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ABSTRACT '
The hypothesis . that plasma mewmbrane, smooth
endoplasmic . reticulum{ rough endoplasmic reticulum and

mitochondria of the smooth muslce of rat uterus can all
- : L) : :

transport'® caclium in a manner compatible with a role in.:

’e

relaxation, and that the mechanisms of ‘caldium transport

are dijifferent in each case, was tested.

/

Individual fractions composed substantially of

material derived from the plasma membrane (PM), smocth

—

endoplasmic ‘reticulum (SER), and - rough endoplasmié&

- ‘/

reticulum (RER) vere isolated by'the use of differentials

L)

and sucrose density gradient centrlfugatlon techniques. A
fractlon composed substantlally of mltochondrla (MITO) was

.1solated by differential centrlfugatlon.

The fractions were characterized by electron

- microscopy and the. assay of enzyme markers. The fractions

wvere all able to bind calcium in the presence of ATP and .

in all cases ’except-MiTO calcium uptake was enhanced by

oxalate. -All fractions removed calcium firom a solution 5}4

1uM free calcium and although MITO could not remove

calcium from 0.3 or 0.03uM solutions, PHM, SER‘and RER -

could. : ' _ ‘
_1 B B
(

The use of drugs, monovalent, divalent and trivalent



Y metal ions, different sybstrates and reduced temperature

(2]

pointed to many differencesphetween MITO and the other

~

‘fractions but to none among PH, SER and RER.
Skeletalinmhsclel of +he rat treated to the same
isolatiun procedure as the smooth muscle pro%yced vesicles
en:iched in material from the plasma membrane  (PM) and
vésicles. enriched in ‘materfal " from the"sarcoplasmic
a reticulum (SR), as well as a wmitochondrial fraction,
oy Separation and purific?tion in the case of skeletal muscle

o was not as good as that for the smooth muscle. SR showed

most of the properties normal for a sarcoplasmic reticulun

fraction, iqdicatiag that—+the—isotat xun—proceuure did—Tot
. drastiéally‘ alter ca1c1um transport mechanisas. PN could
also transport calciunm, suggestlng that calc1um transport

J
is'a property of skeletal mu scle plasma membranes.’

-1
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a o = Chapter 1

" } INTRODUCTION

ThlS thesis is concerned with the problem of
’regulatlon of free ca1c1um concentratlon in the cytoplasm
of rat skeletal and uterlne muscles. I have studied rat
myometrlum' more extens}vely than raf skeletal muscle and
will deal with it first in subsequent chapters, since only
the'more 1mportant experlments were repeated on skeletal
_Ruscle. However, since the major .part of our knowledge of
*calcium regulatlon at thls tlme _ comes ‘from work on
B ~ske1etal=muscle,’end'since inferences have been~drawm from

skeletal muscle to smooth muscles, this. intmoduction"to

tme, subject will deal with skeletal muscle first and
’smo;fh Ruscle second. . o |

e . : = ) . .
N A, Calcium in Buscular contraction. o

’ i

VA : . /

1)-Skeletal muscle.

The calcium ion plays a fundamental role in the

e
molecular events ' which lead to contractlon of skeletal
muscle. Hellbrunn and WlétClnﬂrl (19&7) vere anongst the

ffrst to suggest that ca1c1um°1on vas requlred for the

actlvatlon of skeletal muscle-' their. experlmentsv showed

»

| 5



that calcium is the ‘only Physiologically occurring cation
that can induce shortening‘ wﬂen microinjected into
isolated‘-frog skelétal muscle fibres, More recently
Niedergerke (1955) produced similar .-results by
electrophoretic introduct;;na of calcium ions into frog
‘puscle fibres and caldwell and ‘Walster (1963) reported
similar findings ‘after the microinjecﬁion of vafious
subStanCes into large leg muscle fibres from the §pider
crab. . " The dependence of muscle activatioﬁ on the
cytoplasmic calcium ~concentration .éaS' been studied' in
several large muscle prep;ratio;s with the ~ calcium
chelating agent etﬁélylene glycdl bis (beta-amino ethyl
ether)-N,N'-tetra acetate (EGTA). Thus Portzehl, caldwell
and Ruegg (1964) showed that contractions of the glant
flbres from the legs of the spider crab were' 1n1t1ated
when the sarcoplasmlc calcium‘ concenfgation'wés raised'
above 0.6uM. Haéiwara and Nakajima (1966) -and A§hley
(1967) reported similar requlrements for the productlon of
detectable ‘contractions in_ the large muscle fibres'ﬂ%bm°
the barnacle. The /results' from the experiments of 
Portzehl et al.- mentiohe@ above also indicated that the

‘resting level of sarcoplasmic calcium in the spider crab

fibre was probably less than 0.1un.

Evidence to support the hypothesis that contractile
stimuli lead to an increase in cytoplasmic calcium
concentration, which in turn 1leads to contraction of

T ©



single barnacle muscle fibres, was oﬁ;ained by Ashley and
Ridgway (1970) wusing the protein aequorin which emits
light in thé presence of .calciunm. In all cases where
contfactions were elicited Ashley and Ridgway (1970) saw a
rise in the free intra-cellular calcium concentration. )
Treatment with hypertonic solutions which had no effeét on;
- . the membrane potential response to electrical sti;ulation
but which abolished the normally evoked tension
devblpment, also greatly reduced the calcium transient.
\ .

B 7,:’(. s Y
Unfortunately, the gquantitative change§ in the free
- . / . N
q .

s
calcium concentration in the sarcoplasm at various times

o

could not be accurateiy estimated by this technique;i
Y

Evidence for the involygment of calciunm in/musculap
contraction 'has also come fronm studiesi of glycerol-
;xtracted muscle. Muscle fibres treated with glycerol’ are
safd to retain almost all the éeatures of the congractile
syétems of living muscle whilst having the "pégmeability
‘barrier'' of the plasma membrane removed ;Ebashi gnd End&,
1968) .  Bozler (1952) showed that ih- the/presence of
magnesium and ATP, vg;y .low concentrations of cal§ium
could activate glycerdl-extracted rabbit psoas muscle,
'Later deiér (195“} and Watanabe (1955)Tnshowed thaﬁ
ethylenediaminetetra abetafe (EDTA) could relax previously
contfacted glycerol-extra;ted muscie_ fibres eveﬁ in'thé
presence of excess magnesium ion. ;  differeht Efnd _of

B -

pfeparation first described by Natori (1954), namely the

-, . a
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some way ma§ked to thelr téchnique,

skinned frog muscle fibre wnieh is ‘'*nothing but living
muscle fibre wminus excitable menbréne" and' '*might
perhaps be the most 'éppropriate .pfeparation‘ for
observation of the regulatory action of c&leium ionte
(Ebashi and Endo, 1968), was used by Podolsky's group
(Podolskj end Costéntin, 1964; Hellanm and'Podolsky, 1969;
Podolsky'and Teichholz, 1970; and Ford and Podolsky.
1972a), to demonstrate that application of calcium to such
a fibre caused contraction, ‘and that the threshold for

force developnent was at a calciunm concentratlon of

_ approximately 0. QSuH.abThls group also obtalned results to

- Suggest that maximunm force vwvas developed at a calc1un

concentration of 1umM and that the time course of the ‘'fall
off in. force followlng a stimulus 1s essentlally that\

the removal of ca1c1um from the myofilaments,

'Ashley‘and Ridgvaj'(1970); hovever, clainmed that ‘the.

free - calcium concentration in- the sarcoplasm of the

’

barnacle giant mnscle.fibre falls to the reSting level
wvhilst peak tension is still nalntalned-and suggested that

either relaxation is not dependent on the rate-of Eenovalt

of calc1um from the contractlle machinery or that the.

removal ' of ~calcium from tEe contractile machinery was in

IB an increase in sarcoplasmiq calcium conCentration

' is. needed ., as the _ initiator -* of . skeletal nmuscle
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conctraction, then an explanation must be\drovided for how
the sarcoplasmic calcium conceritration becomes elevated as

a result of a stimulus.

'

Hill (1949) showed that full activation of skeletal

muscle occured SO soon after stlnulatlon that 1t could not

be. 1n1t1ated by the d1ff051ou of calcium ions frop the

cell surface, since dlffu51on.:ould be far too slow. The
identlflcatlon of the sarcoplasmic retlculum (of which’
more will be said later) by Bennett and Porter (1953) and
of the T-tubular systems by Porter and Palade (1957) led
to explanations by which Hill's arguments coufd ‘be
reconciled with the ev1dence which 1nd1cated that»calc1un
was the actlvator. The mechanlsms underlying the !1nyard

spread “of activatlonA of skeletal muscle from the plasma

membrane, along the transverse tubular systen to the .

sarcoplasmlc retlculum, are Poorly eruc1dated, complex apd
too  extensive to be, -dealt with here. & This topic has

recently been ‘reviewed succ1nct1y by Costanfln (1971a) and

more fully by Huxley (1971)

. The results obtained by Costantin, Fran21n1~
Armstrong, and - Podolsky (1965} suggest that actlvatlng
calcium is released from the sarcoplasmlc reticulum and

/
some support for such a mechanism comes from the resdlts

7obta1ned by Wlnegrad (1968, 1970) in an autoradlographlc

study cf . calc1umj movemehts during contracture‘ and

4 .
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.question.*? Once calcium- has been freed to

’

relaxation. As to the question of how this calciua might

Be released; the present status of knowledge concerning
the link between the' inward Spreéd of activation and the
release of . activating calcium_.has been summed up by

Costantin (1971a), who sald, ''Perhaps the only valld

conc1u51on to be dravn at this stage is that the nechanlsm

of activator releaSe is still very muct an unresolved

he cytop!asm,

no matter " by what- mechanism,‘ hov does it initiate

contraction? . . -

The ex;t;5§¥::?6f calcium in the molecular,eyents of

Ve,
s

muscle contraction  took ~a rather 1long time to be

eluc1dated hovever, the processes.'are gradually being

J

better understood (see Tonamura and Oosava, 1972). It is

now falrly well agreed that the fundanentally important
/

s€%p in muscular contractlon is the 1nteractlon of the two

contractlle proteins act1n and myosin in the presence of

ATP (Ebashi and Endo} _19§8; and Tonamura |and .Oosaba,

1972) . However, Weber and Winicur (1961) sh ved that some -

e
it e A A

preparations.- }of actomy051n ‘required calcium ion for

interactibn andhsuperprec1p1tation vhilst others did not.
these obsetvatibns were an exten51on of the observatlons
made much earller by Perry and Grey (197F) as to the

effect/ of EDTA on the ATPase of differently prepared

actomyosins., - Thus 1t appeared that at  this legg&__the
S .

calcium, ion may not exert any 1nfluence. The;;esuits.ef

J . : .
. - L
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.Weber and Hlnlcur also suggested ‘that the difference 1in
';calc1um sen51tiv1ty ‘ of the actomyosin ' Preparations
depended upon differenoes in the isolation of actin,

|
Ebashi and Ebashi (1964) were able to prepare a protein
from skeletal muscle which was different .ffon aotin and
frow myosin add which. was able to restore calcium
SensitféityA to calc1um insenstfi#e - :itonyosin
prepa;ations. . Tdis protein closely resembled that vhlch
Bailey (19u6) had flrstLprepared some years ear11er and
called Egopomy051n. However, 51nce»pure tropomyos;n did
not restore calcium seﬁsitivity_ to. calcium insensitive
N . . .

,actomyosin, Ebashi ’ndl Ebashi tent&tiﬁely namedAtheir

“

4

protein ''native'' tropomyosin.

4

"The explanation of the differences betueen pure and
native tropomyo;in came wheqé Ebashl_,and Kodama (1965)
separated a- dlfferent, globular xprotein fronm ~ native
tropomyosin. ThlS protein;' whlch they called ttoponln,“.

- promoted the aggregation of tropomyos;n but dld not itself
confer calc1um _ sen51t1v1ty to calciunm 1nsen81t1ve
actomyosin' systems.. Ebeshi and Kodana (1966) followed
these observatlons by shou1ng that calC1un sen51t;zatlon
of actomyos1n requlred the presence of both tropomyosln
and troponln together. The fact that troponln is the
celciumffeceptive’ protein “ has ' /'nov:rA~ “been- adequatelyd
demonstrated (Ebashi, Ebeshi and ”Kodada, 1967'; Ebashl,”

\ Kodama and'wEﬁashi,-;1968£ andvfuchs-and Brlggs, 1968).

-

t
1

7 -
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Hartshorne} heiner and Meuller (1969) and Hartshorne B
: s

(1970) were able to separate troponln 1nto two fractions;

one, which they Dpamed troponin-a, conferred Falcium

n

sensitivity on a system containing the other fractlon,

namely troponin-B, and tropomy051n. ~ Troponin-B itself

Py

produced an inhibltlon of the ATPase of actomyosinv

o TN n . )
- reconstituted from ‘pure actin and pure’ myosin.v This

'inhibition was—~dnaffected by the. presence or absence of

o

calcium, and was enhanced by the addition of tropomy051n.
) Slnce Ebash1 and Endo? s ~rlglna1~.speculatlons 4(1968) of

!
some dlrect coMmunlcation' in the whole muscle between

'troponln tropomy051n actln, ‘considerable supporting

ev1denceuffor/ this theory hkas been attained,’ and is

outllned by ' Tonamura and Oosawa (1972). Consequently'

s

Tonamura,' watanabe and Horales (1969) questloned whether

structural changes in the troponln molecule 1nduced by

calciunm, which had. beenf suggested by the Tec:ltg oﬂff
:wakabayashi and Ebashi .- (1968)land later by g:n ;hd Kenson.

. (1970), were transmltted fromstroponln to trop0n ~sin to

. actin. Tonamura, Watanabe and Horales (1969) found that a

.spln label attached to- tropomyosin was 1nf1uenced by small

'changes in calc1um concentraxlon but only wvhen troponin-

o ) I4

was present, Slmllarly, a spln label attached to actln

was sen51tlve to calczum only vhen the 1ntact tropomy051h-a»A

«troponln system was presnnt. Hence’some structural effect

n

and presumably a llftlng of 1nh1b1t10n 1s transm1tted» to

actin when. calcium “binds ,to ,troponin;\ - Thus, the

<



'suggestlons of Hakabayashl and Ebash1 (1968) and of Han
and Benson (1970) vere ver1f1ed
, b ' " :

The sites~of;interacticn between myosin and actin are
most likely to be at the Cross bridges vhich exist between
the thick (my051n) and the thln (actin) filaments and were
first 1dent1f1ed by Huxley (1963). Blochemlcal'_and
phy51cal data (Lowey and Cohen, 1962' Rice, 1961; and
Huxleg, 1963) = have~ been used (Huxley, 1965) to identify
thls Crossbridge as heavy meromy051n.' Heau} meronyosin is
a8 subfraction of the myosin’ molecule  obtained by
proteolytic digestion and 1t contalns all the ATPase and
~actin binding propertles of the parent molecule (Mlhalyl

and Szent- Gyorgyl, 1953). An even smaller subfragment S-
1, has been Oobtained fronm heavy meromyosin by Mueller
'(1965) whlch Still retaink ATPase activity and actin
blndlng propertles. The ATPase of my051n is actlvated by
calcium 1ons and elzher unaffected or depressed A_by
magnesium vions (Banga -and szent-Gyorgylh 1903f bur as
pointed out bx‘Perry (1965) if ,calciunm ionr'were needed
directly td stinulate the myosin - ATPase in the intact
muscle, then a free concentratlon of about 1mH would have

to be reached ~for significant actlvatlon. ~Barron,

;Elsenberg and Moos (1966) showed that in the presence of

actin, the myosin ATPase vas 1nh1b1ted in the absence of. -

magnesium but strongly ~activated inp its “presence,

- Similarly Nihe1 (1367) , found that nmagnesium could
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mafimally stimulate actomyosin ATPase. The net
conclusions &rawu from this work by Bowen (1971) are that
in vivo the myofibrillar ATPase is activated by magneéiuu
ion when the‘concentration of calcium is very low and the

ionic strength is 0.05-0.15, A proposalu as to how ATP

t

hydrolysis by myosin .in the presence of actin. and

magnesium and~calcium ions leads to shortening, ‘based on

currently .available evidence,. has recently been made by

'

Nakamura (1973).

&

To summarlze this sectlou brlefly then, vhatever the-

coupllng mechanlsms of extracellular to dntracellular

v X}
“

erc1tat10n might be, stlmull produce an increase in the
free calcium'concentration'of the. sarcoplasm; probably by
a release of calcium from the safboplasmlc retlculum. The
restlng concentratlon of sarcoplasmlc calcium is less thanh
0. 1un and as this increases calc;um becomes bound to the
proteln troponln,i a conformatlonal change is passed
through troponln to tropomy051n and onto the ma)or protein
of the th1n fllament, actin. By this change the
inhibition imposed on actin by the proteins troponln and
trooomy051n under calc1um—free condltlons is 11fted - SO

that actln_ and myosin can interact together with ATP and

produce shortenlng of, the muscle. ‘zlhe' molecular

'mechanisms 1nvolved in this last step have been reviewed

: by TOnamura and Oosawa (1972) .

-
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2) Myometrium.

As compared with the wealth of, data auailable for
skeletal ruscle, the' number of observations which dlrectly*
implicate, ca1c1um as the activator of uterine smooth

muscle is small. ‘ K
™~ . P .

GlyCerol—extracted uteri were used by Brlggs ({963),
who showed that contractlons could be obtained vhen ATP
and magne51um Were added hut not 'when ATP and ca1c1umA
were addeqd, : Later, »Brlggs .and Hannah (1965) Presented
more data from this Preparation whicb ~ Suggested a
requirement for caicium. ~ They shoued that EDTA could.
relax muscles made to contract by addition of SmM ATP ang .

(,

5mM magne51um. The relaxation could be reversed by the
addition of calcium: houever, if {Smu magnesiym were used
in the. first .steb no relaxation occured with EbTA.'Hby
using EGTA they produced relaxations which weée unaffected
by magnesium and/reversed by ca1c1um.

v s /

A'seemingly‘reasobable approach to jtbe question of
tbe- involvemeut‘of calcium as activator of uterine smooth
muscle is to Search for the proteins vhich ‘are known to be
Present in skeletal muscle and_ from the - result; drav’
amalogies‘ about ‘the mechanisms of contraction, Proteins .

very s1milar to all the major contractile proteins of

'skeletal muscle ‘have been 1solated from uteri of differiug“

- -
. o
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species.

Csapo (1948, 1950a, b) - was able to isolate actomy051n .
and myosin from uterus and since his ploneerlng wvork, both

actln (Needham and Hllllams,.1963° and Carsten, 1965) and

~myosin (Cohen, Lowey and Kucera, 1961; Needham and

Hllllams, 1963° and Wachsberger and 'Kaldor, 1971) ,haye,‘.

been extracted and 'purlfled The propertles of the

uterlne protelns are in some aspects qulte dlfferent from

those from skeletal muscle, the most notable dlfferences

.belng the 1ncreased solublllty of uterine mxdsln and the
very low actlvatidn of ATPase 1nducéd~ hy uagnesium
(Needham and Shoenb%rg, 1967) The detalled 1nvolvement
of calc1um and magnesium in actln-my051n ATP 1nteract10ns
are not clear (see Needham and Shoenberg, 1967) Both the
actln and the my051n extracted from uterus Acan formv
actomyosin wvhen crossed vlth the oppos1te proteln from

skeletal muscle (Csapo, 1971). The regulatory proteins

have been Alsolated from myometrium°'tropomy051n by many

'~ groups (Sheng and Tsao, 1955 T§9°' Tan and Peng, 1956;

Jalsle, 1960 Needham and Hllllams, 1963. and Carsten,
1968) and troponln by one (Cdrsten, 1971). ~Carstenishoued

that a .uterine _troponin-tropoayosin . complef caused an

. inhibition of ATPase -aCtivity of desens1tlzed rabbit‘:

- skeletal nmuscle actomy051n in the presence of EGTA _The

report suggests that though 51m11ar results were produced

. I
when uterine actomy051n was used - they . were not

/
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consistently reproducible, this fact belng attributed to

the 1nstab111ty of the actomyoszn ATPase.

N . A ‘ " ~
. ‘ \ . )

Consequently the euidence, of Briggs: and Hannah

e

discussed ~above' suggests that calciun.can-activate the
myometrlum and that allhthe proteins (or Asimilar onesy
uhlch are needed for ,the calciun activated process of
skeletal muscle contractlon are present in the myometrium,
This, taken together Hlth the .evidence (Bozler, 1968°
'Fllo, Bohr and Ruegg,.1965- and Schadler, 1967) that there‘
"is a_‘similar- ca1c1um dependence for contraction between
glycerlnated skeletal and several types of snooth © muscle

(though myometrium was not examlned in any of.these<'

cases); presents 'reasonably suggestlve evidence that

calc1um is the activator in myometrium.

/7 | . ) . : a -
B. ' Cellular calcium requlation.

From the precedlng it has becomei cleap’that the
_muscie. cell must regulate'\ its - cytoplaSmic' calcium
concentration qulte .accurately. At rest it must,be kept
'below 0. 1uu durlng actlvatlon it must be 1ncreased to.
‘around‘ 1un ‘and éor relaxatlon it must be lowered back to“
the restlng level. There are a. number of known cellular5
_processes which can servefto regulate cytoplasmlc calc1un

and which might serve as calc1um regu;ators in nuscle.

. -/ . .o
This - section is- dedlcated to. a "discussion’ of these
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processes.
1) The sarcoplasmic_reticqlun(" : S .

Undoubtedly the most widely studied cellular calcium

‘'regulating system is the\.sarcoplasmic ‘reticulum of
_ o _ . L N ' _
‘skeletal muscle. Lo

il

Harsh-(1951 1952) showed that “mdscle.'homogenates

‘were capable of relaxing a suspension of myofibrils in the
/
presence of ATP, The suggestlon that a lab11e relaxlng

factor (Harsh factor) was present in these homogenates was

¥

proposed. Harsh also noted that the addltlon ‘of calc1um~“

to fthe system prevented the relax1ng effect of the Marsh

/ a ) A\

factor. -

'Kumagal, Ebashi and Takeda (1955) and Portzehl (1957)

showed that the essent1al component of -the Harsh- factor _

‘vas partlculate’r'n. nature. Ebash1 and Llpmann (1962)-'
con51dered the. s1ze and shape of the ve51cles of thelr'

relaxlng factors to be very 51m11ar ';6 the 1ntact '
sarcoplasmlc retlcular network descrlbed by Porter ~and

Palade (1957), they concluded relaxlng factor to be -

sealed-off fragments of sarcoplasmic retlculum. "_'/

.

- i

/e

When Hasselpachfand.uakinose (1961) and Ebashi -and .

Lipmann (1962) shoved'ﬂthaﬁ the '1solated fragments 0f 

1

—— : s .
© N . . :
& ; e . -
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sarcoplasmic reticulum were.able to take uplcaicium from a
medium containing ATP'and magnesium, even ”Hhen "the free
calcium coqcentratlon_ was lovered‘to 0.17uM by EGTA, the
1n1t1a1 link betveen ‘calc1um Naccumulation and relaxing'

ability 'was established . The result ‘of the calcigm

-accumulation studles on the 1solated preparatlon suggested

to Weber (1966) that the sarcoplasmlc retlculum" . “the

intact 'muscle was ‘responsible for lowerlng the calcium

‘concentratlon to that needed Jto produce a relaxed state.

/ B
Thus a partlculate - fraction from.hskeletal- muscle, -

,:apparently composed of material almost totally derived

from the sarcoplasmic reticulum,' wvas 'shown ‘able ' to

accumulate calcium.

‘Hasselbach 'and Makinose (1961) showed that  the

additfon‘ of oxalate to a calc1um uptake ‘Teaction mlxture,
/

such that the solublllty product of calc1um oxalate . was
, / ' '
not -exceeded, 'resulted in a massxve increase in calc1um

: uptake Hlth pre01p1tates of ca1c1um oxalate 'appearing ’in'
the veaacles. These results prompted Hasselbach (196#) to

-suggest that calc1um ivas belng transported through the

membrane and 1nto the lnnen of the ve51cles. Weber, Herz

‘and Relss (1966) proposed that after transport across the

membrane, calcium becomes hound to a loy affinity 51te on

&

'thev 1n51de surface and that an equlllbrlum 1s establlshed'

betyeen this and free ;ntravesxcular 'calc1um; in cases

where"oxalate 1S'present the free intravesicular calcium
. : \ o . o .
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/
concentration would be kept 1low by precipitation with
oxalate so: that increased net uptake could occur under
these conditiéns. Carvalho and Leo (1967) and cCarvalho
(1968) think that the effect produced by oxalate is of
llmlted value in providing information of the true state
of the accumulated calcium in these strudtures, and'that
calcium bound’ to the membrane represents a 1arge fractiou
of the total calc1um accumu;ated when no “oxaiate is
present. They found fragmented sarcoplasmic reticulunm
preparations tc have a total binding capacity of 350 mEqQ
per‘mg protein, Thesé sites . are availabie for maénegium,
potassium, hydrogen. and calcium ions depending'on the
conditions.< The presence of ATp confers on these sites a
much 4greater afflnlty for ca1c1um such that thls 1on can
then be bound from solutlons of 0.1uM. ﬂ
)

With regards to the rate of calcium uptake; by
fragmented fsarCOplasmicl reticulum, Ongishi ,and'ﬂEbashi.
(1964) found that up to 40 micromoles'of,calcium'per g of
protein could_ be taken up -inm’30 miiliseconds;_. The
technique they used _ ‘inVQIGed spectrophotometric
. measurements‘ of absorbency changes in the dye murex1de,

-~ . /

which is a metallochromlc 1ndlcator sen51tive to the
l .

calciunm concentratlon 'in the medium, and was alded by
continuoustflow mixing., More recently Ine51 and Scarpa
(1972) using a similar_technique, monltored by contlnuous

oscilloscope tracing of the changes in myrexide
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absorbency, showed uptake to be linear only for the first
400-600 milliseconds. The initial rate varied between 60
and 70 micromoles calcium taken up per g protein per

second.

At least three factors have ;been ‘suggested _ to
influence the amount >t ~alcium that can be accumulated by
fragmented. sarcop;asmic reticulum in the absence of
precipitatiné agents, These are: the free . calciun
concenﬁrntion of‘the medium (Weber, Herz and Reiss, 1966)§
the rate at which calcium efflunes 'fromvthe vesicles

"(Johnson and Inesi, 1969); and the intravesicular free

calcium concentration (Weber, 1971) . .

The_ mechanism by which _calcinm is tv'en up by the y
isolated -sarcoplasmic reticulum appears to involve a
calcium-activated, magnesium-dependent ATPase. Hasselbach
and Maylnose (1962) showved fthat ATP hydroly51s by 1solated
sarcoplasmlc retlculum 'was low in the absence of calcium
and in the presence of magne51um. However, uhen ca1c1um
wvas added there was an immediate large 1ncrease in the
rate of hydrolysis. Hasselbach and Makihose (1963) and
Weber, ‘Herz and Reiss (1966) ‘showed calcium . uptake and
ATPase act1v1t1es in the presence of oxalafe to be tlghtly
coupled 1n a ratlo of two calcium ions transported to one-

ATP molecule hydrolysed _Thls - situation held good

irrespective of the inside to outside ratio of calcium
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:mowever,"when leak of accumulateq calcium occurs, the
ratio is aitered,_ Several other lines of evidence have
led TInesi (1972La and | Yamamoto (1973) to conciude that
calciunm accumulspion is linked to the vcalcium;activated,
magnesium—dependeﬂE ATPase.,  Thys the_‘sulphydpyl éroup
1nh1b1tors Salyrgan and N-mehhylmaieimide. inhibit Both
calc1um~ATPase and calcaum' uppakeA?to the‘ same extent
(Hasselbach and .Hakinose,v ‘1962; Hasselbach = and-
Seraydarian, 1966; Ihesi, Goodman and'watanabe; i967; and
‘Martonosi and Feretos, 196“); incorporatioh 'of the
terminal phosphate from ATP to form a phosphorylated‘
1ntermed1ate 1n the membrane has been demonstrated 'and
shown to occur only 1n the  presence of ca1c1um, and to be
stimulated at calpium concentratlons equal to  those
required to .stimulate ATPase act1V1ty (Ines1,ﬂnaring,
Murphy and HcFarlahd, 1970- Makinose, 1969"4and Yamanoto
and ~Tonamura, 1968) . Further the net synthe51s of ATP it
,' from ADP and 1norgan1c phosphate has been shown to ,oocur
when calc1um is released - from sarcoplasmlc retichiar'
_membranes (Makinose and Hasselbach 1971; :and Panet ‘and.
Sellnger, 1972y, o .

r

/

Nof only ATP but also ITP, GIP, CTP, UTP, (Martonosi
and Feretos, 1964 ; Hasselbach 1964; and uaklnose and The,
1965) acetyl phosphate (De Meis, 1969 and Pucelﬂf and
uarton051, 1971) and para-nltrophenyl phosphate, but not -

/
para-nltrophenyl ‘acetate (Inesi, 1971) can support calcium

. . v .
5 . ) &
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Lo tew, ' -
nptake. powever the rates of calcium uptake and the v
affinities of the uptake nechanlsm for ca1c1um are lower
- Wwith these alternative substrates than they are with aATp

as substrate. . .

On the basis of currently available evidence, seVeraI“
essentially samilar models« havel,been proposed'for the
mechanism of ca1c1um transport (Inesi, 1971; Hartonosi,
1972' Haklnose, 1973‘ Heissnerf 1973' and Yamamoto, - 1973)

‘The reaction schene given below incorporates tke major = -~

N

points from these models, -
/
" E ¢+ ATP + 2ca+t o E.ATP.Ca, (1),
E-ATP.Ca, " 2 EP.ca, + 0P (2 . <
. . / ) - \\-\v_‘\‘
EP.Ca, . @ E 4 Pi+ 2cate+ '

(3)

. [ -

»

Tﬂere E represents the.ATPase enzyme and EP rep esents/ the
phosphorylated/ 1nterned1ate : in the overal reaction /_
sequence., The first steps ina the transport process
'requirev-the binding of ATP and calcium to the‘ATPase. ’On.
the basis of the results descrlbed earlier, - vhlch .showeh
that ‘two moles of calciun vere transported per_noie of'ATP4

3 -
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’
vl

hydrolysed, it has been assumed that two- calcium ions bind

’ .
to the enzyme in company with one ATP. Kanazawa et al.

o

- : 7
(1971) have presented data fron tinetic studies on the
initial- rate of - formation of  the phosphorylated
intermediate with respectdz% calcium concentration which

shows ,that one E binds

'sequence of the blndlng steps 1n part (1) of the schene,

Kanazawa et ail. -(1971) showed this process to be random ©

initially, but under steady state condltlons to proceede
in  the ordered sequence %f ATP binding first folloved by

calcium." Yamamoto (1972) has suggested that this

difference between initial - and steady—state binding may’

result from the fact that in the former case ATP and

calcium are blndlng td a free enzyme whereas in the latter

the enzyme is already hound to 1ons being transpo&ted from

the 1n51de to the out51de of the sarcoplasm;cwvjsrcles as

counter 1ons to ca1c1um- in the latter clrcumstance'

calcium can 0n1y blnd after ATP has bound and alsplaceﬂ 5

oy
/¥,

A :

these counter ions. . . ' ; : B

hccOrding to Panét, Pick and Se}inger (1971), part

N
B

(2) of the overall reaction, the formation of EP, is
. ) / . L e ) ! o 4
greatly influenced by variation® im the free ‘calcium

'concentration but not by variation in the free magnesium
concentratlon of the reaction mlxture. -These results were.

1nterpreted by Panet, Pick and Sellnger - (1971)  as

indicating that 'although magnesium is 1mportant for the

th two calc;um ions. As to the/
J



L

‘formation observed wvhen no magne51um was added was due to

calcium vas chelated vith EGTA ’ /

overall transport and‘htpase Process, it is not necessary

for the formation of Ep. These vorkers, however, did not

-

remove bound magnesmum from their sarcoplasnmic reticulum
' o

_Preparations, In gontrast to Panet, Pick and~$elinger

{1971) , VYamamoto '(1973) reported that the ] rate,,'of .

formation .of EP is 519nificant1y lower vhen magnesium is

not added to' the reactidn. mixture. He: suggested that

MgATP  is  the substrate for .the' ﬁornatlon of the

K

~intermediate éndf”that the leov but finlte’ rate of

the pPresence of contarinating magnesium in  the
sarcoplasmle vesicle ,preparatious., Like Panét,‘Pick and

Seliﬁgér 11971), Kanazava et al, . (1971) shdwed that

formatidn of EP is dependent upon the presence of. ca1c1un:

since the formatlon of EP - was inmedlatly arrested vhenj'

7

Yamamoto (1973) has reported that under appropriate’

Ve

c1rcumstancgs (1 e., ‘in the presence of excess ADP) er

~

follovlng reactlon can take place alnost conpletely

stoichiometrically:

; . : ' . , ’.;v(..:? : 4. -

e

~

/

such a rlaction clearly‘indigates'thattEP is an energy-

a

L



- rich phosphate compound.

1 - X K
. . . . e

.Panet, Plck and sellnger (1971) showed that step (3)
| :
v of the reactlon; th breakdown of . EP .Ca, to. -give E,
Anorganic phosphate and the- release of calc1um, requires

‘the presence of magne51um. EP, whlch vas stable in the

. presence of -calciumh and in the absence of magnesium was

- very quickly hydrolysed'to Ejand°inorganic‘phosphate" upon_
the addition of magnesium. Similar conclusions about the

“Necessity for magnesium in this step were dravn by Inesi

et al. (1970) and by Yamamoto (1973). Since the decay in
. . : LN N
‘the EP ceased gradually upon 'the addition of EDTA to

normally prepared vesicles but ceased” alnost_'immediatly'

_dpon the addition‘ of EDTA to sarcoplasmic retlculum

preparatlon whlch ‘had- been dlsrupted by the- addltlon"oﬁ

_ Triton " X (a. detergent),égyamamq‘o (1973) concluded that

.~ internal magnksium is’ requlred for. step 5(3)$§of ,the
reaction. | | |

N . : t
2 a i
4

The guestion, arlses at to .where in the membrane the
varlous stages of the reactlon take place._ Since calé&um
is transported from the external 'surface to the 1nter10r

of the sarcoplasnlc retlculum, it can be assumed' that

ca1c1um binds v1th‘ E,/on the external surface of the-

nembrane and is released at the, internal face. But at

vhat point in the _pProcess does translpcatlon of calcium ¥

——

from out51de to inside take place’_

Mo
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Yamada, Yamamoto and Tonamura £1970) Sheved that‘ the

Calcium initially ‘incorporated into' the. sarcoplasmic

Eembranee at low ATP concentrations can not be removed by
high cobncentrations of EGTA. , Kanazawa g_ al. (197i),
however, showed that the formatlon of EP could be _stdpped
imuediately .by” the addition of EGTA. Thus the. E.ATP.Ca,

'complex appears to be located at a site which can be

affected by EGTA. ' The reverse, reactlon, namely the..

A .
formatlon of .ATP and E from ADP and EP, was independent of

‘the external calcium concentration. - However, , this

reaction was accelerated 1n the presence of calcium when

the preparatlon vas treated with Triton X and could be
“ . ) /
terminated by thefadd;tlon bf EGTK. . =

(Ng

At‘pH9,2 in u?ich state themsarcoplasmic-reticulum is -

permeable to calciunm (Duggan and Martonosi, 1970), EP
- decomposes slowly in- the_,presence of  EGTA and ADP

(Kanazaua et al. , 1971) ' Thls slow decomp051t10n is’
ud- ; .
:eventually termlnated under these condltlons hut can be

. started agaln by the addltlon of excess ca1c1um. ,

o
1

These observations stronglf'suggest that the reaction .

E.ATP.Ca, 2 EP.Ca, + ADP | o .

f



/ s . ’ .
moves from left to right under the influence of external

e calcium and from xight to left under the i#fluence- of

internal calcium,' which funther suggeets that

translocatlon of calcium takes Pplace simultaneously with

'tLe formation’ of EP. | "

Pert (3) of the reactionwmeehanism is probably not as
simple as shown 51nce the 1norgan1c phosphate appears to
be feleased at the lexternal ve51cu1ar surface ‘(Yamada,
Yanamoto .and Tonamura, 1970). On the bésis of this -
observatlon, the fact that magnesium 1s required for the

dephosphorylatlon of EP and the Observations of CarValho_

and- Leo (1967) thet the’ sam of the equivalents of

magnesium, calcium and potassinm bound to SR remains

conétént,. Yamamote_has proposed the following mechanisnm:
L S

EP.Ca, + Mg @ EP.Mg + 2Ca++ " (3a)

k1%

En.u§7l E + Ng++ + Pi  (3b)

; o e L o o .
Step (3a) would take.place‘at the inner and (3b) at the

.outer nembrane surface“and magnesium would be transported

from the 1n51de to the‘out51de of the vesicle as a/counten

ion t¢ calcium. -~

-
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completely purlfled (HacLennan, 1970 and MacLennan et al.

’ 1971) calc1um-ATPase preparatlons has lent strong
support to the idea that the ATPase may be the compiete
calcium transportlng unit in the sarcoplasmlc retlculum.

