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The Size and Shape of Caldesmon and Its Fragments in Solution Studied
by Dynamic Light Scattering and Hydrodynamic Model Calculations
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ABSTRACT The size and the shape of caldesmon as well as its 50-kDa central and 19-kDa C-terminal fragments were
investigated by photon correlation spectroscopy. The hydrodynamic radii, which have been calculated from the experimen-
tally obtained translational diffusion coefficients, are 9.8 nm, 6.0 nm, and 2.9 nm, respectively. Moreover, the experimental
values for the translational diffusion coefficients are compared with results obtained from hydrodynamic model calculations.
Detailed models for the structure of caldesmon in solution are derived. The contour length is about 64 nm for all of the models
used for caldesmon.

INTRODUCTION

Caldesmon is a major actin-binding protein found in smooth
muscle and nonmuscle cells (for a review, see Marston and
Redwood, 1991; Walsh, 1991; Sobue and Sellers, 1991;
D#browska, 1994; Marston and Huber, 1996). Smooth-
muscle caldesmon is a multifunctional protein that binds
tightly and specifically to protein components of the con-
tractile apparatus (actin, myosin, and tropomyosin) (Sobue
et al., 1981; Smith et al., 1987; Ikebe and Reardon, 1988).
Its inhibitory effect on the tropomyosin-potentiated, actin-
activated Mg2+-ATPase activity of myosin is regulated by a
Ca2+-calmodulin complex (Sobue et al., 1982; D#browska
et al., 1985; Chalovich et al., 1987; Marston and Redwood,
1992). Another regulatory mechanism is the phosphoryla-
tion of caldesmon by casein kinase II (Sutherland et al.,
1994) or by protein kinase C (Vorotnikov et al., 1994).
These observations prompted the speculation that caldes-
mon may be involved in auxiliary mechanisms for regula-
tion of the smooth-muscle contraction (Chalovich, 1988;
Marston, 1989; Brenner et al., 1991).
Two cDNA clones have been sequenced for chicken

gizzard caldesmon. One represents a 756-amino acid resi-
due isoform (Bryan et al., 1989), and the other a 771-residue
isoform (Hayashi et al., 1989) with molecular masses of 87
kDa and 89 kDa, respectively. The larger isoform corre-
sponds to a 15-residue peptide insertion into the central
region of the smaller isoform. Both isoforms are present in
chicken gizzard muscle (Riseman et al., 1989), and for
convenience we will refer to the amino acid sequence of the
smaller isoform.
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Secondary structure studies of chicken gizzard caldesmon
revealed that it is a highly helical protein. The estimation
from caldesmon CD spectra gave 40-51% helicity (Czurylo
et al., 1993; Graceffa and Jancso, 1993). Predictions from
the amino acid sequence showed that the central region of
the molecule contains a 175-residue (Czurylo et al., 1993)
or 165-residue helix with a length of about 38 nm (Wang et
al., 1991a). Moreover, an extended structure was postulated
for the whole molecule (Czurylo et al., 1993). This postulate
was in good agreement with observations of caldesmon on
electron micrographs (Mabuchi and Wang, 1991) and with
sedimentation experiments (Graceffa et al., 1988; Malencik
et al., 1989; Stafford et al., 1994).
From the results described above, one may postulate that

smooth-muscle caldesmon contains three functionally dis-
tinct regions. The N-terminal region binds to myosin
(Katayama et al., 1989; Velaz et al., 1990), whereas the
C-terminal region binds to actin, Ca2+-calmodulin, and
tropomyosin and inhibits actomyosin ATPase activity
(Szpacenko and D4browska, 1986; Chalovich et al., 1987,
1992; Fujii et al., 1987; Wang et al., 1991b). The 27-nm-
long, rodlike, helical central region acts as a spacer between
N-terminal and C-terminal regions and is missing in the
nonmuscle isoform of caldesmon (Sobue and Sellers, 1991).
The aim of this work was to investigate the hydrody-

namic properties of smooth-muscle caldesmon and its frag-
ments and, based on the experimental results from dynamic
light scattering (DLS), to model the caldesmon molecule.
DLS provides a measurement of the structure of biological
material in solution (native state), without strong perturba-
tion of the sample.

