
J. Biochem. 128,1045-1049 (2000)

Proteolysis of Acidic Calponin by fx-Calpain
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Acidic calponin is an actin binding protein expressed in smooth muscle and brain.
Although the role of smooth muscle calponin (basic calponin) has been well studied, few
studies have been performed on acidic calponin. In the present study, we demonstrated
that acidic calponin binds to filamentous actin, but not monomeric actin. A co-sedimen-
tation assay indicated that acidic calponin binds to actin with an apparent binding con-
stant of 4 x 10s M*1. In the presence of an excess amount of calmodulin, the binding of
acidic calponin to actin was inhibited. The binding of acidic calponin to calmodulin was
Caa+-dependent with KA of 31 nM. We next investigated whether or not acidic calponin
could be a substrate for (x-calpain in vitro, since it has been shown that basic calponin is
cleaved by (i-calpain. The results showed that acidic calponin was also cleaved by JJL-
calpain. Neither the proteolytic pattern nor velocity of acidic calponin was different in
the absence or presence of calmodulin. When acidic calponin had bound to actin, how-
ever, the susceptibility of the acidic calponin to fi-calpain was significantly reduced,
which was reversed by the addition of calmodulin. Our results suggest that acidic calpo-
nin might be involved in the ji-calpain-regulated actin cytoskeleton.
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Basic calponin is an actin, calmodulin, and tropomyosin
binding protein that is exclusively expressed in differenti-
ated smooth muscle cells (1). Acidic calponin is one of the
genetic variants of basic calponin, and full length cDNA of
acidic calponin has been isolated from smooth muscle and
cultured neuronal cells (2, 3). Thereafter, an immunocy-
tochemical study involving transfected cells with acidic
calponin showed that acidic calponin is colocalized with
actin stress fibers (4). Another study involving acidic calpo-
nin-specific antibodies showed that it is distributed along
actin fibers and submembranous cortex in neuronal cells,
and glial fibrillary acidic protein and vimentin filaments in
glial cells (5). These results suggest that acidic calponin
plays a critical role as a cytoskeletal or intermediate fila-
mentous component. Although the role of basic calponin
has been well elucidated, very few studies have been per-
formed on the biochemical properties of acidic calponin. We
attempted the biochemical characterization of acidic calpo-
nin and demonstrated that acidic calponin binds to F-actin
and Ca2+-calmodulin, and is cleaved by p.-calpain, a Ca2+-
dependent cysteine proteinase.

MATERIALS AND METHODS

Preparation of Proteins—The acidic calponin open read-
ing frame was obtained from SD rat brain homogenate
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using avian reverse transcriptase and amplified by PCR
using Taq DNA polymerase (Perkin Elmer, USA). A specific
5'-primer containing a Ndel site and corresponding 3'-prim-
ers containing a BarhiJI site were introduced at each end to
generate full-length and non-fusion proteins. The PCR
products were then ligated into pCR2.1 using a TA cloning
kit (Novagen, USA) and sequenced with an ABI cycle se-
quencer (Perkin Elmer, USA). The pCR2.1 clone encoding
the correct sequence of acidic calponin was digested with
Ndel and BamiU., ligated into pET24a (Novagen, USA),
and then transfected in BL21 (DE3) for protein expression.
Protein expression was initiated by the addition of IPTG
(0.4 mM), and BL 21 (DE3) was harvested after 3 h incuba-
tion at 37"C. Escherichia coli was homogenized in 50 mM
Tris-HCl (pH 7.0), 50 mM KC1,1 mM EDTA, 1 mM EGTA,
and 1 mM DTT, and then centrifuged to remove debris. The
supernatant was loaded onto a DEAE-Sepharose CL-6B
chromatography column (Amersham Pharmacia Biotech)
and eluted with a linear gradient of 50-500 mM KC1. The
eluent was collected and the fractions containing acidic
calponin were further purified by SP Sephacryl S300
(Amersham Pharmacia Biotech) gel filtration. The purified
protein was dialyzed against an appropriate buffer and
then stored until use at -80'C.

