cta Vol. 47 No. 3/2000

Biochimica 791-806
Polonica QUARTERLY

Size, shape and secondary structure of calponin®
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The overall size and shape of the chicken gizzard calponin (CaP) h1 molecule was in-
vestigated by dynamic light scattering (DLS) measurements. From the DLS experi-
ments, a z-averaged translational diffusion coefficient is derived (5.75 + 0.3) X
10_7cm25_1, which corresponds to a hydrodynamic radius of 3.72 nm for calponin.
The frictional ratio (1.8 for the unhydrated molecule and 1.5 for the hydrated one)
suggests a pronounced anisotropic structure for the molecule. An ellipsoidal model in
length 19.4 nm and with a diameter of 2.6 nm used for hydrodynamic calculations was
found to reproduce the DLS experimental data. The evaluation of the secondary struc-
ture of CaP hl1 from the CD spectra by two independent methods has revealed that it
contains, on average, 23% helix, 19% f-strand, 18% f-turns and loops, and 40% of re-
mainder structures. These values are in good agreement with those predicted from
the amino-acid sequence. Predictions used for CaP k1 were applied to other isoforms
of known sequences and revealed that all calponins share a common secondary struc-
ture. Moreover, the predicted structure of the calponin CH domain is identical to that
found by X-ray studies of the spectrin, fimbrin and utrophin CH domains.

Calponin is a thin filament protein present  cells expressing smooth muscle protein mark-
in contractile and cytoskeletal domains as ers (Lazard et al., 1993; Takeuchi et al., 1991).
well as in the membrane skeleton of smooth It was originally found by Takahashi and co-
muscle (Mabuchi et al., 1996; North et al., workers (Takahashi et al., 1986; 1988) in
1994; Small & Gimona, 1998) and nonmuscle chicken gizzard muscle as a troponin-T-like
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protein which binds F-actin, tropomyosin and
calmodulin. Later on, it was established that
calponin binds myosin (Szymanski & Goyal,
1999; Szymanski & Tao, 1993; 1997) and does
not bind to caldesmon — another smooth mus-
cle thin filament constituent (Czurylo et al.,
1997Db).

The function of calponin is not clear yet. Its
ability to inhibit the actin-activated ATPase
activity of myosin (Abe et al., 1990; Makuch et
al., 1991; Marston, 1991; Winder & Walsh,
1990a) and the movement of actin filaments
over immobilized myosin in motility assays
(Haeberle, 1994; Kotakowski et al., 1995;
Shirinsky et al., 1992) implies that it plays a
role in the regulation of smooth muscle con-
traction (for reviews, see Chalovich & Pfitzer,
1997; Czurylo, 2000; Dabrowska, 1994;
el-Mezgueldi, 1996; Gimona & Small, 1996;
Horowitz et al., 1996; Small & Gimona, 1998;
Winder et al., 1998). On the other hand, the
capability of calponin to interact with the in-
termediate filament protein, desmin (Wang &
Gusev, 1996), tubulin (Fujii & Koizumi, 1999)
and to crosslink the actin filaments
(Kotakowski et al., 1995; Lu et al., 1995) may
suggest its function in cytoskeletal organiza-
tion. The newest results also add weight to the
concept that one of the functions of calponin
may be the stabilization of the actin
cytoskeleton (Leinweber et al., 1999a). The
most intriguing possibility, namely that
calponin might have a signaling function, is
based on the presence in the calponin struc-
ture of the so-called CH domain homologous
to those found in signaling proteins
(Castresana & Saraste, 1995; Stradal et al.,
1998). This idea was confirmed by the obser-
vation that the redistribution of calponin coin-
cides with that of protein kinase C (PKC) and
mitogen-activated protein kinase (MAPK)
(Menice et al., 1997) and that the CH domain
of calponin is the region that interacts with
extracellular regulated kinase (ERK)
(Leinweber et al., 1999b). All the results de-
scribed above, together with the earlier find-
ing (Nigam et al., 1998) that the absence of h 1

and h2 calponins in smooth muscle does not
cause any significant loss of contractile activ-
ity, suggest that the role of calponin in smooth
muscle cells deserves further investigation.

Molecular cloning and sequencing data indi-
cate that there are three calponin isoforms:
basic CaP hl1 (pI 8-10), neutral CaP h2 (pl
7-8) and acidic CaP ha (pI 5-6) (Applegate et
al., 1994; Strasser et al., 1993; Takahashi &
Nadal-Ginard, 1991). Moreover, calponin i1,
the major species found in adult vertebrate
smooth muscle may exist in two isoforms,
CaP hlca (formerly called calponin &, molecu-
lar mass 32.3 kDa, 292 amino-acid residues)
and CaP h 1B (formerly called calponin 5, mo-
lecular mass 28.1 kDa, 252 amino-acid resi-
dues) as the result of alternative splicing
(Miano et al., 1997; Takahashi & Nadal-
Ginard, 1991). The acidic calponin (molecular
mass 36.4 kDa, with a C-terminal supplement
of about 37 amino acids enriched in acidic res-
idues) was isolated from the vascular smooth
muscle rat aorta and non-muscle tissue of
adult rat (Applegate et al., 1994; Trabelsi-
Terzidis et al., 1995).

