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Smooth muscle basic calponin, a major actin-, tropomyosin-, and calmodulin-binding
protein, has been examined for its ability to interact with desmin intermediate filaments
from smooth muscle cells using sedimentation analysis, turbidity changes, chemical
cross-linking, matrix-assisted laser desorption ionization time-of-flight mass spectrome-
try (MALDI TOF/MS), and electron microscopic observations. Calponin interacted with
desmin intermediate filaments in a concentration-dependent manner in vitro. The bind-
ing of calponin to desmin produced dense aggregates at 30°C. The dense aggregates
were observed by electron microscopy to be composed of large anisotropic bundles of
desmin filaments, indicating that calponin forms bundles of desmin filaments. The addi-
tion of calmodulin or S100 to the mixture of calponin and desmin caused the removal of
calponin from the desmin filaments and inhibited bundle formation in the presence of
Ca?', but not in the presence of EGTA. Calponin-related proteins including G-actin,
tropomyosin, and SM22, had little effect on the binding of calponin to desmin filaments,
whereas tubulin weakly inhibited the binding, Desmin had little influence on the calpo-
nin-actin and calponin-tubulin interactions using the zero-length cross-linker, EDC, Do-
main mapping with chymotryptic digestion showed that the binding site of calponin
resides within the central a-helical rod domain of the desmin molecule. The chemical
cross-linked products of calponin and synthetic peptides (TQ27, TNEKVELQELNDRFA-
NYIEKVRFLEQQ; EE24, EEELRELRRQVDALTGQRARVEVE) derived from the rod do-
main were detected by MALDI TOF/MS. Furthermore, the calponin-desmin interaction
was significantly inhibited by the addition of EE24, but only slightly by TQ27. These
results suggest that calponin may act as a cross-linking protein between desmin fila-
ments as well as among intermediate filaments, microfilaments and microtubules in
smooth muscle cells.
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Intermediate filaments are a major cytoskeleton compo-
nent with a diameter of about 10 nm. A variety of interme-
diate filament species have been observed in different
eukaryotic cell types (I, 2). When intermediate filaments
are disorganized and released from the membrane cyto-
skeleton, the cells become fragile and susceptible to rupture
by mechanical stress (3). Recently, proteins that induce the
cross-bridging of intermediate filaments to one another and
cross-linking between intermediate filaments and other
cytoskeletal components and anchors on the cytoplasmic
surface have been found; these proteins seem to act as
mechanical integrators of the cytoplasm and function to
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resist mechanical force (2, 3).

Basic calponin is an actin-, tropomyosin-, and calmodu-
lin-binding protein specifically expressed in smooth muscle
cells (4-6). The binding of calponin to F-actin produces an
inhibitory effect on the actin-activated Mg?-ATPase activ-
ity of myosin without affecting phosphorylation of the myo-
sin light chain (7-12). Both binding and ATPase inhibition
are reversibly abolished by the addition of calmodulin or
$100 in a calcium-dependent manner (7, 10-12). Calponin
has also been reported to interact with myosin (1.3), micro-
tubules (14, 15), caldesmon (16), and phospholipids (17),
indicating that this protein also exhibits functions other
than the regulation of the actomyosin system. Immunocy-
tochemical techniques have shown that calponin is distrib-
uted not only in the contractile but also in the cytoskeletal
zones of smooth muscle (18, 19). In fact, calponin has re-
cently been reported to interact with desmin, a major inter-
mediate filament in smooth muscle cells (20, 21). However,
little is known about the properties of the interaction.

In this study, we have found that the binding of calponin
to desmin induces the formation of desmin filament bun-
dles in vitro. The calponin-binding site is contained within
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the acidic central rod domain of the desmin molecule. Some
characteristics of the binding and bundling and the effect of
desmin on calponin binding to F-actin and microtubules
are described.

MATERIALS AND METHODS

Preparation of Proteins—Calponin, tropomyosin, and
SM22 were purified from chicken gizzard smooth muscle
according to Fujit (22), Fujii et al. (23), and Lees-Miller ef
al. (24), respectively. The following proteins were isolated
by means of the cited methods: rabbit skeletal muscle actin
(25), porcine brain calmodulin (26), porcine brain S100 (26),
and porcine brain tubulin (27). Desmin was isolated from
chicken gizzard by the method of Lazarides and Granger
(28) with some modifications. The desmin-rich fraction ob-
tained from dry muscle was subjected to chromatography
on CM-cellulose and DEAE-Sephacel in the presence of 6 M
urea. The desmin fractions were collected, concentrated by
ultrafiltration, and dialyzed against 10 mM Tris/acetate
(pH 8.3). After centrifugation at 50,000 xg for 60 min at
4°C, the purified desmin was stored for 1-2 weeks on ice
until use.

Cosedimentation Assays—Desmin binding and bundling
assays were performed by cosedimentation with desmin in
bundling buffer (25 mM MES-NaOH, 5 mM Tris-acetate,
0.5 mM MgCl,, 0.05 mM DTT, 20 mM NaCl, pH 7.1) con-
taining 5 uM desmin and various concentrations of calpo-
nin and other proteins. After incubation for 30 min at 30°C,
aliquots (100 ul) of each mixture were sedimented at high-
speed (100,000 xg, for 30 min at 25°C) to assess desmin fila-
ment assembly and at low-speed (14,000 xg, for 30 min at
25°C) to assess desmin filament bundling. The obtained
supernatants and pellets were analyzed by 10% SDS-
PAGE using the discontinuous buffer system of Laemmli
(29). The amount of protein present in each of the Coo-
massie Blue-stained bands was quantified by densitometry.

Electron Microscopy—The formation of desmin filaments
and bundles was assessed by electron microscopy. Samples
(25 D) from the cosedimentation experiments were applied
to carbon-coated 400-mesh grids and allowed to adsorb for
3 min. The grids were stained with 2% aqueous uranyl ace-
tate. The uranyl acetate was withdrawn with filter paper
and the grids were air-dried. Samples were visualized in a
JEOL JEM-2010 operating at 90 keV.