Skeletal actin and calmodulin were purified from rabbit
back muscle and pig testis, respectively, as previously re-
ported (6, 7). Porcine erythrocyte (x-calpain was purchased
from Calbiochem (USA). Protein concentrations were deter-
mined spectrophotometrically using A^ (1%, 1 cm) values
of 10.9 for actin, 10.1 for acidic calponin, and 2.0 for cal-
modulin.

F-Actin Binding Assay—Co-sedimentation assays were
performed in a buffer containing 20 mM imidazole (pH 7.0),
50 mM KC1, 1 mM DTT, 5 mM ATP, 2 mM MgCL,, and 5
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mM CaCLj at 25°C. Actin (3 (JLM) and various concentra-
tions of acidic calponin were incubated for 40 min and then
centrifuged at 800,000 Xg for 40 min at 25"C (Beckman
Instruments), the pellet being resuspended in SDS-PAGE
sample buffer. The sample was subjected to SDS-PAGE, fol-
lowed by staining with Coomassie Brilliant Blue R-250
(CBBR-250). The densitometric intensity was quantified
with NIH Image. For calibration, 3 |xM (180 pmol) actin
was polymerized and ultracentrifuged. After the superna-
tant had been removed, various amounts of acidic calponin
were added and mixed in. The mixture was subjected to
SDS-PAGE, followed by quantification as the ratio of calpo-
nin to actin. The amount of calponin plotted against the
ratio of calponin to actin was confirmed to show a linear
relation. The pelleted calponin was fitted to the linear
equation and the amount of pelletted calponin was esti-
mated.

Electrophoresis—SDS-PAGE was performed as reported
previously (8). A Western blot of acidic calponin was visual-
ized using monoclonal anti-calponin antibodies (Clone hCP;
Sigma, USA).

IAsys—An optical evanescent resonant mirror cuvette
system (IAsys; Affinity Sensors, UK) was used to investi-
gate the interaction of acidic calponin with actin or calmod-
ulin. Acidic calponin (0.74 JJLM) was immobilized on a car-
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Fig. 1. Purified recombinant acidic calponin and the binding
of acidic calponin to F-actin in a co-sedimentation assay Pu-
rified acidic calponin was subjected to SDS-PAGE and visualized
with CBB R-250 (A, left lane) or anti-smooth muscle calponin (A,
right lane). Acidic calponin alone was not precipitated on ultracen-
trifugation (B, control). In the presence of F-actin (2.9 uM), acidic
calponin (6 (iM) co-precipitated with F-actin (B, +actin). S, superna-
tant, P, pellet C. Various concentrations of acidic calponin were in-
cubated with F-actin (3 JJLM) in the absence (closed circles) or
presence (open circles) of calmodulin (30 yM), and the complex was
precipitated by ultracentrifugation. The ratio of bound acidic calpo-
nin to actdn was plotted against the ratio of added acidic calponin to
actdn. The inset shows the results of a co-sedimentation assay of
acidic calponin (6 u-M) and F-actin (2.9 (iM) in the absence or pres-
ence of calmodulin (30

boxymethylated dextran-coated cuvette in accordance with
the manufacturer's manual. A binding study of acidic calpo-
nin to actin was performed with the following buffer sys-
tems: G-buffer, containing 2 mM Tris HC1 (pH 7.4), 0.2 mM
CaCL,, 0.2 mM ATP, and 0.5 mM p-mercaptoethanol; and
F-buffer, containing G-buffer plus 50 mM KC1, and 2 mM
MgCL,. A study with calmodulin was performed in 20 mM
imidazole (pH 7.0), 50 mM KC1, 1 mM DTT and 2 mM
CaCL, or EGTA.

Proteolysis with fi-Ccdpain—Proteolysis with ^-calpain
was performed in a buffer containing 20 mM imidazole (pH
7.0), 50 mM KC1, 1 mM DTT, 5 mM CaCL,, and 5 mM cys-
teine. Acidic calponin (11 |xM) was incubated in the above
buffer at 25*C, and the reaction was initiated by adding u.-
calpain to a final concentration of 4 u/ml. The reaction pro-
ducts were collected at the indicated times and subjected to
SDS-PAGE. Acidic calponin remaining undigested was
quantified as described under "MATERIALS AND METHODS".
In some experiments, 3 \yM. F-actin or 60 JJLM calmodulin
was added.

