattering Data Analysis.Two methods of data analysis
were used. The first method is that of Guinier (19). The
scattering intensityI(s,c) measured as a function ofs at a
finite protein concentration,c, is given by

whereI(0,c) is the scattering intensity ats ) 0 andRg(c) is
the radius of gyration at a concentrationc, ands equals (2
sin θ)/λ, where 2θ is the scattering angle andλ is the X-ray
wavelength. In the dilute limit,I(0,c) is given by

where K is a constant,M is the molecular weight of the
protein, andA2 is the second virial coefficient. In the dilute
limit, Rg(c) is given by

whereR0 is the radius of gyration at infinite dilution andBif

is the parameter of interparticle interference (20, 21).
According to Fournet,Bif is represented in terms of the
interparticle force potential and the temperature, and the sign
is usually the same as that ofA2 (19). Using eqs 2 and 3, we
estimated the three parametersA2, R0, and Bif . For the
analysis, the range ofs2 (Å-2) was from 1.6× 10-5 to 1.6
× 10-4 for all samples measured.

The second method is the calculation of the distance
distribution function,P(r). P(r) is given by

Other details of the method of data analysis were described
elsewhere (22, 23).

RESULTS

The Guinier plots [lnI(s,c) vss2] for Sc1-128/Gg129-148 and
Sc1-129/Gg130-148 over the concentration series are shown in
Figures 1 and 2, respectively. Panels A-C represent the
scattering curves in the absence of both Ca2+ and MLCK-
22p, in the presence of Ca2+, and in the presence of both
Ca2+ and MLCK-22p, respectively. In all of the samples

Table 1: Functional Properties of CaMsa

PDE skMLCK

Ca2+ binding
numbers

Vmax

(%)
Kact

(nM)
Vmax

(%)
Kact

(nM)

Gg1-148 4 103 1.14 103 2.4
Sc1-72/Gg73-148 4 97.2 1.74 84.2 48.6
Sc1-87/Gg88-148 4 104 2.71 87.0 70.0
Sc1-128/Gg129-148 4 102 5.45 53.7 3440
Sc1-129/Gg130-148 3 96.3 52.0 14.7 8070
Sc1-146 95.5 4310 9.9 41300

a The data are taken from a previous report (16).

I(s,c) ) I(0,c) exp[-(4π2/3)Rg(c)2s2] (1)

Kc/I(0,c) ) 1/M + 2A2c + ... (2)

Rg(c)2 ) R0
2 - Bifc + ... (3)

P(r) ) 8π∫I(s) (sr) sin(2πsr) ds (4)
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studied here, including Sc1-72/Gg73-148 and Sc1-87/Gg88-148,
there is no evidence of any upward curvature at lows2 values
in the Guinier plots caused by aggregation of the samples,
irrespective of the protein concentration (the Guinier plots
for Sc1-72/Gg73-148 and Sc1-87/Gg88-148 are not shown). The
values ofc/I(0,c) obtained from the intercepts of the Guinier
plots are shown as a function of protein concentration in
Figure 3, in which panels A and B depict data for Sc1-128/
Gg129-148 and Sc1-129/Gg130-148, respectively. Plots in Figure
3 are also linear over the entire concentration range, and the

values of I(0,0) extrapolated to infinite dilution for these
chimeric proteins under different conditions are proportional
to the molecular weight appropriate for the soluble monomer.
In these measurements, the absolute intensity of SR-SAXS
from chimeras has not been compared quantitatively with
the intensity scattered by a standard sample, because all
samples have not been measured at the same period. The
value of K was then determined by using the molecular
weight calculated from the primary sequence of each
chimera. The values of the second virial coefficientA2 were
calculated using eq 2 and compiled in Table 2. The negative
values of A2 for Ca2+-saturated Sc1-129/Gg130-148 in the
absence or the presence of MLCK-22p and for Ca2+-saturated

FIGURE 1: Guinier plots for the observed small-angle scattering
from Sc1-128/Gg129-148 at a series of protein concentrations at pH
7.6. Panels A-C represent the scattering curves in the absence of
both Ca2+ and MLCK-22p, in the presence of Ca2+, and in the
presence of both Ca2+ and MLCK-22p, respectively: (1) 7.5, (2)
10.0, (3) 15.0, and (4) 20.0 mg/mL. The straight lines were obtained
with data points between the arrows in the figure by the least-
squares method.