MATERIALS AND METHODS

Preparation of caldesmon and its fragments
Caldesmon was prepared from chicken gizzard muscle according to the
procedure described by Bretscher (1984). Its purification procedure is
described by Czurylo et al. (1991). The 19-kDa and 50-kDa fragments
were obtained by chemical cleavage of caldesmon at cysteines (Riseman et
al., 1989; Nefsky and Bretscher, 1989). After the cleavage reaction was
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terminated by the addition of dithiothreitol (DTT), the reaction mixture was
dialyzed against a buffer containing 25 mM imidazole/HCl (pH 7.0), 50
mM NaCl, 1 mM EGTA, and 1 mM NaN3 (buffer A). The respective
fragments were purified by liquid chromatography on a DEAE-Sepharose
Fast Flow column (45 X 3 cm), which was equilibrated with buffer A.
Elution was performed with a linear NaCl gradient (50-300 mM). The
collected flow-through fraction containing the nonretarded 19-kDa frag-
ment, and the fractions containing the 50-kDa fragment eluted with NaCl
gradient in buffer A, were pooled, lyophilized, and dialyzed against 25 mM
Tris/HCl (pH 7.5), 50 mM NaCl, 1 mM EGTA, and 1 mM NaN3 (buffer
B). Thereafter, both fractions were rechromatographed on a CM-Sepharose
Fast Flow column (45 x 2.5 cm), with buffer B as the solvent, and eluted
with the NaCl gradient as before. The final purification of each fragment
was achieved by molecular sieve chromatography in a Bio-Gel A-0.5 m
column (125 x 1.5 cm) (Czurylo et al., 1991).

The digestion reaction and the homogeneity of the protein fragments
were monitored by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis according to the method of Laemmli (1970). To obtain samples
usable for light scattering experiments, the proteins were dialyzed against
a 20 mM imidazole buffer (pH 7.0) containing 100 mM NaCl, 1 mM
EGTA, 1 mM DTT, and 1 mM NaN3 (buffer C), refreshing the dialysate
every 2 h over a period of 10-14 h, unless otherwise mentioned. After-
ward, each solution was clarified by centrifugation for 2 h at 140,000 x g.
The concentration of the caldesmon and its fragments was determined by
UV absorption using the following absorption coefficients for 0.1% solu-
tions at a wavelength of 279 nm: chicken gizzard caldesmon, 0.400
(Czurylo et al., 1993); 19-kDa C-terminal fragment, 1.130 (Czurylo et al.,
1993); and 50-kDa fragment, 0.252 (calculated using molar absorption
coefficients of tyrosine and tryptophan 1405 and 5579 M-' cm- ', respec-
tively; Mihaly, 1968).

Photon correlation spectroscopy

The normalized electrical field autocorrelation function g'Q() of the scat-
tered electrical field Es contains information about the translational motion
of the protein.

Here G(F) is the distribution function of relaxation rates (Beme and
Pecora, 1976). The correlation functions were analyzed by the method of
cumulants (Koppel, 1972) and by an inverse Laplace transformation of Eq.
5, using the FORTRAN program CONTIN (Provencher, 1982a,b). These
methods provide a weight-averaged apparent translational diffusion coef-
ficient for the scattering particles:

D = kTI(6TuR,). (6)
Herein k is the Boltzmann constant, vq is the solvent viscosity, and Rs is the
Stokes radius.

Using CONTIN is preferable for samples with low scattering intensities,
where minor contributions of dust particles may seriously affect the cor-
relation function. Some larger, slowly moving particles, which may be
present in the samples as impurities, will also contribute to the correlation
function. CONTIN offers the possibility of discriminating these contribu-
tions to the long time tail of the correlation function from the relevant
relaxation modes.

The concentration dependence of the experimentally obtained transla-
tional diffusion coefficient (Dexp) is described by

Dexp= D°(1 + kDC), (7)

where Do is the self-diffusion coefficient; kD (= 2A2MW - kf - v) is the
dynamic virial coefficient, which contains information about thermody-
namic (through the second osmotic virial coefficient A2) and frictional
(through kf) effects; and v is the the partial specific volume of the protein.

