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Some properties cf the fibrillar proteins 
of normal and watery pork muscle

by J.R.Bendall" and J.Wismer-Pedersen

In decent years several reports have appeared in the literature describing
a condition in the ham and back muscles of the pig which is characterised 
ky pale colour and excessive less of fluid from the meat when the carcase is
'ut up for the market. (Herter & Wilsdorf (191^ » Ludvigsen (195^)
Wismer-Pedersen (1959)? Briskey et al, (1959)? Lawrie, Gatherum and Hale 
^958) Lawrie (I96G) and others). This condition was described by Ludvigsen 
as muscig degeneration (MD) and by Wismer-Pedersen (1959) as watery pork.
Soth these authors have shown that it is characterised by very rapid
8lycolysis post-mortem,, so that the pH of the meat reaches values of ^6.00 

£ hr ox slaughter. Thus-, the meat is at a low pH and a high temperature 
^ 3 5  C) during the first 1-2 hrs post mortem under commercial factory 
Cobditions. In contrast, the fall of pH in meat of normal appearance is much 
°Wer.- so that the carcase has time to cool well below 25°G before the pH 
faH e n  to 6.0. Lawrie (I960) describes a similar condition in English x  

n race pigs as "white-muscle disease1’ which is also characterised by rapid

si
Lag
La

°Lysis post mortem, but is often further accentuated by excessively low 
lmate pH values of <5-20, in contrast to the findings in the Danish

"abd.
0̂;

1'ace breed, where the ultimate pH of the ’watery’ muscles lies in the 
°aI range of 5.3G to 5-60 (Briskey and Wismer-Pedersen, 1961a).
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Wismer-Pedersen (1959) and Wismer-Pedersen and Briskey (1961) have shown 
that watery muscle differs in many ways from normal muscle, but particularly 
111 the reduced extractability of the muscle proteins at high salt 
concentrations and in a reduced water-holding capacity.: They suggested that 
these changes could be accounted for by denaturation and aggregation of ;he 
®Uscle proteins, particularly of the actomyosin filaments of the myofibr.ls, 
aQd this suggestion seemed to be supported by a characteristic rise in pi 
which occurred in the watery pork after processing was complete and whil? the 
temperature was falling to that of the cooling room»

the present paper, we have re-examined the proteins of watery pork in
father more detail, with particular emphasis on the proteins of the muscle
thril, actin and myosin. For this purpose, we washed the fibrils free of
Sa*'copiaSmic proteins in dilute salt solutions, and then examined their
Water-binding capacity, protein content and titration curves and their

ractability at high salt concentrations. We found that the washed fibril*
°m Watery pork invariably had a higher protein content, but a lower 

Water-hi r.H-5binding capacity and much lower extractability than normal fibrils.
On ^be other hand, their isoelectric point, as judged by the pH for mininal

LiaS. was nearly the same or lower than that of normal meat, whereas
sir Proton-binding capacity per g of protein was reduced. Their buffer
Pacit

"at

y curves showed, however, similar maxima and minima to those of normal 
■ and differed entirely from those of heat coagulated fibrils, whether

ery 0r normal.

n°* du 
classi

ia°ts taken together suggest that the watery condition of pork meat is 
6 bo aggregation or denaturation of the fibrillar proteins in the 
Ca-b sense, but rather to adsorption of denatured sarcoplasmic proteins
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0nto the surface of the fibrils and myofilaments, thus reducing the number 
°£ charged groups available for proton-binding and water-binding. This 
conclusion is supported by the fact that the proton-binding of normal washed 
fibrils is not changed by keeping them at 37°C for 1£ hours at low pH (5«h-Q)» 
whereas whole meat allowed to pass into rigor at 37°C shows all the 
characteristic symptoms of wateriness.

%ainst these arguments there is the finding of Briskey and Wismer-Pedersen 
'i96la) that the pH of intact meat of the watery type apparently reaches a
®3-niaum 1-J hours after slaughter and then rises again slowly as the meat cools,

*increases of this kind could be taken to mean that considerable dénaturation 
°f the proteins had occurred (Bull 1938, Bate-Smith & Bendall 19^6, Bendall 
9̂ 7), Examination of the pH changes in washed and unwashed fibrils, as the 
s®perature was raised or lowered, showed, however that the effect was entirely
fevedible, that is the pH fell as the temperature was raised and regained
itg

that
0i"iginal level as the temperature was once more lowered. This suggests 
the effect is mainly due to changes in the pK values of charged groups

on thQe fibrillar and sarcoplasmic proteins.

METHODS
&
^ ^ ¿ ¿-tion of Pork Samples, To obtain meat of normal or watery type, samples 

Ion8« dorsi muscle were cut from the lumbar region of the carcases 2k hrs
after
Pr

slaughter. The pigs were of Danish Lendrace breed, reared at the
°8eny besting station Sjaelland and slaughtered at Roskilde bacon factory

J-ectrical stunning. The pH taken £ hr after slaughter (pEL ) was above
6 . -■20 s111 the normal muscles and below 5*60 in the watery muscles. Some samples

obt
itlt 0 _

ained 10 nuns- after slaughter of the animals and were allowed to go
rigor at ~  20 C, These served aa controls in the titration studies.



