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Calsequestrin (C8) 15 the mujar Cad® hinding proten contamed i the lumen of sarcuplasmie reticuhim (SR Cad” binding properiex and ssue

concentration of CS of frag skeletal muicle were medsured At eguihbnum, maimal Cal® binding capacity of punfied €8 wag abaut 1 2 umul

Ca'*;mg protcin, Appurent K for Cud ™ were around 50 7eM i the absence of salts, around 09 mM in the presence of 100 mM KCL, and around

1.1 mM under ‘physiological’ conditions Quantitation of €'S in homogenates wax accomphshed by three methods (Stains-ull staining, immunoblel-

ting und **Ca hgand overlay) Frog muscle contained about 03 mg of CS'g wet weight, thatix | mM C8 innide the SR AL rest the in miu free

[Ca?*] of SR was caleulated to be 3 6 mM, and, thus, €S s largely saturuted with Cad® Moreover, computer simulations of Cab® release indieuted
that about 75% of Cal® released dunng a twiteh s free in the SR and does rot unbind from C8

Skeletal musele, Cau?®, Calsequestrin, Ci? ™ relene, Sarcuplasmic reicutum

1. INTRODUCTION

The SR, the membrane-bound Ca?* store of skeletal
muscle, controls the contraction/relaxation cycle by
raising and lowering the myoplasmic free (Ca?"], and
consists of two continuous yet distingt regions, the
longitudinal, or non-junctional SR and the junctional
SR, i.c. the arca of termunal cisternae (TC) directly fac-
ing the transverse tubules [1]. Skeletal muscle contrac-
tion is elicited by the release of caleium from TC (2).
After Ca?* pump-mediated active uptake, Ca** is
stored in the TC lumen where it 1s believed to be bound
to CS. The role of CS as a Ca** storage site was first
proposed by MacLennan and Wong (3].

The kinetics of Ca** release from TC n vivo are
determined by the gating properties of the Ca®* release
channels and the Ca®™ gradient across the SR mem-
brane, which is established by the Ca®** pump and
thought to depend mainly upon the affinity and capaci-
ty of CS for Ca?*, and probably, rate constants of Ca**
unbinding from CS [4,5].

In this study, we have measured the Ca?* binding
properties and tissue concentration of frog skeletal
muscle CS. We have also calculated the free [Ca®*] in
the [umen of SR, and determined, by computer simula-
tions, that a large proportion of the Ca** released dur-
ing a twitch is free in the SR and does not unbind from
CS.
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2. EXPERIMENTAL

2.1 tHomogenates of frog skeletal musele

Frog (Rana cateshiana) fast-twitch  sheletal museles  were
homogemzed with 10 vols of 0 3 M sucrose, $ mM imudazole, pH
7 4, and 100 4M phenylmethylsulfonyl Nuonde using a Brinkmann
homogemzer for 60 s at seting 10. Homogenates were supplemented
with 0 2% (w/v) sodium dodeey! sulphate (SDS) and centrifuged at
2000 x g for 10 min 1o remove debns and nucter The yield of
homogenate supernatants was about 100 mg of protein/g wet weight,

22 Jsolation of TC fracuons and calsequestrin

TC fractions were punified as described (6], in the presence of
100 «M phenylmethylsulfony! fluoride C8 was extracted from TC
{6] and purified by phenyl-Sepharose chromatography {7] Fractions
cluted with 10 mM CaCl; were analyzed by SDS-polyacrylamide gel
electrophoresis, dialyzed against 5 mM Tris Cl, pH 7 S, and stored at
~80°C,

23 “*Ca binding measuremenis by equiltbruon dialysis

Ca?" binding to purified CS was measured by equilibrium dialysis
at 4°C Three 1onic conditions were used and the composition of the
assay mecha 1s detailed 1n Table | Samples (0 2-0 25 mg of proten
1n 0 § ml) were dialyzed against 100 m! of the appropnate buffer for
48 h Total *'CacCl; concentration varied between 1 M and 5 mM
CaCl; standard solution (01 M) was from Orion Research Inc
(Cambridge, MA) Apparent dissociation constants (Ky) and max-
imal binding capacity (Bimax) were calculated by Seatchard plot

2 4 Ami-(CS) polyclonal annbodies

Ant-(frog CS) ascites was raised in SLJ muce (Jackson
Laboratories, Bar Harbor, ME) by intraperitoneal injections of
purified CS (15 .g) and complete Freund's adjuvant, as described by
Tung [8) The IgG fraction was purified from mouse ascites by Na-
sulphate precipitation [8] Specificity of anti-(frog CS) IgG was tested
by immunoblot (not shown)