Physicochemical studies and electron mi-
croscopy of calponin have revealed that its
rod-shaped, flexible molecule is approxi-
mately 16-22 nm long and has a diameter of
about 2.6 nm (Stafford et al., 1995). These au-
thors noted also that there was no distinct dif-
ference between naturally occurring calponin
h1 and its h1a isoform expressed in bacteria.
Little is known about the calponin secondary
structure. The helix content estimated so far
from the CD spectra varies from 13%
(Stafford et al., 1995) to 41% (Wills et al.,
1993) while the value predicted from the se-
quence analysis is 13% (Takahashi & Nadal-
Ginard, 1991). The distribution of the pre-
dicted secondary structure elements depends
on the procedure applied by the authors and
on the calponin source used (Strasser et al.,
1993; Takahashi & Nadal-Ginard, 1991).

The aim of this work was to evaluate the
complete secondary structure of calponin
from CD spectra and primary structure of the
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protein, and to calculate its overall size and
shape from the dynamic light scattering data.
To achieve this, we have applied the methods
of Provencher & Glockner (1981) modified by
Venyaminov et al. (1993), Hennessey & John-
son (1981), the ALB algorithm (Ptitsyn &
Finkelstein, 1983) and the PHD method (Rost
& Sander, 1994; Rost et al., 1994) in the sec-
ondary structure studies, and the method of
Garcia de la Torre & Bloomfield (1981) in the
hydrodynamic studies.

MATERIALS AND METHODS

Preparation of calponin. Chicken gizzard
calponin was prepared by the original proce-
dure of Takahashi et al. (1986) and by the
method of Vancompernolle et al. (1990) In
both cases, the final step of purification con-
sisted of ion-exchange chromatography on an
SP-Sephadex column (2.5 cm X 30 ¢cm) which
was eluted with a linear (50-300 mM) NaCl
gradient either in the presence or absence of
6 M urea. The purified protein was dialysed
against 20 mM imidazole buffer, pH 7.0, con-
taining 1 mM EGTA, 1 mM S-mercaptoetha-
nol, 0.02 mM NaNg, and a gradually decreas-
ing NaCl concentration (400-100 mM), and
then against 50 mM sodium phosphate buffer.
The concentration of calponin was deter-
mined using the extinction coefficient
El:. = 11.3 (Winder & Walsh, 1990a) and
molecular mass 32.3 kDa (Takahashi &
Nadal-Ginard, 1991).

CD spectroscopy. The circular dichroism
(CD) spectra of calponin A1 in 50 mM sodium
phosphate buffer, pH 7.0, were recorded on an
AVIV Model 62DS spectrometer (operated
with AVIV 60DS V3.3r software) in the 1 mm-
path-length right-angular cell in the far-UV re-
gion (180-250 nm) and the 5 mm-path-length
right-angular cell in the near-UV region
(240-310 nm) over a protein concentration
range of 2-9 uM. Before CD measurements,
the protein solution was clarified by ultracen-
trifugation (100000 X g, 45 min). Recording

of each spectrum, including the baseline, was
repeated twice. The CD spectra were calcu-
lated by averaging the values obtained at dif-
ferent concentrations of five independent
batches of calponin prepared by different pro-
cedures (see above).

The CD data are presented as molar elliptici-
ty per mean residue mass (Czurylo et al.,
1993). Since the difference in mean residue
mass of the two calponin isoforms did not
exceed 0.8%, the expected spectrum changes
had to be much lower than the experimental
error. Measurements of CD spectra were car-
ried out at a spectral slit-width of 1.5 nm and
time constant set up at 3.0 s. The temperature
was either maintained at 20.0 or 80.0+0.1°C,
or changed continuously using the manufac-
turers built-in electronic system. Calibration
of the spectrometer wavelength with benzene
vapor at 266.71 nm and of the intensity scale
with d(+)-10-camphorsulfonic acid and epian-
drosterone at 290 nm were routinely per-
formed according to the procedures outlined
by the manufacturers manual.

FEvaluation of the secondary structure
from CD spectra. The secondary structure of
calponin hl was calculated by the extended
(Venyaminov et al., 1993) method of Proven-
cher & Glockner (1981) based on the linear
combination of the CD spectra of 16 reference
native proteins, 3 denatured proteins and 1
oligopeptide of known structure. It included
the constraints 2f;=1and 1 = f; = 0, where f;
denotes the fraction of the i-th conformation,
i.e.: helix, f-strand, f-turns and remainder
structure. Additional evaluation of the sec-
ondary structure of calponin was carried out
using the orthogonal basic CD spectra method
of Hennessey & Johnson (1981) which does
not include the constraint 2f; = 1.

