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In this t1cular1y e xc itin g  t in e  to review the advances tha t have been 

f°r Our und <a ° f  1Pat science, many o f which have important im p lica tion s  
O ptions t ^ tdrVlirMJ o f the «eting q u a lity  o f meat. With some notable 
either to c ere WaS Per>,aPs a tendency in  the past fo r meat s c ie n tis ts
^ aPplied n tra te  a t the fundamental end o f the research spectrum or at 

9r°"iniJ tend * What we have been seei°y over the 1ast few years is  a 
fur)t)aiii(sntdj nCy fo r th ' s yaP to be bridged. Increasing ly  th e re fo re , the
ir* *>einn . cNanisms re s p o n s ib le  fo r  the im p o rta n t phenomena in  meat sc ience 

J cackled

^0r th is  yap to be bridged, 
nisms responsible fo r the iin 

and c le a r hypotheses form ulated.

reasons fo r  the advances is  the growing re a lis a t io n  o f^ SorCL°f ' - -
^  _ " ^f'a t d s tru c tu ra l approach -  not excluding observation w ith  the
'« e

k.
!<1»Pl

,,fa ) jCdn makl! to  neat science.

"»«led.
w ith ,

"Je sets

I f  we know the s tru c tu re  o f the system
we w i l l  know the sp a tia l re la tio n sh ip  o f i t s  components.

thlik is„"hät comP°nents
many constra in ts  on how the system could behave, fo r

tell
ng by a 3iven component could in te ra c t w ith , and aids our

u$ where iminatin g  other p o s s ib i l i t ie s .

06Caus,i mo 6 3 process ' s occurring .
S l e d l^  o f ,JS th ink  in

°,'l)ired S* a sp e c t we are o f course a t an enormous advantage
^^9h]y 0rf1̂  t i , t r  ^00d s c ie n tis ts  because we are dealing in  muscle w ith  such 
J|' iawl . „ J 1"“  system. I t  is  a healthy s ta te  tha t the h a rr ie r  th a t once 

meat science is  now t r u ly  down.

Observation nay a lso d ire c t ly  
Our mental processes are helped 

p ic tu res  and we can tra n s la te  our micrographs in to

In th is

^9re$s hac k 1 Sha11 b‘? tiigh i iyh tin g  some areas where I th ink  substantia l
ndde* The choice is  necessarily  a personal one and lim its  
,ne from covering a l l the top ics th a t m erit a t te n tio n .
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-^¿LLS o f texture

important aspect o f the eating q u a lity  o f meat but in the

When a s t r ip  o f cooked meat is  pulled apart by forces along the d ire c t io n  o f 
the f ib re s ,  the f ib re s  extend. (For a de ta iled  desc rip tion  o f the changes 
a t the sarcomere leve l see Locker et a l . 1977 and Locker and W ild, 19M?a, ) .
As more force is  app lied , the f ib re  bundles separate from one another and 
even tua lly  snap across independently o f one another (Purslow, 1384). The 
frac tu re  surface there fore  does not simply pass s tra ig h t across the meat. 
Rather, much o f th is  surface does not l i e  in  a transverse plane hut runs along 
the boundaries between f ib re  bundles. Thus the fra c tu re  surface may pass 
between two f ib re  bundles, then pass f a i r ly  c le an ly  across one o f them, then 
run lo n g itu d in a lly  between th is  f ib re  bundle and another and so on, w ith the 
re s u lt tha t i t  is  stepped ir re g u la r ly  up and down the f ib re  a x is . The axia l 
pos ition  w ith in  the sarcomere o f the fractu res across the f ib re  bundles was 
not examined by C arro ll e t al. (1978) or Purslow (1984) but is  l ik e ly  to  be in 
the I-bands (Locker and Leet, 1976b; Locker and W ild, 1982a,). This type o f 
fra c tu re  behaviour Purslow po in ts out is  typ ica l o f composite m ate ria ls  made 
o f strong ro d - lik e  elements embedded in a weaker m atrix  and confirms the view 
th a t in cooked meat the muscle f ib re s  are the stronger e lenent.