RESULTS

Figure 1A shows purified acidic calponin with an apparent
molecular weight of 35 kDa observed on 12.5% SDS-PAGE.
Acidic calponin cross-reacted with anti-smooth muscle cal-
ponin antibodies.

First, we investigated the binding of acidic calponin to
actin. Co-sedimentation assays involving acidic calponin
and filamentous-actin (F-actin) demonstrated that acidic
calponin was pelletted together with F-actin on ultracen-
triiugation, suggesting that acidic calponin binds to F-actin
(Fig. IB). On the other hand, acidic calponin alone was not
pelletted, as shown for the control. We next studied the
stoichiometry of the binding of acidic calponin to F-actin.
Under our experimental conditions, acidic calponin bound
to F-actin in a 2:1 molar ratio with an apparent binding
constant of 4 X 105 M"1 (Fig. 1C).

We next investigated whether or not acidic calponin
binds to monomeric actin (G-actin) using an optical evanes-
cent resonant mirror cuvette system (IAsys). Immobilized
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Fig. 2. An optical evanescent resonant mirror cuvette system
study showed acidic calponin binds to F-actin, but not G-ac-
tin. Immobilized acidic calponin was equilibrated in G-buffer and
then challenged to G-actin (10 JJLM). After G-actin had been washed
out with G-buffer, acidic calponin was equilibrated in F-buffer and
further challenged to F-actin (10 JJLM). An increase in signal inten-
sity indicates the formation of the acidic calponin and actdn complex.
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acidic calponin was equilibrated with G-buffer and then
challenged to G-actin (10 \xM), which did not increase the
signal intensity (Fig. 2). After G-actin had been washed out
with G-buffer, acidic calponin was equilibrated with F-
buffer, which resulted in a slight increase in the signal
intensity, possibly due to the buffer exchange. Further chal-
lenge of acidic calponin to F-actdn (10 JJLM) elicited a signifi-
cant increase in the signal intensity. Therefore, acidic
calponin preferentially binds to actin when actdn is poly-
merized.

Since it has been well demonstrated that basic calponin,
a genetic variant of acidic calponin, binds to calmodulin (1,
9), we next studied whether or not acidic calponin binds to
caknodulin. As shown in Fig. 1C, co-sedimentation of acidic
calponin with F-actin was partially inhibited in the pres-
ence of calmodulin, suggesting that calmodulin binds to
acidic calponin. Since Applegate et al. (2) previously showed
that acidic calponin does not bind calmodulin by means of a
co-sedimentation assay, we further employed the IAsys
method in order to confirm the binding. When immobilized
acidic calponin was incubated in EGTA buffer and further
challenged in EGTA buffer containing 10 JAM caknodulin,
no increase in signal intensity was observed (Fig. 3A). After
calmodulin had been washed out with EGTA buffer, acidic
calponin was incubated in CaCl^ buffer and further chal-

lenged in CaCL, buffer containing 10 |xM calmodulin. The
result showed that the addition of calmodulin in the pres-
ence of Ca2+ significantly increased the binding signal.
These results suggest that acidic calponin binds to calmod-
ulin in a Ca2+-dependent manner. We next studied the stoi-
chiometry of the binding of acidic calponin to calmodulin in
the presence of Ca2+. The addition of caknodulin, from 1 to
85 uM, increased the binding signal in a concentration-
dependent manner. When the concentration of bound cal-
modulin was plotted against that of free calmodulin, the
curvature best fitted non-linear regression with an appar-
ent Kd of 31 uM (Fig. 3B).