¿reparation of fibrils. Fibrils were prepared from the meat by first passing
through a mincer, and weighing out 5 g samples of the mince into KC1 or

buffer solution» The mince was then homogenised to fibril level by means of
an tfltra- Turrax blendor, which was taken to full speed in 3 bursts of

seconds duration, so as to avoid excessive heating» When unwashed fibrils
W5re required, no further preparation was necessary. The preparation of
Washed fibrils is described later. It should be noted that homogenates
Prepared in this way contain pieces of connective-tissue not thoroughly 

*integrated by the blendor. In titration studies it was necessary to cut
se up finely with scissors. Microscopic examination of the homogenates

Sealed that all the muscular tissue proper was reduced to fibril level by 
fche Procedure.
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:̂ h rement of fibrillar volume and nitrogen content
bhe purpose of comparing the fibrillar volumes and nitrogen contents 

watery and normal fibrils (as in table 1), 5 g muscle was homogenised in 
of 0„04 M potassium phosphate (pH 7»00? I - 0.09) and centrifuged for 

mins at 1500 x g. The supernatant was discarded and the fibrils re-mixed, 
m<sans of the Ultra- Turrax blendor, in ^0 ml of the phosphate buffer. 
Were then centrifuged for 10 mins, the supernatant was again discarded, 
bhe fibril layer was weighed and it nitrogen content estimated by the

an<3

UsUal
6*Pr
Qf

Kjeldahl procedure. The results of the nitrogen estimations were 
&Ssed as g fibrillar protein per g of meat, taking the nitrogen content
the fibrillar proteins as 16»7 % (Bailey 1937).

— ¿bility. To measure the extractability of the muscle proteins at
ionlc strength, the minced meat was homogenised and washed as in 
°n 3 above, except that the buffer used was 0,04 M potassium phosphate
■50, I = 0.05). The fibril layer was then re-suspended in ^0 mis of a
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solution of 0.5 M KC1 + 0.04 M potassium phosphate (pH 6.5) I = 0.55)t 
le it for 30 mins at 0°C and then centrifuged for 30 mins at 1500 x go The 
supernatant fluid was decanted and the fibril residue weighed» The nitrogen 
content of residue and supernatant was estimated.

Pr— ^ aratiQD of samples for titration studies and the measurement of 
¿¿Qglectrir- point., 5 g samples were minced as above and homogenised in 
-0 ml Qcl m KC1. Washed fibrils were prepared from this homogenate by 
Washing twice in 20 ml of 0.1 M KC1. Finally the fibril layer was suspended 
ln 20 ml of O d  M KC1. Measurement of phosphate content showed that such 
WQshed fibrils contain less than 1 mol. of acid-soluble phosphate per 10  ̂g
Of Protein. For the measurement of IP or point of minimal swelling the pH 
as adjusted with 0.1 N HC1 or NaOH. When the IP of unwashed fibrils was 
0 be measured 0.004 M iodoacetate was included in the KC1 solution to 
^cvent any possible glycolysis. In either case* the procedure was to allow the 
*briia to equilibrate for 15 mins at 20°C at the desired pH, and then to 
ntrifUge them for 5 mins at 1500 x g. The fibril layer was weighed after 
Natation of the supernatant.

‘-££bi°n studio«- Fibrils, prepared as above, were titrated stepwise with 
^ HC1 or NaOH over the range pH 1.8 to pH 11.00, care being taken to

aci(3
bhe samples to equilibrate for 5 to 10 mins after each addition of 
°r alkali. The pH was measured with a Radiometer pH metsr, type 22.

^tration curves are expressed as the number of protons absorbed or
^  r*

per 10^ g protein. This parameter was estimated from the equations;

CuC
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( 1 )

and

log r  = PHa - pl^ 
a

(2) MolSo H+ bound = [V(c ~cb>/w3 x 10

* ere Ca and pHQ represent the concentration of protons and the pH 
^spectivelyof an 0.1 M KC1 solution to which HC1 or NaOH have been 
a<3ded in the absence of fibrils* and and pH^ are the corresponding values

’-he presence of fibrils; V is the volume of the solution in mis and 
W *ls the weight of protein in g. can be exactly computed from pH^ froms

(3)

«rhere
1^3),

5cV kci

[h*J
cb = y Y ~  = anti"log (“P8^ 10®

Yg is the activity coefficient of the H+ ion at pHfe (Cohn and Edsall
In practice the necessary correction was estimated from the pH of 
or NaOH/KCl solutions of known concentration.

ashed
stUd
si

an

LfLfflent of the dependence of the pH of the meat on temperature.
°r unwashed fibrils were prepared in 0.1 M KC1, as for the titration 

^s. Th» pg was measured at 2Q°C* and then the temperature was raised 
to ^0°C (10 mins) and the pH recorded as it fell back to 2Q°C. For 

U3"ements below 20°C the beaker containing the fibrils was cooled in

50°r
Water mixture to 'V 8°C and allowed to warm spontaneously again to
To

^3
simulate the conditions of the experiments of Briskey and Wismer-

huff.r
(X96l), the pH meter was set to 6*50 St 20°C( using a Sorensen
that pH as standard( and the temperature adjustment of the meter 

