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Abstract. A 94 kDa large subunit thiol-protease, as iden- calpain antibodies thus, may represent the novel large
tified by anti-calpain antibodies, has been isolated fromsubunit of the skeletal muscle specific calpain p94.
skeletal muscle junctional sarcoplasmic reticulum (SR).

This protease cleaves specifically the skeletal muscl&ey words: SR — Ryanodine receptor — Calpains —
ryanodine receptor (RyR)/4release channel at one p94

site resulting in the 375 kDa and 150 kDa fragments.

The 94 kDa thiol-protease degrades neither other SR

proteins nor the ryanodine receptor of cardiac nor brairntroduction

membranes. The partially purified 94 kDa protease, like

the SR associated protease, had an optimal pH of abo@alcium-activated neutral proteases (CANP; EC 3.4.22.
7.0, was absolutely dependent on the presence of thid7), also known as calpain (calcium-dependent papain-
reducing reagents, and was completely inhibited bylike), are a group of cysteine endopeptidases that have
HgCl,, leupeptin and the specific calpain | inhibitor. neutral pH optima and are absolutely dependent ¢ff Ca
However, while the SR membrane-associated proteasior catalytic activity [29, 38, 46]. There are two homolo-
requires C&" at a submicromolar concentration, the iso- gous isoenzymes with different &asensitivity: -
lated thiol-protease has lost the Caequirement. calpain and m-calpain, with low-ufs) and high- (nw)

The 94 kDa thiol-protease had no effect on ryano-Ca* concentration requirements, respectively [14, 29].
dine binding but modified the channel activity of RyR Calpains (m and.) have been isolated from many tis-
reconstituted into planar lipid bilayer: in a time- sues, including brain [12] skeletal [15], cardiac [23], and
dependent manner, the channel activity decreases armmooth [33] muscles, and were found to have similar
within several minutes the channel is converted into astructural and biochemical characteristics. While m- and
subconducting state. The protease-modified channel agst-calpain are expressed ubiquitously, the tissue-specific
tivity is still Ca®*-dependent and ryanodine sensitive. novel calpains were recently discovered [38, 44-48].

This 94 kDa thiol-protease cross react with anti- These calpains are expressed specifically in skeletal

muscle [43, 47, 48] and stomach [44] and named n-
calpain (p94 or nCL-1). Based on their primary amino
acid sequence deduced from cDNA the large subunit of
Correspondence to: V. Shoshan-Barmatz n-calpains is expected to have a molecular weight of 94
kDa and to be activated by nano-molar concentrations of
Abbreviations: EGTA, ethylene glycol bis g-aminoethyl ether)-N, Ca&* [38, 46, 48]. Muscle-specific calpain, p94, was
N,N’,N’-tetraacetic acid; Tricine, N-[2-hydroxy-1,1-bis (hydroxy- identified during fractionation of connectin using spe-
methyl)-ethyl]-glycine, MOPS, 3-(N-morpholino) propanesulfonic ¢ific gntipodies and was found to be associated with

acid; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electro- . i
phoresis; SR, sarcoplasmic reticulum; HSR, heavy SR; CHAPS; 3-[(3-ConneCtIn throth a p94—speC|f|c sequence [45]' The

cholamidopropyl) dimethyl-ammonio]-1-propane-sulfonate; PMSF; p94 has a un_ique fef"ltu_re O_f rapid autolygis [47]-
phenylmethylsulfonyl fluoride; RyR, ryanodine receptor, ATPase, Limited tissue distribution of n-calpain suggests a
C&*-ATPase; CS, Calsquestrin. restricted range of substrate specificity and may be very
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important for the calpains specificity evaluation in gen- plasmic reticulum a 94 kDa protein that possesses thiol-
eral. There are various hypotheses that attempt to pradependent proteolytic activity specific towards the skel-
vide a common principle of calpain specificity [37, 50, etal muscle ryanodine receptor.
52] but none is generally recognized. Calpain activity is
also believed to be regulated by both an endogenous
inhibitor, calpastatin [30], and by activator proteins [7]. Materials and Methods

It has been suggested that thesé'Gactivated thiol-
proteases function in various €amediated cellular pro-
cesses such as activation of protein kinase C, in turnovi

of myofibrillar proteins, and of receptors for hormone ATP. EGTA. Tris. M Tricine. CSCL. n.d hosphorviase ki
and growth factors [24, 38, 50]. Calpain catalyzes spe-__' v 111, MIops, Tricing, s, n-decane, phosphorylase k-

