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Limited chymotryptic cleavage of turkey gizzard calponin yields a 13 kDa fragment which could be purified by its ability to bind to Sepharose-

immobilized tropomyosin. This 13 kD polypeptide is shown to be derived from a 22 kDa fragment. Complete amino acid sequence analysis of

the 13 kD and 22 kD fragments reveals high homology with the formerly characterized smooth muscle-specific protein SM22a (Pearlstone, J.R.,

Weber, M., Lees-Miller, J.P., Carpenter, M.R. and Smillie L.B., 1987, J. Biol. Chem. 262, 5985-5991) and the product of gene mp20 of Drosophila

(Ayme-Southqate, A., Lasko, P., French, C. and Pardue, M.L. [(1989) J. Cell Biol. 108, 521-531]. Furthermore we recognize sequence elements

of a putative actin-binding domain of a-actinin, the calpactin I or p 36 sequence, and a consensus motif present in the repeats of the gene product
of the candidate unc-87 gene of C. elegans (S.D. Goetinck and R.H. Waterston, personal communication).

Calponin; Smooth muscle; Tropomyosin binding; Actin-binding site; Sequence

1. INTRODUCTION

The early, pivotal studies on the regulation of con-
traction of vertebrate smooth muscle pinpointed
myosin phosphorylation as the sole Ca?*-dependent
switch on the contractile apparatus (see e.g. [1]). Subse-
quent work has confirmed the primary role of myosin
phosphorylation both in vivo as well as in vitro [2] but
the discovery of new actin-associated proteins has
brought the sole dependence on the myosin switch into
question. The identification of two actin- and cal-
modulin-binding proteins, caldesmon [3,4] and subse-
quently calponin [5], have suggested that actin-linked
regulation may play a modulatory role in smooth mus-
cle. Further, the attractive possibility has been aired
that caldesmon, at least, may serve a central function in
the maintenance of smooth muscle tone [6].

Calponin, a protein showing heat stable properties,
like caldesmon, has been purified from various smooth
muscles [7]. This protein, of apparent molecular mass
around 34 kDa, has been shown to be immunologically
related to skeletal muscle troponin T [8] and capable of
binding tropomyosin [9]. More recently, thin filaments
have been isolated from smooth muscle tissue that con-
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tain calponin [10] and functional tests performed in
vitro indicate that calponin inhibits actomyosin ATPase
activity [10,11]. We report here amino acid sequence
studies on a 13 kDa and a 22 kDa tropomyosin-binding
fragment of calponin that reveals homologies to a
formerly characterized low molecular weight protein,
SM22« from smooth muscle, of unknown function
[12,13] and to the product of gene mp20 of Drosophila,
a protein which is specifically absent from asyn-

chronous oscillatory flight muscle [14].

The calponin fragment also exhibits homology to the
actin binding domain of a-actinin [15,16], as well as to
a segment of the calpactin I (or p 36) heavy chain [17].

2. MATERIALS AND METHODS

2.1. Protein purification

Avian gizzard and porcine stomach calponin were purified using a
number of modifications of the method given by Takahashi et al. [5].
500 g of fresh muscle tissue was cleaned, minced and subsequently
heated in a microwave oven for 5 min at 700 W. After transfer into
a mason jar, ice-cold S-buffer (25 mM Mes, 25 mM Na(Cl, 0.5 mM
EDTA, 0.5 mM EGTA, pH 5.4) supplemented with 300 mM KCl was
poured onto the heated muscle and the suspension homogenized in a
Sorvall Omnimixer for 1 min at top speed. Following 30 min extrac-
tion, the residue was removed by centrifugation for 10 min at 11 000
rpm in a Sorvall RC-5 using a GSA rotor. The supernatant was
filtered through glass wool and brought to 30% ammonium sulphate
saturation and stirred for 10 min. The precipitate containing calponin
was collected by centrifugation for 20 min at 11 000 rpm, dissolved
and dialyzed against S-buffer (overnight, 1 change). The 30% am-
monium sulphate supernatant, enriched in caldesmon and tropo-
myosin, was brought to 65% saturation, the precipitate collected as
above and the pellet dissolved in AA-buffer (10 mM imidazol, 30 mM
KCl, 1 mM MgCl,, 0.15 mM DTE, pH 7.5) and dialyzed against the
same buffer overnight. Low pH dialysis of the calponin fraction
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Fig. 1. Purification of turkey gizzard calponin from heat stable extract. (A) Separation on S-Sepharose (gel insets represent peaks for tropomyosin

(1), caldesmon (2) and calponin (3). (B) Separation on A-Superose 2 FPLC column (gel inset: purified calponin). M = molecular weight markers.