Turbidity Change-—Turbidity was monitored by record-
ing the change in absorbance at 350 nm using a Hitachi
spectrophotometer equipped with an automatic recorder at
30°C in a thermostatically regulated sample chamber. The
reaction mixture was the same as used to assay the binding
and bundling of calponin to desmin.

Cross-Linking—A mixture of calponin (4.4 pM) and des-
min (12 uM) in 20 mM Tris-HCI (pH 7.2), and either actin
(3.5 uM) or tubulin (3.3 uM) was incubated with freshly
prepared 3 mM 1-ethyl-3[3-(dimethylamino)propyllcarbodi-
imide (EDC). After incubation for 30 min at 25°C, the reac-
tion was stopped by the addition of one-fifth volume of 5 x
electrophoresis sample buffer (1565 mM Tris-HCI, pH 6.8,
5% SDS, 25% glycerol, 0.75% B-mercaptoethanol, and
0.0025% pyronin Y), then heated to 95°C for 2 min. The
samples were then subjected to electrophoresis.

MALDI-TOF/MS Analysis—Calponin, with or without
peptides treated with EDC, was subjected to DE MALDI-

T. Fujii et al.

TOF mass spectrometric analysis. Sample solutions (1 pul)
containing (15-25 pmol) and 2 pl of matrix solution (10 mg
of sinapinic acid in 1 ml of 3:7 mixture of acetonitrile/water
containing 0.1% trifluoroacetic acid) were mixed vigorously
and centrifuged in a microcentrifuge for 1 min. One micro-
liter of the supernatant was loaded onto a sample plate
with 100 sample positions. The plate was loaded into a Voy-
ager™ Elite DE Biospectrometry™ Workstation (PerSep-
tive Biosystems) with an N, laser (337 nm) in the linear
mode. The resolution of the ion peak was determined by the
resolution calculator using the GRAMS/386 software sup-
plied with the instrument.

Amino Acid Sequence Analysis—Following separation by
SDS-PAGE, the polypeptides were electroblotted onto a
PVDF membrane and detected by Coomassie-Blue stain-
ing. The amino acid sequences of the polypeptides were de-
termined using a gas-phase protein sequencer (Shimadzu
PPSQ-21).

Other Procedures—Desmin was digested with chymo-
trypsin (1:400 w/w) in 10 mM Tris-acetate (pH 8.5). After
incubation for 5 min at 25°C, the reaction was terminated
by the addition of diisopropyl fluorophosphate (DIFP) to a
final concentration of 2 mM. Calponin was coupled to
CNBr-activated Sepharose 4B as described previously (14).
The protein concentration was measured using the Brad-
ford (30) Coomassie Blue dye binding method using bovine
serum albumin as the standard. Alternatively, proteins
were spectrophotometrically determined using appropriate
extinction coefficients: A,g, of 5.5 for desmin, A,g, of 0.65 for
actin, A, of 1.8 for calmodulin, A, of 3.44 for S100, and
Ay of 2.9 for tropomyosin.

RESULTS

Binding of Calponin to Desmin Filaments—The proper-
ties of smooth muscle basic calponin binding to desmin fila-
ments were determined by sedimentation assay (Fig. 1A).
In the absence of calponin, high-speed centrifugation (at
100,000 xg for 30 min) sedimented about 70% of the des-
min, while low-speed centrifugation (at 14,000 xg for 30
min) sedimented about 20% of the desmin under the estab-
lished conditions (Fig. 1B). On the other hand, in the pres-
ence of calponin, the amount of desmin sedimented under
both centrifuge conditions increased with increasing added
calponin. When the concentration of calponin was over 10
UM in the mixture solution, most of the desmin was recov-
ered in the pellet and the molar ratio of calponin bound to
desmin reached a plateau of about 1.1 under both condi-
tions. The apparent K; value of calponin for desmin using
high-speed centrifugation condition was approximately 5.3
pM. The binding ratio of calponin to desmin was only
slightly affected when calponin was mixed with preformed
desmin filaments under either set of centrifuge conditions
(data not shown).

We examined the effect of calponin on the turbidity of
desmin (Fig. 2). Mixing calponin with desmin solution
increased the turbidity of the values obtained by the sum-
mation of the turbidity of each protein solution. The ex-
traordinary increase in turbidity was observed in propor-
tion to the amount of calponin added (3—6 uM) when the
desmin concentration was fixed at 3 pM. A precipitate de-
veloped at 30°C, but did not occur in an ice bath for at least
30 min. These results suggest that calponin may accelerate
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the rate of assembly of desmin filaments and induce the
bundling or aggregation of desmin filaments through direct
interaction.

Visualization of Desmin Bundles by Electron Micros-
copy—The effect of increasing calponin on desmin filament
formation was assessed by electron microscopy. Single fila-
ments of desmin were observed in the absence of calponin
(Fig. 3A). When calponin was added to the solution, aniso-
tropic bundles of desmin intermediate filaments were
observed (Fig. 3B). These observations indicate that the lat-
eral association of desmin filaments is mediated by calpo-
nin.

Calponin Binding and Bundling Are Regulated by Ca®*/
Calmodulin and Ca?'/S100—It is well known that inter-
mediate filaments containing desmin filaments are rela-
tively stable compared with microtubules and microfila-
ments. Recently, S100 has been reported to induce the dis-
assembly of desmin filaments in the presence of Ca? (31).
In addition, both calmodulin and S100 interact with calpo-
nin and these interactions can modulate the binding of
calponin to actin filaments and microtubules depending on
the calcium concentration (7-12, 37). Thus, we examined
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Fig. 1. Sedimentation analysis of the interaction between
calponin and desmin filaments. (A) Desmin was incubated with
various concentrations of calponin. The binding of calponin to des-
min filaments was examined by the low-speed (pairs a—c) and high-
speed (pairs d—f) sedimentation methods, as described in “MATERI-
ALS AND METHODS?”, in which the protein compositions of the su-
pernatants (S) and pellets (P) were analyzed by 10% SDS-PAGE.
The concentrations of calponin and desmin were 8 and 5.2 uM, re-
spectively. Pairs a and d, calponin; pairs b and e, desmin; pairs ¢ and
f, calponin + desmin. (B) Desmin was incubated with various con-
centrations of calponin. The amounts of calponin (0, 4) and desmin
(e, a) in the pellets obtained by low-speed (0, ®) and high-speed (a,
4) sedimentation were determined by densitometry CaP, calponin;
Des, desmin.