SUh8e ...... . .  _a.
_ _

!9uently kept constant at 20°C regardless of the actual temperature, '-orrect
Per
asu

l0ns were then made by measuring the pH of the Sorensen buffer against 
athre e x a c t i y  the same manner. To check the accuracy of the
ï'OlQentg( the variation of the pK value of O.'Jk M imidazole (pH 7j2)
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with temperature was measured* The heat of ionisation G&H) derived from 
these data was found to be + 6600 cals/mole from 8 to hCcC* The published 
value for the imidazole group of histidine is + 6900 cals/mole (Cohn and 
^dsall 19i-3)c The agreement is seen to be satisfactory*

RESULTS
«■¿ter-^retention and protein-content of fibrils washed at low ionic streny th*
'he water-retention and protein-content of fibrils of normal and watery
a,ftat prepared by washing in GoOh phosphate buffer at pH 7°00, I = 0*09,
aï-e shown in table 1* It is seen that the fibrils from meat with low pH. K'
Values « 5-60) have a higher protein content (l>23x) but a lower water-
retention per g of protein (G*58x) than fibrils from meat with high pH,
'̂ 6,2g )« Expressed as extra water retained per g of meat, the fibrils wj h
k^gh pg_̂  retain 3 x as much water as those with low* The protein content of 
t he washed normal fibrils is a little higher than the value of 0*115 g/g 
®uscle given by Bendall (1961) for rabbit fibrils, free of stroma. The
A •
•"■gin of the extra-protein of watery fibrils will be discussed later.

The table also shows that the differences in water retention between non al 
watery fibrils are not due to differences in ultimate pH or total

hitj,°gen content, which are nearly identical in the two types*

’̂ ^-¿£tabilit.*r at high ionic strength (I = 0*53) at pH 6.^0*
Thn a®ounts os protein extracted by a phosphate buffer of I = 0. 55\ 6.50,
°m fibrils washed free of soluble sarcoplasmic proteins at I - 0-05* 

p X f- ’50v are shown in table 2. -¿.t is seen that normal fibrils ^ )
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are almost completely extracted by the procedure, giving a highly viscous 
solution containing 88.5 % of the fibrillar proteins, whereas in the case 
oi 'watery1 fibrils (pE, (  5»60) only 11 % of the fibrillar proteins are 
°xtracted, and the solution is quite limpidc These extreme differences between 

types are best shown up by extraction at pH 6.50, because at higher 
values the normal fibrils yield an extract so viscous that it Cî nnot be 

Centrifuged, and at lower pH values extraction is very incomplete» It would 
Nearly be desirable to study in more detail the relation between 
extractability and pH»

^o^orjgin n f the extra-fibrillar protein of watery meat; The results in 
tat>le l might be taken to indicate that there is a higher content of true
A 1 ^

rillar protein in watery meat than in normal meat. This, however, is 
^likely to be the case, because an exactly similar gain in apparent 'fibrillar1

A. i, .c® m  can be brought about merely by heating a minced sample of normal
Uscle at 37°C for 1£ hours, or by allowing a sample of muscle cut from the
ftimal immediately after death to pass into rigor at 37 - ^1°C. In one
^srimejjt Qf tbe first type, for example, the unheated fibrils had a protein 
c®nt®nt of 0.122 g per g meat, after washing out the sarcoplasmic proteins,
*hepeas the fibrils prepared from the heated mince had a protein content of 

5 Per g meat. Similarly, in an experiment in which one piece of muscle
WaE

A

flowed to go into rigor at 20°C and the other at 40.5°^, the protein
s of the washed fibrils were 0.128 and 0.150 g per g meat, respectively.

fib
it

miiarv but rather more detailed experiment is given in table 3 to 
strate the differences in water-retention, protein-content and cxtract- 

between fibrils from meat allowed to pass into rigor at 20°C and
from the same meat passing into rigor at 37°C. They are again similar

Sbitudg to £ke <jifferences between watery and normal fibrils shown in
-®s 1 and 2.
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delation between water-retention and pH in the fibrils from normal 
watery pork«

Fi-g. 1« illustrates the relation between the water-retention per g of 
Protein and the pH for washed fibrils from normal and watery pork at 
* ~ ''“'0.1. in this case* the normal fibrils were prepared from meat allowed 
t° go into rigor at 2Q°C. It is seen that 'watery* fibrils retain less water 
*>6r g of protein than those of normal pork at all pH values between k . 3 and

In spite of this, the zone of minimum swelling, which is probably also the 
isoelectric region, is about the same in the two cases, although the zone 
ls broader with the 'watery' fibrils and extends to Tower pH values« Taking 
^e midpoint of the zone as the isoelectric point, then normal washed fibrils
n <L »1 = 0«1 are isoelectric at^pH 3 = 5 and the watery fibrils at''~'pH 3=3 =

Th *ls is exactly the reverse of what happens when the proteins of normal
ait!â  are aggregated by heat, as we see from fig« 2, which shows the water
Mention of fibrils, coagulated at various pH values at 90°C. The minimum

the swelling curve is now between 3=90 and 6.00. It should be noted that
e absolute values of water-retention for the coagulated fibrils cannot
rictly be compared with those for the native fibrils, because of the very 

dif fIerent nature and packing density of the coagulated particles. The
s°slectric point measured in this way is very close to the pH o f ~ 6.00 

*ained by washed normal fibrils after coagulation under isoelectric 
n^itions at pH This new pH reached after coagulation must represent

the
to

^•soelectric point of the coagulum, since no acid or base has been added 
the system.

