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Die Bedeutung von Cg -Ionen für den Einfluß der Temperatur auf den ATP-und Glykogen-Abbau im 
zerkleinerten Rindermuskel post mortem

K.0.H0NIKEL und R. HAMM
Bundesanstalt für Fleischforschung, Kulmbach, BR Deutschland

Das hohe Wasserbindungsvermögen von schlachtfrischem Rindfleisch kann über Monate durch rasches Ein
frieren von gesalzenem oder ungesalzenem zerkleinertem Muskelgewebe vor Eintritt des ATP-Abbaues auf
recht erhalten werden. Bei der Verarbeitung des in dieser Weise eingefrorenen Rindfleisches ohne vor
heriges Auftauen erhält man Würste von ausgezeichneter Qualität. Hierbei kommt es darauf an, den ATP- 
Abbau während des Kühlens und Gefrierens so klein wie möglich zu halten. Daher untersuchten wir den 
Einfluß der Temperatur zwischen +24 C und -6 C auf den ATP-Umsatz im zerkleinerten Sternomandibularis- 
Muskel von Bullen.
Ist NaCl nicht zugegen^ so nehmen die Geschwindigkeiten von ATP-Abbau und Glykolyse mit fallender 
Temperatur bis etwa +6 C ab, um dann bei weiterer Kühlung wieder anzusteigen und bei etwa -1 C ein 
Maximum zu erreichen. Die Zunahme des ATP-Turnover bei Temperaturen unter +6 C beruht auf einer^Frei- 
setzung von Ca -Ionen aus Zellorganellen, da Zusatz von EGTA die Geschwindigkeitsmaxima bei -1 C 
eliminiert und zu einer kontinuierlichen Abnahme des ATP-Turnover mit sinkender Temperatur führt.
Wird zerkleinerter schlachtfrischer Rindermuskel gesalzen (2 % NaCl), so nehmen die Geschwindigkeiten 
der ATP-Hydrolyse und der Glykolyse mit sinkender Temperatur kontinuierlich ab, bis das Fleisch ge
froren ist. Oberhalb von etwa +3 C verläuft der ATP-Abbau innerhalb der ersten Stunden post mortem im 
gesalzenen Gewebe rascher als im ungesalzenen. Es wird angenommen,+daß dieser Effekt auf einer Frei
setzung von Ca -Ionen aus Zellorganellen durch Austausch gegen Na -Ionen beruht. In der Tat senkt 
ein Zusatz von EGTA zum gesalzenen schlachtfrischen Muskel die Geschwindigkeit des ATP-Abbaues auf 
ein Niveau, wie es im ungesalzenen zerkleinerten Gewebe festzustellen ist. Die Geschwindigkeit des 
ATP-Abbaues kann beim Abkühlen des gesalzenen schlachtfrischen Fleisches natürlich nicht zunehmen, 
wenn bereits der größte Teil der Ca -Ionen aus den Organellen durch Austausch gegen Na -Ionen frei
gesetzt ist.
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The h i g h  w a t e r - h o l d i n g  c a p a c i t y  o f  p r e r i g o r  bee f  can be p re s e r v e d  f o r  months by r a p i d  
f r e e z i n g  o f  minced s a l t e d  o r  u n s a l t e d  muscle b e f o r e  on se t  o f  th e  breakdown o f  ATP. I f  bee f  
f r o z e n  i n  t h i s  way i s  p ro cessed  w i t h o u t  p re c e e d i n g  t h a w i n g ,  sausages o f  e x c e l l e n t  q u a l i t y  
a re  o b t a i n e d .  I t  i s  i m p o r t a n t  to  ensure t h a t  th e  d e p l e t i o n  o f  ATP d u r i n g  c o o l i n g  and f r e e 
z i n g  i s  k e p t  to  a minimum. T h e r e f o r e ,  the  i n f l u e n c e  o f  te m p e r a t u r e  between +24 and -6  C 
on th e  ATP t u r n o v e r  i n  minced s t e r n o m a n d i b u l a r i s  musc les o f  b u l l s  was s t u d i e d .