Prediction of secondary structure. The al-
gorithm ALB (Ptitsyn & Finkelstein, 1983)
was used for the prediction of secondary
structure of all calponin isoforms from their
amino-acid sequences. This non-statistical
method uses short- and middle-range interac-
tions to predict the secondary structure and
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the longrange interactions (in the simplest
version of the “floating logs” model) to predict
the interactions between the secondary struc-
ture elements in question with the hypotheti-
cal ones in the tertiary structure. In addition,
this algorithm offers the possibility to include
the participation of the “real” charge of the
macromolecule chain by taking into account
the pH, ionic strength and temperature of the
environment.

Independently, the publicly available PHD
method was used to predict the secondary
structure of calponin. This method, which is
based on the three-level system of neural net-
works, was extended by information derived
from multiple sequence alignments. This im-
provement provides higher accuracy of the
secondary structure prediction up to 75-88%
for a particular structural class of proteins
(Rost & Sander, 1994; Rost et al., 1994).

Dynamic light scattering. The intensity I
of the light scattered from a dilute macromo-
lecular solution is a fluctuating quantity due
to the Brownian motion of the scattering par-
ticles. These fluctuations were analyzed in
terms of the normalized auto-correlation func-
tion g1(t) of the scattered electrical field Eg,
which contains information about the struc-
ture and dynamics of the scattering molecules
(Berne & Pecora, 1976). Experimentally, the
intensity correlation function go(t) was deter-
mined and related to g1(7) by the Siegert rela-
tion (Berne & Pecora, 1976):

2@ =1+C| g0 |* @)

where C is a coherence factor depending on
the experimental conditions. For an ideal so-
lution of mono-disperse particles the function
g1(t) is represented by a single exponential:

g1(t) = exp(-I't) (23]

The relaxation rate I' is connected to the
translational diffusion coefficient Dy

T = Dexpi1 ¢ (3)

where g is the scattering vector, ¢
((47ng)/2)sin(©®/2). The scattering vector g
depends on the wavelength A of the incident
light and the scattering angle ©. For
polydisperse samples the function gi(z) is
given by a weighted sum of exponentials:

g,(0) =[ G(T) exp(-Tr)dl (4)

The function gi(r) was analyzed by the
method of cumulants (Koppel, 1972) or by the
inverse Laplace transformation. These meth-
ods provide the mean relaxation rate, I', of the
distribution function G(I') For the second
analysis procedure mentioned above, the
FORTRAN program CONTIN is available
(Provencher, 1982a; 1982b). It is sometimes
difficult to avoid the presence of spurious
amounts of dust particles or high molecular
mass impurities that give small contributions
to the long time tail of the experimental corre-
lation functions. With CONTIN, it is possible
to discriminate these artifacts from the rele-
vant relaxation mode contributing to g1(7).

With the use of eqn. 3, the average apparent
translational diffusion coefficient Degypy can
be calculated, from the mean relaxation rate,
I'. The measured Deypy depends on the con-
centration [C] of the scattering particles, and
the self-diffusion coefficient D is obtained by
extrapolation to zero concentration. This in-
terrelation is usually written as

D =D (1+k,[C] (5)

exptl

where the diffusional virial coefficient kp in-
cludes the thermodynamic and frictional ef-
fects on D (Czurylo et al., 1997a). If the inter-
action between the particles is negligible, &,
becomes zero and Deypy) is equal to D.
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Knowing the value of D, the hydrodynamic
radius of the scattering particles, R, was cal-
culated by the Stokes-Einstein equation

D = (kT)/ (6mnRg) (6)

If D has been determined for a protein, it is
possible not only to calculate the size of the
protein (through the hydrodynamic radius cal-
culated using the Stokes-Einstein equation),
but also to compute the frictional ratio f/fiheo
(with the translational friction coefficients de-
fined by the Stokes equation f = 677 Rg).

From the frictional ratio, information about
the structural anisotropy of the diffusing mol-
ecule can be obtained. The ratio of the calcu-
lated theoretical hydrodynamic radius
(Rtheo and the radius Rg obtained from the
experiment by using the Stokes-Einstein equa-
tion is equal to the ratio of the translational
friction coefficients £/ fiheo:

f/ftheo = RS/(RS)theO (7)

If the structure of the protein is, in fact,
spherical, this ratio equals one. Higher values
indicate an anisotropic structure. To obtain
this ratio, one must calculate the theoretical
hydrodynamic radius (R ineo for the protein
under investigation.

Typically, proteins have a mean specific vol-
ume of v = 0.73 cm3/g (Eimer et al., 1993). If
the molecular mass M is known, a theoretical
hydrodynamic radius (Rg)heo can be esti-
mated using

(Re)theo = ((3Mw) / (4mNp)}3 ®)

Here, N, is the Avogadro constant.