. . . ) nase, myelin basic protein, histone 11B, phosphofructokinase, adenylate
cific and I|m|_teq cleavag.e of substrates InCILidlng €N-cyclase, histone 111-S, dithiothreitol, CHAPS, and spermine-agarose
zymes, myofibrillar proteins, membrane proteins, cyto-were obtained from Sigma ChemicalHryanodine (60 Ci/mmol) was
skeletal proteins and receptor proteins [6, 24, 33]. It hagurchased from New England Nuclear. Unlabeled ryanodine and cal-
been Suggested that calmodulin b|nd|ng proteins are Sutpain inhibitor were obtained from Calbiochem. Sephadex G-50 (fine)
strates for calpain and that these proteins are recogniz s obtained from Pharmacia. Phosphatidylethanolamine and phos-

. . phatidylserine were purchased from Avanti Polar Lipids.
by calpain through their PEST sequence [37]. It was
suggested that PEST regions confer the property of rapid
degradatiqn to the protein containing them [53]. ~ MEMBRANE PREPARATIONS
Calpains first attracted attention as a protease which

cataly;es th_e.degradatlon of muscle PrOtemS [6, 17, 35]3unctional SR membranes were prepared from rabbit fast twitch skel-
Calpain activity is regulated by the intracellular a etal muscle as described by Lai et al. [20]. In every SR preparation, the
concentration. As such, there is a tight coupling betweemrotease inhibitors PMSF (0.2mi), and benzamidine (0.8 w), were
C&* mobilization and modulation of the calpains’ ac- included in all solutions. The membranes were suspended at a final

. . oncentration of about 25 mg protein/ml in a buffer containing.2
tivities, It has been suggested that enhanced activity Ozucrose, 10 m Tricine, pH 8.0 and 1 m histidine and stored at —70°C.

the C§+—dependent protease in mlj'SCIe IS reSponS'ble.fOEﬁardiac SR [3] and brain microsomes [51] were isolated as described
several structural changes occurring under pathologicgreviously. Ryanodine receptor was purified from skeletal muscle SR
conditions such as in atrophying muscle tissue and myoby using the spermine-agarose column as described previously [41].
cardial infection [17]. The purified protein was stored aF —20°Q in the presence of 20 m

It is generally accepted that these enzymes are préops: PH 7.4, 0.5 mg/mi phosphatidylcholine, @NaCl, 1 mu DTT

. . - . and 20% (W/V) sucrose. Protein concentration was determined by the
dominantly cytosolic. However, association of calpain .

. 2T . . method of Lowry et al. [21], for membrane preparations and by the
and its specific inhibitor protein with cellular membranes yeihod of kaplan and Pedersen [16] for soluble purified RyR and the
has been demonstrated [2, 11, 24, 25, 40, 42]. The a4 kDa containing fractions.
sociation of both calpain and its inhibitor calpastatin with
isolated junctional sarcoplasmic reticulum (JSR) has
been reported [2, 42]. It has also been shown that ryPURIFICATION OF A 94 KDA THIOL-PROTEASE
anodine receptor RyR/Ghrelease channel is specifi-
caIIy cleaved by calpain [2, 10, 34, 40, 42]_ The 94 kDa protein was partially pgrified by a new method using

Ryanodine receptor [RyR]/ééreIease channel is a ©ne-step chromatography on spermine-agarose column. HSR mem-

S . o . . branes (60 mg) were sedimented at 40,0a9fsr 30 min. The super-
key protein involved in excitation-contraction CO“P"”Q- natant was collected and the pellet was resuspended to a final protein
It represents one of a new class of channels that is chagoncentration of about 5 mg/mi in a solution containing 1 fris/
acterized by its large size (homotetramer of 560 kDa fomcl, pH 7.5, 0.1m NaCl and 1 v EGTA. The vesicles were slowly
each subunit), high conductance, and by the binding oftirred at 4°C for 20 min, and then centrifuged at 40,0@pfer 30 min
the toxic alkaloid ryanodine [4, 8, 19]. This channel re- at‘tiio?r{ TfhetS“pemat"t"”tt(EGdTé'g;t;aCt)(;’VES (C:‘I’”e“ed ":‘j’éd ;‘imkf’_'”eld

4 L wi e first supernatant an and NaCl were added to final
leases C# in response to dep0|afnzat|0n O.f the S.urfa.'cei:oncentrations of 1 m and 65 nm, respectively. This extract was
_mem.bra.ne. The Contm! meChan'Sm(s) of its a‘Ct'\/at'onloaded onto a small spermine-agarose column (0.8/3 cm) pre-
inactivation and regulation are not as yet understood. equilibrated with 10 m Tris/HCI, pH 7.5, 65 v NaCl and 1 nw

In our recent studies [42] we have characterized arEGTA (buffer A), and the eluent was reloaded to the same column.
endogenous @é—dependent cysteine-protease of theThe column was washed with 8-ml col@8°C) buffer A followed by
junctional SR membranes which specifically cleaves onevashing with buffer A containing 0.126 NaCl. By increasing NaCl
site on the ryanodine receptorftfarelease channel. concentration to 0.231, a 94 kDa protein was eluted. The rate of