Next we investigated whether or not acidic calponin is
cleaved by (x-calpain, a Ca2+-dependent cysteine proteinase,
since previous studies demonstrated that ^,-calpain cleaved
basic isoform of calponin (10, 11). Acidic calponin and u,-
calpain were incubated in the presence of 5 mM cysteine
and 5 mM CaCL, for the indicated periods, and the reaction
was terminated by the addition of SDS-PAGE sample
buffer. The reaction products were subjected to SDS-PAGE
and stained with CBB-R250. As shown in Fig. 4A, acidic
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Fig. 3. An optical evanescent resonant mirror cuvette system
study showed acidic calponin binds to calmodulin in a Ca**-
dependent manner. A; Immobilized acidic calponin was incubated
in EGTA (2 mM) buffer and then challenged to calmodulin (CaM, 10
(JLM) in EGTA buffer. After calmodulin had been washed out with
EGTA buffer, the cuvette was refilled with CaCl, (2 mM) buffer, fol-
lowed by a further challenge to calmodulin (10 |iM) in CaCl, buffer.
B: The concentration of calmodulin bound to acidic calponin was
plotted against that of free calmodulin.
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Fig. 4. Acidic calponin was cleaved by (i-ealpain. Acidic calpo-
nin (11 |xM) was cleaved with |i-calpain (4 u/ml) in the absence (A)
or presence (B) of calmodulin (60 M-M) in a time dependent manner
(lanes: 1, 0 s; 2, 30 s; 3, 50 s; 4, 90 s; 5, 2.5 min; 6, 5 min; 7,15 min;
8, 30 min; 9, 60 min), and the amount of acidic calponin remaining
undigested was plotted against the incubation period (C: closed cir-
cles, control; open circles, + calmodulin). Semilogarithmic plots gave
an almost linear relation in the early phase of proteolysis (inset).
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Fig. 5. F-actin—bound acidic calponin was resistant to p.-
calpain, which was reversed by the addition of calmodulin.
Acidic calponin (11 jiM) and F-actin (3 (iM) were incubated in the
absence (closed circles) or presence (open circles) of calmodulin (60
(LM). Proteolysis was initiated by the addition of n-calpain (4 u/ml),
followed by reaction for the indicated periods (0 min, 50 s, 90 s, 150
B). The dotted line represents the control, derived from the data in
Fig. 4C.

calponin was cleaved in a time-dependent manner and no
visible protein band was observed at 30 min. Two major
bands corresponding to apparent molecular weights of 26
and 23 kDa, and two minor bands corresponding to 29 and
17 kDa were observed at 60 min. The percentage of the
densitometric intensity of the undigested acidic calponin
was plotted against the incubation period (Fig. 4C). Semi-
logarithmic plots gave an almost linear relation in the early
phase of protein cleavage, suggesting that the proteolytic
reaction is a first-order rate one (Fig. 4C, inset). Previous
studies have shown that the proteolytic pattern or velocity
of some calmoduHn binding proteins differs in the absence
or presence of calmodulin. Therefore, we next studied the
effect of calmodulin on the proteolysis of acidic calponin by
u,-calpain. As shown in Fig. 4, B and C, the presence of cal-
modulin affected neither the proteolytic pattern nor veloc-
ity of acidic calponin with p>calpain.

It has been shown that acidic calponin is colocaUzed with
actin filaments in living cells (3, 5), hence we next exam-
ined the effect of F-actin on the proteolysis of acidic calpo-
nin. In the presence of F-actin, the proteolytic velocity of
acidic calponin was significantly retarded. The addition of
calmodulin increased the proteolysis toward the control
level (Fig. 5).

DISCUSSION

In this report, we provided the first evidence that acidic
calponin is cleaved by u,-calpain, a Ca2+-activated cysteine
proteinase. Evidence is also provided that the proteolysis of
acidic calponin was significantly retarded in the presence of
F-actin, which was reversed by the addition of calmodulin.

A co-sedimentation assay showed that acidic calponin
binds to F-actin (Fig. 1, B and C) with an apparent binding
constant of 4 X 105 M"1. We further demonstrated that the
binding of acidic calponin to actin is restricted when actin
is filamentous, but not monomeric, using the IAsys system
(Fig. 2). Previous studies have demonstrated that acidic
calponin is oolocalized along actin fibers in living cells (4,
5), and furthermore that acidic calponin is enriched in the

growth cones of cerebellar and cortical cells in the brain (5).
Since growth cone motility has been demonstrated to be de-
pendent on actin filament assembly {12), acidic calponin
might be involved in the remodeling of filamentous actin in
vivo.

