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Abst;act

‘

‘The present study cxamined the responsc of several Ca’* transport parameters (o exhaustive

treadmill running in buriﬁed natiye sarcoplasmic reticulum (SR) vesicles isolated from rat

gastrocnemius muscle. Ca’*-loading and anion-induced Ca"-,release‘w.{is unaliered (p>0.05)

”

when the exhausted (E) condition was compared to controls (C). The consistent release of Ca

]

in sucrosc incubated vesicles suggests that this mechanism of Ca’" relegse is not entircly osmotic

in nature. Initial rate.and capacity for oxalate frec Ca"-uptake were cleyzgé‘d (p<0.55) in E
when compared to C. Peak uptake values were 52.32i5.8. and 38.56 % l.gnmol Ca’.mg SR"
(mecan+sem) for E and C réspéclively. On'?l{c (;lhér haﬁd the Km and Vmax of ATP<
hydrotysis wcfE’i‘depresscd by appr9ximalel)' 18% in l~ when the data was expressed as a linear

Hoftsee plot. The changes in kinetic parameters could not be attributed to an altered SR protein

profile since SDS-PAGE showed no differences between C and E. These data suggest that

S
/

Ca’'-ATPase function, in vitro, may be potentiated rather than depressed in view of the
apparent reduction in cnergy cost of Ca’ transport. This may reflect an in vivo accomodation
by the Ca’-ATPase to an exercise induced perturbation of the intracellular ionic and energy

states. . . ‘ o
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CHAPTER 1

Introductien

Muscle fatigue has been defined as "theinability of a physiological process to continue
functioning at a particular Jevel and/or the inability of the total organism to maintain a
‘kpre.-delermincd work intensity” (FEdwards, 1983). Mechanically, muscle fatigue and/or
exhaustion is usually characterized by decreases in peak letanic tension, the rates of tension £

development and relaxation, and increases in twitch contraction time and half relaxation. time

(Dawson ct al., 1980). These observations are reported for both chroﬁicall‘)’: tetanised isolated

muscle preparations (Petrofsky and Fitch, 1980) and in muscles from rats swum (o exhaustion
. !

(Fius ct al., 1979, 1982). Petrofsky and Fitgh (1980) also demonstrated a reduced maximum

rate. of. shortening although this parameter was unaffected (Fitts et al., 1977) where the

. . . ’ 4
muscles were excised from irained animals.

Since the earlier ihvest‘x;galions of Hill (1928), »_m_l.xscle' fyaligu‘eﬂ :m‘s been the focus of
considerable research ‘inle‘resl\.“ Yet, z;ilhough num.erous biechcrmic.alh and physiofogical
observations ha\"e:.‘b.é‘c‘n linked with the fatigue pro'ccss,ﬁils onsel 1o the point- of - muscle
exhaustion }enllains to be adequale@ exp]éined through _cause-effecl fclalionships. Earlier
feports (1kai and Steiﬁhaus. 1961; Stevens and Taylor, 1972) vproposed that fatiguc -was
associgted‘w’ith aberrant neural and neuromuscular transmission. Thcu vah;dity of these siudics )

e . .

was later challen’égd»bn the basis of methodological,linconsiStencies (Fink and Lutigau, 1976). -
L . , :

More recently, the determinants of fatigue are suggc‘st‘cf to be, primarily, localised
[ : .‘ , N .

~

intramuscularly since-fatigue can bt_i induced in directly stimulated muscles {Edgerton et al.,

Ll

1980; Petrofsky et al., 1980). o B

In order to account, intramuscularly, for the mechanigal manifestations of fatigue,
- y . ,

several key subcellular processes have been offered as exp_lanations. These include, the role of

v

4
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substrate production/availability, the role of force generation/transmission at the level of the

m_vofibn‘lg_ and the role of excitation-contraction (E-C) coupling. With respect to the former
possibility, the mitochondria do not apvpcar to be involved directly, since the capacity for

oxidative phosphorylation is unaltered in chronically cxhausted skeletgl and cardiac miuscle

-

(To[nanc?(J a’nd Banjster, 1972; Tdrjung et al., 1972). Aliernatively, suboptimdl oxidative
phos,phorjlalion, in vivo, was suggested 1o occur as a consequence of depleted muscle glveogen
stores that often characlcrizd chronically ‘cxhausled muscle modeis (Terjung et al., 1972;
Gollnick .Cl al., 1974). To date, howcver; the role of substrate availability during the onsct of
¢xhaustion rcmgins unresolved si‘ncc. its irqporl_anccl may be dcpcndcm upon the nature of the

N\
CXCICise protocol‘and\musc]é fibre type (Dobson et al.. 1985; Parkhouse ei al., 1985). In

endurance tvpe exerdise (FTEV) pro\(ocois, substrate availability may not, necessarily, be a
ptimary limiting fgctor since‘(a) intramuscular ATP content rﬂa)' be unaltered al‘éxhauslion
(Dawson et al., 1980) and {b) glycogen depleted muscles can retain their normal contractile
characteristics (Fitts et al., 1982).

Recent evidence strongly implicates the myofibrils, directly. in the cxpression of ETE

Fatigue (Belcastro et al., A1984, 1985). Although the Ca’ dependency of the myofibrillar

ATPasc, as assessed from Hill type k'_inctics,‘i§ unaltered at exhaustion (Belcastro et al., 1984;
. . L . ‘ - .

Fitts et al., 1982), electron micrdgraphs display significant disruption of the myofilament

ultrastructure and Z:line i/megrilyp(Bc‘ﬂ:ast‘ro.-é! al., 1985). 'fhe effects observed for ETE

fatigue_are very similar,to the effect of raised intracellular Ca? upon myofilament

@

ultrastructure (Duncan el al., 1980).' “I'ﬂ’this régard 'éell calcium imbalance after chroni;:

stimulation has been mdncated from cryo uitramxcrotomv swdles of mtracellular clemental Ca’
@ - Q N
composmon (Gonzalez-Serratos et al., 1978; Sem‘browwh etal., 1983) Consequenlly Belcaslro'

«

et af, (198*) postulatcd that. depressed force gencranon of th; whole muscle at exhaustion may

n
®

be a reflection of depressed f orce transmlssmn between sarcomere units due to. myof nlament
Pﬂ. ‘;' o ’
ullrastructural c}fsrupuon This course of events, in turn.,may be precxpltated by a putauve

ETE mduced cell calcium overload Accordmg]y Lhe sarcoplasmxc rellculum (SR) which
= . & C. e v e Kl
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regulates myoplasmic Ca’' concentrations. may be instrumental in this effect.

Farlier studies have implicated the Ca’ stimulated-Mg‘- dependent ,SR A H’n\c.
(Ca’ -ATPase), which mediates Ca’" sequestration and hence relaxation, in the expression of
muscle faliguc. The observed depression (20%) in oaalate supporied Ca*s accumulation . defined
as Ca’ -loading; (Sembrowich and Gollnick, 1977, }-'illsym al., 1982) and Ca’-AlPase

mediated ATP hydrolysis (Hashimoto et al., 197%: Belcastro et al.. 1981) by native SR vesicles

from rats chronically exercised to cxhaustion was suggested to account for the depressed

relaxation rates. However, interpretation of these data is limited since the observed depression
in Ca* -loading might be a consequence of a FTF induced increase in membrane leakiness to

Ca’*. Fcher and Briggs (1980) cmphasised that the diagnostic value of Ca lnmlmg s a

"

measure of unidirectional Ca*" influx is questionable since they showed that the rate and ¢atent

N a

of. calcium oxalate seeding and precipation, respectively, arc dependent upon vesicle

permeability to Ca**. Consequently, the depressed Ca® -loading observed by Fitts et al. (1982)

.might not reflect a dysfunctional Ca’ -ATPase but, rather, increased membrane Jeakiness (o

Ca®-, particularily as they found concomittant ATP hydrolysis to be unaltered at cxhaustion.

Furthermore, these fatigue related studics of Ca’* transport were performed upQn crude

homogenates with no account taken of-the microsomal proiein profile. Crude SR preparations -

-

are subject to comtamination {rom cxd’genous préteins, in particular phosphorylase b
(MécLennan, 1970). This contamination will c'ompound the variability of the Ca’ -ATPasc
and, possibly, bias the Ca"-ioading émd ATPase data. Little cont:idcncc, thc;cf"orc, can -be
ascribed 1o prior - interpretations of}allcration'sv‘in Ca’"-loading 1{ the population of. the
Ca”-ATPasé, in rclaliqn to the ‘lotal SR protein yield, differsibetween control and ci\pcrimcmal

condmons In addition, an endpoml determination of inorganic¢ phosphate (Pl) at a single and

f
relauvel) fngh concentration of Mg ATP (SmM) tiocs not, as an assay of Ca’ ATI’a§c activity,

adequately reflect thc catalyu’c potcmlal_ of the SR Ca“ pump in a microsomal prcparalfon.

N 0

Unlike the delergem solublhsed prcparauon the vesncular form of thé Ca’ -ATPase is rcgulatcd,

b) osmotic and Ca" electrochcmlca] gradients, vananons in which -will alter net Pi produc.uon

K o A
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(Hasselbach 1979; Hasselbach ei al., 1981; Hasselbach and M_igala_ 1985). Such colorivmétlr'ic‘
. dcterminations of Pi have formed the basis of all previous ETE related studies upon
Ca’ -ATPase activity. The gcncrzvalisabilil:\' of the subsequent results is limited ‘lO a description
of ATP regulation at tha Ca’ -ATPase low affinity substrate binding site. The catalytic
potential of the Ca"-AT"Pasc is more approprialecly studied in lcrms of the substrate
dependency at lower concentrations of Mg:ATP (Moller et al.. 1980).

A more comprchensive physiological role of SR Ca’ ' transport during ETE maj' be
appreciated when account is taken of both Ca’ influx and efflux and considered in relation to
ATPasc activity. Although Ca’ -loading mav be a useful parameter, some assesment of
v potential ETE effects upon (‘hc efftux component of net Ca’* transport is necessary. This may
be achieved lhrough the accumulation of Ca’  in the absence of precipitating anions
(Ca’ -uptake) since at s:lcady state Ca’" uptake the rate of Ca‘" influx equals the rate of Ca’"

s .
cfflun (Feher and Briggs, 1983).

The purpose of the present study-is, therefore, to re-evaluage the role of the SR during
ETE fatigue through dctcr'\(-nination of 1) Ca’-loading., 2) Ca’ -uptake and 3) substrate
dependent ATPase kinetic profiles using purified native SR vesicles. An ion substitution
ih_duccd--éa" relcase procedure (Koshita et al., 1982) will alsp be emploved in order to assess

“ the potential ffects of ETE fau’guc’upon a hypothetical Ca’" relecase mechanism.



. CHAPTER 2

Mecthodology

Animal Carc and Eacrcise Protocol
- L]

Ten female Sprague=Dawley rats (210-265g)- were randomly assigned to cither a
non -cxercising control (C) group (N =15) or ¢xcrcise (F) group (N=15). The animals were fed
a dict of Purina rat chow and water, ad libitum, and were mamu;mcd on a ]2 hour reverse
dav/night cycle at constant temperature. All animals were famitiarized with treadmill running 2
. days prior to tissue sampling. E animals were run 1o cxhaustion on a motor driven treadmil} at
an inclination. of “10%. The.criterion for exhaustion was ;lélcrmined as the inability of animals

4 , . -

1o avoid the shock grid at the rear of the treadmill and/or 1o right themselves fotowing

CXCICISCe. -

Tissue Sampling

All animals were sacrificed by initial stunning and subsequent  decapitation,
" @) N

Gastroenemius muscles from both hind limbs were excised and quick- frozengin isopentane
i A

-

pre-cooled with liquid nitrogen. The muscles were stored (-A7O'C) until subscquent biochemical

analysis: Both muscles from each animal were removed within 3 minutes after the point of
, ! '

exhaustion. Paired muscles from cach animal were pooled 1o represent a single sample.

- 7/
: .
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Biochemical Analvsis

Vesicle Preparation

SR vesicles were isolated according to the procedure Harigaya and Schwartz (1969) as
modificd by Belcastro et al. (1980). Gastrocnemius muscles were homogenised in a buffer
containing (in mM): 100 KCI, 20 Tris-malcate, 1 phenylmethyl sulp;hon)'lﬂuoride (PMSF)
(pH 6.8 atl 4'C). The homogenate was centrifuged at 1.000xg for 20 minutes 10 precipitate
myoflibrils. Subsequent differential centrifugation-of aspirated supernatants removed heavy
mitochondria at 9.000xg (15 minutes) and lighl mitochrondria at LS;.OQngV'(‘ZO mins). The final
SR cqmaining peliet derived -I;rom centrifugation at 37,000xg wasw&aéhed 3 times in a buffer
g“omaining (in mM): 600 KCI, 20 Tris-malecate, 10 NaN,, 1 }’,MSF.(pH 6.8 at 4”C5. Washing
was performed with the usc. of a teflon pestle and glass homogenising tube. The resultant pellet
was resuspended finally in a buffer épmaining (in mM}): 100 KClI, 20 tris-maleate (pH 7.0 at
30C).

The protein content of the final SR suspension was determined by the met.hod of Lowry

et al. (1951). Sodium dodecyl sulphate (SDS) was added during the incubation in order dlty -

solubilisc the complex intrinsic membrane Ca’*-ATPase protein.

ATPase Activity
Ca’ +Mg?* ATPase activity was determined as follows. SR protein (final concentration

= 50ug.ml ') was preincubated for 3 minutes in a reaction medium containing (in mM): 100

KCl, 40 Tris-maleate, 5 MgCl,, 0.04 CaCl, (pH 7.0 at 307C). Theo addilio_n of varying

-concentrations of MgATP? initiated the ATPase reaction which was quenched after 10 minutes

:‘5’ o

upot-addition of an equal volumé of ice cold 12% trichloroacetic acid (TCA). The precipitated
protein was scdlmenled by cenmf ugauon (1,000xg for 10 mins) and the phosphate content

deiermmed spectrophowmelrxcally (700nm) as' the the reduction of the phosphomolybdale

subgirate dependency of the ATPase reaction was assessed through varying the substrate




) conccmrglion (0.75to SmM Mg-ATP? ).

~J

”

- ~

Ca*" Transport

=

v Several Ca?’" transport parameters were measured using millipore Tiltration. The.

~ description of these parameters is in accqrd with the terminology employed bysMcissner (1975).

C e

Ca’* “actively accumulated by SR vesicles in the presence of ATP and precipitating hpions
{oxalate) is defined as Ca’ -loading. Ca"ac@mukﬁcd in the presence of ATP but without
oxalate is referred to as Ca’ -uptake. Ca’* accumulated by the vesicle i the absence of both

I B . o .
ATP and oxalake is defined as Ca’ -binding. For Ca? -uptake &nd Ca’'-binding, 'SR vesicles
- . . . . .
(25,jg~m] ') were pre.-incubated in a reaction medium containing (in mM‘): 100 KC1, 40
< I's )
ATris-malcalC. 5 MgCl,, 0.050 **CaCl, (10,000 dpm. nmole ') (pH 7.0 at 30'(’), Ca’ -uptake

was inttiated by the addition of SrBM Mg',:\TP’ . After 1, 2 and 3 minutes 5004] aliq}]QQ of the

. ’4,,’ L e
reaction medium were vacuifin filtered across millipore filiers (HAWP 0.454). For studies of

\
Ca* -loading the foregoing procedure was fo]lowed except lhat} SmM sodium oxalalC'w\as

inciuded in the reaction medium. The filter trapped vesicles \a?y then washed with 2 volumes
(

of ice-cold distilled-deionised H,O. Although some rescarchers Campbell and Shamoo, 1980)

commonly employ higher washing volumes (5-10 vol). pilot work indicated that washes greater

than 2 volumes did not decrease, fur;hcr, the non-specifically bound Ca?. Besides this,
non-gpecifically bound Ca’ is automatically accounted for in the subtraction of Ca’*-binding

“from gross Ca? -loading and Caf*-uptake values. lce cold H,0O_was used as the rinse medium

J . . .
in order to minimize potential ion induced Ca’" réleasc cffects.

(i}istead of incubation buffer)

This treatment appears justified since a fraction of the Ca’' accumulated is releascd upon

.

washing with iso-osmotiz intybation buffer. Fi_l};—fs were subsequently dried and solubilised in

10mi Bray's scintillation cockfail.
3

Ca?" Release

"

Vesicles were pre-iincu ted. (45 minutes at 25°C).dr” a buffer containing (in mM) : 200

For studies of Cé’f-relcase the procedure of Koshita et al. (1982) was followed.

PR




e
potassium gluconate. 10 HEPES, 1 MgCl,, 0.05 **CaCl, (10.000 dpm. nmole *) with or without

200 sucrose (pH 6.8). Vesicles were pre-incubated at 30°C for 3 mins with the reaction initiated
- ' L, ., N

by the addition of SmM MgATP? . After 3 minutes a 0.5ml aliquot was vacuum filtered and

the vacuum strength (10 cm Hg) was monitored using a simplc'mercury manometer The filter °

was then washed with an equal volume of rihse buffer containing (in mM) : 200 potassiums
" gluconate or 200 KC1. 10 HEPES, 1 MgCl, (pH 6.8). For sucrose containing reaction media the
-respective rinse buffer also contained sucrose (260 mM). The filters were then dried and

B

solubilised in 10 ml Bray's scintflation cockuail. K

Liquid scintillation counting ‘was performed upon "a Beckman LS} 7800. The absolute
vali}és for Ca’ -uptake, Ca’'-loading and Ca’ -binding (nmolcs Ca"‘-mg SR protein ') were
calgulaled in relation to the known spec\iﬁc activities of ;hc respective reaclioﬁ media. ‘Net
"yalucs for the first two parameters were then derived by subtraction of Ca’*-binding. The

amount of Ca' released was determined from the difference between residual Ca’- afier the

filter trapped vesicles were washed with potassium gluconate and KClI containing rinse buffers.

Gel F.lcc\lrophorcsis

‘SDS polyacrylamide gel electrophoresis was pcrformeq cither 7.5 or 12.5%
acrylamide g¢ls‘ by the melhéd, of lLaemmli (1970). Ther SR frdctions were dissolved in 2
volumes of a sémple buffer containing: 0.062M tris-SDS stock, ’2.5% SDS. 1% glycerol, 0.05M
mercaptoethahol and O.lmllof 1% bromophenol blue. Alfuots (25.g/well) were subjected to
electkrophoresis on 7.5% or 1‘2.5%“ resolving gels and a 3% stacking gel. ‘Molecular weight
determinations werc. accomplished from calibration curves. using molecular w'eighl standards_

(Sigma Chemicals). The 'gels wére scanned at 540nm with a Pye-Unicam 8800 série's

densitometer.

Histochemistry
Glycogen depletion as a result of exercise was evaluat‘ed in thet'w'ﬁole gastrocnemius
muscle using'éerial sections for a) perigdic acid schiff (PAS) staiyj ‘(Karisson et al.,1970) and,
/,' o . .i. ?

(-
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a

-

b) MyosinATPase{pH 10.4) (Guth and Samaha, 1969): Frozen serial sections were cut at -2

e

"C using a microtome in a cryostat. The sections were mounted on cover glasses and air dried

for at least 10 hours.

-

.