In addition to the size of the diffusing molecules (given by the Stokes
radius), it is possible to obtain information about the shape of the molecule
from the ratio of the frictional coefficientsf/f,heO. The frictional coefficients
f and ftheo are defined by the Stokes equation,

f = 6w-qR,. (8)
Thus the ratio of the frictional coefficients is equivalent to the ratio of the
respective radii:

g(T) = (E*(t)Es(t + T))/(I). (1)
E* is the complex conjugate of Es, and I is the scattered intensity.

This function can be obtained directly in a so-called heterodyne exper-
iment. Much easier to perform is the homodyne experiment, which yields
g2(T):

2(T) = (E*(t)Es(t)E*(t + T)ES(t + T))/(j)2. (2)
These two functions are related through the Siegert relation:

g2(T) = 1 + Clgl(T)12, (3)

where C is the coherence factor and depends on the experimental condi-
tions. For a monodisperse dilute solution, gl(Q) is represented by a single
exponential,

g'(T) = exp(-rF), (4)

with r = Dq2, where D is the translational diffusion coefficient, and q =
[(47nm)/A]sin(Q/2), the length of the scattering vector.

In reality, for most samples one must deal with a distribution of
relaxation rates due to polydispersity or contributions from high-molecu-
lar-weight impurities, and the decay of the correlation function must be
described by a weighted sum of exponentials:

9'( =J G(F)exp(-Fr)dF. (5)
Jo

f/ftheo = Rs/(Rs)theo* (9)

The theoretical hydrodynamic radius, (RS)theo, is obtained from

(Rs)theo = [(3MV)/(4'1TNA)]" . (10)

Here NA is the Avogadro constant, v is the partial specific volume, and M
is the molar mass of the investigated protein (Eimer et al., 1993). (Rs)theo
is the radius a protein of mass M would have were it a sphere. Therefore,
if the ratiof/ftheO is equal to unity, the molecule adopts a spherical shape in
solution. Higher values indicate anisotropic structures.

Sample preparation for the DLS measurements

The protein solutions have been filtered into dust-free sample cells through
filters with a pore size of 0.1 utm (Anotop, Whatman). Thereafter, the
samples were centrifuged for 0.5 h at approximately 1000 x g. This is
necessary to remove larger dust particles and air bubbles. The DLS
experiments were carried out at (283.1 + 0.1) K. All of the experimental
results discussed in the following are mean values from three different
measurements. The experiments have been reproduced with two different
preparations of the protein. A detailed description of the DLS setup can be
found elsewhere (Patkowski et al., 1990b). An argon ion laser operated in
single mode at a wavelength of AO = 488 nm with a typical output power
of 400 mW was used as the light source. The sample cell (rectangular
fluorescence cell with a path length of 10 mm) was immersed in a toluene
bath for refractive index matching. Data were collected on an ALV-5000
multi-tau correlator at different scattering angles. The data analysis, us-
ing CONTIN and the method of cummulants, was performed on a HP
workstation.
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Hydrodynamic model calculations

In dilute solutions of noninteracting particles the diffusion coefficient is
related to the hydrodynamic radius by the Stokes-Einstein equation (Eq. 6).
If one calculates the radius by the use of Eq. 6, the obtained value is the
radius of a sphere that is hydrodynamically equivalent to the scattering
particle. This apparent radius also contains information about the anisot-
ropy of the macromolecules. This is due to the fact that anisotropic
particles cannot be described with a simple scalar diffusion coefficient.
Instead, their diffusional behavior must be described by a translational
diffusion tensor ., and the measured value for D is given by the following
expression:

D = [Trace(S)]/3. (11)