Equation 8 is based on the assumption that
the investigated molecule is spherical. The di-
ameter of a water molecule is approximately
0.3 nm. By adding this value to the calculated
theoretical hydrodynamic radius of the pro-
tein, (R theo, hydration is taken into account
(Patkowski et al., 1990a; 1990Db).

Sample preparation for the DLS mea-
surements. To obtain samples usable for light
scattering experiments, calponin was dialyzed
against a 20 mM imidazole buffer, pH 7.0, con-
taining 100 mM NaCl, 1 mM EGTA, 1 mM
dithiothreitol, and 0.1 mM NaNjs. The
dialysate was refreshed every 2 h over a pe-
riod of 10-14 h. Afterwards, each solution
was clarified by centrifugation for 2 h at
140000 X g. The concentration of calponin
was determined by UV absorption as
described above. The protein solutions have
been filtered into dust-free sample cells
through filters with a pore size of 0.1 mm
(Anotop, Whatman). Thereafter, the samples
were centrifuged at 10°C for 0.5 h at approxi-
mately 1000 X g. This is necessary to remove
larger dust particles and air bubbles. The DLS
measurements were carried out at (10 +
0.1)°C. The other experimental details and the
DLS setup can be found elsewhere (Czuryto et
al., 1997a; Patkowski et al., 1990b).

RESULTS AND DISCUSSION

Dynamic light scattering

Two samples of calponin hl prepared by
each of the two different methods as de-
scribed in Materials and Methods, were mea-
sured at different scattering angles and pro-
tein concentrations. The obtained values for
the apparent translational diffusion coeffi-
cients (I'/q2) at different angles were plotted
vs the second power of scattering vector (g?)
(Fig. 1). As expected (see eqn. 3), there was no
observable angular dependence. This means
that only the center of mass diffusion of
calponin is monitored and no internal move-
ments contribute to the observed dynamics.
The plotted data are mean values over three
measurements at each angle. The correlation
functions have been analyzed using the
CONTIN algorithm (Provencher, 1982a).

The translational diffusion coefficients at
T =293.15 K for different calponin concentra-
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Figure 1. The apparent translational diffusion co-
efficient (F/qz) of chicken gizzard calponin as a
function of the square of the scattering vector

2
(@).
The data show a behavior typical for a poorly diffu-

sional relaxation process. The error bars represent an
estimated error of 5%.

tions are plotted in Fig. 2. The values in this
figure represent an average over three mea-
surements for each protein batch. The values
are also an average obtained from measure-
ments for two batches prepared twice by the
two methods each. Within experimental accu-
racy, no significant dependence of the diffu-
sion coefficients on the concentration can be
observed (the given error bars correspond to a
confidence interval of 95%); therefore we used
the mean value calculated from the results for
the five different concentrations to proceed in

8
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Calponin concentration [mg/mi]

Figure 2. Concentration dependence of the stan-
dardized translational diffusion coefficient of
calponin hl1.

In the used imidazole buffer (see Materials and
Methods) no significant concentration dependence is
observed. The error bars represent estimated errors of
5%.

our analysis. An interpolation of the data to
zero concentration according to eqn. 5 would
lead to a slightly higher diffusion coefficient
but, within the experimental accuracy, the
two results can not be distinguished. Unfortu-
nately, it was difficult to perform the experi-
ments at lower protein concentration because
of the low scattering intensity. Using eqn. 6
and the data obtained from the measure-
ments, we have calculated a hydrodynamic ra-
dius (Rg) of 3.72 nm for the calponin mole-
cule. Assuming a molecular mass of 32.3 kDa,
we calculated a frictional ratio (f/fp) equal to
1.8 (or 1.55 including a single hydration shell
0.3 nm thick).

So far, there is not much knowledge about
the shape of calponin in solution. Stafford and
co-workers presented some results obtained
by sedimentation studies (Stafford et al.,
1995). They calculated a value of 1.33 for the
frictional ratio and predicted a prolate ellip-
soidal structure for the protein. Our experi-
mental value for the translational diffusion co-
efficient leads to a somewhat higher value for
the frictional ratio. Our values also are in ac-
cordance with the structure of a prolate ellip-
soid but the molecule seems to be even more
anisotropic than calculated by Stafford and
co-workers and closer to that observed by elec-
tron microscopy (Stafford et al., 1995). From
the latter experiments arose a description of
the molecule as a prolate ellipsoid of revolu-
tions 16.2 nm long and with a diameter of 2.6
nm. On electron micrographs of calponin,
elongated rods with average length of 22+3
nm as well as bent and folded rods were also
seen (Stafford et al., 1995) which would rather
correspond to the higher frictional ratio calcu-
lated by us.