Vol. 127, No. 3, 2000

459

the effects of these proteins on the reconstitution of desmin
filaments and calponin-desmin filament interaction using
the sedimentation assay. After high-speed centrifugation,
most of the desmin filaments were recovered in the pellet
fraction in both the absence and presence of calponin as
described in Fig. 1. When calmodulin or S100 was added to
the mixture, the amount of desmin in the pellet in the pres-
ence of 0.5 mM CaCl, was reduced to 30 and 20% of the
total desmin added, respectively (Fig. 4A). In the presence
of calponin, the binding of calponin to desmin filaments
was weakened in the presence and absence of Ca?. The
inhibitory effect in the presence of Ca* was stronger than
that in its absence. In the presence of Ca?/S100, neither
desmin nor calponin was little recovered in the pellet. At
low-speed centrifugation, the amount of desmin in the pel-
let was only slightly affected by calmodulin or S100 irre-
spective of the Ca* concentration (Fig. 4B). However, the
bundling of calponin disappeared in the presence of Ca?/
calmodulin or Ca*/S100. Interestingly, S100 had a more
potent inhibitory effect than calmodulin. These results sug-
gest that the addition of calmodulin or S100 in the pres-
ence of Ca? inhibits not only desmin assembly but also the
calponin-induced bundle formation of desmin.

Effects of Actin, Tubulin, Tropomyosin, and SM22 on Cal-
ponin Binding to Desmin Filaments—In order to elucidate
the nature of calponin binding to desmin, we examined the
effects of other calponin-binding proteins including actin,

>

0.8

0.6}

041

Absorbance at 350 nm

0.2

I

5

10

15

20

Time (min)

0.8}

041

Turbidity increase

1 13 i 1

4

0 1 2 3

CaP/Des (mol/mol)
Fig. 2. Time course of desmin turbidity change of the calpo-
nin-desmin mixture. (A) Various concentrations of calponin were
added after preincubation of desmin (3 uM) for 5 min at 30°C. The
change in turbidity was monitored as the increase in absorbance at
350 nm in bundling buffer. The concentrations of calponin were 0
(a), 1.5 (b), 3 (¢), 4.5 (d), 6 (e), and 12 uM (f). (B) The increase in tur-
bidity increase is expressed relative to the optical density at 350 nm
for 20 min.
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tropomyosin, and tubulin, and SM22 on the binding of
calponin to desmin filaments (Fig. 5). These proteins did
not sediment by themselves by either the low- and high-
speed centrifugations. To avoid the polymerization of G-
actin to F-actin, we prepared non-polymerized actin using
mycalolide B isolated from a marine sponge as previously
reported (14, 33). The addition of actin treated with my-
calolide B had only a slight inhibitory effect on calponin
binding to desmin filaments at an actin to calponin molar
ratio of 2. On the other hand, a slight decrease in calponin
bound to desmin filaments was found when tubulin was
present at the same molar ratio. Tropomyosin had little
effect on binding. SM22, a basic smooth muscle protein
whose amino acid sequence shows a high degree of homol-
ogy with calponin (approximately 41%), (24, 34) did not
interact directly with desmin filaments with significant
affinity. In addition, this protein had little influence the
bundling of calponin to desmin filaments. Similar results
were also obtained in binding assays using high-speed cen-
trifugation.

Fig. 3. Electron microscopic visualization of a calponin-des-
min filament mixture. Desmin (4 uM) was incubated in bundling
buffer for 30 min at 30°C in the absence (A) and presence (B) of cal-
ponin (4 uM). Samples were applied to carbon-coated grids and
stained with 2% uranyl acetate. Bar, 200 nm.
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Effects of Desmin on Calponin Binding to Actin and
Tubulin—When mixtures of calponin-actin and calponin-
tubulin were incubated with the zero-length cross-linker
EDC, cross-linking products with an apparent molecular
mass of 76 kDa (calponin-actin) and 86 kDa (calponin-tubu-
lin) were generated and detected on SDS-PAGE (14, 35).
When calponin and desmin were mixed with EDC under
the same conditions, a cross-linking product with an appar-
ent molecular mass of 90 kDa was generated (Fig. 6). This
90 kDa band was immunostained with anti-calponin anti-
bodies (data not shown). Furthermore, the addition of
desmin had little effect on the formation of the calponin-
actin and calponin-tubulin complexes, and there was no
evidence of ternary complex formation. These results sug-
gest that the desmin binding site(s) on calponin and the
driving force of the interaction may be different from the
calponin-actin and calponin-tubulin interactions.