The structures of rigid polymers such as proteins can be approximated
by simple models built from spherical subunits (beads). With these bead
models it is possible to perform hydrodynamic calculations, which yield
the translational diffusion coefficient D of the model structure (Garcia
Bernal and Garcia de la Torre, 1981). This value can be compared to

experimental results obtained by DLS.
In the formalism of these calculations the beads are regarded as fric-

tional centers. They can be characterized by a 3 X 3 frictional tensor. The
influence of one bead subunit on the other subunits of the model is
expressed in terms of hydrodynamic interaction tensors. In the calculations
presented here we used the original Oseen tensor, which regards the beads
as point sources of friction, and two modified tensors (Garcia de la Torre
and Bloomfield, 1977), which are valid for nonidentical and nonoverlap-
ping and identical overlapping beads (Rotne and Prager, 1969). If the
model for a macromolecule consists of identical overlapping beads, the
calculations are performed using the Rotne-Prager tensor, which has been
modified by Garcia de la Torre and Bloomfield (1981) to incorporate the
possibility of calculations with models containing nonoverlapping beads of
nonidentical radius. The use of the modified tensor for models containing
overlapping beads results in a slight overestimation of the friction exhibited
by the model structure and therefore in a slight underestimation of the
values for the diffusion coefficient.

The differences in the values calculated using the Rotne-Prager tensor

and the Oseen tensor are small for models with very elongated structures

(Riseman and Kirkwood, 1950). The translation-rotation coupling is taken
into account in these calculations by the inversion of a 6 X 6 resistance
matrix (Garcia Bemal and Garcia de la Torre, 1980). One can use this
method of modeling to get an idea of the structure of a protein in solution,
when the hydrodynamic properties of the protein are known from experi-
ments (Eimer et al., 1993).

RESULTS

We have investigated the two fragments and the intact
caldesmon molecule by DLS. The obtained correlation
functions have been analyzed using CONTIN and, in the
case of monomodal functions, by applying the method of
cumulants. In the following we refer only to the CONTIN
results, but for monomodal correlation functions the results
obtained with the method of cumulants are identical within
experimental error (data not shown).

C-terminal 19-kDa fragment of caldesmon

The C-terminal 19-kDa fragment of caldesmon consists of
177 amino acid residues from Cys580 to the terminal amino
acid residue, which is Pro756. In contrast to the 50-kDa
fragment, and intact caldesmon DLS measurements of the
C-terminal 19-kDa fragment were performed in 30 mM

phosphate buffer (pH 5), containing 100 mM NaCl, 1 mM
EGTA, 1 mM DTT, and 1 mM NaN3, because in buffer C
this fragment revealed a tendency to form high-molecular-
weight aggregates. The concentration dependence of the
translational diffusion coefficient of the 1 9-kDa fragment is
shown in Fig. 1. An increase in the diffusion coefficient
with decreasing concentration was still observable, and a

linear extrapolation to zero concentration gave Do283IK -
(5.45 + 0.27) X 10-7 cm2/s. According to Eq. 6 we

calculated D293 K = (7.0 + 0.27) X 10 7 cm2/s, which led
to an estimation of the Stokes radius of Rs = 2.9 nm.

Assuming a value of 0.73 cm3/g for the partial specific
volume of the protein (Eimer et al., 1993), we calculated
(according to Eq. 9) the frictional ratiof/fo. A value of 1.7
obtained for the 19-kDa fragment indicates its slightly
anisotropic structure in solution.

Central 50-kDa fragment of caldesmon

According to the prediction of the secondary structure (Mar-
ston and Redwood, 1991; Wang et al., 1991a; Czurylo et al.,
1993), the central 50-kDa fragment of caldesmon should
consist of two helical regions containing 175 and 75 amino
acid residues, respectively. Based on previous observations
(Wang et al., 1991a), a rodlike structure is expected for this
fragment.
The DLS measurements of the 50-kDa fragment were

performed in buffer C. The sample revealed no tendency to

aggregate, and Fig. 1 clearly indicates a lack of any signif-
icant concentration dependence of the experimentally deter-
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FIGURE 1 Concentration dependence of normalized diffusion coeffi-
cients of the caldesmon and its fragments. Diffusion coefficients were

normalized to 293.15 K. 0, Caldesmon; O, 50-kDa fragment; and A,
19-kDa fragment of caldesmon.
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mined translational diffusion coefficient. In this case it is
straightforward to extract the self-diffusion coefficient Do
from the mean value of all measurements, giving Do31K =
(3.7 ± 0.2) X 10-7 cm2/s, which yields a hydrodynamic
radius of 6 nm. The resultant larger frictional ratio of 2.5, as
compared to that of the 19-kDa fragment, implies a more
elongated structure of the central fragment of caldesmon in
solution than that of the 19-kDa fragment.