I f  NaCl i s  n o t  p r e s e n t ,  the  r a t e s  o f  ATP breakdown and g l y c o l y s i s  decrease  w i t h  f a l l i n g  
te m p e r a tu r e  to  abou t  +6°C b u t  then i n c r e a s e  w i t h  f u r t h e r  c o o l i n g ,  r e a c h i n g  a maximum r a t e  
a t  abou t  -1°C .  The r i s e  i n  the  ATP t u r n o v e r  a t  te m p e r a t u r e s  below +6 C i s  due to  a r e l e a s e  
o f  C a + i o n s  f rom c e l l  o r g a n e l l e s  because a d d i t i o n  o f  EGTA e l i m i n a t e s  th e  r a t e  maxima a t  
-1°C and r e s u l t s  i n  a c o n t i n e o u s  d e c l i n e  o f  ATP t u r n o v e r  w i t h  f a l l i n g  te m p e r a t u r e .

I f  minced b ov i ne  muscle i s  s a l t e d  (2K NaCl) i n  the  p r e r i g o r  s t a t e ,  the  r a t e s  o f  ATP h y d r o 
l y s i s  and g l y c o l y s i s  decrease  w i t h  f a l l i n g  t e m p e r a tu r e  u n t i l  t he  meat i s  f r o z e n .  Above 
abou t  +3°C the  ATP d e p l e t i o n  i s  f a s t e r  i n  s a l t e d  t i s s u e  than i n  u n s a l t e d  one2 i n  the  f i r s t  
hours  pos tmor tem.  I t  i s  sugges ted  t h a t +t h i s  e f f e c t  i s  due to  a r e l e a s e  o f  Ca i o n s  f rom 
c e l l  o r g a n e l l e s  by exchange a g a i n s t  Na i o n s .  A d d i t i o n  o f  EGTA to  s a l t e d  p r e r i g o r  muscle 
indeed  l o w e rs  th e  r a t e  o f  ATP breakdown to  th e  l e v e l  observed  i n  u n s a l t e d  minced musc le .
I t  i s  o bv io us  t h a t  d u r i n g  c o o l i n g  o f  s a l t e d  bee f  th e  r a t e  o f  ATP d e p l e t i o n  canno t  i n c r e a s e  
because the  CaZ+ i o n s  a re  a l r e a d y  re l e a s e d  f rom th e  o r g a n e l l e s  by exchange a g a i n s t  Na i o n s
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L ' i m p o r t a n c e  des i o n s  Ca^+ pour  l ' i n f l u e n c e  de l a  te m p e ra tu r e  sur  l a  d é g r a d a t i o n  ATP et  
g l ycogène  dans l e  muscle bov in  concassé po s t  mortem

K.0 .  HONIKEL und R. HAMM

Bunde s a n s t a l t  f u r  F l e i s c h f o r s c h u n g , Kul mbac h, Répu b l i que F é d é r a l e d ' A l le m a gne