Data Manipulation and SlansliCal‘;\nalysxs

A

Two-way analvses of variance (ANOVA) were conducted upon the data obtained for
Ca’ -upiake and Ca‘ -lpading. Main cffects were incubation time (1.2 or 3 mins) and grouping
(control vs exhausted).~Twe-way ANOVAs were also employed for Ca‘’'-relcase but mumn

effects were Wash media and groﬁpingi‘?osl-hoc Scheffe multiple comparisonS of main cffects

Ve “ A 1
%)

were perforfncdv"fb test for signi‘ﬁcancc among b values. T-tests were used to test for.significant
*differences bclw;en C and‘I-i groups with respect 1o Km and Vma); ATPase parametcrs. All

significan} differences. were dctermined at a 95% confidence level (p<0.05). lincar
,transformalions of 1he ATPase data (velocity versus substrate concentration) ‘\éfCTC pcrfo‘rmcd
ih order to construct linear regression Hoftsee plots. This involved Tearrangement of the classic
equation for a ;traig'ht line; Y = MX + C
After rearrangcménl Y=M- YC‘.X !
In this case

a. Y = enzyme vélocily V (ordinate)

b. X' = substate concentration '

C. QYX' = abscissa -

. d. MandC = algebraic constants

5 o L




CHAPTER 3
Results
£
The running protocol employed in this study (mean run ume = IZ().(jli 6.5 minutes)
normally results in an approximate 85% depletion in muscle glycogen comcm‘ (Belcastro and

Sopper, 1984). Such a result is indicative of extensive whole muscle recruitment during the

.

_ particular exercise (Burke and Edgerton, 1975). In the present study whole gastrocnemius

\ -

muscle glycogen content was not quantitatively assayed in either control (C) or exhausted (F)
. A

animals. It is therefore -assumed that this running protocol elicited a comparable level of °

glycogen depletion as observed by Belcastro and Sopper (1984).’Assaying for whole muscle

glycogen does not, however, describe the extent of individual fibre type recruitment. Mixed
fibre muscles such as the gastrbcnemius when subj?cled, chronically, to slowly répetitive
éoﬁlréctions exhibit a well characterised patlerrf of fibre recruitment. Prcdo;ninamly
slow-oxidalivé fibres are recruixéd inilialfy Qhereas lo;vards’ the latter stage of the con.tractile
period the progressive recruitment .of fast-glycolytic fibres achie_ves prominence {(Gollnick, et
al., 1974) . In order to asscss‘ the degree of total muscle' fibre recruitment histochemical staining
for glycogen (PAS) and myosin ATPase was performed (Plates 1 and 2). Plate 1 shows av
a;:prcseh.talive PAS stain for the control. Comparison with this is made in Plét_e 2a which ;hoWs
the compérablc stain for the exhausted muscle. Clearly, the exhausted f};uscle is extensively
depleted across all major fibre types as eviden;ed by the lack of stain. Furthermore, thqt this
depletion isb not fibré specific and that th’e.sectioning is repr‘eseritative of the muséle is

demonstrated by companson of Plates 2a and 2b Plate 2b whnch is stained for myosin ATPase .

represcnts a senal section of: Plate ‘2a with the vascular bundle at thc cemre of each plate

prowdmg a common landmark._ The darkly staining Flbres in 2b are fast twnch (oxidative and

*

-glycolytic) in character. It can be seen lhz}t thése f ibre typés correspond to the few more darkly

10
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Plate 1, Transverse segtion of C Gastrocnemlus stamed for glycogen with PAS. lntensnty of stain
. is proportlonal to glycogen content of individual muscle fibres, Variability of staining is due to
mlxed fibre type populatlon of Gastrocnemius.



" Plate 2a(upper). Transverse section of E Gastrocnemius stained for glycogen with'PAS.
Umform lack of stain mdlcates extensive glycogen depletwn across all flbre types YL

Plate Zb(lower) Senal sectlon of (a) above stained for myosm ATPase (‘pH 10 .4) .Fast twitch
f lbres (oxndahve and glycolytxc) stdmed more darkly than slow twitch flbres

12



P AS stained {ibres in Plate 2a (to the left of the vascular bundle).

Purified micrdsomal.\' protein yicld (mg SR protein.g musc]") did not differ (p>0.05)
" between C apd E animalsl(C:llAJiO.U c E=1.42+0.13 (mecan+SEM)). Futhermore, the
content and relative distribution of the Ca’" transporl proicins within the microsomal fraction
does not differ between C and FE tissue {(Figure 3.1). Figure 3.1 is a histogtam showing the
relative proportions of 4 principle proteins within the microsbmal fraction. The major protein,
the 100.000 dalton Ca’*-ATPasc, is the €a” }rar{sporé pump. The 63,000 dalton protein s
Calsequestrin which is involved in Ca’" storage in vivo {Maclenpan. 1974). Owing to il;.\ high
acidily‘it. migrates anomal'ousl,v in gel systems at high pH (such as the Laemlli svstem emploved
in the present study). Recentlv, Corzens and Rceithmeier (1984) dctcrmi‘ncd that {hn‘ true
molecular weight is approximately 40_000. The 55.000 dalton My, protein is present in the
microsomal fraction although it is not considered to be involved in physiological Ca’" transport.
The 53,000 dalton band represents a membrane spanning glycoprotein that has specific
nucleotide binding characteristics (Campbell and Maclennan, 1983). Thc histogram was
constructed from densiometric scans of SDS gels from cach animal microsomal fraction. Plate 3
is an cxample of such a gel (12.5%) with the 4 bands appropriately labclled. This gel pattern
compares favorably with other similarly purified (0.6M KCl) microsomal fractions isolated
from rabbit hind limb muscies (Martonosi and Beeler, 1983; Campbell, et al., l980)."l‘hc
identity and function of the remaining protein bands is uncertain. Their presence may indiéa(c
only partial purification of the microsomal fraction or, alternatively, some ma;' result,
possibly, from a ‘species dependent association with ih,e SR mcﬁlbrane. A particular C()ncérn_
was contamination of the mic?oéomal fraction from phos\‘phgryl_a‘sc b, a 99,000 dalion protein
associated with glycogen metabolism. Maclennan (1970): idcramﬁed[hat this protein may
contribute to ATP hydrolysis and its -presence may escape dclec“'tf.(:)'n‘iiah .p(-idrl_y resolved gels since
it may. form part of the 100.000 dalton band. To this end a 7.5% SDS gel which ’pefmug greater -
resolution was prepared (Platé 4). 1;1 Plate 4 purified C aﬁd E rat microsdmal fréélions were

/ .

compared with an unpurified“rabbit-fr,actiqn from which the presence of contaminating - ‘

X
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Figure 3.1 Histogram of relative distribution of 100 kDa Ca’-ATPase, 66 kDa Calseguestrin, 53
kDa Glycoprotein in C and E. The histogram was constructed from densiometric scans of 12.5%
" : SDS gels. : '
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Plate 3. SDS gel (12.5%) of 0.6M KClI purified. SR microsomal fraction for E and C. Molecular
weight marker proteins (S) are appropriately labelled (x10°daltons). In descending size order
these are; B-Galactosidase, Phosphorylase, BSA, Ovalbumin. E and C proteins are 100 KDa
Ca» -ATPase (Ca) 66 kDa Calsequestrin (Cs), 55 kDa M, protem (M), 53kDa
Glycoprotem (Gp)

-



o

f.
v ’
1 .
‘ L 4
) ”
i
| %
' <«
-,:"‘3
A7
i ~
O |
o ke
t!ﬁu‘" |
‘J ‘ ) el
-
T
[ 4
- )
1

o0 -

14

Plate 4. SDS gel (7. 5%) of 0. 6M KC! purified SR microsomal fraction for R (rabbit hmdhmb)
E and C proteins. The St well represents marker proteins (x10° daltons). In size order these are;

b in the R fraction.

Myosm ﬂ-Galactosldase Phosphorylase, BSA. Ca is the Ca’-ATPase and Pb is o e e

16,



phosphorylase b protein was originally identified by Macl.ennan (1970). The relative purity of

. the rat microsomal fractions can be appreciated by"virluc of the absence of phosphorviase b

which is present in the rabbit fraction.
' A
The Ca** transport data expressed as nmoles Ca’ .mg SR protein.' (mican 1 SEM) are

reported after having subtracted the ATP-independent Ca’ binding values (C 10644142,

.

F=1F2941.09 (p<<0.05)). Ca’ -loading (with oaalatc) for both C and F tissues increased

-

~curvilinecarly with time without statistically significant differences (p>0.05) between the two

groups at any of the 3 time points studied (Figure 3.2). Maximum Ca’ -loading. (at 3

minutes), was 1506 +66 and 1558 £ 87 nmoles.mg * for C and F tissuc, respectively . 1 he evtent
of Ca’("-loading is compar\ablc with similar values (1800 nmoles . mg ') 'rcpopcq by (‘hu. et oal
(1983) fo'rufasl twitch rabbit back and hindlimb muscle. Although the Ca’ -loading assay
emploved by Chu et al. (1983) is \'er); similar to that used in this siudy. the slightly lower peak
Ca’ -loading value may be due to spccic.s or muscle fibre l_vva differences. Muscles wi(h‘ a
greater proportion of fast twitch fibres exhibit greater Ca’" transport capabilitics than slow
twitch fibres. This is possibly due to higher Ca’ - ATPasc/lipid ratios in the SR of fast twitch
fibres (Jorgensen ct af., 1983). . -

Unlike the time dependent profile for Ca* -loading., maximal Ca"'-u;;lakc (without
oxalate) appeared to occur within 1 minute beyond the initiation o‘f‘ the reaction (Figure 3.3)
Thereaﬂer. Ca?"-uptake reached a plateau which was maintained for both C and F tissuc at all
3 time pomls ' The rapid rise to peak Ca’ uJ;nake (within 1 minute) is a common observation
when ptecxpnaung anions arc excluded from the reaction medium. The attainment of the peak
v.aluc' of{eq occurs well .bet;orc 1 minute has clapsed. Conscqucmly‘, de4erminalion of true i'nill.':l
rates of Caz‘—upta‘keAare limited by the rapidity with which aliquots can be repeatedly sampled,
filered and then rinsed. In the present study initial rates-of Ca’ -uptake cannot be accuratcly

determined from interpolation of the curve since the earliest sampling time point was at 1.

minute.
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The platcau Bclwccn 1 and 3 minutes (Figure 3.3) indicates }he achievement of steady
state Ca‘' -uptakc. During 1}1is period the rate of Ca* influx equals the rate of Ca’ efflux into
and out of the vesicle, respectively. From Figure 3.3 it can be seen that significant increases in
Ca’ -uptake were observed for E tissue at all time points (p<‘0.05) in comparison to C. At 1
minute incubation C and F values werc 36.18+2.5 and 51.15+7.3 nmolés.mg ', 1espectively.
A( 3 minutes the respective values were 38.56+1.2 and 49.07i5.3 nmoles.mg '. The values -
obtained are. however, less than those usually repor‘lcd 70-80 nmoles Ca?'.mg ') for rabbil
fast twitch rﬁusclc under similar assay condd

\

different nh_ﬁclc type used in this study since post hoc experiments with rabbit fast twitch

hu et al., 1983). This is likely due to the

muscie prepared and assayed under identical condiﬁons resulted in Ca’ -uptake values of up to
90 nmoles Ca"".mg ' (data not shown). In gcn;ral terms the increase in Ca‘’ -uplake by ‘k
suggests cither a) an increase in Ca’ influx, b) a dccfcase in Ca’ efflux, ¢) an increase in the
storage capacity o‘I' the vesicle or, d) a combination of two or more of the foregoing.

Tables 3.1 and 3.2 summariy.é the mean Ca’" retained by the filter trapped vesicles after
rinses with potassium gluconate and KCI (with and. without sucrose). The assay conditions
(without sucrose) for the accumulation of Cal _bs the vesicles arc c,ssémially similar to those
employed for Ca’ -uptake since no precipitating anion is present. Subsequent washing of the
filters ;\"ilh potassium gluconate does not cause a release of the Ca™ from Lhc filter trappcd
vesicle. Gluconate is a rclatively membrane impermeant anion and will not result in anion
induced Ca?' releasc. Rins@ng fille‘rs witﬁ iso-oémotic KCl ddes, however, cause a release of
Ca"‘ since the amount of Ca’ rela;’ncd by the filter is less than that aftér washing with
potassium gluconate. This Tesult supp:oryls. the reas’oning:i for washiﬁg Ca’ -uptake %pd/‘
Ca?’'-loading filters with H,Q rather than ré'actior_{ buffer (withoi;t Cai'). .

When wvesicles were assayed in a sucrose containing reaction medium the amount of
“accum‘ulated Ca’" is much higher than when sucrose is absent. Campbell and Shamoo (1980)

suggested that sucrose incubation reduces the osmotic gradient against which, the Ca?*-ATPase

“has to work. while Ca?" is being accumulated by the vesicle. The Ca’* accumulating energy of
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- Table 3.1:Summary of Ca’-release data (meanisem):
Ca’" remaining on filter after .washing (umol.mp ').

Wash solution Controt Exhaust
K Gluconate 53.284 7.3 60.601 7.5
KCl ‘ 22.05%73 1429 + 4.1 ©

Ca® released 31.23+37 4631+ 44

the pump may be effectively increased as a consequence. In contragt 10 the lindings of Koshita
et al. (19%2), rinsing the vesicles with KCl appears to causc, a release of Ca’ . Koshita ¢t al.
(1982) could not demonstrate anion induced Ca’" release in the prcsc'ncc of sucrose and argucd
that this manner of Ca* rcicasc (in the absence of sucrose) was an osmotically induced
phenlomcnon. Closcr inspection of their data suggests, however, that the microsomal fraction
was significantly contaminated witl‘l mitochondria since the reported Mg'- stimulated ATPase
, acli‘vily represented 50% of the total Ca* + Mg’ stimulated ATPasc activity. The a;pparcnl
anion induced Ca?" release reported here is in agreement vs;i(h similar findings'by Campbell and
Shamoo (1980), Caswell and Brandt (1981) and Kasai ;and Mivamojo (1978). Campbell and

Shamoo (1?80) demonstrated that this manner of release may be associated solely with the

'

"heavy" SR vesicular fraction the origin of which is presumed to be the tc._rmir,r,lal cisternac. This
is consistent with the view that, in vivo, Ca" release occurs in the cisternal region of the SR
rather than throughout the entire reticular membrane (Marlonosn 1984). In the present smd)

the apparent anion induced Ca* rclcase is observed for both ( ard E (Table 3.2). Despite lhc
e]evauon in both accumulated and released Ca’* for E. these dlffcrcnccs were statistically
non- sngmfxcam (p>0.05). The large variability meun the raw data (appcndlx B, Table H may
be instrumenlal in the lack of statistical Asignif‘icancc. The reason for this may be the noted
inability (despite attempts) to geﬁcfatc a consistent rate of filtration across the fitgcy. The
vacuum pump employed did nét possess .a pressure regulator and was not dcsignéd'to generate

partial vacuums. The desired pressure differential across the filter [ 10 cm Hg) was created by

adjustment of a crude valve device and measured using a simple U-shaped mercury ‘manometer.
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Table 3.2:Summary of sucrose Ca’-release data (meantsem):
Ca‘*" remaining on filter after washing(nmol.mg ').

Wash solution Control . 'E}'haust
K Gluconate L 151.28410.4 165.30+10.3
KCl ’ 117.40+12.5 109 44+ 6.4

" Ca’ released 33.88+43 55.86+9.8

A variable trans-filter flow rate of:si)lvem could be observed as a conscquence of the imprecise
pressure regulation. Fiow rate is a crucial variable is this type.of experiment since the Ca? is
retcased from the vesicle in a non-linear, time dependent manner. The longer the céposurc.time
of the vesicles to the wash media. the greater U)c amount of released Ca’". Had the flow rate
been more adequatcely controlled a less variant set of data may have resulted. Further and more
precisely controlled experiments are evidently required lo'investigate the effects of endurance
type of exercise upbn this manner of Ca*" release.

Figure 3.4 is Ia plot of Ca’" stimulated-Mg?* dependent-ATPase activity versus substrate
(Mg ATP*) conccn(rétion for both C and E tissues. In both instan.ccs a hyperbolic reiagﬁonship
appears 1o exist between the 2 parameters which is indicative-of first-order Michaelis-Menten
l_\"pe kinctics. This is confir'med'in Figure. 3.5 by the linearity of the subsequent Hoftsee plot.
Within the range of Mg-AfP gonccmratidns employed the substratc dependent kinetic profile is
an expression of low affinity ATP regulatory site aclivation;(r'\doller et al., 1980). From Figure

e : o

3.4'it appears that the Vmax of ATP‘ hydrolysis is depressed in E tissue. This is consistent with
previous. reports (Sembrowich and Gollnick 1977, Belcastro et al:, 1981) which suggested lha[.
this reflected an ETE indt;ecd dysfunction in the Ca"-ATPasé. Sincev the Ca’-ATPase is
capable of rc‘cycling Pi, the suggestion that a drop in net free Pi represents a depression in the
catalytic: poteniial of the Ca"-ATPasE may not be entirely lv’ali.d. ‘Such a case may indiéate
.elevatcd Pi iric‘orporatioh into the resynthesis of ATP or in more general terfns, it may
repr'e;em altefed regulatory site todulation of Caf-‘ transboh without. necessaril); impiicating

' depressed catalytic site function. The results of the present study do not address themselves to



‘./‘

2.25
2_.
= 1754 ’ ’ !
-
~~ 1504 . B
o I
o
é 1254 - -m | /./?)
- - - Y —
0 -
— 14 P /Q/’
© A /:/
&£ i " i 3
3 0.75- ) ;
7 .
g L/ : Legend
> 0.50- N
n “Il Control
0.25'—1‘ _./ ’ - o ‘ O Exhaust
0+ T T T T T T T T i

T ) T T
0 05 1 15 2 25 3 35 4 45 5 55
MgATP Concentration (mM)

Figure‘ 3.4 Mg-ATP dependency (0-SmM) of Ca*"ATPase activity in C and E.



2_
Legend
— ' O. control _
£ 154 O\ [0 exhaust
£ : —
N s &
£ _
XL | -
a
©
£
3 ‘
> 0.5_‘
N\
N\
T : O
0 . ¥ R 1 ] { 1
- 0 _0.25 0.50 0.75 1 1.25 1.50

V/is} (mM)

24

. Figure 3.5 Hoftsee plot of Mg ATP dependency (0-5SmM). V= enzyme velocnty [S] MgATP

concentratlon



A

Table 3.3:Derived Km M Vmax values of A1°P hvdrolvsis.

Control - Exhaust
Vmax ' 214 1.76
(umol.mg '.min )
Km (mM) ' 1.96 1.66

‘lhc turnover or catalytic potential of the Ca’-ATPase since the range of substrate
concentrations was insufficiently low. They do however suggest an FTE induced alteration in
regulatory site modulation since substrate affinity for the the regulatory site is ncreased
.(I-‘igurc 3?5; Table 3.‘3). For E the dcpivcd Km value is 1.66mM whereas for C it s 1.76mM

(p<0.05)



CHAPTER 4

Discussion

Iraccord with Edwards’ (1983) definition of fatigue, the exercised animals employed .
in the present study fulfilled the criterion for total body exhaustion. That particular muscles
were ‘recruil'ed durrhg the activity and may have been instrumental in the ctiology of the fatigue
‘process is implied from the extent of imramuscular glycogen depletion (Burke and Edgerton,

1975). No quantitative assessment of muscle glycogen content was madc in the present study.
On the other hand, comparison of histochemical preparations between control and exhausted
gastrocnemius rnuscle indicalesI that this muscle was recruited extensively during exercise
(Plates ’1 and 2)

Figure 3.2 indicates that the exercise protocol employed to fatigue the animals did not
significantly alter the Ca’ -loading polen[iar of the gastrocnemius SR fraction (Arnrslrong and
Phelps (1984) showed this muscle fibre composition 10 be 65% fast gl\colvm. (FG). 28% fast
oxidative glycolyuc FOG) and 7% slow oxidative (SO)). This is in parual contrast to Fitts e('
al. (1982) who reported, after-a swimming protocol of cons’iderably longer duration (7 hours),
depressed Ca“-loading in deep vastus lateralis (63% FG, 36% FOG, 1% SO) and soleus (13%
FG, 87% SO) muscles. EDL (56% FG, 42% FOG, 2% SO) and superficial vastus lateralis (97%
FG, 3% FOG) muscles, howevcr displayed no significant alterations in Ca’;-loading.