Identification of the Calponin-Binding Domain in the
Desmin Molecule—Desmin, like other intermediate fila-
ment constituents, possesses a tripartite substructure con-
sisting of head, rod, and tail domains (2, 36). When desmin
is digested with chymotrypsin (1:500, w/w) for 5 or 20 min
at 25°C, the 54 kDa polypeptide (native desmin) nearly dis-
appears and the primary 38 kDa fragment is generated.
Sedimentation assays have shown that calponin cosedi-
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Fig. 4. Sedimentation analysis of the interaction between cal-
ponin and desmin in the presence of EGTA, CaCl,, calmodu-
lin, and S100. The assay conditions were the same as in Fig. 1A in
the presence of 0.2 mM EGTA (E) or 0.5 mM CaCl, (C). Aliquots
were sedimented at high-speed to assess desmin filament binding.
The concentrations of calponin, desmin, calmodulin and S100 were
8, 5, 24, and 24 uM, respectively. CaM, calmodulin. a, Desmin; b,
desmin + calmodulin; ¢, desmin + S100; d, desmin + calponin; e, des-
min + cdlponin + calmodulin; f, desmin + calponin + S100. The
amounts of calponin (dotted columns) and desmin (dosed columns)
were determined from densitometric scans of the SDS-gels.
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ments with the 38 kDa fragment like native desmin during
low-speed centrifugation (Fig. 7A). Amino acid sequence
analysis shows that the 38 kDa fragment begins with Gln-
Gly-Ala-Gly-Glu - - -, which corresponds to the central rod
domain fragment from GIn74 as previously described (36,
37).

Further digestion was performed to determine the calpo-
nin-binding domain in more detail. Desmin was digested
with chymotrypsin (1:100, w/w) for 30 min at 25°C and the
reaction was stopped by the addition of DIFP at a final con-
centration of 2 mM. The major products appeared as 26, 18,
and 12 kDa fragments on SDS-PAGE (Fig. 7B). The sample
was applied to a calponin-Sepharose 4B column. The bound
fraction eluted by 150-200 mM NaCl contained 26 and 18
kDa fragments. The amino acid sequences showed that the
26, 18, and 12 kDa fragments begin at GIn74, Argl39, and
Thr323, respectively. These polypeptides are contained in
the rod domain of the desmin molecule (Fig. 8).

Interaction of Calponin with Peptides Derived from the
Rod Domain of Desmin and Their Effects on the Calponin-
Desmin Interaction—Recently, we reported that calponin
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Fig. 5. Effects of actin, tropomyosin, tubulin, and SM22 on the

interaction between calponin and desmin filaments. The as-
say conditions were the same as in Fig. 1 for low-speed centrifuga-
tion. The concentrations of calponin, desmin, actin, tubulin, tropo-
myosin, and SM22 were 8, 5, 16, 16, 4, and 16 pM, respectively. The
relative amount of bound calponin is expressed as a percentage of
the amount of calponin bound to desmin in the presence of added
protein as opposed to its absence. Act, actin; TM, Tub, tubulin; TM,
tropomyosin.
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Fig. 6. Effect of desmin on the cross-linking of calponin-actin
and calponin-tubulin complexes. The cross-linking reaction was
performed with 3 mM EDC for 30 min at 30°C in the standard assay
mixture containing 4.4 uM calponin, 12 yM desmin, 3.4 pM actin,
and 3.4 uM tubulin as described in “MATERIALS AND METHODS.”
a, calponin; b, desmin; ¢, tubulin; d, actin; e, calponin + desmin; f,
desmin + tubulin; g, desmin + actin; h, calponin + actin; i, calponin +
actin + desmin, j, calponin + tubulin; k, calponin + tubulin + desmin.
The cross-linked materials were separated by 5-15% SDS-PAGE.
The arrowhead indicates the 90 kDa (calponin-desmin) cross-linked
product.
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Fig. 7. Interaction of calponin with chymotrptic fragments of
desmin. (A) Desmin was digested with 1/400 chymotrypsin (w/w)
for 5 and 20 min at 25°C. The 38 kDa enriched fraction (0.54 mg/ml)
was mixed with calponin (10 uM) and the procedure for the cosedi-
mentation assay at low-speed centrifugation was the same as for
Fig. 1. a, desmin + calponin; b, digested desmin (5 min); ¢, digested
desmin (5 min) + calponin; d, digested desmin (20 min) ; e, digested
desmin (20 min) + calponin. (B) Desmin was digested with 1/100
chymotrypsin (w/w) for 30 min at 25°C. The digest (4 mg) was
loaded onto a calponin-Sepharose column equilibrated with 10 mM
Tris-HCI (pH7.1), 0.5 mM MgClL, 0.2 mM DTT, 25 mM NaCl, 0.1
mM DIFP, 1 ug/ml pepstatin. The column was washed with the
above solution and the bound protein was eluted with a linear gra-
dient of 25400 mM NaCl in the same buffer (-----). The insert shows
SDS-PAGE profiles for the applied mixture (a) and fractions 5 and
14.
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Fig. 8. Localization of chymotryptic fragments and synthe-
sized peptides in the rod domain of desmin. The diagram
shows the head, rod, and tail domains of the desmin molecule. The
positions of the chymotryptic fragments and peptides TQ27, EE24,
and peptide 1A are indicated. The sequence numbering follows that
of chicken desmin (56).
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Fig. 9. Analysis of cross-linked products of calponin and syn-
thesized peptides by SDS-PAGE and MALDI-TOF/MS. (A)
Calponin (10 pM) was cross-linked with EDC to the synthetic pep-
tides TQ27 (TNEKVELQELNDRFANYIEKVRFLEQQ) and EE24
(EEELRELRRQVDALTGQRARVEVE) as shown in Fig. 6. The pep-
tides to calponin molar ratios were 0 (a), 10 (b), 25 (c), 50 (d), and
100 (e). The samples were analyzed by 5-15% SDS-PAGE. (B) The
samples (molar ratio = 25) were analyzed by MALDI TOF/MS. Ac-
celerating voltage: 21,000, grid voltage: 85% of the accelerating volt-
age, grid wire voltage: 0.2% of the accelerating voltage, delay: 100
ns, laser step: 3,000, scan average: 100. Myoglobin (molecular mass
= 16,950.7), bovine insulin (molecular mass = 5,733.53), and angio-
tensin I (molecular mass = 1,296.7) were used as external standards
to calibrate the spectra.