Intact caldesmon

The DLS measurements of the whole caldesmon molecule
were performed at 283.1 K in buffer C. Similarly, as in the
case of the 50-kDa fragment, the translational diffusion
coefficient of the intact protein did not depend on the
concentration (Fig. 1). The value obtained for the transla-
tional diffusion coefficient was Do31K = (2.1 ± 0.2) X
l0-7 cm2/s and gave a Stokes radius of 9.8 nm. The fric-
tional ratio for the intact caldesmon molecule was calcu-
lated to beflfo = 3.4, suggesting a rodlike structure for the
protein molecule. Because of the pronounced elongated
structure of the molecule it was necessary to study the
angular dependence of the translational diffusion coeffi-
cient, to make sure that the investigated relaxation process
is purely diffusive and that internal dynamics of the mole-
cule did not significantly contribute to the correlation func-
tion. As shown in Fig. 2, the average relaxation rate is
dependent on the scattering vector, as expected from Eq. 4.

Table 1 gives an overview of the experimental results.
The hydrodynamic radii of the fragments and intact caldes-
mon increases with molecular weight. However, very dif-
ferent frictional ratios obtained suggest that the 50-kDa
fragment and the intact protein exhibit a distinct anisotropic
molecular shape.

Hydrodynamic modeling

To generate bead models of the 50-kDa fragment and the
intact caldesmon molecule for hydrodynamic calculations,
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TABLE I Hydrodynamic properties of caidesmon and
its fragments

Intact 50-kDa 19-kDa
caldesmon fragment fragment

D293IK X 107 (s/cm2) 2.1 3.7 7.0
Rs (nm) 9.8 6.0 2.9
ffo 3.4 2.5 1.7

we took into account information obtained from electron
micrographs (Mabuchi and Wang, 1991) and CD spectra
(Wang et al., 1991a; Czury}o et al., 1993).

First of all, the experimentally determined translational
diffusion coefficients for the 19-kDa as well as the 50-kDa
fragments and the intact caldesmon molecule are signifi-
cantly higher than expected for a spherical molecule of the
same molecular weight, already indicating that the individ-
ual particles exhibit an anisotropic structure in solution.
Second, the native protein reveals the highest frictional
ratio, which suggests that the two fragments are organized
in the caldesmon molecule in such a way that the overall
shape of the protein becomes more elongated (anisotropic).
DLS results, in agreeement with sedimentation data

(Wang et al., 199la), confirmed helical structure predictions
of the 50-kDa fragment. Accordingly, the simplest assump-
tion about the shape of the 50-kDa fragment is a rodlike
structure, approximated by a linear array of overlapping
beads.

Model A in Fig. 3 comprises 85 overlapping beads with
a radius of 0.5 nm (Wang et al., 1991a). The total length of
the model is 43 nm. The translational diffusion coefficient
was calculated to give D293.1K = 4.44 X 10-7 cm2/s, using
the Rotne-Prager tensor for overlapping beads (Garcia de la
Torre and Bloomfield, 1977; Rotne and Prager, 1969). For
model B we increased the bead radius to 1 nm, which
corresponds to the typical diameter for an a-helix. In this
structural model with 97 beads, the total length increases to
50 nm. Using the Rotne-Prager tensor we obtained a trans-
lational diffusion coefficient of D293.1K = 3.92 X 107
cm2/s for model B. To confirm that the 50-kDa fragment
does not form dimers due to dipole-dipole interactions, we
also calculated the translational diffusion coefficient of the
dimeric structure (Fig. 3, model C), in which each rod has
a length of 50 nm. The diffusion coefficient accordingly
decreased to D293.1K = 3.18 X 10-7 cm2/s. In addition, we
computed the translational diffusion coefficient for a kinked
model structure consisting of two linear parts, which en-
close an angle of 135°. The lengths of the two arms were
chosen to be 15.5 nm and 39 nm, respectively. We used this
model because other experimental data (Marston and Red-
wood, 1991; Czurylo et al., 1993) indicate that the molecule
may have a flexible, globular part in the position of the kink
in our model D in Fig. 3. For the diffusion coefficient we
obtained D293 1K = 3.37 X 10-7 cm2/s. We also considered
a kinked dimer, but the calculated diffusion coefficient was
much too small to be consistent with the experimental data.FIGURE 2 Angular dependence of translational diffusion coefficient of