Severa) faclors ,ma) be evoked to explam the*observed dif ferences between the prescnl
study ‘and that of Fitts et al. (1982). qu; of these factors are excrcrse 1ype and cxercise*
imensity. Cardiovascular responses for instance, to acute aquatic and treadmitl exercise'(Flaim
et al., 1979) in rats have been shown 10 drffer Flaim et al (1979) reported no net change in

. cardiac output with aquauc exercise whereas lhrs parameter mcreased two- f old durmg lreadmrll

exercrse Furthermore comparisons.of skeletal muscle blood flow during treadmill and aquatic

26
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excrcise showed the former to be significantly clevated over the lal‘lcﬂr (up to two-fold
difference). The atypical cardiovascular responses reported for-aquatit exercise may, to some
extent. reflect the reflex bradycardia observed with aquatic ‘submersion (Prosser, 19/3).
Nevertheless, thev also indicate diffcrential involvement of muscles (particularly hindlimb)
duning the u'vo exercise profocols.

Exercise intensity | S oqé of 3 parameters that describes "involvement”™ of a muscle
during a speciflic type of eacrcise. The remaining two are total work and duration of work, Wi'm
respect 1o imlcnsi(y, Parkhouse et al.,(1985) showed that muscle fibre recruitment patterns ;”C"
dependent upon the intensity of the cxercise. Since different muscle fibres have different
mcla'bolic propertics, cxaercise intensily will (together wix.h exercise type) likeh mfluence
responses at the subcellular level (in this casc. possibly. Ca’ -loading). Howcever, lquamitalivvc
comparison of the total amount and intensity of M)rk performed by the muscie or the animal
in both the present study and that of Fitts et al. (1982) is not possible at present, Allhough it is
probable that lhe_v. do differ. The data from the present study, therefore. suggests that
Ca"—]oadirlig_ in muscles from animals fatigued under the constraints of this protacol, is not
affected significagtly in relation to 'conlr@lsA This is in accordﬁwilh the findings of Bonner et al.
(1976) who, using a similar cxercise protocol, ShQ_W‘Cd no significant dlﬂcrunus:im
Ca’ -loading. l . .

With respect to Ca’ -uptake it is apparent that this parameler is clevated at exhaustion
(Fig 3.3). The magnitude of the contrbl values, however, arc less than those usually reported
(75-»100pmole’s. Ca?.mg ') for Ca’ -uptake by fragmented SR (Chu et al., 1983). This is.
surpris.ikng in view of the fact that Type 11 fibres, which have been rcporléd lo'com'prisc'%% of
the rat gastrocnemius muscle (Armstrong and Pﬁelpﬁ. 1984). rapidly accumulatc C;’.‘ owing Lo

- the high density of Ca’ -ATPase mplccules. A polential source of the relative depression may-
be the free Ca’* concentration wilhin the reaction medium. Of “the 50nmolcs.mi ’ total Ca",l

approximately 25;M was later determined (using an Orion 900 series Ca’ electrode) to cxisl as

free Ca?". Maximal Ca’ -uptake is suggested to occur in the presence of 1-10uM free Ca’
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(Weber ct al., 1963; Hasselbdch . 1979) with apparent i;mibilion at higher (20:245(;;M) free Ca?*-
concentrations (Chiu and Haynes, 1980). Therefore, the Ca’"-uptake val'ﬁbcs reported in this
study may be a consequence of supramaximal (ic. inhibjlor)') Ca’ activation of Ca’" transport.
The 28% elcvation in accumulated Ca’' does not initially appear to be accounted for by
differential Ca’*-binding since this parameter remains unaltered at exhgustion . However, it has
been suggested (Inesi ev al., 1980: Pick and Karlish, 1982; Martonosi and Beeler, 1983) that
Ca’* binding occurs in two successive steps which precede and follow Mg ATP. binding.
Consequently, ATP -independent Ca’*-binding. as assayed in this study, may not have been
senlitive 0 potenttal ETE induced changes in truc Ca ’ -binding. On the other hand, truly
clevated Ca’ -uptake may have resulted at exhaustion. although w}\cthcr this increase was
represented by an clcvahlcd intraluminally bound or.frec Ca’" compartment is unclcar. The
excrcise protocol may, for example, have potentiated Ca'" binding to the acidic protein
Calsequestrin. An additional possibility is 1ﬁal, in fatigued SR, malcate permeability may have
increased. Maleate co-transports with Ca’ and clamps this cation intraluminally as an
osmotically active complex (Beeler, 1983; Chu et al., 1983). Increased maleate permcabilil.y
may have stimulated Ca‘ -yptake. The Ca’ release data, howcver,.s.uggcsts that true increases
in Ca’ -uptake-occurred. In several different reaclién media, a trend low;xrds the same result
was oblained.

With respect to the Ca’" release data no significant differences in the amount of

released Ca’™ from C and E SR were noted. This is substantiated by the lack of interaction

between A (wash) and B (group) main effects after 2-way analysis of variance (Appendix C).

The dramatic increase in Ca‘ -uptake (after potassium gluconate wash) when vesicles were
pre-incubated in sucrose (Table 3.4) is consistent with previous reports (CaéWell and Brandt,
1981; Mitchell et al., 1984). Mitchel_l ct lal. { 1-984) and Beeler (1983) suggested that sﬁcrose
effects a reduction in the Lraésmembranous osmotic éra.dient which will reduce the

chemi-osmotic work of the Ca**-ATPase; hence elevated Ca*-uptake. The magnitude of this
AR .

effect, though, has been suggested to vary with vesicle/sucrose pre-incubation time (Beeler,

- o

F

-
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1982; Martonost, 1984). Accordingly, although sucrose incubated vesicles, in the .prcscm study |
rcleased a proportion of calcium (indicative ol non-osmotic release) the true meaning of ths
result awaits more comprehensive evaluation of sucrose-mediated effects. Ad‘dilionally, precise
comparison of Ca’ release profiles between ._(,‘ and F may be precluded by the evident
variability within the Ca’" release data (Appendices B and (7). Although anion substitution
(chloride for gluconate) consistently releases a proportion of accumulated Ca?' | several factors
may compound the variability that ts apparent within this particular technigue (Navier and
Dressel, 1984; Koshita et al., 1982). Pilot sludics conducted prior to this work indicated, for
instance, that the amount of Ca’' retained by the filicr trapped vesicles, after they were washed
with' H,O. was inversely proportional to the filtration vacuum strength. Therefore, although
attempts w‘cr'c made to maintain vacuum strength, the vacuum dependent rate of liltration
(which appeared to vary cousiderably) of the wash solutions will partly determine the total
amount of Ca’ released since this 1s dependent upon the eaposure ttme of the trapped vesicles
to the wash solution. Consequently.. the simultancous operation of a sct of uncontrolled

3

determinants mayv have' vielded a significant within-group variability. Further work is ¢vidently
needed to improve the reliability and sensitivity of this technique. This work might include a
time dependent analvsis of Ca’" release in order to asscss both the rate and magnitude of
release. )

With .respect to the kinetic data for ATP hvdrolysts it is apparent (Fig 3.4) that the
| total Pi production is depressed in the fatiguéd SR. The 18% depression observed in this study is
consistent with a similar value (21%) reported by Belcastré et a-l. (1981). Unlike previous
fatigue rela[ed.sludies, though, ATP hydrolysislwas monitored in lerms of‘ils subsl‘ratc
dependency “in the gbge;g:e of Ca’ precipitating: anioqs. It was, '?arlier; suggested lh‘al
depressions in \_/max represented some functional impairment of the Ca"—ATPasc due 1o
fatigﬁe (Sémbrowic_h ‘and Gollnick, 1977). Ind}rect spppori fér' fatigue "associatcd depression in
ATP hydrolysis was dcmonstré}ted b).' D_awson et al. (1980)‘. Thesé aulho{rsmrggcslcddl_hal the

maximum rate of ATP hydrolysis (and suppdsedly Ca’ transport) rﬁ;x}' be. dépressed at |

\ LT e, - *
‘s B dis.

g



 the prcscnu of. optimal (SmM Mg ATP) substrate concentrations.
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exhaustion since ATP potentials were found to be directly propomonal to the relaxation time

Thi> rcasoning, however, prcsumes that the relaxation time constant,

&

constant.

depressed at exhaustion; is primarily a function of the rate of Ca’- scquestration rather than

the rate 0{ crossbndgc cycling. Furthermore, the cfﬁuem) of the Ca

cnergy coupling of Ca’ transport is not, solely, a function of ATP potentials but also

determined by the relative concentrations of the bound and free forms of Ca®® associated with

the SR (Hasselbach and Waa$, 19{2\)]
In vitro, the issue of ATP potentials or energy charge may not be a limiting factor with

respect to ATP hydrolysis and Ca®"-transport since fatiguc induced changes can be observed in

During the 10 minute

Arcautcm period only 10-15% of the total MgATP is consumed for Ca‘" transport. Since

subslralc’ concentration is far from limiting then ilmay be feasible to assume that the energy

state, in vitro, does not differ betweeh control and fatigued tiésuc. Consequently. if the

'forcgoing is correctly assumed, then the altéred kinetic .behavior of the Ca’ ATPasc as

obscrved in this and other studies is presumably duc to alterations in (a) some fundamental
characteristic  of and/or | (h) some other regulatory feature of the

the Ca’-ATPase,

Ca"-ATPasc' With respect to the former possibility, a depressed Ca’-ATPase population in
relation to total prolem can be eliminated since SDS-PAGE gel patterns da not differ ben&;x&

centrol and fatigue (Fig 3.1). Inspection of Flgure 3.5 and Table 3.3 revcais however, that,

! despile a reduced Vmax the enzyme substrate afﬁnity is increased (p<0.05). This implies that

3 o
exhaustion or ETF may indirectly modxfy the'\low affinity (regulatory) substratc bmdmg site in

<

ordcr to accomodate the reduced mlracellular’encrgv state in vivo. The modifying agent and thc

altered ionic

\
mcchamsm g [hlS change are both uncerlam at present. However, lhe

4

environment, vm Vivo, (parmularly Ca" and protons) -associated. wﬁh exhausuon

‘(Gonzales'-Serraios et al., 1978) may be instrumental in 1his effect.
The elevated Ca’ -uptake in the'face. of a .decreased Vmax for ATP hydrolysis at

exhaustion may represent a reduction in the energy cost of Ca’* transport. This apparent

which is |

-ATPase and thus the



increase in the efficiency of Ca’* transport may in turn be associated with the apparent increase
in substrate affihity of the Ca’-ATPasc. The cnergy of ATP hydrolysis js capended
translocating Ca’" from a binding site of high affinity 10 a site of low alfinity (Hassclbach,
1979). Consequently, a dccrcascd cnergy cost mayv reflect a rcdlxction in the thermody namic
gradient that exists between ific energy states of the two Ca’* binding sites. Since Cat bindmgo
to the external high affinity sites was unaltered in this study, low al‘fim‘g‘y site binding of Ca™
may have been polentiated. Accordingly. mddiﬁca!inn of the Ca’ binding site afTinity has been
implicated' in determining the variable stoichiometry of Ca*/ATP ratios (Tanford, 1983).
Berman (1982) and Melizer and Berman (1984), al’lcrnativcly~ have suggested that varable
sloichiom;cl»ry might be determined by an a.llcrcd probability of Ca’ pump mediated Ca™ fluves
lin the reverse and forward directions. In the present study a {orward runﬁing ol the
Caz'-ATPasch during the initial phase of Ca’ -influx may be lavoured in the fatigued SR due o
product (ATP) inhibition of the rcvcrsé direction. This may be created, possibly, through an”’
increased affinity of the Ca’ -ATPasc for Mg-ATP. This explanation apptics, how:-vcr, on'l)' if
the sloichiomclry vof ihc Ca* -ATPasc actually changes. This cannot be asscssed {rom the
present data sincé initial rates of 'Ca’ influx, enzvme/phosphate complex formaton and Pi
turnover were not dclérmined. Alternatively, apparent or net sloichior_nplric changes mayv have
occurred if the membrane was less "leaky” to Ca” in the fatigued SR fraction.

In another light, il‘ is possible that the increased Ca’ -uptake represents an increase in
the maximal concentrating ability of the SR through altered substrate affinity. It mev be
possible that, during the initial stages of :Ca’"-uptake, Ca*’ influx is accelerated through an
increase in the rate of .return of the lumﬁally oricnted ‘lranslocaté)r ,16 a cytoplasmically
oriented conformation (this stage is rate limiting and is accelerated by increases in s"ubsl'rulc
concentration or su.bstralc affini(y). Later, approaching stcady state, the rate of Ca’* exchange

B 4 : . .
between the internal and external_Ca" rhay bécome morc préminem. This may be 'accom“banicd
by a net reduction in the total amount of ATP hydrolyséd since the rate of Piexchange between

ATP and ADP and coincident partial reversal of the Ca” pump would be stimulated in the
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presence of increasing ADP and luminal Ca’" concentrations. Thus, the effective tesult may be
a faster cycling of Ca* around the Ca? -ATPase at steady state Ca-uptake. This may reflect a
more rapid regulation of the local Ca* environment by the enzyme, in vivo, in an atiempt 10
overcome a dcprlcsscd encrgy state. The foregoing hypothés:s_ however, obviously require
further investigation since changes in other factors such as membrane leakiness, lipid/protein
ralios, and'vcsiclc volume may bc operating.

The changes observed in the fatigued SR tissue indicate that this organelle may have
undcrgonc“ some positive adaptation during the course of this cxcreise protocol. Rather than
some intrinsic malfunction of the SR, it is suégeslcd that Ca* -ATPasc functioning may have
been potentiated in an atlempt-to maximize the Ca’' concentrating ability in the face of (a)
depressed ATP levels (Parkhouse ¢t al., 1985) (b) an imbalanced local Ca®* environment and
(c¢) an altered ibm’c environménl. That adapiation rather than maladaptation occurs is
supported by the obscrvation {Gilchrist et al,, 1984) that ATP hydrolysis is reduced within the
first lW(; minutes of a similar ETE protocol. This depression continued and remained constant
between 15 minutes into exercise and cxhaustion. The altered SR kinetic paraxﬁclcrs, in vi[ro.”

therefore. mav be more a function of exercise, per sc¢, rather than solely related to events

4
-~

associated with exhaustion. This does not preclude a role for the SR at exhaustion, however,

since altered in vivo function may not necessarily be preserved in vitro. Rates of SR Ca*

uptake and releasc mayv well be depressed at exhaustion due to a potentially unfavorable
thermodynamic envirenment for which further compensation by the Ca**ATPase is no longer

possible.



CHAPTER 5

Summary, Conclusions and Recommendations

Summary

The present study attempted to re-cvaluate the effects of ETE upon sclected Ca®

transpott paramelers of gastrocnemius muscle (Ca’ -uptake, Ca‘ -loading, ATP hydrolvas and

anion substitution induced-Ca?®" releasc) at the point of whole body exhaustion in female taty,

As a result of the running protocol employed. the following observations were made:

1.

PITki had no significant effect upon Ca’ -loading in terms of both-iniual rate and extent,

Ca* -uptake, on the other hand, was clevated (28%) as a result of exhaustive FTE.

i

Although the Vmax of ATP hydroysis was depressed. the substrate (Mg~ATl"‘ ) affinity

for the Ca® -ATPase increased as a result of the exhaustive eaercise.

A
1

No significant effécts of exhaustive ETE upon the Ca‘ -release protocol employed were

noted.

These changes could not be astribed to alterations in the protein p‘ror‘ilc of the SR fraction,

\
v

| Conclusion

'In light of the foregoing it was hypothesised that the changes observed may reflect:

. 4
decreased energy cost of unidirectional Ca** influx through altered Ca*"/ATP stoichiometry

\

and/or _ ! ' : é
. \ T !
\

an increase in the rate of cycling of 'Ca* around the Ca*'-ATPase: this may cstablish a

faster control of Ca?" flux. _ .

\

It was suggested that during cxhaus\l\ive ETE the &a""-ATP;isE"may undergo positive

adaptation in order to accommodate an 'altercXJ ionic environment and reduced encrgy state, in’
B C \ L

\
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vivo. Thesce changes may be induced by the iniraceliular environment itsell (eg. Ca?" overload;

markedly decreased by pH) possibly in a feedback dependent manner.

Recommendations

’

The following issues are recommended for future study with SR and ETE fatigue in

order to establish a more comprehensivc« role for the SKR.

1. Ca’ dependency of Ca’r transport parameters and ATP hydrolysis.

2. Study of the stoichiometry of Ca?" transport through examination ‘of initial rates of Ca?’
uptake, Ca‘" loading and ATP hydrolysis.

3. The role of membrane permeability to Ca’'; the role oﬂipid/prolcin ratios; the role of
vesicle volume; and the role of osmotic influences upon Ca® transport.

4. The role of Ca® binding proteins and the influence of potential alterations in Ca** binding
propertics.

5. The effects of intensity, duration and workload upon the foregoing parameters. Although

the changes obsérved in their study were noted at exhaustion they may not necessarily

reflect events at exhaustion. [t will'be necessary in future, therefore, to cxamine‘. the time

course of these changes in order to identify and discriminate a relationship between events

associated with exercise and events causally related to exhaustion. :
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Appendix A - Review of Related Literature
.

Morphology of SR

-

The SR of skeletal muscle is characterized by the presence of two morphologically . and
lunctionally-distinct regions (Peachey and Franzini-Armstrong, 1983). These regions are 1) the

o

junctional SR (jSR)' which is f‘ound in .closc proaimity 1o the transverse tubular system
{T-tubules) and, ii) the free SR (fSR) which forms the longitudinal and lcnc.\lralwcd regions of
the reticulum. Although the detailed structure may depend upon the muscle amrj animal type
(Peachey, 1965). this classification 1s consistent for all xﬁusclcs including ihcﬂ myocardium
+ (Jewett et at., 1971).

The freeze-fractured fSR is characterized by a dense population of $5-90 ang.\.lrmn
particles on the cytoplasmic fracture face. Furthermore, the membrane s particularly
asymmetric since its luminal face shows h:;rdly discernab;:: indentations and very few particles
(Deamer and Baskin, |1969; Macl.ennan ct al., 1971; Franzini-Armslfbng, 1975, 1980). The
hvpothesis that the intramembrancous particles represeént the Ca? pump is supported by the
correlation between the 85 angstrom particle density and i) the rate of (‘a-"' influx, 1) the u'
slimu-laled ATPase a‘clivily_ i) the spced: of contraction of various muscles (Baskin, 1971;
Rayns et al., 1975; Devine and Rayns, 1975; Marjonosi. 1980). In fast twitch muscle the
density of the 85 angstrom particles is approximately 3,000-5,000 per um? across the enure
surface of .the fSR (Fyanzini-ArmSIrong, 1975). In slow twitch muscle the particle dénsily'is
approximately half‘ that Qalue as determined by indirect immunoferritin labeling of ultrathin
frozen sections (Jorgensen et'al., 1983). | |

The Ca’; transport protein is Lr{ans’m;:mbraneous (Hidalgo and Tkcmoto, 1977) and

protrudes from the cytoplasmic face into the aqueous phase, to form 40 angstrom particles that

~are identified after negative (Inesi and Scales, 1974) and tannic acid (Saito et al., 1978)

staining. The density is approximately 4-6 times that of the 85 éngstrom ‘particles (M‘arlonos‘

1984). In order to account for the discrepant distribution and densitics of the cytoplasmic and

3
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‘imramcmbrancous paruicles, Vanderkooi et al. (1977); using fluorescence energy transfer in
reconstituted vesicles, suggested that the 85 angstrom particles represent clusters of oligomers
of ATPasc molccules. Support for this concept is presented lhrpugh the observation of 200,000
and 400,000 dalton oligomers after sedimentation in detergenis (l.e Maire ¢t al., 1976)A and
chemical crosshn‘king {Chyn and Marlonosi:‘ 1977).