To further clarify the structure of CaP we
have performed hydrodynamic model calcula-
tions using simple bead models (Garcia de la
Torre & Bloomfield, 1981). In Fig. 3, two of
these models are shown schematically. The
model presented in Fig. 3A corresponds to the
structure derived from the sedimentation ex-
periments (Stafford et al., 1995). The ellipsoid
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1s approximated by 9 beads of different radii.
The representation is rather rough and the
model has a larger surface accessible to the
solvent as compared to the real ellipsoid. This
approximation drives the calculated diffusion
coefficient towards lower values. The calcula-
tions of the translational diffusion coefficient

idealized geometrical objects, which allowed
us to perform the best approximation of the
observed physical values.

All our results derived from the DLS experi-
ments and those reported by other authors
who used various methods are summarized in
Table 1.

wZ.G nm

Figure 3. Two models of the

calponin molecule approxi-
mated by 9 beads.

26nm The radii of the beads from the
center to the end are as follows:
(A) 1.3, 1.2, 1.0, 0.8 and 0.4 nm
and (B) 1.3, 1.3, 1.1, 1.0 and 0.8

based on Rotne-Prager tensor (Rotne &
Prager, 1969) lead to a value of 7.25 X 1077
cm?/s. This value is significantly larger than
the value we have experimentally obtained.
Based on the electron micrographs we have
constructed another model, presented in
Fig. 3B, assuming that the thickness of the
molecule is the same and the length is in-
creased to 19.4 nm. For this model we calcu-
lated a value of 5.9 X 1077 em?/s for the
translational diffusion coefficient. Within the
experimental error, the calculated transla-
tional diffusion coefficient for model B is in
good agreement with the results obtained
from the DLS experiments (Table 1).

To lower the accessible surface we con-
structed a third model (not shown), which was
built up of overlapping beads with the same
axial lengths as in the previous model. The cal-
culated translational diffusion coefficient in
this case was 6.1X10” cm?/s. The results ob-
tained from the model calculation indicate
that the shape of CaP kI molecule in solution
is slightly more anisotropic than seen in sedi-
mentation experiments. To avoid a misunder-
standing, it should be clarified that both hy-
drodynamic models shown in Fig. 3 should be
treated not as models of a real protein but as

nm, respectively.

CD spectroscopy. The CD spectra of
calponin Al recorded at 20°C and 80°C are
shown in Fig. 4A. The spectrum recorded at
20°C reveals a double minimum ([@lgg; =
~7600 and [Olygs = -12000 deg X em? X
dmol 1) and a maximum ([®]187 = 11000 deg
X em? X dmol” 1) The spectrum of calponin
measured at 80°C has the same positions of
minima, although their negative values are
significantly decreased, at ([@log; = -2600,
and [BOlggs = -5100, deg Xem? X dmol™Y),
thus heating did not cause complete unfolding
of calponin.

The mean residue ellipticity at 222 nm as a
function of temperature is illustrated in
Fig. 4B. The sharp increase in the melting
curve in the range of temperatures 40-65°C
points to structural transitions occurring in
this region. The mid point of these transitions
is at 55°C. Above 65°C, the mean residue ellip-
ticity at 222 nm increases linearly up to 80°C.
This means that, in this temperature interval,
some structural transitions still take place.
The first part of the melting curve with a mid
point of 57°C was observed earlier by Stafford
et al. (1995).

Secondary structure estimation and pre-
diction. The results of the estimation of the
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Table 1. The comparison of size and shape parameters of chicken gizzard calponin h1 isoform deter-
mined from dynamic light scattering (DLS) with those taken from the literature

Parameter DLS Data from literature
Translational diffusion coefficient (5.75£0.3) X 10_7cm2s_1 ND
Sedimentation coefficient ND e S ot L 1 oe)
31400 Da (Stafford et al., 1995)
Molecular mass ND 32300 Da (Takahashi & Nadal-
Ginard, 1991)*
Partial specific volume ND 8%3 E(c:ﬁ;?g E%‘E?rfgrgt Ztlfl'l’g‘%)%%? )
Hydrodynamic radius 3.72 nm 2.75 nm (Takahashi et al., 1988)
Frictional ratio for unhydrated molecule 1.8 1.51 (Stafford et al., 1995)
Frictional ratio for hydrated molecule 1.55 1.32 (Stafford et al., 1995)
Ellipsoid length 19.4 nm 16.2 nm (Stafford et al., 1995)
Ellipsoid diameter 2.6 nm 2.6 nm (Stafford et al., 1995)
Axial ratio 7.46 6.16 (Stafford et al., 1995)

*Values used in our calculations

secondary structure elements of calponin A1
from the experimental data shown in Fig. 4A
are presented in Table 2 together with the val-
ues predicted from the amino-acid sequence.

15

10 [©] (deg cm? dmol™")
o

A7
180 200 220 240

Wavelength (nm)

Figure 4. CD spectroscopy of calponin.

show that 23% of amino-acid residues of
calponin are involved in helical structure, 17%
in f-strand, 11% in S-turns, while the rest of
the protein (49%) are the remainder struc-

-2

1

2
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10 [6],,, (degem dmol )
&
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(A) CD spectra of calponin recorded at 20°C (solid line) and 80°C (dashed line). (B) Thermal transition of calponin.
All measurements were performed as described in Materials and Methods.

