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Das mitochondriale Kalziumtransportsystem im M. sternomandibularis (Stier)

A.M. CHEAH und K.S. CHEAH
Agricultural Research Council, Meat Research Institute, Langford, Bristol BS18 7DY, United Kingdom.

Die kalziumstimulierte Atmung flr Succinatoxydierung (Stelle II) wies einen Aktivitatsverlust von 24% auf
nach einer Alterung von 48 Stunden bei 10°C (in vitro); kein Atmungsrickgang fiir Askorbat und TMPD-
oxydierung (Stelle III) wurde unter @hnlichen Bedingungen festgestellt.

Der Kalziumaufnahmegrad bei Nichtvorhandensein von Phosphat lag bei einem pH-Wert von 6,50 hoher als bei
7,20 bei frisch isolierten und gealterten Mitochondrien.

Mitochondrien konnten Kalzium in einem groBen Temperaturbereich (35O - SOC) aufnehmen und abgeben.
Arrheniusstellen von kalziumstimulierter Atmung und anaerobem Kalziumausflug zeigten identische Ubergangs—
temperaturen. Die Aktivierungsenergie flir Kalziumausflug betrug jedoch nur 12,5% derer fur die
Kalziumaufnahme im niedrigeren Temperaturbereich.

Mitochondrial calcium transport system in M.sternomandibularis (ox)
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The calcium-stimulated respiration for succinate oxidation (Site II) showed a 24% loss in activity after
ageing for 48 hours at 10°C (in vitro); no decline in respiration for ascorbate plus TMPD oxidation

(Site IIT1) was observed under similar conditions.

The rate of calcium uptake, in the absence of phosphate, was higher at pH 6.50 than at pH 7.20 with freshly
isolated and aged mitochondria. The anaerobic calcium efflux rate, in the presence of phosphate, was lower

at pH 6.50 than at pH 7.20.

Mitochondria could take up and release calcium over a wide range of temperature (350 to SOC). Arrhenius
Plots of calcium-stimulated respiration and of anaerobic calcium efflux exhibited identical transition
temperatures. The activation energy for calcium efflux, however, was only 12.5% of that for calcium uptake

in the Tower temperature range.
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Systéme de transport du calcium mitochondrial dans le M. sternomandibularis (boeuf)

A.M. CHEAH and K.S. CHEAH
Agricultural Research Council, Meat Research Institute, Langford, Bristol, BS18 7DY, United Kingdom.

La respiration stimulée par le calcium pour 1'oxydation succinique (Poste II) a montré une perte d'activité
de 24% apreés le vieillissement pendant 48 heures a 10°C (in vitro); aucune réduction de la respiration
pour 1'oxydation ascorbique plus TMPD (Poste III) n'a été observée sous des conditions semblables.

Le taux d'absorption du calcium, en 1'absence du phosphate, a été plus élevé & pH 6,50 qu'a pH 7,20 avec 1a
mitochondrie fraichement isolee et vieillie. Le taux d'ecoulement du calcium anaerobique, en presence du
phosphate, a ete plus bas a pH 6,50 qu'a pH 7,20.

La mitochondrie pouvait absorber et liberer le calcium dans une large gamme de temperatures (350C a SOC).

Les traces d'Arrhenius de la respiration stimulee par le calcium et de 1'ecoulement du calcium anaerobique ont
montre des temperatures de transition identiques. L'energie d'activation pour 1'ecoulement ud calcium,
cependant, n'etait que 12,5% de celle de 1'absorption du calcium dans la gamme de temperatures inferieure.

n

MuTOXOHIpUaNbHaA TDAHCIODPTHAA CHCTeMa Kalpmug B M. sternomendibularis ( ouxa)

AM, UMA n K.C, YHA

CeNbCKOX03A4CTBEHHNY UCCIeROBaTeAbCEM) CoBeT, HayuyHO—UCCIELOBATENbCKMH MHCTUTYT MACA.
BemkoGpurtanu4d,

CTUMyIMPOBAHHOE KalblieM JHXaHue Npu OKucJeHuu cykmusara ( yvyacTox [ ) moxasan cHuxeHWUE
axtuBHocTn ( 24% ) mocle cospesanns B Teuerne 48 uacos mpu I0°C ( in vitro); me HaGIO~
Tanoch OTKJNOHEHMZ B JHXAHUM NPU OKMCIEeHMM ackopbaTa u TMPD ( yuacTox Il ) npum Taxux