The strength in the lo n g itu d in a lly  applied stress experiments is  very 
s u b s ta n tia lly  g reater than fo r  the transverse ly applied stress experiments. 
This is  due to the fac t tha t fra c tu re  across f ib re  bundles is  much more 
d i f f i c u l t  than between f ib re  bundles. This puts on a ra tio n a l basis the 
long-standing p rac tice  o f carving meat across the gra in so th a t the ea te r, 
e ith e r w ith  h is  kn ife  or his tee th , has only to  fra c tu re  the neat along the 
f ib re  d ire c t io n . In genera l, however, depending on the shape and size of the 
neat p iece, the ease o f fra c tu re  w i l l  depend both on the strength o f the 
connective tissu e  and o f the f ib re s . I t  remains to  bo explained how 
va ria tio n s  in  the thickness and the network geometry o f the perimysium in 
d if fe re n t  cuts o f neat a ffe c t the strength o f fra c tu re  and whether 
cond ition ing decreases toughness only by i t s  e ffe c t on weakening the f ib re s  or 
also acts on the connective tissue thereby decreasing the adhesion between 
bundles.
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* *  u  has

Si«ersb|p understood only e m p ir ic a lly .  Recently however, very

% ; ; «  »s

dVances 1n our understanding o f the subject have been achieved.

Chet
Wf?d in the mouth, i t  is  broken up in to  sm aller pieces. I f  

we describe the meat as tough; i f  i t  is  easy, the 
ds tender. The mechanical forces acting  on the meat are

Experienced, 
:r<bed

'•« « w  ■ “ ■ • ' “ » J y to  loc iir , r, ~ ~  •••«-lude shear, compressive and te n s ile  forces (see»act uavev .
I. Ure. ^  nd Win'je r ,  1980). To in ves tiga te  the mechanism of

’ s desi

‘‘ " I t,
rab,e in i t i a l l y  to s im p lify  the forces acting on the nea t. 

be aP p lica tion  o f te n s ile  forces to  m ate ria ls  provides the 
Pf? !nost amenable to a na lys is . C a rro ll e t a l .  (1978) and

* have Min— r‘■'hen mo nsre fo re  observed the way in  which the components o f meat

Which

u, n*tf“ly  f _ 1S l)l,11pd apart by te n s ile  forces and the way in which i t  is
■'ijç. ' actureri o

th,, Ur"al chflf„ * C arro ll e t a l . made the pioneering observations o f 

Of J Ver,t$ was USi0y b° th  ,i< jh t dn<1 o lectron microscopy hut an analysis o f 
[>!•,.  ̂ attempted. Purslow has provided a very f u l l  descrip tion

V t | at the 
X i -  ° f  the

visual le ve l and re la ted  these to  the mechanical
Cs. infMt .  t|o analysed the re s u lts  in terns o f  frac tu re

>  * *P 

' l i t j  ’ hro d .p

%  41,y le ve l ilC ti0n  ^as "ldy  e a s i ly  he doni
•ht. bu„,|| ' ^ rou,Jhout the  s l ic e  in  re g io n s  a t the  boundaries between 

al i s  an'' an,,th e r  (P u rs lo w , 1984). As more fo rce  is  a p p lie d  and 

.... . ..........

1Cf? ° t  cooked meat is  pulled apart by forces perpendicular 
on a dinner p la te ) ,  gaps

gaps widen. Some o f these gaps then connect up
Str*n(|^ ''-tween f ib re  bundles, the crack being bridged at in te rva ls  

Connective tis s u e . U ltim a te ly  fra c tu re  occurs along th is
f 1br<„ *  rmnain e s s e n tia lly  in ta c t and are not broken

itafw I t  i*
r j " - V s i ^  s y,,‘  '»»clear whether the fra c tu re  surface lie s  w ith in  
. , * ’ '»■ shf?atb surrounding «»ach f ib re  bundle) o r between thear>d e,h|
T   ̂ hay I ,,l|ys i" 1 (the  Sheath surr.iundin.j each f ib r« )  as C a rro ll et 

‘S t p ’ ^1nf.„|,r" l>,,S'r’, | ‘ ,n e , t ” *,r u  1s connective tissue th a t is
1,1 ■ U  ̂ t'h‘' cor, ' ' t r ',Ct,,rp f ra c t 'ires at i t s  weakest p o in t, these e<;w;rIments 

tijr<4 C ti^  tissue  n»>twet»n f ib re  bundles as the weakest part of 
^  4r ° f Conn t is  takes some g e ttin g  used to as we are accustomed to 

' t a u .  ' t ,v -  t is
11 *'•1 of as being tough. However, f i r s t l y  we must re.iemher 

c°Oked ^n,| the re fo re  ge la tin ise d  connective t is su e .