The estimations according to the modified
method of Provencher & Glockner (1981)

tures. The estimation by the method of
Hennessey & Johnson (1981) reveals 23% he-
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lix, 22% [-strand, 25% p-turns and 31% re-
mainder structure (Table 2). Thus, except
p-turns, the other elements of the secondary
structure estimated by these two methods are
convergent. Our estimation of the helical

structure is almost twice as large as the value
(13%) reported by Stafford et al. (1995), and

20% of remainder structures (Table 2). It is
clear that the ALB algorithm provides a better
agreement with the values estimated on the
basis of CD spectra, probably because in the
structural class of calponin there are no pro-
teins with known structure, which could serve
as starting point for the PHD method.

Table 2. Secondary structure of calponin isoforms estimated from CD spectra and predicted from the

amino-acid sequence.

Estimations of the secondary structure elements of calponin from CD spectra recorded at different tempera-
tures were performed by the modified method (Venyaminov et al., 1993) of Provencher & Glockner (P-G) (1981)
and by the method of Hennessey & Johnson (H-J) (1981). Predictions were based on the ALB algorithm of
Ptitsyn & Finkelstein (P-F) (1983) assuming the existence of interactions between the formed structured seg-
ments, and a sequence profile input to neural networks (PHD) (Rost et al., 1994).

Conditions Secondary structure (%) Method of estimation or
Helix  pB-Strand S-Turn and loop Remainder prediction
Calponin hla at 20°C 23 17 11 49 Experimental (P-G)
23 22 25 31 Experimental (H-J)
26 14 14 46 Predicted (P-F)
33 7 40 20 Predicted (PHD)
Calponin h1f at 20°C 30 13 15 42 Predicted (P-F)
Calponin hla at 80°C 11 36 19 34 Experimental (P-G)
8 27 15 50 Predicted (P-F)

slightly more than half that (41%) reported by
Wills et al. (1993). However, in the latter
cases, the content of the secondary structure
elements of calponin was obtained from CD
spectra registered in 100 mM NaCl which, due
to shielding by Cl™ ions (Yang et al., 1986),
were devoid of about 10 nm in the far UV re-
gion. Moreover, the CD spectra of calponin
presented by both groups (Stafford et al.,
1995; Wills et al., 1993) look similar, so, the
differences resulted, most probably, from the
estimation method used.

According to the secondary structure predic-
tion based on the amino-acid sequence using
the ALB algorithm (Ptitsyn & Finkelstein,
1983), calponin hlc, which is the more abun-
dant isoform of this protein, comprises 26%
helix, 14% f-strand, 14% B-turns and loops,
and 46% of remainder structures (Table 2). At
the same time, the PHD method gives 33% he-
lix, 7% B-strand, 40% fB-turns and loops and

The results of prediction obtained with the
ALB algorithm for the calponin h1f isoform
lacking 40 amino-acid residues (Ala217—
Gln256, according to the numbering of the
amino-acid residues in calponin hAla chain),
are as follows: 30% helix, 13% [S-strand, 15%
pturns and loops, and 42% of remainder
structures. This is very close to the values pre-
dicted for calponin hlc. It should be clarified
that the numbers of residues involved in heli-
cal segments in both isoforms are the same
and the higher percentage for the CaP hip
isoform comes from the difference in chain
length. For the same reason, the content of
p-turns and loops is changed, while the de-
crease in the content of S-strand results from
the decrease in the number of the residues in-
volved in this structure, as some -strand re-
gions were localized in the part of the chain
lacking in the calponin k18 isoform.
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Naturally occurring calponin is probably a
mixture of isoforms hla and hiB. The latter
isoform is commonly recognized as the minor
component, if present at all, while extensive
studies with the use of monoclonal antibodies
(Jin et al., 1996) did not detect any hIS
calponin isoform in various smooth muscle
tissues including chicken gizzard. This im-
plies that its expression was absent or at a
very low level. Taking into account that the
presence of every 5% of hIf isomer in the
calponin sample would increase the predicted
helix content by 0.2%, then, even for a mixture
with 30% of h1f isoform, the increase in helix
content by 1.2% is all that could be expected.
The changes in other types of structural ele-
ments will not exceed the above-presented
variations. Changes of such magnitude would
slightly impair the agreement of the predicted
values with the estimated ones but will stay
far from these presented previously (Stafford
et al., 1995; Wills et al., 1993).

Heating calponin 21 to 80°C induced signifi-
cant alterations in its secondary structure: the
content of helical structure decreased by half,
the amount of S-strands and S-turns increased
and, consequently, the content of the remain-
der structures decreased (Table 2). The pre-
dicted values of all secondary structure ele-
ments for the heated calponin are somewhat
lower than those estimated from CD spectra.