caldesmon. Caldesmon concentration was about 1.5 mg/ml. Hence, for the 50-kDa fragment we could rule out the
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FIGURE 3 Models of the 50-kDa fragment of caldesmon. In model A the
fragment has a length of 43 nm and a diameter of 1 nm, in model B it has
the same length but a diameter of 2 nm, in model C it is a dimer (with a
diameter of 2 nm for each monomer), and in model D it has a kinked
structure with an angle of 135°.

existence of dimers under the given experimental condi-
tions. Model B and model D in Fig. 3 are in good agreement
with the experimental value of D02931 K = 3.7 X 10-7
cm2/s. An overview of the calculated values is given in
Table 2. The data computed on the basis of the original
Oseen tensor are shown only for the purpose of comparison,
because the use of this tensor can produce deviations in the

TABLE 2 Diffusion coefficients for four models of the
50-kDa fragment of caldesmon calculated with two
different tensors

Rotne-Prager tensor
Oseen tensor D293 K X D293 K X 107

Model* 107 (cm2/s) (cm2/S)

A 4.44
B 3.81 3.92
C 3.15 3.18
D 3.45 3.37

*See models in Fig. 3.

case of the models used, because of the fact that the beads
are only regarded as point sources of friction in this descrip-
tion of hydrodynamic interaction.
The correspondence of translational diffusion coefficient

values calculated for the 50-kDa fragment models (taking
into account its 2-nm diameter) with the experimental value
obtained for this fragment indicates that either the helix is
unhydrated or its diameter under hydrated status is smaller
than generally accepted. The central segment of caldesmon
is rich in Glu and Lys residues. Peptides containing these
amino acid residues are strong helix formers, probably
because of the generation of intrahelical salt bridges (espe-
cially when Glu and Lys occupy i and i + 4 positions)
(Marqusee and Baldwin, 1987). In the 50-kDa fragment of
caldesmon, about 60 salt bridges may be formed (whereas in
the 19-kDa fragment there are only six). These may either
decrease the accessibility of water molecules to the helix
surface, or increase helix compactness (resulting in a de-
crease in helix diameter). This problem was widely dis-
cussed by Wang et al. (1991a).
The hydrodynamic calculations for the intact caldesmon

molecule are based on our results for the 50-kDa fragment.
The different model structures are displayed in Fig. 4.
Assuming a straight rodlike conformation for the central
region of the protein, we simply extended model B at both
ends by two beads with a radius of 3 nm to obtain model E.
The radius of the end beads was treated as equivalent to the
hydrodynamic radius of the C-terminal 19-kDa fragment as
obtained from our DLS experiments. The translational dif-
fusion coefficients calculated for this model are D293.1KK
2.28 X 10-7 cm2/s (modified tensor) and D293 IK = 2.41 X
10-7 cm2/s (Oseen tensor). These values are already in good
agreement with the experimental value of D293 1K = 2.1 X
10-7 cm2/s. For the other structural models proposed, we
used a kinked conformation for the central region, as in the
case of model D of the 50-kDa fragment. In these models
we varied the size and shape of the kink region and the
C-terminal end. The simple kinked model F in Fig. 4 con-
sists of two beads with 3-nm radius (globular ends of the
protein) and of two linear arrays of beads with radius 1 nm,
which enclose an angle of 1350. The shorter rodlike part has
a length of 14 nm and the longer, a length of 38 nm. The
contour length is 64 nm. As for model E, the radius of the
globular end groups was chosen to be 3 nm, in accordance
with the hydrodynamic radius obtained from the experimen-
tal data of the 19-kDa fragment (see Table 1).
We tried to make some more sophisticated models by