ke ycJOBMAX, JIIA MUTOXOHIDUZ, BHIENEHHHX HENoCpeJCTBEHHO MOCJe y00A M yepe3 HeKoTOPOE
BpeMdA, TEMIl TIOTJONMEHMA KaJbLUUA NPU OTCYTCTBUM (ocdhaTa CoJiee BHCOKMi npu pH 6,5 HexelH
npu pH 7,2, TeMn aradpoGHOTO BHAENEHUA KaJbUud B NPUCYTCTBUM (ocdaTa OHI GoNee HuIKEM
npu pH 6,5 uvem mpu pH 7,2, MUTOXOHZDUM MOTYT NOTJONATH M OCBOGOXTAThH Kalblui B HUPOKOM
nuanasone temneparyp ( or 35°C mo 5°C ). Tpadukyu AppeHuyca L4 CTUMYJIMPOBAHHOTO Kajib—
LueM THXaHUA M aHA3POOHOTO BHIEJEHUA KalblMA MOKa3ajy MISHTHYHHE NepeXofHHe TemmepaTy—
PH. AKTHBHAA 2HEDTUA INA BHIENEHUA KaJblMA, OXHAKO, COCTABIANa TONBKO 12,5% SHePIuy

Id TOTJNOWEeHuA KaJbUUA Npu CoJiee HUBKUX TeMmeparypax,
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Mitochondrial calcium transport system in M. sternomandibularis (ox)

A.M. CHEAH and K.S. CHEAH
Agricultural Research Council, Meat Research Institute, Langford, Bristol BS18 7DY, United Kingdom.

Introduction

The release of Ca2+ from mitochondria was recently implicated in the cold-shortening of muscle (1) and in
porcine stress-susceptibility (2). Cold-shortening of M. sternomandibularis (ox) was proposed to be due to
anoxia-induced Ca2+ release from mitochondria at low temperatures which prevent the sarcoplasmic reticulum
from fully compensating the Caz+ release from these organelles (1). The Ca2+ released from mitochondria of
M. longissimus dorsi during anaerobiosis was suggested to be the 'trigger' for the ultimate formation of pale,
soft and exudative (PSE) muscle, and of malignant hyperthermia syndrome in stress-susceptible pigs (2).

This communication reports the effects of post-mortem ageing on the mitochondrial ca1c1um transport system of
M. sternomandibularis (ox), of pH and of temperature on the rate of mitochondrial Ca uptake and release.

The data show that mitochondria of M. sternomandibularis could take up and release Caz+ at low temperatures.
The energy of activation (EA) of Ca24 release from mitochondria in the low temperature range was very much
lower than that of sarcoplasmic reticulum (3), implying that the anaerobic release of mitochondrial Ca2+ could
very well be implicated in the cold-shortening phenomenon, as first suggested by Beuge and Marsh (1).

Materials and Methods

Antimycin A (type III), murexide, rotenone and sodium succinate were obtained from Sigma Chemical Corporation;
N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride (TMPD) and sodium salts of L-ascorbate and EDTA from
British Drug Houses; crystalline Bacillus substilis proteinase from Teikoku Chemical Company, Osaka; all other
reagents were of analytical grade.

M. sternomandibularis (ox) was obtained within 30 minutes of slaughter. Mitochondria, both fresh and aged at
- in situ were isolated as previously described (4) using B. substilis proteinase, except that the muscle

was minced with a mincer prior to homogenization with a Thomas teflon-pestle glass homogenizer. For post-
mortem ageing experiments of isolated mitochondria, the mitochondrial suspension in 0.25 M sucrose (20 mg
protein per ml) was aged in vitro for 48 hours at either 2°C or 10°%C.

Oxygen uptake was measured polarographically with a Clark oxygen electrode (Yellow Spring Biological Monitor
(Model 53)) in a total volume of 2.50 m1. The reaction medium contained 220 mM mannitol, 50 mM sucrose and
15 mM Tris-HC1 (pH 7.20) in the presence of 5.0 mM Pi‘ The effect of temperature on Ca2+ uptake and release
was investigated using the Clark oxygen electrode. Ca2+ uptake was monitored by the Ca2+—stimu]ated respira-
tion (State 3 rate), and the amount of Ca2+ release-was estimated at the end of each polarographic experiment
by allowing anaerobiosis to occur for 10 minutes prwor to rapid centrifugation in an Eppendorf (Model 2300)
micro-centrifuge for 2 minutes. The amount of Ca in the supernatant was estimated with murexide with the
Aminco-Chance spectrophotometer using the wavelength pair at 540-510 nm. The effect of pH on the kinetic
Uptake and efflux of Ca2+ was monitored by the murexide technique (5) with the Aminco-Chance dual-wavelength/
split-beam spectrophotometer operating in the dual-wavelength mode at 540-510 nm.

Protein was estimated with Folin-phenol reagent (6) with bovine serum albumin as standard.

Results
1. ca“*-stimulated Respiration

The comparative data on the effect of ageing on the Ca2+—stimu1ated respiration for the oxidation of succinate
(Site II substrate) are illustrated in Table 1.