La ha u te  cap a c i t é  du boeuf q u i  es t f r a i chemen t  aba 11 u â f i x e r  de 1 'eau peu t e t re main t e n i r
Pour des moi s en c o n g e la n t rapideme n t  1e t i SSu mus cu l a i r e concas s ê f s a l é  ou no n sa l é  aVant  I e
c omme ncement de l a  dégra dâ t i o n  ATP. En u t i l i s a n t  boeu f  co nge lé  de c e t t e  man i è r e sans 1 'avez
dêcon ge lé  av an t  vous receve rez  de 1a ch areu te r i e  d 'un e qu a l i t é  ex c e l l e n t e . I I es t imp 0r t a n t
à ten i r  l a  dé g r a d a t i o n  ATP a u s s i  mi nce que po s s i b l e penda n t  l a  r é f  r i g é r a t i 0n et  1a co ng é - 0
1a t i o n . C ' es t  pou rq u o i  nous avons exami né 1 ' i n f  l u e nce de l a  temp e r a t u r e  en t re -24 °C et -6°C
s ur  1e tu r n o ver  ATP dans l e muscle s t e r noma nd i b u l a r i s con cassé des ta ur eau X•
Si  NaCl n ' e s t  pas p r é s e n t , l e s  v i t e sses de l a dêgr ada t i o n ATP e t de l a  g l y c o l yse d im i nuent
à tern p e r a t u r e tombante à en v i r o n  +6 c , mont an t  enc ore en c o n t i n u a n t  l a  r é f r ig ér a t ion et  P°Sra t t i r e r un maximum à e n v i r o n -1°C. L ' au □ men ta t i o n du t u r n over  AT P aux temp era t u re s so u s +6 C
es t  basêe su r  un dégagement des io n s Ca äes subs t r u c t u r es c e l l u l a i r e s ,  car une ad j o nc t i o n
de EGTA e l im in e  l e s  maxima de v i t e s se à - i ° C e t  mene â un e d im in u t i o n  con t i nu an te du t u rnover
ATP avec une t e m p e ra tu r e  tombante .
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co n g e l e r .  Si  1a te mper a t ure e s t Pl us d ' en v i r o n
i r t e m l a  dêgr ada t i o n ATP s e pa sse p l us v i t e dans
es t supposé que ce t e f f e t e s t ba sé sur un dégag
res par écha nge con t r e i o ns Na . En e f f e t 1 ' a d j
t  ab a t t u  l a v i t esse de l a dêg rad a t i on ATP d i min
lans un t i s s u co ncas sé non sa l é. Nat u re l l e m ent  e

e t sa lé e  l a v i te ss e de 1a dé gra da t io n ATP ne p
+ des s u b s t r u c t u res c e l l u l a i r es e s t dé jà  dégagé

3_aKHOCTb Ca__hohob r jib bjihhhhh Tern iepaTypti  na pa3JioxeHHe AT<B u r j iH K o reHa b HSMeJibgeHHQH
roBH>::eTí Minime nocjie cMepTH.

K.O.XOHHKEJI h P.XAia;

CO¡03HHH HHCTHTyT BJTH HCCAeflOBaHHH MHCa, T. KyjiMO'ax, CP PepMaHHH.

MCOKan citococíhoctl cBH3biBaHHH BOflti napHOM roBHnHHH, MOsceT CtiTb coxpaaeHa uecHUaMM, 
npn ObicTpoM 3aMopa:sMBaHHH cojieHHbix hjih HecojieHHtrx K3Mejn>qeHHiix MtraeqHbix TKaHeM no 
HacTynjieHMH pa3Ji02ceHHH ATS. lipa nepepafioTKe tekhm cnoco6oM 3aMopaxeHHOH roBHBHHbi, 
oe3 npeBBapHTeribHoro oTTaHBaHHH, nojiyvaioTCH KOJi6acb! OTJiHVHoro KaqecTBa. Cjihhkom Bax- 
HO HanoMHHTB, vto pa3BoxeHHe Aï$,bo Bp e mh oxjiaxneHHfi h 3aMopaxHBaHHH, 6 w i o kok moxho 
u e a e e . AcjiencTBHe Toro h nccJie.BOBa.nncB bjimhhhh TeunepaTypH b rpaHHuax +24°C u -6°C na 
pasjioxeHne AIS b H3MejibqeHHeií napHon Mbimpe CTepHOMaHflH6yjiapHc Om k o b .

HMeeTCH noBapeHHoM cojih yMeHbmaeTcn ÖacTpoTa pa3JioxeHHfl ATS h rJXHKOJTH3a npn OHHHceHMH TewnepaTypu no okojio +6 C, b toPh Torna ripn nponojixceHHH oxJiaxneHHH bhobb yBe- JiHnMJiacb m npn okojio -1°C nocTHrna MaKCHMyM. J

iiOBbiineHHe oum -over " ATS npw TeMnepaType HHxe +6°C ocHOBbiBaeTcn Ha ocBotfoxneHHH Ca^ 
h o h o b  H3 KJieTonHbix opraHeji, TaK Kax npwCaBKa 2rrTA MCKJHonaeT MaKCHMyM ckopocth h npw 
1 C npHBOHHT no nocTOHHHoro yMeHbineHHH "tu rn -over " ATS npn noHHxeHHH TeMnepaTypu.