C ontribu tion  of collagen to texture

Collagen is  the major s tru c tu ra l p ro te in  o f connective t is su e . I ts  
biochemical p roperties in fluence the strength  o f the connective tissue  and 
hence the te x tu re  o f neat. Although the qu a n tity  o f collagen in  a muscle 
p a r t ly  deternines it s  toughness (H rans fie ld , 1977), an equa lly  important 
fa c to r is  the chemical nature o f the covalent c ro ss -lin ks  between collagen 
molecules (H a iley , 197?; Shi-nokonaki e t al . , 1972; Hailey and Sims, 1976;
8a i1ey, 1979). In young animals these c ro ss -lin ks  are a m ixture o f the 
keto-lm lne type and the aldim lne ty;)e. 8of.it can be detected by in troduction  
o f a rad io ac tive  label through reduction w ith  boroltydride. Keto-im ine 
c ro ss -lin ks  predo-ninate over a ld in ine  c ro s s -lin k s , but the ra t io  is  tw ice as 
high in the tougher muscles as the tender (L ig h t and B a ile y , 1983; L ig h t, 
personal communication). In o lder animals these b iva len t c ro ss -lin ks  ar« 
converted to  a non-reducib le c ro s s - lin k , the nature c ro s s - lin k . These are 
probably t r iv a le n t  and bind three collagen chains together (L igh t and B a iley, 
P 79 , l98 iia ,b ; H a iley, e t a l . . 1989). The chemical nature o f these mature 
c ro ss -lin ks  has been con trove rs ia l ( fo r  reviews see Tanzer, 1976 and L igh t and 
B a ile y , 1980c). do s in g le  novel component has yet been un.?ipjivocal 1 y shown 
to f u l f i l  the ro le  o f the mature c ro s s -lin k s  in co llagen.

By d iges tion  o f nature collagen w ith  p ro te o ly tic  enzymes nr cyanogen bromide, 
i t  has neen iw ss ib le  to is o la te  nigh molecular weight polymers conta in ing the 
mature c ro s s -lin k  (L ig h t and B a ile y , l:)9 )a ,b ). although the chemical nature 
o f tne mature c ro s s -lin k  is  not ye t c e r ta in , a compound has beer: iso la ted  f r a i  
acid hydrolysates o f these high no lecu la r weight collagen peptides. I t  is  
not found in peptides from soluble collagen nor is  it. associated w ith 
uncross-linked collagen f ib re s  and i t  accumulates in co lla ijen d'jrincj 
i.ia tu ra titm . For these reasons th is  compound is  thought to  be the e lusive  
mature c ro s s -lin k  uni is  being chem ica lly characterised (L igh t and b a ile y ,
18 H ) .  Another cn-ipouml, p y r id in o l in e , bas been shown to cross-1 Ink 
ca rtila g e  and bone in mature tissue  out i t s  ro le  in muscle collagen is  no* 
known (F u ji 'iu tn  e t a l . ,  11/7; Ooo ifis , 1983).

I f  co’ ia jun  molecules in so lu tion  are heated, they denature to  g e la tin  an.i in 
doing so shrink to about i  quarter o f th e ir  former length. Collagen 
molecules in f ib re  fo rn  also sh rink , a lb e it  a t a »i.jher temperature. Sucn a
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system is  capable o f  *li>velo»»in»j considerable tension (Mohr and H»»ndal 1 , 19l>9; 
Shinoxoiaki t-1 a I . ,  1972; A l l - in  e t  a 1 . ,  1978) , but only i t  there is  
mechanical in te g r ity  brought about through covalent c ro s s -lin k s . A collagen 
m atrix which is  not cross-1 inked or which is  s tabilise« ! by h e a t- la b ile  
a lu i- iine  c ro ss -lin ks  d issolves turn ing g e la tin  on heating ami exerts no 
tension. The keto-im lne c n js s - lin k s  are, however, therm ally stable and 
confer s ta b i l i t y  on the m a tr ix . On heating, most o f the collagen does not 
d isso lve , and tension is  exerted, the magnitude defending on the nu'iher o f 
these c ro ss -lin ks  {A lld in  e t a l . ,  197/4). The nature c ro s s - lin k , being 
M u lt iv a le n t,  confers even greater s ta b i l i t y  on the m atrix so tha t g reater 
tensions are exerted.