FIGURE 2: Guinier plots of SAXS from Sc1-129/Gg130-148 at a series
of protein concentrations. The explanation is the same as in the
legend of Figure 1.

Structure of Chimeras of Yeast and Chicken Calmodulin Biochemistry, Vol. 42, No. 7, 20032197



Sc1-128/Gg129-148 in the presence of MLCK-22p indicate that
the interactions between these chimeric proteins are attractive.

Apparent radii of gyration,Rg(c), were calculated from
the slopes of the Guinier plots using eq 1 and are shown as
a function of protein concentration in Figure 4. The radii of
gyration at infinite dilution, R0, and the parameters of
interparticle interference,Bif , were calculated using eq 3 and
were compiled in Table 2. Table 2 also listsR0, Bif , andA2

values for Sc1-72/Gg73-148 and Sc1-87/Gg88-148. The values
of bovine (Bos taurus, Bt) CaM and yeast CaM were taken
from our previous works (24). The negative values ofBif

for Sc1-129/Gg130-148 and Sc1-128/Gg129-148 in the presence

of both Ca2+ and MLCK-22p indicate that the interaction
between the chimeric proteins is attractive. It is noted that
the value ofBif for Sc1-129/Gg130-148 in the presence of Ca2+

is positive, while the corresponding value ofA2 is negative,
suggesting that their interactions are remarkably specific.

In the absence of Ca2+, the R0 values for the chimeric
CaMs are larger than those of bovine CaM and yeast CaM,
although the molecular states resemble that of bovine CaM.
Once Ca2+ binds, however, only theR0 value of Sc1-129/
Gg130-148 decreases∼4%, although the decrement is slightly
small compared with that of yeast CaM (the decrement is
∼6%), indicating that the replacement of Asp129 with Ser129

is necessary to bring the two lobes of CaM close together

Table 2: Second Virial Coefficient (A2), Radius of Gyration Dilution (R0), Bif Coefficient, and Center-to-Center Distance between Two Lobes
(L) for CaMs under Three Different Conditions at pH 7.6a

A2 (×104 mol cm3 g-2) R0 (Å) Bif (×1013 cm5/g2) L (Å)

1 2 3 1 2 3 1 2 3 1 2 3

Bt1-148 3.1 2.1 0.6 21.2 21.5 17.9 6.8 4.7 2.6 33.2 33.5 23.5
Sc1-72/Gg73-148 3.3 1.2 0.1 22.3 22.0 18.5 7.5 2.7 0.0 35.9 34.7 25.3
Sc1-87/Gg88-148 3.4 1.2 0.9 22.0 22.0 18.7 5.7 2.0 0.6 35.2 34.7 25.9
Sc1-128/Gg129-148 4.6 2.8 -0.7 21.6 21.9 18.9 6.2 2.5 -1.2 34.2 34.5 25.9
Sc1-129/Gg130-148 3.8 -0.3 -0.4 21.7 20.9 18.6 5.6 1.7 -2.4 34.4 31.9 25.6
Sc1-146 7.1 0.1 2.5 21.1 19.9 18.3 4.7 -0.9 -0.1 32.9 29.2 24.7
a The definitions ofA2, R0, Bif , andL are given in the text (eqs 2, 3, and 5). The values ofA2, R0, Bif , andL of bovine CaM (B. taurus, Bt1-148)

and yeast CaM (Sc1-146) are taken from a previous report (24). The numbers 1-3 represent the solution in the absence of Ca2+, in the presence of
Ca2+, and in the presence of both Ca2+ and MLCK-22p, respectively.

FIGURE 3: Protein concentration dependence ofc/I(0,c) measured
at pH 7.6. The measuredc/I(0,c) as a function of protein
concentration is plotted for Sc1-128/Gg129-148 (A) and Sc1-129/
Gg130-148 (B) in the absence of both Ca2+ and MLCK-22p (1), in
the presence of Ca2+ (2), and in the presence of both Ca2+ and
MLCK-22p (3).

FIGURE 4: Protein concentration dependence of the measured radius
of gyration at pH 7.6. The measured radius of gyration as a function
of protein concentration is plotted for Sc1-128/Gg129-148 (A) and
Sc1-129/Gg130-148 (B) in the absence of both Ca2+ and MLCK-22p
(1), in the presence of Ca2+ (2), and in the presence of both Ca2+

and MLCK-22p (3).
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and to form a novel compact structure of yeast CaM
suggested recently (11, 12, 14). The SAXS results suggest
that the interaction between Sc1-129/Gg130-148 CaMs is
characterized by both a negativeA2 and a positiveBif , and it
induces a novel compact structure.