interacts with synthetic peptides derived from the acidic
regions of o and B tubulins (I5). Acidic polyamino acids,
including poly-L-aspartic acid and poly-L-glutamic acid,
potentially inhibit the binding of calponin to desmin fila-
ments in sedimentation assays (data not shown). The acidic
region in the rod domain of desmin is thought to be essen-
tial for the binding to calponin. We prepared two synthetic
peptides corresponding to T97-Q123 (TQ27; TNEKVELQ-
ELNDRFANYIEKVRFLEQQ); molecular mass = 3,355) and
E147-E170 (EE24; EEELRELRRQVDALTGQRARVEVE;
molecular mass = 2,882) derived from the rod domain (see
Fig. 8). When calponin and the peptides were mixed with
EDC as shown in Fig. 6, cross-linking products with appar-
ent molecular masses of 35-36 kDa on 5-15% SDS-PAGE
were generated in a concentration-dependent manner (Fig,
9A). The complexes were clearly confirmed by MALDI-
TOF/MS. The molecular mass observed for the major spe-
cies was 32,333, which is in perfect agreement with the
value calculated from the amino acid sequence of chicken
gizzard calponin (38). When calponin and either TQ27 or

T. Fujii et al.

7]
~
@
-
7]
~

- k- =3 - - Des

i w— . e D o —(CaP

-]

=

£ (=3 =3

< = (=) <>
T T T

Relative bound CaP (%)
[
(—)

1

50 100 150
Peptide/CaP (mol/mol)
Fig. 10. Effects of TQ27 and EE24 on the interaction between
calponin and desmin filaments. (A) The assay procedures were
as described for Fig. 1 under the low-speed centrifugation. The con-
centrations of calponin, desmin, TQ27, and EE24 were 5, 5, 750, and
750 uM, respectively. Pair a, calponin + desmin; pair b, calponin +
desmin + TQ27; pair ¢, calponin + desmin + EE24. (B) Various con-
centrations of TQ27 (e) or EE24 (0) were mixed with the calponin
and desmin solution. The amounts of calponin bound to desmin fila-
ments were determined from densitometric scans of SDS-gels.

0

EE24 were incubated with EDC, new peaks with molecular
masses of 35,669 (calponin-TQ27) and 35,196 (calponin-
EE24) were observed (Fig. 9B). These sesults show the for-
mation of 1:1 (mol:mol) calponin-peptide complexes.

We examined the effects of the two synthetic peptides on
calponin binding to desmin filaments using the cosedimen-
tation assay. As shown in Fig. 1, calponin cosediments with
desmin filaments. A progressive decrease in the amount of
calponin bound to desmin filaments was observed with
increasing concentrations of EE24 under low-speed centri-
fugation conditions (Fig. 10). On the other hand, TQ27 had
little effect on binding. These results suggest that calponin
specifically recognizes the N-terminus acidic region in the
rod domain of the desmin molecule.

DISCUSSION

The present data demonstrate that calponin interacts with
desmin filaments and that this interaction can promote the
bundling of desmin filaments in vitro. Wang and Gusev (20)
and Mabuchi et al. (21) have reported that calponin cosedi-
ments with desmin filaments during high-speed centrifuga-
tion (at 100,000 xg for 30 min). The apparent K, value of
calponin to desmin was calculated to be 5.3 uM with 1.1
mol of calponin maximally bound per 1 mol of desmin (Fig.
1). This K, value is in fair agreement with a previous report
(3-15 uM) (22). The apparent K, values of calponin to F-
actin and tubulin have been reported to be 0.19-6 pM (22,
39, 40) and 5.2 uM (14), respectively. Furthermore, the con-
tent of calponin in chicken gizzard smooth muscle is rela-
tively high (about 80 uM) compared with calmodulin (24~
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30 uM), caldesmon (about 10 pM), and myosin light-chain
kinase (about 5 uM) (4, 41, 42). These data suggest that
calponin is an adequate desmin-binding protein. The maxi-
mum amount of calponin bound to desmin is relatively
high compared with the reported values (0.05-0.25 mol/
mol) (20, 21), indicating that bundle formation occurs at a
high molar ratio of calponin to desmin filaments. In fact, no
turbidity increase was observed at molar ratios of calponin
to desmin below 0.5 (Fig. 2).

Synemin (molecular mass 230 kDa), paranemin (molecu-
lar mass 280 kDa), and IFAPa-400 (molecular mass 400
kDa) have been identified as desmin filament-associated
proteins in smooth and skeletal muscles (2, 43). However,
the biochemical properties and physiological functions of
these proteins on desmin filaments are still unknown.
Sequence analyses have revealed that both synemin and
paranemin may be intermediate filament proteins rather
than intermediate filament-associated proteins, because
they contain about 300 amino acids similar to the rod
domain of intermediate filament proteins (44, 45). Further-
more, no extensive similarities were found with calponin
(38, 44, 45). A number of actin-binding proteins, including
actin-bundling proteins, have been examined (46, 47). How-
ever, little is known about the desmin-bundling protein in
smooth muscle. Like other intermediate filaments, desmin
seems to be a mechanical integrator of the cytoplasm that
functions to resist mechanical stress. Compared with des-
min alone, the presence of calponin produces distinguish-
able filamentous networks that aggregate into filamentous
desmin bundles (Fig. 3). The mechanical integrity may be
reinforced by the bundling of desmin filaments by calponin.