taking into account that the kink region is probably globular
(Czurylo et al., 1993). Furthermore, the anisotropic struc-
ture of the C-terminal 19-kDa fragment, which we can
derive from our experimental results for this part of the
protein, was also considered. Model G in Fig. 4 contains a
bead with radius 2 nm at the position of the kink, and
correspondingly the a-helical parts are modeled by fewer
beads. The length of the longer part is 41 nm (including the
N-terminus), whereas the shorter part has a length of 23 nm
(including the C-terminus). This gives a contour length
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FIGURE 4 Models of intact caldesmon molecule. Model E is based o
model B of the central, 50-kDa fragment (Fig. 3), which is extended wit
3-nm-radius beads at both ends, representing N- and C-terminal parts of th
molecule. Model F is based on model D of the 50-kDa fragment (Fig. 3
extended with 3-nm-radius beads at the N- and C-termini, as in model I
Models G, H, and I are also based on model D of the 50-kDa fragment, bu
the kink region is supplemented with 2-nm-radius beads, and the size an
shape of the 19-kDa fragment vary. In model G there are fewer beads in th
helical parts than in model D; in model H the arrangement of beads is th
same as in model G, but the helical parts consist of twice the number c
beads; and in model I the 19-kDa fragment is represented by three succe
sive beads with radii of 1.5, 2.0, and 1.5 nm arranged in an ellipsoid. Th
contour length of all models is approximately equal to 64 nm.

again of approximately 64 nm. Model H in Fig. 4 has thi
same dimensions as model G, but the helical parts consist c
twice the number of beads, generating a smoother surface

modified tensor D293. I K Oseen tensor D293. K X
Model* X 107 (cm2/s) 107 (cm2/s)

E 2.28 2.41
F 2.15 2.28
G 2.37 2.32
H 1.97 2.44
I 1.97 2.45

*See models in Fig. 4.
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In model I the C-terminal part of the caldesmon molecule is
represented by three overlapping beads with radii of 1.5 nm,
2.0 nm, and, again, 1.5 nm, instead of only two beads of
radius 1.5 nm, to account for the slightly anisotropic shape
of this end region as indicated by the frictional ratio (see
light scattering results).

Table 3 clearly indicates that the calculated transport
properties for the various models are not very different, and
all of them agree with the experimental value of the transla-
tional diffusion coefficient of the intact caldesmon molecule.

DISCUSSION

To get a more detailed insight into the molecular structure
of caldesmon in solution, we combined information from
DLS experiments on two different fragments and the intact
protein with detailed hydrodynamic model calculations. The
experimental results show that the caldesmon molecule
exhibits a strongly anisotropic structure in solution. If one
compares the diffusion coefficients of caldesmon with the
translational diffusion coefficients of less elongated proteins
of similar molecular mass, the difference is obvious. For
example, for gelsolin (84 kDa) a translational diffusion
coefficient of D°93l K = 5-5 x 10-7 cm2/s has been ob-
tained (Patkowski et al., 1990b). This value is more than
two times higher than the translational diffusion coefficient
determined for caldesmon (2.1 X 10-7 cm2/s). The same
applies to the 50-kDa fragment of caldesmon. The transla-
tional diffusion coefficient measured for this part of caldes-
mon (3.7 X 10-7 cm2/s) is much lower than for G-actin
(7.9 X 10-7 cm2/s; 42 kDa; Patkowski et al., 1990a) or the
C-terminal part of gelsolin (7.0 X 10-7 cm2/s; 43 kDa;
Hellweg et al., 1993).
To further elucidate of the anisotropic structure of caldes-

mon in solution, we performed hydrodynamic model calcu-
lations using bead model formalism. Having investigated
independently the 50-kDa fragment, it was possible to start
hydrodynamic modeling of intact caldesmon from its mid-
dle part, for which a long helical structure was assumed.
Model calculations for this part of caldesmon using a simple
rod, kinked rod, and dimer of rods, approximated by arrays

)n of overlapping beads, were performed. Taking into account
th the experimental error and the error of the model calcula-
i) tions among the models considered (see Fig. 3), only simple
E. and kinked rod models (B and D) could be viewed as a
ut
d