*h5
•tea
5h0w

similarity of the IP's of normal and watery meat can also be shown by
sbrijjg the water-retention of unwashed fibrils (see fig. 3)* The curves 
that the unwashed watery fibrils retain about the same amount of water
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®t all pH values as the washed 'watery' fibrils in fig. 1« whereas the 
unwashed normal fibrils retain considerably more than the washed. Since the 
unwashed fibrils contain all the salts, non-protein nitrogenous compounds 
and sarcoplasmic proteins of the meat, it is difficult to say which of 
’'hese components is responsible for the difference in the latter case.
ertai.nly. it is not due solely to the presence of Mg or Ca ions, since 
Edition of these to washed fibrils in the concentrations expected to be 
Assent in the homogenates, that is ̂ 2 mM and 0.4 mM respectively, diminishes 

Water-retention rather than increasing it. It seems more likely that 
the effect is due to interactions between the sarcoplasmic and fibrillar 
r̂°teins, but more experiments are necessary to confirm this suggestion.
will also be noted from the figure that the IP of the watery fibrils 

^5.20) is again lower than that of the normal fibrils ('v 5°40). Also 
^lustrated in fig. 3 is an experiment comparing the water-retention of 
unwashed fibrils from meat passing into rigor at 20°C with that of fibrils 
f 1,001 the same meat allowed to go into rigor at 37 C. It is seen that the

C' fibrils follow the curve for normal fibrils whereas the '370C' fibrils 
°^AOw that for watery fibrils.
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¿^versible effect of temperature on the pH of muscle fibrils and extracts, 
experiments of Briskey and Wismer-Pedersen (1961) on intact pig carcases 

Wed that in those pigs where the pH fell rapidly (watery type 4) it also

<*u
T̂ li fc° the very low level o f ~ 5»15 ani subsequently rose again to<^5»50 
^ln8 the cooling of the carcase. Their results are plotted as pH against 
mPerature in fig. 4. It will be noted that the pH tends to increase most 
^Ty as the temperature falls from 20 to 10°Co If the rise of pH is to«1«

he

the

taken as a measure of dénaturation this feature of their curve is
Ctly the opposite of what would be expected, since it is well known that 
i'ate of dénaturation falls rapidly with falling temperature (Hamm and

000
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Dear,herage i960)» For this reason, we have re-examined the phenomenon using 
Washed and unwashed fibrils, coagulated minced meat and the Kochsaft prepared 
from whole meat, that is the filtered liquid obtained after heat-coagulation 
at 90°C, The curves in fig» 4 show that large changes in pH occur with all 

preparations studied as the temperature is raised or lowered, and that 
they are all inversely related to the temperature» That the effects with 
Native fibrils are not due to denaturation is shown first by the fact that 
'-hey are reversible within - 0»03 pH units at 20°C, and also that 
c°agulated minced meat shows a comparable effect» The curves as shown have 

been corrected for temperature effects on the setting of the pH meter, 
wllich was standardised to pH 6» 5 at 2Q°C without altering the temperature 
°®Pensator from 20°G, as in the experiments of Briskey and Wismer-Pedersen» 

Assured corrections are shown as in inset, and are seen to be quite small»

PH/teoperature curves, after correction, can be converted into numbers 
Protons (H+) bound or released by the buffering substances of the meat as 
temperature is changed, by employing the measured buffering capacities 
each of the respective preparations. The values calculated in this way 
®kown in table 4» The results of Briskey and Wismer-Podersen have been 
larly recalculated, using a buffering capacity of 5^ x 10  ̂moles H+

of
th
Of

PH
ab

Per g meat. It is seen that the unwashed fibrils show a reversible 
x°n or release of protons of the same order as that shown by the intact

°n the carcase.

cUp

curves. To illustrate the form of the titration curves, we have 
the curves for normal and watery fibrils in the native state (figs 5

re
yes

sPectively). The buffering capacities (*iB/&pH), derived from theso 
at intervals of 0.2 to 0.^ pH units, ar-> shown in figs 7 and 8
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respectively? and also the buffering capacities of normal and watery fibrils 
after coagulation atr^pH 5„kQ at 90'"'C. Since we have shown above that the 
hashed fibrils of watery meat contain extra protein, probably in the for® 

denatured sarcoplasmic protein, we have also titrated the coagulated 
Sarc°plasmic proteins of normal meat» Table 1 shows that such protein is 
Present in watery fibrils to the extent of <'-'0.19 g per g of total protein, the 
remainder being in the form of true fibrillar protein« The calculated titration 
°brve for the proteins in this proportion is shown in fig« 6, and also the 
actual curve for 0«19 x 10^ g coagulated sarcoplasmic protein alone.

see from figs 5 and 6 that there arc considerable losses of titratable
®roups (proton-binding) in both the alkaline and acid regions of the curves 
on ^Passing from the normal to the watery state, although these losses do not 
esuit in any appreciable shift in the maxima and minima of the AB/ApH curves 
il1 the acid or neutral region (figs 7 and 8). This is in complete contrast 
° fche effect of coagulation, which is characterised not only by a loss of 
S“°hpQ, aig0 by a large shift in the maxima and minima of the /)B/ApH
Urv*e in the acid and neutral regions-

In c°hnection with the titration curves of watery fibrils, it is of some
ei>est that the fibrils from a sample of meat allowed to go info rigor 