Thus the ATPase has specific blnding 51tes for calcium and

magnesiunm (MacLennan, 1970) and blnds ATP and calcium in

the - ratlo of 1 2 (Helssner, 1973).. It contains a protein
; . ‘

phosphorylation site and catalyzes an ATP-ADP exchange

(MacLennan, 1970;'_and Meissner, 1973) . Furthermore the

enzyme - can itself form nmembranes under approprlate

a

. : e k]
conditions and. would appear to be located within -the.
‘ .o . . o o
membrane across which calciunm is being tranqurted

‘(HacLennan‘ et al. , 1971). Also the purified ATPase has

been . reconstituted into a menbrane together  with

~

phospholipids "and  this preparation  is capable of

"t

supportlng calciunm transport (Racker, 1972).‘

/.

That fraction of the transported calciun vhich under

physaologlcal conditions becomes bound to the sarcoplasmlc
_retlculum is probably bound to a protein rich in glutamlc
and aspartic acid re51dues, vhlch-can blnd up to 970 nmol
.of ecalciunm per mg and whxch constltutes 7 15% of the total
fproteln_ of the*“sarcoplasmlc\ retlculum, (HacLennan and
Wong, 1971; and Ikemoto et al ¢ 1972) -The proteln has

»been named calsequestrln by one group (HacLennan and Wong,
’ / . .

The use of partially purlfled (Meissner, 1973) and

/



11971)', and  calcium-precipitable protein by the other

(Ikemoto et 1ai.., 1972). Although there is 'some

/

disagreement about its molecular weight (HacLennan and -

Wong, 1971; and Ikemoto et al. , 1974) this paraméter is

in the area of : 50,000 "and calsequestrin and calcium-

precipitable, protein appear to be identical. There appear

lto .be two: types of calseguestrln with slightly\ldlgggring
molecular weights and~eam;no acxd comp051t10ns occurlng
wlthln a. 51ngle heterozygous strain of rabblts (Maclennan,

. 1973). o C 4

L

ﬁalzerf Makinose and Hasselbach_ (1968) and Balzer~

(1972) have "shown ~that  the ‘drugs chlorproma21ne,

propranolol and verapamil inhibitv. ca101um uptake and “the

calc1um—ATPase of 1solated sarcoplasmlc rETiculum ve51cles-

B3
at concentratlons between 0. 1mu and 1mn.

*2) The mitochondriou.m

rAnother system ‘with the’ ablllty to accumulate calc1um )

is that of the mltochondrlon and recently Borle (1973) has

'dlscussed a ‘theory that mltochondrla are of prlmary_-

importance in the Tegulationm of ‘calcium metabolism in

‘several types of cells.

Lot

Isolated' mitochondria haVe been shown able “to

-

accumulate large quantltles of calclum by energy dependent

°

/

/.

e



27
/

-processes.‘ " Vasington and Hurphy (1961, 1962) showed this

for«rat liver mltochondrlaxlncubated wlth a respiratory

substrate, magne51um, ADP or ATP and inorganic phosphate.

Even though oxidative phosphorylatlon did not occur

simultaneously with calcium uptake under anyvcircunstance;w

calcium uptake could be inhibited by Z,Q-dinitrophenol;

Uptake was relatively rapid, 'maximal ‘loading .being'

achieved 15/5-10 minutes at 37ocC. Lehnlnger, Rossi and

‘Greenawalt (1963{ -found that 1norgan1c phosphate vas

accumulated along‘ with calcium in the: ratio of 1.67

calcium to.1‘inorganic phosphate.

o/

In a survey of ‘the 1nteract10ns between ca1c1um 1ons'

and mltochondrla from dlfferent tlssues and spec1es,

Caraf011 and Lehninger' (1971) outllned the salient

o .

\features of calc1um uptake in the presence of re5p1ratory

éubstrate by mltochondrla fr%liall the vertebrate tissues

they studied. When mitochondria were allowed ‘to respire

either /in the Presence or absence of phosphate,,the
/

addltlon of calc1um caused a’ sudden jump in.- the ratei of

Eresplratlon and- there was an-. uptake of calc1um and a

. f

release of hydrogen ion. The presence of phosphate Haé

regulred ~ for large amounts of calcium uptake.‘ The

presence of\hlgh-afflnlty calc1um blndlng 51tes whlch vere

el

.1ndependent ‘of resplratlon ‘was detected ‘was— .- an .

endogenous store of calcium whlch could be mostly releasedw N

by uncoupling agents.- Yeast and blowfly fllght muscle

.
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mltochondrla had no high afflnlty blndlng site and showed
no ablllty to accumulate ca1c1umv in_ a vrespiration-v
dependent manner...This qbservatlou. together with * the
fact that the hlgh-affinlty b1nd1ng 51tes/show the same
cation spec1f1c1ty as does ca1c1um uptake (Reynafarje and
Lehnlnger, ‘1969) and with the observatlons of Hela and
~-Chancej“ (1969)"’ that lanthanum ions - 1nh1b1t both
resplratlon-llnked calcium accumulatlon and*hmgh-afflnlty
calcium binding 51tes, have been taken by Lehn;nger (1970)

" to 1nd1cate that the hlgh-afflnlty blndlng ‘sites represent /
the carrlers for resplratlon dependent ca1c1um uptake..l h
more extended study of blowfly fllght muscle m1tochondr1a
by Carafoll et al (1971) indicated that they could not
"'actlvely seggregate (ca1c1um) at the low concentratlons
‘at which it is Presumed to occur' in the sarcoplasm _in;
vivo,! .
S - | |
Rossi-'and‘ hehninger (1963) and Brierly, uurer and
Bachmann (1964) showed that ca1c1um and phosphate could be
accumulated by the hydrolys;s of ATP but in the absence of
electron transport, calc1um stlmulated the 'hydrolysls of
ATP by mltochondrla. Thls ATB-dependent calclum uptake by
mltochondrla .uasf,lnhlblted by ollgomyc1n although the

ca1c1um uptake dependent on resplratlon flrst descrlbed by .

Vasington and Hurphy (1961, 1962) was 'not (DeLuca and.‘

» »Engstrom, 1961)., Blelawskl and Lehnlnger (1966} found 1.9

A\

molecules of calc1um to be accumulated per - molecule of ATP
/ .
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hydrblyzed; Chappellﬁﬁ,Cohn and Grev1lle (1963) showed
-that the mechanlsm which transports ca1c1um 1n rat liver
mltochondria will also transport strqntlum and manganese.
Thus mitochondri? can accumnlate "calcium by two
- mechanisms but - the precise _relationship " between - the
calcium 'accumulation that ‘is dependent upon respiration
and that dependent upon the hydroly51s of ATP is unclear.
However it does - appeadr clear‘ (Carafoll and ;Lehnlnger,d
f1971: Lehninger, 1970; and Lehndnger, Carafbli and Rossl;
1967) that nnder:conditions closely. resembllng those of
the 'cytoplasm as regards presence of ATP, magne51um and
respiratory_,substrate, calcium can_ be accumulatedl by

1
T

~mitoghondria by both mechanisms.

With' regard to the klnd of cytoplasmlc ca1c1um levels
that mlght be malntalned if they were controlled by the
" mitochondria Drahota et al.'- (1965) concluded that the
-Auptake of. calcium which is dependent upon resplratlon/
-hmagne51um, phosphate and elther ADP or ATP, swltched 'off'
vhen the surroundlng calc1um concentratlon fell to 1- -2uM,
.‘and also that there was a steady state ma1ntenance of the
net' ‘amount of calclum accumulated such that the external -
‘calcium'concentration vas maintained at 1 to 2unM. IhTPT
~could also promote uptake.and retention of'the’same.load:~

N

"of calcium.



Theucalqium accumuiafibn by mitochondria‘ may ‘uery
well serve as a buffer agaiust drastic increases in,
calciuu concentretion in»some cells, in such a wvay that
calcium is taken up and’the cytopIASnic-concentration is
iowered, affer whieh small amounts of' ealcium can be
released eﬁd extruded from the cell by other mechanlsms,
probably at the plasma ‘membrane (see Borle, 1973).
_Certainly a pulse' of | ca101um chlorlde 1n3ected into thel
axoplasm extruded from the squld glant ax9n is qulckly

‘ 1nact1vated as 1ndlcated’py the quick fall ‘in light output
frou ‘aeguorln back to the resting level (Baker, 1972).
The facts that the metabolic,’poisons cyanide and 2,“7
dinitrophenol caused an lihcrease in the- ffee calciunm
bconcentratnﬂn in 1ntact axons from 30 to 90 mlnutes after
appllcatlon,‘ (the tlme wlthln which ATP falls to low

‘levels under 'the conditions used,Baker and. suaw,“ 1965),%
and ffhatl;the /calciuu' coficentration fell again'when4the
inhibitors_uere removed,'gndicaied %to Bakef‘ (1972); by
analogy wlth 51m11ar experlments ou isolated mrtqchondrla
(Azzi and Chance, 1969),‘)that mltochondrla nlght be
~respousib1e VTor' the calcium bufferlng 1n thesevuions.

':then ollgomyc1n vas applled some time beforé cyaalde in
intact . axons (Baker, Hodgkln and Rldgway, 1971)‘%hene was
an 1mmed1ate 1ncrease/1n the free calc1um of the axon when
cyanide ﬁas‘ applied. The results suggest tQat, ‘the

‘méchanism| of calcium bufferlng in  the 54u1a~ axon is

/susceptibie to  the combined effect of oligomycin' and

)
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Ccyanidg, which | blocks +the electron transport of

respiration; this susceptlblllty is the same as that shovn

by the calciun uptake mechanlsm of mitochondrla. If ATP

vere 1njected into axons p01soned only wlth cyanide the
/
released calcium was taken up. fThose poi ned| ¥ith both
) pllgomyc1nl and cyanide were “not 1nfluenced by the
. : ¢ .

injection.of ATP ’(Baker, Hodgkin ang Ridgway, ~1971),

Bakef (1972) concluded from these results = that

.

mitochondria are very. likely capable of actlng Tas

1ntracellu1ar calcium buffers in the squld glant axon.

NI
713

The results of Dratl ta =t al meniloned above ralse

the - question’ whether mltochondrla could keep the‘

sarcoplasnic calc1um concentratlon 1ow enough to malntaln

the relaxed .State, Probably because of the rematkable*'

Properties ' of tje Sarcoplasnmic retlculum uhiéh vere

outlined ip the Previous sectlons, llttle regard has been

14

paid to the, question . for skeletal muscle, although

Lehninger (1970) has suggested that mltochondrla mlght

supplement or -ever supplant the role of the sarcoplasmlc '
reticulum in the removal of’ ca1c1um fronm the sarcoplasm of
red skeletal muscle. Lehnlnger's evidence conmes from the .

' work of Patrlarca and " Caraf011 (1969) which_shqwed a’

higher content of calc1um and a hlgher spec1f1c act1v1ty
of 45calc1um in +the mltochondrlal fractlon than in the
mlcrosomal fraction from red muscle of rabblts killed

shortly after 1ntravenous admlnlstratlon of the *Scalciunm

/

(VRS
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chloride.' The redistrlbutlon of calciunm ‘that mlght ‘take
place upon 1so%atlon of the fractlons is unclear and these
experiments do not. provide proof for an 1nve;vement of
mitochondri ; " Different opions - existk amongst
‘investibators;as to the role of the sarcoplasmic reticulnm
in relaxation.’of heart muscle, and there has been strong“
support for mltochondrla as the regqulators of ca1c1um
levels from beat to beat (see Kubler anad shlnebourne,
1971} and Scarpa anpd - Gra21ott1, 1973),.? hovwever the
evidence has, been_ inconcLusive.“ Patriarca and carafoli
(1968) carried out similar experiments on heart myscle as
on skeletal muscle (Patrtarca and Carafe;i, 1969). Both:
they and Horn, Fyhn and Haugaard (1971) , who used- perfused
rat Ihearts,r found the highest specific act1v1ty of

‘Sca101um in the mitochondrial fractlon, after isolation,

but agaln the effects of homogenlzatlon and isolation on
calcium stored ~in  the sarcoplasmic Feticulum and in
mitechondria are nnknovn. | Haugaard, Haugaard Lee‘ and-
Horn:'(1969) suggest that cardlac arrest- brought about by
ollgomyc1n is ‘due to an elevated cytopiasmlc concentratlon'
of cabkcium-as a result of the 1nh1b1t10n of calc1un

tranqurt by mitochendria. However, the fact that hearts
poisoned by ollgomyc1n come to rest in the relaxed state
(Chadloner, 1968; and challoner and Steinberg, 1966) plus>
~ the fact that ollgonyc1n does not 1nh1b1t resﬁifatlon-

dependent calc1um transport by mltochondrla (DeLuca and

‘

Engstrom, 1961), indicate that thls is not a satlsfactory
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/

explanationf Martonosi (1972) has -suggested that the

]

contracture of oligomyc1n pOisoned hearts in response. to
adrenaline, theophylline and electrical stimulation (Horn,
Levin and Haugaard, 1969) may be erplained better by'the
marked lowering in creatine. phosphate and  ATP
concentrations under these conditions rather than by an
effect on »mitochondria . which are invOIVed directlv in

ca1c1um regulagion. Chance (1965) measured ca1c1um uptake

by pigeon: heart mitochondria by monitOring changes in the

-

redox state of cytochrome-b, which is senSitive -to changes

in calciunm concentratidn (Chance ahd williams, 1955), and

/concluded that these mitofhondria had 2 rate of uptake and

: affinity for calcium sufficient to Permit them to regulate

calcium levels affecting contraction in the heart These
measurements were, hovever, 1ndirect 51nce actual calciunm
-»

accumulation vas not measured and/the veloCity-of calcium -

~ uptake -at low concentrations of free calcium. was

‘calculated from vdatab obtained at saturating calcium

concentrations. Recently,» 5carpa and Graziotti' (1973)

- used- the murexide spectrophotonetric technique to measure

£
Tah o

- the 1n1t1a1 rates of calc1um uptake from solutions of

' varying free calcium concentrati ns, by nitochondria from

the hearts of several,species._ Th y found that, even from

‘@ concentrdtion as high'a% 5uu; only 0. 9 1.3 nanonoles of

. /
calciunv per ‘g . wet heart tissue could be removed by rat -

heart mitochondria at 38°C in the time required for

relaxation. _ This value of ca1c1pm uptake was two orders,

¢
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n : ,
of magnitude less than the amount required to be removed

from ‘the nmyofibrils during relaxation as calculated.by
other authors, (Katz, 1970: and Langer, 1973). The"same
ohservetious ‘were true for the mltochondrla from gulnea:
Pig, squirrel and p1geon hearts. Frog heart mltochondria
however; could take up 6 nanomoles of calcium per g vet )
heart - tlssue during the slower relaxatlou tlme. Scarpau

and Grazlottl concluded that the mitocuondria could not be,

’SOIely respon51ble for the required calcium regulatlon in

LI

any of the cardiac tissues-studied.

o
) - Vi

\
'

According to Batra' (1973) the mltochondrla from human

.myometrlum can -bind 87.53 mlcromoles calcium per ng

protein in five minutes from a solution of 0. 087un'free
calcium. ' ‘This value is much'hiQher' than tho?es rep rted
for 'mitochondria °from‘ other sources . and makes caleiunm

°

uptake by mltochondrla a mechanlsm to be reckoned vlth in
the ‘Process of relaxatlon of the smooth muscle. No .other
.stud;es of calcium regulation by mitochohdria-from-'smooth_'
muscles have been reported;
R ]

Y

3) The plasma membrane.
At ‘least two types of ‘active mechanism haue heeu

deScribed‘“by_.which- cellular  plasma membranes - can’

_ contribute  to 1ntracellular calciunm regulatlon, (for

references see a and b below) One mechanism relies on -

4 2

o
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the pumping of calcium from the cell.din the presence of

i
-

- magnesium and ATP, and it reSembles in some cases -and in
/

some features the mechanism of- the sarcoplasmic retlculum.

In the other mechanlsm calcium is extruded from the cell

11n exchange for sodlum which nornally enters the ~cell by
D

moving down a concentration gradient malutalued by the

sodium pump.‘ Details of ‘the two processes will be

outlined in this section. . -

a) ATP-dependent calcium extrusiou;

0 : G- T

;  Most of our knouledge of the cellular ATP- depenaent

calcium extru51on process comes from studies. of red blood

cells,_ red blood cell ghosts and red blood cell meﬁbrane

1}

‘fragments, \(Schatzmann and vlncenz1, 1969' Olson rand-

Cazort;, 1969- Cha, Sh1n and Lee,-1971;‘and Weiner and Lee,‘

1972). : After SChatzmann's orlglnal report fin;‘ 1966,
Schatzmann and V1ncen21 (1969) observed that prev1ously

| ATP- depleted red hlood cells that -had been loaded with

)

ncalcxum and mague51um—ATP shoved an outward net transport1'

{

of calciunm agalnst an electrochemlcal graﬂlenﬁ. There was: .
a simultaneous appearance of 1norgan1c phosphate 'audg
durlng the 1n1t1al phase of'transport 1. 3 moles of Pi weref'

released per mole of calc1um extruded Thrs transport-was

',hlghly temperature-sen51t1ve-and d1d~ not; take' place if

cells vere treated 51m11arly but not loaded vlth ATP.

o

.ATPase act1v1ty vas- stlmulated by ca1c1um frOm 1n51de the

o

SO



-membrane only.. Neither calcium transport nor the ATPase
act1v1ty were sensitive to sodlum, pota351um, ollgomyc1n'
- |
or ouabaln but .in both processes calcium could ‘be- -replaced
by ‘ strontium, ‘Olson and Cazort conflrmed that the ;red
cell membrar- could transport calcium amd' strontiunm ‘and
shoued that GTP, ITP,“ but nelther acetyl phosphate nor
pyrophoSphate;ucomla suppont transport . of, both ions.
There was no exchange of magne51um for.elther calcium or
strontium. From the results of experlments 1n which they.
founh that a. Varlety - of treatments produced parallel
effects both on th§t§a1c1um~act1vated magne51um dependent!»
) ATPase and on ca1c1um transport by red blood cell membrane
¥ fragments, Cha, Shmn and tee (1971) ‘concluded calciunm
I uptake to be 1nt1mﬁtely llbked to calc1um ATPase. Helner
and Lee. (1972) later conflrmed that ‘the calc1um'wbinding

seen by Cha et al.: was an upta e 1nto’inside?omﬁgmembrane‘

fragments, that mthe" accum lat ed ca1c1&m vas lost 1n the.

*Eggénce of ATP and that thi
\ .

-

loss' ¢ould be slowed ‘in-- the

presence of lanthanum. T

A —

v o i /_" o . . ' . ) N o -
- The work of Borle (1969a,b) on HeLa cells and of Lamb
'amd Lindsay (1971) on L_ce;ls and L cell ghosts,suggest

that a 51m11ar mechanlsm to' that :in ‘the red. cell also

operates in these casks.

-

&
-

Isolated . systems believed to . be mainlg plasma

membraneefrom'1ongitudina1 smooth muscle of guinea pig

st

F S ' . ’ Los
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ileun (Huriitz et al. , }972), rabbit skeletal muscle

L3 .

i
(Sulakhe, Drummond and Ng, 1973a) and .Tabbit aorta (Heyer,_,&
1973) can accumplate calc1um in an 'ATPhdependent - manners;

this property has been taken to be the manifestation of an
y . W

outwardly directedJ calcium pump in the muscle plasma

membrane. "The work of Hurwifé et al. (1972) demonstrated

/

that the calcium accumulatlng ablllty of ve51cles 1solated
r ) EEPEN /
from the gulnea pig 1lea1 §mooth muscle fgalowed . the

L

occurrence 8f sodium-potassium ATPase whilst; itﬁ was
'independent of ‘NADH=oxidase activity *in tne different
fractions of mlcrosomes collected from a ipcrose-den51ty
gradient.. Only one. enzyme, nanely sodium- pota551um ATPase~ .

- Was used to follow the occurrence of the' plasma membrane
through these ve51cular fractlons_and nothing is known of
vhether these .fractions could .- accumnulate Calcium fast

- enough -and from a ~calcium' solution of 1low enough'
conﬁentration to-give the plasma membrane an iméortant
.role in calc1um regnlation in‘ the'longitudinal smooth _

muscle of the guinea plg 1leum. Despite the fact that:

there was an 1ncrease 1n ca1c1un uptake by these fractlonS“‘“

in the presence of oxalate, whlch was taken to 1nd1cate

thatAtransport into the—vesicsgs-was occurring, no further
ev1dence was offerga to show that this 1ndeed represented

-_p"calc1um extru51on process by the cell membrane. This

last cr1t1c1sm can also be made of the vork of Sulakhe,

Drummond : and Ng (1973a) . These svorkers ‘have‘ quite

carefully characterized the plasea membrane»fractiqn _they

- K}

v . . _’-'
L . . N | N ©

o
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oPtained from rabhit skeletal‘muscle; however the fraction

.was‘ treated by a technique, namely llthlum extractlon,
‘whlch Repke and Katz (1969) ‘have shown to. cause severe
damage Hto the _caic1um_ transporting Iability of sonme
‘membranes, hence calcium accumulation, by the skeletal
muscle plasma» membrane fraction may have been serlously
underestimated. Agaln the ability of these membranes to
remove calciuym - from ' ,the sar€oplasn, iﬁqsuch‘a vay that
would give them a regulatory function, cannot be estimated

from the results presented. The report of_ Meyer (1973)
- .

cannot be evaluated at this time, ﬁ?' v \‘ :

I" < ! . ’ ' ) o
Thus as Baker (1972) p01nts out the afflnlty of these
ATP- dependent systems fof‘calcmum is not at all clear and
whether any of them could contribute to malntalnlng an
1ntracellular';oa1c1um. conoentratibn of -below 0. 1uM isy

]

uncertain., . ,
/o . ¢
b) Sodium influx—dependent cal%ium extrusion._
] " , . : S :
The best evidence . f a ‘calcium ‘éxtrusion pProcess
- dependent’ upon/ the Siwultaneous influx of sodium comes
from 'the study of calciunm movements into and out, of the
squld glant axons and has been rev1ewed by Baker (1972)
Baker, Blausteln, Hodgkln and steinhardt (1967) and

Blaustein and Hodgkin (1969) demonstrated that the efflux

of 1n3ected calcium . from squid glant axons Vas hlghly
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L

temperature-sehsitive, vas uﬁaffected ‘by ouabain, was

reduééd by the replacement of external calcium 'by
/magnesium. apd’ was further reduced by. replacing the
/exéernél sédium by.eitherllithium br choiiné.' The results
were suggestive that calcium,efflux depended pafgiail} on
an exchanée for external caléium and’’ paftially on an
exchange for ‘externai sodium. o

r
5

’Howgver, in a Systém as Seemingly §imble as the'squid
giantiaion, studies of.calcium mo;ements a@re complicated -
by binding of the jop. to internai giteé. " Thus the

g poisoning_of Squid axons with Eyanide‘(Rojas and Hidalaqn,
1968; andg Blaustein ang Hoégkin, 1969), in ’o:der“;a
evaluate the energy oréquirements forn'da1¢ium exfrusion
surprisingly "resﬁltéd, after ‘a  §aria$1;“lag fime, in a
rise in ¢a1cium efflux;‘ The rise was attribuged to. a

release of accumulated calcium frop mitbchondrial stores

From measurements of both infiﬁ}véﬂﬁvéfflux‘from pPoisoned
axons Blaustein »anﬁ_'ﬁodgkin.épncluded that fhere was an

incfease %n net effluxyfAThey,aisgmsgowed{ the . properties,

of éalcigm"efflux from lﬁoiééhéa%ai;ﬂgﬁgs%gg4eséeﬁ?i§ly

simiiaf fo' thqse of efflﬁx frqm non#poisonedv-hxous..
'-‘Hawever, ifl§alciuﬁ effldx_;ere depenéenf upon the sqdiﬁm

gﬁadieﬁt, then .the _sodium ,gradiént"mﬁst héve lbgen.

¥\ maintaineg in the pPoisoned axons and'ifhit»vas, there must .
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still have been' suff1c1ent ATP to drive the sodiunm pump
and thus perhaps a. calciunm pump. Blaustein and Hodgkin
" (1969) make no comment on~the state of the sddiun gfadienp
in these poisoned axons but do admit ‘that some ATP is

probably present and that Jan . ATP~- dependent calcium

extrusion process cannot be ruled out. a

- /
A reversal of the above nechanlsm, namel& the efflux

of sodlum 1ons dependent on an 1nflux of calc1um has been

demonstrated (Baker,. Blaustein, Hodgkln and steinhardt

l1969). When the external sodlum concentratlon vas reﬁuced

1 ) i

both sodlum efflux and calc1um 1nf1ux- 1ncreased' whllst

A

calcium efflux decllned. If external'spdium were replaced

by ' llthlum, choline or‘.sncrose then calcium. 1nflux

i

1ncreased 51m11arly. If the external sodlun concentratlon

‘wero greatly 1ncreased calc1um 1nflux and the ca1c1um

) -@;;f

dependent lsodlum &fflux were. 1nh1b1teﬁ, probably because'
sodlum . ¢as ‘better able' O compete wlth- ca101um for
.menbrane‘ binding sites;a Tne process showed remarkable_
51m11ar1t¥ fo the sodlumédependent calc1um efflu; It was'
actlvated by 1nerea51ng the: 1nternal sodium concentratlon,
and- both calc1um-dependeq§ sodlum/ efflux and sodium~'
‘dependent calc1um influx 'changeda in parallel with the

sgnare of fne 1nternal sodlum concentratlon' 1t -was

unaffected by hlgh c'ncentratlons of cardlac glyc051des

' and strontlum could replace ca1c1um whereas magne51um

eould ‘not .and proved “to ‘be: sllghtly 1nh1b;tory. The
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_results 'of(-the experinentS"'just 4described (Baker;'
Blaustein,m Hodgkin and Steinhardt, 1967 and, 1969
Blaustein and Hodgkin, 1969' and Rojas and Hidalgo, 1968)
.suggest that calcium flux across the membrane of the‘Squid
giant axon is’ partlally dependent upon the trans-menbrane.

sodium gradlent.

3 i - - p "

Hhether some or all of theﬁ_sodlum-debendent calCium;

efflux ' could take Place in the absence of energy-rlch
compounds was not satlsfactorlly answered in the
; experiments just described because of practlcal problems
\\1n reduc1nq the _concentratlon of,: these | compounds
suff1c1ent1y, and also ‘1n 1nterpret1ng the 1nfluence of
calcium release ‘from‘ varlous,' probably mltochondrlal
-stores (see.Baker;{1972f However Dipolo’ (1973a) used the
: technique ‘of Brinley and Hulllns (1967) to dlallze squldh“
axons such that the ATP concentratlons were lowered to
.1uﬂi_ Under these circumstances the bulk of ca101nm efflux
was "“EESEB&ent 'don " external ‘sodium | and  calcium
concentratlons suggestlng the presence of 'soue calcium.
oefflux mechanlsms that ver dependent partlally ,upon:
exchange for external calc1um and partlally upon exchange
for 'external sodlum.-__In‘ these ‘axons_ varlous 1on1c-l
_gradaents could be manlpulated by varylng the perfusate as;“

[}

well as the bathlng solutlon. when ATP vas added to the
/ - {
perfusate Of"the ‘axons there was a reductlon in efflux,

,.which was 1nterpreted as belng due to stlmulated uptake by.

Toa
N
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the axonal mitochondria. Dipolo also ‘presented- evidence
for a dlrect calcium- releaslng effect -of cyanlde on
mitochondria whlch_'_might .erplain ‘some u'of : rhe
lnconsisteﬁéigs 'r;veé%zg by hthe preuious- hsé,-Of this
technique. e A

Baker (19725 has . calculated that ad sodiuu-calciun
exchange system of thé type just outllned cifh‘1’calclun"

jon being exchanged for 3 of sodlum, would be sufficient

’to malntaln the nornal restlng ‘concentration of-free

calcium-in the nerve. . It should be noted that 1n none .of -

.the cases descrlbed above was the 31multaneous 1nvolvement-

of an ATP- dependent calc1um pump, similar to that

,descrlbed in the flrst part of thls secfion, “ever ruled_

out,‘,in fact ' Dlpolo (ﬂ973a)‘ has hlnted of " ev1dence to
/

Suggest that such a mechanlsm operates. ° _t - 'T: )

The ev1dence for a sod1um~dependent calc1um extrns1on
process from tlssues other than' nerve is _not. gultef so

convincing. Dlpolo_ (1973b) andd Russel _andl_Blaustein

‘4(197Uy have prov;ded.evidénce that a}'similars mechanism

operafes in. barnacle- glant muscle fibres. thlst the

-ev1dence is con51stent with thef sodlum calc1um exchange
:nechanlsm 1t ;is dlffucult to tell how much the results 3
-,'obtalned were 1nfluenced by the more complex 1ntracellular
',blndlng of ca1c1um in muscle than as compared to nerve.f

,;“Certalnly some of %Pe evrdence used by the protagonlsts of .

/

o/
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the'sodium—ca1c1um exchange\mechanlsm for 1ts exlstence in’

other. tissues (see Baker, 1972"and Russel and Blausteln,
197“) has been taken out of . context. | Thus the work of
Cosmos and . Harrls (1961) on ‘skeletal muscle and of
Goodford (1967)‘ on -smooth muscle dia not clalm to

demonstrate transport mechanlsms and do not do so. Reuter

- and  Seitz (1968) 'and GlltSCh Reuter and Scholtz (1970)

studled the efflux of calc1um from 1solated hearts and

aurlcles, .respectlvely, and c1a1m to have ev1dence for a

sodium-calciup counter transport ip . heart muscle;|

However; ! heart muscle, uith its .COmplexities of
extracellular space 'and uncertalntles’ of 1ntracellular
blndlng, is not so 31mple a_model as the squld axon and it
is Anot at all clear . that the contribution of“these

Fddltlonal factors has been fully accounted for.- ‘Similar

arguments can be used against the clalms of Reuter}‘
‘_Blaustergr ‘and Haeusler - (1973) fof_ ‘a sodlum calc1um

- exchange system“ in  arterial smooth muscle. However,

unless one ~rejects- the idea that a r1se " in free

cytoplasmic calc1um concentratlon is the 1mmed1ate signal

for contractlon, then it is hard to, argue that varlous

1 -

treatments by . which sodlum was replaced and as a result of

which contractlon occured did not 1ndeed result in a rlse

t 3

in cytoplasnmic free- calc1um. In fact several sStudies have

: 1nd1cated an: 1nteract10n between sodlum and calc1um 1ons

(1960) showed that. procedures wvhich produced an 1nh1b1t10n5

e

- i

“ia. produc1ng contractlons in smooth muscle.. Thus Danlelfuad
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of  active sodium—pnmpin§ in | uterus also iproduCed‘

contracture and Osa (1971) showed tbat vmouse mYometriqm
'contracted in . sodium-fnee, normal 'calcium but not in
sodium-free calcium-free solutions- ‘Bauer, Goodford and
Huter (1965) showed ~that there was an 1ncrease in ten51on
and calc1um content of the/smooth muscle of guinea pig_
taenia coli when external sodlum was ﬂeplaced by llthlum.

. and Sltrln and. Bohr (1971) demonstrated some: complex
1nteract10ns betveen sodium and calc1um in: prodncing
,contractlons in vascular smooth muscle.~ Nevertheless, the
results could be explalned by an 1nfluence of sodium on
the membrane binding of’ or-permeabiiityfto;Calcium; as

'well,as bvba sodigm-calcium counter. transport mechanisnm.
I4 B B R E

In summary-then tbe 'plasma’ membrane of . the squid
giant- aidn‘ can . regulate, the . oplasmic calcium
COncentrationAby'excbanging calcium jons-\in return for
sodium i0ns, the energy for thls process belng galned froml
"he downhlll movement of sodium 1ons. Similar processes

have been clalmed ‘to be operative 1n other tlssues but as

yet the ev1dence for th@sp is 1ncomp1ete.
§ S

C. Calcium regulation in skeletal muscle.
~As  was outlined in sectlon B above it has generally.
. been. accepted that the. sarcoplasmlc retlculum of skeletal

muscle” is capable of accumulatlng and relea51ng all the
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calcium necessary for contraction and relaxation, though
the mitochondria have béen suggested to contribute in some
cases. But are imtracelluiar "tsinkst enough?'
A R ' S , .

As Bianchi '(1969) and Baker (1972) pointed out, the
DOnnan equllibrlum predlcts that if the ionized calciunm’
1n31de cells were determined pa551vely calcium should be
| accumulated by most cells.a Clearly skeletal muscle, .with
a free calc1um concentratlon in the. sarcoﬁiﬁsm of 0.1uM or
less, is not’ accumulatimg caiclum. " Unless the/plasmd
'membrane is completely impermeable to calc1um, which .does
not - appear to be the case: (Gllbert and Fenn, 1957° Cosmos
' and Harrls,i 1961; and A Russel and Blausteln, P 197&),_
skeletal muscle. must dextrude. calcium’ ornits "sinke"
vould,overfloﬁt That a. calcium»textrueion -mecmanism is

muscle cells even at rest was not

necessary in skeletal
thoughtdof here but wae indeed suggested by Gllbert ~and
Fenn in, 1957 and later reiterated by Weber (1965) and by_
Bianchi (1968). . me hypothe51s (Frank,. 1958) ‘for the
_mechanlsm by which exc1tatlon is llnked to the contraction
of muscle flbres lnvokes the influx of small amounts of
- Y'triggert* ca1c1um as the llnk. ) S:ana this hypothes:Ls 1s
‘ currently {fcel“1n§‘ support from diverse typesr of
‘ experiments‘ ﬁ(for» references seel later) /and . Since

V'trlgger" ca1c1um would eventually have to; ‘be removed

from the cell, it wlll be dealt with 1n more deta11
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Frank (1958)‘ suggested that the influx of calcium
played an intermedlate role in the contractlon of skeletal

- muscle since the contractlon produced by hlgh pota551um'
was abollshed by br1ef pre—treatment with calc1u§\free
so;ntlon. Later, Frank (1960) showed that, although the
response‘.to/ calc1um vas qulckly lost. 1n calc1um freé/v
solutlons,va contractlon to caffelne, whlch has. since been -
shown to release ca1c1um directly from the sarcoplasmic
retlculum (Endo, Tanaka and Ogavwa,. 1570), was .still
attainable under these c1rcumstances. The rateeof,lossuof/'
response to hlgh potass;um was simllar to the rate at‘ 
ﬂyvhlch ‘calcium ions left the extracellular space. . Edman
and Grieve (1961), Jenden and Reger/ (1963) and Luttgau
(1963) obtalned 51m11ar results’ but attrlbuted them to the

. fall in  the restlng membrane potentlal which occurs in
calclun-free medla suggesting that this would block the
coupling 'of depolarlzatlon ‘to the release of actlvator.
However, Frank (1964) showed that the conﬁfgctfie'responsqﬁ
occured before the: fall in_ rest;ng membrane ‘potential.

- These observatlons. vere supported by “thgsemsofMCnrtis“w;uei
(1963) who showed that reductlon of the external’ calcinm |
corcentration t;? about JOOuH, produced no significant
" decrease in the resting membrane potentlal desplte the
fact that, the contractlle response to hlgh potassiunm was_
‘abolished .jns:‘a reSult of san 1nvest19at10n, of the
kinetics 0of : the actlvatlon process u51ng voltage-clampedf

miscle flbres, Adrian, Chandler and Hodgkin (1969) . noted

'
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that the  response %o activation appeared to be .a

regenerative process. One year later, two almost
X

simultaneous reports appeared (Endo, Tanaka and Ogawa,

19*0; and Ford and Podolsky, 1970) which indicated that  a-~

régenerative» nechanlsm of calc1um release by calcium took.

‘ pzace in sklnned skeletal muscle fibres. The experlments

?wed that.the appllcatlon of small amounts of calcium- to

flbres whlch pad been allowed to take up calcium produced

~a faster developlng and greater forée of tractlon than

did the 7ame appllcatlon to flbres which Jad not been‘bre-

loaded /wlth calc1um. Based on ‘some of the experlmental

v

‘results just described Costantin (1971b) re1terated _ the

hypothesisv of Bianchi and Boltoﬁl (1967)  that

depolarlzatlon canses ca1c1un to move across the T- tubule
1nto the sarcoplasmlc retlculum and trlgger the release of
more activator calc1um from the sarc‘gé?smlc retlculum.

Ford”anduPodolsky_ (1972b)' used dlrect ~m§asurements .of

/e % T
intracellular -'calcium movements in sklnned muscle flbres

as opposed to “the 'indlrect_ monltorlng . contractlle

/

response (Endo, Tanaka and Ogawa;_ 1970; -and Ford and

Podolsky, 1970) to show that the release of ,calc1um by \}

calcium was a regeneratlve process and that the relea51ng

effect was ‘antagon;zed by» 1ncrea51ng¢ the magne51um

'concentration from 1 to 6mu. They calculated the normal

magne51um concentration in the myofllament spage of the C

flbres to be TmM. Ford and Podolsky (1972a) con51dered

thelr results to be consistent vlth a aechanrsm uhereby

[

1
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**durin activation a’' small amount of calciuih from the
g

transverse tubules enters the myofllament space. uhere' it
+ /
elicits the release of enough add1t10nal calcium from t e

- (sarcoplasmic - reticulum) to activate fully . the
myofilaments." Certainly as early as, 1959 Bianchi A%a/
'Shanes detected Calcium entry 1nto skeletal muscle cells

.as a result of the actlon potentlal If calc1um enters, -

)

either to perform a functaon .as the llnk, or just because

it is there, it nust be extruded again or as before the

- N ’ N

*'*sinks'' will overflow. s

¥

The existencefof mechanisms at the plasma . membrane
/

. for extrudlng ca101um from sgeletal muscle cells has been

1ndicated by Sulakhe, Drummond and’ Ng (1973), by Dipolo

(1973b) and by Russel and Blausteln (1974) - However, the

:

"isolated plasRa membranes—of Sulakhe et al. were prepared
'by llthlum extractlon, vhlch has been clearlyh shown to
have deleterlous -effects upon the ca1c1um transportlng
ablllty of membranes (Repke and Katz, 1969).. The ' results
of DlpOlO and . of Russel and Blausteln have already been
cr1t1c1sed in sectlon B above.' Thus although it has been K
clearly demonstrated that an actlve extru51on of calcium.