Intermediate filaments are widespread from the cell
periphery to the nucleus. Georgatos et al. (48) have sug-
gested ankyrin and lamin B as candidates for the associa-
tion of desmin with the plasma membrane and nuclear
envelope. The binding sites of ankyrin and lamin B on the
desmin molecule are present in the head and tail domains,
respectively. Desomoplakin, an intercellular junction com-
ponent, interacts through its C-terminal region with kera-
tin as well as vimentin and desmin at their head domains
(49). Plectin (molecular mass 300 kDa), which is thought to
mediate the association of intermediate filaments with con-
tact structures at the plasma membrane, also interacts
with microtubules, microfilaments, intermediate filaments,
and membrane adhesion sites as well as with itself (50, 51).
Foisner et al. (52) have shown in solid-phase binding exper-
iments that plectin binds to the helical rod domain of
vimentin digested by limited chymotryptic digestion. As
shown in Figs. 7 and 9, calponin also binds to the central
rod domain of desmin. It is generally believed that calponin
primarily regulates the interaction between actin and myo-
sin filaments by binding to actin filaments. The binding of
desmin to calponin has little influence on calponin-actin fil-
aments and calponin-microtubules interactions (Fig. 6).
When calponin is digested by chymotrypsin, fragments of
22 and 13 kDa are primarily generated (5, 53). The binding
sites of calmodulin, S100, actin, tropomyosin, and phospho-
lipids are located in the 22 kDa fragment from Asn7 to
Tyrl82 in the amino acid sequence (17, 32, 53, 54). As pre-
viously reported (20), we also confirmed that the binding
domain to desmin lies in the 22 kDa fragment (data not
shown). Further studies are needed to determine the order
of the interaction and the binding sites within the 22 kDa
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fragment at the molecular level.

The isoelectric points of calponin and desmin are around
10 and 5.6, respectively (53, 28). The calponin-desmin inter-
action is sensitive to the ionic strength (20). It seems that
electrostatic interactions play an important role in the
interaction. We think that the binding of calponin to des-
min is specific because the binding is modulated by calmod-
ulin and S100 in a Ca*-dependent manner. Previously, we
and other groups have reported that Ca*-binding proteins,
including calmodulin and S100, bind to calponin and modu-
late calponin-F-actin and calponin—microtubule interac-
tions in a Ca*-dependent manner (7-12, 14). Sedimenta-
tion analyses of the desmin in the presence of Ca?'/calmod-
ulin or Ca?/S100 show that only 10-50% of the desmin fila-
ments are recovered in the pellet fractions after high-speed
centrifugation (Fig. 4). Similar interactions have been re-
ported by Garbuglia et al. (31), who found that the direct
interaction of S100 with desmin inhibits the assembly of
desmin and, furthermore, induces the disassembly of des-
min filaments in a Ca?-dependent manner. Both Ca®/cal-
modulin and Ca*/S100 inhibit the binding of calponin to
desmin and the formation of desmin filament bundles by
calponin.

Calponin has been reported to inhibit the actin-activated
Mg?*-ATPase activity of myosin by binding to F-actin, and
both calmodulin and S100 remove the inhibitory effect of
calponin on actomyosin ATPase activity in the presence of
Ca* (7, 9-11, 32). Unlike calmodulin and S100, desmin
does not relieve the calponin-induced inhibition of actomyo-
sin Mg?-ATPase (data not shown).

This is the first report of the determination of the bind-
ing site of calponin on the desmin molecule. Limited diges-
tion of desmin by chymotrypsin mainly generates a 38 kDa
rod domain fragment as described previously (36, 37). This
fragment cosediments with calponin, like native desmin
(Fig. 6). Desmin fragments digested further with chymo-
trypsin do not sediment by themselves under the condi-
tions employed. The location of the calponin-binding site is
restricted using calponin-Sepharose chromatography (Fig.
7). N-terminal sequence determination, shows that the frag-
ments bound to calponin contain the N-terminal region of
the rod domain. We designated two synthetic peptides
(TQ27 and EE24) derived from the rod domain as shown in
Fig. 8. Binding assays show that these peptides interact
with calponin (Figs. 9 and 10), indicating multiple contribu-
tions of calponin binding. TQ27 regularly contains four
XXE(D) sequences in the N-terminus region that overlap
the 1A and 1B helical regions and L1 linker region (2), indi-
cating the surface exposure of the acidic region in the
higher order structure. On the other hand, EE24 contains
acidic clusters in the N-terminal region located in the 1B
helical region. These results suggest that the clustering of
acidic residues is essential for the binding to calponin.

Goldman et al. (565) have reported that the synthetic pep-
tide K103-1.137 (peptide 1A, KVELQELNDRFANYIDKV-
RFLEQQNKILLAELEQL) derived from vimentin rod do-
main can disassemble to form vimentin filaments at a 1:1
molar ratio in vitro. The amino acid sequence shows high
homology to that of TQ27 (identity, 23/27 residues) and
K100-L134 of desmin (identity, 27/35 residues) as shown in
Fig. 8. However, no significant disassembly of desmin fila-
ments by TQ27 was observed by sedimentation assay. This
discrepancy may depend on the different kinds of interme-
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diate filaments and the length of the peptides. Interest-
ingly, peptide 1A induces not only the disassembly of inter-
mediate filaments but also the depolymerization of micro-
tubules and microfilaments when 1A is microinjected into
cultured fibroblasts (55). We examined the effects of TQ27
and EE24 on calponin-microtubules and calponin—-F-actin
interactions. We observed no significant influence on bind-
ing until the molar ratio of the peptides to calponin reached
150 (data not shown).

Calponin has been shown to interact with various cyto-
skeletal components including F-actin, tropomyosin, micro-
tubule proteins, myosin, calmodulin, S100, caldesmon and
phospholipids, including phosphatidylserine and phosphati-
dylinositol. Taken together, these results suggest that cal-
ponin is capable not only of modulating the actin-myosin
interaction but also of promoting the bundling of desmin
intermediate filaments and the linking of intermediate fila-
ments to other cytoskeletal structures and the membrane
cytoskeleton.

We wish to thank Drs. M. Okazaki and G. Taguchi (Gene Research
Center, Shinshu University) for helpful suggestions and discussion
related to this work. We also thank H. Tada for critical reading of
the manuscript.