Binding of acidic calponin to F-actin was observed to be
inhibited in the presence of calmodulin in a co-sedimenta-
tion assay (Fig. 1C), suggesting that acidic calponin binds
to calmoduHn. Previous studies have shown that basic
calponin, an actin and calmodulin binding protein, was co-
sedimented with F-actin and that the binding was inhib-
ited in the presence of calmodulin {1, 13, 14). The amino
acid residues which are responsible for the binding of basic
calponin to calmodulin and actin are located within the N-
terminus 22 kDa region {14), which shows high homology
to that of acidic calponin. We further employed the IAsys
system to investigate the binding of acidic calponin to cal-
modulin and its Ca2+ dependency. The results showed that
acidic calponin directly binds to calmoduHn in a Ca2+-de-
pendent manner (Fig. 3A). Applegate et al. {2) demon-
strated that calmodulin did not inhibit the binding of acidic
calponin to F-actin in a co-sedimentation assay, and they
suggested a functional distinction between acidic and basic
isoforms. In this study, we demonstrated the binding of
acidic calponin to calmoduHn using two different experi-
mental procedures. One possible reason for the conflicting
results would be that the acidic calponin used in then-
study was purified partially and we used the more than
95% purified protein. Alternatively, since the binding affin-
ity of acidic calponin to calmodulin is not high (Kd = 31
pM), they might have failed to detect the binding under
their experimental conditions.

Figure 4 shows that acidic calponin was cleaved by u,-
calpain, a Ca2+-dependent cysteine proteinase. The results
of a kinetic study in the early phase of proteolysis indicated
that the proteolysis is a first-order rate reaction. It has
been reported that the proteolytic velocity of some calmodu-
lin binding proteins such as brain spectrin and basic calpo-
nin is accelerated in the presence of calmoduHn {10,11,15),
and that that of others such as caldesmon and erythroid
spectrin is not {15, 16). Furthermore, the cleaved patterns
of myosin light chain kinase, Ca2+-ATPase and calrineurin
differ in the absence and presence of calmodulin {16-18).
Therefore, we next investigated the effect of calmoduHn on
the proteolysis of acidic calponin. The results indicated that
neither the velocity nor the cleaved pattern was affected in
the presence of calmodulin, indicating different regulation
of acidic calponin by calmodulin from that of the basic iso-
form {10). Since acidic calponin binds to F-actin in vitro (2,
4) and in vivo {3-5), the F-actin—bound form of acidic calpo-
nin was incubated with u.-calpain. The results showed that
the proteolysis of acidic calponin was significantly inhib-
ited, like that of basic calponin {10), suggesting that the F-
actin—bound form of acidic calponin in Hving cells is resis-
tant to u,-calpain. Furthermore, the addition of calmodulin
restored the proteolysis of acidic calponin in the presence of
F-actin. jt-Calpain is a proteinase that is activated at
micromolar cytosoHc Ca2+ concentrations, when calmodulin
has bound to Ca2+ and is fully activated. Therefore, it is
likely that under certain conditions when the cytosolic Ca2+

concentration is sufficiently elevated to activate u.-calpain,
the Ca2+-cabnoduHn complex binds to acidic calponin and
dissociates it from the actin cytoskeleton, which contributes
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to the proteolysis of acidic calponin by (x-calpain. Although
the precise role of n-calpain has not been elucidated, previ-
ous reports have suggested that ji-calpain is activated in
cell migration, and spreading and apoptosis in living cells,
and cleaves some actin-associated proteins such as inte-
grin, spectrin and focal adhesion kinase (19-23). Further-
more, Ferhat et al. have reported that acidic calponin is
abundant in migrating or proliferating neuronal cells in the
developing rat hippocampus (3), suggesting that the pro-
teolysis of acidic calponin might be involved in cell migra-
tion.

In this report, we demonstrated that acidic calponin, a
calmodulin- and F-actin binding protein, is a substrate for
the proteolysis of u.-calpain. The role of acidic calponin in
living cells remains unclear, however, our results suggest
that the proteolysis of acidic calponin might play a role in
actin-linked cytoskeletal regulation, which might be modu-
lated by Ca2+-calmodulin.
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