'from the skeletal muscle cell is necessary in order _to .A

”malntain normal function (Gilbert and Benn, 1957 Blanchl

‘and _ Shanes, 1959, Shanes and Blanchl,\1960-"and Welss and
aBlanChl, ‘1965) a calc1um extr051on mechanf?m capable of‘

malntalnlng both the fnee and bound calc1um concentratlons

. / "f



in the _nuscle fibre- ‘has  not been unequlvocally

demonstrated to be present in the plasma membrane.

.

D. Calcium regulgtign in gxometr;gg; . , :

“ Carsten (1969)"i5gléted ‘a fraCtionhfron cov uterus

which she termed "Sarcoplasmlé 'reticulum." She showedz'
v

/ that - thlS fractlon was ablel to b1nd calc1um in. the .

o

presence of ATP and concluded that nptake and xelease _of
. ca1c1um by this fractlon would be sufflc;ent to regulate v

relaxatlon and contractlon of “thlie uterus. ‘ Recently
\ ,

"’Carsten (1973a, 1973b) has reported gimllar flndlngs for

i pregnant qsw uterus and pregnant hunan uterus._

' . . . . )
.o : . - . .
"
'

-Batra-and Daniel (1972ar“shoued that both ‘miCrosomalﬁ

.and mitochondrial. fractlons from rat myometriumécould take

‘up calciuw ‘in‘ the presence» of_»ATP._ Their microsomal.
‘fraction wasg able to . accumulate ‘calciunm frgm"a.'0.6uhv'
’ ) N , & L '..‘--'“ v ’

solution and = they f calculated that .- this calcium’

accumulatlon would sufflce to account fcr relaxatlon " of

' ! ’

"' the myometrium,

: . o B ‘
Batra and Tlmby (1971) ando Ba*ra 6;572) .showed
calcium,-uptake' in both mltochondrla . and mlcrosomal

'fractions,vfrom human. nyometrlum a&d-1n A4 1973, Batra

reported that only the mltochondrla from thls tlssue~ vereﬁﬁ o
3 L

capable of loverlng the cytoplasmlc calc1um concentratlon ?;;

4

LANRE .-* L
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suff1d1ent1y to account for relaxation.

P

. ,
! /
t

‘\_ ) /
Clearly there are differences agongst reports as to
. , " S5 ,
. _ . .
what mechanlsm, microsomal or nitochondrial, is.
. M ". ’ ’ .
respon51b1e for promoting -Telaxation in myometriumg;

although in some cases the tissue source is different amd

CSWN

could account for the dlfferences. ~In no ’case, however,

is the contribution to mlcrosomal‘.calcium uptake fr

-

plasma.membrane, smooth endoplasnic. reticulum or rough

'l . N - ' N
endoplasmi- ‘reticulunm known.
o I

3T -
S v, " . e

/ ' N . .
Arguments that there ought to, be a calc1Um regulatory

Jec aﬂ&sm at the plasma membrane of the myometrlum follow

on logically from those used - for skeletal muscle_.iu

e , . - .
Sectlon ¢, and : such a. mechanlsm was proposed by

,VanBreemen, Danlel and VanBreemen (1966) ,, uho showed thatu
the membrane was permeable 6 calc:1umf but that the.‘

1nterna1 ‘calcium concentratlon was far below the predlcted
value 1f 1ts drstrlbutlon were a pa551ve 'process;fh ‘Batra

and Danlel (1970a and_ b) -showed ﬂhat a"variety of
N e

metabgilc vpoisons,ﬂfwhen applled btoi_thel_iSOlated' rat @,

i ‘,,

uterus, lead» to an 1qcrease'ji A-caIC1um

4

observatlon whlch is con51stent wlth the
cells of the rat uterus~ﬁeed”toveipend'energy to’maf%tai:fV\

the 1ntracellu1ar ca1c1um cOncentration

~

level. ‘«’i; e | L o
. - r#:. I . ;.,,‘_"‘.,“ . . ' S R
) B “ 1 N i . T . o - o
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‘ilt does and even 1f there aﬂ% calc1um "51nk§*'

_involves ' t dl’iuptlon
into separate componen?@ whlch can then be k studied

independently.

51

At least some calciunm 105' probably enpters the-
myometrial cell in compamy/ mith the action'ﬁmﬁggmtial
iDaniel,‘ 1963; Harshall, 1963 Abe, 5970 faﬁd}"197ﬁ'
Kuriyama, 1970; Anderson, Ramon and Snyder, 191? Hodgson'

and Danlel 19%3- and sZurszewskl and Bulbr1ng,\1973) $/f

“sa 'f'

. wvsiththe»

3 0e:é'trude

¢

myometrlal cell: there should be some mechanibn~

S e

. d .
this extra ca1c1um. ‘ . agkl“ o n
' v : ) Sy . N,
Ve I v t N s
." . W“’« Tingl el "
, , : f ‘) e, ’ .
E. ZTissue fractionation*ana ne brane 1sol g& N, ~ T e

‘“ : ‘ R L e \f '_:v\'

The 4study of calc1um regulaylon by subcellular bgdies
such as the mltochondr7a nd sarcoplasmlc~7 réalculum'

of'the cell and its Segregatlone

w

2 A o |
o TS : ' » & -

%" critical evaluations - of . cell ;'disruptiOn and

J
Y

~fractlonatlon have recé tly been made by Deﬁlerre ~and

Karnovsky (1973) and Wallach and' L1n (1973). Although in

both cases the#authors uere cqncerned wapec1f1cally w1th;

the plasma -meﬁbrane, seVeral points that they made are

/ \

_sallent gg the whole‘, process of 1solat10n and..

P 4A,M. . 8 A

e characterlzation of subcgllular fractlons from muscle.
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The flrst major problem 1n tlssue fractlonatlon whlch

':was' p01nted out by both DePuerre and Karnovsky (1973) and 9;9@
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A\

Hallach and“Lin (1978) is that of the heterogenelty of the

starting samples from thCh fract&dns are to be isolated.
A

Hetefogenelty 1n the startlng sample may lead to erroneous

. conclu51ons about the propertles of a given subcellular'

fractlon from a given cell type 1f it 1s not ellmlnated or

@

at least taken into con51derat10n.

- |

fdglfach and Lin (1973) point out that although the
perlcellular pH 1s usually below 7. U and although the pK

values for ,many prote1n~ hlstldlnes 11e near pHé6.8 many

. workers have used buffers at pH7.4 for their fractlouatlon

v'ﬁ-protedures. The fact that small changes in pH Larounﬁ'_(

&

~'”éan alter /the phy51cochemical; pProperties ‘of',certain

membrane fragments (Wallach and Kamat, 19647 \jallach :

A W ¥
Kamat and Gail, 1966) suggests that close attentloh should

be paid to the pH at whlch fractlonatlon 1s carrled out

DePierre and Karnovsky (1973) however,,vc1te " several

examples from which - they-.claim'lthat a. hlgher pH of
(o4 ' A

homogenlzlng medium leads to better fractlonation and 1ess

aggregatlon of organelles. o . T :" . ;;
3 L 3 e L ' ~ :
" f . - N o '. . : - ; o ,‘(4

ﬁallach.and Lin- (1973) ﬁpoint out that . the 1on1c‘*
strength ~and dlvalent ion. concentratlons in fractlonatlon
nédla are oﬂten*llsregarged.v Wallach and Llnw(1973) hlnt.
‘that) fractionatfion in- the Presence of dlvalent metal ions
nay afford gr ater protectlon to plasma .vmembranes.

&

DePierre an@ arnovsky (19%3)kCLte examples of sucessful
. N . -',‘.,' -S“ . a . 0'{: .
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o

fractijonation from the presence  of EDTA  in the

homogenizing mediunm. EV ‘ ;
L ! :
Of the technﬁques ava%l" Le for disruption of tissues
/ * ‘,"{
the one - which has beesy \u%ed almost exclu51ve1y in the

N \ L o
O
study df calcium regulatloK 1n muscle is. that referred to

g

by wallach and Lln (1973) as "tragatlonalv shearing

‘ : : ' PN
. techniques.*! DeDuvé/(1971) has p01 ‘»‘out*~that_‘very

O

. y . -
gentle homogenlzatlon of -rat_ 1ive£ Eem v ;th%;outer

2

membrane from 10% of the mltochondrla "which can be
4. .

collected. ' However,, the- Warlng HlendOr,_ which 'is
I o { ’

: extremely popular for musch&odlsruptEPn (Ogawa et al. ,

1971y, cannot be clalmed to ke g 7de, and thus must- be

suspected of cau51ng severe damage tﬁ/several organelles.

A

The guestlon of the methods for d1v1d1ng the tissue
into fgv thDS once 1t has been homogenlzed kas been
_ . AN
dlscussed both by DePferre and Karnovsky (1973} and + by

Vﬂallach andw%%n (1973)._ Both sets of rev1ewers agree that-

1Y ?

sucrose den51ty gradlent separatlon has ‘been‘ quite
successfully applled to tlssue fractlonatlon although' it';
+'has been p01nted out (DePler e and KarnoVsky, 1973) that

th;s approach establlshes panvtqsmolarlty_v_s well as hav
density’ gradlent and such-‘changes in osmolarity as~a§e;
induced by this: technigue 'may .be.;danaging to: certalnh
: organelles. Both rev1ews‘are 1n favour of contlnuous as

opposed to- dlscontlnuous sucrose den51ty gradients since a

~«J[ -
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rcharacterlzatlon probegé.aqiw

>4

discontinuous gradient gives the illusion of a QIéart cut

separation but is in fact subject to the production of -

artefacts dqe to the <complex relation between the

J

interfacial tensions between the steps in the gradient and

 the gravitational field.

@The characterizatioh of'membrane fractions obtained

by any\ fractlonatlon technlque is- prObably the most

3.

contentious area d@ the entlre .fractionation and

‘
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Morphologg' is of 1iﬁﬁe ;

3
- T '
Bl

endoplasmic reticulum. and nuclei vhlch are quite

-

~distinctive; akblasma membranes, smooth _endoplasmlc'

G

retlculum, sarcﬂ"usmlc retlculum and Golgl apparatus all
Q

form ‘smooth vesicles upon dlsruptlon of the cell and so

tend to look. very much alike (DePiefre <and, Karnovsky,
1973; and Wallach and Lin, 1973).

: _ . e
' Lo / oo . . v', .
The -umost favoured of 'membrane markers' are the

"~ intrinsic enzymes (Wallach and Lin, 1973). ’ in'rintrinsic

4

enﬁyme fcan be used as ‘a marker if 1t can be shoun to be

locQﬂlze&~at a spe01f1c 51te in the cell. Hlstochemlcal

techniques have _been used to 1nd1cate the presence of

BEWE

several.such enzymes, However, there are some - flaws if

the hlstochemlcal technlques used whlch leaves the matter “7'“

3
“ . - ':‘

: : of
'characterization except for; 1ntac%' %3@ﬁondr1a, rough( L
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somewhat open to doubt (DePeirre and Karnovsky,'1973; and

wallaCM‘ and Lin,”1973) Flrstly, fixation for microscopy

or the agent used to’ 1dent1fy the product of the enzymatlc

,xeaci;on méy._ 1nhib1t the‘- enzyme under study

/

'_differentiaily, such that Od false -1mpression of the

locallzatlon at.one site is geﬁ%rated' secondly, the agent-~

used to identify the product of the enzymatlc reactlon may

ﬂj'bﬂqak .down the substrate per se and falsely 1nd1cate that

an enzyme is localized at moré than one 51te-'and thlrdly,

the substrate or the agent used tomcapturef%he enzymatlc-

product might not‘diffuse to,éll the enzymatic sites which

could agajin result in a false impression of a unique
,; . i ! ‘ ! “ .o

locallzatlongof the enzyme. ,'
There is ralso the possibiiity thar enzymes become

o o _ - , o
bound during isolation to fragments Vith “which they are-

not normally associaféa or thét the ehzymes'are'somehoﬁ

actlllted or inactivated durlng the fractlonatlon process,“

and the chance that the enzymes. ar '-concentrated< in a,

_Certaln functional componenti?of\ the membrane  and not

r

" spread homogeneously throughout’the entire membrane.

.y

"Neyertﬁeless as DePierre and Karnoysky (1973) point

out, - for solid"tissues'in which the plasma‘memhrane nust

" be dlsrupted before 1t can be studied fhere l§q'11ttle

opportunlty to use such technlques as membrane antlgens,

1ect1n receptors, v1rus receptors or hormone receptors ‘es

0
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Primary agents of characterization ‘since g;;changemin

w . kv

orientation of some or all off the~'plasma‘ membrane upon
. e :
disruption. would result innLthe production of'anOmalons»
results. 'The use of chemical ‘labels"to -indicate ithe
distribution of the ‘plasma membrane seems usually to be
handlcapped by .one. .or two dlffuqultles (Wallach and’ Lln,'
1973), elther the reagent wlll penetrate into other parts

of the cell than the plasma membrane, if not on  standing

at  least - as a result ot redrstrlbut1onlron tissue

.disruptlon, or thé- agent will 1nh1b1t some aspect of. the

3 !

membrane functlon. Thus the enzyme marker technlque is

" still quite extens1vely used, vlth reasonable . success in

many Cases (DePlerre and Karnovsky, 1973)

S' Nucleotldase (EC 3 1. 35) has often been used as a

mar for plasma membrane in musc1e systems (Hurwltz et
. Jﬁi" .r_ja_ - . '
al. , 1973 Kldwal,‘Radcllffe ind Danlel 1971- Kidwai et

a ; 1973- and Meyer, 1973) There is abundant ev1dence n

from many’ Qypes of tissue: that 5'-nucleot1dase is a very
' rellable marker for the plasma membrane (see DeDuve, 1971;

vand- DeP1erre and _Karnovsky, 1973). - However," its

localization in the 'plasma membraih)has been challenged

,(Song, Kappas and Bodansky, 1969)/ Thus - any attempt ‘to

characterlze membrane fractlons which uses 5'-nuc1eot1dase
as an indicator of the~ plasma membranel should be
substantlated wlth other markers for the plasma membrane;

[l

the sodlum+ pota551um-act1vated magnes1um-dependent ATPase.q

L}

56 .
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(EC 3.6.1.3), - the’“'3otas_siumf—stimula%ed p-nitm&d‘p&enyl A
phosphatase  and Phosphodiesterase-I - (Ec 3.1.4, 1)
constitute reasonable”ﬁgsubstantiators (DePlerre amd

Karnovsky, 1973). v . | ' R o

'The'enzyme'cyfochrome-c okidase'(EC 1 9.1. 3) becanme

" well accepted as a spec1f1c mitochondrial - marker (Wallach
and Lin, 1973) though it is restricted to the - inner

"mitochondrial membrane. hiide-sensitime ATP dependent

calc¥unm uptake is also a marker for mltochondrla (Fanburg -

“and. Gergely, 1965).

A R
Lo : ‘,}' {x‘ ' ’ [} ‘
ST ; 'ﬁ-- - /

L Although sevéral enzymatlc ‘markers have been used to
(_ o

,des1gnate mater1a1 of endoplasmlc retlcular orlgln,' none

of them has proved really satlsfactory (wallach and Lln,

1973) ‘ T R

Colemarn and ‘Finean (1966), ‘Benedetti and Emmelot

(1968) and .Thines-Sempoun _3 al. \(1969) have'presentéd

evidence which 1md1cates that the Cholesterol/phosphlipid

ratio of 1solar§d plasma membranes is much higher than )

~"that of other membranes. Homever, wallach and Lin (1973)

.

f1nd-~"no evidence - that %he( 11p1d comp051t10n_of the
plasna membranes is suff1c1ently characterlstlc tq,use it d

as a- marker crlterTon.A ThlS appears partlcuiarly trueofor

cholesterol \whlch fexchanges very _ea511y vlth .other

\"'

llpoprotelns and/or. membranes." e~

-m,k."
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Thus‘although there‘ are sonme clear guidelines in

‘tissue fractionation and characterization, what is a

"correstf' or *'reliablet approach’to use is in _many
cases'.quite ambiguous, Several technlques vhlch are used"
are based on 1ncorrect assumpt}ons and ‘may be selected'
according to +the personal 'prejudices of the pagticular

investigator,

.,a)' .

T

‘F. Aims of the res arch.

. The aims of the research were to test ‘the hypothe51s‘
that ‘the plasma membrane, smooth endoplasmlc reticulunm,
rough endoplasmlc retlculum and mltochondrla of uterine-
smooth muscle can all b1nd ca101um in a. manner compatlblev
with a role in the pnécess of relaxatlon, and that Vthe
ca1c1um-accumulat1ng mechanlsms‘/of"these,.systems haye

dlfferlng propertles from 2ach other.

Thexhypothesis was—to be tested by ‘the 1solat1 _and‘

1dent1f1catlon of subcellular fractlons of rat myometrlum

4

and by a’ Study of the calc1um uptake abllltles of - these

'_fractlons. B leferencesfaln the calc1um uptake propertles

‘ among the fractions .would be 1nvest1gated by studylng the

dependence' on the free calciunm concentratlon, ‘the
substrate dependence; the effect of barlum, strontium and

lanthanum ions mhicb -have been used . in the'stu&¥ of

3

! hat \
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myometrial contractility (Daniel, 1963; Hodgson, Kldwal
and Daniel, 3973- Hodgson and Daniel 1973. and Marshall

{A’ "‘ .
\and Kroeger, 1973) and the ekfect of cer R drugs whlch

1nh1b1t calcxum uptake by the skeletal muscle sarcoplasmic

reticulum (Balzer, Makinose and Hasselchh, 1968; and

)

‘Balzer 1972) .

/

ll

. ' - :
Since it was  not known how the@_isolatien‘ and

fractiénation procedures to be _used would affect the

ca1c1um transportlng abllltles Ofvthe varlous membranes,

.

subcellular fractions would be 1solated from the much more'jl ‘

3
wldely studied skeletal auscle u51ng the same iechnlques.

Q

Thus artefaété’ produced . by - the technlgues mlght be

discovered_by comparing tée- data #bbtained- for 3kgietal

_ ‘ 1 ;e . 7 =

. muscle with that-already- in the literature. ' S
y . .
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. section B which 1s‘devoted to skeletal'mdscleaﬁf

60

Chapter 2
—

METHODS.

‘The techniques uSed for the isolation and studf of

subcellular fractlons of rat myometrium 'were‘4essent1ally

Ll
" i

51m11ar to those used for rat skeletal muscle. In;th;s

chapter the‘meéhods used for myometrium will be -gi;en “in°

/

detail 1in sectlon ‘A and will not be repeated for skeletal

"muscle; dlfferences.' however,, wlll be p01nted rout in .

/ .k

..
« PR

an
g

A.. Rat gxggefrium. G .. g

1) Preparation’of memhrane’fract;ons._ o

Ali- centrlfugatlon steps to be desarlbed,were carried
out in Beckman L2~ 658 or L3 uo ultracentrlfuges between 0

o .
'

and goc, -

5
a)*Obtaining the_ee}l~free homogenate.

i

15 to - 30 female WiStar' rats, weighing 160 to 200qg

'each, wveére kllled by a blow on the. head. The' rats' were

. pre- trea%fd for 2 days prev1ously to the experlment wlth

.SOOug ‘of, dlii?ylstllboestrol (dlssolved in peanut 011) fby

-
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subcutaneous injection. Diethylstilboestrol,treatment was

performed so that all the uteriuwould be inlthe same state

: o
of hormonal control,, i. €.y under oestrogen domination,

and to produce hyperplasxa and hypertrophy and so increase

~

the p0551b1e yield of’ materlal wper uterus."'The tvo

e e .

&

'uterine horns were rapldly removed and placed in ice-cold

8% sucrose, uOmn' hlstldlne solutlon‘ at 4pH7.0 (pH was

adjusted‘ by addltlon :of hyd:ochloric acid and this

O L

‘-solution shall be: referred to hereafter as . sucrose-

histidine \solution). Ind1v1dual ‘uterine horns .ffere

‘trimmed’ of"fat, ra;T 'itf open with scissors, the

endometrlum and most wf the c1rcu%ar muscle were separated

-4

' from the longltudlnal muscle us1ng a scalpel and a pa1r of'

) forceps, this. aentlre process was carrled oug on a fllter

¥

f# electrlc cold plate (Thermoelectrlcs Unllmlted Inc.). The

uu

paper _m01stened w;th sucrose-hlstldlne solutlon . andﬁ

fgaintained at apprpx1mately ‘40C on the stage of a* thermo-

i

longltudlnal muscle 'was, placed in 1ce-cold : sucrose~\

hlstldlne solutlon and the endometrlum and c1rcular muscle

were dlscarded. Removal. of endometrlum and c1rcular‘~

muscle resulted 1n a moré homogenous startlng materlalf

3la1though there would Stlll undoubtedly be flbroblasts’,

=3

mlxed in wlth the smooth muscle cells~

[

'When allAuteri had been stripped in’ this ’way' the .

d

accumulated longltudlnal ’muscles vere dralned blotted:'
‘ub‘
wlth fllter paper until just moist and d1v1ded _1nto ‘lots

v . . f B
o L7 . A . . k PSS

Lt

2
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each of which was comprised of the longitudinal muscle
o ' B N

from 10-12 uteri. The lots ‘were ptaced in. homogenization -

tubes.'mdde of cellulose nitrate, yere glnely'minCed with
scissors and the volume ingthe tube was made up to 30ml‘
-*withqiceQCOld Sucrose—histidine solution. The contents of
-each‘ tube were homogenized 'tulce for - 10 ‘seconds at
15, OOOrpm in a Polytron PT20 (Klnematlc GmbH) homogenizer
whlch was fltted wit{ an electronlc time swltch During
the entire procedure the  tubes were kept 'on '1ce.' Anv
~homogenizing wedinm of pH7 0 was chosen since thlS valuef'

seemed to be in the area whlch vould produce the least

'

) amount of shock to both 1ntracellular and extracellular

. —Lﬁ.& !

materlal upon tlssue dlsruptlon, it also happens to be in

the range, whlch Wallach,,and .Lln (1973) thlnk is most

—_— . i ¥

3

appropriate. - A non-lonlc, non-chelatlng medium was _used

since it was hoped to use fractlons prepared this way to

-

Zestlmate the amount of bound divalent catlons in each
- fraction  with as llttle 1nfluence asﬂ possible from

external c1rcumstances (Janls and Danlel unpublthed)

The-homOgenate'was then' transferred tor:cemtrifuge.

tmbes, with "waShings. ‘of ice-cold |~ ;histidine '

solution and' centrifuged at 1 OOOxgb - for 15

minutes in a Beckman 60T1 rotor. ThlS procedure removed »(

flbrous materlal whole nuclei, unhomogenlzed tlssue and}

1

cont%actlle protelns-'the supernatant was named the ceﬁ&-.

4

% free. homogenate.' The cell- freeﬁ(homogenate,.<was;';the"

et oo
2257
it

Iy
—
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starting naterial _fronp uhiohk .both the mltochondrial

fractlon and the den51ty gtgdlent fractlons were prepared.
(=

The steps involved in these twvo preparatlons are shown' in

Figure ' 1 and are ' outlined in b and c below. 'Inltlallyi

only den51ty uradlent procedures (those, startlng to. the

left in Pigure 1) were sused, but " nornally both the
.. \

mltochondrlal fractlon and the- den51ty gradlent' fractlons

‘,were prepared from the same startlng materlal- rarely onlyo

‘ mltochoﬁiklal fractlons were prepared (procedures startlng

to the rlght in ‘Figure 1). . 4 S

W .
Loy :

b) Obtaining the mitochondrial fraction.
ihé cell-free homogenate obtalned by the procedures
described above uas centrlfuged at 10 OOOxg (Av) for 10

bl

lmlnutes, in a Beckman 60T1 rotor, the supernatant vas used
‘to obtaln the membrane} fractlons by der + gradlent
' ;separatloni (see followlng). The pellets,,whlch were each
_composed of material derlved fron 10 12 uterl,. and the
number of whlch varled vlth the number of anlmals kllled
'were 'resuspended in 1oml each w-of. sucrose hlstldlne

,4.

A'SOIUthD 'and rehomogenlzed by glVlng ‘8- 10 gentle strokes

=

"in a 1oose-f1tt1ng teflon-glaSS» homogenlzer. ' .The

resuspended mater-al vas centrlfuged at 1 OOOxg (Av) for
10 m1nutes in a Beckman 65 rotor and the supernatant from

thls spln was centrlfgged -at 10 OOOxg (Av) for 10 mlnutes

'1n the same rotor. The peliet vas resuspended asp before -

y

)

&
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Li“.i.gure 1. Flow dlaqnam

fractlons from rat myometrlum. ]
i .
L

for the 1solatron of subcellular
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fraction and was

'and centﬂlfuged at 10, OOOxg (Av) for 10 mfnutes in zéE 65 E
rotor.  The pellet was . the mltochondrlaﬁ/ '

resuspended and rehomogenizeg in 2 “to 10ml of 1ce—cold

sucrose-hlstldlne solution dependrng o the fln&l’ proteiu, s :
h,.“‘.' . L M 1~§h a'. w’ - ' ) . . .“"‘?_m‘
. .ﬂcanentratlon required, ‘ ‘& e ' . A ;‘\f,“u

. X . T Ty
. .’@~ 5 c . . T RO
. N e
.® - 3 . . % . ;.
R 3 Sh v
Ex t - -

f e
) Obtasqlug the fractlons by den51ty gradlent sephgatlon. ,,u$
L AP ‘
”*”.Aﬁxp S ~ :

The supernatant from the 10, OOOxg spln of the cell-
free homogenate was centr;fnged at 114, OOOxg (Av) for 30
mlnutes in a' Beckmau 60T1 rotor and“the sedlmenttof the y
mater1a1 rfglnally derlved from 10- -12 uteri wasksusoended' R

'nd rehomogenlzed iip$

in 3ml -+ suc: osp hlStldlne sdiutl
" a "_loose 1tt1n? teflou glassf
i BRCE - -4 -

\/”

glV1ug 1% .
bred ’ou; %bp.A |

L gentle strokes.w'
. : &
-,oﬁ ’the“- sucr6

hlS homogenate was- the

&.’*‘

denslty gradleut,u vhlch had " b;

a8 bee
equillbfated at’ uoc,«by means of.a Pasteur plpette. Thég,\;»rf
o ) e S e ¢~,-d-,;": X

den51ty gradrent 'was comprlsed of ¢ml of US% sucrose on '4&?Eﬁu

.\

- '4

s
top~of whlch were carefully laxerad ml of 33% sucr@se._gﬁp: <
'?{ followed by 3%1 of 28% _Sucrose. The dens1ty gradient - 7
‘0,7; - ® "
fpreparatlon was then centrlfuged for 2 hours Qﬁ; 111 700xg T

JAv) inr'é ‘Beckman swuo (swlnglug bucggt) rotor. -At tﬂbj
end of thls spln the fractlons were"removed from ;he
\ . \ )

graﬁlent by Pasteur plpette and transferred to flxed\angge' .l

Fentrlfuge tubes where the; sucrose concentratlon was

e

-

slovly dlluted Hlth coutlnuous gentle~ akmng, to 8% w1th~'l

delonlzed vater ‘and the volume was, adJu'ted to 081 by

) = : . - -
[ . : . 4o B -
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B Seruw afbumln: dlssolved in sucrose-histidine solution as .

v

-smmllar\types,of‘work on varlous muscles (Hurwltz et a

- 1973; ‘Katz' et al, ", 1979

Y

-,'lvw" gzﬁhogenlzeﬁv”%gﬁz fractlons were kept oR’ 1ce untll used
e ’ l’

&u“&

Loﬁry, Rosebréugh Fafr and Randall (1951) uslng_,bev1ne;_

o

et al, 1973ﬁanamar,

\

adding' sucrose-histidine SOlUthH. Tﬁese tubes were

centrifugedd at 10,000xqg (Av)' for 10 mlnutes. using the -

-

Beckman“‘5 rdtor, the pellets Yrom .tHese splnwaere‘
desighate as tther gractlons. The supernatants frow the .
- e ‘
spins yleld;ng the "b" fractlons were centrifuged at .,

113 OCéxg (Av). in the Beckman 65.rotor fom.BO minutes and.

these pellets vere termed the a"'fradtlons. For the"

A% o
ES

-number and fbcatlon of fractlons taken from the gradlent:

wHE, v
sée‘ Chapter I All pellets obtaln%? Wgre resuspended 1n

C1 Sml of sucfose~hlst1d1ne solutlon dependlng on %he flnal

' /pr§g8'

!

ghconcnntratao% ;egulred and - ife' homogeglze
F@V\ 'Z!Q o M ' " *

‘ﬁa

.‘

rotelng con tratlon was” determlneA& b the method nf
e e Y
e G

Y

”h;‘Z)'Ché:QCtaﬁlzatiépvof thé;fractions;.

.

bf;5

¥ﬂe 'strokes ln a loose*flttlng teﬁlbn glassf

"‘?t“dard [ P R LA T e

. ‘ o , o

In order to determlne the subcellular ¢orlgln q;‘ the @

R Y
v&rlous fracé&ons obtalned the technlque of assaylng for‘
f .
certaln marker enzymes whlch has been commonly used in

‘\

et _£; v
>

';idvai Radcllffeﬂand Danlel,f

1971; K;dwar, Radcllffe, D'chon and Danlel, 1971- K;dvai
'/m i :
al,, ,/Sulakhe and D alla, 1971- Meyer,
'.’

Pt

RN

4
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i, o Tl
T
| | o o SRR I
4 7 M973; sSeverson, Drummond and Sulakhe, 1972 -and Sulagme et
. R . v . [T
,al.™, 1971) wvas employed. ~ . .7 ﬂwm‘ﬁ.W‘
o ' : BN &Y SR SR S ‘
) e ‘v ' L 0l . . & 7
: BN D S &Y

a) Plasma membrane markers.

. . ' . ! d
v ! P - L
. v H .. . LI s 4 A

.,“ % : Wb ) et

o : ;ﬁ&; - - ‘ -
5'-Nuc1eotidaSeiyasvuSed ds a plasma membrane marker
o in“these' studies: and the technigue of Song and Bodansky

°

LT AR = Lo

iéﬁﬁp' (1967), which 1nv01ves the measutement of ~1norgan1c

0

'mr*h¢phosghate released from S'-AHP, uas applled to. measute 1ts

~
tles: 'Where necessary (see Chapters'3 and u) 5'

(RRV

s nu eotiﬂasib acthlty ygs ,corrected for | non-Specxflc

) (AVER AR ‘ Y

'phbsphatase act1v1ty

iF
glycerq&phosphate?as subs rate’ (Dlxon and Purdom, 195&).
[ N ‘—

“ » -

Purdom (195&) that a . ulﬁe varletyﬁof pbqsphate compdunds

: were broken Qown at the -same J:ate by non-speCifis
T ' & b R . ' ‘
' phoSphatase ‘enzYmes;“' However, there? is. no absolute

o ' guarantee \that . the rates. of' “breakdown of ‘beta-

glycerolphosphate and’ of :5 —AHP by the \\non~spec1f1c

- N
Ne

Tl phosphatases in the(systéms whlch I examlned vere exactly

L3

the same. The correctlons thus make. the values obtarned
somewhat approxxmate 1n/;bsolute value, but more accurate

than’ total values obtalned wlthout cou51derat10n for large

P

hlch-'was measured us1ng beta-‘

Y

ssumptlon»;}s based upog the demonstratxon/by ‘Dixon and"

\

[

°

.f ‘ Sucﬂ° correctlonga have beéh nout%pedg madeg(see Dl‘
| P@rd§mcb.;95u' and SO‘ITg and Bodansk?. 1967) ?on‘-.v the |
ii;. l  assumptlon ;gat 'tue nggﬁspec1i:c phosghatases break d°"?iaf‘
-;44*“Q%fa'glycer°19§fs??ate and 51-AHE at'the sake rate.  fhe

a



4.

v
. . d
",g . . ‘3

s e 9. PR o
\ hon-specific phosphatase activities, .
e T ' !
v. ) ‘

]

,'gplncablllty of *%'-n%cleotldase ‘as 4 plasma membrane

“

2
‘pot3551um-act1vated, ouabaln sen51t1ve para—nltrophenyl

phosphatase was measured by the method ”of : K;dwal,

Radcllffe and Daniel (1971) except that pH7. 4 vas used and

J ‘J" \} -
1mH ouabaln was used “to- determlne ouabain sen31t1v1ty. Aég.

e l o

a flnal marker for plasma membrane%phOSphodlesterase -1 was

> me sured by the technlque Of Touster et al (J970).
o .meg

ES

.:::0- ‘Q, -f‘j f#hrs,& M“‘ ‘ B * o Q N . . ) . v 4 )
' . In all cases above, the 1nor§an1c phosphate 11berated

. L 3!
o -
Y was measured %y the method of Flske and SubbaRow (1926)

agent - (Skou, 1957) . c A—#; B
. : o ’ ’ L) i - !
- b) Mitochondrial markers. o
AL o - o e o .
' - .
5 - *the enzyme cytochrome-c oxidase was relied upon' to

Vo J(s 1ndlcate ‘the presence of mitochondrial material. ‘Since

. - | o o g
. cytochrome -¢ ox1dase ractivity is located 1n the inner

< , ~
. - Iy e

g not glve ,an ‘1ndlcat10n' of:. C°Q§3’

'y : gmltochondrlal membrane Cytochrome-c oxi

4 measured by the method of Coopersteln and Lazarow (1951)

kS

68

pcause of the cr1t1c1sm q1ted in’ Chapter 1 of the,

. v
,mar er, thls enzyme alone was not relled upon.1' Thus the

using 2 4- dlamlnophenol hydrochlom.de ai the reduC1ng

mltochondrlal membrane, monltorlng of thls act1v1ty would’
1pﬁ§$&tby the outerJ“

ase a¢t1v1ty vas”‘”"



S

ﬂ';. _ “ A further 1nd1cator of mltochondrlal materlal is the g
a21de sen51tive ATP&dependent,calc1um'uptake.(Fanburg and
'“tl Gergely, 1965) and measuremeht=of this property‘ vas used

' | . ‘ o y
"to supplement the | observatlons of cytochrome-c ox1dase

‘activity. Measurement of calcium uptake wlll bg descrlbed
in detail below- O SmM sodlum a21de was used to determlne
3 ' o -*—?.’“i"f
a21db sen51t1v1ty. . ~ o - °
[. . .
0 . - o~
Cw. ©) Endoplasmlc retlculum mark%rs.
e . ! ‘
y
Al } . "
In the absence of a truly acceptable marker for the
f:dnyA”éndog}a§mic” ‘reticulunm, ' fractlon of - membraneous

P R AT osition = .with" llitle Or ' no lasma me@brane and”G.vw]\'
AN , posa , : . NE - and .
o ﬂ 2 P R . - v ¥ o

- r-.,,.“mltochondrla;)“enzyme ac IS Wald be classed as | ”

u

J '%n'gopsgasm’ic reticulumy
v . .":,_,"' . '— ) 4 . . 4
R -~ i .