- - Qdf loading and washing was about 1 ml per 3 min. Fractions (0.6 ml) were
This cleavage results in enhancement of lux from collected and 8@l samples were subjected to SDS-PAGE followed by

SR veS|c'Ies. L . . Coomassie blue or silver staining [26]. The purified protein was stored
In this communication we have identified, charac- at 0°c or -20°C after addition of EGTA to a final concentration of

terized and partially purified from skeletal muscle sarco-10 mv.

ei}/IATERlALs
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Fig. 1. Endogenous thiol-protease of skeletal
muscle junctional SR which specifically cleaves
the ryanodine receptor. lA, HSR membranes (1
mg/ml) were incubated without (control), with

A B RyR SR-A RyR SR-B RyR SR-C RyR DTT (5 mw) or with DTT and EGTA (1 rm) in
Egg -t : EGTA B + — + + - 4+ + - 4+ 50my Tris, pH 7.5. After 30 min at 30°C,
from SR = = - a4 _ B — _ C aliquots of the treated membranes (5§) were
0D > e — YD~ - - : - solubilized in SDS-buffer apd subjected'to
- SDS-PAGE (4.5% acrylamide) as described under
—— — 3 : Materials and Methods. IB, EGTA extracts (A,
150kDa = © B o I - B and C) obtained from protease nonactive
. § N - :_D .!» different HSR preparations (SR-A, SR-B and
Am,"- : - e SR-C, isolated according to Refs. 20, 22, and 39,
= = - CaZ*-ATPase = i respectively) were added to purified RyR and the
5 - —— bl .. i .i ~  samples were incubated asAqnin the absence or
e the presence of 2 mDTT.

PrROTEASE ACTIVITY gels with 4.5%, 7%, 6—12% or 3—13% acrylamide, using a 3% stacking
gel. Gels were stained with Coomassie Brilliant blue or silver ions
Aliquots of the EGTA extract of HSR or purified 94 kDa (1529 [26]. Molecular weight standards were: myosin, 200,0®@alactosi-
were assayed for protease activity by incubation for 30 min at 37°Cdase, 116,000; phosphorylase b, 97,400; bovine serum albumin,
with purified RyR (5-7ug) or other substrates (2+£g) in a solution 66,200; and ovalbumin, 42,700 (BioRad). Quantitative analysis of the
containing 50 mn Tricine, pH 7.5 and DTT at the concentrations in- Protein bands was performed by densitometric scanning of the gels
dicated in the figure legends. Before the assay of protease activityWith a computing densitometer (Molecular Dynamics) using Image
both purified RyR and the protease containing fractions were passe@uant software provided by the manufacturer. Immunoblot analysis
through Sephadex G-50 columns [32] which were pre-equilibrated withhas been kindly carried out by Dr. Spencer (University of California) as
10 mv Tris/HCI, pH 7.5, and 0.2 m EGTA [for protease containing described previously [49] using polyclonal antibodies recognizing the
fractions] and with 20 m Mops, pH 7.4, 0.1% CHAPS, 0.5 mg/ml M-, p-, and n- (p94) calpain and alkaline phosphatase conjugated to
soybean phospholipids and MDTT (for purified RyR). Endogenous —anti rabbit IgG as secondary antibodies.
calpain activity of HSR membranes (1 mg/ml) was analyzed under the
same conditions, except that DTT concentration was 5-20 m
Results

RECONSTITUTION OF SINGLE-CHANNEL ACTIVITY OF RYR

IN PLANAR LIPID BILAYERS In our previous study [42], we characterized an endog-

enous C&'-dependent cysteine-protease of the junctional
Single C4" release channel/RyR was incorporated by fusion of SR SR membranes which specifically cleaves the RyRICa
vesicles into planar lipid bilayer as described previously [55]. The release channel in one site to produce 375 kDa and 150
bilayers were formed with a 5:3 mixture of phosphatidylethanolaminekDa fragments (Fig. A)_ This endogenous calpain ac-
and phosphatidylserine at 50 mg/ml in n-decane across a 0.2 mm ho‘ﬁvity was not obtained in all HSR preparations tested.
drilled into a polystyrene cup which separated two 0.7 ml chambers.However' EGTA extract of the protease nonactive HSR

The cis was the side to which voltage was applied and SR vesicles, 94 reparations was found to be active in the specific cleav-
kDa protein and other reagents were added. All current recording&D p p

were measured at +30 mV holding potential with respect tatridues age of the pu”f'ed RyR (F'g-B)- The C&" dependency
side which was held at ground. For all reconstitution experiments theOf the RyR cleavage suggests that this protease is of a
solutions used contained 501 CaCl, 10 mv Hepes, pH 7.4, and 500 n-calpain type.