*t ¡_o_
’ ■> G showed almost identical proton-binding per g of protein to the 

Sa*Ple
Of

f0i
sho

•es of watery fibrils in fig. 6, and an almost identical gain of protein
Sai,c°plasmic origin. By contrast, washed normal fibrils, held at ^0°C
"i hours, gave a normal titration curve of the type in fig. 5t and
wed loss of titratable groups.
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gain further insight into the nature of the changes which have occurred*
We have calculated the apparent titration constants (pK') of each curve, by
a process of trial and error« These constants are analogous to* but not
•necessarily identical with* the true pK values of the groups titrating in
the various regions of the curves (Cohn & Edsall 19^3)* We started from ;he
eS3umption that the peak in the 4B/4pH curve of normal meat at pH 4.15
C f  * 7) represented the pK’ of a class of similar groups» virtually 
^disturbed by the presence of other groups in the region pH 3»65 to 4« 63° 

then applied the general equations;

pH — pK1 + log

(5)

^here

no*
antilog (pH - pK' )

.. — -*—

antilog (pH - pK* )

t*
pK' is the titration constant of the qth class of groups; o( is the * ^

a°tion of the total number of groups in the class which have given
°bs to base at any pH; and n«< represents the number of protons given 

Up y groups of the qth class at any pH. It follows from these equations 
that j/

-><■ 7b of the groups in the class with pK' = *«■.15 should titrate between
P5 3 c c 5and ¿f,65« We actually find 5^° 5 protons given up per 1G" g. protein

*̂ 105,
^his range of pH, so that the total number of groups with pK ^«15 is
Removing these groups from the observed curve, as they would titrate

°rding to equation 5s we found by similar reasoning that there was a
Ss

th
'26

an

Cohid

°f ^8 groups with a pK* of 2,60 in the acid region; and a class of 
gJ'oupg with a pK of 6«4o in the neutral region. In the alkaline region, 
appeared to be a class of 72 groups with pK 10.20, and this would 
tilat the remaining 50 or 60 basic groups should have pK’ values

than 11.00 (Mihalyi 1950, Kominz et al. 195*0« Unfortunately, this 
n°t be checked with the electrode assembly available, which had a arge

*ater

'•"be' error above pH 11«**0.
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From these calculations it is possible to describe the titration of the
Native fibrils of normal meat irons pH 1.8 to 10.2 as follows 
Notons bound = k8d^ + 105*2 + 25X? + 72^

- 48 

26

[ antilog (pH-2.6) 1| «■ 105|i antilog pH-4.15) l
11 + antilog (pH-2.6)J ^1 + aatilog (pH-4 15;j

/antilog (pH-6.4) | * 7 2 1f sntilog 'pH-lO.Z) t
1 1 *  antilog (pH-6.4)J |̂ 1 + antilog (pH-10.2; J

<?■

o

curve calculated from this equation is shown in fig» 5 and is seen to 
agree well wi h the observed values for two different fibril preparations 
ui> to the limit at pH 10*2«

^ siaiiar typ‘i of analysis was applied to the curves for watery fibrils nd 
0̂r the coagulated fibrils of normal and watery meat* The results of the 
an®lyses are given in table 5 in terms of the classes of pK1 values and 

number of groups titrating in each class. To dc?monstrate the general 
Vaiidity of these constants we have plotted the average values cf the 
°tfierved results against the values calculated from table 5 for the particularly 
-omplex case of coagulated normal fibrils (fig. 9)° It is seen that the 
agi,seffient is good in the acid range, but small discrepancies occur in tbv 
"̂ Eiline range after about 30 gr oups have been titrated (pH 3.2 to 10.0) 

a larger discrepancy afte £0 groups have been titrated (pH 10.4 and
°Ve'0 The first discrepancy may be due to the constant at oH 6.70 being 

too 1 r.AOW» or to the release of ai -amino end-groups, not taken int o accoun1 
in unc calculations« The socord discrepancy arises because wa do not kno- the 
i>R* w .V£lues of the groups alkaline to pH 11«00» As a further check, we raâ 

that the calculated curve for watery fibrils feurve 2V fig« 6) also 
e%r> well with the observed points, up to the limit at pH 10«2«

coo
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From the above arguments, we may have reasonable confidence in the constants 
given in table 5* We see from this table that the effect of complete 
coagulation of fibrils is far greater than the change from normality to 
wateriness. In the first case, all the pK! values in the acid and neutral 
range are altered by the coagulation process, and in additions the-e is a 
total loss of about 25 groups, whereas in the second case there is no change 

the pK' values calculated from the combined sarcoplasmic and fibrillar 
components of the watery fibrils, but a comparable loss of titratable groups, 
fhiis, all the 10 groups expected to titrate in the watery fibrils with 

2,10 have disappeared; and also 7«5 groups with pK 4,50. In addition 
J groups have been lost from the class of 85 groups at pK 4,15» Similarly 
ln the alkaline region, about 15 groups have been lost with pK' 10.2, 
compared with about 18 groups after the coagulation of normal fibrils,

^ike normal fibrils, coagulation of watery fibrils leads to considerable 
sh*fts in the pK' values, but without such a great loss of titratable groups, 
^4ere is indeed very little change in the total titration in the acid region« 
k^cause, although 11 groups have disappeared at pK’ values between 3,40 