REFERENCES

1. Lazarides, E. (1980) Intermediate filaments as mechanical inte-
grators of cellular space. Nature 283, 249-256
2. Steinert, PM. and Roop, D.R. (1988) Molecular biology of inter-
mediate filaments. Annu. Rev. Biochem. 57, 593-625
3. Fuchs, E. and Cleveland, D.W. (1998) A structural scaffolding of
intermediate filaments in health and disease. Science 279, 514—
519
4. Takahashi, K., Hiwada, K., and Kokubu, T. (1986) Isolation and
characterization of a 34000-dalton calmodulin- and F-actin-
binding protein from chicken gizzard smooth muscle. Biochem.
Biophys. Res. Commun. 141, 20-26
5. Takahashi, K., Hiwada, K., and Kokubu, T. (1987) Occurrence
of anti-gizzard P34K antibody cross-reactive components in
bovine smooth muscles and non-smooth muscle tissues. Life
Sei. 41, 291-296
6. Takahashi, K., Abe, M., Hiwada, K., and Kokubu, T. (1988) A
novel troponin T-like protein (calponin) in vascular smooth
muscle: Interaction with tropomyosin paracrystals. J Hyperten-
sion 6, S40-S43
7. Abe, M., Takahashi, K., and Hiwada, K. (1990) Effect of calpo-
nin on actin-activated myosin ATPase activity. J. Biochem. 108,
835-838
8. Winder, S.J. and Walsh, M.P. (1990) Smooth muscle calponin. J.
Biol. Chem. 265, 10148-10155
9. Horiuchi, KY. and Chacko, S. (1991) The mechanism for the
inhibition of actin-activated ATPase of smooth muscle heavy
meromyosin by calponin. Biochem. Biophys. Res. Commun. 176,
1487-1493
10. Makuch, R., Birukov, K., Shirinsky, V., and Dabrowska, R.
(1991) Functional interrelationship between calponin and cal-
desmon. Biochem. J. 280, 33-38
11. Winder, S.J., Walsh, M.P., Vasulka, C., and Johnson, J.D. (1993)
Calponin-calmodulin interaction: Properties and effects on
smooth and skeletal muscle actin binding and actomyosin
ATPases. Biochemistry 32, 13327-13333
12. Kolakowski, J., Makuch, R., Stepkowski, D., and Dabrowska, R.
(1995) Interaction of calponin with actin and its functional
implications. Biochem. J. 306, 199-204
13. Szymanski, PT. and Tao, T. (1993) Interaction between calponin
and smooth muscle myosin. FEBS Lett. 331, 256-259
14. Fuyjii, T, Hiromori, T., Hamamoto, M., and Suzuki, T. (1997)

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

T. Fujii et al.

Interaction of chicken gizzard smooth muscle calponin with
brain microtubules. J. Biochem. 122, 344-351

Fuyjii, T. and Koizumi, Y. (1999) Identification of the binding
region of basic calponin on o and B tubulins. J. Biochem. 125,
869-875

Graceffa, P., Adam, L.P,, and Morgam, K.G. (1996) Strong inter-
action between caldesmon and calponin. JJ Biol. Chem. 271,
30336-30339

Fujii, T, Yamana, K., Ogoma, Y., and Kondo, Y. (1995) Interac-
tion of calponin with phospholipids. JJ. Biochem. 117, 999-1003
North, A.J., Gimona, M., Cross, R.A., and Small, J.V. (1994)
Calponin is located in both the contractile apparatus and the
cytoskeleton of smooth muscle cells. JJ. Cell Sci. 107, 437444
Mabuchi, K., Li, Y, Tao, T, and Wang, C.-L.A. (1996) Immuno-
cytochemical localization of caldesmon and calponin in chicken
gizzard smooth muscle. J. Muscle Res. Cell Motil. 17, 243-260
Wang, P. and Gusev, N.B. (1997) Interaction of smooth muscle
calponin and desmin. FEBS Lett. 392, 255-258

Mabuchi, K., Li, B, Ip, W, and Tao, T. (1997) Association of
calponin with desmin intermediate filaments. J. Biol. Chem.
272, 22662-22666

Fujii, T. (1991) Purification and characterization of an actin-,
calmodulin- and tropomyosin-binding protein from chicken giz-
zard smooth muscle. Chem. Pharm. Bull. 39, 2622-2626

Fuyjii, T, Ozawa, J., Ogoma, Y., and Kondo, Y. (1988) Interaction
between chicken gizzard caldesmon and tropomyosin. J Bio-
chem. 104, 734737

Lees-Miller, J.P., Heeley, D.H., Smillie, L.B,, and Kay, C.M.
(1987) Isolation and characterization of an abundant and novel
22-kDa protein (SM22) from chicken gizzard smooth muscle. /.
Biol. Chem. 262, 2988-2993

MacLean-Fletcher, S. and Pollard, T.D. (1980) Identification of a
factor in conventional muscle actin preparations which inhibits
actin filaments self-association. Biochem. Biophys. Res. Com-
mun. 96, 18-27

Isobe, T., Nakajima, T., and Okuyama, T. (1977) Reinvestigation
of extremely acidic proteins in bovine brain. Biochim. Biophys.
Acta 494, 222-232

Thara, Y., Fujii, T, Arai, T, Tanaka, R., and Kaziro, Y. (1979)
The presence of an adenosine-5'-triphosphatase dependent on
6S tubulin and calcium ions in rat brain microtubules. JJ. Bio-
chem. 86, 587-590

Lazarides, E. and Granger, B.L. (1982) Preparation and assay
of the intermediate filament proteins desmin and vimentin.
Methods Enzymol. 283, 488-508

Laemmli, UK. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227, 680~
685

Bradford, M.M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248-254
Garbuglia, M., Verzini, M., Giambanco, I., Spreca, A., and
Donato, R. (1996) Effects of calcium-binding proteins (S-100ao,
$100a, S100b) on desmin assembly in vitro. FASEB J. 318 317-
324

Fujii, T, Oomatsuzawa, A., Kuzumaki, N., and Kondo, Y. (1994)
Calcium-dependent regulation of smooth musde calponin by
$100. J. Biochem. 116, 121-127