mm  CsCl or 100 nw CsCl incis andtrans,respectively. Picoampere

currents were amplified by a Warner Instruments bilayer clamper am-

plifier (Model BC-525B). The data were filtered through a low-pass |[DENTIFICATION AND PARTIAL PURIFICATION OF A

Bessel filter at 1 kHz, processed with a VRBLGigital data recorder 94 kDA THIOL-PROTEASE

(Instrutech), stored on VCR tape, transferred to a 386 PC computer

with VR-111 Interface (Instrutech) and subsequently analyzed with . .
pClamp (Version 5.5.1; Axon Instruments). In general, calpains are heterodimers, composed of a

large (80 kDa) catalytic and a small (30 kDa) regulatory
subunit [29]. In the n-calpain, however, the large subunit
is 94 kDa [38, 46]. Both subunits contain calmodulin-
Ryanodine binding assay was carried out as described previously [41]ikeé EF hand, C& binding domains, which confer the
Ca* sensitivity to calpain. In a previous study, p94 was
not detected in fractionated rat muscle extracts. This was
interpreted to suggest that p94 was very short-lived [44].
Analysis of the protein profile and by SDS-PAGE was performed with It has been shown that p94 is predominately expressed in
the discontinuous buffer system of Laemmli [18] in 1.5 mhick slab  skeletal muscle [48].

Ryanodine binding

Gel electrophoresis and immunoblot
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- Fig. 2. A simple, one-step method for
150kDa- > > - purification of 94 kDa thiol-protease using a
spermine-agarose column. EGTA extract of HSR
was obtained and 94 kDa thiol-protease was
partially purified as described in Experimental Procedures. The HSR
membranes (first lane) EGTA extract (second lane), the void fraction
of the spermine-agarose column (third lane), the washed fractions
(fractions 2 and 4) and the proteins eluted with 0.128laCl, 0.225
M NacCl, and with Im NaCl were subjected to SDS-PAGE (6-12%
acrylamide). The gels were stained with silver ions [26] and are
shown inA. The protease activity was assayed by following the
cleavage of purified RyR as described under Materials and Methods
and the activity profile is presented B. Quantitative analysis of
three protein bands: 110 kDa, 94 kDa and 55 kDa which are present
in the fractions eluted by 0.226 NaCl labeled by arrows (from A)
and the degradation of the RyR by these fractions (from B) are
presented in C. The amount of 375 kDa fragment formed in relation
to that in RyR in lane 1. The RyR, €aATPase and Calsquestrin
Fraction number (CS) are also labeled.

100 500

- 400

- 300

- 200

- 100

h 0
18 20 22 24 26 28 30 32

RyR cleaved (e) , % of control A

sjun Areniqre ¢ spueq urdjoad
(v) e@iss Yo (o) B@v6 “ (v) e@AOLI

Partial purification of a 94 kDa protein thiol- the calpain large subunit is demonstrated in Fig. 3 using
protease using a simple one-step metheeeMaterials ~ specific anti-calpain antibodies.
and Methods) is demonstrated in Fig. 2. On the sperm-
ine-agarose column, under the ionic strength and pH
used (0.0654 NaCl, pH 7.5), the 94 kDa protein was CHARACTERIZATION OF THE 94 KDA THIOL-PROTEASE
bound to the column and eluted with 0.225NaCl. By
increasing NaCl to v, all other bound proteins were Stimulation of the protease activity by DTT is shown in
effectively washed off from the column. The protein Fig. 4A. Half-maximal activity was obtained in the pres-
profile of the different eluted fractions is shown in Fig. ence of 0.1 mn DTT, and maximal activity with 0.5 m
2A. The thiol-protease activity of the different fractions, DTT. This DTT-activated protease showed no*Cee-
using the purified RyR as a substrate is shown in F&y. 2 quirement, since EGTA up to 1 mhad no inhibitory
The elution profiles of 110 kDa, 55 kDa and 94 kDa effect (Fig. 48). The effect of the incubation pH on the
protein bands as well as the thiol-protease activity disprotease activity is shown in FigG4 and demonstrates
tribution in the various fractions eluted from the column that the optimal pH was in the neutral range as expected
were quantitated and are presented in Fi@. As  for calpains [29].
shown, the activity peak corresponded to the 94 kDa  The effects of different protease inhibitors on the
protein peak. The identity of the 94 kDa protein band ascleavage of the purified RyR by the 94 kDa thiol-
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A. Ponceau S B. Immunoblot was obtained by the 94 kDa thiol-protease in the pres-
ence of 2 or 15 m of DTT (Fig. 7). No cleavage was

obtained under the different conditions used such as
various C&" and DTT concentrations, and time of in-

cubation. These results may indicate the high specificity
of this protease towards the skeletal muscle isoform

(RYRy).