The probable locations of the helical and
p-strand regions of calponin i1 both at room
temperature and at 80°C are presented in
Fig. 5. The helical part of calponin is located in
the N-terminal region encompassing 135
amino-acid residues and involves 76 residues
constituting seven helical segments. Only one
helical segment is located at the C-terminal ex-
tremity of calponin. Six short (-strand seg-
ments (each containing 6-7 amino-acid resi-
dues) are dispersed in the second half of the
calponin molecule between residues 136 and
280. Takahashi & Nadal-Ginard (1991) found
three repeating motifs in the primary se-
quence of calponin hla (CLR) starting from
residues 164, 204 and 243, respectively (cf.
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Figure 5. Prediction of the secondary structure el-
ements of calponin h1 assuming the existence of
interactions between the structured segments: (A)
at 20°C and (B) at 80°C.

The solid line denotes the probability of helix and the
dashed line of B-strand. Amino-acid residues are num-
bered as described by Takahashi & Nadal-Ginard
(1991) and Gong et al. (1993).

also Fig. 6). All these units would start with an
almost identical f-strand segment if the
N-termini of the first and the third motifs
were extended by one and of the second by
two amino-acid residues. The probability and
the location of the helical and S-strand regions
in calponin h1f are the same as those for
calponin hla except the fourth S-strand re-
gion, which is absent in calponin hIf (not
shown).

Each helical segment has a hydrophobic clus-
ter, which suggests its participation in the for-
mation of the hydrophobic core of the protein
(Lim, 1978). All B-strand segments have a se-
quence HxHxHx, where H denotes an amino-
acid residue with a large hydrophobic side



Vol. 47

Structure of calponin

801

chain and x — an amino acid with a polar side
chain or glycine. Thus, the B-sheets formed
from these segments will have one strongly
hydrophobic surface that will interact with, or
will be a part of, the hydrophobic core of the
calponin hI molecule (Lim, 1978). There are
many other hydrophobic amino-acid residues
in loops. In addition, the number of exposed
residues (162) in the calponin molecule is

ing the existence of interactions between the
formed structured segments. The results of
the prediction of the secondary structure of
calponin at high temperature, excluding
long-range interactions (the case of the ex-
tended state of the polypeptide chain or mol-
ten globule state), are close to those at 20°C
and far from the experimental ones. Thus, the
large amounts of the hydrophobic amino-acid

A
CT NTCB/KCN CT CT NTCB/KCN NTCB/KCN
Ser Ser
7‘1 175
tropomyosin actin actin
calmodulin myosin
|
B

I
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Qi
M

0 50 100

% B- strand

150 20

50 300

o
N

Residue No
D B-turns and loops

Figure 6. Diagramatic representation of calponin hI molecule.

(A) The binding sites of actin, myosin, tropomyosin, calmodulin, the calponin repeating motifs (CLR) and CH do-
main are indicated. The sites of chymotryptic (CT) (Mezgueldi et al., 1992) and chemical (NTCB/KCN) (Winder &
Walsh, 1990b) cleavages as well as phosphorylable serines (Winder & Walsh, 1990a) are indicated by arrows. (B)
The localization of the secondary structure elements is shown.

much higher than expected (122) for a protein
with its molecular mass. All these results
taken together seem to indicate that calponin
is either an elongated ellipsoid or has a
multidomain structure.

The results of the prediction of the probabil-
ity and location of the secondary structure ele-
ments of calponin Al at 80°C are shown in
Fig. 5B and Table 2. At this temperature, of
the segments existing at 20°C, only the first
and fifth helical segments and all -strand seg-
ments survived, and three new (-strand seg-
ments (two in the N terminus and one in the C
terminus of the polypeptide chain) were
formed. These results were obtained assum-

residues in calponin (46%), especially of the
residues with large hydrophobic side chains
(29%), determine the existence of calponin
secondary structure at high temperature and
its compactness. These results are in good
agreement with the observations made in
microcalorimetric studies, in which no ther-
mal transition for calponin was observed ( D.I.
Levitsky, personal communication).