2 5 Quantitation of CS in muscle homogenates

The CS content of muscle homogenates was determined using three
independent procedures
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Table |
Ca' " binding propertivs of frog rketetal musele €Y

ﬂMI- A‘ul
tnmel Caf'rmp)  (mM)

12313 2 98270044 2 DOOS

S mM TrivCLpH 78

! mM Tris:CL pH 2.3,
100 mM KCI
150 mM K, 16,6 mM Na,
5 mM My, 10 mM L,
1.4 mAM Py, buffered (o pH 7 3
with Hepev*

1206 3 ¢ 002 0903 2 OW

HEI? 2 LI} 1 126 2 0 10°

Determinations were eurriced out in duplicate on Y dirfereat €38

preparations Duia are exprovied ds mean £ SD. 'Physielogical’ fon

concentrations (third entry ) are derved from Qodt and Maughan [14)
and were assumed to mimie hntralumnal coneentrations

* K owas added as KOH, Na & 132 mM NaOH ancd 1 4 mM
NaH:PO. and Mg as 5 mM MgCl,

¥ Bias of frog CS is 30% higher than thav of rabbin €S (ef. [3))

* The Intrinsic dissoclation constant For K (X)) caleulated from the
first twa entries is $ 08 mM and similar 10 that which can be
calculated from Table 111 of MuicLennan and Wong (3], ie.
4.78 mM The intrinsic dissouiation canstant for Mgt (Ka,) can be
valeulated froam the sume Table L1 of MacLennap and Wong (3)
and 15 around 0,13 mM. If K¥ and Mg?* were to compete with
Cal* for the same Cal” binding sites, the apparent Ay for Ca?*
should be much tugher than | | mM  As previously suggested by
Iketnoto ¢t al [12], our data imply that theére s no simple
campelition between K°. Mg!* and Ca?*

() After SDS polyacrylamide gel electrophoresis and Stams-all
staining {7], the absorbance of each frog €8 band was measured at
535 nin (10} 1n a Gilford 250 spectrophotometer The CS content was
measured with raference to calibration curves obtained with 0 4-4 48
of punfied calsequestrin {6,9)

(11) The CS content was also measured by iminunablot After reac-
tion with the specific antibody and the alkaline phosphatase-
conjugated anti-igG, the CS band was dentified by stamning with
5 bromo-4-chlora-3 indolyl phosphate and Nitro blue tetrazolium
[6] The staining reaction was calibrated with reference to 0 6-3 x8
of purified CS. Images of immunoblots were obtained with a
Hamamatsu videocamera and digitized Densitometry of CS bands
and peah area determunation were carried out using, respectively,
‘JAVA' and 'Analyze’ software (Jandel, Inc) A simlar procedure
for quantitation of CS in rabbit and human muscle extracts has been
described [11]

(1) The CS content was also measured by **Ca ligand overlay
After SDS-slab gel electrophoresis and transfer to mtrocellulose
paper, blots were incubated for 20 min at room temperature i 5 mM
imidazole, pH 7 4, 60 mM KCl, § mM MgSOq, 10 «M **CaCl;, rins-
ed 1n 100 m! of 30% ice-cold ethanol and exposed to Kodak X-Omat
films [6] The CS content of muscle homogenates was measured with
reference to calibration curves obtained with 0 6—3 ug of punfied
CS Densitometnie scans of autoradiograph were carried out as
described in section (1)

3, RESULTS AND DISCUSSION

3 1. Ca** binding properties of frog skeletal muscle CS

K4 and Bmax values of skeletal muscle CS were deter-
mined by equilibrium dialysis using three different
assay conditions (Table 1). In the absence of KCl, in the
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Tablv 1l
Y ovomtemt of Trog skeletal mucle

Method X ¢ontent

tmg CN4g wel weight)
Siatneall 0,50
Immunoblar 0.97
Yea lgand averlay LT

Data are uverage of menvurements carricd out an tww differemt
homugenate preparations, uang 3 different provedures (wy seciion 2
for details), Data varled by lew than 10%

presence of 100 mM KCl and under ‘physiological’
conditions, CS displayed a Bmse of about 1200 nmol
Ca?*/mg of protein. Given an apparent M, of 47 kDa
(10}, CS can bind up to 56 mol Ca?*/mol.