Fraction a
Fraction b
Fraction a
Fraction b

SR
SR

A THE RELATIONSHIP BETWEEN THE RYANODINE RECEPTOR
i CONFORMATIONAL STATE AND ITS CLEAVAGE BY THE
e 94 kDA THIOL-PROTEASE
pr=s . <94kDa
! R The functional state of the ryanodine receptof/Cie-
= lease channel is strongly affected by various ligands such
i | as ATP, ruthenium red, Gaand Mg** and by conditions
! g . such as ionic strength and pH [4, 8, 19]. The presence of
NaCl almost prevents completely the cleavage of RyR by
_ o _ _ ~ the 94 kDa thiol-protease. The NaCl concentration de-
Fig. 3. Immunoenzymatic staining of 94 kDa protein band with anti- spendence of this effect and of the stimulation of ryano-

calpain antibodies. Immunoblot staining of calpain was carried out a Lo . .
described under Materials and Methods) énd B) show the Ponceau dine binding are very similar (Fig. 8). The presence of

S staining of the blot and its immunoblot staining, respectively. Frac-ATP (1 to 10 mv) during the protease activity assay
tions (a) and (b) represent fractions obtained in other 94 kDa purifica-decreaSEd RyR cleavage by 10 to 50%té& not showh
tion experiment carried out as described in Fig. 2. These fractionsThis suggests that high NaCl concentrations or ATP sta-
cleaved specifically the skeletal muscle RyR. bilized RyR in a conformation in which the cleavage site
is not exposed or unidentified by the protease. The poly-
. o cationic dye ruthenium red, a known inhibitor of a
protease is presented in Fig. 5. The cleavage of RyRglease and ryanodine binding [4, 8, 19] that stabilizes
(510 kDa) was strongly inhibited by the thiol proteasene protein in the nonactive conformation, did not inter-
inhibitor mercuric chloride, and also sensitive to leupep-fere with the RyR cleavage by the 94 kDa thiol-protease
tin, as shown previously for other thiol proteases [23]. (data not showj High NaCl concentrations, however,

The specific calpain | inhibitor, at relatively low concen- ffected the cleavage of histone 11I-S by this protease
trations, inhibited the cleavage of the RyR by the 94 kDa(Fig_ 8B).

protease. Lack of inhibition of PMSF shows that the

enzyme is not a serine protease. Inhibition of protease .
activity by the calpain specific inhibitor, the requirement EFFECT OF94 kDA THiOL-PROTEASE ONRYR/C#
for thiol reagent and the neutral pH optimum suggest thafRELEASE CHANNEL ACTIVITY

this 94 kDa protease is of a calpain type.

The effect of the isolated 94 kDa thiol-protease on the

RyR/C&" release channel activity was tested on a single
SUBSTRATE SPECIFICITY OF THE channel incorporated into planar lipid bilayer (Fig. 9).
94 KDA THIOL-PROTEASE DTT by itself stimulated channel activity by increasing

the open probability (Pfrom 0.52 to 0.89). The stimu-
It has been suggested that calmodulin binding proteingatory effect of DTT on the single channel activity was
are substrates for calpain [53]. The cleavage of differentot observed with all reconstituted channels. Addition of
known calpain substrates by the 94 kDa thiol-proteas®4 kDa thiol-protease to theis chamber of the bilayer
was examined. Figure 6 shows that among the sevemodified the channel activity in a time-dependent man-
chosen calpain substrates [53] in addition to RyR, hisnher. Within 1.5 min of incubation, the channel was in-
tone 11I-S was the only substrate for this thiol-protease.activated as reflected in the decrease ir(ffom 0.89 to

Specificity of the 94 kDa thiol-protease was also 0.62). This was followed by a further decrease in the

demonstrated by testing whether it could cleave the carehannel activity (after 3 min, P = 0.48). Thereafter
diac or brain ryanodine receptors (Fig. 7). Neither the(after 9 min) the channel was converted into a subcon-
cardiac SR nor brain microsomes showed any endogducting state. As expected, addition of 1p® ryano-
enous protease activity upon addition of DTT andCa dine completely blocked the protease-modified channel.
(data not shown These membranes were extracted with Figure 10 shows an experiment in which the addi-
EGTA and then exposed to the skeletal muscle 94 kDdion of DTT and the 94 kDa thiol-protease together im-
thiol-protease. No cleavage of RyR in both membranesnediately increased the channel activity, most probably
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Fig. 4. Effect of DTT, EGTA and pH on the ryanodine receptor cleavage by the 94 kDa thiol-protease. Rylg/(8% was incubated with the

94 kDa containing fraction in the absence and presence of the indicated DTT (A) or EGTA (B) concentrations as described in Materials
Methods. Aliquots were subjected to SDS-PAGE followed by guantitative analysis of the RyR-proteolytic product 378)kd3adescribed in
Materials and Methods. 100% represents the maximal amount of 375 kDa produced by the protease.