As a Turther aid to chafacterlzatlon, ‘measurement of

o

Q) the qholesterol phosphollpad railo, which has been carnied

out in other nuscle systenms (Kldwal, Radcllffe and Danlel
¢ £ e

1971; - Kldwal g; al, '“1973'- and Severson,_vDrummond and

1

Sulakhe, "1972) was con31dered. However, the 1ack of any

deflnltlve,knoJledge as to what ‘thi's ratio should be fot
2 ;'each 'membrane in the myometrlai ce!!, plus the .apparent
' ,‘- fact that - both phosphollpld and- cholesterol do occur “in

?;' 5“?I“ ei~membranes in which T ‘had prlmary 1nterest in e

separatlng, vould prov1de an 1nsoluble ‘problenm for the .
characterlzatlon of, what‘ were likely to be, not



retlculum.

o
4
‘rigoutrously pure fractions. o
‘. "I ' . - . . ‘

b

The ﬂlfflculty of solv1ng the last mentloned problemg.
.j‘; - : 7

coupled wlth the_“cr1t1c1sms of t . of llpids a‘'s

Yy

* " S
markers made by Wallach4$ﬁﬂd L1n (19?3) © and ciﬁEd in -
lv wv ) .
Chapter 1, strongly argues agalnst the usefulness of the

? . . -

measurement of th e ch@lesterol pHgsphollpld yatlo as a

g - @
prlmary rndex of*cHaracteeratlon.v E
o L v.'_,.- .. . ey . - o . T G .
o o o L. . " . P 4 - .- 4_
PR . R 1‘0 . R it ;‘f .
égﬂﬁlectron~mlcroscopyem R - T
e / e g . ! -.a;“/ - S o
o o ’ -.-N" t\ . - ) 2o N '. . A ‘ “. 5 - ;2’
R t{‘ ) ' L ) R .‘ 4‘(‘. c L ’;,\.‘
0 'Electron.v mlcroscopy was used in thlS case/ t

determ;ne thé ve51cular nature of ‘the fractlons, to” ‘c_ka
|, Y.~ S '
‘that - fractmbns shOwlng mltochondrlal marker enzymelw

T

acﬂggggies,were composed of 1ntact mltochondrla and, as

will be’ seen 1p .Chapter' 3,‘ it also proved useful'in‘

dlstlngulshlng _between rough and smooth ,endoplasmdc“

o

(-:w"i . P L ":‘I Lo K3 .
v S S ,
. N
. For electron mlcroscopy the fractlons were ' not
suspended in sucrose—hlstldlne solutlon after the -final '
centrlfugatlon step, ' -but - were ;mmediately “fixed in
'buffered glutaraldehjde; The fractions vere 1ater stt?'
. f' ¢! . e . . o
fixed in osmlum tetroxiﬁe;h, Sectlons vere stalned wlth
“u aQY1 acetate .and lead c1trate<s and . v1ewed . and ,
-' ’ - b . .
photographed on a JEM 7A electron macroscope.
. , v @ . .
’ T
=% i -



flltratlon technique. (Marton051 and Feretos, 196

o

. ‘de?ails-of%the method used in this study are as.follovs:

A

w“.i - Y ., 7
¢ T T : % . W ‘ ‘ ) " -
® o a) Reactlon m;xtures. ]

hoyever, for studlés of the tlme‘EourSe of ca1c1um uptake,'
T b . CA
3zﬁz:*fA‘ when feveral allguots re&ulred to be sampled at different

;f]“;j;:, lt1mes: the‘ reactlond mlxture volumes were 5 on 6m1.““The~ﬁ
TF:ﬂ%i'.J-‘compos:tlon of tne reacthn mlxt%re was': 1meu potasSIumpg

w7 B Y.
A " M.

2 s chlorlde-, SmM magnes1um chlorlde, O.1my calcigg chloride,

N

labelled w1th 0. 4 mlcroCurle per~ Bl 4Scalcium chlorlde'

[;’;

S UOnM 1m1dazole Vand 10 SOug of proteln dependlng on the,

ff? L fractlon belng*assayed die pH of, the reactlon umlxture

ey

was alwggs 7.0 as adjusted by addltlon of hydfdbhlorlc

I .igid monitored on a Beckman Expandomatlc PH ° meter,

lmidazole' at' uémn was chosen as the buffer 51nce Hurphyi.
and Koss (1968) showed clearly that\under these cond1t10nsv§
Aand With the amounts of phosphate expected to be released.
~in these experlments 1t would buffer .the pH adequately and
‘_' so prevent changes ~in calcium concentratibn from being" -~
| caused by hydrogen 1on 1nduced release of calc1um\ from
EGTA vcomplexes (see. later), For Arﬁ?dependent uptake

studies 5mM disodium 'ATP Was present in the reaction BT

v .



Wa?

\‘.«n ~‘4

U3rthe, reactlon tubes were mlxed on a VOrtex Genle mixer and

i

. iy

. '%‘ o
et

mixture, for free ‘calciﬁﬁz controlled expediments the
calculategd concentratlons of potassium EGTA to give the

requlred free calciunm concentrations (see later) were

v

added. Smm potass1um oxalate, 0.5mM sodium azide.or ions

as chldrihe salts. various drugs and substrates other than

0-"

ATP were added as indicated.
hﬁfIncubationsQ

Uptake - reactlons were vnormailygcarried 6ﬁﬁ'atv37°c'
wlth reactlon ‘tubes placed in_ a ‘shaking - waterJSbath.

Reactlons _were started by addlzgdprotelp (0 1ml for e‘emy&

1m1 of - fﬁnal reactlon mlxtune) after a pre-lncubatloﬁ tlme

= v 2

t v

&
"returned to tbe water bath. The amounts of pProtein added

werev adjusted from fractlon to fractlon dependlng upon

f
prellmlnary estlmates of thelr ATPase act1v1t1es, so’ that

changes i ETP concentratioq would not Prove llmltlng to =

proteln per flnal nl of meactlon mlxture for PM 30~ =50 per'
flnal ml for .SER angd RER® and 50- 100 per f1nal ml fbr MITO.‘

However ‘in ATP-free condltlons 100 120ug per f1na1 ml were
& , S .

i‘3 for fmli descrlptlon and termlnology) these were 15 20ug-g'

,‘calclum uptake. Thus for the major fractions. Qsee Chapter R

used for all fractlons% ' ’ | 'ivsﬁﬁ'}

o o R

o

’ of 5 mlnutes. Immedlately upon addltaon the 'conténts ~of &

a%
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/

"h“_.
»

c) Filtration.
Uptake'reactions ~were stopped (nor,Jﬁl after 10
. _ SRS
minutes but in time course experiments;"_'ngoicated)-by

of the

f¥rs of all thoroughly mixing the:

vy

reaction tubes on a - Vortex~Gen1e " mixer and +hep

withdrawing 0. 8ml wlth ar- ;EBetman (Gllson)flautomatic

pipette. "The O 8ml al%quot was filtered through 25mm

dlameter cellulose ‘nitrate fllter dlsks with a pore .size-

‘of 0.45 mlcrons (Matheson ngglns ‘Co., Inc.) uhlch mére

} held on a Mllllpore 3025 filtration manifold and kept;

. ®
[under ~ vacuum us1ng Q Sargent Welch vacuum"%ump.

Flltratlon tpok f 3 seconds and was follOWed by a wash

Awlth 10m1l ~of @% su%rose (whlch took 5= 10 seconds), uonﬂ'

~1m1dazole solutlon at pH7 tof remove unbound calclum.

Thls »wash’ vas necessary to give con51stent results (see

Sulakhe, Drummond and Ng, 1973) and‘washlng with theé “mon-

1on1c\med1um produced as con51stent results as dld washlng
S .
’*Hlfh 100mu - potassium Cch )rlde _or the cqpplete reactlon

mlxture minus AWP and 45calc1um (see also Weiner and Cha

. . * " . .
. . ] . S ) P i
s . . . .- '
-

" Prior' to flltratlon of the allquot all ﬁnlters were

*washed Hlth 10m1 'of 100mﬂ pota551um chlorlde- solutlon

followed* by' 10ml éf the sucrose-lmldazole» SOJution

prev1ously descr;bed } This procednre. ....... rs&uI“ed ;n low
background coants (i7é., low counts on the fllter paper

.7' .Q.

&

.

")

1.




A

‘ f ' .
“btion ‘mixtures to whlch no probeln »but an

’volume of sucrose- hlstldlne solutlon Has adéeﬁ!

uere flltered) which were not obtalned in its absence* (see

bound to negatlve 51tes ‘on the. fllter that might otherwlse

have attracted calclum 1on- the . sucrose—lmldazole served

B IR N

treatment Vhere was Stlll considerable variatlon in. ,‘heﬁ

‘blanks. The main sources of varlatlon Came fron the free

v

calcium'concen<;atlon of the medlum belng flltered and the
J\w
" batches of filters. used Some batches of fllters bound up

_to twlce as much ca1c1um as}dld others, hence filtérS'from'

v

xatch gere alw&ys use\ vithin an experiment.

J

-+ v

1

normally fell v1thin thej range of 800—1,200cpm' whf@gt

under _experlmental _conditions, i;e{, wlth added proteln*

14

Y S

Present, counts were greater than 3 OQD per m1nute.
\. . ) . : : ' L Ve 2 .? ) 4 o
v 1€y L ‘ N . o =
o ay Scinggalatgonpcounting. ‘
' . S : . } ; -

- o . ’ ) ' C : , i‘v"a ¢

’ o Fllte;s through whlch approprlate blanks contalnlng

. no adgdeqd: g?pteln but the same volume of suspéndlng medlum
= ~a ‘ ; Y o

b* e had ‘been flltered togethn; ylﬁh ghe experlmental filters,

-

. Were removed and placed in sc1ntlllat10n v1als to‘ which
B w -~ t.

~*“0 1nl allquots of reactlon mlxggfe from blank tubes before

.
£y

@ e g -

“ "/74

Tad

also Palmer and Posey, 1970) . Presumably potassium ignjﬁﬁj

merely to wash off excess pota351um ion.” Even using this

condltlons‘ blagks dla“not vary. by more. than ,

When solutlons of BSwp free calc1um vere used blanks,“n

1081 of sc1nt111at10n fluld (Bray, 1960) were added. Aisof

~

R

..
[A%

«



’

f'correction ever needed to be made,

5'ﬁ?Corporat1 %

.e) Calculation Bf calc1um uptake.

.
A ‘ L) -
i R, .

filtrat;on,fwere placed in vials'and{scintillation fluid

was added. The vials'were counted to 2% - .accuracy in a

Beckman LS 330 or Picker Nuclear'mLiguimat liquiad

scintillation .counter. Quenching'fas' measured by  the

external Standards ratio . method wasf negligiblu

. : o "311 . . v
- ?‘l T ‘.. . ‘- "

2

2

N, ) L\/ - N v S

PR

t ) 7 ' L '.“"
All.ﬁpz%htatlons of calc1um uptike ufée mage by the
o ‘.,,f -
use of ah, DPB/E dlgltal computer (Dlgital,‘EQulpment
‘ Jé‘:'km . [ " \.-:x
‘8 by bogh ; Fortran ~and “.Focal

» 3 ‘3, 'y
R 5 i A
programmes&. g

.', - ‘
. SC1nt111atlon counter vas processed 'in Fortran to make 1ts

»calcnum bound to the proteln

'fformat»-acceptable . to F0cal' the Focal programme "was

actuallyp'used.(2§§§ﬁ¥ute the ca101um uptake. Ffom counts

b

}
1n the allqut§~ef reactlon mlxture and\glven the amounts '

t A4 <7

of calcium J in ,‘the.‘reactlon mlxture'fthe programme

. A
calculated the spec1f1c act1v1ty of the calcium";n‘ the

l‘

medlum. “'The hlanks were averaged to gavé an estlmate of

'

calc1um bound to ‘the - fllter paper and thls Vas 'subtracted

ffrom 'the‘ counts ih_ experlmental conddtlons, whlch were

o - c,
] ;8 44,,.~

‘taken to repnesent calc1um bd%nd to- the f;lter paper y A
. Q)A

whf@h was trapped on the

o ~~ ol

”fllter papet, hence -one aqulred the Eounts a55001ated slth

» 4 b .W"

the protein.' From the spec1f1c ac 1v1ty of the calcium,

the \counts assoc1ateq -wlth proteln' and the amount of-

o . . ‘ . T
C o . - . | .

~ S TS ° o

A

punched tape .output from %ﬁe ;4
@,

L )

&



S

A

'”(Bepke, &%Shaw and Polasc1k 1970) ‘ Normally the amountsi

vper g proteln was calculated . In the earllest experlments

magne51um don‘ and EGTA in the reactlon mlxture (Katz, - @@@;}
4 : /,;—/77// s

.protein'per.sample,ﬁthe uptake'of calcium in micromoles

two and 1n later experlments four blanks wvere run for each

experimental condition. /: R i 'M .
Ce ] e ‘ £
‘ S , A" ;f’ ot
o \ Ly Y o S % *
4)‘Control of the:free.calgium‘c nCentration. :
-Thé free ca101um concentratlon 1n the medlum at- pH? Oo . B @ﬁ.
v . K ) o 9._ .’
Cis dependent on the concentratlons of . ATPJ' calc1um 1on¢ .; ; ‘
2 ';2..»'@:

[

~

_of ‘ATP, calcxum and magne51um in the, reactlon mlxtures

A’ QI)“’ . B e . L (' -»

~uére the same and a 51mple Fgcal computer prograwme ﬁaS"_

L

4

\nCOnstant for the,'fourth hjd;oﬁen' 10} ,

wFCOnd%tiOns_ The programme 'uas based'™ "upon the equatlons
Ty . N e .

fvarlous complexes were .as, follous-‘ the log d155001.

S v ; L R
used “to- 1nd@wate hqw .much EGTA Kas rEQuired to glvefa

'Y

specified 'calcmum qlndentrathon glven all the 'other e

°

. . ="t . ' (E’"’\v .
given- by Katg"t al. . The constants used to, descrlbeJthe it

—_..—,.._

(O'Sulllvan and erfin, 196&)

(4

f‘.»was added to the reacﬁdon mlxture 1n the presence ‘of ATR

magnes1um 'andg ATP, 6x10‘ (Godt;V

: constant for CaATP, 2 5x104 (Godt, 197#) ahd the 'bindin§ fg“

constan+ for CaEGTA 1 35,x106 (Godt 1974).p When no EGTA

A}

4, :

the free ca1c1um concentratlon vas . calculated‘to,be 17uu.m

' The_ amounts_ of EGTA to be added in the absence of ATP to.

¥roduce vgr ous iree ca1c1um concentratlons could also be ST

LI : . —

. Y . S




77 -
/ = )
. - - ' \
S calculated as could the amounts of calcxuh to be’ added in
. the absence of ,EGTA but in the presence of ATP. &d" ‘
, oo / | si F
, , E g-’,‘ @& *‘
The correctness of the absolute values of the free
. i i ) [N
calcium concentratlons to be glven throughout thls thesis‘ .
S e Y
i o is'6 entirely dependent upon the correctnessv‘of “the =
- . » Lo .
" ' constants . thCh have been employed "to compute _th"ese
g . =S ,
. N oy .o -
~ *”jvalues;ﬁ The most 1mportant constant as regards the yalue,, D
’ . ;.'of'tHe free calc1um concentratmon produced is robably,the<‘ '
";'"',’g; 'y blndlng constant for CaEGTA The value for’ is onstan»t -
-, EES ” 2 . 0 ¥
o'used here, 1 3g&106ﬂ 1s approprlate 51nce the condltlons
" } ‘ under whlch at was caldulated were extremely 51m11ar to q?
& - - - X . . o -y : . 7. »
. : those whlch I used. ._-§7f$" . | n"‘x o
. ' | o T ) ‘e H w B ..
.‘”“! } o L B - ‘ _ .Q" . » . .‘ ' “‘a_‘ ) . @ - L
L. R 5)»Est;mataog’of.calc1um-ATPase.,\_‘ N R ok

., R - ) — . . . :

' _ The tompos;tlon of the reactloﬂl m1xtures1 forxthek .

,': B measurement of calc1um ATPase vere: sgmllar to those ;EJ;*'_H
.ﬂ‘é’ - ATP-&épendent calC1uQ uptaﬁe. Reactlon mlxtures contalnfd ﬂ'g ;ir'
7 N ~'. l » P . B

'fnL. . no. radlolsotope and suff1c1ent EGTA tq glve a- free calc um . *f}

| concentratlon of 1uH when calc1um was added.'i T

YN

oo - : <

=

‘ A . ) / ' -
Teg ‘ ,added :to the ;r%actlon m;xture (1 e., 1n tne pre'ence of \

{ |

. EGTA) and basal+calc1um fPase act1v1t1es were,me sured ln 2 J;
7 the same nediin but wlth calc1um added ,ff*‘ oo -~
' 3, 9 t ‘Q .h‘ ; . o B : . ‘: '"‘.‘;;: ',m“!m.‘.u» L . “ :
| - ChES L L SR B ]
) ‘ ) . . . . ’: L . “, . ] S . ) . q_f, =
N ' L . ‘, ,c'



f

Tncubations were as déscribed for calcium uptake and
o

Wer: xfo§bed by the addition of 1ml of cold 10% TCA and

A

-

\Qpcompanibd by thorough mixing. Inorgrnic phosph§te

liberated was measured as previously descrfbdd.
oL 8=

-

.o '

. : .,
6) Pre-treatment with lanthanum.
, : I
\ 4+
B w ¢ .
Some of the fractions were pre-treated with lanthanum

in order to find the effect of this agent on. calcium

v

uptake.
/ . »

1
i

‘The final pellets from the isolation of the fractions

concerned were divided - into two groups and suspended in
, : - v - .
sucrose-histidine (control) or. . sucrose-histidine
) ' ¢

tontaining the.¢\§quited concentration of lanthanum

chlorile (experimental), at 3706 for 15  minutes. - The

suspended material wés then reéeptrifuged atuthe normal
.force-and time used to théin'the‘final pellet during ‘the
isolatioﬂ précedure.: The pellet ob;ainedffrom th?s-ﬂpin
‘ﬁas wagheﬂltfice with sucrose-hi§tidﬂ;e solution to remove
unbound lanthanum.  In each .. wash sﬁcrose-histidiné
'éolutiqh vas applied from a pasfeur pipette dnd alloged to
run -down‘ thé.tube a'dver fhe'pglletvafter which it was
caféfully podted off. The'pellet was +then suspended  in-

. < » "
obtained membrane fraction. RS

[

sucrose-histidine solution and +treated as a norTaiiq

el
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"7)" Age of fractions.

~
N

.

The measurements of cytochrome-c oxidase, <alciunm

.

uptake and calcium-ATPase activities were--always performed
S v
on freshly prepared fractions as soon ‘after isolation as

possible. Other enzyme determinations were carried out on

.fractions which ‘had been frozen and. stored at =-200C

overnight. >

/

re

Unless specifically noted in this section,  methods

used for skeletal musecle Study werc the same as described

- /

for myometrium.
\

1) Preparation of*membrane fractions.

)

1

B2

The back 1leg nuscles from 1 or 2 female Wistar rats
weighing 160-200g which had been killed by a blow on the

head were quickly removed and plaCed in ice-cold sucrose- "

histidine solution. The muscles were " trimmed of fat,

4

nerve and cbnnective tissue on moistened filter paper kept

at 49C on ‘the stége‘of the thermoelectric cold plate.
Ihef wefe divided into'lbts of about 59 which were- placéé
inl celluloéé nitrate homogenization tuﬁes and finely
miﬁced with scissors. The mince was made up to 30ml vith

ice-cold sucrose-histidine solution and homogenized once
. oA -
. :
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using the Polytron PT20 homogenizer at 15,000 rpm for 15
seconds. The howuycnate 'with washings vas”transﬁerred to

centrifuge tub-'s and certrifuged for 10 mnins-at 600xg (Av)

in a Beckman.2' rotor. The supernatant from this spin was

1

the gell free homogenate. It was treated exactly as was

the 6ell free homogenate of myometrium i;;ofder to obtﬁin_
the various fractions. As far aS'quantities~are concérned

the material ‘derived frém 5g of original muscle was -
treated the same as the materiai from 10-12 uteri.

A\ d

2) Characterization of the fractions.
: \

In addition to 5'-nucleotidase, the sodium¢t potassium-
activaéed, ouabain-sensitive ATPase which has been used -
extensively in skpletal\ muscle fractionation procedures
(Kidwai et g;;"ﬁ, 1973; and Sulakhe ,g;_a_;; , 1971 and,
1973a) was measured in this study. The method used by;

Kidwai et al. (1973) vas followed.

3) ﬂeésurement of calcium uptake.

Ehis proéedure.byas the same as fo ?myggetrium except
that 30 second incubation times were normally used forégﬁe )
PN aﬁd SR fractigﬂé'whilst 10 minute incubations wereﬂzsed
for the MITO fractions (for designation of fradtibns see
Chapter 4). 20 to 39ug of protein per ml of reaction

mixture were used for the PM and SR fractions‘ﬁhilst 50 to
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100ug per ml were used for ‘the' MITO fraction.
o« |

C. Materials used, \\

e

0 All water was distilled. and then passed ' through a
> series of Barnst€ad ion exchange demineralizer columns so
that its speeific resistance on emerging was greater~.than
16 megohms per Square centimeter, On standing the
specific resistance decreased due to +‘he absorbance of
carbon dioxide from the atmosphere. The .inérganic

! : : .
compounds .used in calcium uptake and , calcium-ATPase

;———————-—~¥€6G%ieﬂ“;ﬂiitﬁres_“eLe analytical grade, othervise they
’ vere reagent grade; Host .of the organic compe;nds used,

except the drugs noted %elov, were obtained from the Slgma
Chemical Corporation and all vere of the highest purlty
obtainable. _4SCalcium chlorlde was- ohtalned in lots of 1
milricﬁtie at regular intervals from the Amershemeearle
Cotporatidﬁ. "The drugs which wer; usedwandmtheiiL'gbﬁtqu'
are  as follows: }chlorprgnazine, Poulene: diethyl
.stilbeetrol, Sigma'-vDBOO"hydrochloride and verapamil
(1eopt1n hydrochlorlde), Knoll propranolol hydrochloglde,
Ayerst. Preparatlve solutions were normally ma@e up in
batches to serve for an entite‘veek and vere kept frozen
~whee not in_{use. _ The den51ty of sucrose solutlons was
,ehecked usiég a Bausch and Lomb Refractometer. The

various reaction mlxtures vere made up on the day of the

experlment- however, stock solutlons were made up every 1-

N . A ,L‘\: -
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+ 3 weeks and kept frozen when not in use, The radioisotope
was dllufb@ to 40 microCuries per ml wlth distilled water

on arrival and was kept at 4oc,

. S ‘ e .
//‘ . Calcium uptake re{Z::::\;ixtures had an osmolarity of

250 to 270mOsm as measured on a freezing point deptession

osmometer,

D. Statistical analysis.
4
Where *necessary the significances of the differences

between . the results obtained ' under control and

- . -

-

experimeqxal circumstances vere tested using $cheffe's
tést (Scheffe, i959) and by taking p=0.05 as the cut off
point for statistical significanée. Siqpif#gance or lng
of _significance of'"the results," measured in such a va&,

has peen noted in the text or in the tables of Chapters 3

and 4. o ‘;‘
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Chaptef 3

1 . .

RESULTS OF EXPERIMENTS ON RAT MYOMETRIUM.

\ N

[+)

A. Results of density gradient centrifugation.

)

After being sedimenteg at.113,000x§ for 30 minutes,
then resuspended and cenffifuged at 111,700ig -for 120
”miputes on the  sucrose' gradient,f;hé homogena%e became
divided into six fractlons. The numbering of these

fractions and their locations on the gradient are shown in

Table 1. The further differential centrifugation of these
‘fractions ) (excepting the pellet) 'resultedv in their.
subdivision into teare and tthre fractioﬁ.é.o veate
fractions sed%mehted ét 113,60%xg when centrifuged for 30
minutes, but not at 10,000xg for 10 minutes. _ **b'?

fractions sedimentedbﬁpt 10,000xg wvhen centrifuged for 10

minutes.

The proteln ylelds amongst the fgabtions obtained,
together with the non-particulateysoluble fréction,:are.
Shbvn in Table 2 expressed as a‘pércentage of the total
protein. As an average‘ of 6 efperlnents fraction 1a.

ylelded 0.37 mg protein per g wet velgﬁt of longltudlnal"‘
_muscle. Fractlons 1b, 2b, 3b and, uB vere small and since

preliminary experimegts showed no difference betwéenA1b

- ) »

.4



Location of the various

from rat’

.. TABLE 1 -
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-~

subcellular - fractions

myometriuq‘gon the sucrose-density

location on gradient

interface of loading mediu

m and 28% band

gradient.
Fraction
1 at
2 & in
1. :
3 at
4 . in
5 at
6 és
N

28% band

interface of 28% -and 33% band

33% band

interface of 33% and 45% band

a pelilet-

/

R



TABLE 2 : : R

Distribution of protein from cell-free
homogenate after, purification
procedure on rat myometrium.
12- o
Fraction ) % total protein

A S

o recovered

1a ' 2484646

2a 1.3640.29

1b+2b | 0.68£0.13

3a 0.7640.09

4a | 0.6440.12
3beub v oliss0.n

_sa ® . £y 0.53%0.11

5b 2.240.31
6 ‘ ' 4.8+1.20
Soluble fraction . 86.10+£2.01.

Number of preparations=4.
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<
[

and 2b or betuggn 3b and 4b, 1b and 2b were usually -

combined as were 3b and ub.

*

Jer
{=
I

B. Eharacterization of subcellular fractions

obtained. : : ‘
(
i

The subcellular fractions obtained were subjected | to

-
/

analysis of electron microScopic‘appearance, contént of

enzyme activities and preliminary calcium uptake
- : ' i
properties in Qrder to . provigde a basis for *

characterization of their subcellular origin. - -

1) Electron microscopicgappparagcn.

Fractions 1a, 2a, 3a and 4a all. had very similar
- appearances vwhen studiéﬁ 'bf‘electron microscopy. There
were a large number of vesicular structures, being more
uniform in size in the lighter frac;ions, and there was
also, -in all cases,  a small quantity of nog;vesicular !
material. Platés 1 and 2 show eleétrén microgfaphs of
fractions 1a and G6a. .plate 3 shOvs_fraction 5a; it . too
Was vesicular but as can be Seen élmost’all the vesicles
yere-bounded by eiectron-dense granules, The electroq;
dense granules were taken ¢to be ribosomes “and these
electron .micrographs strongli suggested that fraction Sa
wvas composed substantially of par%icles briginating from

e

the rough endoplasmic reticulunm. Fractions 1b, 2b, 3b and
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A

of fraction

Magnification is x 20,000.

Electron micrograph

" Plate

‘rat

from

1a

1.

. myometrium.
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Electron- mlcrograph of fraction 4a from rat
Hagnlflcatlon is x 20,000. -

~
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Magnification
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4b, like their respective ¢'a'' fractions again showed
similar dppearances to one. another. Plate 4 sﬁows an

electron micrograph of frac{ionj 2b. /There were some

-5

.-normal vesicular . .structures but. the -majority-of these"

fractions vas ‘“gompesed of flattened tadpole-like

. structures.  Fraction 5b, as shown in Plate 5, was

comnposed of,irregularly ehaped, irreqularly sized vesicles

as' well as an amount- of non-vesicular material. The

pellet ' contained ‘very 0ccasi0na1_unbtdken/nitochoh@ria,'

v

cellagen an& other non-vesiculhr nmdterial.

23'5'-Ndcleptidase~act%vity; o s

,Preliminary experiments cenducfed using ,beth 5¢-AnNP
and' beta-91YCer01phosphate as slbstrate showed that;there

was only a'very small amount of non-specific phosphatase

/’

present in all the fractions. Hence it was con51dered

-

that for'this system -a study of the'adistribution} of

ablllty to . break 'dovn "SU-AMP amongst the éhbcellular-

fractlons would be an accurate measure of the dlsttubutlon

',of S'—nucleotldase act1vity. ‘The results of measurements

of 5'-nuc1eot1dase act1v1t1e5‘in'the these fractions' are

i

shown in Table 3. The highest specific activities of 5'-

'nucledtidase‘ appear in fractions 1 and 2 and usually .the

. . . BN . - )
lighter % he fraction, the .higher the . actiwity.’ The

activity iq‘ fraction 3a is- less - than half of that in

fractlons 1 and 2 and from 3a-onvards there is a _gra@u_l

~

.



Plate 4.

myometrium.

Ef%ctron micrograph of fraction 2b from rat
Hagnificatioq is x 20,000. 4

v

-
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fe 5. Electron micrograph
metrium. Magnification is

of fraction
x 20,000.
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Sb " from rat.
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' TABLE 3 :

5*-Nucleotidase activities of

subcellular fractions from rat
myometrium. ’ :

. . Specific
Fraction : activity
.Homogenate : 7.81+0.77 (10)
1a - © (110.5:3.4 (32
2a A 91.5+4.2 (30)
1b+2b S 142.6:5.8 (13)
3a 49.2+3.8 (29)
ba 28.0£1.5 (30
3bs4b 35.0£3.1  (14).
5a . u' 6.621.1 (21)
S5 . 10.3:0.9 (26)

N

Activity expressed as nmicromoles i

" released/mg protein/hour. Numbers ip

brackets ‘represent number of
preparations. ' '
»

i
'

¥

93
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i

further decline in activity with incréasing density of

fraction. . /
3) Potassium ion-activéteﬂ, ouabain-sensitive
phosphatase. ‘ :

The amount of ouabain-sensitive, poﬁassiuméstimﬁlated
bPhosphatase that was found in each  of. the subcellular
fractions .is- shovn in Table 4. As with 5'-nucleotidase
this enzyme is concentrated in fractions i and 2 and less
than half of the activity of fractlons 1 and 2 appears in
 ;fract1on 3, whereafter there is a con51derab1e decrease in
act1v1ty-w1th 1ncrease‘ in fraction depsity. Fractions

1b+2b and 3b+4b were not assayed for this enzyme.
4) Phgsphodiesterase~I activity.

The distribution of activity of the phosphodiesterase-
: ,I‘ enzyme amongst the subcellular-fractlons is shown in
Table 5. Again after the_isolation proéedure the Specific
activity of this enzyﬁe ié'highest in ffactions 1‘ and 2,
being nearly tv1ce as h1gh in 1 as 1n 2. Act1v1ty falls

off wlth 1ncreas1ng den51ty of fractlon.

(
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TABLE 4

s

Potassium-stimulated,
sensitive phosphatase
subcellular fractions
myometrium.

Fradtion

Homogenate
1a
2a
| 3a
4a
5a
5b

0

\

ouabain

actiyities in

of rat
\
\\
Specific
activity
0.07£0.13 (4)

12.15£0.19 (3)

v

1.05£0.15 (3) -~ -

0.25:0.28 (5)
0.20£0.11 (5 — -
0.0310.13 (3)

/ .

Values - expressed as micromoles Pi
released/mg protein/hour.

brackets - represent
preparations. :

-

Numbers in -
namhbér  of

95



TABLE 5

PhoSphodiesteraSeﬁI> activities in -
subcellular fractiqns of rat
myometrium, ' '
_ g . Speyific
Fraction activity
_Homogéﬁaté:"‘ 1 . 1.2010;65 (7).
la '-16}7010.54 (13)
2a- " 8.50:0.64 (5)
be2p 19:00£1.7 . (4
3a S 4.75:0.65 (2)
. wa sl 3.93£0.59 (12)
o 3b+4b  ,_' / 4.53£0.92 (3)
5a.rt}i; : . 2.53$0.14 (12)
sb 1.38:0.16 . (4)

,ValdeS‘ expressed as micromoles. Pi
released/mg protein/hour. Numbers in

brackets represent number of
preparations.. '

96
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'5) Cytchrome-c oxidase activity.

Fraction = 5b proved to be extremely rich in the®

" mitochondrial marker enzyme cytochrome-c ox1dase. 5b was

\

so rich in this enzyme in contrast to . the other

subcellular fractions studied that the specific activities

'_of the dther fractions have been expressed as a percentage

of Athe Sb act1v1ty and are shown in Jable 6. An almost
/
reverse distrubtion to that of the plasma-membrane markers

is seen‘for this enzyme. Its highest activity is in
fraction 5b, there is just over one quarter of the 5b
activity 1n fractlon %a and a gradual’ reducticn in

activity from then onvards with decreasing den51ty.>f

Pl

'6) “‘Calcium uptake activity.

/

‘Calcium ‘uptake act1v1ty of the subcellular fractlons
was studled to determine which if any of them were capable

of,accumulatlng calcium in the presence of ATP, in excess
' /

of that which became bound when ATP was absent. Calciunm

at

uptake ‘was studled in the presence of oxalate so-'as to

‘give , an 1nd1cat10n of whether calciua transport 1nto the

vesicles was ocdurrlng, and in the presence of azide in

~order to determlne -the 1nvolvement pf mitochoqdriai

ATPases in the uptake mechanism; Table 7‘gi6es a sumnary

" of the results from thls complex serles of experlments.

° -
o
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TABLE 6

Cytochrome-c oxidase activities in

subcellylar fractions - of rat
myometrium. '
‘ /
' Specific
Fraction . activity
1a o O 1.0$0.2 (12)
2a ~3.7#0.5 (12)
1b+2b | 7.7£0.6 (8)
3a | © 7.541.3 (12)
4a ’ ~ . 13.5%1.4 (12)
3b+4b , 17.5%3.5 (6)
"5a - 29.9:3.6 (9)
5p 0 (1)

’

Activities éxpressed as a % of the
Cytochrome-c oxidase specific activity

.. in fraction S5b. Numbers in . brackets
. represent number of preparations.



TABLE 7

Calciunm

of rat myometrium.

/

auptake by various subcellular fractions

Additions to reaction mixture

.99

v
-

Fraction No addition ATP ATP+ ATP+
| potassium sodium -
' oxalate azide
Homogenate 0.9%0.5 6.1t1.1 11.246.0  1.8£0.1%
1a 5.211.0 22-012.7 290213.-6* 21.9t300
2a 6.1$0.9  20.1%1.9 29.083.1%  20.6:1,4
1b+2b 5.610.9 28.0+8.4 30.745. 1. 1“.0&£.5*
3a 4,2+0.6 17.5¢1.9 26.8x4.2% 14.4+2.1
ta © 5.0£0.6 . 17.1%1.8 35.8+4,8% 11.9:0.8%
3b+4b 3.7+0.2 v37.915;3 45.6+3.7 29.9+1.6%*
5a 4.9£1.0 16.9+1.2 - U48.338.9% 10.5£2.5%
Values expressed'as mean + - s.e. of micromoles
calcium accumulated per g protein during an
-~ incubation time of 10 minutes. For no addition
" number of preparations=6 in all cases. In cases
where additions were made . - number of
preparations=6 for 1b+2b and 3b+4b, 10 for 3a
and- 5a, 12 for 1a and 4a,, and 14 for 2a. *
Denotes ' values significantly different fronm

those obtained in the presence of ATP alone.

P
nd 3

e

~—
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A striking observation is that all fractions showed
an ‘ATP-depeﬁdent calcium uptake property; The |, ATé-
~dependent " calcium uptake was enhanced by oxalate in all
the *'*a'' fractions. Enhancenent-by oialate was greatest,
bein§ 3,times and 2 times increased respectively, in 5a
and 4a and was in general increased with incregsing
density of *'a't fraction. Azide had very little effect
on the lighter fractions but ihéreasing inhibition
| appéared %ith increasing density of fraction. ATP-
dependent Qcalcium uptake in frac£ion Sa was inhibited by
almost 50% and in fraction 5b by more than 95% in the
presence of azide. These results show .that; the
distnibution Sf azide-sensitive calcium dptake resembles

that of cytochrome-c oxidase activity.

C. Desigmation of the subcélluig; fractions gbtainggL
) ’ ’ .

From the .concentration of their activities in the
first two fractions it was Clear that 5'-nucleotidase,
potassium-stinulated, ouabain-sensitive phosphatase and

phosphodiestefase—l activities indicated .2 very
[

s@bstantiél enrichment of thege two fractions by material
derived from the fplasma membrane. ~ The _cytochromé-c
,oxidase lévels in fractions 1 and 2 vege very 1o§ which
indicated little contaminat}on uith material  of inner

mitochondrial origin, and the neglible effect of azide on

calcium uptake by these fractions indicated little

- .

ad
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contamination by fragments of mitochondria able to take ub
calcium, In the absence of a §ati$factory method for
estimating the .amount of ‘endoplasmic re£icu1um present} it
is not possible to say how much these fractions were

contaminated by material from this source.

If, in the absence of-a'reliable marker enzyme for’
endoplasmic. reticulum, one were to assume that 5%~
nucleotidase, potassium~-stimulated, ouabainfsensitive.

; " phosphatase and‘phosphodiesterase—i vere exclusive to the
plasma membrane, then the fractjeﬁ§ which ﬁgst fepresenteé
endoplaémic reticulum would be those with thé ldﬁest
activities of the above three enzymes, whils% also Dbeing

" low in 'mitochondrial/ enzymes.-; The fractions with the
%gygst content of plasma membrane marker enzymes vwere
fractions 4 and 5. From cytochrome-c oxidase studies
fracg}dn 5b was quiée clearly mainly of mitoéhdndrial
derivation. Electron micrographic study hadv ilréady

3

indicated thét/muchhof fraction 5a originated fros the

:rough‘ endog%asmic ‘reticulum, al%héugh{ it was shown by

cytqchrome-c~dxidase.activity and'by the effecf of azide
.on .calcium uptake - to be somevhat 'cqntaninated b§~

mitochondrial protéin;

- Fraction Ua thus became the best representative of
material derived from the smooth endoblasﬁic«reticulun;'it

vas - low in activity of both' plasma membrane and
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mitochondrial marker enzymes, was ve51cular and few of the
ve51cles were bounded by rlbosomes. Hovever, to what
extent this ‘fraction might have been composed of rough

endoplasmic reticulunm vhich had lost its ribosomes cannot

" be estimated. Clearly fractlon 3 was a mixture‘ oft 

material derived fronm the plasma membrane and’ the

endoplasmic reticulunm.
_ ~

Thus the fractions chosen to best represent plasma

membrane, smooth endoplasmic reticulunm and . rough

endoplasmic reticulum were fractions 1a, 4a and 5a

respectively and shall be referred to hereinafter as -PM,
SER; .and RER. Clearly no fraction representgg intact

mitochondria.

