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calmodulin-like domain of the small subunit has been
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The calmodulin-like domain of calpain is important
or the association of the calpain large and small sub-
nits. We expressed the calmodulin-like domains of
he large subunits of rabbit m- and m-calpains and
heir small subunits in E. coli and purified them to
omogeneity. Unlike the full-length subunits, the
almodulin-like domains are soluble in buffer contain-
ng Ca21. We performed gel filtration chromatography
f the purified proteins and found that all three
almodulin-like domains exist as homodimers in the
bsence of Ca21 and dissociate into monomers upon
he addition of Ca21. © 1999 Academic Press

Calpain is an intracellular cysteine protease whose
ctivity is regulated by Ca21 (1–4). Calpain is a het-
rodimer consisting of an 80kDa large subunit (CL)
ith four domains (domain I-IV) and a 30kDa small

ubunit (30K) with two domains (domain V and IV9).
he large subunit is the catalytic subunit and the
mall subunit is thought to be essential for the regu-
ation of activity. Domains IV and IV9 exhibit homology
ith calmodulin and contain several EF hand struc-

ures consisting of a calcium-binding loop lying be-
ween a-helices (5). Two isozymes, m- and m-calpains,
re expressed ubiquitously in mammalian cells. m- and
-calpains differ in their Ca21 sensitivities, high and

ow, respectively. Rabbit mCL and mCL show 50.3%
mino acid sequence identity and share the small sub-
nit (6,7).
The EF hand structures of the calmodulin-like

omains are important for the association of the
wo subunits (8–10). The crystal structure of the

1 Address correspondence and reprint requests to Dr. Shoichi
shiura, at the Department of Life Sciences, Graduate School of Arts
nd Sciences, The University of Tokyo, 3-8-1 Komaba, Meguro-ku,
okyo 153-8902, Japan. Telephone/Fax: 181-3-5454-6739. E-mail:
ishiura@komaba.ecc.u-tokyo.ac.jp.
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etermined. The structure reveals that the molecule
orms homodimeric crystals in the presence or absence
f Ca21 and that the EF hand structures are involved in
he association of the two subunits (11–13).

It has been observed that calpain dissociates into
ubunits in the presence of Ca21 (14). On the other
and, Mellgren et al. provided direct evidence that in
he presence of Ca21 concentrations that permit cata-
ytic activity, both subunits of m- and m-calpains are
oprecipitated by a monoclonal antibody specific for the
mall subunit (15). To clarify this discrepancy, we per-
ormed gel filtration chromatography of the purified
almodulin-like domains of rabbit mCL, mCL, and 30K,
ll produced in E. coli, and found that the purified
almodulin-like domains exist as homodimers in the
bsence of Ca21 and dissociate into monomers upon the
ddition of Ca21.

ATERIALS AND METHODS

Materials. Expression vectors pRU10, pRM15, and pDG301 en-
ode C-terminal 221 residues of mCL, C-terminal 218 residues of
CL, and residues 69-266 of 30K, respectively, with N-terminal

hort sequences (11, 8, and 17 residues, respectively) of the
-terminal region of b-galactosidase derived from pUC vectors (16).
ther reagents were of the highest grade obtainable.

Purification of calmodulin-like domains expressed in E. coli. We
sed E. coli strain YA21 to express the calmodulin-like domains of
alpain. The transformants were cultured in 1 liter of LB broth
ontaining 50mg/ml ampicillin at 37°C. When the absorbance at
50nm of the culture mixture reached 0.5-1.0, isopropyl-1-thio-b-D-
alactoside (IPTG) was added at a final concentration of 1mM, and
ncubation was continued for a further 3h. Cells collected by centrif-
gation were washed and then suspended in buffer A (50mM Tris-
Cl (pH 7.5), 5mM EDTA, and 5mM b-mercaptoethanol). The sus-
ension was sonicated and the supernatant was separated from the
recipitate by centrifugation at 17,000g for 15min at 4°C. The ex-
ressed products encoded by pRU10, pRM15, and pDG301 were
eferred to as U80K, M80K, and DG30K, respectively. All were
oluble and extracted by sonication in buffer A. The extracted pro-
eins were purified by DEAE-cellulose ion-exchange chromatography
DE-52, Whatman), gel filtration on Hiload 26/60 Superdex 75 (FPLC
0006-291X/99 $30.00
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The purified calmodulin-like domains bind Ca21,
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ystem, Pharmacia), and MonoQ ion-exchange chromatography
FPLC system, Pharmacia).

Ca21 binding assay. Samples (ca 10-20mg) were spotted onto ni-
rocellulose membranes. The membranes were soaked in 5mM
aCl2, 20mM Tris-HCl, pH7.5, and 1mM dithiothreitol (DTT) con-

aining 74kBq/ml 45CaCl2 for 30min and washed twice with buffer B
20mM Tris-HCl, pH7.5, 1mM DTT) for 5min. Autoradiography was
erformed with a BAS1500 autoradiography analytical system (Fuji-
ilm).

Dissociation of homodimers. Purified proteins were dialyzed
gainst buffer B (20mM Tris-HCl (pH 7.5) and 1mM dithiothreitol),
nd applied onto a gel filtration column (G3000SW (0.8360cm),
PLC system, Hitachi) that had been equilibrated and then eluted
ith buffer B containing different concentrations of CaCl2. Molecular
eights of the purified proteins were estimated from the elution
olumes of bovine serum albumin (67kDa), ovalbumin (43kDa), and
hymotrypsin (25kDa).