In C, RyR was incubated with the 94 kDa containing fraction in the presence of RTiT and at different pH. The buffers used were: 5@ Mops

for pH 6.5 and 50 m Tris for pH 7.0, 7.2, 7.5, 8.0 and 8.5.

£ £ | HeClz |Leupeptin| PMSF | Calpain I submicromolarconcentrations of G4, is absolutely de-
g5 uM mM | Inhibitor, uM , , .

a pendent on the presence of thiol reducing reagent, and is
I #11 2 5]010310l010204[02 10

inhibited by the specific calpain | inhibitor. These find-
iyt — 34— X £ E B-F-8-% § ] ings may suggest that this protease is pfealpain type,
except the difference in the €asensitivity. This en-
_ dogenous, Cd-dependent, thiol-protease cleaved spe-
alodadhed £ o . A 4 & & A cifically the RyR/C&" release channel at one site regard-
less of the C& or reducing reagent concentration, the
incubation time or temperature. The high sensitivity to
Fig. 5. Effects of antiproteases on the cleavage of the ryanodine reCa" and high specificity to RyR may suggest that this
ceptor by the 94 kDa thiol-protease. Purified RyRu§/ml) was in-  protease represents the skeletal muscle specific calpair
cubated for 30 min, with 2@ul of the 94 kDa containing fraction and p94 [47]. Using specific antibody, the presence of the
2 mv DTT, and in the gbgepce or presence of.the indicated concentraglaletal muscle Specific calpain p94 protein in muscle
ggzzr%fetcjh?n?\;‘;tti?;els'r:;'g'ﬁ;hig:me” subjected to SDS-PAGE agqq 165 was recently demonstrated [45, 49]. The pre-
sented work is the first study to partially purify, charac-
terize and demonstrate its high specificity toward the

due to the DTT effect on the channel. The channel, howskeletal muscle RyRC&" release channel.
ever, with time became less active and the subconducting  The presence of a thiol-protease containing a large
state became apparent. EGTA (1)radded to thecis ~ Subunit of 94 kDa |n.Junct|o.naI SR mgmbrapes is den_1-
chamber (free C4 was 0.8 m) completely closed the Onstrated using anti-calpain antibodies (Fig. 3). This
channel (trace C), demonstrating that the 94 kDa proteProtease was partially purified from SR (Figs. 2 and 3),
ase-modified channel still required €ao remain open. and like the endogenous protease, the 94 kDa proteas
Addition of CaCl, to a final free concentration of 26m  Nas optimal pH of around 7.0 and its activity is abso-
reactivated the channel to its subconductance state aslitely dependent on the presence of thiol reducing re-
was prior to EGTA addition (trace D). agents (Fig. 4). Similar to the SR associated protease,
Cleavage of the purified RyR by the 94 kDa thiol- the proteolytic activity of the 94 kDa protein is com-
protease had no effect on its ryanodine binding activityPletely inhibited by HgC), leupeptin and the specific
(data not showj Similar results were obtained for the Calpain I inhibitor (Fig. 5). However, the isolated 94
degradation of RyR by m-calpain [10, 34]. kDa thiol-protease has no requirement foCand pos-
sesses activity in the presence of EGTA (Fig).4
The expression of two alternative splicing products
Discussion with and without C&"-binding domain of the novel
stomach calpain has been reported [44]. The loss &f Ca
In a previous study [42] we demonstrated the associationequirement by the EGTA extract and by the 94 kDa
of an endogenous Gadependent thiol-protease with the protease purified from it could be due to protease acti-
junctional SR membranes. This protease is activated byation during extraction from the SR or to dissociation
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RyR Histone Histone Myelin Phosphorylase  Adenylate Phosp}!ofructo
II-A Im-s basic protein kinase cyclase kinase
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Fig. 6. Specific cleavage of the skeletal muscle RyR by the 94 kDa thiol-protease. The purified RyR and the indicated protpine(d exposed

to the 94 kDa thiol-protease (150 ng) in the absence and presence of2T, as in Fig. 2. After 30 min at 37°C the samples were subjected
to SDS-PAGE (3-15% acrylamide). The arrows point to the indicated protein bands and in phosphorylase kinase lane the different bands rep
its subunits.