The combined fractions 1b+2b . and 35+u5' vere
in!eresting both morpﬁologioallyw' and"enzymatically;
especially fraction 1b+2b which had the 'highest specific

actﬁvity of - 5'—nucleot1dase and of phosphodlesterase I of

all the fractions isolated but was, hovever, more

.~

contaminated with materlal of mitochondrial origin than
was eithetr fractlon 1a or 2a. The lov ylelds of these

fractions and sheer economy of the study obv1ated further

1nvest1gat10n of their calc1um uptake properties,

Ny
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D. xa inat‘og'gg_the properties of the mitochondr al

7

fraction obt alned 91 dlﬁferentla; centrifugation.

)

i

It | was clear from the studies reported in section C -

. above that the -sucrose den51ty gradient procedure resulted
in the separation of mitochondrial marker enzyme activity
from the morphological appearance of intact mitdehondria.

‘Since this Study SOtht ito- exaplne the calc1um u take
eroperttes of smooth muecle qitqchendrla, it ,was \th ught

nepeSsary to prepare them in such a way that they vould

remain as nearly as possible intact. EQr' this .reason. a

mitochondrial fraction’ wae prepared by the dlfferentlald

‘centrlfugatlon technique descrlbed in Chapter 2.

. \

Enzyme activities of this fraction are stown in Table’

8. As can be seen plasma meLbrane marker enzymes had low

ac%/x;tles but not as low as those in fractlon Sb fren the

/ .
denélt{ gradlent preparatlon. Slnllarly, cytochrome-,

oxidase act1v1ty in this fraction'uas ;considerably lower

than in fraction 5b- of the density gradﬁent. However, -

electron micrographs of the mitochondrial fraction (see

- Plate 6) showed it t? be composed td/a~large‘extent qf

intact mitochomdria. It is possible that fraction 5b from

the  sucrose-density gradient was purified - inner
mitochondrial membrane S R _ ,‘;
Calciunm .‘uptake._experimentsr on- the mitochondrial

/

’
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- TABLE 8?

2 Activity expressed as ~a % -of * the
cytochrome-c oxidase specific activity °
of fraction 5b. Numbers in brackets
represent number of preparations.

~

&
- ’ r 4’ N
Enzyme activities of the mitochondrial
fraction from rat Pyometrium. g ’
S'-nucleotidase 18.0 +1.51  (19) -
Potassium-stimulated, - : R L
Quabain-sensitive _ R
phosphatase ° ' o 0,3310;11 v (8)
vPhosphodﬁesterase-I » 1.5110,131' (3)
. Cytochromé-c o S )
oxidase S . 31.4 £3.72 (5) .
!Activities expressed as mjcromoles Pi
released/mg protein/hour. ' -
@ oty -

104
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" Plate 6. Electron micrograph  of the mitochondrial
fraction from rat myometrium. Magnification is x 20,000.

- - . « s
o .
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flfractién confirm its mainly mitochondrial‘origiﬁ.‘_Results
are shown in Table 9. The uptake in the presence 'of ATP
by this fraction was much higher than that by any %f,fhe

other fractions and,. despite the fact that it showed “a

ey /

'small oxalate effect, the N%P—deﬁendent calcium upfake was

»

élmost completely inhibited (more than 95%) by azide.  For
stmdies on calcium. mptake, -this, fraction, isolated by
conventionally accepted methods for the preparation of
mitochondrig, could be considered to.be of mitochondrial

origin. This fraction will be reéferred to as MITO.
e

E.. calcium uptake by the major fractions.

i

' /
¢

Once the subcellular fractions had béem obtained and
had been - designated és being dgrived [fmcm certain
subceliular loci as describedvin-xhe preceedingf sections,

" the ~ '"*pajor - fractions'!?  (i.e.,' those 'most closely
.;regembling plasma membrane, smooth endoplasmic réticulum,
rough endoplasmic reticmlmm and mitcchondmia) vere étmdied/

' for 'tHeif -ability - to accumulate -calCium under certain

condltlons uhlch might serve to eluc1date theln respectlve N

roles in relaxatlon of the smooth nuscle.
ha
1) Time course of calcium uptake.,
L }

In the - preliminafy _ calcium uptake experlments
described " in sectlon B, part 6 above and sectlon D above,

L



107

%

TABLE 9

Calcium uptake by the mitochondrial
fraction from rat myometrium. :

- /
Additions to reaction mixture

No addition . 2.7£.0.3
AT 116. 4224
ATP + -
potassium oxalate 44,9+ 30%
ATP + — R

‘sodium azide | ¢ 7.4+ 1.3%

Values expressed as meaffl % s.e.{

micromoles calcjum accumylated pe g
protein during..an incubation ti of
10 minutes. Number »f preparatigfis=8.

* . Denotes values significantly
different from that obtained in the
presence of ATP alone.

<
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all the maier fractions had been shown able to. accumulate
calcium from a 17uM solution when 5mM ATP was present in
the 1ncubat1ng medium. >The first task in more clearly
\deflnlng ‘the calcium uptake properties of these fractions
was to determine the time course of calcium uptake for the
major fractions. The resulfé of these determihations are

!
shown in Figure 2.

The ‘upper curve in Figure 2 ° shows that there is
considerable similarity amongst what'will‘referred to as
the vesicular fractions (PM, SER, and RER). They all show

a‘vvery rapid phase of ca101um uptake up to 30 seconds

which is 51m11ar in magnltude for all fractions. The rate

of net ca101um uptake is greatly reduced after the first

30 seconds; however,  net calcium accus lation continues in

all fractions until a steady-state value;is reached at

. ‘ ’ e )

around 15 minutes. The steady-state values of calcium
. : _ N .

accumulation attained by the vesicular fractions fall

within the range of 19 (SER) "to 31 (RER) micromoles

o )

calcium per g protein.

1 : 1
3

In contrast to the vesicular fractions, the lower

curve in Figure 2 shows that the steady-state net calc1um .

uptake by mitochondria under these condltlons is 4 to. 5

tlmes as great as that for the vesgicular- fractlons.
/
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Figure 2. Time cdourse of calcium  accumulation by the '
major fractions of rat myometrium, - The incubation medium
contained SmM ATP and a free calcium concentration of"
‘17uu.g'ppper qurve,‘filysd triangles represent RER, filled .
- circles PM, open circles SER; standard errors not shown ‘to
avoid clutter. Lower curve MITO. The length of the
vertical  bars projecting above and below the points
représent the stand%md error of the mean. All results are
from 6 preparations. ~ ' S ) '

“
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2) Effect of free calc1um concentratlon on
calc1um uptake, | ‘

“since,thelpart played by a subcelluiar struéture in
the process of relaxatlon ‘1s llnlted by 1ts abllltx to
accumulate ca1c1um from solutlons ~of low free calcium
Tconcentratlon (see Chapter R tbe ablllty of the major
.fractlons in this regard was studled An 1ncubatlon time
of 10 mlnutes was chosen ‘as glv1ng a good balance between
,steady-state of uptake, ‘not too much ATP breakdown and a
ﬁmeasureable amount of .calc1um, taken up at low caiciun
concentratlons. -b?He free calcium concentratlons - were

buffered to the requlred level u51ng EGTA -as descrlbed in

‘Chapter 2 making adjustments for the presence and absence

of ate. o \,.. Lo

Figures 3 ang show the -results of these'
experiments, :.Again | the ves1cular fractlons 'show
remarkable 51m11ar1t1es as 1llustrated by Figyre 3a, "B, C.n*
All- showed an 1ncrease in uptake upon the. addition of ATP
at O 03uﬂ free calc1um and thls dlfference between ATP-
dependent and ATP—lndependent ca1c1um uptake an 1ncreased
with 1ncrease ‘in freé’calc1um concentratlon. The uptake
. mechanism dig not appear to be saturated even at 33uN free'

calc1um. /

By sontrast, - Figure 3D shows that the nitochondria;
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Figure 3. Effect of calcium .concentration on calcium
uptake by the major gggggaons from rat myometrium,
Incubations ' were for 10 minutes. A is PM, B SER, C RER
and D MITO, Open circles "in the presence and filled
c1rcles in the absence of ATP. The length of the vertical
‘bars ~projecting above and below the points represent the
standard error of the mean. Results are from 7° to 18-
preparations. ' : - ' ‘ ; -
S
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Figure 4, Effect of calcium concentration on calcium

uptake by MITO fraction from rat myometriunm, Incubations
were for 10 minutes. Smaller scale to show full extent of

ATP-dependent scalcium uptake by this fraction. The length

lpf the verticalibarsjppojecting~abovg<and below the points

represent the standard error of the mean. Results aTe
from 12 to 18 preparations. ' L : '
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were poortat accumulating calcium from 0.03 and 0.3uM free
calcium solutions, in these cases ATPfdgpendent and ATP-
‘independent calcium uptake could usually not be resolved.

\ .
Hovwever, a massive and drastic jump in calciunm-

accumulating ability of mitochondria takes place over the

o _ /
range of 0.3 to 1uM free calcium. - At 1TuM, mjitochondria

are far superior to the vesicular fractionsfin the amount

v

. . / . . ‘L
of calcium they can accumulate. This drastic increase in
ability to accumulate calcium is continued past 1uM and is:

such that it cannot be represenfed on the same scale as

t

that -of the ' vesicular fractions. The full calciun-
dependence cur§e~for ATP-dependent ‘uptake by' mitdchondria

is shown . in Fibure 4; 1like the vesicular fractions,

saturation does no# appear to be reached even at 33uM free

calcium.
*

3) Effect ®5f products of ATP breakdown' onm calcium

uptake

. _ o _ . o " |
Irrespective of the mechanism(s) of ATP-dependent
/caicium,uptake in the subcellular fréctions being studied

preliminary experiments showed_thét the fractions vere all

@

capable of breaking down ATP to ADP, AMP and inorganic

phosphate under the conditions to be used :for calciunm

[ ~

uptake.studies.. Thus it was of interest and inpqrtance to
find out what influence ADP and AMP might have on ‘the

"vcalcium-aCcdqglating ability of the majér fractions.
Lo & B : f .
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Table 10 sHows the effeqt,of the presédce of both ADP and
AMP at two condén£rétions on the amount of calcium
aCcumﬁlated by the major fractions in ten minutes from a
17uM free calcium solution. AMP had little or no efféét
upon calcium uptake in any case. The 1amM concentratidn of
ADP produced a slight, though not significant, decrease in

calcium uptake in PM and . .« fractions oniy, whilst the

5mM concentration inhibited up*a, = to a'varying extent in

‘
LIS

all fractions. The results irdica~e a further reason to

keep ATP break8own to a piﬁimum vhen a*tempting to measure

either maximal rates or maximal amounts «f calcium uptake.
L _

4) Effect of the ionic enviromment on calcium uptake

A )

from a solution of 0.3uM free calcium concejtration.
) , o
since in the intact muscle, the plasma membrane is
bounded on both sides by media of different ionic
cOmpositions/ it was of interest to investigate the:
possible effect .of ‘these different environments upon’

‘calcium uptake from low calcium solutions; that is, under

the kind of conditions which might be operative for

réiaxation. Similarly it was also thought necessary to
. . / - )

find out if the plasma membrane would behave differently

from the endoplasmiclreticulhm in this regard, énd to what

extent the physiologically important univalent cations,

. sodium and potassium, influenced the uptake prdCéss.'



115

v o TABLE 10
. ; | | /
J
Effect of products of ATP-hydrolysis on calciunm
uptake by = subcellular - fractions of rat

~

myometrium. -
ADP - . -~ amp
TuM Smﬁ . TmM . 1 1.
PM 8945 8Ot U* 92+¢7 10319
SER . 901l 59t 4 97:2 . . 9442
RER 10243 " 6348% 10642 . 10315
MITO 11545 79116 107420 10047

Values expressed as mean # S.e. of % of calcium
.uptake - in' the presence of added product.
Incubation - time 10  minutes. Number = of
preparations=4. * Denotes values significantly
different from 100%. * - '
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PM, SER and RER fractions vere incubated for 10

minutes in media in which all sodiug and potassium ions of

the normal reaction mixture had been iso-osmotically

calcium conceqtratlon ’of - 0.3uM buffered with EGTA.
J ) ' R "

Uptakes at 10 mlnutes vere compared with those from

solntions containlng "150mM potassiun chloride and 10nM
sqdinm chloride, to represent.the intracellular SOiution,
5mM potassiunm chloride and 11bmﬂ sodium 'éhloride' tp
represent tne extraeellnlar‘solution; and'witﬁ“the normei

1.

As can be seen there is a generallzed depre551on of
calcium uptake act1v1ty with increase in ionic strength
and in-all cases the medium v1th the hlgh sodlun content
caused a greater depre551on of ca1c1ul uptake than d1d the

hlgn potassium- containing mediunm.

There were - no differences in the diredtibn=ef the
effect of the different ionic environments op caléiua

uptake amongst the fractlons studled° that 1s uptake vas

/.

\not 1ncreased by high sodium in the PH fractlons vhilst

‘being depressed in the SER and RER,

. / )
o
N

- replaced with sucrose end whlch contained ATP and a;-free

R

- reaction mixture. The results.are illustrated in Table

~
<

'Heuever, the decreases in uptake shown by PN and SER f

in the solutlon most closelyx_resembllng the internal

@

IN
L
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TABLE 11

Effect of the ionic environment on calcium
uptake by subcellular fractions of rat
myometrium. s

‘" 150mM KcC1 SmM KC1 ©  100mM KCl

10mN NacCl 110mM Nabl - 10N NaCl' -
PM  60£10% - 49t 4x . g5y g
SER ' 55112% 53¢ T 1024 4

RER  87£17 55¢12% 94423

Values expressed as mean t s.e. of % of calcium
uptake in control -solution, which contained o
200mM sucrose. o L : .
Incubation . time .- 10 . ainutes. Number of
preparations=4. * Denotes values .significantly
differeng from 100%. . .

/o A

S
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cellular env1ronment indicate tnat certain corrections

would have. to be made to estimates of caldmum uptake from
<

" low calcium solutions *obtained,from the normal reaction

mixture used throughout this work when trying to apply ..
! -

them to estimate the role of plasma membrane and smooth
endoplasmic rethulum in muscle relaxation. )
o /s )

'5) Initidl rate  of calciuw uptake.
\ . . X ‘ : s o » ‘ ‘ . ‘(-‘\j". RER

To be certain of its role %n relaxation even im the = .,
more slowly contracting and relaxing smooth muscles, onesr .
must know to  what extent a subcellular structure can

accunulate’ calcium‘ over a . very. brief period_ of time
2 . 7 . . . : e e -

‘7(perhaps,1 or 2 seconds). However, by the technique used
‘in this study, measurements of ca1c1um uptake over a part

. 0f a second vere not p0551ble. In order to get a clearer‘

/

estimate of what the 1n1t1al rate of calcium uptake might

.be, the reaction was slowed’ dovn by operating “at - 200C. .

/ .
Even if. the rate of uptake by the fractions was)ﬁot linearjp

betweenpho ‘and - 20 seconds at 20°C, samples gﬁken at 20

a

seconds wouldbf 7t least prov1de 1‘an" approx1mate£

underestimate of the true initial rate of ca1c1um uptake.

The free calc;um-concentratioh used'for this—egperiment

)

was 1“5 The results obtained are shozn in Table 2. PN,

J o

SER and RER- took up almost 1dent1cal amounts of /calcium

£

. ) ’ .
.under these conditions whilst HITO took .ap only about half

as much as the other fractions.
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/
' TABLE 12 o :
\ . \ . :' ./
" calcium uptake by ' subcellular
' fractions of rat myoméetrium at 200c.
le , . - B .
! P4 1.340.2
SER o 1.210.2
) . RER . + 1.5%0.2
" MITO o 0.7+0.2
{ . : :
' Val(ies- expressed aso' mean. + S.e,
(Number of - preparations=27) of
‘micromoles- calcium taken-. up  per .g .
. . . . .
-protein in 20 seconds. @? Y :
R .- SR
— ‘) ) '
/
/r ]
' " \
4 |
- . ’ “’)
R
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6) Effect ef various substrates on"caleium uptake.

Since cdleium can be accumulated by skeletal muscle
»Sarcoplasmic reticulum under the influence“bf*trnumber of
substrates' (see Chapter 1) one can ask whether ATP is the
only compound that - will act as substrate for dalc1um
ﬁaccumulatlon by the myometr1a1 fractions, or are the other
nucleotides as . effectlve? Must a substrate he a
nucleotide 3; any substance ~with - an energy-rich
phosphate ester bond be used as substrate? ITP and GTP
were chosen as nucleotides and acetylphosphate (th) and
para-nitrophenyl phosphate (PNPP) as other phosphdte..

esters. Uptakes in the presence of these agents were

, compared( to uptakes in the presence bf ATB/u51ng a 10

_mfhute 1ncubat10n .and a 17uM free ca1c1um 'concentration.

The “results are shown-in Table 13. In no cnse, except of

~

course ‘for that in the presence of ATP, was ~uptake,

significantly greater than that in the absence of added

wtoy v

substrate (measured in a separate series of{ experlmentsL
1nd1cat1ng that under the conditions used .PM, SER, RER an;7

HITO all required ATP in order to take up extra calc1um.'

/
Exactly the same type of results was - obtalned when oxalate

wa-s present in the reactlon mlxture, as is shown in, Table

/ -

14,

¢
.

.Since mitochondria from various sources take up

‘calcium by the use ' of succinate as a . respiratory

. . e -

R

v -
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TABLE 13

Calcium uptake by subcellular fractins of rat
myometrium in the presence of various substrates

at a concentration of 5pM. .

[

GTP - ITP AcP PNPP . None °

PM. 2P+ S 2616 27+8 o5 19 355

b‘ e e et b

SER 28 £ 7 32 27 26 #1121 £ 4 3643
RER 16 £10 30 £5 25 411 111+ 3 3043

MITO - 2 #0340 23+ 0 140 -349

"

Values expreséed as mean t s.e. of'% of calciug
uptake in the Presence- of S5mM ATP. Number of
preparations=3, :

Al
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TABLE 14

Calcium uptake by subcellular fractions of rat
myometrium in the presence of various substrates

at a

concentration  of 5

mM and

oxalate at a concentration of S5umM.

- GTP
PN 14+ 8

SER 20+ 7

q

RER- 16+10
’

lITP | AcP

265 - 36413
1987 26211
20+5 25411

PNPP

2144

1143

1347

of potassiunm
| None
1745
1918

14¢6

T e
Values expressed as mean t+ s.e. of % of ' calciunm

uptake in the

presence

of 5mM

oxalate. Number of preparations=3.

"ATP and 5mM

122
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substrate, the effect of succinate on’ ca1c1um accumulatlon
by the MITO fractlon from rat myometrlum was studied in
thls‘regard. It was partlcularly necessary to _see"ifp
succinate could increase the uptake by uitochendriavat Tow
(i.e.,; 0.3uM) free calcium concentration, and thus make
mltochondrla hore 1mportant for the ca1c1um sequestratipn.
of relaxatlon. The results are shown in Table 15.
Clearly .under these conditions suc01nate d1d not act as a
substrate for 0calc1um uptake by the MITO fraction per. se
mattany free calcium concentratlon. However, succinate'
together with7 ATP -produced a "higher uptake than d1d ATP
alone at free ca1c1um concentrations of 1 and 17uM, but at
the calc1um concentratlon of 0.3uH, even ‘the combined
substrates were no better than ATP alpne. In experiments
further to the onmnes indieated.iu rable 15, no indrease» in
calcium uptake by the MITO fraction was seen when 1mM of
organic ‘phosphate was added to a reaction lmixture'
coutaining suceinate~as the:solersuustrate; these results’
are shown in Table ff.» ' o , f © .

a

7y Effect of various drugs -on calcium uptake..

- The effect of certain. drugs on- ca1c1um uptake b‘y~ the .
major fractlons is .shown 1n Table 17. The free ca1c1um
"concentratlon used in the experiments was  17uM and,_as can’
be seen,‘all the; fractlons were inhibited to some -degree»

by ‘these drugs. In every case MITO showed the greatest

7/



TABLE 15

Effect  of ' succinate on ca1c1um- uptake by
mltochondrla from rat myometrlum. ' ‘

Values expressed as mean t S.e. ‘of  micromoles
calcium accumulated per - g protein during an
incubdtion " time of .10 minudffe. Number of

preparations=3, ' In separate experiments, uptake‘.

.in the absence of. - su%strate wal: found to be

3.8+1.2 at 17, -0.8+0.2 .at -1, and 0.9+072 at

0.3uM free calc1ém, units as. above and number of

o\

preparatlons in thls case was 8,

124

ATP 5pM ° Succinate ~ ATP SmM+
. S SeM . Succ1nate
¢ i : SmM
17uM calcium 143.8+71.7.°  2.240.5 209.0+14.2
- luM Galcium 4.8t 1.8 0.7:0.4' s55.4p14.2



125

AR

TABLE 16

Effect of 1mM ‘organic phosphate ~on ‘calcium
. uptake by mitochondria from rat nyometriuym in

b

- the presence of 5mM succipate.

-/

- No. Pi added TmM Pi added
.‘.1$uu calcium 5.1¢1.1 . | '5.51153

lu# calcium  1.6£0.5 1.0$0.3

0.3uM calcium © " 0.9+0.8 ., .'!0;610.2

Values expressed as mean + s.e. of nicromoles
calcium accumulated - per g proteinf,du;ing an

incubation time of 10 minuteés. Number of /-
preparations=3. . ) - C - '
A 1
v
] - ', .
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"

l.Effect of some~fdrugs on .calcium uptake by

Dsubcellular fractions of rat myometrium

)

Chlorpromazine D600 Propranolol

'4Verapamil"'

O.TmM B TmM c TmM 0.1mM 1mM
PN 4717 58t7 565  100£151 44s10
SER 3126 3287 - 3248 92¢91 / 32411

HITO . 2#0 . 1#s 2084

a e

69+19t . 542

. Values expressed as mean t+ s.e. of % of calcium
‘uptake in. the absence of added drug. 1Incubation
time 10 minutes. Number of Preparations=4, 111
values are significantly . different fronm 100%

except 1._
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o |
sensitivity to the drugs and SER was more sensitive than
'PM (RER was dot in#estigated).' The results of similar
experiments using iconcentrations of '10 : and 0.1uM
chlorpromazine and- ;erabamil ‘and 1ncubat10n tlmes of 5

minutes (p:e-steady-state)vare shown in Table 18.

8)»Effect‘of divalent catiens on ‘Scalciaméﬁptake¢

The effects of. addlng Calciun, barium and ‘sfrontium
(as their chlorldes) at:?a concentration. of 1mM  on
4 v ” . /

*Scalcium uptake are shown in Table. 19, Before the

addition . of. the divalenf ion  the  free calcium

concentration was 2.5uM buffered only with ATP, ‘to avoid

complex 1nteract¥9ns between the divalent ion and EGTA°

~interactions between divalent ions and ATP could not be

‘avolded In all systems added calcium was, predictably,
'extremely effectlve 1n reduc1ng Hhe  uptake of »iabelled
calciunm from the. medlum.._ Strontiu too, awas ‘quite
effective in this'regard,wthough in PH/ SER and RER-it was

not as effective as ‘calcium itself. a However, .inl HITO

.strontlum vas at-least as effective as calcium in- reduc1ng

the uptake 0of 1labelled calcium, «Barlum was thouleast"

. . CRR
effective of the three ions tested. iy

/

)*t
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TABLE 18

L)

Effect 'of some ‘drugs, at low concentration on
Calcium uptake by subcellular fractions of ‘rat

myometrium. ,
Chlorpromazine = " Verapamil '
10uM 0.1uM -rJ/' 10un 0. 1aM

PN 97412 . 99413 Mt 7 ‘152;,51
SER 102811 874 4 ~ 1bosn 16@;19
RER 81+ 2% 110810 © 98% 3 854 7
"MITO '.661 2% 113£20 8410 - 111t 5

/ o

N . B
Values expressed. as mean t s.e. of ¥ of calciunm
uptake in the absence of added drug. Incubation
time 10 minutes. Number- of Preparations=3, x*
Denotes values significantly different from
100%- ‘ . e T

Q



"TABLE 19 -

Effect of. addition of divalent cation 'on
*Scalcium uptake by subcellular fractions of rat
myometrium.

Calcium Strontium - Barium
chloride 1mM chloride 1mM chloride 1mH
pH LE 3 : 10+3 - 5314
 SER 541 S 1ex2 . S d2s101
RER 5¢2 - | 132 - 7016
NITO sst 3#1 517

Values expressed as mean + s.e. of % of
*Scalcium iuptake when no extra divalent cation
added, i.e. with free calcium- concentration of
2.5uf. Incubation time 10 minutes: Number of
preparations=3, A1l values except. 1
significantly different from 100%. . ‘

- : . /

129
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9) Effect of lanthanum on *Scalcium uptake.

Because of complex solubility reactlons .taklng ulace
between lanthanum, 11berated inorganic phosphate and ATP,
it was not Possible to study the effects of lanthanum 'ion d
on calc1um uptake by the method vhlch vas descrlbed,an
section 8. However, the effect of lanthanum on . Calc1um
uptake was thought 1mportant enough to merit attention and
it was tackled in a different way.' The technique for pre-
treating the fractlons with lanthanum has been descrlbed
in Chapter 2. In this series of experlments SER and . RER
were combined into one fraction which has been called ER.

'

J/Concentrations of 0.1, 1 and 10mM lanthanum chloride

were used to pre-treat the 'fractions{ Unfortunately in

:all cases approxlmately 50% of the proteln vas lost as a

'result of the 1anthanum pre- treatment. Ihél proteln loss
das - found not to be an artefact produced by the presence
of lanthanum in the proteln assay. The reasons for  this
~lanthanum chlorlde-lnduced loss- of protein dare not known.

The ‘vesicles tended to aggregate after lanthanum treatment'i

iand uptake in the control fractions of the ER was reducedt

,because of the protein loss, perhaps/for other reasons,

as a result of the rehomogenlzatlon_~f§ocedure. Perhaps

-

the results obtained in these experlments were' extremely

' varlable and really defy analy51s. Uptake'of *Scalcium.

from a 2. SuM solution was measured at 10 minutes and
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lantfanum treated 'fractions vere compared with control.

The results’ are shown.‘inl Table 20.  There vas a
significant decrease in calcium- uptake by the ER fraction
at 1mM but not at 10mM lanthanun, wgereas there was a
significant decreasge in calciun uptake by rhe PM fraction

at 10mM but not at mM.

/
/

. —— . — (PR
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"P. calcium- ATPase in the major fractlons.

v

A4

o
s :

Tocdeterminedwhether a calcium-ATPase rhat mignr be
responsible for the AéP ~dependent calc1um uptake measured
was - present in' these fractlons,u the fractlons wvere
'incukated with ATPp both 1n the presence and in the absence
of added -calcium. EGTA was present “in both 1nstances to ;
‘remove any contamlnatlng calc1um in the flrst case and - tof' -

'produce a free calc1um concentratlon of 1uM in the second

. The amount of 1norgan1c phosph;te released in. each case is
shown in "Table 21. - A;l fractlons apparently released more . -
inorganic phosphate,:i.e., spllt more ATP when ca101um was
'present,- than they did in 1ts absence. The order for the
'amount ‘of 'vtextra- spllttlngJ' was Pu greatest - then RER,
then SER with MITO being"’ 1east. slgnlflcantly more- extraf

splitting, however, occurred only 'in the PN and;RER

fragtions.



TABLE 20

;4~l~éhw;nMM*~Effect .0f pre-incubation with -lanthanum- on

myometrlum.
Lanthanum L Lan{hanum . Lanthanum
chloride 0.1mM . ¢hloride 1aM ‘chloride 10mM
(o RAPRRaE Vet - 4 s
PMH . 144188 (3) . 202465 (5) . 3915 (3)=*
ER - - 111£15 (3) ‘49t 3 (3% . ,77119 (3)

Values' expressed as a % of the calc1um uptake in -
. the control . fractions ‘whic were not_'vp;e«/
‘ incubated 'with lanthanum.. Incubation time 10,

minutes. . * ‘Denotes ‘values - 51gn1f1cantly

- | .@ifferent from 100%. ° 'Numbers in brackets

represent number- of preparﬁtipns._'n ' ) R

0

‘Sca101um uptake by subcellular fractlons of rat

132
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SR : PABLE 21

Effect of calcium on - ATP hydrolsis

vdlues expressed as-micromoles Pi reéleased
protein/10 minutes.. . * " Denotes that
difference is'signif@cant. ' .

5 _.;.

!/
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by
subcellular fractions of rat myometrium. -
e ~SER ' RER MITO  /
o 58 g
% °
calcium 164 4643 3423 2345
No added 1 L ' .
calcium =~ - . 10425 . 4143 © 2617 21+4
‘Difference 12« 8% e

/ng - e
the

{
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: ' . ., Chapter 4 ~

RESULTS OF EXPERIMENTS ON RAT

\ -
N

A. Bgsult§ of density gradient centrifuqation.

©

N

(2
A~
«

As a result of den51ty ‘gradient centrlfugatlon the’

skeletal muscle homogenate was divided into 6 fractions.

* The numberlng of these fractlons and their lodgtlons ‘on

‘the gradient were the same as for myometrlum, shown in

&

Table 1. Each fraction. was subdivided rnto tegre and

. YA _
fthee by d1fferent1al centrifugation. '*h¥' fractions

A sedlmented at 10,000xg when centrifuged for 10 minutes;

"'a" fractlons sedlmented when thersupernatamt of the

spin yleldlng thejzf'b" ‘fractions was. ctentrifuged at

J13,0COxg féfn 30 minutes. - The percent proteln yields of

the fractlons obtalned from rat skeletal muscle are shown

in Table 22. ) \ 4 o

Iﬁ the experlments on rat skeletal muscle, 1nterest

' N
was focuss malnly on 1nvest1gat1ng the ca1c1um uptake

~propert1e of the fractlons which most resembled plasma

"membrane, and in comparmng these wlth the propertles of

the fractlons ‘most resembllng what -has been cqmmomly

accepted as sarcoplasmlc retlculmm.alhlt vas useful to

L 4
1.



TABLE 22

-

Distribution of protein from cell-free

homogenate after  purification
procedure on rat skeletal muscle.
’ S~ L aoun
: ~ 4
Fraction % tota
) present in cell-
’ ., free homogenate.
1a : ‘- 0489£0.05
" 1b+2b - . 0.09:0.03
3a . 0.81%0.16
3b+4b . __0.16£0.03
5a v 0.54+0.63
5b 2.79£0.98"

Soluble Praction

Numbers in brackets
of preparations..

.

77.34+3.14

L~

protein

'
T
.

(5)
(2)
(5)
(4y
(2)
(%)
(5)

represent’ .number

P
.

\
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compare these two fractions witﬁ a mitochondrial fracfion“
obtained by differential centrifugation. ﬁo ‘attempt was
mede to find the calcium uptake properties of every
'fractieH that‘was isolated and consequenily some of the ;

bands have been neglected.

~

In- preliminary exberiments fraction 1a appeared to
resemble”plasma membrane most CIOSely vhllst fractlon . 3a

seemed to be derived from the sarcoplasmlc retlculum, as
there was llttle difference between it and fraction ba.
u .l\

Fraction 5b was very rich in the mitochond:ial marker

cyqochrome-t oxidase and appeared.fo be of mitochohdria1<

Y .
¥ . i

origin.

| . gl — . . . ’
After the prelimfhary' experiments, -a more detailed
study as to the origin of the ‘various fractiqns was

“

. cafried~out and it is deiailed in the following section.

' ' » ) ’ ‘
o . K . . 3 1

-
L4

B. Characterization of ' the . s‘%cellular fractlons

s S . s s s it —— o ————— — — —

obtained. .
The mo&phologlcal appearances qf the fractlons were
examlned by electron mlcroscopy. 5'—Nucleot£dﬂﬁe and the .

sod1um+ pota351um actlvated, ouabaln-senSLtlve ATPase were

used as enzyme mankers’ for. the plasma nembrane whllst

)

cytochrome-c oxidase’ vas used as a marker for mltochondrla

and was supplenented by observatlons of azide-sensitive

2
-

/

i
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calcium uptake.

‘1) Electron microscopic appearance.

Plates 7 and 8 Swa electron micrographs bf skeletal

mascle fractions 1a ‘and 3a respectively. Both fractlons

are almost entirely ve51cular in nature and there is VEry

little difference in gross appearance;petween them. &

L

2) 5'4Nucleotidase activity.

2]

In. preliminary experiments using both S'-AHP and beta~
glycerol phosphate as substrates, a con51derable amount of

non- specific. ,phosphatase was detected to a varying degree
r

in the fractionms. Hence-it uas necessary to; express. 5t-

nucleotidase aCtivities‘ ‘as ‘the différence betleen

©

phosphate release when 5'-AMP was used 'as _Substrate and
e & . . : .

. ' 4 ) 4
that when beta*éiycerol phosphate'vas used'aS'substrate.

The rates of hydrolysis of beta glycerol thsphate and o'f

»

glucose-s phosphate were the same in all fractions (Janis

/ - e
197“).f The results arc shown in Table 23. -There is an

almOSt fourfold increase vin, specific act1v1ty of this
enzyme 1n the 1a fractions as compared to gfaction 3a;
’ some 5'-nucleotidase' was ‘detectable in the soluble

fraction. S X

4

o
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_ "P’la_t__g _7__.__/' Eleﬁtron mlcrograph of PM fractlon from rat
- skeletal muscle, Hagnlflcatlon is x 62, 000 :
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Plate 8. Electron 'qicroéré:p‘h of SR.' ’lf_,‘ra'c_:tio‘n from rat
. ske]_.etal muscle. Magnificati'on'i_s X 62,000. -

[ .
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TABLE 23

Activities of \:5'¥nucleotida5e 1 in ,
~subcelluldr fractions of rat skeletal -

‘muscle. . :
Fraction o | . _. Kctivify.“" '
ﬁoﬁoéénaté : | | 1;01i0;2§“(u)" i

a . © 4.10£1.03 (4)
3 _1.01£0.49 (3)
 $olque4£#a¢£ion " _o.sefo.za (3)'

Values. expressed’ as nmicromoles Pi

. released/mg prdtein/hour. Numbers in

" brackets . represg@nt number of
- Tpreparations.. /- o '
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3) Sodiunm, potassium-gctivated,f ‘ouabain-sensitive
ATPase. L ' . P
>xll  fréétiQns exibitéd'éh"increased sélifting of ATP
when sodium and potaésium ions were édded to an incubation
~ medium whiChvlalréASy ‘contained magnésium. Therei vas
4'1iftlé differ?nceu/gmqngst:the fractibns in this increase
in ATP splitting in@icating that a ‘sodiumt fpotassiumf
actiiated, ouabaiyrsénsitive AT?ase was/present in.a}liihe
fractions. ' Houever,nthere.were”differepces'ih the. extent
to vﬁich the ~Sodium-? and potaSsihm-gnhancéd activities
vere‘susceptible to 1'mH ouabain,'a’dose'of drugf;hich‘did
. not significantly affect the splitting of ATP prigrlt§7fhe -
addifion-'of_sodium and pétassiuﬁ. Thus fraction-1a Had &A

ouabain-sensitive, sodium+ ‘potassium-aptivated’  ATPase

[

which released 71.94£12(n=5) " micromoled of inorganic
) phoséhaté per,ig protein pefshqdr,_whflst that'bfiffaction‘r‘
3a‘1iberatéd 22.7;11(n=5) micromoles per ng‘pér houf, an

increase, in specific activity of more than 3 times @rémﬁJn
fraction 3a to fraction la. Because of high background

ATPése_ activity ouaﬁain éensitivity could not be detected
in the homogenate, h ‘ ‘ ' ‘
4) Cytochrome4c'oxidése,activity.

As was mentioned earlier fraqtionw:Sb- proved to be

extremely rich. in  cytochrome-c oxidase ,activity. The

5.



7, o 142
~/

activities: of the other ‘fractions were meaSured and
. . . /

‘expressed as a percentage of the specific activity,ofP

¥
fraction 5b§ they are shown in Table 24, There is

- relatively 1low contamlnatlon. by cytochrome-c ox1dase 1n'

" both fractlons which were of particular 1nterest ‘namely

1a and 3a; Fractlon 4a had more than twice the spec1f1c ;

act1v1ty of cytochrome-c ox1dase of fractlon 3a.

i
i

5) Preliminary calcium uptake studies.. - e

N

Calcium uptake was studled both in the presence and 1n“

A N
the absence of ATP; with oxalate and' wlth a21de, the

+

results from‘ fractions 1a and 3a together with those for

the mltochondrlal fraction prepared ? by dlfferentlal

i

centrlfugathn and from the cell free homogenate are shown

in Tahle 25 LN : l;
< ' ' . /

Both fractlon 1a and fractlon 3a took up more ca101um

in the presence of ATP than in 1ts absence, the xnorease ‘

in uptake produced by ATP was twlce as much in 3a as it

was in' 1a. In the presence of oxalate both fractlons 1a

and 3a greatly 1ncreased the amount of calcigm they took

‘up, 1a taklng up as much as: 3a.

i
é
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TABLE 24

Activities. of cytochrome-c oxidase in
subcellular fractions of rat skeletal

muscle.

Praction .

1

Homogena
. la
3a
‘4a

5b

'Specific
..activity

te 2.740.2 ()

g.zto;a (5)

»-'7.010.3 4)
‘15;211.0‘(5)'
100 (5)

’ .0 | /T
'Values expressed as a % of cytochrome-
¢ oxidase  specific activity’ in,

fraction
" - represent

5b. Numbers - in  brackets
number of preparations.