3*50, 9 new groups have appeared with pK values of 3.00 and below. In 
alkaline region about 6 groups have been lost at pK 10.2, compared with 

*kout 18 in the case of coagulation of normal meat. Unfortunately we again 
G°t know what losses or gains of groups there may have been in the 

*tr«me alkaline range,

It , believed that this study of the titration constants of native, watery 
Coagulated fibrils is the first of its kind, and it is therefore 

'"6ssary to enquire whether the data for the native fibrils agree with the 
°-acid analysis and titration curves of actin and myosin, Mihalyi (1950)»
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for instance, showed that purified myosin contained 165.titratable acid 
groups, 16 imidazolium groups and 13*+ basic groups per 10^ g of protein»
There are no comparable data for actin, but the amino-acid analysis of 
Kominz et al» (195*+) shows the presence of 117 free acid groups, 19 
imidazolium groups and 109 free basic groups» If the fibrillar proteins 
contain 1 part of actin to 2 parts of myosin (cf. Hanson and Huxley 1957)» 
there should therefore be ̂ 1^8 acid groups and^l8 imidazolium groups per 
itr gc We find a total of‘'“'i53 acid groups and ̂ 26 groups titrating wi ;h 
a pK’ of 6»^0, which are likely to be imidazolium groups (Cohn and Edsall 19̂ +3)» 
Similarly we find ?2 groups titrating with a pK1 of 1Q»20V close to the 
expected pK values of tyrosine and lysine (Cohn and Edsall 19*+3)° The 
analytical data of Komins et al» (195*+) would yield 23 tyrosine and 7*+ lysia# 
groups for an actin/myosin ratio of Q»5* The overall agreement is, therefore, 
fairly good, particularly as we have not taken any account of the stroma, 
connective tissue and tropomyosin undoubtedly present in our preparations.
*hes: components, however, probably cancel each other out, because connective 
tissue has a small number of charged groups and tropomyosin a very large 
humber» According to L wrie (I960) and Hanson and Huxley (1957) respectively 
'-hese components are present in the fibrillar proteins in about equal amounts 
°f 10 in this connection, we raey note that Wismer-Pedersen and Briskey 
<i96lb) found normal whole moat to bind 1*»*+.*+ equivs of safranin per ID5* g 
'°tal protein, whereas watery meat bound 187 equivs per 1 0 ' gc This measure 
°f the number of acidic groups in normal meat agrees well with the present 
'eBults, which would show about l*+6 protons to be bound at pH 1»8« In watery
e®t however, the proton-binding is not likely to exceed 130 protons per 
105 6 total protein. It is difficult to account for the large discrepancy 
lri the latter case, although it may be pointed out that it is not certain
k® dye-binding method is an exact measure of proton-binding particularly

OO*
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where protein-protein interactions may have taken place in the material 
under study« For example, Hamm and Deatherage (i960), using this method* 
detected a loss of acidic groups after heat-denaturation of whole beef 
muscle, but could find no comparable loss of basic groups which would have 
been expected from the results of the present titration studies«

Discussion
The changes which are responsible for the occurrence of wateriness in pork 
meat have been variously ascribed to acute degeneration of the muscular 
tissue in the living animal (Ludvigsen 195*0, to excessively low ultimate 
pH values of 5°2Q (Lawrie i960) and to a rapid fall of pH post-mortem 
(Briskey and Wismer-Pedersen 1961)« Although it is clear that both muscle- 
degeneration and very low ultimate pH values might give rise to wateriness 
d-h the meat, it is most unlikely that either of these changes is responsible 

the condition in the Landrace pigs we have studied here. In the first 
Place, the mean ultimate pH values of the normal and the watery muscles were 
identical in our experiments, as they were in those of Briskey and Wismer- 
Pedersen (1961a), and secondly we were able to confirm the observation that 
tbe watery condition could be produced merely by holding a normal piece of 
®®at at 33°C for 2 hours (Wismer-Pedersen 1959)» or by allowing rigor to 
°ccur at 37 to ^1°C. Moreover, in detailed studies of the rigor process at 
7̂ C, to be reported elsewhere, it was observed that the muscles began to 
WgqP and their colour to change only when they were about to pass into rigor 
^kat is when the pH had fallen to 6.00 or belowc It is, therefore, obvious 
■'kQt the immediate cause of wateriness in the Landrace pigs studied here 

the combined effect of high temperature and low pH on the muscle proteins 
Wismer-Pedersen and Briskey (1961a) have shown. In fact, wateriness 

a£*Pears to be a general phenomenon, not confined solely to Landrace pigs.
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but characteristic of all muscles when rigor is allowed to take place at 
37°C at low pH values, because it is then also found in a more or less 
severe form in the longissimus dorsi and psoas muscles of the rabbit and 
the ox (Bendall - unpublished observations) and to a very marked degree in 
whale muscle (Marsh, 1952)°