SSR | CSR Brain Since the N-terminal portion of domain | plays an im-
microsomes portant role in the activation ofi- and m-calpains [7,
DTT,mM:2 - = * /= — + Y D 13], it was suggested that p94 should be activated by a
94kDIaS e+ +|- ++ 4+ - + ++ mechanism different from the activation mechanism of
the p- and m-calpain [14]. Thus, our finding @a®*
independenactivity of the soluble 94 kDa thiol-protease
510kDa > e @b N s & o & — — is in accord with the above suggestion.
375kDa = o - - The specificity of the 94 kDa thiol-protease for the
! skeletal muscle RyR is remarkable. Calpain associated
j with the SR degraded no other SR proteins, and the 94
- - - - kDa thiol-protease isolated from the SR cleaves the skel-
- g etal muscle RyR protein but not the brain (RyR) or
150kDa == o -‘ cardiac (RyR) isoforms. Furthermore, the RyRrotein

is cleaved at only one site and this cleavage is strongly
affected by its conformational state. In the presence of
ATPase = “-'.“. sew high NaCl concentrations or millimolar ATP, which

Fig. 7. Cl ¢ skeletal e but not cardi brain RVR by th strongly stimulate ryanodine binding and single channel
1g. /. eavage of skeletal muscie but not cardiac or prain Ry Yy the N . . s .
94 kDa thiol-protease. Skeletal muscle SR (SSR), cardiac SR (CSR ctivities [4], cleavage of RyR is inhibited. This may

and brain microsomes were isolated and extracted with EGTA as de= uggest that W'he!’l RYR 's_m Its active confor.matlon the
scribed under Materials and Methods. The different membrane prepaCleéavage site is inaccessible or not recognized by the
rations (after their extraction with EGTA) (1 mg/ml) were exposed to protease. The effect of the high NaCl concentrations
the 94 kDa thiol-protease, isolated from skeletal muscle SR as deeould be also on the protease itself, since its activity on
scribed in Fig. 2, in the absence and the presence of DTT. After 30 mimistone 111-S was also prevented by high NaCl concen-
at 37°C,_ the membranes (34) were subjected to SDS-PAGE (4.5% trations (Fig. 8). It has been shown that m-calpain (re-
acrylamide). quiring mv Ca*) exogenously added to SR membranes
degraded the RyR/Garelease channel to several frag-
from the membraneln vitro studies have demonstrated ments and that this cleavage was inhibited by calmodulin
that autolysis of amino terminal peptides from each cal{2], a modulator of RyR activity [4, 19].
pain subunit occurs upon activation and results in in-  Our results show that the activity of the RyR single
creased calcium sensitivity [5, 14]. channel incorporated into a planar liquid bilayer modi-
This 94 kDa thiol-protease may represent the novefied several minutes after the addition of the 94 kDa
large subunit of the skeletal muscle specific calpain (p94hiol-protease (Figs. 9 and 10). The modification was
or nCL-1; stands fomovel Calpain Large subunit). reflected in the appearance of a channel with subconduc-
Comparison of the amino acid sequence of p94 withtance and lower open probability (Figs. 9, 10). Thus,
other calpains large subunits has revealed that domaindleavage of RyR at a specific siteeeFigs. 1, 2, 4,5, 7
of the p94 is distinct in both length and primary structure.and Ref. 42) resulted in a modified channel. This may
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Fig. 8. Effect of NaCl concentration on the RyR activity and cleavage by the 94 kDa thiol-protease. Purified\RgRh{stone IlI-S B) were
incubated for 30 min with the 94 kDa thiol-protease as in Fig. 2, except that NaCl at the indicated concentration was present. The effect of |
concentration on the ryanodine binding activity of junctional SR membranes is also presehtébirtrol activity (100%) was 2.6 pmol ryanodine
bound/mg. Ryanodine binding was assayed as described previously [41]. The samples were subjected to SDS-PAGEA}.a%d f8~15%
acrylamide for histone IlI-SK). The Coomassie stained gels were quantitatively analyzed as described in Fi thelmelative amount of 375
kDa and 150 kDa fragments formed by the 94 kDa protease at the indicated NaCl concentration is presBnthd.rilative amount of histone

11I-S cleaved by the protease in the presence of the indicated NaCl concentrations.

A. Control
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B. +DTT (2 mM)

T
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G. + Ryanodine , 0.150 mM

by ity C

it

40 pA

—0nsee,

Fig. 9. Madification by the 94 kDa
thiol-protease of the single-channel activity
by RyR reconstituted into planar lipid
bilayer. RyR from SR membranes was
reconstituted into planar lipid bilayer as
described under Materials and Methods.
Representative current tracings recorded at a
holding potential of +30 mV are presented.
The closed state (c) of the channel is
represented by zero current, and channel
openings (o) are upward deflectiosand B
show channel activity before and after the
addition of 2 m DTT. Traces C to F
represent channel activity at the indicated
time after the addition of 94 kDa
thiol-protease (calpain) to theis chamber.
Ryanodine was added to a final
concentration of 15@um. The arrow in trace
E indicates the channel converting into a
stable subconducting state. This is a
representative experiment from a total
number of 5 similar experiments.
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Fig. 10. RyR channel activity modified by 94 kDa
C. +EGTA thiol-protease remains &adependent. RyR single

o channel activity was reconstituted into PLB as
described in Fig. 9. The channel current was
«— recorded at +30 mV befored] and 0.5 and 10
min (B) after the addition of the 94 kDa
. o M h . MMMMMM ¢ thiol-protease (calpain) and DTT to tiois
chamber. Within several minutes the channel
D. + CaC12 appeared in the subconducting state (b). EGTA
o Was added to theis solution to a final
concentration of 2 m (free C&* = 0.8 nv) (C),
followed by addition of CaGlto a free C&"
MMWWWWWMWWMMWM “+—  concentration of 26um (D). Arrows on the right
\j‘ c side of the traces indicate the maximal opening

level of the subconducting channel.