R
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TABL:E.\,Z‘S -
- "__.' 3 . ‘ ! o . i .
;'”Calc1um uptake by various subcellular fractions
,vof ift skeletal muscle. , R '
‘ L Addltlons to reaction mlxture.."
No aadltloﬁ”"“”“XEb' ATprotass1um ATP+ .
\ P R oxalate sodium
- - : azide
. ./» ) . ) A . o /
Homogenate - 1-7£0-9  5.141.1  165.2420¢  5.740.5
Ta . 3.3;0.5 8.9:2.6 1137+248%  7.742.5
3a 2.3$0:3 15'915 5 . 11094326% 15,543, 0

. Mitochondrial 3.3:1.6 180, 9129, 6 203 5150 3@710.5*
LA

Values expressed as. mean * s.e._-of micnomolesf
calcium . taken up Per g protein duplng an’
1ncubat10n«ﬂt1me of 10 minutes from a free:
‘calcium concentration of 17un. . Number of RS
preparatlons-S. * Denotes -values — 51gn1ficantly
different from those obtalned in the presence of
ATP alone. - S

-
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) Fraction”'1a was able 'to take upa caléinm"’from a
¢ . :

solution of 17uM free 'caxcium concentration Ain the
presence of' ATP, | This ab111ty to take up’ ca1c1um was.
-greatly 1ncreased when oxalate was present in the reactlon

mlxture. The above' propertleg have - normally A been

attr;buted to sarcoplasmlc retlculum of skeletal muscle.'

However, fractlon ‘1a‘ also _ contalned the- greatest
concentratlon of plasma membrane marker enzymes that could

be obtalned ‘ us1ng the proceedures uhlch have - been

deser;bed. - It also .had "a . very lou éontent .of thep‘

mitochondrial markerl enzyne. Clearly fractlon ‘ia‘was{

enriched in mater1a1 derived from the plasma membrane and

-

is the fractlon' whlch most closely represents plasma

membrane amongst those obtalned thus it w111 be referred

to as . PM.  Fraction 3a was low din plasmw membrane mabker

enzyme act1v1ty and'had some, but not an excess1ve amount
of contamlnatlon by the m1tochondr1a1 marker enzyme.. ?It

also showeﬂ a21de-1nsen51t1ve calc1um uptake propertles

¥

s

that are normally attrlbuted to ’sarcoplasmlc retlculum.,4‘

Practlon 3a will be referred to &s SR._

’

/ : . i

'fl xi
v
Q
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o

as. MITO.® o S - L

D. Exgmin ti _g of the properties of ;;g nitochondrial

fractlon obtg;ned 91 dlfg_;_ngla; gent;;ﬁgg tidn,

4 TN ' v " . o I3

‘ Electron m1crographs of thls mitochondriai "fraction

showed it to be composed malnly of 1ntact mltochondrla

. ] P

',jsee.ﬁiare 9. 4mhiswgractlon.had,no.aﬂetectable»nouabalnd.

sensitive; . sodium, potassiﬁm?actiiated ‘ ATPase and hadﬁ.'

41, 313 0% of, the cytochrome-c oxidase spec1f1c act1v1ty of

‘the Sb fraction from the den51ty gradlent preparatlon. In

qalc;gm uptake'stud;es it was_ able._to dccumulate large.

o

- amounts of the ijon from a 17uM sobution- underﬂ the"'

infiuence of ATP* fhis uptake was.,however, qﬂly slightly

L 4

increased by o alate and was nearly totally abollshed by
8 | o

[ | .
L

a21de. o L 'h

(M

mainiy of mitochdndrial material and will be referred to

°

1 -

b

b : . L : .

o hes RN A dies A o
After belng 1solated and 1dent1f1ed4 -the major
fractlons, namely PN, SR and HITO, ﬁeme studlad:ln greater

_ @ .
detall -as regards thelr ablllty to take up ca1c1um, 1n

i)

'order to ' more clearly; estahllsh the ‘roles,aof plasma

L I

membrane, ‘ sarcoplaSmic retlculum -and - mitochondria in

:calc1um regulatlon in. skeletal musqle.fﬁr‘

“The mitochendrialzfraqtion was thus 'indeed. composed.
Y L . . -

\\Jr

N
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Plate 9.
skeletal "muscle, Magnification is x. 1%
) . Y : : L K N .

]

» :.’¥

pYe

Electron micrQgraph of MITO fraction fromw

@

rat .




fractlons

SR‘

The time courses of calcium pptake by the three

took

under a

varlety of clrcumstances are shown zn

1). Time course of calcium uptake.

M

' Flgure P Prom a 17uM free calogum solutlon both Pﬁ[

i 2

LN

up caltium extremely rapidly, ma

148

‘.“ g 4% ¥

AT W
o

majbf ‘

)-V Y

ximum net upt

belng,attalned in less-than 60 seconds-after which thg;g;

was

different

a gradual fall with time.

all times

ﬂh

fr

an

om

[did

PM.

]
’

‘The

SR took ‘up more calc1up at

M1 D fra

o

w* -

ctlon was"verf

PM and SR both Sh tlme course and amounts S

of calcium taken up.

multaplylng effect on ca1c1um uptake by PHr,and

partlcul!rly
‘Firstly, the

thlngs are
circumstances.
o

4

The presence of oxalate had a marked

/

sEl wrwo/'

(l Cw

"noteworthy

*’.

eductldn‘*i

“seconds in its absence, dld n t occur in the

‘ A

under these

n net labelled

'calcium‘ assbciated with the, M gnﬁ $R membranesgafter 60

presence of

oxalate.‘fBecondly, whereas t'e SR was better at taklng up

’calcium

presence

solutLon.

/

*oxalate

than

'of

on

the,

PM

oxalate

made

"1dent1ca1 in abrlity to acc mulate ‘the 1on.

in

,'he“

the

absence

v
4

 two ;ftactions

Y
M

the HITﬂ'ffact on was very sm

.m

,«'A.'A”‘

. left off" the flgugg SO as.

W t to. add confusaon.

-shows the tlme course of wca1c1um

uptake

" of oxalate, the ~
/ .

Aalmost
TheQeffect of
all. and has been
.Flgure 5D

from a 0. 3uM

The generaL shape of theatlme course curve vas

.' e

t

N

the same as fron 17un free calc1um in the case of PH and

"SR.

E

SR

.was'

Stlll

-’.

&

able to accumulate a large amount of,

e

calcaum and there was a vrder dlfference betveen 1t apd PH

o,

A
-9

3

»\Q
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Mgure 5. Time thrses of calcium accumulation By the'

"~ maijor . fract;ogs o rat skeletal muscle. Filled circles

represent. SR, open ¢ircles PM and filled triangles MITO,
A, ' B and 'C are |from. 17uM free calcium concentrations

‘whilst D is from [0.3uM. ~ In B only, .5mM oxalate is

~ present. The lengt

h of the vertical bars progectlng above‘
and below the- poﬂnts represent tRe istandard error of the

mean. All rnsults pre from S,preparatiqns. : _ o
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appeared toﬁ%e reachlng ayplateau as regards amount taken

\_// R 150.

”

atuthis concentration than at 17uM. In comparision to PH
>

and SR uptake by MITO was vef’7smaLl

!‘A
lﬂw’

-

keuw, bk
upta €. o Aall

v

The ability to take up calcium fro@rﬁsolutlons of »

.dlfferent free ca1c1um concentratlons bothga reseQFe

--1/

and in'-the absence of ATP vas studled u51 “a

»

buffer +to *control the free calcxum _cpncentratlon.

Incubation times .- of 30 secdnds fgr 'PM{ and SR and 10
‘ . ' ' ""0 v

minutes for MITO were used The’ resulé; e' shown iﬁV

Figure 6. Both PM and SR were able to Qgcumulate calciu

in the presence of ATP; from solutlons /of 0. 03uu free

-calc1um, and the am0unt taken up generally 1ncreased with

increase' in calc1um concentratlon, although PM and SR both

/

up at the free concent?atﬂbn of 17uu.' MITO was dlfferent;

as  is sbown o%h\Flgures _6C an&YGD.r HITO*ATP#dependent

calcium\ uptake was almost - non-exlstent at free

. rd -
concentratlonsv of 0. 03 ,and 0.3uM. However, between 0.3

and 1uM a 1arge jump ‘in the ablllty to accumulate - calcium

occured- - from . 1uM onwards an increase in calciunm
- . s

concentrations produced increased'calcium uptake.

w

2) Effect of free caléﬁh‘&?cncentratlon on ca1c1umv
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Figure 6. QEffect of calcium 'concentgatlon on calc1um;
_gtake by the major fractions of rat Ekeletal muscle. - A
is PM, B SR, s MITO and 8 MITO on a 'smaller scale. ‘Open
citcles. are in - the - presence and close circles in the-
absence of ATP. The 1length -of the - \vertical bars
projecting :above and ‘below the points represent the
standard error of ‘the mean. The result are from 4
preparatlons for PH and SR and u to 10 for . imk*
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3) Effect of the ionic env1ronmeut on calcium uptake

o
]

from a solution of 1uM free calcium concentrationr

’

* The 1nfluence of the ionic compasition og the reaction

‘mixture -was ‘studled Uptakes from a medlum in vhlch all
sodlum and ‘potassium 1n ‘the normal, reactlon mlxture was

1so-osmot1cally replaced by sucrose were compared to those

i””normal uptake medlum and to those 1n ones whlch
contalned high potass1um and hlgh sodium. A free caicium
concentratlon' of Q. 3uM vas used 1n order . tb determlne how

the above condltlons mlght be effectlve at lov calc1um
: /

concentrations, The results - are ,Shown in Table 26,
. | . . N e

Although an increase in “iondic strength produced a
generallzed depre551on of ca1c1um uptake, ‘the effects vere

only 51gn1f1cant in th€ pnm fractlon.

7 L S
4) Initial rate of calcium uptake. A
) . j . .. / _

!

-~ Al11 tkgee‘major fractions: vere- studied for. the amount

S
of calc1um they could take up at 200C in 20 seconds. - The

free -calc1um coucentratlon useqﬁvas TuM and the results

i

are.‘shown‘ in Table 27 Under these condltlons .the

greatest amount of calc1um vas taken up by SR followed by

PH followed by MITO whlch took up ‘just over one tenth as

Yy

p

muoh\as d1d PH

i

-1')/ l

o

-

*



Values expressed as.mean + s.e. of % of calciunm
uptake in control solution which ¢ontained 200mM
sucrpse. Incubation time 30 seconds. Number pf *
pregigations=u; * Denotes values significantly,,
diffspvent from 100%. o o o
. - %, ) /o o
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TABLE 26 -
Effect of  the ionic environment' on calcium
‘uptake by subcellular fractions of rat skeletal
" muscle. ‘ '
- Z150mM KCI . SpM KCl . 100mM KCl
10mM NaCl-  110aM NaCl' ' 10mM NacCl
PN 90+13° - . 694+ 9% 76¢8% o
SR 1949 - 15¢12 . 8619



0 /
e K
/
. s
TABLE 27 S
Calcium -uptake by subcellular
fractions of rat skeletal muscle at
200c, '
PM - SR - MITO
*15.641.7 23.742.5 1.640.1
+  values expressed as mean + s.e,

.,y (Number of:
. micromoles scalci

. .
B
e
.
:
‘\
. .
. .
| .

Preparations=27) of

U-m

Protein inh 20 second

Se

”takeg

up per g

?
<
R
s
-
o
..

154



_ 155
! ~ /

5) Effect of various substrates on calcium uptake.
[ ) = h ‘

'_‘ ~ As shown  in. Table 28 the substrates GTP, ITP and .

acetlyphosphate.were able to support calcium  uptake iu
‘ ; ’

both pM’ and‘ SR, to the same extent that ATP dld. Para+

n1tr0phenyl phosphate supported calc1um uptake 1n PM and
SR .but not as well as ATP. No dlfferences were obserxed
between PM and SR as’ regards substrate 'dependence “for

r

uptake. ,Iﬁ MITO, howeysr, none of ‘these substrates vere

_ 5
capable of supportlng calc1uu uptake to any- noteworthy

.

degree. Table 29 shows what‘happened’to calcium uptake in

the presence of oxalate uhen the varlous substrates were

l

/

. used to replace ATP. All _uptakes’ Jere greater than in- the

absence of "ATP; however, ,none of the suhstrates cou1d~
i

support ca1c1um uptake under these condltlons as well as

ATP, There were no dlffevemqes between PM and SR either
as regards 4extent of uptaKe produced or order of potency

of the substrates’ tested,

Table 30 shows that .succinate failed to’ support”

calc1um uptake by MITO at any of the calcium

concentratious' tested. - The combination of  ATP and -
. _ ;oo

succinate did not increase calc1um uptake from solutlons

of 0. 3 and’ 1uu free calc1um and only sllghtly increased 1t
from the 17uM solutlon. -,7 . . : ;,.

2ee

! S . . b . . -

'q{}%;w'
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o
. TABLE 28

Calcium uptake by subcellular fractions of rat
skeletal muscle in the presence of

. various:

-substrates at a concentratiaon of 5nmM. '

. rGTP - ITP AcP PNPP- .

PM - 12546 1005 , 101t4  47+¢3 ' :
SR 11266 9547 112422 4316, - L
‘ . L . N ’ I ; . T

MITO 4+0 140 5£0° ° . 110 ‘

‘Values expressed as mean t s.e. of % of calciunm -
~uptake in the presence of 5°milliMolar ATP. PNM. >
and SR incubated ' for 30 seconds, MITO for 10

~.minutes. Number of preparations=4. ~ B

) o
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o TABLE 29
Calcium uptake by subcellular fractions of rat y
skeletal muscle in the presence of various ' .
substrates at a’ concentration of 5mM, and of -
potassium oxalate at 5mM, : ' . -
6rp. "ITP AcP BNPP - None* | ./
4 _ ' J ‘ ‘ J
PM. 19%5 2840 41 - 10 0.2:0.0,.
SR 24#1  28+#1 321 . 120 0.2¢D:0
. R ( R _ | D
~ Values ‘expreséed as méan t s.e. of % %f‘calcium "
uptake in :the  presence of 5nM ATP and 5naM k
oxalate. Incubation 'time 30 seconds. Number of ‘
, preparations=4, _ - : L
/. . ‘
a3 _
\ .
£ g '
e Q
; W :
\\
! het .
) q‘ =2 .



 TABLE

Effect of succinate on

/

1

30

calcium

uptake by

mitochondria from rat ske‘ftal muscle.

_ATP SmM
- 17uM calcium 112.9149.8
TuM calcium 33.6+17.9

0.3uM calcium ,0;610;5

Succinate
SmM

1.421.7 .

Values expressed ‘as mean t s.e.
'g protein
0 minutes.

. scalcium accumulat&d ‘per
i 1ncubat10n time . of, 1

T 0.240.1
«

ATP . SmM+ .

Succinate’

Smh
145.0442.7
-T38.Uk4

.0.310.4

‘of micromole®

during an

Number of
preparat10ns—3. In separate experiments, binding

in the absence of substrate was 3.0:1.8 at. 20,

units’ as above.

2/4810.6 at 3y and  0.7£0.9

at 0.3uM calcium,
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dngs

Atheir effé&ts on'calcium uptake by the “

6) Effect of drugs on calcium uptake.

1

»

* When “the drugs chlorptomazine} verapamll
- ) s
propranolol at concentrations of 0. 1 mH were tested

3 . i . . : .\ .

&t
'&Jor fract

from calc1um solutlons ‘of 1uM, as shown 1n Table 31.
chlorproma21ne _had any significant effect.',Uptgke in

fractlons was reduced, and - mitochondria were

_susdeptlble than P~ and SR, f{' o

The - results ~obtained . when chlorpromazine

'Ve:apamil were tested for their effects at both 10

0. 7uM cohcehtratiens are shown in Table 32,

.

7) Effect of divalent ions on %Scalcium uptake.

Table 33 shows the results‘of“ekperimentéuiﬁ?ihich
" of thevrchlpridesA of calcium, strontium#and barium
added to  reaction m1¥¢ures eontaining -a. free 1cal

concentration eof 2.  SuM whlth ¥as buffered only wlth

>

‘L order to av01d the complexltles of EGTA dlvalent

effectiiez'fin'- MITOf

V'blndLng. ' Ca101um was most effective in f g

' uptake ofyiabelled caicium by PM and SR; it - = —=e

Strontlum greatly Lo 2d

vy

"Scalc1um uptake by all fractloBS' 1t was Second best

57

5.
the three 1ons in PM and SR and by far the best in NI

Barium reduced,*scalcaum uptake,sllghtly ;g ;Euijandj/

Y : © ) . o . . e e
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TABLE 31 0 .
Effect'iof'.drugs at a concentration of 0. 1mM on L
calcium uptake from solutions of 1uM calcium by
subcellu}dr fractions of rat skeletal muscle.
. Chlbrpromazine . _' nPropranoIol ] | Verqpamii
o Bos21x 2. 87211 101417
‘43t 6% “. . 97+ 9 s 90+ 9 .
T+ 3% o 121428 t 9442y
'Values__expre§sea‘as'medn,t-s.é.vof % of calci m
uptake in the absence. of added drug. . Incubation
timé 30 .seconds for PH and.SR, 10 minutes for -
HITO. Number of preparations=i. * Denotes valr
significantly differenﬂ-from 100%.» - ‘
. ‘_'» 1 ) ) .. ‘
. ) a . »
e : v
) 2@
P 3 <
T . v
t w - R
! L] V/
8. e
a
1



. :Effect .of soﬁ@ﬁdrugs,ﬁdtq Tow
calgium uptake .
skeletal muscle.,

¥

4o

R

PM

- SR

]
i
'
R
: a
-~
o
M
b
»

. MITO

1'0:‘1“4)0

91117

86+15

72412

) L ' ' . . REER
Values expressed. as mean # S.e.. 0" ‘
uptake'- in the absence of -added druy. Incubation,

- times 30 seconds fot PM and SR, 10

L A e
TABLE 32 %

Chlomp:omaziﬁe

0.1uM~

119415

'871 2*-1

105 4

" PR

-

v

:)"

i

t

S 103t 1+

Wi v

-

2 Ly
: G )
© - .'Eﬁf’u

yerag
10uu;»'
150131
1008 3
KRS

~

‘minntes

. “comcentratiou on y
by ‘subcelldlar fractiibns of rat ~*

gmi; ‘
79_90.1w.;"\ &'J

1§a15

v

o

for

89T

%. 0of calciunm

. f

W o

3

we

a4

10081

MITO. :Number of preparations=3. * Denotes values ' .

,signifigéntly different f;om110%.
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' - b PPTABLE 33 ' Co
-Effect of addition .of ‘divalent catior .on
.45calcium uptake by subcellular fractlons of rat
sy skeletal muscle. - : . v
v v Calcium X _ Barium >_ ?.Stiéntium‘ w @
chloride ymM +" chloride 1mM - chloride 1mM . .
PM N 241 83121 A

AR 4 - , . . v L )
JERR . set T, 102sb1

BN y . e < Y N
e - . . ‘2 RS : ;o ! lh i ’
MITO | B1e25. 'y
. L. o TR ‘ ) ’
J 7 . “.)g K \d 4
e .

oo values ' expressed + 's. e.e of g of TR
& $8caleiunm upbake vhen no extna dlvalent‘“catlon'n : L__.’f\\
. . - added, " i.e.s 'with free calcium concéntration of R .
N, 2. SUH. PM aiid SR 1ncupated for 30 seconds, .- LHITO ot e
f‘tgfg for . 10" minutes. Number of preparat10ns~3.«A;l I ‘
.:values significantly . dlfferent from 100% except. ®. ,

: ! . - [P : P
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‘5ca161um

;e%ultﬁgg?e shown‘ynﬁﬁable 34. Uptake by both

.
) \ . LN . we /
8) Effect of lanthanum o# *Scalcium uptake, N
. N ) o ) . ‘ ;.r ’ ) - .
$ . : L ' ., Y ' * “.

Attempts to determlne th effect of pre-treatment of‘

L

the PM and SR fractlons vath 1anthanum 'pgiopojto uptake‘

-+ Kl '”

studles..met; Ulth the’ same problems as d1d tpe slmllar

-':)

experiménts conducted dh the PM and ER " fract%pns from rbt

\

[ : W’ * “,
e ‘ )

myéﬁe+r1um ‘ ¢here~;yds LR loss of proteln as a result of

ﬁ

.¢
lanthanu'm @né@g:egt’mh’mt.r Ho%ver, th sesult:ﬁ of

. R 2 8 4
T L G e Y

PR v

R

fractiogs;ias.qféétﬁ&ﬂ%ﬁé%b%ted-by pre—treatmeh

's%qples* ?ere sOmevhat more con51sten{“ o

vith both
"1 and 10mnalanthanum cm$gglde. , S
Sj , v . ¥ °
o R T
R RS 'Q rFooo . .
, . oo : {; ¢ .
] S . .
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F

) . “ \’h- ) > AL o ‘ .
“PM T 62:10* (3) gt G)* « 9t 4 (3)yx¢
T, ‘Q‘ g i ' . v e
- 'SR’ : 10#:87 g;) | 3: 2 ()% -10:;3,(3y*

,7¢ . differemt- from 100%. Nu

R , Jj.,\r \ *’2:
i ‘ et e
- % § O
‘_ ‘).y
4 ﬁ‘}wﬂ
¥ i , S N
«», HioH ¥ 'W _ é‘%‘?
N o ’ " ’%?
v- ‘ '
v
" ) } .
i . {:'\%' ' & 3
) f N i
. - - '/’ 9
A V-3 1 TR
:\""‘ :..-l . e 0 ) . o . ’ .
_ »Efrect of pre- incubation with lanthanum on .
.. " ¥Scalcium uptake by subcellular fractlons of rat , C ¥
s.f!;netal m,lscle. BN , . T
.).J"J «\) ) - . . . . N .. - Pl \

iy .
e
(-

Eenthanomy - Lanthanum Lanthanum’ o
chlorlde . 1mM ‘ chlwde 113;? ‘chloride- 10mM . : -

Q

et e A

PO A -

Values express!xd as .a % of the ¢a1c1um up&e it ) -

the control fractlons “ whi¢h' were not pre- P . ¢

‘incubated with lanthantm?™ T‘ycubatlon t:Lme 30.¢ I
““eseconds. ¥ Depotes va@.‘ s1g,nlf1éantly o
3 in s brackéts L

' represeigt number of preparatlons._ v, CeT : S
2 . W ’, el ot ) ) K ' N . .o
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\ph : : :
, DIS_gUSSIOﬂ . .
o B gt

In- this chapter I will first discuss the“reSu;ts?of‘
experiments on rat myometrium and follow this with ‘a

discussion _,0f the results of expef@pents on rat skeletal

o N . WL e ‘ o 4

s o ) e s . ]er » K8
muscle. ™ : L N ‘ 4 -
\ > o g - . B .

e - a R sy L - . B . . q;"’*‘i'n‘ - | L
' . ;":‘_. ' . S . . ) R

A Egggggggjhﬁbgg rat myometrium., . g

- ‘; ) . :,': . . ok > < ’
Lt : : v . R . ‘ .'..

'y

s

P

Kagt . , .
[ . B - .

TR . : : T

¥fractions:. ‘ ‘ ST : .

As ]udged byw*the éctivities of the ‘plasma membrane

'markers used, the fractlon ”vhlch T C6nsidered to best
2 N A :

T«Jﬂ*xeggesent plasma membrane is better tgén that descrlbed in

ﬁh - only previous study attemptlng to subfractlonate and

’c&ézacterlze rat.myometrlum (Kldwal, Radcliffe and Daniel,
- ® .

'1971)'- ‘The spec1f1c activity of 5'~nucleot1dase in the PM

‘o -

fractlon (see»Table 3) was aimost tv1ce that of the plasma

°
e

membrane fractlon 1solated by Kldval, Radcllffe-and Danlel
Pl "55

T pec1 ic

r .

6 (1971) and represented a 1& fold ;ncfékﬁﬁrf:

S act1v1ty over that oﬁ the homogénate. Samllafly-there was

1) I$01&t10§4 and chératterizatidnv5off_ suBcellulhr )

. e N

an  increase - in the potaSslum-actlvated phosphatase'.

act1v1ty of thlS plasma.membrane fractlon (see Table Ty
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_and a very substantlal purlfactlon Has obta;ned., As shown

i . A ‘ ‘.".. "_~,J:“166i

N i -

compared :ﬂo that of Kidwai, Radcliffe and Paniel (1@11)/
and this despite the fact that they wused total values

!, ' : : L. S :
whllst I chose the ouabain-sensitive -enzyme as a better
) i ‘ ' 6}1‘ . .

marker. « Potassium-activated, ajabain—sensitiVe

phosphatase activity was hard to detect in the homdgenate

PR 4

by Table 5 phosphodiesterase I was increased almost-ifﬂl
- - e

_fo&d in spec1f1c act1v1ty from 'homogenate to the PM

-Bodansky,'19ég).

L‘ f‘ |

fraction. These findings' together 'Nith the fact that

there was a 1ow activity of cytochrome°c ox1dase in the PM

o
fraction (see TaBle 6) prov1de good support for t%p clalm

e
a v

thd‘“thls fvuctlon was much enrlched in materlal of plasma

e

]
membrane derlvatlon, desplte some doubts‘,aipmtp -'trme_f

%Y _
dlstrlbutlon - of oﬁe of the enzyum;
_4--.4" ‘ , ) . el A . ‘.

-~ _— Ll

It is unfortunakte that the two endoplasmic reticular -

frad€ions dbtaine@ in this study had,to be. characterized
4 .

to.a 1arge'.extent on negatlvatles (i e.$'=low ‘plasma

t A o ’

membrane marker .and lou mlﬁochondrlal marker act1v1t1es),

2

. ® however, the approach seems- to be reasonably I-well

4 L !

justlflea. : Certainiy the electron mlcrograph shOun in

J B N

Plate 3 1nd1cates that the fraction de51gépted .RERﬂ,was

substantlally composed of material-orlglnatlng from the,

.*.‘x'v"‘te;‘ v

' rough endqplasmlc retlculum and thlS flts in well ulth the

,enzyme act1v1t1es, although bot% cytochrome -c ox1dase_ and
[ \"\’1 . LY

az1de sen51§1ve calcium: uptake actLV1t1es vere higher than

» ey
-

Bl -

~ ' -

‘o

ﬁ._," . . to
,-Kappas and .-
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is ideally;adesired. The isolation of the SER fraction N
vhich X aghe;ved - represents the fifst time that .

endoplasmlc Fetlcular fraction of any klnd (as oppo ed to

3

mlcrosomal) has been isolated. from myonetrﬁhmv-relatlvely

v -‘Y " & / , u '

free v of mltochondrlal contaﬁhhatlon,# whllst the RER

fraction appears to be the first malnly rough endoplaSmlc

- ¢

o

'p%ellmlnary ,experlments I trled tq utlllze\the contlnuous

. Dan;el (1971)? : ihe) results from thedgse of ‘this method.”

. of . dlscontlnuous ‘ gradlents-" produced . excellert‘

reticular fractlon i?agated from “a.q;;%;rhﬁmuscle As.
mentloned in. Cﬁapter 1 contlnuous den51ty' graolents " seen “Jh;%
"to" be wpr@}erred to dlscontlnuOus éragae$§s (Deplerre and ‘
Karnoﬂgky 1973' wand iallach ' aﬂd hg;n, R 1973) ?In '

. ;\4‘.3

A ©

u?gradlent separatlon technlque of Kldwal, Radcllffe .anﬁkiﬁj

[N

~ ‘

L

'were extrepégy dlsapp01nt1ng in that they were extremely : ,ﬁxw
(

varlabl perhaps due to fa lack of unlformlty of the

-gradlents prepared oﬁ an»ISCd"denSixy-gradlent former)‘and. LT A

the separatlon of markers' was, at best, poor. -'slight .
. Q ﬁ— . .

modlflcatlons to the contlnuous gradxent 1mproved nelther
o v ' - Gt T TR

. the reproduc1b111ty nor the separatlon obtalned " The ° use

- reproducibility and a much bettero.Separation, Qf‘»ﬂarkers

“than did the use of a ~cont1nuous gradient (Kidwvai,

Radcllffe and Danlel, 1971) Thls 1mprovement 'justifies ’

N
I

4

'rlgodﬁﬁusly correct contlnuous gradlents.

the use of dlscontlnuous gradlents as opposed to the more

' .

a
[y
~ t
-

As discussed in Chapter'3 the mitockondrial fraction
N ST &t



”into.”the calcium
. R

fé‘could be reasonably ob
h_" o, ;;.x . -, R

:w midrosomal and . mltocﬁondrl
g,

“‘“1973,\Batra and Dénlel, 1970&“

wh o,
y

o

fplasma membrane mar activity present:

e . ﬂnrpose'wl his study of course was to-enquire
\ UstaKe properties of material’ from
s_}“: i L T .

dlfﬁérent d%%gims in‘the.qell; Fractions‘es pure‘ps

.

ané be .clearly”‘seen ‘that much

fthls purpose gnd*
~

fod

:ajned were of course desired for

lm rovement "has’ been o t 1med, ot onl ver +the  earlier
P! T V€ -

, d‘,‘_ .
preparatrons (Batra, 1972,

,'[5 .y. . .
‘wmoreq than bllnd faith ’Has used as . an 1ndex .of

. “ ,:; «3 : , N ,

characterlzatlon, but also over the more recent attemﬂ“ to

» R

) "iatra and Tlmby; 1971'. and N
S R SR - e
Garsten,“196@ 1373a aud b), in some ca$es of whlcﬁ llttlewf_

purlfy %ubcellular fractlons from the myometrlumf (K;dwal,_'

»

Radcllffe and Dan1el,¢g971).-
C '

e
It cah» quite easily be argued that even greater

. \‘B ) o v ,'. . P
purification 'is“possible.‘v Cerfalnlya.the : endopl@smlc
‘reticulum fractioms contalned "some pI&Smafmembrane and

-

e

sdmed mltochondrlally derlved matefia1~ aiso, it dso

flmpOSSlble to ascertaln by the technlques used here just

how much mater;al derlJbﬁ*from the endoplasmlc retlculqua-f

"ggs present in the PN. fractlon. As qulck and as 51mple a.

«purlflcatlon procedure as p0551b1e was: neededf- vlth nhe

hope that’ the calc1um uptake mechanlsms would be preserved

-‘ -
‘l
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- in as undamaged afaStq;e as$&§ossible, hence y further

_f‘*ﬁqgestlgated showed ATP dependent ca1c1um uptake-and thus

\J

ff;he cellular structures from whlch these fractloDS' afe

"-- ©

' derlved may all contrlbute 1n approprlate c1rcumstances to

myometrlal oalcnuu. regulatlon.. All fractxohs except the

mitochondria'shoued 1ncreased uptake 1n the presence cf

”-oxalate- 'su¢h  an ,occurrence. has been . taken 1in other

systemsvﬁ%flndlcate the preseﬁce .of”va ‘mechanism . whica

transports

% . '
" purifaction wa$ not-attemptead.
. e " . : Iy . » .
2) ATP dependent calc1uq uptake by the subcellular,
: B o= t8 ‘ .
fractlonség L . .
a) Caléium transport and binding from solutlons of 17uM
~ . ) : i \'( N l
i 3free calc1um. R : ' S
“Tu .
‘A great deal ofJ;nformatlon can .be .gained fromﬁ.the
results'%gggénﬁted/"n Tables "7 an§.9; ‘One'of the;‘ht‘ic.)sutm_f
4§§F;not1ceable results of the study .Lsﬁgghat e ery fractlonm
I N “

from the external mealum to thf 1n51de*/?

of'the ve31c1e (Hasselbach,-196u- Hurwltz et 'al; ’ 1973;‘1'

‘vpotentlaflon by oxalate was, much smaller-than that seen ln

S and’ Ines1, Ebashl: and Watanabe,»1964), and'iS”taken as

giving such“lan' indication here.."ln‘ all"cases:' the

FY

.skeletal muscle,‘ both hy otherS' (see Heber, 1966 forA

references) and 1n thlS study. Thése results_ could be

taken to indicate that only a-small amount of thé’net_

. ' N .
< - 7

- i . -

P
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)-;uptake seen under normal conditions represents transport

into the 'vesicular lumen. However, such an extrapoltion

- need not be justified. To show an effect with bxalate’” a
O 3 . - Lo ) .

4 . ! S )
system must fulfill several, not just one, reqERENN

Firstlys %:’m&st be vesicular (which seems to
e

for> thes fractions). . 'Secondly, it must havfr

tranSpo;t mechanlsm.- Thlrdly, it must "be permeable to
oxalate so that thls ion can getiﬁﬁ and be prec1p1tated
', . with the hlgher concentratlons uof calc1um (an unknown
factor for these ve51cles) Finally the vesicles ,must be

S
rel}tlvely well sealed so that the 1ntrave51cp1ar act1v1ty

" of calc1um can reach a hlgh enough order for the -calclun,

)

oxalate‘ SOlublllty -gfoduct “to be exceeded (adain'van

o

unknown factor fon theee ve51cles) Thus an’ alternatlve"

, explanatlon for the small oxalate effect could be that the_--’

fractions “do ehow calc1um transport but relatively few

ve;iolesAfin each -population _H%ve all thed properties

required for a',massiw? oxalate effect. Indeed even in
ﬂLfragmented sarCoplasmic ret:cnlum o ' skeletalwtmuscle,_

Baskin . and Deamer (1969 haye  presented’evfdence that

suggests, that,only -15-25% of the - vesicles demonstrate
. . . . - 0 .QJ' ‘j ] N : " 3 . .
' - - deposits. : of ,calcium Qxalate when lnCubated=Ain the

» -
o

3 appropriate : loading medlum and ' vieged ‘electron»'

. &
mlcroscoplcaliy u51ng the negatlve stalnlng technlquen If .

thls is true, then skeletal muscle sarcoplasmlc retlculum

preparatlons may not fulflll all the requlrements to
produde' an oxalate effect»'throﬁghout theirffentireb.

-
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oL “‘"Mt' .
oy Bl ‘Population of v
]

3 ’

-

Also,‘sinoe‘the oxala{e effect seems{to"be greatesm S
in the RER fraction followed by SER then PH, mlght it be a E
v property of the endoplasmlc retlculum or even only rough
endoﬁﬁasmlc,reticulum, and might ‘its ocourrence in the
ofh@r fnaotions refléCi co?tamination by ﬁER?v_There is T
certainly a fboésibility th{s is VSO. {Ehe amount ~of.
endoplasmic reticulum 1n the PH f££c¥10n is not known nor .nifﬁ-

is the amount of material derived from rough emdoplasmlc

_retlculum which contamlnates the 'SER fraction. If the-
\

uptake of calc1um by the PM fracthp were to gepresent the

A
-

stat;on an outwardly dlrected punp, (. e., if
e

3335161

e ¥
‘wréélnto the ve51cular 1umen.a§ ‘wvell as blndlng to

|

- manify

e ‘1n51de out), then one would expect

‘the- membrane to take place.' However, the smallness of the

- “ t
.'oxalate-,effect seen does not deny the fpresence‘pf a ;fi

L —

calcium transport mechanlsm for the reasoné outlined

‘above. In .generaln-there wag a good correl§t10n between D

' B ! . ..hl N . LFS
» fytochromef&jdfgha§e0f§%tiv;t and azxde sen51t1ve*'ATP-

dependent_calciumﬁuptake.,*

: — ~_ :'ﬂgl - . jﬁﬁ% 3
. ,." - . . C B s l'{'. '\ » ) ) ( '::”‘Q fqﬂ.,
o b) Uptake from'solutioné of low'calciumlconqentration.' :
W’— . %‘ ~ " . ) . -‘,‘_ N . . | ) ". N “ . --. ) . .' Q '_
SR ' o i C :; R .Fg_;f &HSJV 3" A; -
= ~+ The crucial question,'is not whether these frattibnS'"
e Y .
. 1 :
4 can’take up calcrum from a solutlon of 17uH free- Méalclum, e

butnfwhether;they can take up ca1c1um~1n.the range of_O,j-.:

. v _.. - B | | 4 ,}

‘;‘*

a
L e
»
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. .

- , : e = .
1uM which, as outlined in Chapter 1, 'is probably  the .

ais
’

AN

relaxation. . The results of ' the studles on the effect of

r

ca1c1um concentration on calcium~ uptake (expréssed in

. 4

Flgures 3 and u) make two very sallent p01nt5' flrstly the
‘ /
remarkable 51mllar1ty in calc1um uptake properties .among

PN, SEﬁ and RER, and Pence presumablygamong the structures

operating. range of concentrations for confractlon and .

f i‘?g:‘

these vare thought to be derlved from- .and secondlY:.the
W1 N3

s dlfferences 1n such propertles between PH, SER and RER O

Cam

N 14 V3
\ one hand and the mrt chondrlal fractlon on the 3#her. » }*‘

v

>
\

-

B

A

estlon posed ";ﬁff;;_wmggglyo and Somlyo (1973)4 as_

) transporf calc1um.v The demonstratlon has "come by .more

- O )

}dlrect technlque ;than the_ search~ for electron-dense7

v

b

dep051ts Hlthln the ret1§§g§% after LnCubatlon of ' the
[ L 4o P

muscle vlth sgrontlgm or barlum, wh;ch was. made by DeV1ne,"

g ‘{;omlyo and Somlyo (1973)..
Al . : - . M L .Q‘ -
' .‘ . . - e l‘.’