Other methods. Emission spectra were recorded in a spectroflu-
rometer at excitation 280nm using a slit width of 10nm. Protein
oncentrations were determined with a DC protein assay kit (Bio-
ad) using bovine serum albumin as the standard. SDS-
olyacrylamide gel electrophoresis (SDS-PAGE) was performed on
2.5% slab gels.

ESULTS AND DISCUSSION

Recombinant plasmids (pRU10, pRM15, and
DG301) produce the calmodulin-like domains of rab-
it mCL, mCL, and 30K (U80K, M80K, and DG30K,
espectively) as fusion proteins with short sequences of
-galactosidase derived from pUC vectors at their
-termini. These N-terminal extensions are short

8-17 residues) and the sequences of the N-terminal
even residues are the same. Therefore, these exten-
ions do not have a significant influence on the inter-
ctions of the calmodulin-like domains. The final
almodulin-like domain preparations were very pure
s shown in Fig. 1. The molecular masses of U80K,
80K, and DG30K as estimated by SDS-PAGE are

onsistent with the calculated values (27.1, 26.0, and
5.1kDa, respectively).

FIG. 1. SDS–polyacrylamide gel electrophoresis of calmodulin-
ike domains. The calmodulin-like domains of calpains were ex-
ressed in E. coli strain YA21 and purified to homogeneity. Lane 1:
80K. Lane 2: M80K. Lane 3: DG30K.
64
hile bovine serum albumin does not (data not shown),
ndicating that the Ca21 binding of the calmodulin-like
omain is specific. The specific binding of the
almodulin-like domain to Ca21 suggests that the pu-
ified proteins are not denatured. Moreover, the emis-
ion spectra at excitation 280nm of the purified pro-
eins changes dramatically in both the intensity of
uorescence and the lmax of emission when urea is
dded to 8M (data not shown). Since the addition of a
enaturant causes a conformational change, the puri-
ed proteins should maintain the tertiary structure.
Figure 2 shows the gel filtration chromatograms of

he calmodulin-like domains at various Ca21 concen-
rations. It is natural to think that the peaks with
alculated molecular masses of 26-32kDa represent the
onomer proteins while the peaks at 42-55kDa are

hose of the dimer proteins. Almost all of the purified
rotein eluted as dimers in buffer without Ca21. In
uffer containing 500mM of Ca21, most of the U80K
issociated into monomers (Fig. 2a), while only a small
ortion of M80K (Fig. 2b) and DG30K (Fig. 2c) existed
s monomers. We could not discriminate between
0kDa and 26kDa by SDS gel electrophoresis. In 5mM
a21, more of the M80K and DG30K dissociated into
onomers.
The apparent molecular mass of the M80K ho-
odimers differed at different Ca21 concentrations,
ith the molecular mass decreasing as the Ca21 con-

entration increased. Thus, the M80K homodimer
ight undergo structural changes in the presence

f Ca21.
In the presence of Ca21, purified full length calpain

orms aggregates and self-precipitates, making various
hysicochemical analyses of calpain in the presence of
a21 very difficult. Therefore, in a previous study (14)
f the molecular properties of calpain, the detergent
riton X-100 was added to the buffer to prevent the

ormation of aggregates and precipitates in the pres-
nce of Ca21. It is possible that the presence of deter-
ent would have some influence on the association of
he large and small subunits. In addition, calpain au-
olyzes quickly in the presence of Ca21. Therefore, to
revent proteolysis, we expressed the calmodulin-like
omains of calpains in E. coli, and obtained proteins
hat are soluble and do not form aggregates in the
resence of Ca21 concentrations sufficient for activa-
ion.

The purified calmodulin-like domains expressed in
. coli form homodimers in buffer without Ca21, and

hese homodimers dissociate into monomers when
a21 is added. The Ca21 concentrations required for the
issociation of the homodimers are different for U80K,
80K, and DG30K, with M80K requiring higher Ca21

oncentrations than U80K. The Ca21 concentrations
equired for 50% activation of m- and m-calpain are
0mM and 700-800mM, respectively (17). Even though
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ur observations were made with a homodimer that
iffers from an active calpain heterodimer, the result is
ntriguing because the calcium sensitivity and concen-
rations required for dissociation are of the same order
s for native calpains.
Our observation that homodimers of the calmodulin-

ike domain of calpain dissociate into monomers in the
resence of Ca21 suggests a calcium-dependent confor-

FIG. 2. Gel filtration chromatography of U80K (a), M80K (b), and
omains of rabbit mCL, mCL, and 30K were applied to a gel filtration
asses were estimated based on the elution volumes of bovine ser

espectively).
65
ational change in the calmodulin-like domain. How-
ver, this does not necessarily reproduce the behavior
f calpain heterodimers in the presence of Ca21. Since
he amino acid sequences of the calmodulin-like do-
ains of the large and small subunits of calpain are

imilar to each other (6,7), the association and dissoci-
tion observed here could occur in heterodimeric cal-
ain, supporting our previous observation that calpain

G30K (c) in various concentrations of Ca21. Purified calmodulin-like
umn in buffer containing various concentrations of CaCl2. Molecular

albumin, ovalbumin, and chymotrypsin (14.4, 15.8, and 23.9 ml,
D
col
um



dissociates in the presence of Ca21. Further studies
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sing heterodimers composed of the calmodulin-like
omains of mCL or mCL and 30K are now in progress.
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