because the is o la tio n  o f mechanical Iy  ia ta c t in tr.n iuscu la r connective tissue 
is  re la t iv e ly  d i f f i c u l t ,  'los t studies on the thermal con trac tion  behaviour of 
collagen hav» used tendon nr sk in . Recently, however, i t  has been 
demonstrated tha t empty endomysial sheaths shrink both lo n g itu d in a lly  and 
transv.-*rsely a t temperatures greater than 51°C (L igh t and H a iley, 1983;
L ig h t,  personal communication).

Trie tex tu re  o f meat -nay depend on the nature o f the c ro ss -lin ks  fo r  two 
reasons. F i r s t ly ,  although we do not know the precise s ite  o f frac tu re  when 
f ib re  bundles are separated, i t  seems l ik e ly  th a t tougnness w i l l  depend on the 
mechanical strength of the heat-denatured, gelatinous f ib re s  o f the perimysium 
or those lin k in g  the perimysium and end «any s i urn {L ig h t and H a iley, 1983).
This strength w i l l  be greatest in the connective tissue  o f meat from older 
au ina ls , causing i t  to be p a r t ic u la r ly  tough. In younger animals the 
Strength w i l l  depend on the source o f the muscle, being greater in muscles 
w ith a higher proportion o f keto-im ine c ro s s -lin k s . We might, expect the 
toughness to depend on the nature o f toe c ro ss -lin ks  a lso because these w ill 
in fluence the magnitude o f the thermal shrinkage o f the meat and hence the 
number o f f ib re s  per u n it cross-sectional area.

I t  is  as yet unclear whether the tenderis ing  tha t occurs on prolonged stewing 
o f meat is  due to the slow breakdown o f the keto-im ine and mature c ro ss -lin ks  
or to hydro lysis o f a smal1 number o f collagen peptide bonds.

as occur w ith e le c t s
...... rab»«t I*““

US*« 1"

.ire no a rte fa c ts  o f .spec 1m »»n preservation 
microscopy. o f fe r  and T riu ir.k  (l'W J) demonstrated tha t 
m y f ib r i ls  «.«»re ir r ig a te d  w ith  s a lt  so lu tions  resembling those 
processing, they swelled transverse ly . The volume increase, altho^J 
v a r ia b le , was ty p ic a l ly  ~]00v.. 1'iis degree o f sw e lling  is  more t h',n ^  
to  account fo r the water uptake in meat processing. The resu lts  tin

*e*1

,m)U'Jh

suggest very s trong ly  
in  i.ieat processing.

end tha t ."yof i ' ; r i l  s the sit« o f  water rte"

With s a lt  alone a t pH 5 .6 , sw e lling started  at M.ç M dad and was 1
u n t il 1 fla t I . The 
A-band a t i t s  Centre.

sw e lling  was accompanied by p a r t ia l e x tractin'1 1
I i'llswfil1In the presence o f Id mf* pyrophosphate,  ̂ ^

occurred a t much lower concentrations of Ha Cl (0.4 I!) and e x tra c t!0
* n w

A-haud, was complete (o r nea rly  so) beginning from it s  ends. Sk . aiiô
w ith  even prolong«*1 1was h igh ly  co-opera tive : no sw e lling  occurn

w ith  n.3 M NaCl plus pyrophosphate. The naximui sw e lling o f '«yof ib f
„hat« 0

high s a lt  concentrations is  unaffected oy the presence o f  pyrophOSl* chi
and T r in ic k , 19H3; Knight and Parsons, 1934). In a l l  cases, (,ven *» A-B
expansion o f the m y o fib r il was la rge and there was e x tra c tio n  o f the 
the m y o fib r il d id not lose i t s  s tru c tu ra l in te g r i ty  and arrays re* 
spaced I-bands remained.