i/CJiH H3MejibqeHHyra napHjco roBsixcyio Mbiumy 3acojiHM ( 2% noBapeHHoii cojih ), iioctohhho yMeHb- 
inaeTCH ffucTpoTa rH,npojiH3a ATS h rjiHKOJiM3a c yMeHbmeHHeii TewnepaTypbi, nona mhco He 3auo- 
pa3HTCH. CBbiine okojio +3°C pa3jiojiceHHe ATS coBepiuaeTcn b rpaHiiuax nepBbix nacoB nocne cue- 
PTH b 3acojieHHOM TKaKH CbtcTpee, tiew b He3acoJi.eHHOH . JIpennoJiaraeTCH, uto 3tot scnmeKT 
JiejKHT B ocBoPoxneHHM IIOHOB KaJiiWH H3 KJieTovHbix opraHeji nepe3 pa3MeHy c HOHawn HaTpnn. 
io ecTb, nooaBjieHHe 3PÏA 3acojieHHOH napHOM Mbiiuae yMeHbinaeT PucTpoTy pa3Jios:eHHH ATS no 
HHBoa, KOTopuK yTBepneH b HesacojieHHOH H3MejibieHHoii TKaHH. BucTpoTy pa3JioxeHHn ATS.npH 
oxjiaxcneHHH 3aconeHHoro MHca, cpa3y nocne yCon, He moxho ecTecTBeHHO noBbiuiaTb, ecJiH y x e  
c a u a n oojibmafi nacTb hohob KaJiunn H3 opraHeji ocBofioxneHa nyTeM pa3MeHH c nonaMH HaTpHH.
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The Role of Cg2+ in the Temperature Effect on the Postmortem Breakdown of ATP and Glycogen in Ground 
Bovine Muscle — — — — — u  2

K.O. HONIKEL and R. HAMM

Bundesanstalt für Fleischforschung, Kulmbach, Federal Republic of Germany

Introduction

For certain types of processing bovine muscle is ground, salted, and frozen or freeze-dried in the 
prerigor state in order to preserve the high water-holding capacity of the prerigor beef for a longer 
period (HAMM,1972,1973,1977a; HAMM and POTTHAST,1975). In these types of processing it is important 
to ensure that the breakdown of adenosine triphosphate (ATP) during cooling and freezing is kept to a 
minimum. For this reason, the influence of cooling and freezing of ground prerigor beef, either salted 
or unsalted, on the breakdown of ATP and glycogen was studied. For the purpose of comparison freezing 
of non-ground muscle was also included in these studies.

Material and Methods

Samples from the sternomandibularis muscle of bull carcasses were taken immediately after slaughter.
For each temperature studied a muscle slice (150 g), a 50 g sample of ground muscle (4,5 mm plate) and 
a 50 g sample of ground and salted (2 % NaCl) muscle were sealed in polypropylene pouches. The pouches 
were immersed in the methanol bath of a cryostate which was adjusted to the particular temperature 
(20-30 min p.m.). After 10-20 min the center of the sample had reached the bath temperature (zero time). 
After an immersion period of 3 or 3.5 hrs the samples were analyzed.

Lactate, which was also determined in the fresh sample before immersion in the cryostat, was enzymati
cally determined after H0H0RST (1970). The ATP breakdown was followed by means of the "R value" after 
the method of HONIKEL and FISCHER (1977). With this photometric procedure the extent of the enzymatic 
transformation of ATP into inosine derivatives is measured. A low "R value" indicates a high ATP 
concentration and vice versa.
Results and Discussion

1 - Influence of temperature_on thf_P°ftmortem_changes in intact and ground tissue
In absence of added NaCl, the effect of temperature on the postmortem changes in the ground muscle 
samples follows a pattern similar to that of the non-minced tissue (Fig.l). In all samples,between 
1 u and -6® C, i.e. at freezing temperatures, the rates of ATP breakdown and glycolysis decrease 

strongly with falling temperature. Maximum rates in ATP depletion and lactate accumulation at -3°C as 
they were observed by BEHNKE et al. (1973) in the same type of bovine muscle were not found in our 
experiments.