From top to bottom: myosin heavy chain (212), metavinculin (150), vinculin (130), phosphorylase @ (92.5), transferrin (76), pyruvate kinase (57.2),
hexokinase (51), actin (42) carbonic anhydrase (29), myosin light chain (20) and cytochrome ¢ (11.7 kDa).

precipitated most of the contaminating tropomyosin, leaving about
60-70% of the calponin soluble. The precipitate was removed by cen-
trifugation in an SS-34 rotor at 18 000 rpm for 20 min and the clarified
supernatant applied to a S-Sepharose fast flow column equilibrated in
S-buffer. Proteins were eluted with a linear gradient of 25 to 350 mM
NaCl. Caldesmon and tropomyosin were purified by DEAE (DE-52)
ion exchange chromatography of the dialyzed caldesmon-tropo-
myosin fraction in AA-buffer using a linear gradient of 30 to 300 mM
KCl.

Purified proteins were coupled to CNBr-activated Sepharose (Phar-
macia Sweden) according to the manufacturer’s instructions.

2.2. Enzymatic and chemical cleavages

Limited digestions of calponin with chymotrypsin were performed
at a molar ratio of enzyme-to-protein of 1:100 for 0.5-30 min in S-
buffer. For electrophoresis, reactions were stopped by adding excess
of soybean trypsin inhibitor and then SDS sample mix (with subse-
quent boiling). For chromatography the digests and rapidly applied to
a tropomyosin affinity column of 1 ml volume (Pharmacia HR5/5)
attached to an FPLC unit. Calponin fragments were also directly
purified by reversed phase HPLC. In this case, the digest was not ter-
minated with inhibitor and immediately loaded onto the column and
eluted with a gradient of acetonitrile (see below).

Exhaustive digestions were carried out with the following en-
zymes :trypsin, endolysine-C and Asp-N protease (all from Boehr-
inger, Mannheim, FRG). The substrate (100 xg) was dissolved and
digested with 2 g of protease in 500 £l 100 mM Tris-HCI buffer, pH
8.5, for 4 h at 37°C, acidified with trifluoroacetic acid (final concen-
tration 1%) and stored at — 20°C. The digestion with Staphylococcus
aureus V8 protease was made in 0.5% NH,HCO; overnight at 37°C,
using an enzyme to substrate ratio of 1:50.

Cleavage with BNPS-Skatole was performed according to Fontana
[17]. The reaction was terminated by drying in a Speed Vac Concen-
trator (Savant Instruments, USA). The residue was resuspended in 1
ml water and the reagent extracted with 3 x1 ml! ethylacetate. The
water-layer was retained, made 1% in TFA and saved for HPLC.

2.3. Protein-chemical methods
Purification steps, cleavage products and affinity column fractions
were monitored by SDS-PAGE using minislab gels cast according to

Matsudaira and Burgess [18] and run in the buffer system of Laemmli
[19]. Protein electroblotting, combined with NH,-terminal sequenc-
ing was performed as described by Bauw et al. [20]. In situ digestions
of polyvinylidene difluoride-bound proteins were carried out as
described by Bauw et al. [21]). HPLC peptide separations were done
as described previously [22] (for large peptide fragments) or [21] (for
the in situ released small fragments). Amino acid sequencing was car-
ried out on an ABI 470 gas-phase sequenator with on-line (mode!
120A) phenylthiohydantoin amino acid analyser.

3. RESULTS AND DISCUSSION

3.1. Isolation of calponin and the tropomyosin-binding
domains

Using the described procedure, calponin could be
purified to homogeneity without the need of urea
denaturation, as employed by Takahashi and colleagues
[5]. Fig. 1 illustrates the two column purification steps
employed. Affinity columns carrying native calponin
prepared in this way, bound both caldesmon and
tropomyosin (Fig. 2A,B), with elution of these proteins
occurring at around 100 mM KCI. Using affinity col-
umns with either caldesmon or tropomyosin as the
bound ligand, calponin was likewise retained (Fig. 2C).
These results corroborate the findings of Takahashi et
al. [8,9] with respect to the abundancy of calponin in
smooth muscle tissue and its binding to tropomyosin,
They further add caldesmon to the repertoire of binding
partners.

Limited chymotryptic digestion of avian and mam-
malian calponin gave rise to an identical set of peptides
(Fig. 3A) with primary apparent molecular masses of
31-7 kDa (see also [7,8]). After extensive digestion
(16-30 min), a rather stable peptide around 22 kDa
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Fig. 2. Binding of calponin to tropomyosin and caldesmon on FPLC affinity columns. Proteins were loaded onto affinity columns and eluted using

a programmed linear gradient ranging from S (0%) to 1000 mM KCI (100%) and a manual hold at the peak boundaries. Immobilized calponin

was able to bind purified caldesmon (A) and tropomyosin (B). The bound proteins eluted at ionic strengths of 70 and 100 mM KCl, respectively.