.e TABLE 3 Translational diffusion coefficients calculated for
nf five different models of caldesmon

L.
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plausible representation of the 50-kDa fragment. The con-
tour length and the diameters of the models B and D for the
50-kDa fragment of caldesmon are in good agreement with
caldesmon observations on electron microscopy images
(Mabuchi and Wang, 1991; Mabuchi et al., 1993).
Models B and D of the 50-kDa fragment were used as a

starting point for the construction of models for the intact
caldesmon molecule. Completion of these models with
spheres or ellipsoids representing N- and C-terminal parts
allowed us to generate models of the whole caldesmon
molecule (see Fig. 4). The values for the translational dif-
fusion coefficient that have been computed using these
model structures (models H, I, and F) are close to each other
and close to the experimental translational diffusion coeffi-
cient, which suggests that the computable transport proper-
ties of highly elongated molecules are not very sensitive to
the anisotropy of smaller parts, but are sensitive mainly to
their overall length. The contour length of the model struc-
tures for caldesmon was kept constant, at approximately 64
nm. This length of the model structures clarifies the obser-
vations of electron microscopic images of caldesmon com-
plexes with monoclonal antibodies specific for the N-termi-
nal 28-kDa region of the molecule and for the C-terminal
10-kDa part of caldesmon (Mabuchi et al., 1993), where
distances in this range have been found. This is also in
accordance with observations of micrographs of caldesmon
cross-linked with calmodulin (Mabuchi and Wang, 1991)
and biotinylated caldesmon (Katayama and Ikebe, 1995).

Recently Graceffa (1995), who applied cross-linking and
fluorescence methods, confirmed earlier observations indi-
cating that the C-terminus of caldesmon is able to bind
filamentous actin, whereas the N-terminus is not. A lack of
contact between the actin filaments and the N-terminal part
of caldesmon has been observed, irrespective of the pres-
ence of tropomyosin. These findings suggest that the ter-
tiary structure of the caldesmon molecule on the thin fila-
ment is compatible with the structural models we have
derived for caldesmon in solution.

Within the experimental error and the assumptions made
for the calculations, all models for caldesmon yield trans-
lational diffusion coefficients that are in agreement with the
experimentally determined value. The models in Fig. 4 can
be seen as boundary structures for the caldesmon molecule
in solution. From these results one may conclude that the
caldesmon molecule contains two rigid segments and exerts
some flexibility related to the domain between two helical
regions (domain 5), as was suggested before (Czurylo et al.,
1993). At the ends of the different models for caldesmon,
we located globular or slightly ellipsoidal structures (built
up by two or three beads). These structures could represent
the molten globules seen on micrographs as flexible, 20-
nm-long segments at the ends of the caldesmon molecule
(Mabuchi and Wang, 1991). This idea of molten globules is
consistent with previous observations (Graceffa and Jancso,
1993; Czurylo et al., 1993). The loose structures of molten
globules become compact when interaction takes place.
This has been observed on micrographs of caldesmon cross-

linked with calmodulin (Mabuchi and Wang, 1991), and
caldesmon complexes with antibodies (Mabuchi et al.,
1993) or with avidin (Katayama and Ikebe, 1995).
The contour length in the structural models for caldesmon

was 64 nm in all bead models. This is about 10 nm shorter
than the value suggested earlier for chicken gizzard caldes-
mon (Graceffa et al., 1988), but 12 nm longer than sug-
gested for turkey gizzard caldesmon (Malencik et al., 1989).
The presented kinked models for caldesmon (see models
F-I) may lead to a clearer understanding of the whisker-like
projections seen on reconstituted and native thin filaments
observed on micrographs of rotary shadowed (Mabuchi et
al., 1993) or on negatively stained (Katayama and Ikebe,
1995; Vibert et al., 1993) preparations. These models may
also clarify the 35-38 nm periodicity on negatively stained
images of arrays formed from chicken gizzard thin fila-
ments precipitated with antibodies specific to the N-termi-
nus of caldesmon (Moody et al., 1990).
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