In the presence of ATP, the PH, SER and RER frgctlons

/ .
have been shown able to accumulate calc1um-from solutlons

'ﬂof-9¢03 ‘and 0.3uM. &How rellable are the actual numerical

n4,“~“;‘ A

" values obtained at” these concentratrons’ Flrstly, the'”'

o S SR
doubt about the ~absolute ’value of  the free calc1um
) . O . o = [
_concentrations .which was mentioned in- Chvyter 2 wust be
S N A 1_5‘

. o S i
N o . ' ) o

- 5

R

N P F
< . . . ~.\-

, mhe resu ts\ entedfher 1ve a-positive answer to,V
5 L Jﬁg@i; ‘i 9 P ‘

e,
: blnd ‘and '

borne;in mind. ,Secondly, the techniﬁuex.that~ I used-_to”;

; ?d’ . ) | ../’ 1;?t .. /I

arm

!

»
v

~

I YR

Ve ) I !

©w%y
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”Pﬁwicalc1um rhe nffect of sod{um and pota551um mlght be

'173_

fa

~measure calclum uPtake has been cr1t1c1zed (Carsten, 1969

and; 1973a' and Carvahlo, 1968) on the grounds that it

measures ca101um exchange -and not calc1um uptake; thus

some of the calcium measured as belng taken up by thﬁse

2 E calcihm“
N

. m"_
at 25%;ofm‘"

fragtlons,mmght possibly have;been in exchan

already fﬁﬁifigt.'_.Carsten (1973a)‘est§mat

the calcium uptake by tRe microsomal zfraction L from

r

: pregnant ~bov1ne ‘uterus ias fmeasured by - the flltratlon v‘qaﬁ”,

»‘- r' '

technlqueqwasuln fact exchange., Batra and Danlel (1971b),
' ) o a. . )
however, found no ev1dence for an ATP-dopendent exchange‘_//;//g_
L

\ . " v
of calc1um by thegmlcrosomal fractlon ﬁrom rat myometrlum.'
»d

WA

Thlrdly, qu seen from the 1nfluence of hlgh sgdlum anda

h1gh potassaum coﬁcentraxlons ‘apon calc1um uptake by the :;
ﬂPMf'iSER‘ and RER fractlons& the uptake exhlbltftgf"
‘ ' ,y & R b )
somewhat reduced in the true e,vrgonment -of the cell below,

that measured here.A Clearly the. plasma membrane normally -

- d . "‘ 0\'“‘

!'f :'-f
has an’ asymmetrlcal df@trlbutlon of ions on eltherps;de of

Iy
it” and asymmetry of 1on1c dlstrlbutlon, across these

va51cles qould mbt be obtalned in th se studies, ‘so, the~vuﬁr<
. . . £ AT

9. l-b.“

effect of thls asymmetry 1s unknown. Thls could be éry>:='~
$ 4 :

‘.1mportant factor partlcularly wlth respect to’ the p0551ble

3 - +

1nvolvement. of a sod1um-ca1c1um exchange mechanlsm acrossb' L

S

the plasma‘ membrane >in' regulatlon ' of, 1ntrace11ular

e e

bcought about via an actlon of these 1ons {at“'av ca].c:.um*«g

1,.‘5 -

4blnd1ng 51te oh a, proteln 51m11ar ,tb calsequestrln.‘

2

MacLennhn and Won;\(1971) have shown ’ calc1um‘ b;ndlng tolfh

\ . - . IS Y

' R ’
R ° . . - \ - . . oo . -t - .
) ' P - ! . _1'4 * A .

\

3 ot b o
.f'n:""— U
TR



174

) ._‘_ 'cahseguestrln to be reduced ‘in thé&lpresen9e> of high'~
: ijtass1um. o ’ ) : o

e _ - o o gE?@_
Since it is notrknown what fraction»of the ves&cle@,. Sl 4

in thef PM, SER and RER frattlons_ have: thelr calclum
. . o o - . .
. ”blndlng @r calcium. transportlng faces on the ouh51de,;

(that 1s, fac1ng the external medlum), 1t is not possxble (', !

“ Wl;,f to éll whether all ‘or only a small frac 1on’of the‘ true .

' j"‘,}; Capaclty o¢ the membranes to transport calc1um is- hemhg ,.“<;.@ \
oL yiz.ea%;red ) Ihe net uptake of_calc1um measured at | ; tjen‘f};A "
| S ‘ “t%.me vi‘ =depéndent up&n mobqth the rate of uptake gt}te ' i .
yfj" jfirate of loss of ¢a161um. . If the 've51c1es' were’“hothv- ;

"
t

& compIetely sealed, or were 1ﬂ some other way renderedf
‘ 1

L " / - :
S leaky by the 1solatlon procedure, then the uptaké measured ; o

.,-ﬂ' e‘\

bt

L o N k
A _‘tlnxaht membranes. R e - #5'? ST S

. . L e FI O .

b,.;; h‘wouliibe an underestlmate of the uptake capa01t7 of ~the" -

= éﬁ;'; uncertalmsle‘ |~'t the calc1um %ptake by the fractlonS"I
-g\;;:bf.\obtalned here, it seems voﬂthwhlle to\tqmpare the act1v1ty§

of these fractlons wlth those obtalned ﬁrom other studles

dn calc1um accumulatlng mechanlsms in 'uterus and}hothe

N

o S N T A B
SRV Smooth_musc1e§,_ S SRR R

A R BT o S SR R b
K . ) . AN Sy . e ) : S A
e Ry ) - B o , ) - . ‘ '/

Vo T o B . s e

lOthef» 'thaﬁ‘ .poiﬁting ~‘out',uthat ‘calcﬂum_

» uptake -
- e o . ° . ‘ . I'.k‘ o C
mephan;sms ex1st ~in smooth “guscles, . the’ studl

~ _ o - 3 Sad RO . .

Andersson,® Lundhqlm and Hohme4#uhdhoim?'(1972);ifBatra_'"

;L \_ L . . : i L
. . . : . [ o> o ) .
e . . Vo . - - o . - .
Lo i - . - NI . i
3
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(1972), Carsten (1969, 1973a and b), Fitzpatricg, et al.

0{972) ~and _Hurvitz et al. (1973) are of ljgtle value in

indicating what processes might “be impolrtant. tfor

relaxation, since no attemp{/was maje to control the free

calcium concentrations of the uptake media nor to set the

concentrations in the range thought to be important for
1

relkxaiion. Only three studles, those of Batra (1973) on
humamw dyometrium, Batra and Danlel (1971b) on rat.
myometrium and Baudqu1n~Legros and Meyer (1973),-have ﬁaae

any a{tedpt to measure upgpye‘at calcium congéntra;ions,as

low as 1uM. The most relevant study .here. of course is

_ that - dfffWBatranandgwmih{eijf(197]ay.fv Besides having . . _

succeeded in subdividing the. microsomal fraction intq»_
piasma ‘ apbrane, . smooth endoplasmic reticulum and rougﬁ

endoﬁlas::tb£%ticulum'derived fréctioﬁs, I aléq‘ sucCéeded
inIhprépéfing_ fractions which took up-more calcium pér‘mg.
protein than digd the.'micros;mal - fraction of Batra énd

L : BN
Daniel (1971a). Despite ' the dififerences 1in pH of the

uptake reaction’ mlxtures used (7.0 in my studf and 7. 2 in

»

,that of vBatrh an Danlel ( 971a)), uptakes at 10 Rinutes

from solutlons ‘of dlfferent calcxum concentratlons can be

compared. ' Thus Batra. and Danlel (1971a) could not detect

°

uptake om solutlons of O 3uM whilst that fnom 0.6uM Gas

3

1.3 qicromo%es per g protein and that from 8. 6uu vas 5.5

.micromoles per g proteln. The Pn, SER ajﬁ\ﬁpER ‘fractions

used . in m} study showed very sinil?r upt‘kés to each 6ther

at low calcium concentrations. When the mean of uptaké;by
.A ' ‘ . - L
z - . ‘ v
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all three fractions was calculated_ﬁfom the data presented
c ot x ,

in Figure 3 the following results vere obtained: at 0.03uM

~

2.3 micromoles per g vere.taken np, at 0,3uM u.?,vét 1aM

.«

11.6 dnd at 8uM 13.6 m‘Cromoles7.per g‘ wvere acqunulated
during incubation times of ten minutes.f'Althougﬁ’they did

not wuse any technique to buffer the calcium concentration
in tne reaction mixture, Baudouin-Legros and Heyer (1973)

LN o . _ '
attempted +to meésure\waa}eium uptake by a microsomal

LY

fraction from raBbit aorta from-a solution of TuM édded

‘,calcinm. It is- difficult to say what the free calcium

concentratibn of the uptake-mediunm in this case was, since

it would be lowered below ‘GM because of binding to ATP,

o - T

but there was probably some contaminating calc1um present.

‘_Thus it seemS'reasondbly safe to assume that the ca1c1um

v

{

concentration vas»not below 0. \uﬂ-' Houever, ,the calciunm

uptake measured was well below 1 micromole per g protein.
ThusA at low.concentrations of calc1um the PM, SER and RER

fractions used here are the'most potent fractions of non-

A

i
A

\

mitochondrial origin yet isolated from smooth muscle.

The properties of the mitochondria ‘prepared from rat

N

- myometrium in this studybas-regards their ability to take

up calcium from low calcium solutions have already been
dealt with. Whilst it is @ifficult to extrapolate data

from a great variety of different expérimental conditions,

-

-the overall- calcium "uptake properties of these 1solated

mitochondria appear to agree quite well wlth those of
- 3 ’
- &
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mammalihﬁ'ortgin investigated in several other studies, as

i

regards rate,  affinity for calcium and - amounts bound

[ 4

. (Carafoli and’Lehninger, 1971; Drahota et al. , '1965' and

¢

Scarpa and, Graziotti, 1973) Apart from those from the

)

‘uteAﬂ*——EﬁﬁU'h muscle m1t0chondr1a have been 1gnored .With
resp<ef‘ﬂ\the1r ability to accumulate calcium. Batra and
Daniel (1971a) discounted the possibility of a role for
the mitochondria of the rat nypnetrlum in the calcium
regulatlon, of axat on since calcxum uptake by these
organelles wvas sev rely inhibite! jr the presence of 125mM
potassium., Batra (1972) oﬁserved a very nuch 'larger

uptake"_dff;caléium by the nltochondrlal fractlon than by

‘the nmicrosomal fraction from human uterus and later

v

feperted (Batfa; 1973) that these mitochondria could- take

up calcium. from é¥concent;ation as 16w as 9.2nM. Since
all nmy exqeriments on the effect of calcium concentration

! )
! L

on dalcium‘uptake were carried out in the presence of
potassium. ion, I caqhot‘ say whether this ion;ggd%ed
inkibition of calc}nm uptake by the mitochondria.

"3) Mechanisms of the AIP-dependent Calcium wuptake

) ) .
/ -

As to the mechanism by which the fractlons take up .

processes.

calcium, there appears to be 11ttle dlfference among 'Pu, '

SER and RER but some’ dlfferen€€§ between these fractlons

' on -one hand and the HITO fractlon on the other.



a)‘Subsirate specificity.

‘Tables 13 and ‘14 show that none of thése fractions

were able to ' increase - their calcium uptake above ATP- .

independent uptaké in the presence of a variety of other

.. substrates. It seems that ATP is,épecifically'required to

l ‘support uptake by thesé fractions or that uptake supportéd

by other substrates is very slow indeed.

. a

b) Effect of univalent cat.ons. o , , )

- = -

. 378

¥

ﬁ””“;“J*f"*fWhmié“Tfér"m&§w‘fﬁéh'H”i?iIéﬁfﬂibﬁé“Eféféonéeghed not too
much weight can be placed on thé'small:différences seen in

some eases, since dptakes from 0.3uM 'solutions. a;e

' relativély-'snall and differénces Qould ha&e to/bé'quitep

‘large to .be very significant. As mentioned earlier

s>
°

. Yhave = resulted inm an increase in calcium uptake in sope

fractions; asynget}y of ionic-diStributioq' could not be

acheived.
. &'
c) Effect of. drugs. ’
v ./> )
7 _Batra and Daniel. (1971a) showed that the sulphydryl

RTAN 4NV N .

inhibitor salyrgan_blocked the accimulation of calcium by’

microsomes from rat myomefrium‘just as it blocks calciunm
. . . . ~e

asymmetry of iomic distribution’ across these membranes may °
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transport by skeletal muscle microsomes. When tHe.effects

\ - \ 179°

of chlorpromazine, propranolol and verapamil; uhirh- have .

-

been shown \to -inhibit calcium- uptake by sk%%etal muscle

fractions (Balzer, 1972; and - B\iger, Hakinose ~and

' Hasselbach, - 1968)/ and D600, vhich K)as been shoun to

i

R}

lnhlblt calcium {%tiip by the microsomal itaction froud
N

heart (Entman et al., 1972), vere tested on PHM and.SERQ

fractions from rat myometrium, they were found to inhibit

-

calcium uptake in this System also (results are shown in

Table 17) . Generally cthe SER‘fraction vas more inhibited

than was the PM fraction. The 1nh1bitions produced by the

drugs on calcium uptake by both fractions agree quite

-~

'closely with the results obtained from_the other muscles

-

except that little or- no inhibition was produeed by 0.1mM

verapamil in the uterus fractions, vhereas both heart and"

. . J
skeletal nuscle fractions Vvere inhibited to some extent.

[

The conditions used by Balzer (1972) and Balzer, Hakinose

and Hasselbach (1968) were very-s1m11ar to. those which 1.

used except that oxalate was present in the reaction

mixture. The studies on the heart fraction (Entnan et al.

., r. 1972) used: different conditions but did examine uptake

in_the‘absence of oxalate. Thus as ,affected by these '

drngs, the calciumr uptake nechanisﬁ' of the PN and SER

fractions appears to be)Similar to that of skeletal and

cardiac muscle. Balzer (1972) and Balzer, nakinose and

~

Hasselbach~(1968) fonnd propranolol, chlorprona21ne and

verapamil 'to_ inhihit the ca1c1um-dependent ATPase of the

3
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[ L

s 4 - » ' . :‘ y
sarceplasmic reticulun\of skeletal muscle. Entman gt g;;
. ‘ . N ‘ . .

k1972) however, reported‘thut'gth'ey c\ouldj t;nd no

. a .
inhibition“of cardiac muscle mic¢roso al calcium-ATPase by

D600 or verapamil. I did not test: the effect of these

-

drugs .on ATPase activity of utétine fractions., It should

. ’ " ‘ \ .
be noted that chlogpfomazine (Hodgson and Daniel, 1973;

and . Frankenheinm th Shibata, 1968),.0600 (Fieckenstein et
.égL » 1971) and verapamil (Fleckenstein et al. , ﬁ971}'and
Haeusler, 1971),” haye 2ll been " shown to. inhibit - the
contractility 'of " smooth ‘uuscles‘«including that of tue
uterus. An inhibition of the mechanisms ‘responsible for
' lowering the cytoélasmic calciud.c!ncenttatidn does not

seem to be compatible with an inhibitiou of contractility,

o

since if calcium removal’ stqbped wvhilst ELl other
conditions renalned the same, the cytoplasmic caicium

concentratlon - would 1ncrease ‘and the° muscle would

contract. JHovever, the studies'nenticned above alf,shbwed,

inhibitcry effects of these drugs on .smooth muscles at

-concentratlons‘ahlch vere one or two, and i e cases,
us

three orders of magnltude lover than those here. The

‘~questlon arose as to- vhethe§ louér concentnatlons of these -

drugs’ mlght pronote ca1c1u& uptake. Table 18 shows that

"

_mo such increase. in calclun uptake -vas found when

chlorpromazine and verapan11 vere tested at 0.1 and 10uk

on the‘prevsteady statg calcium uptake by  the uterus.

\

. fractions, Thus such ‘an actlén does not appear to account

for the ~1nh1b1tory y propeg};es of ‘these drugs on
T )
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L

cbntractility. It has been sug§ested that chlorpromazine

(Hodgson and Daniel, 1%73; and.rrankenhéim and Shibata,

f

—— emimem

.1968) ; D600 (Fleckenstein et al. , 1969; and Mayer,

-~

VanBreemen and Casteels, 1972), and- verapamil

(Fleckenstein et al. , 1969; and Haeusler, 1971) * produce

»

their 1nh1b1tory effects by blockade of the transmembrane

calcium fluxes' assoc1ated with exc1tat10n—c0n1raction

Aboupling. If this is true then these fluxes must be

either more sen51t1ve Or more acce551ble to the - drugs in

the intact tissue than are the caIClunrpumplng mechanlsms.

v It 1s noteworthy that Calcium uptake by the nltochondrlal

fractlon from rat myodetrium was- also sensitive. to ~the

e

-

[}

~,uptake of labelled calélum.i

ATUYs  studieéd; in  fact: it was the most sensitive of the

-

‘ '\. . . . - .
three wuterine . fractions  studied was and also ‘more

.sensitive th‘p the systeﬁs studied by -Balzer (1972),

Balzer, H&kihosa and Hasselbach, (1968), and Entman et ;;

972y, - o ‘i .

iy
4
N .

' d) Effect of divalent cations.

. .
. —

< R o Lo > /‘&v * i <
- ~ (;Y - A
‘The effects’ of barlﬁi and ° strontium " ions  in.

A

antagonising :che 2uptak§g of : 1abeL;ed calcium by thg'

L

. fracfions from rat nYOnetriﬁm pointed to no obvious

¥

wdffféfénces amongst PH, SER and RER. Batra and Daniel

(1971a) found 1mu stpontlum*to conpletely 1nh1b1t calcium

uptgke, ~and found oM calc1um to greatly supress thi(\

\

& - . L to-
¥ % N . )
W " ' <

3

/
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The aintion‘of extra cold calcium is"of qburse a
ngcessary control experiment for the weffects of bhoth

-

barium';nd strontiﬁm upon the uptake of 15be11ed c?iciup.

" In my exb;;iments;ithe results of which are shown in Table
19, the additién of extra caicium greatly reduced the
:aamottht of label takeﬁ.up 5y all fractions. Such a result

\is'to‘be éxpectéd since under coﬂtrol/'éonﬁitiogs ‘15uu
calciumh>vas presént,‘wﬁereas in the case of extra calcium
additipn a. total. of 1015uM. calcium vas present. Thé

&

specific activity of the label was reduced approximately

4

70 tngs by the addition of extra calciunm.
. ‘

"If the réducfiagvbf the specific activitx of the
calcium after e&tra c&lciumiaddition vere the only factor
'affecfing the amount of'fadioactivity taken up, tﬁén the
calqium ‘addition should héqe resulted iq a reduction in

- .

tﬁe'amount of label.tgﬁeq ub to about 1.5% ?f the coniiol
vglns"; HoJ@Ver, tﬂgv.;dditignw ;f extra calciunm would.
Change the free calcéhm concentration‘in the medium from
2.5 “to approximately 150uM.  Now as is shov; by Figures 3
and 4 there are complex reiatiénships between the free
calcium concentgation in the ﬁediﬁm aﬁd the apount-of
calcium taken up by PM, SER, RER, and MITO. - The results
-ghowﬁ in Table 19 iﬁdiéate that fhe change in free calcium

"Eoncentraﬁion resulted’ in an increase. in net calcium-

!

uftakepof approximatély'3-fold in the cases of SER,' RER.

/’f\§)
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and MITQ and in little change in uptake by PHM.

r ,
. . 7
N \

In the case where extra strontium was added, both.the
amount of calcium bound to ATP and the amount of free"

« divalent ion will be different from the respective. values
. . A - .

in  the, case of addition. of extra calcium, since ATP

o

‘discriminates between calciuq and strontiumw‘ (haviﬁg
different hinding cbnstants for, the two-ions, Nanlnga,
.1961) . Unfortunately the binding constadts for strontlum x
.‘amd for barlul to ATP have not been detef&lned by a‘methdd
compatible  with that used to determine the blnd}lgc>,
‘.{ : :constants for calcium and magnesiuym to ATP used throughout
MM@W%HTWW
| esrimate the .free and bound concentratiens ‘of these | )
divalent ions in this case; . oL - P
B 7 -

If the uptake mechanisms .could not distinguish
between calcium and strontiu;, rhen the specific actiViry
seen by the mechanlsms would be represented by the amounr
of free rad10act1v1ty in the mediun‘d;v1ded by the total-
free divalent ibn in the medium. Since . the bindihé’
censtant for ‘strontiu; to. ATP is less than the binding

" constant for calcium to ATP,(Nanrnga, 1961‘, the spec1f1c
ectivity would be higher than in the case of addltlon of
‘extra ca1c1um. Uptake of label under such c1rcumstances
would be higher than the uptake of label inm the case vhere
extra calcium was added (the increase 1s llkely to be 2° :

N

Y
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to 4-fold, but cqnﬁet be accurately deternined vithout the

‘correct -constants). |
\ C

'  Alternatively if the uptake wmechanisnm did not
reiabnize_vstrontium at all the specific activity would \
remain unchanged althbugh the free calcium concentratlon
would .be slightly elevated In thls latter case, uptake
of label should be 100% of control or slightly ~higher.l

-Clearly, this is ‘'not so for the case of extra strontlum
additjon. to all four fractlons from rat myonetrlum. Thus
it appears that strontlum can mimic calc1um at some step
in the overall uptake nechdhlsm in all these fractions,

' 7 : i ; 0g indistinguishable

from calcium cannot be determlned from the data avallable. /o

s
. ' Similar argqements to@those used in the case of extra
k2

strontlum ‘addition are appllcable in’ the case of extra -
barium addltlon. -In SER barium is not recognized by the
uptake mechanism, whereas ix’?ﬂ, RER and MITO it is, but

.

the precise nature of ' the interaction cannot be

determined. ‘ -
' . e) Effect of lanthanum.
-« — .

It is unfortunate that a really satisfactory nethod
could not be found +to 1nvestlgate the effects of the

lanthanum ion on calc1um uptake since it may have revealed
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some dlfferencesVanongst - PM, SER and RER. . Since the
reporg oﬁ; rahBreemen et gl; (1972f on the . use of

. ldnthaéug;asu&ftool for thé study of transnembrane calcium .

ekned with excitation-contraction coubling in |
’t;hifattemﬁts have been .nade to use lanthanum to study ‘
1'; phenomena in rat uterus .(Hodgson and Daniel,
Harshall and iKrceger,‘ 1973y. Amcngst the
propettles of lanthanum necessary for its use in*this vay,
is a total blockade of transnembrane calciun fluxes so
. that calcium . can’ nelther enter nor leave the muscle cell;
&

and thus’ an estimation of the cellular contents of calcium

can be made at various stages of exc1tatibn;- However,

> Hodgson and Daniel_;i1213l_—shoued——that——the—*ianthanur“_‘__

. | . .
technique was not valid for rat myometrium since 2mM

- .lanthanun did not completely 1nh1b1t calc1un uptake into
such tissues.- The experiments which I carried out.vere an
attempt to see 1f the other half of the agsumption, namely

" a total inhibition, of calcium extr051on vas egqually
invalid. - No firm conclu51ons about this can be drawn.
Obviously éhe validity of the assunptlons concerning the
lanthanum technique as applied -to myopetrlun are in some
cases dlffucult to test and’ in other cases aot valld (see -

—also Hodgson,L Kidwai and Dan1el, /1972{: thus |
'interpretation of results obtalned by its use should be

reserved.
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« All  fractions showed a <qn51sﬂent increase in ATP

f) Calcium-ATPase.

hydrolysis upon addition of caldium. However, in ‘most,
cases this was quite a smal]‘vﬁifference. Since the

numerical values of. the ektra:splitting ‘detected were

small as compared ‘to the basal ATPese; 1n the absence of*

ca1c1um, the significance of the dlfferences obtained for

\ -

some of the fractions is doubtful. However, even if the
D ‘ - g

extra-splitting seen is a real phenonenon, the question
remains whether it represents act1v1ty of a ca1c1nm ~-ATPase

responsible for calcium transport. If values are taken

A~

fromPiggge—3—it—is foumd That TRder SIRilar conditlons to

T
those used to measure ATPase actlvlty the. PN, SER, RER and

MITO fractlons accumulated 7.810.8, 16.012.4, 7.611.1 and

23. 917 8 mlcromoles of 'caIC1um per- q. proteid’per teh s

minutes, respectively.‘,If the values given in Table vﬁ,
wvhere the units are. micromoles Pi released per mg per 10
hlnutes, are f1rst multlplled by 1,000 to convert them " to

mlcromoles Pi ‘released ger q proteln per 10 nlnutes and
-

these values are then div1ded into the values glven«above,

il

’ the apparent number of noles of calcium transported per

mole of 1norgan1c phosphate liberated vlll be. given. The

calcium . 'transported per mole of inorgahic phosphate

‘released by PN, SER, 'RER and MITO, respectively. Batra

;

and . Daniel (1971) ' could find no extra- spllttlng due to

[y

values are 0.00065, o.oozoe, 0.00095-and 0301195 moles of
.o ¢ N . - ’ . - -
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added’ calcium in their' microsomal Preparation from rat

myometrium. They argued that if. there was indeed a

_calciumfAT?ase that.was responsible for calcium transport, -

and if the st01ch10metry vas the same .as that. reported for

\

skeletal muscle (namely 2 moles of calcium taken up per’

mole of phosphate released), then the extra Alpase

activity uould_not be detectablg by the technique of -

measurlng inorganlc phosphate liberated Carsten (1969)
rclalmed to flqd extra- spllttlng of ATP due to added
cdlcium .by the" nlcrosomal fraction _frou cow uterus
although .the asfay'conditions‘!uhich she wused were .not

v .
consistent, EGTA belng present only 1n the reaction

o

3

mlxture measuring basal ATPase and not being' present . when -

) ca1c1um ‘was added. “Carsten (1969) did not attempt to

?

relate ATP- hYdrolys1s to calcium uptake.. The remarks of

‘Batra and Danlel (1971) .are correct for the fractions_

) .
under study- here. If, for example calc1um transport in

‘the “PM - fractlon vere coupled to aTP hydrolysxs such that
two calc1um 1ons uere transported vhllst one ;molecule Aofr
1norganlc pho&phaté\ was 11berated, then the extra ATPase
act1v1ty of the PHM fractlon would be expected to pe about ‘

0. 00039 mlcromoles Pl released per ng -, ~prote1n per 10

minutes. Such values are certainly out51de the 11m1ts of .

4
N

‘detection by the technlque used.. - - N
N /. R
. \

Hhat.rthen do .  the values bbtalned here represent’

They suggest that the extra hydrolysis of ATP induced hy

)
i
t
!
'

- - i
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the presencé” of clalcium might not be tightly coupled to
bcaicium accumulation. - For”instance, calcium uptake might-.

’ be dependent upon ATP h;drolysis: pdﬁever if the vesicles
g are véry %eaky such that much more'calcium ic transported
over> the meééured time than the net accumulation'méasured
/ at the eﬁd 6f:that time.indicatés, then the stoichiometry
'.dalcﬁlated from,calcium uptake and phosphaterelease undef
these conditions will beuinl'etror. If an incieasei in
extra %&é bxdqolysié-due tojleak of transported balciumxis
the‘explanation, ;;d the dniy.explanation, then the PM and

‘

SER “frqctions( to..take..these as exampleé, would have
'tfadspbrted 2@,000 andfiS;OOO micrémoles of calcium per g
. of protein-‘iq ten .minutes respectively, provided 2 moles
éof calcium were trahspo%ted pet'mole'Qf\ QIP. hyé;olysed.
»fhe preséncefog othe%,"non tfaﬁ#pdr{ing, ATPases whicﬁlqre
stimulated bj ,palqium~‘might also explain pagt of these

. observations. . These experiments cannot’ rule out the

presence of such ATPases,

- ) ATPfindepéndent‘calciﬁé uptéke.
The ~ results §hounfwin ‘fijuré 3 indicate tﬁat a% low

;“ caicium concentrﬁtions, a- large fraction of»_ghé 'total

calciunm ifakép, up by the fésicular,,fractions,‘ih the
presenice of ATP can.pé taken up in §heh-absen¢é- of ATP.'

_The ¢élc%um‘ takénj up ,by;ﬁitogﬁéndri& at 0.03 and 0.3uM_

-free celcium conéentrétionsiwas alﬁos£ éxégtly the same in

i

Ty

o
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_the absence as in the presence of ATP. ,‘his ATP-

independent uptake might represent calcium exchange.

P

5) Summary of worh on rat uyometriun.

. Four major subcellular fractions have been obtained
ahd desiggateds pn, SER, _RER and .MITO; . they are
.considerably .enriched in vmaterial derivedb from plasma
membrane, smooth endoplasmic reticulum, rough. endoplasmic
reticuium ahd mitochon ria, respectively. All fractions
can accumulate calc1um in the presence of ATP and in some
cases ° there is a suggestlon/(;:at»,ca1c1um is,,being
transoorted; as evidenced by a potentiating effect of
oxalate.. The fractions enriched in materlal from the

plasma membrane,vthe smooth endoplasmlc retlculul and 'the

. _rough endoplasmlc reticulum can. accumulate calciUm from
soiutlons where the free concentratlon of calcium is 0. 03

and 0.3un, whlle“ the mltochondrlally enrlche& fractlon/

- cannot. Since nothing is known of the orientation of the

y .
vesicles in each fractlon hor of the amount of ve51c1es

which are sealed, 1t is imp0551ble to. say how much of -.an

/

_underestlmate of the true blnding capabilities of the

fractlons the values measured here ‘are,
- -~

~
s

_ , | . , 7
As judged by the~effect of.arugs the caldium uptake

mechanism Bf. the PM and SER fractioms appears 51m11ar to

those of skeletal and cardlac muscle mlcrosomal fractlons, ’

.



‘when it wasd absent, but this difference was only

190
PM, SER and RER fractions differ fronm skeletal puscle (see
later) in specifically requiring ATP as opposed to several
other substrates in order to accumulate calcium., = Calcium

uptake by the PM, SER and RER fractions does not differ 1n

its sensitiv1ty to blockade :;/s%rcﬁti;u\apd barium ions,
although that by MITO iS‘ mevhat more sen51t1ve to
blockade by strontium than that by PM, SER and RER. The

v

© MITO fraction has a greater senSitiV1ty to drugs which

reduce calcium uptake than any of the other systems

\

studied. iIt too requires ATP as the substrate for calc1um
uptake, but in the presence of ATP, addition of *succinate
increases the amount of calcium that can be taken up. In
no case _did seyeral drugs - which inhibit uterine
contractility produce an 1ncrease 1n calcium uptake by au;.

of the fractions tested All fractions showed an increase

in ATP- hydrolys1s when calCium was present as opposed to

EE

 significant ‘in the PH and RER fractions. This couldjin,

N 5 . ] ‘ ;’ .
part ' represent a calcium-stimulated, ' transport-linked

ATPase but it has not been cpnclusively shown to .do so.

/

[



191

1)" Isolation _ané characte;ization of subcellular

fractions: - | |

‘The fraction which 1 eoasidered to best represent
plasma’ membraneu was certainly enriched in the. plasma
membrane marker eniymes ,when:‘cempared' to the other
.fract%ens isolated. 5'-Nucleotidase specifie'activity was
‘enriched .4 +times in the PM fractlon as compared to the

-

homogenate (Table 23), whilst the ouabaln-sensitiVe,

sodium+ potassium-activated' ATPase spec1f1c actlvlty was.

enrlched by a factor of 3 in the PM fraction as compared
to the SR fraction (ouabain sensitivity being undeteetable

in the homogenate) As: shown in Table 24 the PH fractlon

'con¢a1ned some, though not a large- anount,'of cytochrome-c'

oxidase act1v1ty, but ca1c1um uptake by thlS fraction was
not significantly affected by the presence ‘of 0. SaM sodium

ia21de, lndlcatlng that mltochondrlal contaminatlon vas not
sugstantlal The fractlon I con51der to best represenﬂ
sarcoplasmic retlculum was lover in the plasma menbran

marker specgflc- act1v1t1es thap was the PH fractlon, and

showed calcium up\a%e properties’ whlch have normally béen

attributed to material derived from the sarcoplasaic

reticulum. Cytechrome-c oxidase - activity- could  be
detected 1n the SR fractlon ‘but agaln ‘the. effect of a21de

on ca1c1ua‘3ptake by this Fractlon was not signlflcant/

#



\ .
.\‘ ‘. .
\
~ v )

These results can be compared to those of Kidval et

(1973), vho sed a very simllar technique to

tal nuscle. Then‘differences are

quite strikingl " First
a

reborted that they could find no b@ta~glycerol-phosphatase

of . all Kidwvai et al.' (1973)

act1v1t1es 1n the fractions hich they Obtained frop the

sucrose den31ty gradlent vhllst T cu.4 this activity in -

all fractlons from the  sucrosé de. .iy gredient " The’

Processes wvhich. 1 used up to the sucrose gradlent step
¢ L
were almost identical to those useq by [Kidwai et al,

(1973)" ana 1 -€annot explain the dlscrepency between our

results, unless it is related to the difference inp ~ the

. Wweights anqg thus the ages of rats .used, 160- -200qg ‘in ny

' case and‘200 250g in the case of Kidwai et al. (1973),

\\
\\ ~.
n \\\\
. . \\

- The act1v1ty of 5'-nucleot1dase in the homogenite\ of
skeletal muscle was 3 tlmes hlgher in uy experlnents than

in those reported by Kidwai et_ al. (1973) .and  this

“. . despite the fact that my 'values are corrected for beta-

'glycerol-phosphatase whllst those of Kidwai gt al. are

not; Agaln, I: can offer no explanatlonn fdr this
dlscrepency except the age of the anlnals. The values of

5'-nucleot1dase‘ act1v1ty in the plasua membrahe fractlon

are quite close,i Rine \h\}ng slightly lower, however,

) because of the dlfferences in homogenate activity, was

only able to obtaln a 4 fold purlfactlon vhilst K1dwa1 et -

192
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D)

-

al. (19?3)‘ obtained a 17-fol4 purifactioh of 5;-
dnucleotidaee from homdgenate to plasma-membrane fraction.

The specifie activity of 5'4nmcleot£dase in the SR
fractiqm whicm I preparegd was half of that in the Bé
(sarcoplasmicb reticulun) fraction of Kidmai et al,

(1973) . The ratio of Specific dctivity of S5'-puclectidase
in  plasma membrane fraction to sarcoplasmic"reticulum,

~ fraction was'4:1 in my experlments and 2,1:1 in Tthose'lbf,

' KldHal et al. (1973).

v

Ca /

The reverse situation is truqufer'athe specific
| activity 6f the omabaim;sensitive,' sodimm+ pota351um~_
actlvated ATPase. ' The PN fraction obtalned in my studies
had an act1v1ty of this enzyme whlch was. almost five times
greater than that of the F1 (plasma membrane) fractlon, of
Kidvai et al. . (1973). Kldwal et al, (1973)<couldﬁﬁetect
'no-—duabain. sen51t1v1ty in thélr F2' fractlon whereas I

'found cons1derab1e (nearly one thlrd_mf“¢he PN specific
,actlvlty of this enzyme) in the SR fractlon., In nelther
case could lnhlbltlqu by ouabaln be detected in thee

-

‘homogenate, 3
As judged by the act1v1ty of 5'-nucleot1dase, I dld.
‘;not obtaln as good a purlfactlon of ‘the plasma mnembrane as

did Kldwal et al.’ (1973) However, By sarcoplasmrc

—

'retlculum fraction_ was less contamlnated by materlal

)

orlglnatlng fron the plasma membrahe than was thelrs. . As

-
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judged by . the activity of the ouab in-sensitive, sgdium+
potass1um—activated ATPase, I obtaine greager purifaé%ioh
- of the plasnma membrane fraction than did' Kidwai et”‘ai
(1973{, al;hough there wds nore co?tamination of the
«sarcoplasmic' reticulum fraoiion by naterlal _from tho
plasma membrane in my case than in the1r$. |
. 1
I found some cytochrome-c bxidase activity‘in all the

subcellular fractlons wvhich I examined. Kidwai et al.

(1973) reported that this ‘enzyme was exclusive +to one

'fraction, F3 (mitochondria), provided that homogenization_

vas  done carefuliy. My _.results vere unable to
substantiate this finding,

- . ) . ~

Aﬁdtherjsystem wvhich my tesulfé'can bé compared to is
that of  the skeletal musc%? plaSma membrane fraction,

(termed by‘the authors, sapcolelha) pfepdred by Severson,

- Drummond “and Shlakhe- (1972) and later used by Sulakhe,.

Drummond and Ng (1973) to 1nvest19ate the ca101um ;uptake>

propertles of skeletal muscle plasna membrane Diréct

comparlsons are not p0551b1e 51nce Severson, Drumnond ‘and

~

L 4

! Sulakhe (1972) used :apblt skeletal nuscle and assayed

some'dlfferent.magker~enzynes..: Hovever, they found no

/
/

7+ preparation. "They fopné ouaha1n~sen51t1ve, sodlun,

cytochrome-c  oxidase aogivity ip their ,sarcolemna‘

potassium-étimulated' .ATPase . to  be present in this ,

Preparation anﬂ obtained a 15-fold increase in'- A
R ) A . ‘~/A | . . . '. ) - . R . | ] . . . . / " . '

the -

4
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specific ‘activity of adenylate Cyclase in the sarcolemma

,frdctioﬁ as compared to the nmuscle wvhole homogenate.

quortunately Severson, Drummond and Sulakhe (1972) aid

not isolate sarcoleﬁmai, mitochbndrial and sarcoplasmic

reticular fractions from the same muscle, and so the.

ratios of activities of the various " enzyme activities

At

amongst such fractions are unknown.