suggest the involvement of the cleaved site in the chanryanotoxin [28]. Modification of RyR with the lysine
nel control mechanism. The cleavage site of RyR by 94specific reagent FITC (fluorescein isothiocyanate) con-
kDa thiol-protease was localized at the N-terminal partverted the channel into a noi€y60% subconductance
of RyR [42], suggesting that the N-terminal also has astate [31]. Propranolol, 8-blocker, modified the RyR
functional role in the control of channel conductance.channel into much lower conducting states only in the
In cardiac and skeletal SR it has been shown that specifipresence of ATP [55]. In addition, QX-314, a quaternary
degradation of RyR to two fragments (315 kDa and 150amine derivative of lidocaine was found in a voltage-
kDa) by exogenously addqgd-calpain resulted in modi- dependent manner to reduce RyR channel conductance
fication of the channel activity as reflected in an increasg54]. All of these observations suggest that the RyR/
in the percentage of channel open times with no effect orCa* release channel has multiconducting conformations
the unitary channel conductances [34]. The differenceshat can be stabilized by different treatments or effectors.
between these and our results may be due to the differefithe effect of the 94 kDa thiol-protease on the RyR chan-
proteases studied. nel conductivity supports this suggestion.
RyR/C&*channel has been shown to be converted It has been shown that the p94 mRNA is expressed
into subconducting states under different conditionsonly in skeletal muscle, with no expression in any other
Ryanodine interacts with the channel protein by lockingorgans including heart muscle and smooth muscle [48].
it into a permanently open subconducting state [4, 19].This specific expression of p94 mRNA may suggest a
A similar effect has been obtained with the venom toxinspecific function of this protease. The specific cleavage
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of the RyR/C&" release channel at a specific site and its 2.

conversion to a channel in an open sub-conductance state
may suggest that the function of this protease is to
modify RyR activity under specific conditions. The ob-
servation that when the RyR/€arelease channel is in
the active state, such as in the presence of ATP or a high

NaCl concentration, no degradation of the RyR was ob- 4.

tained may suggest that the protease action is possible
only under abnormal conditions such as pathological

conditions. It has been suggested that degradation of thé

C&* release channel is prevented by the presence of
dystrophin [9]. Recently, it has been demonstrated that
calpains are the active components in the pathology of
dystrophin-deficient muscle [49], and that p94 is respon-

sible for limb Girdle muscular dystrophy type 2A [45]. 7.

A hypothesis regarding the involvement of the protease
specific cleavage and modification of RyRACaelease

channel and pathological effects on muscle proteins was®:

presented in our previous study [42]. Briefly, activation
of the skeletal muscle-specific calpain (p94 thiol-
protease) would specifically cleave RyR, thereby modi-
fying its C&* release activity by stabilizing it in an open

subconducting state. These initial events would lead tao.

an increase in the intracellular €aconcentration which
would activate p-calpain and m-calpain which could
lead to degradation of muscle proteins [7, 17]. A calpain
cascade ofu-calpain activating m-calpain was demon-
strated recently, and the calpain cascade suggested to
play an important role in coordinating the functioning of

calpains in living cells [52]. Further pursuit of the sug- 12,

gested hypothesis may reveal a novel pathological

mechanism leading to muscular dystrophy in which the1s.

condition is caused by mutations affecting calpain rather
than a structural component of muscle tissue as recentIY
suggested [36]. Mutations in n-calpain (calpain 3) were 4
shown to cause limb-girdle muscular dystrophy type 2A
and it has been hypothesized that n-calpain plays an ac-

tive role in signal transduction [36]. This is in agreementqsg

with our suggestion that n-calpain has a regulatory rather
than degradative role, and this is mediated by the specific
cleavage of RyR and thus, activation of the RyR/Ca
release channel. Evidence for a pathological increase in
intracellular C&* concentration has been obtained in
several studies [1, 9, 27].

This communication is dedicated to Prof. L. M. G. Heilmeyer Jr., 17.

Institute of Physiological Chemistry, Ruhr-Universitat, Bochum, Ger-
many on the occasion of his 60th birthday. The work was supported by
grants from the Chief Scientist’s Office, Ministry of Health, Israel (to
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