The proposed model of the calponin hl sec-
ondary structure arrangement (Fig. 6) is con-
sistent with many experimental observations.
For example, it explains the different reactiv-
ity of the phosphorylation sites; the most reac-
tive Ser!’? (phosphorylated by Ca%*/calmo-
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dulin-dependent protein kinase II and protein
kinase C) (Tang et al., 1996) is located in a rel-
atively long loop between the second and the
third S-strand segment, whereas the less reac-
tive serines belong to f-turn (Ser71) or lie next
to a f-turn (Ser215 and Ser254). The results of

guanidine hydrochloride and temperature un-
folding patterns (see Fig. 5B) are similar).
The procedure used for the prediction of the
secondary structure of chicken gizzard CaP
h1 was applied to predict the secondary struc-
ture of known isoforms of calponin, the se-

Chicken, h1 J,mf O @@@@© @ @O+
Human, h1 HHEO @O @@ CH- - @O

Mouse, h1 HEEO @@ ECTECH- H C@@@OH-

Pig, h1 HECO @@ COCE@CH - C@@@O-H-
Rat, h1 HHEO @ @ CHTCTEE@ - H @O

X-ray data A B C D E F G
of spectrin @ @@ O @@@© @O @@
CH2 domain

Mouse, h2

© CO@@E@

Pig, h2

Rat, ha | # @O EEGHWHECCH H- O

Rat, ha (brain)]| @O @@@HHWHCCH HHEQ@OH

Human, ha
(kidney)

| @O @ CHswHCCH H @@

By # SV + i st (b
(@@ SN + TYWH M WA ST

sy @ 4 TV A Y- SIS
(@@ ENARE N + T H - YW SIS
(@@ @ ENVARENV] YA H e Y SIS -

@HE  HEO@rYW - @sw
@H  HEOO@rwW @y
@R - C@GRYW
@YW - COwW

@YW - @Ow

4 TS HEW TS st H# @O
+ i Y st s - A
MWW H- SIS, WS i

- HETAE SR YW M

WA H WSS OSSR H

— T
50 100

—helix, YW - B-strand, +#H# — B-turns and loops,

I — deletions

T
200 250 300
Residue number

Figure 7. Localization of the secondary structure elements in different calponin isoforms and its compari-
son with the helical segments (A - G) found in the spectrin CH2 domain and fimbrin or utropin CH1 and

CH2 domains by X-ray crystallography.

proteolytic (Mezgueldi et al., 1992) and chemi-
cal (Winder & Walsh, 1990b) cleavages also
support the distribution of the secondary
structure elements presented in Fig. 6A. The
chymotryptic cleavages of calponin take place
at amino-acid residues PheG, Tyr144 and
Tyrlgz, which are situated in the unstructured
regions of the protein. NTCB (2-nitro-5-
thiocyanobenzoic acid) attacks primarily the
two cysteines (Cys238 and Cys273) of calponin
located in loops. The extremely low yield of
products of cleavage at Cys61 in the absence
and presence of guanidine hydrochloride
(Winder & Walsh, 1990b) may be explained
by its location in a helical structure or in the
p-strand segment surrounded by large and
mostly hydrophobic side chains (Gf the

quences of which are available from data-
banks (SWISSPROT and SPTREMBL). All of
them have the same pattern of secondary
structure (see Fig. 7) regardless of the
calponin family, basic (hl), neutral (22) or
acidic (ha), they belong to. Moreover, the parts
of the calponin chain representing the CH do-
main have the same pattern as the CH domains
of spectrin, fimbrin and utrophin whose X-ray
structures are known (Carugo et al., 1997,
Hanein et al., 1998; Keep et al., 1999). The
calponin helix corresponding to helix D of the
spectrin CH domain is absent because of the
deletion in the calponin chain at that position
in the sequence alignment. The corresponding
helix becomes shorter than four residues and
therefore thermodynamically unfavorable.
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Thus, structural differences of the CH domain
discussed by Keep et al. (1999) are undetect-
able by the CD spectroscopy.

Assuming that the spatial orientation of the
calponin helices is close to that observed in
the spectrin CH domain, and taking into ac-
count the positions of the residues which con-
stitute its hydrophobic core, we could distin-
guish the residues which form the hydropho-
bic core of the calponin molecule. These hy-
drophobic residues are: Leu34, Trp37 and Ile®®
(second CaP h1 helix); Phe®®, and Leu®* (third
helix); Ile59, Leu®? and Leu(Phe)63 (fourth he-
lix) and Val'?%, Leu'?* and Leu(Val,lle)!%°
(sixth helix). These residues and their num-
bering come from the sequence of chicken giz-
zard calponin but in parentheses are posted
the residues met in other calponin isoforms.

The CH domain of calponin has probably
been seen on density maps obtained by three
dimensional image reconstruction of smooth
muscle thin filaments containing calponin
(Hodgkinson et al., 1997). The difference den-
sity size attributed to calponin is as large as a
single actin sub-domain, accounts approxi-
mately for one third of the whole calponin
mass and equals the mass of its CH domain.
Some more difference densities were ob-
served inside the actin area but these parts of
difference density may be interpreted either
as actin density redistribution after the inter-
action with calponin or as a contribution of
calponin itself. In the latter case, the question
arises: is there enough room between the
actin monomers to incorporate a part of a
calponin molecule? Consequently, is calponin
multidomain in solution, or does it change its
structure after interaction with actin? It is ob-
vious that the problem of calponin structure
needs to be clarified by other methods.

We would like to thank Prof. Renata
Dabrowska for valuable discussion and criti-
cal reading of the manuscript.
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