4 was increased from about 0.05 mM to 0.9 mM by
100 mM KCl {3] (Table I). Under ‘physiological’ con-
ditions, Ky values were slightly higher (about 1.1 mM).
This might reflect the presence of Mg** at millimolar
concentrations (3,12,13], as well as higher potassium
concentrations (3! (see legend to Table I). The ionic
conditions decmed as ‘physiological’ are based on
literature estimates ([14] and references therein) and
must be taken cautiously, particularly since these are
estimates for myoplasm and not the SR lumen.
However, electron probe analysis [15,16] indicated that
there is no membrane potential across the SR and thus
any permeant ton should have the same concentration
within the SR as within the myoplasm,

3.2. Quanuation of CS in frog skeletal muscle
homogenates

The tissue concentration of CS was estimated by
three procedures (Table I1), which are based on calibra-
tion curves obtained with purified CS. CS was wden-
tufied by either metachromatic blue staining with
Stains-all [7,9], specific polyclonal antibodies, or **Ca
binding [6].

The ussue content of CS was found to be about
0.5 mg/g wet weight. Allowing for 10-15% loss of CS
during homogenization (not shown), experimental
values constitute a reasonable lower limit for CS
content,

3.3. Esumated concentration of CS insolated TC and
in situ

Quanttation of CS in homogenates of frog skeletal
muscle made possible calculations of CS concentration
in situ. Knowing the molecular weight of CS, the con-
tent of CS (ug protein/g wet weight) and assuming that
1 g wet weight is equivalent to 1 ml fiber volume, the
concentration of frog CS was estimated to be about
12 gmol/liter fiber (Table 1il). The concentration of
Ca®** binding sites on CS was obtained from the
number of Ca?* binding sites/mol (Table 1lI). The
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Table HI

Estimaled conventraiann of €% amd Cal* binding sivev and
caleulaled concentratony of Tatal uad free €af* {n vitro snd In sl

Iralated 7€ Muscle Nber |n «ltu SR

€S (mM) 2.4 0.012* 0.10%
Cal* binding vites (m\) 141604 048" 6.04
Total Cal™ (mM) nd. 0.9)" L B aid
Eree Ca” (mM) nd - 3,40
[+ B 1))
13,93t

* The concentration of €S in isolated TC Iy estimated knowing that
€8 accounts for 48% of TC protein [6) and assuming (hat | mg
prateln is equal to 4 41 [9.26]. The concentration of Ca’* binding
sites on €8 I abtained fram the number of binding siles per mal,
le. 36

The concentration of C8 {3 caleulaied from the highest tissue
content values of Table 1 assuming that 1 g whole muscle
corresponds to | ml hiber volume

* €S concentration In SR is caleulated by dividing C8 concentration
in musele fiber by the fractional velume of the SR (0.11, which iy
the average between 0 13 measured by Peachey {18) and 009
measured by Mobley and Eisenberg (19)). Although CS ix present
only in the lumen of TC, determinations of CS concentration are
based on thereliable assumiption that the lumen of SR iscontinuous
between the longliudinal and TC portions. The assumption is also
made that the volume occupied by CS and other luminal proteins
15 negligible

Total Ca®* concentration 13 derived from Schneider et al. (17] by
converting their value of | 58 mmal Ca*/liter of myoplasmic H;0
to 0.9 mmol Ca"/liter fiber The conversion factor 13 0.58 ldl
* Total Ca!* concentration s caleulated by dividing SR Cat*
concentration (0.91 mM) by the fraclional volume of SR (0.11)
Calculations are performed assuming that CS is the only Ca?®
binding proteln and, Ka 15 | | mM Bracketed value represents
estimates of free {C.a *) in the presence of additional Ca* binding
sites, square bracketed value 1s obtained if CS concentration 15
increased by 20%

&

]

maximal Ca** binding capacity of SR, if due only to
CS, was calculated to be 6.l mM in frog muscle
(Table III) since the fractional volume of frog SR is
0.11 [18,19].

It 15 important to note that the in situ concentration
of CS was at least 20-fold lower than that of isolated
TC (Table III). This likely reflects the SR fragmenta-
tion caused by tissue homogentization, 1.e. membrane
vesicles derived from the TC portion of the SR enclose
small volumes filled with CS molecules. The difference
in CS concentration may influence the comparison of
results obtained in isolated TC and muscle fibers (see
below).

3.4. What s the free Ca** concentration of SR in situ?

We sought to calculate the SR intraluminal free
[Ca®*], under resting conditions, on the basis of the
present results (apparent Ky of CS for Ca?* under
‘physiological’ conditions (Table I) and CS concentra-
tion (Table III)) and of two literature data which arc
available only for frog skeletal muscle fibers: the frac-
tional volume of SR (0.11 in [18,19]) and the total Ca?*
content of SR [15—17]. Spectrophotometric estimates
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of total Ca'" content In SR ({17): 0.91 mmoi/liter
fiber) are close 1a thosé derived from electron prohe X.
ray microanalysis of frozen muscle sections [13].