The morphological transition from the SR 1o the jSR or terminal cisternge s
particularly pronounced. The 85 angstrom particles of the ISR are absent in this region with lhe:
appearance of larger and less densely packed particles observed on the cytoplasmic leaflet aftér
freeze fracture (Martonosi, 1968) and immunoferritin labelling (Jorgensen et-al., 1983). The
packing density of (hc“jSR particles is much less than the SR ‘particles and Martonosi (1984)
suggested that the sharp transition between the two regions, possibly, create 21 barrier to free
dif fusion. |

The close apposition of the jSR and the T-tubles results in the I'ornlatl;bn of triads. The
flattened surfaces of 2 cisternal sacs of the jSR flank the junctional surface of a T-tubule.
Occasionally, in the myocardium and the muscles of inverlebra‘les_ only one element of the SR
forms a junction w;(h a T-tubule (diad)‘,(Manohosi and Becler, 1983). The junctional gap
between the T-tubule and the jSR is approximately 100-200 angstroms and is characterized by
the presence of densc projections or feet which connect the cytoplasmic leaflets of the two
membranous systems (Franzirii-Armstrong, 1980). The feet.arc periodically dispersed at
intervals of 300 angstroms and are arrangeq in rows of 2 or 3 on both sides’ of the T tubule
(Jewett et al., 1,9_”/)' The feet are consideréd to be associaléd with .the JSR rather than the
T-tubuk since they remain associated with the jSR upon fragmentation and fractionation of
the re;'icular membrane (Campbell et al., 1980). |

Additional junction spanning' structures haye also been identified- after tannic aéid

staining (Somlyo, 1979). These structures or membranous bridges create continuity between the

@ “

cytoplasmic leaflets  of the triad membrane and are spaced similarly to, and probably run

centrally through, the juhctioﬁal feet (FranzinifArmstrohg. 1980). Somlyo (1979) . has
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proposed that these bridgc; may be phosopholipid structures although the suggesuon was based

(sg)lcy on their staining properties. The precise role for both sets of juncuon spanmnyg structures

has not been idenufied. Since the luminal leaflets of the triadic membrancs appeared sepatate,
N

Martonosi (1984) argued against direct clectrical coupling between the T-tubules and the SR

Somlvo (1979), however, argued that the bridges were compatible with charge movement

theories of Ca’ release (Schnieder and Chandler, 1973; Adrian and Almers, 1976). In prinaple,

their presence could account for the time inyerval between depolanization and Ca’ - release,

Protein Combosition of SR

Upon mechanical disruption of the muscle cell in salt or sucrose containing solutions

.th¢ SR membrane becomes fragmented. The SR membrane fragments then form scaled
spherical vesicles (80-100nm mean diameter) which can be harvested in high vields. The

formation of such vesicles {rom irregular 'pfZments s, in itself, a remarkable property of this

membrane since, although this process is fhermodynamically essential for the lipid fraction, it
demonstrates the high -degree of mobilily of the other componcnts (Hassclbach, 1979).
Meissner (1975) reported that 90% of the protcin in the light fraction was the Ca’ -ATPasc

protein whereas (B latier constituted 55-60% of the total protein in the heavy fraction. An
[ o

additional cofnponem found almoél exclusi.vc]y within the heavy fraction is Calsequestrin, an
acidic protein that possesses Ca*" binding properties :(Maclcnnan and Wong. 1971). Mussner
(1975) also noted the presence of matrix material within the terminal cisternae and the heavy
vesicular fraction. He suggested that the matrix was formed from Calsequestrin and that the
heavy vesicular fraction was derived from the terminal cisternac. This‘suggéition received
additonal support from the later work of Lau et al. (1977) who reported clectron dense
materia) within the heavy SR‘which they presufncd to be Calsequestrin.

o o : ~ |

,; “The SR proteins comprise, approximately, 65% of the microsomal dry weight (Incsi,

1981) of which 50-80% is the 100,000 dalton Ca?*-ATPasc (Ohnoki and Martonosi, 1980).

Besides Calsequestrin (Mr=44,000), a High Afﬁnity Calcuim Binding Protein (Mr=55,000)
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(Osiwald and Maclénnan, 1974) . a 12 kD>a Protcolipid (Maclennan et al., 1972) and a 53 kDa
Glycoprotein (Michilak et al., 1980) have also been identified. The SR protein profile, as
revealed by SDDS-PAGE, is relatively simple after high salt eatraction of the surface proteins
normally associalca with an endoplasmic reticulum. A [irst approach to the identity of the
100.000 dalton p‘rolcm was cstablished by labelling lh¢ membrane with "*C N-ethyl-malcimide,
a thiol rcagent that specifically bfocks Ca*- transport (Hasselbach, 1966). The label was eluted

from a Sepharose 4B column at a volume normally associated with molecular weights of

approximately 100,000. The identity of the 100.000 molecular weight protein was later

confirmed (Martonosi, 1969) through covalent attachment of ATP, labelled at the terminal -

ph%ﬁ{lalc ‘\vilh “P. The Ca’ -ATPase can be purificd and solubilised in low yiclds (Maclennan,
N / 3 .
l97UTth\Ingh the usc of deoxycholate as a detergent. The level of detergent is crucial, however,

since excesses can render the Ca' -ATPase inactive through conformational perturbations.
&

Ca’ -ATPase Structure.

Exposure of the SR to mild tryptic digest can degrade the Ca’ -ATPase into two major
fragméms: a 55,000 dalton (A) fragment and; a 45,000 dalion (B) fragment { Thorlcy-Lawson

*-ATPase retained its

and Green, 1973; Inesi and Scales, 1974). Despite this digestion the Ca?
! . S

hydrolytic potential and both- fragments remained ‘associaied -with /thc membrane. The .
iﬁcorporali&q of ’?P into A indicated that thig fragment contains the site of ATP hydrolvsis
(Sléwart el‘al., 1976). Extended digestion of fragment A resulted in 2 smaller subfragments: a
33,000 dalion (A,) fragment and; a 22,000 dalton (A,) fragment. This subsequentldigest did
not, however, affect fragment B. Furthermore, P incorporation ‘imo the Ca’-ATPase prior
to the exlended div‘gcsl resulted in the label recovery f romf ragment A;. Stewart et al. (1976)
have sequenced fragment A,“andbindemifiec.:l the acllivc site as a phosphoagparty'l residue.
Consequently, fragment A, 'wa's suggested to have a cytoplasmic orientation vé:hi"le fragments A,
and B were mostly buried within the membra_ne'. Allen et al., (1980) deduced that the zilighmem

of the fragments was A.-A;-B with A, possessing the N-Ac-Met terminal sequence. This

', alignmém was .confirnied by Kiip et al. (1980) who proposed that A, and B fragments
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possessed atleast onc transmembrane passage each and A, possessed atleast two. At that tumec.
however, 200 membrane associated amino acids had vet 10 be sequenced. Consequently, Kiip ¢t
al. (1980) suggested that the Ca’' - ATPasc may make up to § transmembrance passages in all.
The precise mechanism of Ca’" transport remains obscure (Tong, 1980) although the
NH, terminal region of fragmcm A, 18 suggesied o contain ionophoretic activity (Shamoo ct
al.. 1976). Observations regarding the ionophorctic activity of the A, fragment do ot clearly
implicate a physiological role, however. Physiologically, the permeability selectiviny by the
Ca’-ATPase for Ca’* and Mg? is marked although addition of thec A; and B {ragments, n
vitro, resulted in relatively non-sclective permeability for these ions (Shamoo and Maclennan,
1974). Furthermore, increases in ionic current across the membrane upon _addiiion of the A.
fragment were pronounced only at millimolar cancentrations of. Ca® and minimal at
physiological levels (pCa8-pCa5). More recently, the entire amino acid sequence of rabbit
muscle SR Ca*'-ATPasc was deduced through cloning of con'x‘plcmcme,lry l)N‘A which encoded
’lwo forms of this enzyme ‘( Macl.ennan et al., 1985). Knowledge of the primary structure led (0
a prediction of the sccondary and tertiary structure in which the protein was pi(:)po.scd o
possess 3 cytoplasmic domains linked to 10 transmembranc helices viaia penta-helical stalk. ();lc-
v . S
domain was idcmg’f’ied as the nucleotide binding site which is separate from I‘hc_pggsp_h&as'pa}tyi
site located upon anaadjoining domain. The third cvtoplasmic domain was suggested to be a
transduction domain ‘as cleavage at the .second tryptic site- (located within this domain)

.

uncouples Ca?" transport from ATPase activity which remains intact. The penta-hclical stalk

was suggested to possess the high affinity Ca* binding site by virtue of the amphipathic
-a-helical segments being enriched with glutamic acids residues. Very little of the protein is
located upon the luminal face of the membrane. However, on the loop between the first and

second transmembrane helices a group of 4 glutamic acid residues. was suggested by Macl.cnnan

et al. (1985) to be the low affinity Ca? binding sitc.



Calsequestrin Structure

Calscqueslrin,vonc.of the major accessorial proteins df the SR, is an acidic glycoprotein
(Maclennan and Campbell, 1979) that has Ca’" binding properties (Kd=1mM at physiological
ionic strengih). 1t is an extrinsic membrane protein localized preferentially within the lcrm-inal

‘ cisternae upén the luminal surface (.'Hés’selbach el ;11., 1975; Hidalgo and lkemoto, 1977).
Calsequestrin has an épparcm molecular-weight of 44.000 when identified upon Weber ;lnd
Osborne gcls’(chcr and Osborne, 1969)‘allhough [.aemmli gels (Laemmli, 1970) indicate a '
molecular weight as high as 63,000. Martonosi and Becler (1983) noted that the apparent
discrepancy .may be due to the pH differences between the two gel’syslcmsl This w;s later
confirmed by Cozens and }%cilhmeicr (1984) whokv'exlcnsivgly characterised the physiochemical
properties of Calseques[rin. The true moleculdWggpeight of Calsequcsmn‘w.as found 16 be
,approximalc]y 40,000. Cozens ahﬂ. Reithmeier (1984) reporied ‘lhal Calseduestrin' is highiy
asymmetric with an -extended structure created by the electrostatice repuAlsion amongsvl‘
ncighbouring negative charges. However, the higher.Ca?* accumulating ability of the "hght”
vesicles over the "heavy” vesicles (Meissner. 1975; Cé;mpbell et al., 1980) does not support the
concepl of Ca? -bvhding by CalsequcSlrih as being pvhy‘siologically important. Consequgmly,-thc
role I.of Calsegﬁc'étrixl is presently uncertain since other Ca®* binding components may be

involved in Ca’" accumulation in vivo (Vale and Carvalho, 1975; Vale ct al., 1976).

~

‘l"ﬁgh Affinity Ca’* Binding Protien
" (HABPF) Structure

. -,

HABP is the second SR Ca*: bindiﬁg protein with /an apparém molecular weight of

55.000. I is a\r[ acidic protein that is localized upon the luminal surface of the SR m_embr'ané

(Maclennan et al., 1972; Stewart and Maclennan, 1974). HABP binds Ca’* with Alobv"er. capacity

“but higher affinity (th=3um) than Cal'svequest,rin. When nalivé vesicles arc prepared and
“scparated.into "light” ar;d "heavy" fractions (Meissner, 1’975) HABP'is ]‘oealjsed within the
heavy f .ractiqn. (derivgd f roﬁ]‘ the 1_erminai qistclrnae). S‘ubseé;uem Frehch press tfeatmenl of the

 cisternal fracu'orl produce'sv a su\b-pdpulat'io; of light and heavy vesicles (Lag et al., 1977; -

&
3 .
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Michalak et al.; 1980). Lau et al. (1977) showed that the lighter fraction was rclativ_cly cErichcd
wi[h HABP (in relation Lo Calscqucstrfi/). Micha.lak et al. (1980) suggested that HéBP is pary,
of the sarcotubular membrane system and may form a communication link between the
transversc tubules and the lermina! c{slcrnac. However, the pﬁ_\"bi()logical function of HABP is
obscure. 1t's Ca® binding propertigs rcscxhnblc that of rcgulq(ory-grolcins such as T’ropégnn-(;:

upon the luminal face of the SR nctwork where Ca®

On the other hand, it is locat

concentrations are sufficiently high (J0mM) to preclude a regulatory role for HABP,

53,000-dalton Gly‘coprolcin Structure

Using Laemmli (L.acmmli, 1970) gels to scparate and identily possible contaminants
within the. 55.000-dalion Band of Weber and Osborne gels (chc_r and Gshor‘ng 1909)
Mi'ch-alak ct al. (1980) discovered a glycoprolciﬁ wiih a molecular weight of 53,000, Unlike the
glvcoprotein of the Na-+K - -ATPase, however, the 53 kDa protein of purificd SR did not form
a tight association with the Ca?-ATPase. The 53 kDa glycoprotein was Jlater purified angd
sthn to be transmembranous owing 1o it's reactivity with conéanavalin Ain lcéky vesicles and
cycloheptaamyloscl-fluorcscaminé complex in scaled vcéic]cs FCampbcll and Macl.cnnan, 1981).
Shbscqouem phéto-afﬁnity labelling  studies (Campbell and Maclennan, 1983} with
8-N,-[a-*'"P]JATP have shown that the 53 kDa prc;lcin possesses high affinity site$ for ATP.
The function of . this glycoprotein is obscurc.z}llhough Campb’clliand Macl.cnnan (1983)-

~
suggesf}lhal it may be a mémbrane-bound protein kinase.

' Lipid Composition of SR

The SR cbmains approximalleyqb.()mg lipid/mg protein such that membrane lipids
- constitute 35% of thle r\ﬁcmbrant; matrix (Waku et al.,-1971). Of the total lipid; 80%”15 Ain the
form of phospholipidsé(?l.) on a molar basis. This corresponds to an association of 90-‘100mol
PL/mot Ca?’-ATPase (Tada et al., 1978), Phosphatidyicholine (PC) is the most -abundant PL.
(65-73%), although the presénce of the phosphatidylethanolam‘inc (PE)(12-19%) is required-

for maXimal Ca?*-transport {Knowles ahd Racker,-,1975). The rkamainingv classes of PL are
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‘ phosphatidylinositol  (P1)(9%). . phosphatidylserine (PS)‘( 2%). sphingomvelin (4%) and,
cardiolipin (0.1-0.3%). The remaining lipid 1s neutral of whi'ch 95% is cholesterol. The lipid
content and lipid/ protein ratio do, however, vary depending upon the specics of "animal and
muscle type.

As with many different biological membrancs, an asymmetric bilayer dislribulilion of
Pls is apparent within the SR membrane. Nuclear M;gnclic Resonance (NMR) studies
{Dckruijff et al.. 1979), using a chemical shift rcagcm (Dy*"), indicate that 60% of PC is on
the fuminal lcaflet of the SR. PE and PS, howcvc\r_ appears to be located, almost exclusively,
upon the cyldplasmic leaflet (Hidallgo and lkemoto, 1977). Much of the information regarding
bilaver distribution of membrane Pl.s has however, been obtained from experiments conducted
upon plasm.a membrancs. Furthermore, it has been suggested (Bcnnétf\/al ‘ 1980) that many
of the pcchniqucs may, themsclves, perfurb the n.lembranesl to thd extent-that experimental
artifacts arc a likely result. Consequently, the role of PL bilé_ver asymmelry in biovlogical
systems is uncertain (Rothman and Lenard, 1977; Zwaal el af.‘, 1977). %h:is is especially true of

‘imraccllular _mcmbra_nes (c.g. SR and EndOpl'asmic Reticulum) since it is not known whetkjcr
asymmelry represents a state preserved from biosynthesis (Jelsema and Morre. 1978) or
determined by specific membranc boumd enzymes (Bretscher, 1973’).

| Despite the above, the Ca*'-ATPase appears 1o be critically depeiadent upon the

surrounding lipid environment for enzyme activity (Bennett et al., 1980). Allhough a
90-100mol PL/mc;l Ca?*-ATPase rtatio exists in ViV(;, a 30mol PL/mol Ca’-ATPase
stoichiometry was found to maintain ATPase activity after cholate extraction of PLs (Hesketﬁ )
et al., 1976; Knowles et al., 1976). Upon further removal of PLs, virtual inactivation 6f
ATPase activity i‘/fesulled below a molar rétio_of 15 PL/ATPase (Warren et al., 1974). This loss
of activity is nolv“}irrevcrsible, however, since restoration of almost full activity éan be acﬁicved-

. by the readdilioﬁ of various PLs (Melgunov and-Akimova, 1980). rln somc cases non-ionic

deicrgéms can als effécﬁvclyi substitute PLs (Dean and Tanford, 1977,1978).
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Experiments with reconstituted vesicles indicate acyvl chain specificity for optimal
ATPasce Tunctioning (Warren et al., 1974). A diolcoyt PC (DOPC)-ATPasc complen was
found 1o be most like the native vesicle with respect 1o ATPase activity and Ca’s accumulation,
Although increasing carbon chain length from 14 to 18 results in a gencral increase in ATPase
fictivity, the addition of unsaturated double bonds creates a dramatic increase in crﬁymc activity
at 37C (Bennett et al., 1980). At temperatures above the phasce transition temperature,
however, reconstituted P1.-ATPasc complexcs displaved ATPasc activitics comparable to the
native SR vesicle 4T his supports the contention (McElhaney, 1983) that the nature of the lipid
polar environment is of little consequence to.enzyme functioning as long as the immediate
cnvironment exists in a fully fluid, liguid-cryvstalline state. The temperature dependence of
enzyme [unction in enzyme-lipid complcxes; above the phasc transition temperature of the
lipid. becomes, solely, a property of the enzyme. The apparént rcquircry;lcm for unsaturated
long chain fauy acids (e.g.18:1 cis). and hence a fluid lipid matrin ai  physiological
lemperatures, appears o be related 10 the nced of the Ca’"-ATPasc to undergo céhformational
changes @uring‘C‘é"—lransﬁbrlt- (Dupont and lL.cigh, 1978). Hidalgo et al. (1978) and Nakamura
ct al. (1976) showed that a gel state lipid environment reduces the rate of phosphocenszyme
dcphvosphor_\'lalion since this-kinetic step /is dependent upon PCa"vlranslocation across the
membrane (lkemoto, 1976). On the other hand, phosphocnszyme lormation, which precedes
Ca’ translocation (Makinose, 1973). is affected to a much lesser degree.

A question of considerable débalc concerns the existence a‘nd functional significarce of
a pulativé "lipid annulusl" surrounding the Ca?"-ATPasc . JOst et al. (1973), working with
cytochrome -oxidase and/‘ lipid spin labels, identified the presence of a single layer of
protein-immobilized PLs which appeared essential for enzyme function. This work was -

. A
extended to an examination of the SR (Hesketh et al., 1976) and similar conclusions were
drawn. Hesketh et al. (1976), using 5-doxyl-stearate angd TEMPO probes, reported anomalous

enzyme activity below the DPPC transition lemperature and suggested that this reflected a lack

of normal phase transition in the annular lipid. They proposed that this boundary "lipid

«
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buffered the Ca’ -ATPase against the effect of bulk lipid phase transitions. More recently,
Lentz et al. (1982), using diphenylhexatriene (DPH) fluorescence anisotropy, supported the
contention that a b(;undary lipid exists. However, in order to accourﬁ for the enhanced disorder
in the annular lipid (rather than relative immobility), as re‘porlcd by deuterium Electron Spin
Resonance (ESR), lLentz et ali. (1982) proposed, in addition to the boundary lipid, the presence
of a sccond lipid laycer with disrupted packing order. Thc.prcscncc of an immobilized lipid
component of reconstituted SR vesicles was also found by Mclntyre et al. (1982) using 5-doxyl
and 16-doxy! 4stcaralc probes and a spectral subtraction lcchquuc of .E]eclron Paramagnetic
Resonance(FEPR) analysis. However, thev cautioned the inteppretlation of their data since the
derived spectra are calculated on an assumed model for "immobilized” PL..