„as

of
✓

Although a l l  rabb it psoas m y o fib r ils  examined swelled in s a lt ,
substantia l va r ia tio n  e spe c ia lly  between preparations in the degree

w in  th* 1sw e llin g , in  the s a lt  concentration required fo r e x tra c tio n  ana ^^ r i15 
o f e x tra c tio n . Very la rge d iffe rences in the behaviour o f beef i5
w ith in  a preparation has been observed (Knight and Parsons, 19i54)• ^  for
o f in te re s t as such v a ria tio n  may he re la ted to the s u i ta b i l i ty  ° f  1 t|jt

. . . . .  . _ . .... n o i l )  * sprocessing. Among the va ria tio n s  seen by O ffer and T rin ick  ( 1933)
se« '

sometimes the Z - lin e  expanded as much as the A-band but in  other -- 
not expand a t a l l so tha t the I-band was fla re d  on e ith e r side o f tfl 
This suggests tha t the Z - lin e  could act as an important constraint

i t  seemed possible tha t only the A-band a c t iv e ly  swelled while the I
ic t1

sw e llin g . The sw e lling o f the A-hand often exceeded tha t o f the ^

followed passive ly . However, s tr in g s  o f I-bands, obtained by extr t
m y o fib r ils ,  swelled re ve rs ib ly  in high s a lt  concentra tions, showing 

A- and I-bands a c t iv e ly  sw e ll.

Water-bolding

The water content o f neat is  important both economically and because i t  
a ffe c ts  consumer a c c e p ta b ility .  Water is  lo s t from meat not only by 
evaporation but by the form ation o f d r ip  from the cut ends. On cooking very 
substantia l losses occur. Hy co n tra s t, in meat processing, when meat pieces 
are trea ted w ith  s a lt  sometimes w ith polyphosphate added, gains o f weight up 
to 4 ijj occur. This water uptake is  accompanied by the formation o f a s tic ky  
exudate on the surface o f the neat pieces which acts to  bind them together on 
cooking.

Hamm (I960, 1475, 1984) has la id  the foundation to  our understanding of 
water-hoi d ing . He has pointed out t lia t  water bound to the surface o f
pro te ins is  too snail to  con tribu te  appreciably to  the losses and gains o f 
water from meat. He has also emphasised the importance o f m y o fib r il la r  
p ro te ins  in determining water-hoi d ing . Likening meat to  a p o lye le c tro ly te
g e l, he showed tha t the observed e ffe c t o f pH on water-hold ing could be 
explained by the change o f charge on the pro te ins w ith  pH. At the 
is o e le c tr ic  pH ) the pro te ins would have zero net charge but a t lower or 
higher pH's the prote ins would have a p o s itive  o r negative net charge and 
repel one another causing expansion. He made the important suggestion tha t 
sw e lling would be resisted by the lin k s  between myosin and a c tin  in the r ig o r 
s ta te . Hamm also suggested tha t the increased water holding in the presence 
o f sodium ch lo ride  was due to the binding o f C l”  ions to the m y o fib r il la r  
p ro te in s , thereby increasing th e ir  negative charge (a t pH's >5).

While Hamm's work has been seminal to  our understanding o f the physical 
c h e iis t ry  o f water-ho ld ing, i t  was not d irec ted  at s tru c tu ra l questions, 
p a r t ic u la r ly  what exac tly  happened to  m y o fib r ils  e ith e r when water was taken 
up by meat as in processing, or when water was lo s t .  For example F ig. 16.1 o f 
Hamm (ly7b ) would suggest tha t when water was taken up by nea t, the 
organisation o f the m y o fib r il was lo s t .