In the reverse assay calponin was bound to a tropomyosin affinity column and eluted likewise at around 100 mM KCl. In (b), a chymotryptic digest

corresponding to Fig. 3 (B, 8 min) was applied to the tropomyosin column. Only a 13 kDa peptide was bound and was recovered in much larger
amounts than seen in the applied digest (see text).
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Fig. 3. Chymotrypsin peptide maps of calponin purified from: (A)
hog stomach and (B) turkey gizzard. Numbers above gel lanes indicate
cleavage times in minutes at room temperature. Identical cleavage
patterns were obtained with both proteins and included major pep-
tides of 31, 22 and 7 kDa. Note the high stability of 22 kDa fragment
(arrow). (C) the 13 kDa peptide recovered from the tropomyosin af-
finity column from a digest corresponding to (B), 8 min. M =
molecular weight markers as in Fig. 1.
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became evident together with a minor product of 13
kDa molecular mass (Fig. 3A,B, 8 min). When such
digests were passed over a tropomyosin affinity column
the latter 13 kDa peptide was specifically bound
(Figs. 2D and 3C) whereas the 22 kDa peptide was,
paradoxically, lost on the affinity column, being absent
both in the flow-through and the eluted fractions (up to
1 M salt). Correspondingly, the amounts of the 13 kDa
piece recovered were noticeably greater than in the ap-
plied sample. This result could be explained in terms of
the induction of a conformational change in the 22 kDa
fragment on interaction with tropomyosin that pro-
duces a more open structure in the COOH-terminal seg-
ment (Fig. 5), which is more sensitive towards residual
chymotryptic activity,

Both the 13 kDa and 22 kDa fragments could be
purified directly from the chymotryptic digests by
reversed phase HPLC (results not shown). Sequence
analysis was performed on both fragments obtained in
this latter way as well as on the 13 kDa fragment obtain-
ed via the tropomyosin column and then purified by
HPLC. The 13 kDa peptides obtained by either route
gave identical results.
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3.2. Sequence of the tropomyosin-binding domains

Unlike calponin, the 13 kDa fragment was not
NH,-terminally blocked and its NH,-terminal sequence
could be determined over 30 residues. The complete
amino acid sequence was deduced by aligning the
NH,-terminal sequence with that of overlapping pep-
tides obtained by cleavage with trypsin, endolysin-C,
the Asp-N specific protease, Staphylococcus aureus V8
protease and BNPS-Skatole (Fig. 4). The 13 kDa frag-
ment consists of 138 amino acids and contains a
COOH-terminal tyrosine, in line with the specificity of
chymotrypsin used to generate the fragment.

A similar approach was used to elucidate the se-
quence of the 22 kDa fragment which overlapped that
of the 13 kDa fragment and showed a COOH-terminal
extension of 38 residues, resulting in a 176 amino acid
polypeptide (Fig. 4). The N-terminal sequence of the 22
kDa fragment (which included that of the 13 kDa frag-
ment), was obtained with unusually low initial yields,
suggesting that only a fraction was unblocked. Detailed
examination of the SDS-PAGE pattern of the 22 kDa
fragment (Fig. 3A,B) revealed a doublet consisting of a
major 22 kDa and a minor 21 kDa band. Since attempts
to separate both components by FPLC or reversed
phase HPLC proved unsuccessful the two bands were
separated by SDS-PAGE, electroblotted on poly-
4-vinyl-N-methylpyridine-coated  glass-fibre mem-
branes [21] and subjected to NH»-terminal analysis.

NRGPAYGLSAEVKNKLAGKYDPQTERGLAVNIEGATGRRIGONF XDGLKDGY ILMEL INKLOPGS
114

A B, Jo___Je3 e
N-terminal seq * " T
N

A

VOKVNDPYGNWHKLENIGNFLRAIKHYGYKPHOIFEANDLFENTNHTQVASTL JALASQGAKTKGN
- [ fooo-lys e 3
-y

do-1ys-C-23
ey

P
D-N-25

13kD 22kD'
NVGLGYKYAEKQQARFAPEKLREGANI IGL QMG TNKF ASGAGMTAY
-18 ve-3 " - -
PET) D-h-18 —
_D-N-25 _

—

pH-37 .

Fig. 4. The complete amino acid sequence and peptide overlaps of the
13 kDa and 22 kDa fragments of turkey gizzard calponin. Only those
peptides necessary to document the overlaps are shown. (T) tryptic
peptides; (Endo-Lys-C, D-N, V8 CH and W; peptides obtained by
cleavage with endolysine C, the aspartic acid N-specific protease, the
Staphylococcus aureus V8 protease, chymotrypsin and chemical
cleavage with BNPS-Skatole, respectively). Peptide numbering refers
to their positions in the HPLC chromatograms. Solid bars indicate
the sequences spanned by the peptides. Bars terminating with arrows
indicate peptides which do not terminate at this position, but were not
further sequenced because we had sufficient overlapping sequences
from other peptides. Vertical arrows indicate the COOH-terminus of
the 13 kDa and 22 kDa fragments, respectively. * Indicates a
modified amino acid of unknown nature.
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This confirmed indeed that the 22 kDa fragment was
blocked and showed that the other sequence corre-
sponded to that of the minor 21 kDa fragment. We con-
clude that intact calponin and the 22 kDa fragment
possess the same blocked N-terminus while the 21 kDa
fragment arises by removal of a small segment at this
extremity and thus facilitates sequencing access. For
convenience we shall continue to refer to the sequenced
fragment as the ‘22 kDa fragment’.