Ageing of mitochondria for 48 hours (in situ and in vitro at Ve C) produced the same extent of decline in

State 3 respiration and Ca2+/0 ratio values. However, mitochondria aged for 48 hours in vitro at 2°C show a
higher loss in respiratory control than mitochondria aged in situ for 48 hours at 20C. This was due to the
30% increase in State 4 respiration, which was hard1y affected in mitochondria aged in situ for 48 hours at Poc.
Raising the in vitro storage temperature from 2°C to 10°C resulted in a further decrease in State 3 respiration
(from 99% to 76%), in Ca */0 ratio (from 80% to 36%) and respiratory control index (from 77% to 32%), and an
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increase in State 4 respiration (from 130% to 224%) when compared with the values observed for mitochondria
isolated at 30 minutes post-mortem.
Table 1 : Effect of post-mortem storage on the Ca2+—stimu1ated respiration for succinate oxidation (Site 1) of

M. sternomandibularis (ox) mitochondria.

The data represent average values from at least two separate mitochondrial preparations from different animals-
The State 3 and State 4 respiratory rates were calculated from the electrode traces from at least two separate
additions of Ca2+ in each mitochondrial preparation. Rotenone was added prior to succinate. Final

concentrations : rotenone, 10 nmol; succinate, 20 umol; Ca ot , 600 nmol (each addition); temperature, 25°C.
Time Storage Respiratory Rates (nmol 0/min/mg protein) Ca2+/0 RCI

Post-mortem Condition State 3 State 4 Ratio

30 minutes - 102 (100%) 23 (100%) 3.9 (100%) 4.4 (100%)

48 hours 7% (in situ) 100 ( 98%) 24 (104%) 3.3 ( 85%) 4.1 ( 93%)

48 hours C (in vitro) 101 ( 99%) 30 (130%) 3.1 ( 80%) 3.4 ( 77%)

48 hours 10%C (in vitro) 77 ( 76%) 56 (224%) 1.4 ( 36%) 1.4 ( 32%)

The State 3 respiration induced by Ca2+ for Site III, with ascorbate plus TMPD as substrate (Table II) was
unaffected when mitochondria were aged under the same conditions as for succinate oxidation.

However, ageing of mitochondria for 48 hours in vitro resulted in a slightly greater loss in the C32+/0 ratio
values (12% at 2°C and 18% at 100C) than ageing in situ (6% at ZOC) when compared with values observed at 30
minutes post-mortem. The same trend also occurred with the respiratory control index, where the loss in this
parameter was due to a greater increase in the State 4 respiration with mitochondria aged in vitro (23% for
2°C and 29% for 10°C) than aged in situ (11% at 2°C).

Table II : Effect of post-mortem storage on the Ca2+-stimu1ated respiration for ascorbate plus TMPD oxidation
(Site III) of M. sternomandibularis (ox) mitochondria.

Experimental details as in legend to Table 1 except that antimycin A was added prior to ascorbate plus TMPD
Final concentrations : antimycin, 0.5 ug per mg protein; ascorbate, 10 umol; TMPD, 500 nmol; Ca2 300 nmo!
(each addition); temperature, 25°C.

T
Time Storage Respiratory Rates (nmol 0/min/mg protein) Ca2+/0 RCI

Post-mortem Condition stata s State 4 Ratio

30 minutes - 205 (100%) 123 (100%) 1.7 (100%) 1.6 (100%)
48 hours 2'¢ (in situ) 202 ( 98%) 136 (111%) 1.6 ( 94%) 1.5 ( 94%)
48 hours 96 (in vitro) 202 ( 98%) 151 (123%) 1252 (H83%) 1.3 ( 82%)
48 hours 10°C (in vitro) 201 ( 98%) 159 (129%) 1.4 ( 82%) 1.3 ( 82%)

2+

2. Ca” Uptake and Release

The effect of pH and of P on the rate of Ca2+ uptake and release from mitochondria isolated at 30 minutes
post-mortem, and after age1ng of mitochondria (in situ) for 48 hours at 2°C are illustrated in Table III and
Table IV respectively.

Table III : Effect of pH and of Pi on Ca2+ uptake of mitochondria from M. sternomandibularis (ox).

Pi (mM) Ca2+ Uptake (nmol/min/mg protein) at pH 7.20 C Uptake (nmol1/min/mg protein) at pH 6.5
30 minutes Post-mortem 48 hours Aged at 2R 30 minutes Post-mortem 48 hours Aged at e °C
Nil 195 (100%) 190 (100%) 348 (100%) 298 (100%)

2.50 760 (390%) 405 (213%) 745 (214%) 486 (163)%
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The rate of Caz+ uptake, in the absence of Pi’ was higher at pH 6.50 than at pH 7.20. Pi (2.50 mM) stimulated
Ca2+ uptake of both fresh and aged mitochondria at both pH 7.20 and at pH 6.50, but the extent of stimulation
was much higher at pH 7.20.