In the presence of both Ca2+ and MLCK-22p, theR0 values
of all chimeric CaMs decreased, indicating that conforma-
tional changes toward a contracted form were induced by
the binding of the peptide. TheR0 value of Sc1-129/Gg130-148

shows no significant difference compared with those of other
chimeric CaMs, suggesting that the solution structures of
these chimeric CaMs take a similar compact globular form.
However, their interactions show a significant difference:
Sc1-128/Gg129-148 and Sc1-129/Gg130-148 are characterized by
negative values ofA2 andBif .

In the absence of Ca2+, all P(r) profiles of chimeric CaMs
have a maximum around 20 Å and a clear hump around 40
Å (Figure 5A). The solution structure of these chimeric CaMs
is a dumbbell-like shape in which the two lobes, with a
diameter of∼20 Å, are connected at a distance of∼40 Å.
The R0 values of these chimeric CaMs are consistent with
this conclusion.

Under the Ca2+-saturated condition, theP(r) profiles of
Sc1-72/Gg73-148, Sc1-87/Gg88-148, and Sc1-128/Gg129-148 have
a maximum around 20 Å and a clear hump around 40 Å
(Figure 5B). The solution structure of these chimeric CaMs
is a dumbbell-like shape similar to that of Ca2+-saturated
bovine CaM. On the other hand, theP(r) profile of Sc1-129/
Gg130-148 has a maximum around 22 Å but an unclear hump
around 40 Å. This is quite different from the findings for
bovine CaM and other chimeric CaMs, suggesting that the
solution structure of Sc1-129/Gg130-148 less resembles a
dumbbell and takes an intermediate structure between bovine
CaM and yeast CaM. The comparison between the solution
structures of Sc1-128/Gg129-148 and Sc1-129/Gg130-148 provides
direct evidence that the replacement of Asp129 with Ser129

induces an interaction between two lobes of CaM and brings
them close together. It implies that the site IV that is unable
to bind Ca2+ hinders the ability of the C-lobe to undergo
the conformational change to the full open state and a site
interacting with the N-lobe is induced in the C-lobe.

In the presence of both Ca2+ and MLCK-22p, allP(r)
profiles of chimeric CaMs display a single peak around 23
Å without any hump. The chimeric CaMs have a less
compact globular shape than the complex of Ca2+-saturated
vertebrate CaM with the target peptide (11, 25, 26), which
is consistent with the results from theR0 values. The results
suggest that the C-lobe of these chimeric CaMs also behaves
as a globular domain in the formation of the complex.

DISCUSSION

In the development of a molecular explanation for the SR-
SAXS data, it is useful that the structure of chimeric CaMs
consists of two quite separate but globular domains with an
interconnecting helix. The radius of gyration at infinite
dilution, R0, may be given by

whereRlobe is the radius of gyration of a lobe andL is the
center-to-center distance between two lobes (27). From eq
5, the value ofL is calculated using anRlobe of 13.2 Å in the

absence of Ca2+ and anRlobe of 13.5 Å in the presence of
Ca2+ (22). The results are compiled in Table 2. Here the
assumption of a fixedRlobe seems to be inconsistent with
the fact that both yeast CaM and Sc1-129/Gg130-148 do not
bind Ca2+ in site IV, which might suggest an altered tertiary
structure. However, it is shown that a small change inRlobe

does not almost change theL values. Furthermore, as
described in the Results and later, a site interacting with the
N-lobe is induced in the C-lobe of Sc1-129/Gg130-148 under
the Ca2+-saturated condition, suggesting that the C-lobe
behaves as a globular domain, and the C-lobe of all chimeric
CaMs behaves as a globular domain in the formation of the
complex. It is noted that the values ofL for chimeric CaMs

R0
2 ) Rlobe

2 + L2/4 (5)