Of.'COurse any study which seeks to determine the
calciumi:uptake 'properties‘ of ‘skeletal muscle plasma
membrane should rbe' eapuble ‘of..indicating uith some
accuracy, the possible amount of contauination of such a
| fraction', by material 'derived from the Sarcoplasnmic
retlculum, so that calc1um uptake by materlal derlved from
- the plasma membrane can be accurately assessed Kidwai et
g;;/ (1973) used an‘estamate of protein. blosynthesis by
‘their rractlons};n order to.est mete the coutanination of
the.plasma membrane fraction material deriued'frem the

my experiments'because there is no certainty that -protein

biosynthetié . act1v1ty of the 'internal membranes of

skeletal muscle is closely a55001ated vlth or 1nseparable .
from the spec1allzed calc1un uptake propertles of these
membranes. Such a view was also put forth by uartonOSf.

end‘ Halpln (1972) vho stuéued the turnover of protelns in

the sarcoplasgig\\retlculum <of skeletal‘.muscle, -They
: state&\_ '!The 51te'.of .synthesis of the“‘prdtein; and
. _ _ ) L

5

sarcoplasmic reticulum. I'did‘not use this.technique in’

2y
/
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phospholipld components of sarcoplasmlc reticulum within

the musdle cell is unknown. The observed incorporation of.

amino ‘acids into..... skeletal muscle microsomes is not
-,

sufflciently defined to, conclude that sarcoplasnic

reticulum membranes are involved in protein synthesis.,'!?

This statement is still trﬁe today, and before protein

biosynthesis is used as a marker, its validity as a marker
should be demonstrated. Also it has beeh\repo:ted (Kidwai
« 1973) that the. plasma wmembrane of skeletal muscle

pPossesses protein biosynthetic activity per se.

[ 4

a

. Several different techniques were used by sSulakhe,
Drummond and Ng (1973) to demonstr;te that there vas no
“co?tamination of their sarcolemma by material derived from
the sarcoplasmic reticulum' unfortunately, most of -theﬁ
- Were ipvaiid; Thus the sarcoplasmic retlculum preparatlon
whlch they conpared to their sarcolemma vas prepared by an
entlrely different technlque than was the sarcolemma, and
no attempts at characterlzatlon wvhatsoever were ‘made on
this former fraction, Hence the p0551b1e contaminatiow of
-the s0 called sarcoplasmlc retlculum fractlon of sulakhe,
Drummond and Ng (1973) by mater1a1 derlved either from the

plasma membranetor from mitochondria is unknovn.‘ Sulakhe,
i : /

Drummond and NQ (1973) preparéd their sarcolemmal fraction

by treatiﬁgl the muécle homogenate. with both lithium

bromide and potassium .bromide. solutions, vhilst their

. . . . .. A .
isolation of sarcoprasmic feticulum 8id not involve such

. -

¥



197

, j o A
treatment. In the light of the results of Repke and Katz
(1969) it is of liftle surprise that Sulakhe, Dfumnond rand
Ng (1973) found their sarcoplasmic retlculum fractlon to
be ' less active in taking up calcium after it too had been
treated wlth’both llthlum bromide and potassium bromide
solutions. Hovever, Sulakhe, Drunmond and ¥g (1973) .took

such results ag”an indication that their sarcolemma: was

not co taminated by wmaterial from the sarcoplasmic
This is an invalid conclusion until it can . be

shown tha these salts do not reduce the calcium uptake

demonstration ha not been made.

the salt extraction
inactivates calcium upY
%ulakhe, Drummond and (19/13) added an. amount of

safcoplasmic/reticulum fraction to a muscle houogenate

from which they then ‘isolated 'sarcolenua‘by the. usual

pfocedure. Since they found only a small increase in , the

"spec1f1c activity of calc1um uptake in the sarcolemma/thus
isolated, Sulakhe, Drunmondv and Ng ((1973) claimed no
'contamlnatlon by sarcoplasmic retlcuiun. They state that
since sarcoplasmic reticulum had a much higher ca1c1um

biuding activity than sarcolenma, the absence of
-

contamination was prcved.» They seemed to be unavare that |

" the sa:cepiasmic reticulum only had a higher abilitX. to
" B ’ . Y - ‘ s - ’
accumulate Calcium when not treated with lithium bromide

I3

- t

the  sarcolemmal prebarations; this

-~
-
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and potassium bromide. The yields vhich Sulakhe, Drummond
and Ng (1973) reported for sarcolemla vhen it was isolated
from nmuscle Bomogenate or from muscle homogenate plus
sarcopiasmic reticulum are'alnost identical, Hovever, it
is unclear whether the yields were calculated on the bas1s
of mg per g of total starting naterlal (i.e., that fronm

vhich both sarcolemna and sarcoplasnic reticulul were

"~isoiated) or of mg per g of tissue vhich was used to

1solate sarcolemna (and thus 1gnorn1ng the anount of added

Sarcoplasmlc reticulum) ; ' this of course is a verm
important point  to COnsider in respect to how much
material derived fréMethe sarcoplasnlc reticulum can flnd

its way into the sarcolemmal fraction. -
. . \\

; :
These tests, as well as those 1n which sarcoplasmic

.kret1Cu1um vas added to a flnal sarcolenma preparatlon -and

the mixture sedlnented at 2, OOOxg for 10 wmins then assayed
for calciunm uptake abll;ty, are invalld " since the
sarcoplasnmic. rétfculum‘ préparation was prepafed by

discarding all material vhlch sedimented at 8 OOOxg for 20

Wy

minutes whilst the sarcolemma was prepared fron m&terlal

vhlch \sedlmented at 2 OOOxg for 10 nlnutes. sulakhe,
Drummond and Ngts (1973) flndlngs demonstrate nothlng more
than " the fact that the pr1nc1p1es - of differential

centrifugation are valid. ‘Several other: differences

~ Observed by Sulakhe, Drummond and Ng (1973) night be

better explained by the differential effects of/treatnent
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vith bromide salts _than by  differences between plasama
membrane and sarcoplasmlc reticulun' this p0551b111ty vas’
not tested.

‘ . /
Sulakhe, Drummond and Ng (1973) found that if a

mu%cle ,mince was igficubated. with phospholipase C ‘and then
both sarcoplasmic reticulum and sarcolemma vere isolated
'fron' this' and a control; nince, calc1um uptake by the
- treated sarcolenna‘preparation vas greatly reduced wﬂbn
compared to the control, vnereas calciuu,uptake b? the~
treated sarcoplasmic reticulum preparation was only uery
slightly reduced as compared to the control. sulakhe/r’
Drummond and Ng {1973) took tnese results as a.‘strong'
indication ' that their sarcolemma prepafation contained
‘material of surface origin Since they assumed that
_phospholipase C was unable to penetrate 1nto the cell and.
1nact1(§te the sarcoplasmlc reticulun. Houever, in a flne
_muscle.nlnce such as the one these authors used to 1solate
thelr fractions from, one would expect a large number (qﬁ
cells. to be broken open in such a way that phosphollpase c
could‘ penetrate and thus affect lntracellular ne%branes.
The reproduc1billty of such. experlments is not "certaln;
Sulakhe, Drummond and Ng (1973) report tyesresudt frohbv
only one. Attempts to repeat the pﬁosphoiiéase d
treatment _experiients; of Sulakhe, Drunnond and Ng (1973){

- on. rat skeletal muscle u51ng the saue 1solat10n technlquel

that I have used (Janls, 1973), resulted in gross changes

) _,

.
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in the Sedimentation properties of ali subcellunlar
fraétions includingethe mitochondria, indicating that the
action of phospholipase C could not He restricted “to  the

surface membrane. These results may . indicate a difference

in- sensitivity _between _ rat ang rabbit muscle to

) . 9
- phospholipase C treatment., Howeveér, Sulakhe, Drummond and

Ng (1973) did_not show that the effects tpey saw were Anot
- produced by an ‘interaction - betveen phospholipase c
treatment angd lithium bromide treatment \rather thap being
produced directly by the action of phospholipase C

Thus no morkers have unequivocally demonstrated the
absence, or indeed indicated the extent of the presence,
of material able to accumulate calc1um derived - from
‘SKeletal nusclejsarcoplasmic reticulum in skeletal muscle
;membrane fractions. This is true of my experiments also.
9«could find no technique based “on vell establishgd facts

‘uhich would: enable me, to do this. X therefore relied om

being able to find some differences in the a1c1um uptake'

properties of the Pu and‘SR fractions that might at 1east

“a1l the data vhich I obtained' concetning the MITO

"give sofie indication ol two separate processes.

fraction from' rat skeletal nuscle indicate that this
N . ’ ] a‘
fraction was indeed composed of material t#at ’vas“ mainly

1of mitochondrial origin. Thus the electron microscopic

appearance was that of a mitochondrial fraction (see Plate

-
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9), and the fraction had a . high specific activity _of

.- Cytochrome-c oxidase audfan ATP-dependent calciun uptake
S , N ‘ - e
mechanism that wad almost totally inhibited by- 0.5mM
- : /

‘azide.
2. Calcium uptake'b ‘the subcellular: fractions.
s TTT B e D 1'?F”“
. » r | :
a) General observations. )
’ )

.The results of’-preliminary- caiciuu uptake studies,
shown in Tableuzs,;;gvea;ea'thdt'ail,fradfions éoui44 take
up calCium in the brésence of'ATP, the MITO fraction beifig_
most active and being completeli supressed in the presence N
of 0 Smu a21de.v Both PM . and SR took up calcium, SR belng.
- aimost twice as active 1Uhllst uptake"by -bp th these
.. fractions was potentiated by oxalate the actual numerlcal‘
values. for uptake 1n the presence of oxalate being: almost
identical in PH as in. SR. ‘ ihus calc1uu transport was
'apparentlf \uore_ effective in PM than in SR. ' 'Neither PN
nor SR were inhibited-oy_azide$é-

: . . ‘ ' ‘ ..' . ‘ ,
'b) Comparlson of tge calclum uptake data obtalned Hlth
'those obtalned by others.

1

'How. do the valués. for c3101um- upyake 'by the SR

fractuon compare Hlth those from other st dles' It must

be flrstk. of‘: all ,nnderstood that thefe 7isy 1ittleﬁ

. A .k
[ » . K i C N
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con51stency in the technlques used from one laboratory to.
o another "in order to measure calcium uptake; however, in

~his review Inesi (1972) andlcates that the maximal amount

|
0

of calcium accumulated by sarcoplasmlc reticulum fractlons

»

from rabbit skeletal muscle .in__ the absence of

!

precipitation by -agents such as oxalate is \ 11d -220
‘micromoles peri'mgﬂ protein. These values are 4-8 tlmes

hlgher than those whlch I obtalned for the SR fraction.

t

For "the . case where oxalate vas present(&n the reactidn

mixture, the conditions which I used were very similarr“to !
! ) ,

those of Balzer, Makinose and Hasselbach (1968) , who found

a mean value of 1,480 mlcromoles of ca1c1um taken up per

' v
mlnute per g proteln at 200C; 1n my experiments the ‘@R

took up 1,417.7  micromoles calc1um per g proteln in one

‘minute at 370¢. The large dlscrepancy between the values
obtaiﬁed by others with respect to uptake in the absence

of oxalate compared to my results, and the reasorably good -

- .,

agreement seen .in the case of uptake in ,th— oresence of

oxalate; mlght' indicate .that a greater part of the net .

—

calc1u? uptake by the ve51cles which I prepared vas due to
calcium transport, or that less caic1um could be bound to

" the mem%rane of the ve51cles that I prepared or that the
S8 - . ¢ F2l
vesicles whlch 'I -prepared were more Jleaky to - ATP-

!

dependently accumulated calc1um that the’ ve51cles prepared

- by others. o ! L

LT ) ) . . ) . s ‘->
Several  factors couBdd account for an increased
L ' ¢ K

i
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leaklness of the vesicles I prepared conpared to those of

others. Flrstly, vesicles prepared from rat muscle might

be naturally more - permeable " than those from rabblt-
L

»secondly, the prolonged sucrose gradient treatment that I
used might have,renderedﬁﬁthe- vesicles more leaky; and

thirdly, the fact that 1 measured uptake at 370C uhereas

others normally use 20~-250C mlght be respon51ble for, the
- 7

lower net uptake in the absence of oxalate,,51nce 1t has

» .
been shown (Duggan and Marton051, 1970) that ve51cles of

0
w

sarcoplasmic retlculum release more and more of the

calcium accumulated at 250C when the temperature of the

‘medium' 1nto which efflux is allowed is 1ncreased stepwlse

from 4 to 4Qoc,

With the aid of a reoent publication (Huxtable and

Bressler, 1973) it ought to be possible to determine

) LREEA .
‘whether the comblnatlon of the above three factors in

-responsxble for the dlscrepancy; Since they prepared a

sarcoplasmic reticuliim fractlon from rat skeletal muscle

by subjectlng 1t to a two hour sucrose density gradient

vcentrlfugatlon and they measured calc1um uptake at '37°C.
If thelr unlts can. be- taken serlously then the uptake
hvalues obtalned by Huxtable and Bressler (1973) in the
absence of oxalate (200 300 mlcrouoles per mg proteln in
© one minute from’a‘solutlon_of 50uM added - calc1um i the

presence of 4mM ‘ATP) _are‘ ten tlues greater than those

‘whlch I obtalned for the SR fractlon (20 30 mlcromoles per

¢

Y]



- ' C 204

ng protein in one minute, from solutions of 1-100uM free
calcium)._ How@ver since in two of their graphs (Figureg 1
and 3) Huxtable and Bressler show values for uptake in the'
presence of oxalate whlch are alternately Tb tlmes greater
and- 10 times smaller (almost exactly, in both cases) thAn

the values whlch 1 obtained (and 51nce they ~appeared to

use exactl the same conditions 4in the twvo cases), Lt
§ y

seems that they wera somewhat’ confused about units. “The”

]
Closeness of the. numbers for uptake in the tvo cases tenpt

speculatlon- hoveyer, if Huxtable and/éressler (1973) did

give the correct unlts - for calC1u& uptake by their
: \ _

-sarcoplasm1c reticulum .in , the absenceyof“oxalate, I can

offer no explanatlon as to why my value§; are ten times

~

smaller. N o B .«\\\$<L ¢
_ ~N 7
. A
A feature whlch the results of Huxtable 1nd Bressler

(1973) have (both PM and SR fractlons) in common Hlth mine

1s the fall off in net accumulated calc1un whlch occurs )n
/

the absence of oxatate and pfter one mlnute of 1ncubat%on.“

7

.Such a phenomemon has not been exten51vely reported for

- the rabblt sarcoplasmlc retlculum. Since it dia not occur
elther in my experiments or in -those of Huxtable and

Bressler (1973) when oxalate was present it may  result

-from “an increased -leakiness of the rat skeletal muscle.

membranes" followlng accumulatlon of calc1um.

Fron Figure 3, calcium uptake byr SR from a 1uM

‘ -



vhilst Table 22 shows that SR took up 23.7‘micromoles_ per .

g in 20‘seconds at 200C. ATp- dependent uptake shouldxb% a
hlghly temperature sen51t1ve process ‘(Inesi, 1972). If

calcium uptake were the only limiting - process in net

calcium accumulation one vould expect the values obtalned

at 170C to be much hlgher than those at '20°C.<' However,
51nce net. accumulatlon 1s governed by ‘differences 1n the
rate of uptake and in the rate of efflux of calciunm, .it
seems probable that' efflux is greater at 37°C’than at

lover temperatures.

- ,

3) Ev1dence for separate calcium uptake mechanlsms in

the plasma membrane, sarcoplasmlc“retlculum and

mitochondrla of rat sheletal muscle.

. N ) ) . . i - Cy
- In subsequent experiments on- calc1um uPtake' the PM
/ A

fraction behaved merely llke a less actlve counterpart to
the SR fractlon. Thus both fractlons showed 51m11ar time

courses of calcium uptake from low ‘and. high calcium

solutlons and in the presence of oxalate. they shoved the

same i response of uptake "to dlfferent _ ca1c1um

W

‘ .
concentratlons (Flgure 6), to drugs (Tables 32 and 33) and B

to dlvalent 1ons (Table 33). In most of these ‘cases’ there
“vere marked dlfferences between the PN and SR fractlons on

one hand and the MITO fractlon on the other. o
/
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_The SR showed the weiljestablished property (Inesi,
1972;eand Heher, 1966) of heing'able to aecunutateﬁgaleium
from low calcium cohéentration solutiens; this property.. .
was mirrored hy the PM .fractionq~but not by ;the hITd
fraction. Further to this the ‘results of experiments
shown in Table 37, in which uptake measurements were made‘
at = 200C. after 20 seconds of incubation, 1nd1cate a wlde-
discrepauey ih the rates-ef-uptahevhetween PM iand SR on
one hand and MITO on the other, which suggests that PH and
SR have a much more 1mportant role in, calc1um uptake and
~re1axat10n than does HITO. ’

! ‘ ‘ -
va) Substratefspeéifisitya
.

In ‘Chapter 1 itzuas pointed_but thatrsip, ITP, acetyl
phosphate and para4nitrbpheuyi ;phosphatei hame}~ail-'been'ﬁ'
‘shown - to promote'ﬂqaleium uptake hy"skedetall muscieﬁ
'Tsaréoplasmic‘retiéulum; though:uptake im these cases had a.
.slower.rate and the mechanism'showed a lover affinity..f;r"
gCalcium ‘than _it d4id in thevpresence of‘AfP.J The results :

“~shown in Table 28 conflrm that all these substrates could»

. support ta1c1um uptake by both PN and SR fractlons. Thé

fact’ that net calc1um uptake was the same for ATP, GTP and
ITP under the conditions used agrees with the results. of
.Harton051 and Feretos (196“), whlch 1nd1cate that at hlqh<jh
concentratlops of free calcium (like the ones whlch I.

"used) ‘the steady-state accumulatlon of calc;um 1s the same

3
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‘\ i

for several substﬁates;, This result is probably brought

about by the fact that the~'free intravesicular calciunm

‘exerts a ;conttolling effect upon the rate_of'sub$trate.

hydrolysis (Weber, 1971). " This.feedback mechanism would -~

pérﬁit ‘the ' same steadyfstate,'net, uptake of calcium by
substrates of differing affinities.
. \ . “

When oxaiate'vaé presentA‘isee>”febie 29f the 'ffee}

' 1ntrave51cular calcium codcentratioz/yés kept low so that-

' ’there was no feedback 1nh1b1t10n of substrate hydrgly51s,

l.

oner the« ‘time course of the experlment .the calciunm taken

up in the dlfferent cases vas a reflectlon of the rate f-

uptake in- each case. -Hence'condit;ons-wlth‘and‘v1thout

oxalakd produced different results for the ratio of ‘the

o .

amou of calcium taken hp vhen‘ATP,waé{the substrate to

.the ‘4mount of calcium,takenbup when other‘§uﬁstfates were .

used., ‘Ihn'HITO none of these,alternatiie substrates vere

Capahle of Supporting uptake. *Neither SUCCiAete'élone nor
succinate plus ATP could increase the uptake by the HITO 4

fraction from 1 or O. 3uM free calc1um abo?% the amount

. ) . /
obtained in the presence ovaTPvalone.' r o

: b)'Effect-of'drhgs;’
/o ) o

P

The lack of effect of 0: 1uu of verapamil and. '

_proﬁganélol 'on,:ceiéihm» uptake by PH, SR and HiTO is in:-

7

. coptrest to the effect seen by Balzer (1972) ‘and [Balzer,

v Y
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nakinose and Hasselbach (1968). However, in contrast-to
Balzer, uakinose and Hasselbach (1968) and Balzer (1972 1
used no oxalate{ and a lower Afree calcium concentratlon 3
.'(iuu{ than idid Balzer (1972) and Balzef, Makinose and .

‘Hasselbacn (1968)v1approximately .20uH). 'qhef'inhibition |
_prouuced by *chlorpromézine uas slightly ‘higher‘in'the Sy
experlments of Balzér, Maklnose and Hasselhnch (1968) than |
rn,ulne1‘ Just as Batra (1973b) ".showed . chlorpromazlne- to

be norev potent at 1nnibat1ng' calciun uptake b}“ 2
"mltochondrla than hy saréoplasmlc retlculun 1solated from

. frog skeletal muscLe, ’so my resu1t5~shou it to be more
potent in.the.HITo'than'in the PM or sﬁ\fractionsvfrom‘rat
'skeletal nuscle. No increaSe in the amount of calciuu

taken up - was seen when low concentratlons of verapam11 and
vchlorproma21ne4 were used- however, 1f an 1ncrease in the

.rate of uptake d1d occur under these condltlons it mlght‘

!/ .
have ~been ‘masked in PN and SR by the leak of accumulatedw'

e

calc1um. Draug effects 1n the presence of - oxalate uere not L by

tested.

"c);Effects of divalent ions and lanthanum. /. ° -’ﬁtﬁ)v",' o

) v

Marton051 and Feretos (196&) rfound - bariunﬂ and

/

strontlum to be poor 1n conpetlng wlth calczdm for uptake_-

by . sarcoplasmlc retlculum preparatlons, vhllst Weber, Herza -
"and Rless .(1966) showed strontlnm to be taken up “at a |

.. 51m11ar rate .as'vqalc1um' by sarcopiasmicﬁ~reticu1un,

|
1
LY
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7
.

s -

. although the'affinity of the sarcoplasmic reticulum’ vas

much greater for calciun than, for strontium. ' In my

experiments (Table 33)' strontium ‘clearly reduced the

‘ -

uptake of  labelled calc1un, whllst barium was without

significant effect in all three fractions. Uptake of

labeiled'.calcium Jin the' MITO fraction was reduced more"

. effectlvely by strontlum than by calcium ‘1tse1f,wuvh1ch

(Y1

‘might. 1nd10ate that these ‘mitqchOndria had a higher

affinity 'for strontlum than for calcium under ‘these.

conditions. “The effects of the addition of extra divalent
/

A.3 d) of thlS chapter. By thelr responses to the

‘ uptake mechanlsm vhlch differs from that of HITO Table

1anthanum greatly reduce the ablllty of . PM and SR to take

fup calc1um- ‘there were no.dlfferences in the responses? of

»
A

Eu'and SR to.this ion, - ) t, S g
\“l Summary of work on rat skeletal mnscle.'an‘g

. In summary. 'the' calc1um uptake denonstrated by the

~ MFTO fractlon vas obv1onsly different fron that of ‘the PN

and‘ SR fractlons. it showed a dlfférent tine course, a

“substrate. it ‘also showed a dlfferent susceptlblllty to

,drugs and d;valent 1ons, and a d1fferent rate from that of

-

" e

_cations o1 1sotope dilutlon have been dlSCuSSed in sectlonu

dlfferent dlvalent 1ons PM®and SR appear to have calcxpm

'34 shows that pre-lncubatlon with high concehtratlons of |

, fdlfferent dependence on calcaun 00ncentratlon ‘and on
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PM or SR and vwas also blocked by azide when theé others
‘'were not. . On the other hadﬁ, very little difference
except in amount of calcium taken up was seen between DPM

>N

'anaw SR. Hhat‘justification is there then for sayipg that
the piasma rembrane of /skeletal muscle does possess ‘a
calcium 'uptake meehanism? - As was disaussed earlier the
amount of materlal derlved from the sarcoplasmlp reticulum
which contamlnates the PM fraction is unknovn. f The data
~in Tables 25 and 27 and in Figures/S'and 6 indicate tﬁat
if all the calcium uptake in the PM fraction vere due to
contamlnatlng sarcoplasmic retlculum, then appibxlmately'

4 ].:A»

half the proteln in the PM fractlon must originate from

-

the sarcoplasmic retzculun. However, the ‘activities of

ker enzymes uere enriched 3 to .4
s

fold 1n the PM fractlon over those in ‘the SR fractlon. It_

the plasmarsmembrane ma

’ clearly cannot be stated that calc1um/uptake by the plasma

7

membrane ef skeletal muscle Ahasr beenl\?ngnestgonably
. demoastrated. I'eonclude that a fractioni'enriched “in .
‘plasma, meﬁbrane' marﬁers takes up/calcidm'by a mechanisnm
”whichvis'ia all_respecté tested similar to~~taat of 'the
sarceplasaic‘ retiéulum;} The fact that uptake in the. PN :

fractlon vas potentlated more by oxalate than was uptake.

o

by the SR fractlon could represent a greater leakiness of

Kl

the PM vesicles or a greater ablllty of the SR vesicles to

»

bind calcium. * ; . S

K

\J
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C. The si l_rltles and dlffegegces between subcellular
.f.sgsz;gn.s.' of rat mx_g...t__ri_-m 2nd subcellular fractions of
/

rat skeletal muscle.- ’

I will now summarize what'has been accomplished and
brigfly compare . and. contrast- the results obtained from

skeletal muscle -ith those from uterine smooth muscle.

Hitoahondrial fra~tions from both skeletal and
uterine smooth musclos vere isolated in reasonable purity.
&
_The calcium uptake propertles of the tuo mltoéhondrlal
fractions wefe vefy similar, both in'their'affinities for
éaicium and in their rates. In both muscles the

mitochondrial fractlon had lower aff1n1 ies and rates of

‘calcium uptake than diad the respective vesicular

\

fractions.

The attempt to divide the nictusomes- from the tvo
different muscles into fractions from particular cellular~
origlns was nore successful ir the cade of the myometr1um
than of skeletal uuscle such -that more confgaﬁnce can be
placed in the assignment of a ca1c1um uptake nechanlsm to

1

subcellular loc1 of the nyonetrlum ~thanp .of skeletal.
_muscle. . Thus . plasma: uembrahe, suooth anddplasnia
reticuluu and fough endoplasmic retlculuu from myometrlum
can accumulate calcium w;th dlmost exactly similar

’ propertles vhilst plasma membrane- as well as sarcoplasnic
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@ oy

* reticulum from skeletal muscle may be able to accumulate

.
s

calciunm,

°
-

The fact €5pt calcium uptake propetties were retained
by the skeietal muscle menbranes suggests fhat the
technlque for isolation d1d not severely damage the 'saue
properties in the »snooth muscle membranes. ’Houeuer_the
skeletal muscle s coplasmic reticulum. vhich I prepared
was. able vto bind less calcium in the absence of ‘oxalate
than other sarcoplasmic reticulun preparatlons described
in the llterature, -which mlght 1nd1cate ‘some loss of
calcium'bindinq?as a result of. . the 1solation' technigue.
There are some rather strlklng dlfferences 1n the caIC1un

0

uptake propertles of the fractlons 1solated from the
dlfferent muscles, which could concelvably be produced by
the 1solat10n 'procedure but are more likely to be
inherent. Most striking of course is the rate of uptake'
at 370C the skeletal muscle SR fraction. took up as mucht
calc1um 1n 30 seconds as the myénetrial fraction did in .10
minutes, whilst in 20 seconds at 20°C the skeletal nuscle\
.sg took up apbmdiiuatelyA16 times-uore calcium than did

the uterihe"fractions." Such dlfferences in ﬁates of
: calcium uptake'are consistent v;th ‘the dlfferences in
.rates of relaxatlon of the two‘ types of muscle. The
skeletal muscle fractions shoved theuseIVes capable or

taking up. much lore' calc1un at lower concentratlons of

calc1um (almost 5 tlnes more at O, 3uH and more than v3
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e & ) :
times more at 0.03uM). than did the smooth' nmuscle

-
: fractions. Whether this dlfference is .due- to. the fact
. that the nyouetrlal ‘contractzle proteins .are less
sen51t1ve to calcium than the skeletal ones over the range
0. 03-0 3uM cannot be said uAtil these properties have been
dlrectly investigated. Uptake by skeletal musdle
- fractions was “greatly vinCreased 'in the presence of
oxalate, uhereas that by smooth muscle ones was not; this
‘indicates sonme differences and was discussed earlier. “
_however, what ‘these dlfferences are cannot be dec1ded from //(
the results obtained here. \The effect of several ions onp
cacllum’uptake revealed some 31milar1tles in the nechanlsm
of uptake in skeletal and smooth muscleefractlons, and the
effects of drugs, in some cases vhere condlt;ons used vere
fthe ' same, also showed sinllarlties"ln cases where drug
studles vere not repeated on the skeletal muscle fractions

'\

which I prepared the effects seen on the snooth muscle\

fractlons vere 51m11ar to those seen by others on skeletal .

or cardlac muscle mlcrosomes. A major dlfference vas that
) uptake by the smooth muscle fractions could not be
supported by a variéty of substrates other han KTP vhilst
‘that by skeletal :muscle fra¢t10ns could The extra-
splitting of ATP due to added calc1un was smali and not
always 51gn1f1cant in the smooth luscle fractlons.‘

| Thus, desplte its much _lower rate of uptake, and .v ts’

lover afflnlty for calcium, the smooth nuscle calcium -

. vi*///.

»

4
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uptake~mechan1sn‘was“inwsome vays very sim11at to that - of

4 '
skeletal muscle- however,- the dlfference in substra&e_
A .b-;\

dependence indicates that it, was not merely a ''djluted*
- ' 7 C S :

version of the skeletal muscle calgium‘uptake Processes.

Rl
1 . . .
~

) | - ... . | : | R /
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APPENDIX; -
. \. ' . ’ . ‘ '
‘ ! _ o -
The association oconstants for the. interaction between

' ' " -K - . o o
calciun and EGTA. ’
R

. In a solution which contains a dissolVed calcium salt
and & dissolveﬁ EGTA salt the. folloving equilibriun exists

(anOngst others). y '_. SR _
- v‘ \\t “ w

~.

P P o ' - » ' T ’ | ‘ » O
Caz+ + EGTK?L'='CaEGTA2:$\\<\\\a o .

. TR e
. . N

o S ' S S

and the concentrations of the various spec1es are related

by K, ‘the true. association constant for CaEGTAZ- such that S

. < . ' '\
N LI ) T ._.\ .

, .- K = TJICaEETAZf]A : . S
- p . [caz+] [EGTAf‘] R (1) »' 5

In 'normali experiuental Circumstances, hpveverq
3

several ions are present (e g., H* K+ Hg**“ etc.)~ which
ilay #1so . interact 'uath EGTA and/or calc;ui and thus_

influence the equilibriun of. the Cazt EGTA¢—‘ reactiou.

In this latter case the concentrations'of the various

13

<'species 'are reiated by K" the apparent';association'

constant_for CaEGTAZ- suph that '

k= [ CAEGTAZ-] “"'"j
(.EGTA]total-[CaEGT 5-] a (21

Hhere [EGTA] total is the - concentration of all p0551ble

«
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forms of EGTA.

~In ther%ype of solutions used in this_thesis a .wide

1 numper of ionic species are present, various forms of ATP,

H*, K%, Mg2+, C%', H.imidazole* ete. .Many of these ions,

but most notably H*, ng+ and 1midazole, can interact with

[ 1

various forms of EGTA (see Chaberek and Harte;&, - 1959;

Schwartzenbach et al. , 1957; and Godt, 197%) and thus
! - ! i / . ©

~influence K'. ) . o

'problem of the, effec% o@?lmldazole on K' has u%aally been

[

This a rigorous mathematlcal descrlptlon of K' should

3

| take 1nto account the effects of all ions present upon the

amount of CaEGTAZ- that can be formed. Unfortunately, the

Vs

nature of the 1nteract10n between 1midazole ‘and "EGTA is

not prec1sely known and there are as yet no constants/to

descrlbe the interaction (Ogawa ‘1968' Godt, 1974) . The

ol

av01ded by u51ng values for K' determined in a redium i,

'contalnlng imidazole (Ogawa, 1968; and Godt, 1974).

i
4

o )
, R /

Slmllarly, the effects of all 19ns other than H* upon

K have normally been ignored in ‘mathematical descrlptldns

of K* in relation to K (see Blngbom, 1963;,and Godt,

'197u)‘ Godt"(197a) presenté ‘evidence *from which he
S

[z

-concludes -that ATP, ‘Mg2+ in >concentratlons normal for

phy51olog1ca1 experlnents and K+ over the range 50-300nN
. 1
have- 1ittle effect,upqn K*. ’ *‘

K

9k
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.ﬁaccepts the'negligible“effect of iqhs other than H* on the i

s

217

.
’

" 'Tf calciun binds only to one formtéf EGTA, namely
EGTA4~ (which is notvsfrictly true though’ the affinity

cohstant for CaHEGTA-1 is quite low, (Sillen and ﬁartell,
1 . . . . " . ) /
1964) ) and there is only one siteoof calcium-binding

/

~per

molecule of EGTA T (as iS"the'case. Godt, 1979)'5nd one

value of‘xo,:%heq;the follquing treatment is*valid.
/ - - " ) . N

'The';ntefaqtions,betwéen Hydrogen ior and EGTAq;afe

vell K anderstood ahd‘ the following reactions can occur

P

.

under appropriate conditions.
. ) /
. H EGTA & H,EGTA- + H+ _.
T - . ;
H, EGTA= 2 H, EGTA2~ ¢ H+ .
) . . . R ‘ ' /
~H, EGTA2- 2 HEGTA3~ + H+ ’ o

It

i _HEGTA3- = EGTAe- + g+
N |
. ¥ :

The aséociation‘gonstants for all the speciesrgiven on the

‘left in the ‘above set of equations have ‘been &etermined

(Chabétek “and ygrtgll,' 1259),'thns‘the concenfrafion Ofb

tf

a

each species in a given solution can-be calculated. The

association constants for H, EGTA, H, EGTA—, H, EGTAZ- and .

HEGTA37.are 100, 479, 7.1x10® and 2;7x109~frespectively

/

¥

\/ ‘_.‘. ' - ' 4?

i

3,
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4

i (Chéberek and Martell, 1959). At the pH'values-used in

[ !

' similar typesxﬁﬁg expérinents io. those in this -thesis

(normally “in’ thé bFange of pH6-8) it can be seen fhat the”

. : . - ' ' .
amounts of H, EGTA and H, EGTA— present will be negligible,
vhile those of H, EGTA2- and HEGTA3- will not. If KH, EGTA
: . : .
' "}is‘the association constant for H,EGTA2- and KHEGTA is the

association constant for HEGTA3— then =~ .
Co : SN /

' KH,EGTA = _ [H .EGTAZ-]
., THEGTA®-J [#%] 3)

‘o

Q - : RATVRENR. 3

and . o .

‘KHEGTA = _ [HEGTA3-) T
| (ECTA-J (H®] . ()

.
. ¢

fﬁﬁé'when Ca2+ and EGTA aare together in solution ‘.at near

3

physiological pH ,
s ' . = v‘ ; . . ,
[EGTA Jtotal=[ CaEGTA2- J#[ EGTA =~ ]+[ BEGTAS=J+[ H, EGTA2~] (5]
o ) A , h
'Rearranging (3) gives
/

(H, EGTA2~] = KH, EGTA x_[azcrnij'[a4] o (6)
/ ) . .

and ‘rearranging  (4) gifes
[ . - T g o
[HEGTA3-] = KHEGTA x [EGTA+-] ( B+ ] D

/
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- d o \\‘" /‘/
e / L
,and-substituting(for/EﬁEGTA3-j in (6) ‘gives
, o | I .
[H, EGTA2=) = KH, EGTA x KHEGTA x [EGTA*-] (H*] [H*] = (8)
' . LW :

E . - #
Substituting for [ BEGTA3- ] and [HlEGTAZ‘]'ih (5). gives
[EGTA]total [CaEGTAz-] = [EGTA*~] (1+KHEGTA x [H*+]+
| . KHEGTA x KH, EGTA x [H*]?)

N 1 . : : .
5 | o | Y

§=3

by rearranging (2)fandisubstituting in (9) we obtain
. . ' 'ff\\\\ ’;
w[CaEGTAZ-]-[EGTA4-] (1+KuEGT£§ ]+KHEGTAXKH EGTA![H*]E)
‘ K‘x[Ca2+} . _ ,
S o S (10) -
" .
by substituting (1) in (10) we obtain . = = ;o
. , « ‘ :

K = K' (14KHBGTA X [H+] + KHEGTA x KH,EGTA x [H*]2)

-Thns the trne andl apparent, assoc1at10n constants for

CaBGTAZ- are expressed in terms of values vhich have @peen;f;

determlned or can ‘be determined‘ ‘It can be" seen that -

snall changes in the valne of [H*] w111 greatly 1nflqence';

the value of K'; thus the neccess1ty for rigld control of
/

pH durlng eﬁperlmental work in order to nalntaln the'f

¢requ1red frée calc1um concentratlon. ,
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The more correct approach. vherehy the effect of everj
ion“”in ~solution is iaken into fcon51derat10n vonld be'
additiohalyfcomplei. However, it can be ‘seen from the

simplified 'cofrection used here how small chahges in

" operating conditions can efgect' K' and " thus the free

'qalcium“_COncentratidh. Until all the 1nfluences on the

-formatlon of CaEGTA2~ are known and ;1ncluded ‘in the

equatlon (e g., 1m1dazole), the variations in Kv will not

be exactly understood.’ L .

."?..
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