Besides their decreased extractability and water-retention, the main feature 
which distinguishes watery fibrils from normal fibrils is their higher 
protein contente This extra protein is derived from the sarcoplasm, and is 
Evidently present either in an aggregated form or firmly combined in some 
other way with the fibrillar proteins, actin and myosin» The problem is 
therefore to decide whether the reduced water-retention and the greatly 
^educed extractability of watery fibrils is due simply to the deposition of 
thie layer of sarcoplasmic protein onto the surface of the myofilaments or 
whether it is due to dénaturation and aggregation of the fibrillar proteins 
themselves» Two criteria may be used to distinguish between these 
P°ssibilities; first, to enquire whether a rise of pH and of isoelectric 
p°int, characteristic of the phenomenon of dénaturation, can be detected 

the muscles pass into the watery state (cf. Bull, 1938; Bate-Smith and 
Bendall, 19^6; Bendall 1947; Putnsm 1953); and secondly whether the titration 
Curveg of Watery fibrils show any of the changes which characterise 
^batured proteins(Bendell 1947)«

We have already pointed out, Briskey and Wismer-Pedersen (1961) have
bribed a rise of pH in muscles of watery type, but this cannot
heCeesarily be taken as an indication of dénaturation, first because it 
Ccbrg as the temperature of the meat is falling, secondly because it is

h
'8®r than the actual rise of 0^25 to 0»30 units observed after the complete 

coagulation of whole meat, and thirdly because a similar but
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reversible effect of temperature oh pH can be demonstrated both in native 
fibrils and heat-coagulated whole meat (fig. *0. The number of protons 
reversibly bound or released as the temperature of the unwashed native fibrils 
and of the heat-coagulated whole meat is raised or lowered is seen to be 
ftsarly the same in the unwashed native fibrils and in the heat-coagulated 
whole meat as it is in the intact carcase (table 4). It is therefore 
reasonable to suppose that the effect is due to changes in the pK values 
°f the various buffering substances of the meat with temperature. The main 

 ̂ groups likely to be involved in this range of pH are the imidazole and 
Carboxyl groups of the proteins? and those of carnosine and anserine.
■̂ he pK of the imidazolium groups has a negative temperature coefficient and 
that of the carboxyl groups a positive one? so that in both cases protons 
will be released on raising the temperature and bound again on lowering it 
(Uohn and Edsall 19^3)» Unfortunately? we do not know the exact numbers or 
PK values of these groups in whole meat, so that we cannot accurately 
PrQdict their effect on the proton-binding. We can, however, make the 
Allowing assumption (1) that the 26 groups per IQ'* g of protein? which 

| titrate in the washed fibrils with a pK’ of 6.40 are imidazolium groups 
Qil{3 that the 105 groups titrating with pK1 = 4.15 are carboxyl groups

table 5); (2) that a similar number of imidazolium and carboxyl groups
ar® Present in the sarcoplasmic proteins; (3) that the total protein 
COiltent is about 0.20 g per g of meat; and (4) that the heat of ionisation 

of the imidazolium groups i6 + 6900 cals per mole and that of the 
ar8oxyl groups ̂ - 1500 cals per mole (Cohn and Edsall 1943)» Calculating 

basis for the effect of changing the temperature of the unwashed 
in table 4 from 20 to 37°C? we would expect & release of'̂ '5»2 x 10

of against the found value of 7*3 x 10 moles. The discrepancy 
is

ot large> when we consider that no account has been taken of the possible
of carnosine or anserine nor of the other buffering substances known 

0 ^e Present- We may conclude that we can more easily account for the
t * *
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Apparent rise of pH of watery meat in terms of the effect of temperature 
on the pK values than by invoking a general dénaturation phenomenon« 
Nevertheless a small rise of pH would be expected in the watery muscles as 
the sarcoplasmic proteins were denatured and became deposited on the fibrils» 
Calculating for the known amount of protein deposited in this way (table l)v 

would expect the rise of pH not to exceed 0.05 units in the whole meat, 
whereas complete heat-coagulation results in a rise of 0.25 to 0«30 units 
at pH 5.40c Such a small rise would probably go undetected in the intact 
carcase.

«L -  X FOfiSKNINGSINSMIUT
8 September 1961

The criterion of the isoelectric point (IP) similarly indicates that 
dsnaturation in the classical sense can have occurred only to a minor degree, 
if at all, in the watery fibrils, because their IP tends to be lower tha:i 
ihat of normal fibrils, whereas the IP of fully coagulated fibrils is much 
higher (figs 1-3). It is also of some interest that the swelling of unwaahed 
formal fibrils is higher at all pH values than that of washed fibrils, 
whereas watery fibrils show about the same swelling in both cases. This 
Suggests that the sarcoplasmic and fibrillar proteins are mutually active 
111 the swelling process in the normal meat but not in the watery meat«

The other criterion we may apply to watery meat is that of proton-binding.
w“ have already seen that the proton-binding of th® washed watery fibrils is
^°Wer than normal in both the acid and alkaline regions, but that this
Gr&asa is not accompanied by the characteristic shifts in the titration
0llŝ 3nts, observed after complete heat coagulation (see table 5)“ On th®
°tKer hand the titration constants of watery fibrils are shifted by heat 