If the SR lumen is a freely diffusible compartment,
und if CS is the only Cal” binding protein, our caleula-
tions indicate that the free (Ca?*], under resting condi-
tions, is 3.6 mM (Table I1I). Free Ca?* in the SR was
estimated in the mM range by Weber [20a] and Maylle
et al. {20) later suggested a value of 2,6 mM based on
optical measurements of the Ca®* indicator tetra-
mathylmurexide sequestered within the SR of cut frog
muscle fibers.

CS, however, is not the only low affinity Ca?* bin-
ding protein within the SR lumen. There are also sar-
calumenin {21] and calreticulin [22], although in minute
amounts compared to CS, and low affinity Ca®* bin-
ding sites on the luminal side of the Ca?*-pump
molecule [23]. Both n and K, of Ca**-pump low affini-
ty Ca?" binding sites are controversial and range from
1.4 mol/mol and 1.3 mM (s9-sites of {24]) to
31-12 mol/mol and 7 mM [25]). Moreover, Miyamoto
and Kasal 176) have described several classes of Ca®*
binding sites and, among them, luminal &) sites having
lugh capacity and low affinity (K4 of 38 mM). If such
additional Ca?* binding sites are separately taken into
account and added to those of CS, intraluminal free
[Ca**] could decrease to as low as 2.3 mM (Fig. 1, and
Table II1).

13 S
i} 1 v 'wi; -
2 s

——— v m = yr—

0 -
[4)s] 0’ (S]] 06 (o) 10 1.0 14
Lot reicased (mmal/ Wier myoplasmie HaO)

Fig. 1 In situ free [Ca®"] as a function of released Ca?* Computer
simulation of changes of free [Ca?*) in frog SR was carricd out using
the MathCad version 2.0 software Abscissa values were obtained as
follows* {4[Ca] x 0 11} O 58, where 0 111s the SR fractional volume
and O 58 is the factor for converting g whole muscle to g myoplasmic
H:0 [4] Six different situations are simulated (circles) CSis theonly
Ca?* binding protein and the Ca®* buffering capacity 1s 6 09 mM (see
Table 111), (filled circles) CS plus low affimity Ca** binding sites on
the Ca** pump (y-sites of [24], n = 14, Ka = 1 3 mM) For our
calculations, the concentration of Ca?* pump in SR (0.6 mM) 1s
derived from Baylor et al. [7], (squares) CS plus 3 low affinity Ca?*
binding sites on the Ca®* pump (n = 3, Ka = 7 mM, [25]), (flled
triangles) CS plus 12 low affimity Ca®* binding sites on the Ca?”
pump (n = 12, K4 = 7 mM; [25]); (triangles) CS plus £ luminal low
affimity Ca®* binding sites (144 nmol/mg SR protein converted to
30mM, Ka = 38mM; [26]), (filled squares) 12 x CS., CS
concentration was increased by 20% because some CS was lost duning
homogenization.
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Additional factors, which might affect our caleuta.
tiony, have also been considered: underestimates of €8
content and presence of other cations which biad 1o
CS. A 20% increase of CS content would decrease the
free (Ca?*] by 25% (Fig. | and Table [11). Cations such
as K* and Mg?* interfere in vitro with Ca®* binding to
CS [3,12,13). Calculated free [Cat ") would increase by
20% if both § mM Mg?* and 130 mM K* (intraluminal
concentrations; {15)) were to compete with Ca?® for the
same binding sites. No simple competition between K*,
Mg?* and Ca?* was reported by Ikemoto et al. {12]. In
fact, given intrinsic Kys for K* and Mg** of about §
and 0.13 mM, respectively, the calculated free (Cal*)
does not increase, as expected (Table 1V). However,
given theantrinsic Kx and Ky, we estimate that virtual-
ly all Ca?*-free CS binding sites are saturated with
either K* or Mg?* (about 1 mM of both Mg-CS and K-
CS). In this respect, Somlyo et al. [15] have reported
that the K* content of TC 1s larger than that of both
longitudinal SR and adjacent cytoplasm, and suggested
that *‘excess K* in the TC is bound to CS''.

If the highest estimate for free (intraluminal) [Ca®*);
were to be correct (3.6 mM), the {Ca‘*]i/[Ca?**], ratio
would be 7.2 x 10%, given free (myoplasmic) [(Ca’*]o
equal to 50 nM [27]. This value 15 greater than the ex-
perimental ratios of 2 x 10°-2 x 10* achieved by the
Ca’* pump of isolated SR vesicles [28] but near the
theoretical limits [29].