The decrease in the rate of ATP and glycogen breakdown, i.e. in the ATP turnover (Fig.l and 2) and in 
the rate of pH decline (Fig.2), by lowering the temperature from +24°C to about +6°C is certainly due 
to the normal influence of temperature on enzymatic reactions.

Increase in the rate of ATP turnover between +6° and -1°C in the intact muscle (Fig.l) is wellknown 
to be associated with the "cold shortening" phenomenon,i.e. the toughening of meat by rapid cooling 
of prerigor meat (for references see BENDALL,1973; HONIKEL,1975; HAMM,1976). The finding of BENDALL 
(1973) that during "cold shortening" the ATP level remains rather constant because of a fast resyn
thesis of ATP from ADP by glycolysis is confirmed by our results with non-ground tissue.
The "cold shortening" phenomenon is explained by the influence of temperature on the membrane system 
of the sarcoplasmic reticulum (SR). Below about +10°C decreasing temperature is supposed to cause an 
increasing inactivation of the ATP driven calcium pump which transports Cations from the sarcoplasma 
ocross the membrane into the SR. Therefore, calcium ions are released from the sarcotubular system 
into the sarcoplasma following the fall in ion concentration; they activate the myosin ATPase and, 
consequently, initiate the onset of rigor mortis (BENDALL,1973). It could be also possible that 
calcium ions released postmortem from mitochondria by anoxia cannot be accumulate in the SR at lower 
temperatures (LEHNINGER et al., 1967)
It is interesting that also with ground muscle a remarkable increase in the ATP turnover between +6°C 
and -1°C was obtained (Fig. 1 and 2). Grinding causes an acceleration of the breakdown of ATP and 
glycogen at temperatures above about +3°C and -1°C respectively. This effect was already observed in 
°<Jr earlier work (VAN HOOF and HAMM, 1971; HAMM, 1977b).
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Fig.l: Influence of temperature on the postmortem 
breakdown of ATP ("R value") (above) and 
lactate formation (below) in nonground 
("pieces") and ground ("minced") bovine 
sternomandibularis muscle.

Fig.2: Effect of temperature on biochemical 
postmortem changes in homogenates of 
bovine sternomandibularis muscle as '
influenced by EGTA (15 ̂ jmoles/g homogen0

The marked maximum of the rate of ATP breakdown at -1°C suggests that at higher temperatures the 
calcium pump of the SR is effective also in the ground muscle. In contrast to the intact muscle, the 
ATP disappears very rapidly at -1°C because 3 hours p.m. most of the glycogen is metabolized in the 
ground muscle (HAMM and VAN HOOF, 1971) and, therefore, further resynthesis of ATP cannot occur.
In order to eludicate the role of calcium ions released from subcellular membrane systems in the 
effect of temperature on the biochemical postmortem changes, 15 yumoles of the calcium sequestering 
agent EGTA were added to 1 g homogenate at different temperatures between -1° and +14°C. In the pre
sence of EGTA the rates of lactate formation of decline in pH and of ATP depletion (R value) decreas® 
contineously with falling temperature without the rate maxima at -1°C observed in the control sampleS 
(Fig. 2).
The result can be regarded as an evidence for the postulated role of calcium ions released from 
subcellular structures in the temperature effect on ATP turnover and pH changes.
2. Influence of temperature on the postmortem changes in ground tissue in presence of NaCl