FIGURE 5: Distance distribution function,P(r), of various CaMs
at pH 7.6. Panels A-C represent theP(r) profiles of the CaMs in
the absence of both Ca2+ and MLCK-22p, in the presence of Ca2+,
and in the presence of both Ca2+ and MLCK-22p.
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in the absence of Ca2+ are always larger than that for bovine
CaM, suggesting that the solution structure of chimeric CaMs
is a slightly extended dumbbell-like structure compared to
that of bovine CaM. The Ca2+ binding to Sc1-72/Gg73-148,
Sc1-87/Gg88-148, and Sc1-128/Gg129-148 causes an increase in
the value ofL compared with that of bovine CaM. However,
it induces a decrease in Sc1-129/Gg130-148, indicating the direct
evidence of an attractive interaction between two lobes,
which originates from the replacement of Asp129 with Ser129.
In the presence of both Ca2+ and the target peptide, the values
of L for the complexes of chimeric CaMs are always larger
than that of bovine CaM, suggesting that the solution
structures in the complex of chimeric CaMs have a slightly
relaxed globular structure compared to that of bovine CaM.

Comparisons between BoVine CaM and Sc1-72/Gg73-148.
TheP(r) profiles of Sc1-72/Gg73-148 and bovine CaM exhibit
similar behaviors as shown in Figure 5, suggesting that the
solution structure of Sc1-72/Gg73-148 is similar to that of
bovine CaM. However, the structural and interaction pa-
rameters for Sc1-72/Gg73-148 are apparently different from
those of bovine CaM. These differences result from the
replacement of amino acid residues Met51, Met71, Lys30, and
Val55 in bovine CaM with Leu51, Leu71, Ser30, and Ile55,
respectively, in Sc1-72/Gg73-148. Particularly, in the presence
of Ca2+, the hydrophobic surface in the N-lobe of Sc1-72/
Gg73-148 loses its flexibility, resulting in the hydrophobic
surface being smaller than in the case of bovine CaM (15,
28). The result suggests that a repulsive interaction is more
dominant in Sc1-72/Gg73-148 than in bovine CaM. Conse-
quently, the structural parameters such asR0 andL of Sc1-72/
Gg73-148 are larger than those of bovine CaM, while the
interaction parameters such asBif and A2 are smaller than
those of bovine CaM.

Comparisons between Sc1-72/Gg73-148 and Sc1-87/Gg88-148.
The replacements of Ala73, Lys75, Met76, Asp78, Glu83, and
Arg86 in Sc1-72/Gg73-148 with Ser73, Gln75, Leu76, Ser78, Gln83,
and Leu86, respectively, in Sc1-87/Gg88-148 do not show a
significant difference, suggesting that the central linker is
less sensitive to these replacements.

Comparisons between Sc1-87/Gg88-148 and Sc1-128/Gg129-148.
The SAXS results of Sc1-87/Gg88-148 and Sc1-128/Gg129-148

do not show a significant difference except those in the
presence of both Ca2+ and the target peptide. It is suggested
that Met109 and Glu119 play a critical role in the target
recognition, as the sign in theBif andA2 values of Sc1-87/
Gg88-148 and Sc1-128/Gg129-148 is inverted under this condi-
tion, as shown in Table 2. The role of Glu119 has not been
reported hitherto. The difference in these interaction param-
eters could explain the differences inVmax andKact of Sc1-87/
Gg88-148 and Sc1-128/Gg129-148.

Comparisons between Sc1-128/Gg129-148 and Sc1-129/
Gg130-148. Under the Ca2+-saturated condition, the solution
structure of Sc1-129/Gg130-148 is substantially different from
that of Sc1-128/Gg129-148. On the basis of the structural
parameters, particularly the values ofR0 and theP(r) profiles,
it is reasonable to consider an intermediate structure between
bovine CaM and yeast CaM for Sc1-129/Gg130-148. Sc1-128/
Gg129-148 binds Ca2+ at sites I-IV, while Sc1-129/Gg130-148

bind Ca2+ at three of the sites (not site IV). In Sc1-128/
Gg129-148, the binding of Ca2+ induces a concerted opening
to each lobe and a drastic change in the helix packing of
each lobe. The solution structure of Sc1-128/Gg129-148 is a

dumbbell-like structure similar to that of bovine CaM. In
Sc1-129/Gg130-148, however, the concerted opening does not
occur in the C-lobe but in the N-lobe; that is, the drastic
change in the helix packing does not occur in the C-lobe
but in the N-lobe. Although the change in the interhelical
distance of the F-G helix pair in Ca2+-saturated vertebrate
CaM is similar to that of Ca2+-free vertebrate CaM, the
corresponding interhelical angle is quite different from
another (29-31). Although it is suggested that the C-lobe
of Sc1-129/Gg130-148 adopts an unusual helix packing which
is not seen in Sc1-128/Gg129-148, we could regard the C-lobe
as a novel globular domain different from that of Sc1-128/
Gg129-148. The novel solution structure of Sc1-129/Gg130-148