Saito, S., Watabe, S., Ozaki, H., Fusetani, N., and Karaki, H.
(1994) Mycalolide B, a novel actin depolymerizing agent. oJ.
Biol. Chem. 269, 29710-29714

Solway, J., Seltzer, J., Samaha, FF, Kim, S., Alger, L.E., Niu,
Q., Morrisey, E.E., Ip, H.S.,, and Parmacek, M.S. (1995) Struc-
ture and expression of a smooth muscle cell-specific gene,
SM22a. J. Biol. Chem. 270, 13460-13469

Mezgueldi, M., Fattoum, A., Derancourt, J., and Kassab, R.
(1992) Mapping of the functional domains in the amino-termi-
nal region of calponin. J. Biol. Chem. 267, 15943-15951

Geisler, N., Kaufmann, E., and Weber, K. (1982) Proteinchemi-
cal characterization of three structurally distinct domains
along the protofilament unit of desmin 10 nm filaments. Cell
30, 277-286

J. Biochem.

2102 ‘T $8qo100 uo A1seniun Bunped e /Biosfeulnolpioixo-qly/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

Interaction of Calponin with Desmin

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

Kaufmann, E., Weber, K., and Geisler, N. (1985) Intermediate
filament forming ability of desmin derivatives lacking either
the amino-terminal 67 or the carboxy-terminal 27 residues. o/
Mol. Biol. 185, 733-742

Nakamura, F., Mino, T.,, Yamamoto, J., Naka, M., and Tanaka,
T. (1993) Identification of the regulatory site in smooth muscle
calponin that is phosphorylated by protein kinase C. J. Biol.
Chem. 268, 6194-6201

Takahashi, K. and Nadal-Ginard, B. (1991) Molecular cloning
and sequence analysis of smooth muscle calponin. J. Biol.
Chem. 266, 13284-13288

Lu, FWM,, Freedman, M.V, and Chalovich, J.M. (1995) Char-
acterization of calponin binding to actin. Biochemistry 34,
11864-11871

Grand, R.J.A,, Perry, 8.V.,, and Weeks, R.A. (1979) Troponin C-
like proteins (calmodulins) from mammalian smooth musde
and other tissues. Biochem. J. 177, 521-529

Sobue, K., Kanda, K., Tanaka, T., and Ueki, N. (1988) Caldes-
mon: A common actin-linked regulatory protein in the smooth
muscle and nonmuscle contractile system. J. Cell. Biochem. 37,
317-325

Duval, M., Ma, X,, Valet, J.-P., and Vincent, M. (1995) Purifica-
tion of developmentally regulated avian 400-kDa intermediate
filament associated protein. Molecular interactions with inter-
mediate filament proteins and other cytoskeletal components.
Biochem. Cell Biol. 73, 651-657

Becker, B., Bellin, R.M., Sernett, S.W., Huiatt, TW., and Rob-
son, R.M. (1995) Synemin contains the rod domain of interme-
diate filaments. Biochem. Biophys. Res. Commun. 213, 796-802
Hemken, PM., Bellin, R.M,, Sernett, S.W., Becker, B., Huiatt,
T.W., and Robson, R.M. (1997) Molecular characteristics of the
novel intermediate filament protein paranemin. J. Biol. Chem.
272, 32489-32499

Otto, J. (1994) Actin-bundling proteins. Curr. Opin. Cell Biol. 6,
105-109

Edwards, R.A. and Bryan, J. (1995) Fascins, a family of actin

Vol. 127, No. 3, 2000

48.

49.

50.

51.

52.

53.

54,

55.

56.

465

bundling proteins. Cell Motil. Cytoskeleton 32, 1-9

Georgatos, S.D., Weber, K., Geisler, N., and Blobel, G. (1987)
Binding of two desmin derivatives to the plasma membrane
and the nuclear envelope of avian erythrocytes: evidence for a
conserved site-specificity in intermediate filament-membrane
interactions. Proc. Natl. Acad. Sci. USA 84, 6780-6784

Meng, J.-J., Bornslaeger, E.A., Green, K.J., Steinert, PM., and
Ip, W. (1997) Two-hybrid analysis reveals fundamental differ-
ences in direct interactions between desmoplakin and cell type-
specific intermediate filaments. J Biol. Chem. 272, 21495
21503

Foisner, R. and Wiche, G. (1991) Intermediate filament-asso-
ciated proteins. Curr. Opin. Cell Biol. 3, 75-81

Svitkina, T.M., Verkhovsky, A.B., and Borisy, G.G. (1996) Plec-
tin sidearms mediate interaction of intermediate filaments
with microtubules and other components of the cytoskeleton. oJ.
Cell Biol. 135, 991-1007

Foisner, R., Leichtfried, FE., Herrmann, H., Small, J.V,, Law-
son, D., and Wiche, G. (1988) Cytoskeleton-associated plectin:
In situ localization, in vitro reconstitution, and binding to im-
mobilized intermediate filament proteins. J Cell Biol. 106,
723-733

Mezgueldi, M., Fattoum, A. Derancourt, J., and Kassab, R.
(1992) Mapping of the functional domains in the amino-termi-
nal region of calponin. J. Biol. Chem. 267, 15943-15951
Vancompernolle, K., Gimona, M., Herzog, M., Damme, J.V,
Vandekerckhove, J., and Small, V. (1990) Isolation and se-
quence of a tropomyosin-binding fragment of turkey gizzard
calponin. FEBS Lett. 274, 146-150

Goldman, R.D., Khuon, S., Chou, Y.H., Opal, P,, and Steinert,
P.M. (1996) The function of intermediate filaments in cell shape
and cytoskeletal integrity. JJ Cell Biol. 134, 971-983

Geisler, N. and Weber, K. (1982) The amino acid sequence of
chicken muscle desmin provides a common structural model for
intermediate filaments proteins. EMBO J. 1, 1649-1656

2102 ‘T $8qo100 uo A1seniun Bunped e /Biosfeulnolpioixo-qly/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