8u].ation in much the same manner as those of normal fibrils, particularly 
^he acid and neutral regions. This again suggests that the bulk of th® 
ein of watery fibrils is not in a denatured or coagulated form. If this
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is so, however, we must seek some other explanation of the decreased water- 
retention and sxtractability of watery meat; A possible explanation can be 
suggested from the titration studies. We have shown that the extra protein 
of watery fibrils must arise from the sarcoplasm, and yet when we calculate 
the expected contribution of this protein to the total proton-binding we find 
that nearly all of it has disappeared from the actual titration curves of 
the watery fibrils (table 5)» The only way in which this could happen would 
he for the missing groups to have become linked to groups on the fibrillar 
Proteins, We may assume, for instance, that the carboxyl groups titrating 
with pK’ values of 2.60 and 4,15 belong to the fibrillar proteins, whereas 
the groups with pK* 3.40 belong to denatured sarcoplasmic proteins. This 
’'ould mean that all the 11 groups with pK' 2.10 and the 7»5 groups with 
P&1 4-50 contributed by the sarcoplasmic proteins have become linked to the 
fibrillar proteins. This could occur by the formation of bonds between 
thase groups and the hydroxyl groups of tyrosine or even the £ - amino 
Sï’oups 0f lysine, or the guanidino groups of arginine of the fibrillar 
Proteins. In addition, 5 carboxyl groups with pK 4.15 have been lost from 

fibrillar contribution, possibly by linkage to basic groups on the 
5ai>coplasmic proteins, The overall effect should be a loss of 23 or 24 groups 
titrating in the alkaline range. We actually observe a loss of ^ 1 5  groups 
*ith pK. 10.20, and it is possible that the remainder are lost at more 
Saline pH values. These losses are, indeed, similar in magnitude to those 
0 s®rved after the complete coagulation of normal fibrils, which in the

region amount to ^25 groups and in the alkaline region to ^lô groups, 
^though in the latter case the missing carboxyl groups must have become linked 

hydroxyl basic groups either on the same molecule or between molecules
Of ,*he same protein type, which might account for the greater shift in the
PK' Values of neighbouring groups. Similarly, complete heat coagulation 
Of ®tery fibrils must result in the breaking of some of the postulated

o * a
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bonds between the fibrillar proteins and the layer of denatured sarcoplasmic 
proteins on their surface, because we find considerable shifts in the pK 
values after coagulation which are similar in kind* but not in degree* to 
those observed in coagulated normal fibrils.

We may conclude that we have an example in watery meat of a unique type of 
Protein-protein interaction, where the main fibrillar protein* actomyosin, 
is in the native form, but has become covered with a layer of denatured 

I earcoplasmic protein, which is bound to it sufficiently strongly to make
resistant to extraction at high, and to hydration “at low ionic strengths* 

^hie change in the structure of the muscle* unlike the effect of coagulation, 
leaves the titration constants of the combined proteins more or less 
faltered, with the result that the isoelectric point of watery fibrils ia 

same or even slightly lower than that of normal fibrils.

Acknowledgement
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Summary
^  *t is shown that the washed muscle-fibrils obtained from watery pork 
âVe a iower water-retention at low ionic strength, and much lower
e*ti,actability at high ionic strength than the fibrils from normal pork.
9se changes are accompanied by a gain of protein by the washed watery 
^ U s ,  and this protein originates from the soluble sarcoplasmic proteins?
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2) All the changes,, including the characteristic gain ox protein, can b® 
artificially induced in normal meat by allowing it to pass into rigor at 
37°C»

oi-AGl JR IJKNUi FORSKNINGS INST ITUT
6« September 1961

3) The IP, or point of minimu; swelling of watery fibrils, whether washed 
°r unwashed, is similar to or slightly lower than that of normal fibrils> 
I'here is a broad isoelectric zone in all cases, the midpoint of which lies 
at «^pH for normal fibrils and at 5 = 2 “ 5=3 for watery fibrils» On
the other hand, the IP of fully coagulated fibrils lies between 6 and 6»1»

^  Washed and unwashed fibrils of watery meat show about the same degree of 
falling at ail pH values» Normal fibrils, however, show a higher water- 
tetention in the unwashed state than the washed» This effect is not due 

th* Mg or Ca ions included in the unwashed samples, but may result from 
thteraction between the sarcoplasmic and fibrillar proteins» In the unwashed 
Btate, the swelling of normal fibrils is nearly double that of the watery 
fibrils at all pH values.

3) ft is shown that the rise of pH found by Briskey and Wismer-Pedersen
^96l) intact carcases of watery meat as they cooled from 37 to 10°C,
Wa8 probably due to the effect of temperature on the pK of ionisable groups 
°f tv05 proteins and buffering substances. It can be reproduced artificially

Reversibly in native and coagulated minced meat, merely by raising or 
®Ring the temperature»

6) Th

lPK')
e titration curves of watery fibrils show similar titration constants 
to those of normal fibrils, but a loss of titratable groups» Heat

St
Nation oa the other hand, not only results in a bigger loss of titratable
Ps* but in a much larger shift in the titration constants- These results
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can be interpreted to show that the fibrillar proteins of.the watery fibrils 
are not denatured or aggregated in the usuaX sense» but are probably covered 
by a layer of denatured sarcoplasmic protein, which is firmly bound to the 
surface of the myofilaments

- 2^ -
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Table 3’ Effect of temperature of rigor on the water-retention and 
extractability of fibrils

Fibrils washed Fibrils extracted
at pH 7.00« I = 0.09 at pH 6.3. I = 0.3:>

Treatment g H-,0 retainer g fibrillar protein % Fibrillar protein
per g protein per g meat extracted

Rigor at 20°C 11.8 0.119 81.0

Rigor at 3?°C 7-7 0.137 9.^
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