3.3. Sequence homologies

The sequence of the 22 kDa fragment showed a
remarkable degree of homology with that previously
reported for chicken gizzard smooth muscle SM22«
[13]. While the overall identity is only 39%, both pro-
teins show a much higher homology at their respective
extremities. The 21 NH,-terminal residues are 57%
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Fig. 5. (A) Homologies between the amino acid sequence of turkey
and chicken calponin 22 kDa fragment and the sequences of chicken
SM22« and the mp 20 gene product of D. melanogaster. (B)
Homologies between calponin and sequences observed in chick
fibroblast a-actinin and murine p 36. (C) Homologies between
chicken and turkey calponin and the consensus sequence of the can-
didate unc-87 gene product of C. elegans. Identical and conserved
amino acids are connected by bars and dots, respectively. The
numbering is made according to that of chick SM22«. Homologous
regions in a-actinin and p 36 are flanked by numbers indicating the
positions of these segments in their respective proteins. In order to ob-
tain maximal homology between fragment 22 kDa, SM22« and mp
20, we have introduced several gaps in the sequences. The underlined
sequence indicates the analysed peptide from chick calponin which
was identical to that from turkey calponin. A second chick calponin
peptide covering the COOH-terminal part of the 22 kDa fragment, is
indicated.
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identical, while this score rises to 79% when the 24
COOH-terminal residues are considered. The degree of
homology with SM22« was optimized by deleting
several segments in the SM22a sequence (residues
39-44, 81-84 and 150-154) (Fig. 5).

In order to exclude the possibility that the observed
amino acid differences between chicken SM22« and the
22 kDa calponin fragment of turkey gizzard were sim-
ply species-specific differences in corresponding gene
products (e.g. SM22« being a proteolytic fragment of
the presumed chicken calponin or derived by an alter-
native splicing mechanism giving rise to either SM22«,
calponin and eventually other polypeptides), we also
compared partial sequences of chicken and turkey giz-
zard calponins. These proteins were purified from
enriched fractions (see section 2) by SDS-polysac-
charide gel electrophoresis, electroblotted on poly-
vinylidene difluoride membranes and in situ digested
with trypsin [21]. The liberated peptides were separated
by reversed phase HPLC. Most peptides derived from
both proteins were identical, although a few exhibited
different retention times (results not shown). This sug-
gested that chicken and turkey calponins were similar
but non-identical proteins. Two chicken calponin pep-
tides were subjected to sequence analysis and the results
compared with sequences of the 22 kDa fragment of
turkey gizzard calponin. The first covered an internal
segment and was identical to the corresponding turkey
calponin sequence. The second peptide corresponded to
the COOH-terminal part of the 22 kDa domain (Fig. 5)
and was slightly different from that of SM22«. These
data demonstrate minor differences between chicken
and turkey calponins, but more importantly that
SM22a and chicken calponin must be derived from dif-
ferent structural genes.

The 22 kDa fragment is also 37% identical to the pro-
duct of gene mp20 of D. melanogaster (Fig. 5). This
protein is present in every muscle tissue except for the
asynchronous oscillatory flight muscles. This particular
expression pattern has been connected with the contrac-
tion frequency difference observed between asyn-
chronous and synchronous muscle in this organism. On
a similar way it may be possible that calponin plays a
role in the regulation of the smooth muscle tone.

Segments from the middle part of the 22 kDa frag-
ment show also a weak but significant homology (28 %
identical and 16% similar residues over a length of 54)
to a part of the presumed F-actin binding domain of a-
actinin that is itself homologous to the corresponding
domain of Dictyostelium gelation factor and dys-
trophin [14,15,23-25]. The adjacent middle segment of
the 22 kDa piece is similarly homologous (37% identical
and 20% similar amino acids over a length of 35) to the
NH,-terminal Geisow fragment of p36 [16]. As both a-
actinin and p36 are known to interact with F-actin, the
identified calponin segments could represent parts of
single or multiple F-actin binding domains. If so, F-
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actin and tropomyosin-binding sites could be located
close enough to each other to interact cooperatively. A
similar organisation of F-actin and tropomyosin-
binding sites was also reported for caldesmon [26,27].
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