Table IV : Effect of pH and of Pi on Ca2+ efflux of mitochondria from M. sternomandibularis (ox)
Pi (mM) Ca2+ Efflux (nmol/min/mg protein) at pH 7.20 Ca2+ Efflux (nmol/min/mg protein) at pH 6.50
30 minutes Post-mortem 48 hours Aged at 2°0 30 minutes Post-mortem 48 hours Aged at 20
Nil 43 (100%) 80 (100%) 61 (100%) 100 (100%)
2.50 250 (581%) 274 (343%) 147 (241%) 200 (200%)

The rate of Ca2+ efflux, in the absence of Pi’ was also higher at pH 6.50 than at pH 7.20 with fresh and aged
mitochondria (Table IV). P1 enhanced the fast phase of Ca2+ efflux. The rate of Ca2+ efflux in the presence
of Pi (2.50 mM) was 1owg: at pH 6.50 than at pH 7.20 with fresh and aged mitochondria.
enhanced the rate of Ca“ efflux at both pH values in the presence and absence of Pi'

Ageing of mitochondria

3. Effect of Temperature on Ca2+ Uptake and Release
Mitochondria could take up and
of Ca2+-stimu1ated respiration
activation of 54 kJ/mol in the

activation of 142 kJ/mol below the transition temperature.

release CaZ+ over a wide range of temperature (Figure 1). The Arrhenius plot
(i.e. Ca2+ uptake) showed a transition temperature of 170C, an energy of
higher temperature range above the transition temperature, and an energy of
The Arrhenius plot of anaerobic Ca2+ efflux showed
a transition temperature of 16°C.  The energy of activation above the transition temperature was 50 kd/mol,
which was almost identical to that for Ca2+ uptake. The energy of activation below the transition temperature

- :
was 18 kd/mol, a value only 13% of that for Ca2 uptake in the lower temperature range.

4
( Figure 1 : Arrehenius plot of Ca2+ uptake and

UPTAKE release of mitochondria from M. sternomandibularis
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Ca2+ uptake was monitored by the Ca2+

-stimulated
respiration of succinate oxidation using the
Clark oxygen electrode. Ca2+ efflux was measured
using murexide at 540-510 nm. The rate of Ca2+
uptake and release was expressed as nmol Ca2+ per
minute per mg protein. Other experimental

details are described in Materials and Methods.

Discussion

The effect of post-mortem ageing on Ca” transport was investigated using mitochondria from M. sternomandibularis
as it has already been established that a high proportion of mitochondria in this muscle remained stable after
The Ca2+—stimu]ated respiration for Site III was more stable than for Site II

Prolonged storage in situ (4).
following ageing of mitochondria at 10% in vitro. This was due to an increase of uncoupling of the
Mitochondria for Site II substrate oxidation by the increase of the State 4 respiratory rate. The latter
condition was probably affected by the enhancement of lipase activity at the higher temperature thereby causing

the mitochondrial membranes to become more 'leaky'. Stability for both Site II and Site III systems were
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almost identical when the mitochondria were aged at 2°C for 48 hours (in situ and in vitro).

The Ca2+ released from mitochondria at the onset of anaerobiosis was biphasic, showing an initial fast phase
followed by a slow efflux phase as described for mitochondria isolated from M. longissimus dorsi of stress-
susceptible and stress-resistant pigs (2). Pi stimulated both the rate of Ca2+ uptake and efflux. In the
absence of Pi’ both the Ca2+ uptake and efflux rates were higher at pH 6.50 than at pH 7.20. However, the
efflux rate was lower at pH 6.50 with both fresh and aged mitochondria in the presence of 2.50 mM Pi‘ Post-
mortem ageing (in situ for 48 hours at ZOC) of mitochondria inhibited the rate of Caz+ uptake but stimulated
the rate of Ca2+ efflux at both pH 7.20 and at pH 6.50. Mitochondria could take up and release Ca2+ over a
wide range of temperature. The energy of activation for the anaerobic Ca2+ efflux (18 kd/mol1) below the
transition temperature was about 13% of that for Ca2+ uptake by mitochondria, and was also about 22% of that
for the Ca2+-stimu1ated ATPase activity of sarcoplasmic reticulum at the lower temperature range (3). Our
present data suggest that the anaerobic release of Ca2+ from mitochondria of red skeletal muscle, which
contained far more mitochondria than sarcoplasmic reticulum, could very well participate in the cold-shortenind
of muscle. This view, first suggested by Beuge and Marsh (1) was substantiated by the present study and als®
by the recent report that mitochondria of M. sternomandibularis (ox) could take up 4 times more Ca2+ per mg
protein than the sarcoplasmic reticulum in this particular muscle (7).
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