could be modeled as a composite of sites I-III of Ca2+-
saturated vertebrate CaM and site IV of Ca2+-free vertebrate
CaM, in which sites I-IV are formed by A-B, C-D, E-F,
and G-H helices, respectively (29). Consequently, the
solvent-exposed hydrophobic surface of the C-lobe in Sc1-129/
Gg130-148, which is partially surrounded by acidic residues,
is quite different from that of Sc1-128/Gg129-148, although that
of the N-lobe is the same as that of Sc1-128/Gg129-148. These
unbalances between the N- and C-lobes of Sc1-129/Gg130-148

affect both the solution structure and their interactions, and
bring the two lobes close together. The SAXS results are
consistent with these interpretations. It should be noted,
however, that the Ca2+ -free form of Sc1-129/Gg130-148 has a
dumbbell-like structure similar to that of Sc1-129/Gg130-148.

In the presence of both Ca2+ and MLCK-22p, the solution
structure of Sc1-129/Gg130-148 is a globular structure similar
to that of Sc1-128/Gg129-148. On the basis of the interaction
parameters, particularly values ofBif andA2, however, the
interaction of Sc1-129/Gg130-148 is quite different from that
of Sc1-128/Gg129-148. The results suggest that the globular
structure of Sc1-129/Gg130-148 complexed with the target
peptide is apparently stabilized by the electrostatic and van
der Waals interactions different from those of Sc1-128/
Gg129-148.

Comparisons between Sc1-129/Gg130-148 and Yeast CaM.
In the absence of Ca2+, theP(r) profiles of Sc1-129/Gg130-148

and yeast CaM exhibit a similar behavior as shown in Figure
5A, suggesting that these solution structures are a dumbbell-
like structure similar to that of bovine CaM. On the basis of
the values ofR0, it is reasonable for yeast CaM to consider
a dumbbell-like structure more compact than that of Sc1-129/
Gg130-148.

Yeast CaM like Sc1-129/Gg130-148 binds Ca2+ to other three
sites except site IV. On the basis of the structural parameters,
particularly the values ofR0 and P(r) profiles, the Ca2+

binding to yeast CaM induces a structure more compact than
that of Sc1-129/Gg130-148. The solution structure of yeast CaM
is an intermediate structure between a dumbbell-like structure
and a compact globular structure. The difference in the
solution structure between yeast CaM and Sc1-129/Gg130-148

is responsible for the helix packing in their C-lobe, which
originates from differences between residues in chicken CaM
residues 130-148 and those in yeast CaM residues 130-
146.

In the presence of both Ca2+ and MLCK-22p, the solution
structure of yeast CaM is a compact globular structure similar
to that of Sc1-129/Gg130-148. On the basis of the interaction
parameters, particularly values ofBif andA2, however, the
interaction of yeast CaM is substantially different from that
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of Sc1-129/Gg130-148. The results suggest that the globular
structure of yeast CaM complexed with the target peptide is
apparently stabilized by the electrostatic and van der Waals
interactions different from those of Sc1-129/Gg130-148.

The results presented here indicate that the replacement
of residue 119 in site IV of CaM changed the interactions
between CaMs, while that of residue 129 induced the
intramolecular interaction between two lobes. Furthermore,
these SAXS results are consistent with previousVmax and
Kact determinations with skMLCK and with PDE (16). If one
could compare the scattering from Sc1-128/Gg129-148 with that
of Gg1-128/Sc129-148, one would predict the following. These
two would have a similar dumbbell-like structure in the
absence of Ca2+ and a similar compact globular shape in
the presence of both Ca2+ and MLCK-22p, while these two
would have a different structure under the Ca2+-saturated
condition; i.e., Sc1-128/Gg129-148 takes a dumbbell-like struc-
ture, while Gg1-128/Sc129-148 has an intermediate structure
between the dumbbell-like shape and the compact globular
shape. The intermediate structure should originate from the
differences in the residues of Sc129-148 containing Ser129.

To study the interaction of CaM with the intact skMLCK,
we used MLCK-22p as the model peptide in this report. This
may only imperfectly mimic the interaction of CaM with
the intact skMLCK. Further studies will be needed to confirm
this point.
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