A major problem of ESR and EPR spectral analysis is that the probe of choice, to
some extent, perturbs the bilayer and may report on the anisotropic motions of itself rather
than any fundamecntal property of the lipid phase. NMR' has been applied 1o the study of
biological mcmbre{p{es with the advantage that membrane pér-lurbatién does not result. Albert et

.al. (1981), Ff@;séh;f et al. (1981), and McLaughlin et al. (1981) shév&ed with both *'P-NMR
and deutcrium-NMR that the protein compone‘rvn in.duccs some be}turbation of the .Iipid
cnvironmen{. However, Albert et al. (1981) using native SR vesicles suggested that the observed
immobilization was not due to the Ca’"-ATPase, since 'increasing séll abolished the
iimmobilization. They ascribed the immobilization to. presence of the peripheral proteins sin’&:é

.

this effect was not observed in their absence..

°

SR Ca?** -transport v

Recognition of Substrates
! N7

Transmembranous ion transport by a carrier protein is characterized in terms of

recognition, translocation and release of ions (\Pardee; 1968). Recognition with respect to active

Ca* tr;msport by the Ca?*-ATPase occurs with the binding of both the transldcated Ca? ion

and the Mg ATP to specif ic sites located upon the cytoplasmic face of the enzyme (Weber et



63

al., 1966). Ca’* binding, which has been studied with native and reconstituted \;csiclcs and
purified Ca?-ATPase, occurs with high affinity in the absence of ATP (Meissner, 1973;
Ikemoto, 1974; Chiu and Haves, 1977). Thrce cllasscs of Ca‘" binding sites have t;ccn identified
in the purified enzyme (lkecmoto, 1975.). At 0°C all three bind‘ing sites (a. B. and y classes)
were expressed with association constants (k) and number of sites (n) per class as follows: «a
sites (k=3x10°M ', n=1); Bsites (k=Sx10°'M ', n=1); y sites (k=10'M ' n=13). Above 22°C,
however, the number _of a sites increased to 2 with suppression of B site binding and
maintainance of low affinity of y site binding . Tﬁis result is supported by the linding (Sumida
) and- Tonomura, 1974) -that the degree of Ca’ binding is diminished . with decreasing
temperature. Inesi ¢t al. (1980) showed that Ca’ binding to the high affinity sites of the
Ca‘* -ATPase is cooperative with a derived Hill coefficient of 1.82 and an apparent alfinity
-
constant (Kapp) of 2.3x10*°M . Previous reports (Meissner, 1973; Tkemoto, 1976) l'd‘i)icd 10
observe the cooperativity since, as Martonosi and Beeler (1983) suggesteéd, the binding studies

were not extended to very low (pCa<7) Ca* concentrations.

Ca?" binding to the external high affinity sites of the Ca’-ATPase has been :

demonstrated 16 induce conformational changes in the protein (Pi‘ck and Karlish. 1980). The
Ca’" induced changes were monitored through increases in. intrinsic. tryptophan fluorescence
(Dupont, 1976), }hr011gh ltuorescence quenching of bound fluorescein (Pick and Karlish,
1980) and through changes «in the ultraviolet spectrum of the solubilised pr(:lcin (Nakamura,
1977). The conformaliohal changes associated with Ca?* ‘binding are félalivély'slow (Rauch ct

. &
al., 19;‘8 Hasselbach et al., 1981) and this transition is consequently considered to be one of

. -the rate limiting steps of the catalytic cycle (Dupont, 1977; Pick and Karlish, 1982). Rate _

" limiting Ca";bi_nding. however, is not implied from the 'avac studies (DcMeis and Vianna,
1979) since the isomerisation falc cannot account for maximal Ca’ binding within 3
milliseconds (Chiu and Haynes, 1977).

"Mg-ATP is the true substrate for the exergonic translocation of Ca’ (Vianna, 1975).

ATP binds to the transport enz.y'me_wiih high affinity (Meissner,1973) only as a nucleotide-Mg
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v\omplcx (Hassclbach ct al. 1981). Hasselbach et al. (1981) suggested that Mg?* funclion\s both
as an ionic cofactor and a charge compensator for the polvphosphate residues of the unliganded
nucleotide substrate. The resulting Mg-ATPase-enzyme complex is formed by random binding
of the cofactor and subs‘;_ralc 10 the\lranslocalor_. Commonly, Ca’ and Mg ATP bind in a molar
ratio of 2 as determined from Hill plot coefficients under optimal conditions (Tada et al.,
1978). This stoichiometry is confirmed by the finding that 8-9nmol Ca’®" bind to the external
affinity sites per mg of Ca*-ATPasc whércas 4-4.5 nmol Phosphoenzyme (EP) is formed
(Incsi et al., 1982). Ca’" and Mg ATP binding to the enzyme was thought to occur randon:(ly as
implied from the apparent lack of allosteric effect of thc two binding sites (Vianna, 1975).
More recent studies, however, do not support this view. Chiu and Havnes (1980) found that
Ca’" occupation of the hiéh :;ffinily sites prior 1o substrate binding is crucial to the functional
integrity of the Ca’* uptlake system; Sumida et al. (1978) suggested that Ca*" binding induces
conformational changes in the enzyme which is, subsequently, mc?rc conducive {o active
transport. Furthermore, Pick and Karlish (1982) demonstrated _thal the binding of only one
.Ca’" ion is required for the formation of the inﬂqx stabilized form of the enzyme. Since the
rate of ATP hydrolysis is limited by this step (Hasselbach, 1979) it was suggested by Inesi et al.
(1980), and Martonosi and Beeler (1983) that the ac¢tive quaternary complex is crealca through
2 successive Ca? bindin_g steps which precede and follow Mg:ATP binding.

Subsequent ~to the formation of the active quaternary complex, hvdrolysis of ATP -
occurs. The tqrmiﬁal phosphate moeity becomes covalently bonded to the 8-carboxyl group of
an aspartyl residue of the ehiyme (Tada and Katz, 1982). Eérlier “;ork showed that the
resulting acylbhosphaté is an acid staﬁle but alkaling labile _complex (Makjnbse. i969). ﬁuring
active [fénspor.; the phosphoenzyme (EP). is aq ‘obligatory intermediate (H‘ay;es, 1983,)’ for
which Ca* binding is a'necessary and suffiéicm condition (Kanazawa et alb., 1971). It is at this

step that unliganded ADP dissociation from the quaternary complex occurs (Ronzani et al.,

1979; Sakamoto and Tonomura, l98b; Hasselbach et al., 1981).
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Translocation of Ca’"

1

The transient state kinctics of EP formation are complex and have been studied in both
the solubilised ATPase (Yamada et al., 1971; Kanazawa ct al., 1971) and the fragmented SR
(FSR) (Froelich and Tay){)r_ 1975; 1976).( Upon addition of ATP to both fraclion..x'. the llm-c
course of inorganic phosphate (Pi) liberation consisted of lag phase. a burst phase and a steady
phase. EP formation occured ;'VilhOlll a lag phasc although a prominent burst was cvident,
Froelich and Taylor (l975),ﬂwilh fSR, observed a transicnt decay of EP Liml coincides with the
Pi burst. To account for this they broposcd sthe existence of an acid-labile FP intermediate.
However, when ATP hydrolysis wa’sf initiated by the addition of both Ca** and ATP (with and
without Ca* preincutg‘e;lion) the Pi bl.xr_si and‘ P ovcrshoq dis:xppcarcd (Takisawa ':md
Tonomura, 1978). Since Ca’ binding is not ratc limiting it was suggested that the (lCi(!:l;ibi]L'
EP is formed through, at least. two TCA-stabie intermediates (.Yamamoto ct al., 1979). This
assumption, although consistcnt with the proposal 6f scquential [ormation of two acid-stable
) I:‘P‘.‘i‘mermediates with differirig Ca* affinilies('lkém()‘to‘, 1976), is? hdwc'vc-r. based solely upon -
the evidence presented and the assumption that Ca’* and ATP bind randoml)

EP formation in native vesicles exhibits a $econd powcer dcpcndcncy upon the C\l(‘fndl
‘conccnt‘rauons of Ca? {Froehlich and Taylor, 1976). At this point thc bound Ca’" becomes
inaccessible 10 external EGTA (Haéselbach and Oetliker, 1983)‘:' 'Fas’sold‘ et al. (1981), using
GTP as the reaction substrate, found that upon prior occﬁ/p)g\l}on of the Ca"‘binding sites with
Ca", Ca?/Pi }alios of up 10 § were observed. Hassclbach\\ajnd Ot:tiik_cr (1983) suggested that
phosphorylation of protein subunits confers the property of EGTA inaccessibility ']v:_i;houl_

7 . -
necessarily implying Cat trénsloéa[idn at this stagc. S{JCh ‘an observation may bc linkcd to
" oligomeric subunit interactions (PICI\ and Karlxsh 1980) Takxsawa and Makinose (1983)
however, quesuoned the usefulness of FGTA quench techmqucs in lhxs regard, since EGTA
fails to mslantaneously atlenualev EP Formauon and subsequcnl EP 1ﬁsomcrlsauon and decay. |
The sioichiometr_y asfociated \x"ith transient Ca’ and EP kinelics ‘is. c‘onéethmﬁﬁ obscure

w

(Fassold et al., 1981). ‘



66

Within native vesicles, H’ formation and Ca’" transport were suggested to occur
synchronously (Verjovski-Almcida et al., 1978) with both events apparently associated with a
significant decrease in EP affinity for both Ca’* and Mg’" ( Yamada and Tonomura, 1972).
Hassclbach and Ocltiker (1983) argued, however, that this is plausible only if during
translocation the affinity reduction of the enzvme for Ca?, upon iniual formation of EP,
occurs through 3 or 4 orders of magnitude. This implies that very high internal coneentrations
of Ca’ would be required for EP binding during the reverse kinctic step. Ronzani et al. (1979)
and The et al. (1981) indicated, though, that this is not the case since the reverse kinetic step,
as monitored by ATP-ADP exchange, can occur in the absencesof Ca*" and Mg? . The same
research group (Takisawa and Makinosc, 1983) suggéslcd that Ca’ translocation doc¢s not
occur upon EP formation but, rather, is coinvcb,idem upon conversion of an ADP -sensitive FP
lo an AI)P-inscnsilivc EP. Support for this ébh%es ffbm comparison of cnergymparli[ioning in
tight 3:; leaky vesicles (Hasselbach et al., 1981) indicating that the energy of this isomerisaiion
step is lraﬁsfeye-d into osmotic work and the crealibn of an inward Ca? gradient. Since tight
vesicles can generaica Ca’* gradient of 1,000 (Ca?" inside: Cg}" outside). the Ca*: affinity of
the phosphoprotcinn_ presumably decreases (10°M! to 10°M ') during translocation (vMar'lonosi
and Becler, 1983). This suppostion is verfied through the observation that Ca* disso&iali.on
occurs prior to EP Decay (Makinose, 1973). Futhermore, as elevated luminal Ca*
concemral_ions inhibilﬁpraleiﬁ dephosphorylation (DeMeis and Vianna, 1979) then the affinity
changc must occur d'uring the isomerisation between two or mofc EP intermediate states.

o L.

Release of Ca’
“Following trans]ocalioﬁ. Ca’-, a.t thé now low affinity -binding site, is released into the
vgsicle lumcr{ (Chiu.axlld Haynes, 1980). Chiu and Haynes (1980) fo;md that the rate of release
“10 be rapid (;1/2< 56ms).although internallconcem.r@tions of K* ions greater than 50mM were
required. The rate of Ca’:‘ dissocialion is also a\direct fuction of Mg?" concentration and isj
explained by Ca*/Mg** cpmpetition for bindiﬁg (Chiu‘ and Haynes, 1980)_.. In Qitro, however,

this cffect is difficult to assay. since Mg? effects are also associated with EP
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dephosphorylation.

A1 this point the thermodynamically unstable high ;ncrg_\- FP binds M‘g"’which 18
essential for EP decay (Inesi ot al., 1974). Mg*- binding occurS at the Ca‘r low alfinity sites
and as such the former, in this capacity. acts internally and competes with Ca®* with first order
kinetics (Yamada and Tonomura, 1972; Kometani and Kasai, 1980). Garrahan ¢t al. (1976), 1n
contrast, proposed that Ca’* and Mg!" binding. during EP decav. occurred at separate sites.
Their assay conditions, however, included CIDTA. a chelating agent, which Tada ¢t al. (1978)
suggested may have altered the kinetic properties of the EP intermediate. |

More recently, lhe.ro]e of mono_valén( cations, paflicularly K and protons, Have been
i::plicalcd in relation to EP decay (Ueno and Sckine, 1978; Gerdes and Motler, 1983; Havnes,

, 19% Haynes (1983) proposed a modcl_ in which the high cnergy EP could bind Mg-“ or K-
and that the rcspéclive dcphosphorylali'ons were capable of proceéding in parallel. The two
possib}c cation-EP complexes are acia stable (Shigekawa and [)ougﬁerly, 1978) but cach may
be functionally different. The Mg" complex may be associated with regulating bidirectional
fluxes of the enzyme since 1t is éapable of participation in the back reaction of the pump cycle,
as well as acccleration of EP decay (Hasselbach et al,. 1%‘1)). The K complea. dn th¢ other
hand‘, accelerates ADP-insensitive EP formation (Shigckawa and Akowitz, 1979), the propcrl?

of wtiich is conferred by}kincrcasing luminal K- conccnlralioﬁs. The latter EP complex has been |
implicated in counter ion iransport and the return of the translocator 1o lhc‘ outward
oriemalion (McKinley and Meissner, 1978)4..Ch1'u and Hay,xilcs {1980) provided strong cvidence
that  Mg* s not  counter 1ransporied with  Ca'* inf‘lu';. Their  use  of
l-a’nilino-8-napthalensulphoﬁale (ANS) ,as' an index of acl.ivc cation transport produced results
incon’sist.entl with l:l Mg?-7Ca* lransmevmbranous. exchan : this finding is supbortcd‘by Ueno
and-Sekine (1978) who failed to obsefv‘c. changes in."fnt‘ra.'vcsicu]ar Mg? in a Ca’ influx
rocd_epend-em mannné.r.'bKCl jump and valinomycin ‘t’:‘x;;cr‘mc.m‘s bytiChih W(IQQ).
| reinfofce the tenet that K is ‘the major@ounter Lransporl.edv _ca;ion. In lhis_régarq, a role for

protons was s'uégeste'd'by Kon{etanb ahd Kasai (1980) and later 'incl"uded as a possibility by
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Haynes (1983).

The concept of cation counter transport with active Ca® influx directly conflicts with
-~the clcclrogcnicl transport model (Zimniak and Racker, 1978). Zimniak and Racker (1978},
however, employed ANS as an index of membrane potential. This procedure was judged
experimentally invalid (Haynes and Sirr}kowiiz_ 1977) since ANS is more sensitive 10
transmembranous cation fluxes. Conversely, Kometani and Kasai (1980) argued that the

o

vesicular swelling observed during Ca’" accumulation precludes active K- countertransport.
They maintained that passive anion ransport must occur to ensure clectroncutrality, although
this was not ‘assessed. Furthermore, no assessment of the water of h_vdralién associated with
each ion and it's contribution to the shrinking and swelling of vesicles was made. Different
monovalent and div;lcm ions will cotransport different amounts of water such that Ca™

accumulation may account for swelling dcspilc a net K- loss.

~

Reverse Kinetic Cycle

Makinose and Hasselbach (1971) voriginall_v demonstrated ._pump‘re»'e.r§al by the Ca*
.slimulalcd Ca*-ATPasc wiih concomitiant ATP synthesis and Ca’* efflux from pl‘CV’iOUSl_\’ Ca*
loaded native vesicles. R~ec0nsliludcd vesicles have also been shown to exhibit this property
(Racker, 1972; Racker et al., 1975) and the stoichiometry of the revcrse' process‘matched that
of the forward reaction (Hasselbach, 1979). Since the original findings, several researchers have
verificd that this manner of Ca’' efflux from vesicles is an ADP, Pi, and Mg’ induced
mechanism (Barlogie et al... ;971; Makinose, 1972; Yamada et al., 1972; Inesi et al., 1973).
Fur;hermorc. asymmetric Ca’* binding to the SR membrane is an absolute requirement with a
concentration éradient that is ‘outwardly directed (Tada ei al., 1978). Thxs observation applies

equally to both actively (DeMeis, 1976) .and passively (Vale et al., 1976) Ca** loaded vesicles.
Although Ca"‘efﬂux can occur in th‘e.absence of Mg?*, ADP, and Pj (in‘ the precence of
external EGTA), the rate of efflux is considerably slower (Tada etal., 1978)..

| Hasselbagh e.t' al. {1981) reported tl{at Ca?* efflux via pump reversal is initiatcd by the-

‘incorporation of Pi which is dcpéndem upon the concentration of ‘free Mg**.Earlier, however,
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DDeMeis a.nd Vianna (1979) suggested that trigger the for ATP svathests and Ca® cfflux 1s Pi
lrinsfer from EP ., based on observations of the stimulatory cffects of ADP (Makinose, 1972:
Yamada ct al.. 1972). Hasselbach et al. (1981) proposed that the failure by previous attempts
10 observe the stimﬁla_lory effects of Mg’ upon Ca® efflux may be a conscequence of the low
Mg’ concentrations required. Despite this. the consensus \;icw 1s that the acviphosphate of FP
is an acid stable complex similar o that generated by the forward reaction.

Phosphorylation of the Ca’ -ATPasc by Piappears capable of procecding withi a Ca®
free system (Masuda and DeMeis, 1973). Futhermore, the rate of Mg®: and Pi binding to lhf‘
Ca/" free protein is rapid (Hasselbach et al.. 1981). However, asymmeltric transmembranous
Ca’" binding considerably alters the affinity of the translocator for both Mg’ and Pi
{ Hasselbach, 1979) with the extent of phosphorylation directly proportional to the siz¢ of the
the Ca‘ gradient (Yamada ct al., 1972).

Beil et al. (1977) reported that the subsequent step in Ca’ ¢fflux, that of Pitransfer to
ADP . was not pb ible when vesicle membranes were “lcak_\;. Hasselbach ¢t al‘. (1981) eaplained
this on the basis U cnergy partitioning, which is regulated by Ca® is a!lércd by membrance
‘rcakincss such lhal‘.EP isomcris;lion becomes thermodvnamically unfavorable. DeMaers (_I‘)7())
© suggested that the Ca"‘. potential was expended for Pitransfer from EP 1o ADP. Tl@nc@
event was later suggested 1o be a fuﬁcliori of Ca’" occupation 6!' the low 3f‘fi11;1)" sites (DeMeis

&nd Vianna, 1979).