3.5. CS saturation and Ca®* release in situ
Fig. | shows a computer simulation of the change of

Table IV
Contribution of frec and CS-bound Ca** to Ca?* released during a
twitch
% Ca* % Ca®" % free Ca®*
bound to  bound to
Ccs other bind-
Ing sites
(CSs)® 26 4 - 736
[CS] + 4-sites 292 43 66 5
(CS] + s low affinity
Ca?* binding sites 276 83 64 1
[CS] + 12 low affinity
Ca?* binding sites 28.9 269 442
[CS] + £y sntes 270 303 427
1.2 x [CS] 36.8 - 632
[CS] + K* + Mgi*® 242 - 758

Calculations of free and bound Ca?™ are performed using the

MathCad version 2,0 software. Duning a twitch, about 0 2 mmol

Ca?"/liter of myoplasmic H>O 1s released to the myoplasm [4,17]

Properties (K4, Bnax) and concentrations of additional Ca?* binding
sites are detailed 1n the legend to Fig 1

" [CS], or concentration of Ca®* binding sites of frog CS, 15 6,09 mM
and 1s denived from Table H1

® Computer simulation was performed using 130 mM and § mM as
the total K* and Mg2* concentrations and 0 044 mM, S mM and
0 13 mM (Table 1) as the intrinsic Kca, Ky and Ky, respectively
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free [Ca?*) within freg SR as a function of released
Ca'*. For a single twiteh, L. release of 0.2 mmol
Cul*/liter of mveplasmic H;O (4,17}, the bulk of
released Ca’* (around 75%) would be accounted for by
free (unbound) Ca?*, should CS be the only Ca®* bin-
ding pretein (Table 1V). Further computer simulations
were carried out either assuming additional Ca?* bin-
ding sites or increasing the measured €S content by
20%. Under such circumstances and during a single
twitch, the amount of Ca®* released from CS would
not increase substantially (Table IV).

The relationship between Ca?* released from SR and
% saturation of CS is non-linear (Fig. 2). For a single
twiteh, the degree of CS saturation would decreuse
from either 76% to 72% in the presence of CS only,
from 68% to 64% in the presence of CS and &) Cat*
binding sites, or from 72% to 68% if CS concentration
1$ increased by 20%. The presence of either ) Cal”
binding sites [26] or a large number of low affinity
Ca?* binding sites on the Ca®* pump (23] would pro-
vide substantial, additional buffering capacity and
decrease the percentage of free Ca®* being released
(Table III). Under all circumstances, however, at least
50% of released Ca®* would be accounted for by free
Ca** (Table IV). If the network formed by CS within
the TC lumen does not constitute a diffusional barrier
for Ca®* transport and accumulation, one of the im-
phications of this study is that a large proportion of the
released Ca?* is free in the SR and does not unbind
from CS during a twitch.

[kemoto et al. [30] have reported that most of the n-
travesicular Ca** is bound to CS in isolated TC frac-
tions; this is not unlikely due to the high CS
concentration of 1solated TC (see Table IIf). However,
the observation that a Ca?*-dependent conformational
change of CS precedes Ca?* release 1n vitro [30) does
not seem to have any physiological relevance, based on
our data and calculations. If 75% of released Ca®* is
not bound to CS (Table IV), a Ca**-dependent confor-
mational change of CS may follow but not precede the
opening of Ca2* release channels.

g0

co

¥ o° LS sa'ura o

<0

[«]

Ca2* relzosed {mmol/ Iler myoplasmic HZOJ

Fig 2 Sawuration of frog CS as a function of released Ca**
Computer simulations, calculatrons and symbols are as 1n Fig |
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During & tetanus, about 60% of stored Ca?" (1 mmol
Cal’ Aliter myoplasmic H;O) is released [16). and the
calculated free [Ca?’) would drop below | mM
(Fig. 1). Either additional Ca?* binding sites or higher
CS concentration do nor make any significant dif-
ference, The degree of CS saturation would decrense,
however, to around 40% (Fig. 2) and a sizeable amount
(43%) of released Ca’* would come off CS.

The calculated free [Ca’*} of SR in situ depends in
part upon specified assumptions, and further ex-
perimentation is required to directly measure free
[{Cal"]. Present and future data are relevant to the
understanding of the Ca®* release mechanism in view
of the recent suggestion that intraluminal Ca!* controls
Ca?* release channels [31).
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