The pattern of the temperature effect on the postmortem changes in salted,ground muscle is completely’ 
different from that found with unsalted ground tissue (Fig. 3). The rates of ATP breakdown and lad® 
formation decrease contineously with falling temperature until the tissue is frozen. No maxima at 
were observed.
At tempratures = +3°C salting of the ground muscle causes an increase in the rate of ATP depletion. 
This was already observed in our earlier work (VAN HOOF and HAMM,1973; HAMM,1977b) and explained by 
an exchange of Cations from the SR against Na+ions of the NaCl. The calcium ions so released accel®' 
rate the ATP breakdown by additional activation of myosin ATPase. If most of the Cations present i11 
the SR or other subcellular structures are released by the effect of added NaCl, lowering the tempera 
ture should not be able to.cause an additional release of calcium and, consequently, should not 
result in an increase of the rate of ATP depletion. This corresponds exactly to our observation thot 
with salted ground muscle there is no maximum of ATP breakdown at -1°C (Fig.3). Lowering the temper0 
ture from +24°C down to the freezing point of tissue results in the normal contineous reduction of 
the rate of enzymatic reactions.
The observation that the addition of salt lowers the rate of glycolysis post mortem even at temper0' 
tures above +6°C confirms earlier results according to which the glycolysis in minced muscle is
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inhibited by NaCl (VAN HOOF and HAMM,1973; DALRYMPLE and HAMM, 1974). Those results were obtained with 
bovine longissimus muscle and with rabbit muscle.

Fig. 3:
Influence of temperature on the postmortem 
breakdown of ATP ("R value") (above) and 
lactate formation (below) in unsalted and 
salted ground (minced) bovine sternomandi- 
bularis muscle

NEWBOLD and SCOPES (1971) made a similar observation when they studied the influence of dilution of 
muscle homogenates by 0.16 M KC1. They suggested that KC1 might inhibit one of the first steps of 
9lycogenolysis. We postulated that addition of alkaline chloride causes some inhibition of most of the 
9lycolytic enzymes (DALRYMPLE and HAMM, 1974).

With regard to the inhibition of enzymes by elevated ionic strength the question is of interest why 
between +4°C and the freezing of tissue (below -1°C) the rate of ATP breakdown in the ground muscle is 
lower in the presence than in the absence of NaCl. This phenomenon can be explained by the fact that 
increase in the ionic strength by addition of monovalent ions normally alters the physical and enzyma
tic properties of proteins. Salting of muscle tissue in the rigor or postrigor state - when all 
calcium releasable after death is released - inhibits the ATPase as we have shown in earlier experi
ments (HAMM and VAN HOOF, 1974). NaCl seems to exert two effects on prerigor muscle: (a) activation 
°f ATPase by an increased release of calcium ions from subcellular structures and (b) lowering the 
ATPase activity by the elevated ionic strength. The latter (b) effect will diminuish the former one 
la) and will become predominant as soon as most of the releasable calcium ions are released by lowering 
temperature. a

As we have suggested above, the increase in the rate of ATP-breakdown during the first 3 hours p.m. 
ln the ground muscle by addition of NaCl at temperatures above +3°C (see Fig. 3) is due to an increased 
Release of calcium ions from subcellular membrane systems. In order to proove this theory, EGTA 
''5 Rimóles per 1 g homogenate) was added to salted and unsalted ground prerigor sternomandibularis 
muscle of bulls. Again, for each temperature studied the samples were obtained from another animal. 
Addition of EGTA to the salted tissue caused a considerable decrease in the rate of ATP breakdown to 
Cosine compounds (R value) in the temperature range measured (Fig. 4). At temperatures above +4°C the 
rate of ATP breakdown in the salted samples with added EGTA was about the same as in the control 
samples without NaCl. No significant effect of EGTA on the rate of lactate formation in the salted 
9round muscle tissue could be observed in this temperature range.

These results can be regarded as an convincing evidence for the release of calcium ions by addition 
°f NaCl to the prerigor muscle and for the effect of the released Ca^+ on the breakdown of ATP
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Fig. 4:
Effect of temperature on the postmortem 
breakdown of ATP ("R value") in homoge' 
nates of salted bovine sternomandibu- 
laris muscle as influenced by EGTA 
(15 yjmoles/g homogenate. Control: 
homogenates of unsalted muscle).

As it was shown in this paper, between 0° and -3°C the rate of breakdown of ATP and glycogen (and 
of the decline in pH) is slower in the salted than in the unsalted beef. This is of practical 
interest because during freezing the meat remains for a relatively long period in this temperature 
range.
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