@lalion of Ca* -ATPase Kinetics

.

z

s oo 8

Ca?- Régulation ot

Calcium, the ion of central interest in SR Ca’ transport, is critically involved in the
regulation of Ca? -ATPase kinetics and Ca’" movements (Inesi et al., 1974; Chu ct al.. 1983;
Meltzer and Berman, 1984)‘ Under optimal conditions of Mg-ATP‘, pH and temperature, rapid
Ca® influx in SR vesicles, is stimulated at Ca?* concentrations above 0.01xM with maximal . -

Ca*" influx occuring in the presencé of 1- 10uM Ca? (Weber et al.. 1963; Hasselbachi, 1979).
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The maximum amount of Ca** which can be accumulaied by the vesicles. in the absence of

precipitaling anions is approximately 100-150 nmoles.mg ' of SR protein (Takenaka et al.,
0 .

1982). Furthermore, lhe‘Ca\"—ATPa/sg 1s capable of reducing external Ca? to within 1-5 nM

(Hassetbach. 1979). Since inlerﬁal Ca?* concentrations of belwécn 5 and 20mM (Melizer and
V4

Bc’rman, 1984) can be achieved, evén after accounting for Ca’* binding to intraluminal sites
(lkemoto, l§75, Maclennan .et al,, 1972\. ). then inward Ca’ ‘gradicnts can be established
(Hassclbach. 19%1). -

During active [ranspo;l. external Ca_" concentrations above 29,M were found to inhibit
‘Ca." accum.ulanion (Chiu and Haynes, 1980). Although prior occupation of the external high
:rﬁmly Ca’ binding sites stabilizes the Ca‘ -ATPuasc in ils_ influx mode (Chiu and Havnes,
19%0) risiné Ca‘r concentrations form an inhibitory Ca-ATP complex (Kanazawa et al., 197];
Hassclbach et al..1981). Ca-ATP. under particular conditions may serve as é substrate for the
Ca* -ATPasc (Wakabvashi and Shigekawa,}‘l984; Shigekawa et al., 1983(@)) but the partial
catalytic reactions were found to be considerably slower than with Mg-ATP as the substrate
{Shigekawa ct al., 1983(b)).

Internal Ca’ ;. although central to the energy partilionjng of the EP isomecrisation, has
been shown 10 inhibit Ca"’ accumulation when increased up to 20mM (Yamada-m al., 1972).
The mechanism by which Ca’" exerts its inhibitory effect is uncertain although Cai‘(Mg"

competition for internal binding (and hence depressed EP decav) has been suggested

" (Yamamoto et al.. 1979) together with the potentiation of Ca’ -ATPase mediated Ca?" efflux

. 23

Mg? iHdtion , ,
. . . » ' , |
Magnesuim appears to play a particularly complex role in the regulation of

through lo%\afﬁnity site binding of Ca’* (Hassglbach and Waas, 1982).
. AT ,

‘

Ca“-JATPasc‘: functioning. The complex of Mg’ and ATP is considéred 1o be the physiological
substrate for the Ca?"-ATPase (Weber et al.1966; Makinose and Boll, 1979) with the cation
acting, possibly, as an ionic cofactor or charge compensator for the nucleotide (Hasselbach et

© '

“al., 1981). At this point Mg’* may also act in acceie”rati‘ng an ATP dependent isomerisation of



e

71

the Ca’ - ATPase upon initial binding of the Mg:ATP substrate (Champeil et al.,l‘)'83)_

Mg is thought to remain bound or m an occluded state (EDTA inaccessible) upon
intial EP formation (Hasselbach and Octliker. 1983) and has been shown 1o activate the
reversible transphosphorylation from ATP to the enzyme (Hassclbach®t al., 1981). Morcover,

A

Mg was shown (o accelerate conversion of the ADP-sensitive 1o ADP -nsensitive

- L(

phosphoenzymes (Shigekawa and Dougherty. 1978) as well as being cessenual for the
phosphorylation of the Ca’ -ATPase by Pi (Masuda and DeMeis, 1973). Furthermore Mg+ is
also essential for enzyme dephosphorylation as montiored through Pi-li}(%épchangc
(Kanz;zawa and Boyer, 1973). The range of effects described for Mgt may be cffected through

binding at a varicty of siles or Mg?* may act a single site. The research evidence in this regard s

~
AN
inconclusive. Makinose and Boll (1979) suggested thar the activatipg cffects of Mg upon

enzvme hydrolysis arc mediated through binding at a site other thanﬁihc substrate binding site.
Yamada and Tonomura (1972), allcrnalivc‘]y,_suggcé{cd that Mg’ may mediatc rapid b'P
hydrolysis through binding to external Ca‘’- sites. Shigekawa et al. (1983) concluded that the
enzyme bound Mg?*, which is responsible for rapid EP hydrolysis iéﬁdcrivcd from the substrate
Mg ATP. Takakuwa and }d{ana.za"wa (1982) reported the converse. however, suggesting that,
- . : o v .
during EP hvdrolysis, Mg’ mediates exposure of the bound Ca’" to lhﬁ;‘glmmal space and is
derived from sources other than MTP

Millimolar concentrations of Mg’* (1-5mM) are required for the stimulation of both

" Ca’* influx and -efflux, although tising concentrations of both internal and cxternal Mg

li - /

(10mM) have been shown to inhibit influx (Frdch'ch and Tavior, 1976). The inhibition in many

cases is presumably due to Mg?** competition with Ca*" for binding ( Yamamoto ct al., 1979). =

~ Haynes (1983) sugge_sied that rising in‘iernal Mg? ma.y‘lcad to the accumulation of the

~ ADP -insensitive species of EP since Mg?" is not th‘bught 10 be countertransported during Ca'’

l
influx (Chiu and Haynes, 1980; Ueno and Sekine, 1978). The result of this may be inhibition of

Ca?" influx since the translocator tould not return to the outwar‘d/o/uft‘rrl’ation.



ATP Regulation
" The ‘vesicular form of the Ca’-ATPase displays a non-lincar dependence upon ATP
for both Ca’ transpdrt and ATPase activity (Martonosi and Beeler, 1983). There is common

4

agreement that, in this form, Mg ATP, in addition to being the true substrate (Hasselbach et

' al.. 1981). also exerts an activating cffect upon Ca’'-ATPasc kinctits at higher substrate
- .concentrations. Al 10w Mg ATP concentrations ATP hydrolysis- increases hyperbolically with
“first order xinctics and reaches a plateau at 100uM. Mg ATP conccntrat}éns beyond 0.1mM

*posudts in a secondary activating effect upon ATP hydrolysis (Mclntosh and Boyer, 1983).

-

When displayed as Liné¢weaver- Burke plots, a downward deviation if linearity is observed at

. .
s K \

higher substrate concehtrations (‘\'amada and Tanomura, 1972). Consequently. two distinct Km

-

values of 2-3x4M and SOOuM respecttvd) are gcnerallv observed (Moller et ar , 1980). Some

authors (Vianna, 1973- 'ales and Duance, 1976) however reported actnatmg effects of

MgATP at lowcr substratc concentrations (20 10 40;tM) In thrs lrght Moller et al. (1980) {

.cauttoned mterpretatron of results dcrtved from coupled enzyme assays in which the
o . /
Ca’ ATPase rcactton lS not the rate limiting step paru,x:ularlv a low su)istrate concentrations.

The. apparcnt biphasic dcpcndence. qf the Ca"-ATPase kinetics r'»trpon snbstrate

'(,oneentratmns seems 1o mdtcate the presence of 2 cLasses pf Mg ATP bmdmg sites (ngselbaeh

i

1979). l-urthermore -the nathre of the dependency is uadicat)ve of sQme negattve c00perat1vrty

[HINY

bctween the two bmdmg srtes (Moll.er et al 980). The. htghuafﬁmty sxte (Kd 2- 3,;M) has
, becn |dent1fred as the. catalytrc srtc where’as th low af ffmty srte has a regulatory function
‘(Dupont 1&77) The preche rple for the 2 srtes .md thqrr\mteracbron upon ‘Mg ATP bindmg is,

not full) understood Kanazwa et "al. (1971) tound that the ratto of Pi:formation to EP -t

,..o.

e

\

_‘concentratton was vrrtually mdependent of substragc conceht‘:rate These authors suggested thg

> ~

hrgher- substrate ‘concentrattoms accelerate EP fo:matron' rather than the rate of

e

’dephosphorylatton .fn' cont.rwast Froeltch and Taylor 5(1925) suggested that htgh MgATP

. 0
coneentrattons accelerate dcphosphorvlatton : o - .
f. . . ¢ " N
Co= Co R . -’ .
. Y S v,
. L i N °
YV e . g
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Chiu and Haynes (1980} proposed the existence of a single Mg:ATP binding sitc. the

nucleotide affinity of which is dependent upon the cationic concentration. Pick ((1982) showed

that this may be the case since 2 interconvertible forms of the same Mg ATP binding sitey were’

suggested from their data after cauonic manipulalipns. Earlier studies (Pick and Karlish, 1980,
Pick and Bassilian, 1980), using fluorescein 5'-isothiocyanate (FITC), support this view since
. FITC ihhibitcd, differentially, catalvuc and regulatory site binding while indicating the
presence of only one ATP binding site. Adq}itional .;upporl for this cohccbl was demonstrated
by similar studics‘ of A‘I)P and Pi stimulation of Ca’ -ATPRase mediated Ca’* ¢fflux (Pick and
Bassihan, - 19805. Haynes (1983) reviewed similar obscr\'aEions Wilh. Na /K A TPuascs
(Moczdlov:/ski and. Fortes, 1981) and suggested that the ATP effect upon 2';:' -A T Pase
functioning may be duc 0 a specific monomeric enzyme site of variable affinity. n view of this
‘Hayncs (1982) fha!lcnged the psefulness of a.ssumplions regarding olisomeric functional units

(Hasselbach and Oetliker, 1983). ' .

Monovalent - Cation and Anion

Regulation . L

. &
The, effects of monovalent cations and anions, specifically K+, Cl , H* and Pi,‘upon SR
) i : ‘

Ca?' transport are relatively obscure. The effects of K* arc scemingly .disparate since both,

- inhibitory and facilitatory effects have been reported (Ma'r_L_onosi and Becler, 19%3). Both
- modes of action, however, appear to depend upon the concentrations of Ca"'t,’Mg"‘"and ATP,

At suboptimal levels of divalent cation and nucleotide, K~ rendérs the forward conversion. of

ADP -sensitive EP' to ADP -insensitive EP a rate limiting siep and activates the reverse reaction

o B

(DcNeis and DeMello 1973; Chaloub and DeMeis 1980; Ikcmoto'ct al., 1981)‘ This' rcsulls in

a loss of. the secondarv acuvai/ng effects of ATP and an accumulauon of lhe ADP scnsmvc

" EP. On Lhe otherhand Chiu and Haynes (1980) found that undcr opumal condmons of ionic

and substrate concemrauon K (above SOmM) was requrred for rapxd rclcasc (11/2 < SOms){.,; ‘

of Ca"" from the mwar_dly erergtehd trqnslocator ‘_durmg active mﬂux., :

e

~
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Associated with the disparald effects of K- is the divergent opinion fcgarding the role of
membrane potentials during acuve Ca’* transport. Zimniak and Racker (1979) found that Ca*
influx. in reconstituted vesicles, generated an inside positive membrane potential which was not
dissipated through valinomycin or cthanol treatment of membranes. Fhis result partially
supports the finding by Komlelani and Kasai (19%0) that monovalent cations (particularly K*)
arc not counter transporlied during active Ca’" infiux although they suggested a possible roie of
Cl cotransport.

Chiesi and Inesi (1980) and Madeira (1980) provided evidence of proton
countertransport. This is in accord with the suggestion by Haynes (198‘3) that incrcased internal
prnlon conc.cmralions‘ can accelerate the return of the outwardly oriented translator. Havnes
(1983) cited the work of Mcissner (1973). in which cxternal Ca* binding affinity was rcdun:cd
with dccrcasiné pH. as support for a model of monovalent cation counlcfl;ansporl during
" active Cav" influx. The Ca*/H- dependence of the Ca"-ATPase has been, more recently,
studied and may be associated with regulation of the coupling belwecn Ca’ transport and ATP
hydrolysis (Meltzer and Bermdy, 1984).

Thal"discrcpan{ opinion exists, régarding the role of monovalent ligands in Ca’ ’
transport, is likely cxacerbalcd bS the fuctional heterogenn) of the SR The need 1o acceunt for
this will be important, cspccxalh‘ since isolated vesicles-have demonstratcd both pcrmeabxlu) to

-

K-and CL ions (Mcl\mle) and Mecissner, 1978 Mcrssner and Young 1980)

Lonic Permeability of SR

S

Thc membrané hp]d fraclon of the SR reprcsems the primary barr ¢i 1o ion “fluxes‘ 8.
(Vanderkom and Marlon051 1971) The signif 1cantly mcrcased permeabnh’ty 10 'jnulin
subscquenl lo trcatment Qf SR Vesncles wuh phospho’llpases (Duggan and Martonosx 1970) .
supporls this conlenllon The ferau.ve permeabxhty and permeauon rate constanls of a variety
of ionic specxes has been determmed using 1sotope exchange techmques (Meissner and .

McKmley 1976) and stopped flow spectrophotemetry of hght scatlermg (Kometam and Kasai,
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1978). The relative permeability of a variety of important ions is as follows; Ca’, Mn*
Mg? <gluconate , Choline'. Tris® < methane sulphonate < urca, glyveerol < 1i < Na', K-
< Cl < H-. For present purposes only permeatility to Ca?* and monovalent cations and

anions will be discussed futher.

Monovalént  Cation _and ' Anion

o

N

Permeability ) \

RN .
The significanuly greater parmeability of SR vesicles 10 monovalent cations and amons

as opposed to Ca'" is indicalivc;/ol‘ the presence of cation and anion channels within the SR

membranc (McKinley and Mcissner, 1977, 1978). Futhermore, it was suggested that the SR s
* ‘ A \/'/l ’
heterogenous with respect 1o cation channcls’ (Kometani and Kasai, 1978) and possibly anion

channels (Chiu and Haynes, 1980). Two thirds of the SR vesicle population, (Type 1) was

proposed to be monovalent cation pernicable whereas the remaining one third (Type 11) was
hl

suggested to be impermeable to monovalent cations (McKinley and Meissner, 1978; Chiu and

Haynes, 1980). The function of these putative channcls is uncertain although Martonosi (1984)

[ 4

suggested that they may serve 1o ‘minimize osmotic and potential change# associated with Ca”

. < ‘
accumulation and in vivo Ca‘" release. Komectani and Kasai (1978), Chiu and Ha)'nc.s; (1980).

earlier,. suggested that the incteased permeability afforded by these channels factlitaies the

return of the Ca? -ATPase translocator at a cytoplasmically oriented conformation.

‘.x

Ca’" Permeability

o . - With respect pg‘membrane phospholi ds MartonOS‘i (198;1)‘ suggested 3 nancnanisnls by
,Which. Ca’- might traverse lhe mcmbranes p.azgsiye dki‘ffnsﬁon,; binding to acidic: phbsphdfipld_.s v‘
and subsequent "fhp f]op and Ca penétrat‘ion through iipid'bilaycr pdfca. ‘However, .the
unfavorable thermodynamlcs of the ﬁrsl two mechamsms and lhe _very slow rates of passwcc ’
»‘ Ca? fluxes- in 11posomes as compared - to SR vesicles (Vandcrkoox and Ma.r{onosx 1971)

preclude a signifi 1cant role f or membrane phosphohpxds in the mcchamsm of (,a‘ flux,

S
v
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" The major determinant of passive transbilayer Ca’* flux is likely to be the associated SR
membrarie pfo{cins. This is supported by the observation that Ca’ .-ATPasc incorporation into.
liposomes significantly increases Ca® pcrmcabilily to a level comparable with n‘g‘{vc SR vesicles \
(lilka and Marlonos‘i‘, 1977). Martonosi (1984) suégcstcd that this effect is likely due 1o a
disordering of the immcdialﬁcl hipid cnvironmcnl around the Ca’™-ATPase. A direct involvement
of the translocator was dismissed on the basis that passive Ca’” fluxes were found (o be a direct
function oAf the imposed Ca®" gradient (Jilka and Martonosi, 1977).

Chlu and Haynes (1980). however, demonsirated biphasic rcs?onses for passive
bidirectional Ca’ fluxcslzr a fast initual phase preceded by a slow subsequent phase. The -
cohlriburion‘ of the fast phase to the total (' movement 'during,influx. was less than the
corresponding phase during efflux. Furthermore durlng efflux, K- was found to accelerate.the
fast phasc. These authors suggested that the Ca’-ATPase mediates passive Ca’ ocrmcability
during the fast phascs lhr_ouglm't;)arlial turnover of the pump in the s;cady state. The slow rate
was explained by a preference of the Cat bindl‘ng site on the Ca*'-ATPase.for a cytopla_smic
orientation. o T B ‘

Sorenson ¢l al.(l98(3:) proposed that the biphasic nature of oassivc Ca® fluxes may

N

—_—

a Tcflect two distinct populations of SR vesicle with differing Ca*- permeability. That these may
‘rcprcsem contributions from fraclions- derived from the cisternae and tongitudinal regions of

-

, 5 .
lhe SR is quesuoncd by the obscrvauon (Feher and Bnggs 1982) that these two fractions

”

» pog‘ess both kinetic phases ln contrast to Chlu and Haynes (1980) I-eher and Briggs (1982)

Afouhd that lhc fast phase could be accoumed for by rapld Ca binding. When tak,en into )
"accounl Ca® efflux ‘was dxrccuonal proporuonal to Ca load Thls then, suggests sxmple
'dll’ f usQ;; Gerdes et al. (1983) however obtained a no‘h lmear rclatronshlp between Ca? load
and passme Ca’ ef flux. From these observatlons it was suggested lhat an ol;gmerlc f orm ol” lhei

Cal- A'%ase may play a role in the formatxon of hydrophllllc ncgauvely charged P

‘ Lransm brane channels through which ion exchange could occur.

- ~
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Ca’" Release hcchanisms

Ca’ Induced - Ca?" Release |

Since the earlier.‘\linvcs.tigations of hndo et al. (1970) the phehomenon of Cat induced -
Ca’r rcleasc' (CICR) has been extensively studied in\cardiac ('Fabialio, 1982, 1983), skinned |
skeletal muscle (Endo, 1977), and in na‘tivc SR vesicles (Miyamoto. 1981; Nagasaki and Kasai,
1983). CIéR is characterized as requiriné a particular_threshold levcl of intraluminal Ca*
(Morii and Tonomura, 1983). Below the threshold level of Ca*, i’nfercases in extraluminal Ca*
ecrve on'l_v to increase Ca’ -ATPase mcdtated Ca?" accumulation. The threshold is not strictly
‘dgfined but is considcred’to be a function olt." the rcla‘iive concc'ntrattons oi' Mg?-, /:TP and
La( (Martonosl 1984). Above the thre:,hold the rate ol Ca’ release is a function oI tho Sl/L"g.‘
of the transmembrane Ca’* gradlent (‘,‘onsequenlly, although 1ntrcas|nb frce Mg

concentrations have been shown to inhibit CICR (Stephenson. 1982), conditions of low Mg!,

high ATP and high trigger Ca?* concentration are sufficient to induce Ca’ rclease in the |

-

o -

presence of very low intraluminal Ca’* concentrations (Martonosi A1984‘).

’ATP has been shown to be a major modulator of the ClCi\ mcthﬁm‘m (}-ndo l‘)bl ) ;

At rm]hmolar concentrauons ‘ATP can mtrease the rate of Ca® 'releasc {rom SR VCSl(lLS by

more than‘lOO fold (Nagasaki and Kasai, 1983). ATP, in this gapacity is thought to rcgulatc a
' putative Ca" release channel that is functionally diftcrent IfronJ the Ca*"-ATPasc.

Th'e.'ahctivating effects of eétra’lluminal Ca" ‘an‘_d, ATP.‘ and the inhibition by Mé"( upon

. CICR preclude simple pump reversal as a mechanism of 'aetiVe Ca;' reieasc (Mitchell ct al.,

198:1' Palade et al, 1983; Shoshan et al., 1980 1983) Nagasaki and Kasai (1983) propOsed the

_ emstence of: a gated channel nechamsm in Wthh the bmdmg of ATP conyerts the thanncl f rom

+- an inactive o an active form Wlthout affeclmg the, gatmg mcchamsm,, then ATP appcars to

[y

: mcrease the channel conductance Accordmg to the proposed model modulators SULh as Mg?*

and caffeme seem to a{fect only the gatmg mechamsm of - thc channel (Nagasakx and l\asax-

&

1983) The mhxbmtton created by Mg2 1s thOught to be me&tated through Mg" competmon for

Ca" bmdmg sxtes Caffeme on the other hand lS thOught to bmd at a scparate snte and
o . - % ' R > ‘ .
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/

appears to increase the affinity for Ca’ at the Ca** binding sites (Kirino et al., 1983).

Whethger CICR represents the physiological mech.anism rrlediating
cxci[alion-comraclion coupling 1s a matter of considerable debate (Endo, 1977; Fabiaro, 1982,
1983; Frank, 1982; Stephenson, 1982; Winegrad, 1982; Martonosi, 1984). For bbth skeleta] and
cardiac muscle arguments exrs( for and against such a mechanism athough_ 3',n the case of the
latter, experimental ;-i:dlings provide slrong‘ indication that this proces’s may have great

" physiotogical import (Fabiato and Fabiato, 1979; Fabiato, 1983; Kirino ct al. 1983). There is
» no doubt that CICR can be demonstrated using isolated muscle preparations (Foird and
4 Podolsk) 1970. Endo, 1977, Fabiato, 1981) and native SR vesicles (Ohnishi, 1979; }\mno and

ﬁghmmu 1987 l\mno et al 1983 Morii and Tonomura, 1983; Nagasakl and l\asan 1983).
" However, the maJor arguments directed against the plausibility of this mechanism f0cus upon

the fact that (for skeletal muscle at least) a) CICR has only ,been induced under

unphysiologicaliy exaggerate@®conditons (Endo, 1977) b) CICR does nbl produce maiimal

contractions in spite of the potential for posilive feedback (Winegrad 1982) and c¢) the rate of

trans-sarcolemmal Ca’* flux is (00 slow 100 account for the rale of E- C couphng (Hil1, 1949

'Ashcroﬁ and Stanheld 1981 Slanﬁeld and Ashcroft, ]982) Fabiato (1983) argued agamsl the .

hkellhood that a process present in skeletal muscle would be in cardlac muscle in. view of the
si“milarily of the two stimfated rQuscle‘ types. h

'Wilyh respect to 'skeletalx muscle, Endo | (1977) argued ‘a.gains;,l a CICR since at
”physiologieal, Mg’ concentrations (SmM_) the level of free Ca"'requ\ilredv ko;ind"qceCa“ release

is too high 1o occur during phys‘ioloéical stimplation Fdrthermore Erido (1977) demostrated

that CICR could ondy be observed under condmons of h}gh mtralummal SR Ca*~ load ‘

SLephenson (19&2) ho»\ever Te- evalualed the methodologles emploved in earlxer studnes

. 0%

;- :Slephenson (1982) argued that assumpuons regardmg myofllament space buffermg of Ca»~

‘wnh EGTA were, uﬁadequate Consequently hxgh isolation bath Ca" concemrauons cannot be o [

L . o

f“i_’equated w:th myomament space Ca” concentrautms Therefore Endo s (1977) Foregomgw:

' ',argumem may not be smctly true Stephenson s (1982) argumem is supported by 1he

"v
1 . R
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observation of caffeine contractures (which are Ca‘" dependent) occuring even in the-presence
of high bath EGTA.
With respect to cardiac muscle, the foregoing limitations do not scem to apply. Fabiato

and Fabiato (1975) showed that ncither hcavy preloading of the SR nor a free Ca™

. -~
-

concentration higher than the ‘thrleshold for contraction of the mvofilaments is required 1o
induce a Ca* release from the SR‘of skinned cardiac cells. Purrhcrmore. It way Shown that an
increase in free Mg’  concentration up to a presumed physiological level (3.16mM) actually
potentiated the'arnplillrde of the Ca’ release (Fabiato, 1981). Fabiato (1983) suggested that
lhe galing.stimulus 1S more a'f_unc{ion of t‘he raleg of .changc of the free Ca’" rather than the

Ca’* eonccrrlra'lion' per se. 1 was suggestegthat lailure to account for this possiblity in previous

studies’ with skelelal muscie preparatigfis explain why CICR has been poorly defonstrated in

this model. Fabiato (1982) demonstthted this in cat caudofemoralis muscie und‘cr conditions of
low Ca’" pre-loading. ph_\'siological Mg? (3.16mM) and a low concentration of trigger Ca”

(1uM Ca?® delivere(kir_l 200 milliseconds). &
vy |

lon Substitution Induced - Ca’: Release

o ) } [N

"The comepl of release medra(ed directly through dcpolaruauon of the SR membrane
was mmally mvesugaled by Constantin and Podlosky (1967). Thc apphcauon of KC 1(Cl

!

“y‘ ’ agdﬁon) and Tris Proprro‘hale (K- withdrawal) to Natorr (1954) [ibres (oil skinned) balhed in
]

w Cl' was shown 10 initiate contraction. Similar-studies were conducted by Endo ct al. (1970) -

.o R - : =

@'nd since- the mechanical Tesponse was similar for CI addition as it was for K- wirhdrawl il

a

P ] ’ :' -
' - was suggesred that a potentral change across the SR membranc mmated lhe observed. Ca
= g s
\‘release However the prmcrple of thrs procedure has been challcnged on the basls that Cl ‘entry
- - B
mté the 'SR lumen ma) be assocraled with cotransport of H,0 ahd concommam 05mouc
h . 3 P

A o swellmg of the retrcular network (Mrygmo{o and Kasar 1979 Merssner and McKmlcy, 1976)

3 Although the comractrle response was shown to be medrated via mcrcases in myoplasmrc Ca

( L3

et _._:._‘__.V.\'_(Endo and Blmks 1973) Lhe relcase of Ca’ was consrdered a conscquencq of crther mcreascd_
_‘permeabrhty 1) Ca" or osmouc lysrs In order 100) errcumvem the problem or H p ;mns

v,
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. . 7 . . .
potential interaction of séveral effects. Endo (1977) proposed that Cl substitution may initiate

‘ provnded by Sornlyo et. al ( 1981) who founn'"

80

’

Mobley (1979) performed ion substitution experiments with skinned fibers while maintaining a
constant [K]J{Cl} product. This, supposedly, would .have minimised [i,G movements. Cl

addition produced contractures under these conditions although the magnitude of the response
was diminished.

Although Ca?* release induced by ion substitution is generally accepted as an

observation (Martonosi, 1984), the theoretical basis of the mechanism is complicated by the

- t

a transient local rise in Ca?" concemtration which itself ‘may result in a CICR. This model,

however, is 1momplcte since. 1t does not account for the graded nature of «Cl induced
contractuges (Wmcgrad 1682) Pulhcrmore if Cl entry is assoualed wnh similar H, O shifts
then presumably this will causc an‘effecu'vc decrease in the internal and an increase in the
eatgrnal Ca’" concentration. Sueh conditions may create an _unfa‘vorable enviroment for CICR
since the absoluie change will be greatef intraluminally than extralnminall_\'. ' ¢

Central to this issuc of ion substitution induced - Ca?’ release is- whether or not

membrane polarity is associated with Ca’" release-and whether or not Cl induces polarity or

depolarises a pre-existing ‘membrane potential. With respect to active Ca’ -uptake, Zimniak.

and Racker(1978) h@ve‘shoxvn, using reconstituted vesicles that the Ca_"-ﬂl"Pase is inhibAiled by

an inside posuwe pownual Kometani and Kasal (1978) ar@ Hayneq (1982) hewever,

Y

. demonstrated Ihat physmlogxcaIl) membrane p@‘emtals were dlssnpated rapldl) by the counter

and cotransport of monovalent cations and anions, }espectwelv Allernauvelv wnh respect to

’

Ca’* release, Oethker (1982) has shown that membrane potentials are generated in response {0 |

L8
Ca* rclease m hvmg mﬂscle Beeler et al. (1979 1981) argued that the possxbﬂny of
Q

?pre exlsung SR mcmbrane potenuals is mcompauble w1th the rapld permeablhty of the

\ "n

_membrane to Na“, K- and Cl-. This, however, may not be entirely \gahd since one t“j of the'. )

1sola1ed SR vesicle fraction was shown to be 1mpermeablc to thcse 1ons (McKmley and

. . °

Mexssencr 1977 1978) Futher evidence against t.he existenee of resung membrane potenuals is ’

a

~
~

me evndence of asymmemc bllayer« dlstrlbuuon )

e

-7



of Na*, K- and Cl . Their electron probe microanalysis technique only measures clemental
species and not the concentrations of their respective ionic forms. Addironally, the critics of
Cl induced Ca*" release do not consider the potential contribation of a Donnan pressure model

which proposes the existence of fixed intraluminal charges (Kasai, 1980: Yamamoto and Kasai,

1980) possibly established by nhosnholipid bilayer as)rmmerr)' and/or c,\lrinsic.prolcins.
Recent studies (Camptbeil and Shamoo. 1980; Kasai and Miyamoto. 1975; (‘irswell and
Brandt, 1981) demostrated that Ci induced Ca*® release may not be entirely 0Smotic in natuse.

Native vesicle were fractionated into “light” and Theavy”™ populations, which were derived,
e .

,
“respectively, from the longitudinal and cisternal regions of the SR, Incubation of vesicles in-
o ‘ . ‘
sucrose {(an osmotic buffer) and transfered from an osmotically inactive solution (Potassium
‘ o
. X A .
Methanesulphate or Potassium Glucqnate) o an osmotically active solution (KCI) prevented -
LV N e . ‘_ . ! . . .
-keleage of Ca™ from Lhc light fraction but cisternal refease of Ca’ was unaffected in relation to-
. u ‘- % .
the results ofnamed in the absence of sucrose. These results suppomd the contention (ha( the

=

cisternal fraction is prir_naril_v responsible 'for release and that ion-induced Ca*’" relcase from the

_ heavy fraction may only‘have a small osmotic basis {Campbcll and Shamoo, 1980). Koshita ct,
» . . . - . " 3
al. (1982), on the other hand. did not demonstrate a differcntial response by the different SR

»

fractions with and without sucrose pre-incubation. They supported the concept of osmotically
L s ' o S .
induced Ca’" release. However, closer inspcetion of their isolation procedurc and the data for

Ca*‘-dependenl and Mg:‘-dcpendem'ATPase strongly suggests a very high (50%) mitochondrial

’contammauon g .. 7 R

Y . (

lt is interesting to notc that the propOncnts of an osrnonc basis for ion -induced (,a{-

"4 o

release onl) reporl parnall) on the dala obramed by, ko' elam and Kasar (1978) Thcse '

-.authors, méeed observed osmouc swellmg by vesrcles up“'n addmon of KCl. However, -

\

consrstemly neglccted observauon rs 1hc rapld shnnkmg of vesreles duc 0 cxtruslon of H,Q

N

caused by\he mstamaneous risé in osmoue pressure upon Cl addmon Thesc cvcms oceurred
- _ v

o »a -

, prror 10 the transmembrane movement of solute accomp med by the mﬂow of H,O The

, fconcomrttant swellmg, ’therefore represented a return 10 normai vesrcle srz.e whrch was not'
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~ complete even within-20 seconds after KCl addition.

Exacitation -Contraction Coupling and Fatigne

The role of the sacroplasmic reticulum (SK) in muscle fatigue has been assessed from

cryo-ultramicrotomy studies of ionic compositipn within subcellular compartments (Somlyo et

al.. 1978; Gonzales-Serratos et al., 1978; Sembrowich ct al., 1980, 1983). Subsequent clectron ,

probe analysis has commonly revealed extensive ionic imbalance and pronounced vacuolation of
. \ L.
the T-tubules (Gonzales-Serratos ct al., 1978). In particular, elevated Ca?" contents of the SR

gumcn have been observed in both fast and slow twitch muscles (Sembrowich et al., 1980) and
' . s i ) .

in.frog semitcndonosus terminal cisternae (Somlyo et al., 1975). The elevated Ca’s has b’een
suggested 1o disrubl Ca‘** transport (Gonzales-Serratos et al., 1978) and possibly. 10 unuﬁuple

the a‘c{lon potgntial from muscle contraction (Scales and Sabadini, 19;’79;lBianchi and Naravan,

. 1982) .7

Thal the Ca**-ATPase may be mxolved in the development - of muscle fatigue i1s
v

.

indicated from in .vi.lro‘studies of Ca’ preciptating anion .(oxalate or Pi) suppgrled
accu?nulalion of Ca* {Ca’ -loading). Serpbrowich and Gollnick (19779, Hashimoto ct lal.
(1978) and Fius ct al. (1979, 1982) reported depresed Ca'"loading in native SR vesicles from

rats chronically exercised to exhaustion. The approximate 20% reductions in Ca‘" loading were

paralleled by similar depressions in lhe-acli\i'ities‘of" the -Ca’-ATPasc (Scmbrov;/ictr and

Gollnick, 1977; Belcastro et al.. 1981). These 'findings would ap’pea-r"lo corroborate the
proporli_er_;al relationship between the rate constant of muscle.relaxation and the rate of
Ca’-influx (Blinks et al., 1978). Together these observatians provide tentative expl'anatio'n for

[ i

the depressed rate of relaxation at ek‘héustion (Dawson ct al., 1980). ,

" Belcastro el al. (1981) alse reporled dcpressxon ‘of Ca?*.ATPase acuvmes‘?n faSl twitch

R .

skeletal muscle from rats chromcally un to exhaustnon Thev suggested that the generahzed
%

depressmn of both Ca"-loadmg and ATP. hydrolysns may be related to depressed Car bmdmg” '

to e\ternal high affmuy sites.- Chm and Haynes { 1980) and PLck and, Karlxsh (1980 1982)

. et B
a - : : . .-
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showed that prior g‘fccupallon of the high affinity Ca*" binding sites stabilizes the translocator in

it$ influx mgde.-Conversely. although Ca’ participates in regulating energy partitioning of the

I

Ca’-ATPase kinctics (DeMers and Carvalho, 1974; Hasselbach et al., 1981), rising nternal

[ 2 . . .
. Cgi' concentrations (2-2GmM) have been shown to inhibit Ca’ -loading (Yamada ¢t al., 197))

oA T . . . '

, we™ ! through inhibitton of transtocator enzyme dephosphoryviation (Havnes, 19539, Conceivably | in
LAR . . .3 . . .’ . N ' -
i T vivo xgrr;slummal SR Ca‘yaccumulation at the onsct of fatigue. as indicated by Sembrowich ct

iy a

< #%p al (1980, 1983), may disrupt Ca’* transport via this mechanism, These observafions. thodgh,
. . MO 3 ! » ¥ ' .

" arcincampdWme with the in‘vitro data (Fius et al., 1982) which indicate depressed initial rates
‘ ‘_ ‘ . . . L. . - ‘ . ) . . -
of and potenual for Ca’'-loading by the SR at cxhaustion. . Fstablishing a cause-cffect
©relationship on the bdsis of these observations is difficult, morcover, as the relative
.-. '1 . . . .y ‘4 i . b . .‘ . .
contributions of the various intraluminal Ca** compartments 1o the regulation of Ca'-infhn
kinetics sgmains, uncertain (Chu et al., 1983; Fehér and Briggs. 1983). Furthermore, since
b
clectron probe analysis fails to 1) dastinguish amongst bound, {1ee and pregipitated Ca® and 2)
) ‘ . , ' :
equale incrca§cs in elemental contegnts with changes in ionic concentration, the interpretation of
. .
these data is limited. The latter concern, often neglected. is valid since fatiguc via tetanv

. . R . ?
resultedr in .2 significant increase in total {ibre volume (Gonzales-Serratos ¢t al., 1978).

’

. . r
S ~7 R - . . . .
"7 Flevated intraluminal Ca’ - contents. therefore, need not. necessarily, reflect clevated Ca’
. - - .
concentrauons. ! S

Progress xo(zva‘rds the elucidatjon of SR dysfunction at cxhaustion may be hindered by
the 'pérsistenl use of oxalate or phosphate supported influx systems. Brig.gs et al. (1983)
‘ iqgicalegi that cfflux kinetics, ‘which appe;gatd‘be mediated more ;by pathways other than the

Ca"-.'ATflf".ﬁéé.’(Milc'hell‘ et.al., 1984 Palade’ ct al.,.-1983;' Shbsha’r}‘cl al., 1980, 1983); rﬁéy in
lvarg;c paﬁ'_ determgne v:Stcady state loading in fc')xalépe suppo.‘rlled sys‘l‘évms. }—'chcr and Brivggs_
(1980) suggestéd that assu:mpli.ox’]s c;f r‘apiq'calci&m oxalate Crystallisérl‘iqn k\ﬁ:c;ics ’(P:\Aakinosc.~
‘.and Hﬁ}?éélbach, I@.) may be; té‘nuous since ‘incom:plel_e_clamping of intraluminal Ca*, with
;ariatiéﬁs m merrixb;arie' p_érmeagiligy_ to' Ca® m skeletal m~uscle'SR,; has been ,demo'nstr"éncd_
Lo (Kaiz ci al., 1977;' Feher and B:ig\'gs.>198“0).‘Currem m_cphbdologfcs, the’r’cfor'cu rpay n.xz;s\k__'
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‘ (possib& aberrant Ca’* flus kinetics in the SR of fatigued muscle.
The decline in intramuscular pH associated®with I'angué (Gonzales-Serratos ct al..

1978; Dawson, 1978, 1980) has also been suggested to a‘ﬁ"ccl optimal rates of Ca’* transport

©
’

'(l-,dman and Maluasa, 1981, Nassar-Genuna et al., 1978), This is supported by, a) the
proportional relatonship hetween the rate constant of muxlc-rcl);alion and the rate of Ca’ -
+ uptake (Blinks et al.. 1978) together with, b) the pr‘olongcd relaxation rates observed with a
dcdmc‘in intramuscular pH  {(Da®®bn, 1980) }-abiau; and JFabiaﬁto (19722), using frog
scmitendonosus muscle. 5uggcslu‘1; however. that mild acidosis ma'_\ i-ncrcasc ‘Ca}‘fq;'gumulalion
although a large acidosss (pH = 6.2) may have a depressant effect. I)epresse.d SR function
may. as conscquence, be mediated -through altered Ca’ affinily for c,\'toplas;nic Binding.
Although the work of Nob-l'c et al. (1980) does not support lhis."il‘is v;c;l CSlabliSh(;d that
" wdecreasing pH decreases cxiernal (Ta“'. binding affinity '(McAisScner, ,197.3.;'\/erj-ovksi~Almeid.a
.and l)cMcns, 1977, Ha_vnes‘_ 1983). Moreov‘cr_ the potential for this is hard to ignore ;incc a fall.
in pH from 7 to 6 induces a 10-fold reduction in Cai" binding affinity (Pick and Karliih,

1982). Thus the reduced binding affinity may be associated with the intracellular redistribution

ané imbalance of Ca‘** (Somlyo ct al., 197%).



Appendix B - Raw Data

L4 q ) . G‘ ' . AN ,
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Table A: Raw Data for body Weight and Running times
Group Weight(g) Gloup Weight(g) limeto- *
. gmControl _ Exhausted ‘ Fahaustion(min)
L ' 215 214 125
203 i 240 o
. 230 L0 - 129
bt - 'y
265 ' 210 BERRE
¥ 250 248 1S e
N 4 - s
: ; “~
“T'able B: Raw Data for Microsomal l’rotéin Yield (mg.g *). r .
" Controt ) - Exhausted |
1.61 e S 094 o
1,57 b I 3 '
1.27 S 13
110 - T N O
> o o . n
1.84 - - ot B
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Table C Raw Data for SR :Ca»"-uptakc (mﬁol Ca’.mpg SR prot ') :
atl, 2 :;xnd 3 Minutes Incubation.
;.’roup o .
Control ) - Imin i 2min R 3min
83 wo o A7 s
27.4 %3 0.8
R 3044 , Wy
274 - df 395 30.5
99 ‘ LW 87 177
) g GRS | 2.1 o
we 99 397
L s0s 418 | 35.9
40.9 524 | 435
,\ 448 333 43,1
Exhausted , 410 4.1 417
378 " 35.5 329
) 30.8 42.6 52,6
v Lg )
32.6 . 41.9 365
N 49.7 | 50.8 512
44.2 a5 L5711
50.5 43.5 ; 300
429 a2 37.2
| S8 | 8.5 | 7.8

L 8.6 198
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Table D: Ra‘w Data for Ca’-loading (nmo} Ca*g:y; SR prot'!') -

at 1. 2. and 3 Minutes lncuba(ion..

Group .
Control . Tmin 2min 3min_
733.9 . 1102.4 © 13007
1099.0 . 1518.0 : 16840
R . 866.2 130 1526.0
1656.6 1435.6 C 5850
o nss R EELY
Rl ° 2 A
- Exhausted . ;86180 . 1207 . " 1307.8
, 953.4 136 . 1406 .0
163.0 1636.3 17040
%919 - L1429 15898
L8371 TS " 1799

13
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Table k- Raw Data for Ca’-release (nmol Ca’".mg SR prot ').
- .

Amouiit of Ca’ released expressed as a difference between
4 , J

Ca’ remaining on filters after KGiconate and KCl washes,

’

Group -
Control Post-KGluconate i Past K(CI Ca® released
- | 22.7 ‘;,n:n LT
12 | 00 T s
B34 2T 40.7
~38s S 3.3 no
- 58.6 SENTSY s
56.5 | 15.0 : I
' 73.8 | w2 56
655 e 40.6
7(1"},9 ‘ 62.6 14.3
§7.7 _ 5.6 21
% . \ 4
~Exhausted 136 - 1.0 1206
31.4 00 . 34
40.8 .00 . 40.8
507 ' 0.0 . 50.7
858 j- w4 57.4
) 794(.\ | . 29.% L 49.8
80.7 s O 311 49.6
83.7 WK, 549
o667 C o123 Y
‘ 52 11.4 a8
Y,
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Table F: Raw Data for Ca’-release (nmo]@".mg SR prot ')

Amount of Ca‘" released expressed as a difference between

Ca’ remaining on filters after KGluconate and KCI washes

containing sucrose. '

Group, : »

\ Control l’ést-K(.’luconatc . Post K(Cl » ’ - Ca’ released
- i} - 1127 67.1 ) 45.6
117.8 ‘ 65.5 ‘ 52.3

150.0 1045 ‘ 455
145.5 . 129.2 163
142.4 118.7 S 237
148.0 : 125.6 : 22.4
191.4 o 1634 R » . 280

\ 2024 ‘ 165.2 32
. ’ . A
Exhausted . 1415 o '80.9 60.6
125.6 - $2.6 _ | 43.0
186.9 129.2 57.7
175.8 1290 468
i 146.1 117.7 ) 28.4-
| © 138.7 1234 BT
205.9 106.6 993
o o 106 o958

v (Y
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. o
Table G:Ra.w 1)ata fo’r ATP hedrolysis g
* within a range of ATP concentrations, A ’
Group - ‘ [ATP] ‘ Ct Raw
(mM), Data
Control 0.075 0.082 0.087 0.086 0.084 0.087
0.10 N 0.10% 0.102 0.086 0.106 - ()11&)0
0.25 - 0.236 0.234 0.735 0.243. L0219
’ 0.50 0.437 . 0.430 0.457 0.437 : 1'0.403
1.00 0.796 0.803  0.776 0.795 0.5
f 250 1226 1.290 1267 L7 Lon
5.00 1,350 1.550 1478 " 1323 _»'1.557
Exhaust 0.075 0.087 0.079 0.082 008 - 0.083
| 0.10 0.112 0.102 0.080 0.106 “ ,_p';b.(m
025 0,227 0.226 0.220  0:236 0.215
" 0.50 0.437, 0.411 0‘.4627 0.442 0.38%
100 0.761 o 0T 0.789 06
' 2.50 1 1.075 1127 104 . 1120 1105

5.00 1080 . 1.308 1288 1.286 1316

.
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- Table H:Summary of Ca’ -uptake values (nmol Ca?-.mg prot !) for C and E at each incubation

> time point ﬁn_eanisem).
Incubation time _ Control g Exhaust’
1 minute - 36.18£2.5 _ SL1s473
2 minutes 3833235 e 5232458
3 minutes 38.56+12 T 4907453
/

’

Table l:Sﬁinmary of Ca’-loading values {(nmol Ca’' ;mg prot *) for C and E at each iricubation

2

time point (meantsem).

Incubation time ° T ‘Control Exhaust

1 minute 8955478 ° | %1.34 58
2 minutes . 1330.5475 | 14286471
3 minutes 1505.8£66 1557.5 ié?



Source of
Variation

A

B.

AB

ERROR

TOTAL

Source of
Variation

A

B -

AB
ERROR

TOTAL

Appcndix}(“ - Statistical Procedures

~ " Table A: Tworway ANOVA summary of

-

Ca’*abcumulat’ionjb*' C and E at ail incubation times

Sumof‘ y .

Squares
0.3381E+02
0.2596F +04

t0.5506E +02

0.1217F +05

" 0.1485E+05

-

D . ¢ Mem

‘ Squares
2 I 16.91
1 . 2596.50
2 . 27.53
54 23531
59 251.73

- ’I‘Iﬁbie“'B: Two-way ANOVA summary of

Ca’"-uptake by C and F at all incubation times.

Sum of .
“Squares

0.1969E +07

Y B

0.3872E+05
' 0.2816E +04
“0L481E +06

0.2658E +07

A =Incubation time(1, 2, or' 3 mins); B= G}oups(C7or I)

bl

l)jlf. s © Mean
Squares

2. 954500.00
I 3720.00
T 1408.00
u 21002.66

29 - 191664 .50

92 ‘ "4— \

(N

Ik Prob
Ratio
(.075 (.928

11824 0.001

0.122 7 () .8S

F Prob
Ratio |

3645 0.000 .
143 0.243

0.052 . +0.949

o



Source of
Variation

A

B

AB
ERROR

TOTAL

Source of
Variation

A
B

AB
ERROR

TOTAL

P

Sum of
Squares

0.1503E +05
0.5078E + 00
0.5684F + 03
0.1809E + 05

0.3369F + 05

Table C: Two-way ANOVA summa_ry'of

Ca’-release by C and E.

-

D.F. “ Mean
Squares

1 . 1503.10
L 0.51

1 | 568.38
36 502.57
39 T §63.91

Sum of
Squares

0.1611E +05
0.7143E + 02

'

0.9668E +03

" 0.2633E 405

0.4348E +05

-

Table D: Two-way ANOVA summary of

Ca’ -release by C and E (sticrose).

D.F. Mean
Squgres
] 16101.31
1 74.13
) 966.75
. 2% 94036

3] 1402.49

Ratio
17.13
0.08

1.03

A=Wash Media (KCl or KGluconate}; B=Groups (C or E)

Prob

0.000
0.975

0.295

Prob

0.000
0.781

0.319



"/ Table E:T-Test Summary of Vmax and hm

values obtained for C and E after ATP hvdrolvsis,

. Vmax t-statistic = 3.3018

Deg of Freedom = 8
Km statistic = 2.6860
Dég of Freedom -= 8

94
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Appendix D - Biochemical procedures and ch@emicals

. \ -

SR Isolation Technique.

Reagents and Chemicals

1.

" Refrigerated Centrifuge).

Homogenizing Mcdiufn A(pH6.8at 4 'C)in mM:
a. 100KCl
b. 20 Tris-Malcate

¢. 1 PMSF

2. Wash Buffer B (pH 6.8 at 4 'C) in mM:
a. 600 KCl . |
b. 2(‘) Tris-Malea.lc
c. 1 PMS}:‘ . :
- —
d. 10 NaN,
3. Suspension Buffer C (pH 7.0 at 30 °C) in mM: : .
a. 100KCl
b. éO Tris-Maleate e
o
Proce@ure ‘ y
I . The tissue was homogenized for 2"x 10 sccond intervals at a‘sgtting of 8§ on a Pblytron
ATi‘ssue Homdgcnizqr (PT-10) in 10 volumes of cold Buffer A. | |
The homogenate was cenlrifuged at “1‘;000 X g 'for 20" minutes at 4°C (IEC B-20A

.

s

The résu}lanl supernatant was aspirated and centrifugea at 9,000 x g for-15 minutes at 1'C. =~

The résultan_t‘supernatam was aspirated ahd centrifuged at 15;000 x g for 20 minutes.

The résultam suimmalam was carefully aspirated and centrifuged at 37,000. x g for 30

“minutes.

The resultant .supgmatém was discarded and the pellet r‘esuspended‘in 3 voluméé of cold
- 95

PR



~ Buffer B. This and all subsequent resuspensions were performed with 4-5 slow strokes of 2
teflon pestle in a glass homogenizer 1o insure lhc&clional integrity ol the fmgnm:ncd
vesicles. The resuspension was centrifuged at 37,0%0 x g for 20 minutes. .

The resultant pellet was resuspended in 3 volumies of cold Buffer B and centrifuged at
37.000 x g for 20 minutes.

The rcsulla{ll pellet was resuspended in 3 volumes of cold Buffer B and centrifuged at
37,000 x g for 20 minutes. ) ' N

The resultant pellet was resuspended in 1.5 volumes of cold Buffer C. The suspension was

used immediately after protein determination (1.5 hrs).



Protein Assa 1.@

Reagents and Chemicals
1. S‘lbck Solution Al:
a. 2% Na,CQ,
b. 0.IN NaOH . , .
2. Stock Solution A2:
a. -10%-SDS (fresh daily)
3% Stock Solutjon BI:
a. 1% CuSO,SH,0
4. Slogk Solution B2:

a. 2% NaKC.,H.O.

5. Solution C: 2 )
a. 50.0milAl,
b. 5.0ml A2 .
.3
¢. 0.5miBl - '
d. 0.5ml B2 o
6. Folin Reagent (IN): 110 1 (v/v) distilled H,O
Standard Curve . .
/(SA H,0 " ConcA Conc B
(ml) " (ml) » (m_g.ml') "(mg.ml")
....... D
0o . 0.500 0 0
.00 045- 040 - 0.2
010 0.40 020 0.4
0.15 0.35 0.30 - 0.06
020 .. 030 040 0.8

0.25 0.25 050 010



. e [}
Procedure

~ 1. 2 x 100 mml aliquots of each concentration A were 1rJns’fercd to duplicate tubes containing
O.4ml?1,0 to produce a protein suspension of concentration B
’ y
2. 3 ml of solution C was added to each and allowed 1o sit for atleast 10 mins.

3. 0.3 mlof Folin's reagent was then.added while vortexing. The solution was allowed 10 stand

for atlcast 30 mins.

’

o

Spectrophotometric measurements were taken at 750 nm.



~ Reagents and Chemicals
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Ca’ -uptake /7 Ca’-accumulation.

1., “Transport Medium (pH7.0 at 30°C) in mM:

wr Y : - ‘
y . . . . . ’

a. 100 KCIL . _
b. 40 Tris-Maleate

c. 5 MgCl,

d. 0.05¢ “CaCl; (specific activity= 10,000 dpm.nmol *)

c. h5 Na (&\alalc {for Ca* -Uptake)

2. MgATP* (200mM; B4 7,0 at 30°C)
a. A S0ul aliquot was added to 1.9 mis of rransport medium. Therefore, final
concéxnratiog ‘of MéATP’ was SmM.
Procedure
1. A 504l of SR protéin (1 mg.ml ') was pre-incubated in 1.9 ml of Transport medium for 3
mins. This gavc a final protein concemra;ioﬁ of 25ug.ml . Dupiicate tubes were preparcd;
A soui aliquot of MgATP* was added after the pre-incubation period in order to inifiate
Ca* lranspo;t. Control tubes wilhbul‘Mg-ATP"‘ w;re run with cach sample to asscss ATP
indcpcndmt_ Ca* bi"nding. | |
1 At 1.2, and 3 Ininule mtervals 500l aliquots were drawn and vacuum filtered across
pre-moistencd millipore (HAWP 045, fillers. o
Immediately following ﬁltratic';n‘ the filters ‘w;ere _washed with 2 volumes of icé;cold
di‘sljllcd-égi.onized no. ©T v S
5. . Filters wc‘r}é lhc.rblvdric‘d and d:iss(;lved in 10 mis Bray's sc_imilldtion cocktail.
. Samples were cdunted for radioactfyily L;pon a"Béckxﬁan LS 7800. )
A . . r o ’ .
Ca’{i{j?ﬁ)a&ing of vesicles was calculated in relation to the dpm counted on the filter, the
S . . . .

known specific activity of the Ca*, and the amount of protein.in a 500! aliquot (12.5.2).
at e : N L ' .

) . s b

3 L El o

Coomd



Ca’ Release

Reagents and Chemicals

1. Transport Media (pH 6.8 at 30°C) in‘mM:

a. 200 K Gluconate or KClI

b. 10 HEPES buffer ~

c. 1 MgCl, ’ | .
d. 0.05 $*CaCl, (specific activity= ‘10,000 dpgl.molc l‘)

¢. 200 Sucrose (included for specific conditions)
, Thcrcl?;rc 4 variations of transport media were prepared: K Gluconate with sucrose:; K
. N . o oo : B

(jlucona’(c no sucrose; KCl with sucrose:; and KCl no sucrose.

2. MgATP?! (200mM: pH 6.8 at 30°C)

()

Wash Media (pH 6.8 at 30°C) in mM:

a. 200 K Gluconate or KCl

<!

b. 10 HEPES buffer

c. 1 MgCl,

d. 200 sucrose (included for speeific con&lions)
Procedure y
1. A 504 aliquot of SR protein (lmg.ml*) was pre-incubated for” 45 mins at room

temperature to allow permeation of sucrose. This was done in duplicate for cach of the 4
’ LA ) [N .

medium variations (1.9 mls)..~

-

b

The media were then pre-“incu.baicd at 30°C for 3 mins.

. ) - v
3. A 504l aliquot of SmM MgATP® was added after the second pre-incubation in order to
initiate Ca** transport. '

@

- 4. After 3 mins a.500ul aliquot was drawn and Vacuum filtered across pre-moistencd millipore

» «

LN _
(HAWP 045,) filtets.
5. Immediately following'filtrat{gp.the fillers were washed-with 1 volume of wash buffer. One

of the filtered duplicates was washed with K Gluconate containing wash buffer, the other

3
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o

- 101

-

with KCI containing wash buffer. Sucrose containing wash buffers ‘were used for sucrose
comtaining reaction buffers.
Filters were then washed with 2 volumes of ice-cold distilled -deionized H,O.

Filters were then prepared and counted as for Ca’ -uptake /7 Ca? -accumulation. 4
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SR ATPase Assay.

Reagents and Chcmicalé o
1. Reaction medium (pH 7.0 at 30 ()
a. 100 KCI-
b. 40 Tnis-malcate
¢ 5 MgCl,
@ 0.05 CaCl,

2. 200mM MgATP? (pH 7.0 at 30°C)

)

3. 12% TCA
Procedure

1. The preparation of SR was diluted to 1.00 mg.ml "

2 | Duplicatg tubes, each containing (.925 r;lls of reaction mediunt were preparced. One set of
dupli,c'alc tubes (X tube) was initialy guenched with 1 mi cold TCA .

3. h;ig-AfP’ was prediluted to givesa range of final conc\én_lraxi_om in reaction tube. 1 hpsc.

were as follows: 75uM; 100xM: QSCuM: S00M:; ImM; 2.5mM; and 5.0mM.

/-l\‘SOul avliquol of SR protein was added 1o the reaction mediymn and pre-incubated for 5

P

mins in a water bath sej at 30°C.

5. A 254l aliquot of Mg-ATP*. was then added to initate the reaction whith was allowed 1o

. /
run for 10 mins.

6." The reaction in each tube was quenched with Iml ice cold 12% TCA :cach tube was

’ Jimmediately placed on ice for 10 mins. -

-
‘

7. 'Tubes were then centrifuged at 1,000 x g at 4°C for 10 mins 1o sediment the precipitated

_ protein.

oc

Aliquots of the supernatant were then drawn and used in the phosphate determination

°

assay.

%
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Phosphate Assay

*

1. 10 N Sulphunc acid

2. Ammonium Moaivbdate-Ferrous Sulphate solution:
a. 1 0.5¢ ammonium molybdate was dissolved in 5 mis 10N H,SO,. |
b. Al'&;mmplctc dissolulio; volume was raised to 30 mls with dislillcd—déionizcd H,O.
¢ 2.5g¢ Fc‘rrousﬁéulphalp was then added: volumf then madc up 1050 mls.

Procedure R

1. Phosphate stgndard and blank were prepared ’ -
a. Pﬁospha(c standard: 1;45m1 TCA + 50l phosphate stock (1mM)
b. Phdsphate blénk-: 1.5mI'TCA “

2. 2x0.5ml of supc'matam from ATPase :‘assay were drawn from the X and-F (cxpc.rimcnjal)
tubes and placed in tubes containjng 1ml 12% TCA (icc-cold); » R
Im!l of ammonium molybdate-ferrous sulpi;ale solution was added to all lubé )
solution_was allowed to sit at room temperature for. 10 mins.

4. Samples were read at 700nm on a Pye-Unicam P8&00 spectrophotometer.
ATPasc a"cl(vily (mM Pi.mg '.min '.)»was calculated using thc. following formula;

activity = 4x 0.5 ((EOD - X OD).STD OD.0.05 .10 *)) where;
: ]

" a. 4 = Protein dilution factor

T

0.5 = Pixoncentration in standard *

o -¢. 0.05 = Protein-concentration in reaction tube

d.. 10 = Tignc of. réaction (mins)’

r



>

ot List and Source of Chemicals
Adenosine 5'Triphosphate (disodium s'alll)' ’ Sigma
Ammonium molybdate \ i BDH
"B’ovinc Seru.m Albumin _ Si‘gma '
Bray's Scintillation Cocktail ’ lsalab
Calcium Ch‘lgoridc . }-'.‘rsl:icr
“Calcium Chioride N
Cuprfc Sﬁlfalc ’ | < Fisher
Ferrous Sulphale: ‘_ BDH
Folin & Ciocalteu’s Phenol R\cagcm . Fisher
HEPES ‘ Sigma
Magnestum Chloride - ' | Ség;na
PMSF o Sigma
Potassium Chloride , - Sig‘maf
Potassium Gluconate - o BDH
Sodium Adide '_ ]1 : . BDH
éodium Carpbonalc /I(nhydrate ' . BDH
* Sodium Dodecal Sulphate- ) X BDH
Sodium Hydroxide . ' | I-'ishcf“
Sodium Oxalate ‘ BDH
Sodium Phosphafte Dibasic : . \Fish‘cr
Sodium Tartrat = | , " Fisher
Sodium Sulphdte . - ‘ v ,P‘ishér
. Sucrose / | | Fis.her
Sulfuric»Ac'é ~ Baker.
TCA " Fisher °

Tris M@T’éﬁte ‘ o Sigma

-~
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