Fortunate ly i t  is  possible by phase-contrast l ig h t  microscopy to  see d ire c t ly  
whether s a lt  so lu tions  a l te r  the volume o f m y o fib r ils  and cause s tru c tu ra l 
changes Includ ing ex tra c tion  o f p ro te ins  (Hanson and Huxley, 1456). The 
advantage o f th is  technique is  tha t the m y o fib r ils  remain hydrated and there

With regard to  the mechanism o f sw e lling , the pioneering work o f ^

I

and his co-workers (see F l l i o t t ,  1963) has led us to  appréciât* epu'5'^
o f the filam ent la t t ic e  depends on a balance between e le c tro s ta tic iy
forces between the filam ents and a t tra c t iv e  forces. The la t tp r
be provided p r in c ip a lly  by transverse s tru c tu ra l constra in ts  such a

jk ^

h*

attached cross-bridges present in r ig o r ,  the Z - lin e  and the M-1ine* a«J
expansion o f the filam en t la t t ic e ,  such as occurs in  high s a lt  con<iCent

increased or i f  the constra in ing  forces diminished or to  a combina 
these.

fore** t 

t !  °n °

Considering f i r s t  the repu ls ive  fo rces, O ffer and T rin ick  (1903) fo i10’
- • ........., . gUjj

(I960) in suggesting th a t Cl”  ions m ight bind to the fila m en ts , t " 0 tn'5
increasing the negative charge on the filam en ts .

, 1 ^The d i f f ic u l t y

suggestion is  f i r s t l y  tha t above a c e rta in  charge density  on the 1 
probably already present in  the untreated muscle, the repu ls ive  19^'.
increased when a r is e  in charge density  occurs (Mi liman and Nick®1' 
Secondly, increasing the concentration o f sodium ch lo rid e  would 1
g re a tly  to increase the screening o f the charges (Ledward, 1933; .ft* ,

. j l>P 1
19114). I t  appears tha t the on ly  way the repu ls ive  forces could  11 

»vould be i f  the radius o f the charges around the filam ent axis wer" e&r .
is  Pdr /since the repu ls ive  forces are e x tra o rd in a r ily  se n s itive  to th i ........

(H illm an and N icke l, 1980; E l l i o t t  and C a rte ls , 1982; Mi 1 lman 
I t  is  there fore  unclear at present whether or not increases in
forces are in part responsible fo r the sw e lling . The fa c t tha t »w •

ri?11
at high s a lt  concentrations is  h ig h ly  co-opera tive  suggests tha t 1 ^^¡j. 
transverse s tru c tu ra l constra in ts  plays a major ro le  in  causing str^  
O ffer and T rin ick  (1943) pointed nut tha t co-opera tive  rénovai 0  ̂ ^
cross-bridge co n s tra in t could occur e ith e r  by d isso c ia tio n  o f "'y05

l05P W.I*roph°5 
f i l *

high concentrations of ch lo ride ) or by depotyinerlsation o f th ick  
(such as would occur in the presence o f ch lo rid e  alone at higher

t r u<
concen tra tions). The e ffe c t o f s a lt  and pyrophosphate on the 
the other po ten tia l candidates, the Z -lin e  and H - lio e , is  unknown

ic t^

The work described above was done w ith m y o fib r ils .  Complementary

88



b*en fndep(.|ndently ca rried  out on f ib re s  by W ilding e t al . (1984). Tney%rhi that B1
fiilres Swell'ter a,,0Ut ?{) h° UrS post" ,1orte,n d t 4° c * rdbb’ t  lo n a issirnus dOTSi 
So1 ut1ons ' tW° ° r  tbree ti'-'es in diameter when immersed in hypertonic s a lt
diffiractioi Verjr im portantly they were able to  demonstrate by X-ray
f1lanent * 0°n -des tru c tive  technique) tha t the spacing o f the m y o fib r illa r
thu<'  Work  ̂ ic<? indeed increase. One o f the most in te re s tin g  aspects o f
°sU|;,ortanWdS thdt amount o f sw e lling was s tron g ly  dependent on the time 
> s  |Gss Sw© llin y  showed a peak at 18—3b hours post-morten, but at

Such tiine yreater thdn th ’ s * t!le re  was l i t t l e  or no sw e llin g . However,

P°SU,

tin,
4t

s>H,win<1 . c:> U  th,i endomysiuu were lo c a lly  nicked, the f ib re s  swelled out

^ C at f,Bre
V n a , 9^  a

C,J°Strain» ° alance o f the propensity o f m y o fib r ils  to  swell and thel  Of f K ,
pr°ces ■ '* Rndu,:ij' siui1* th,,s appears tha t the s u i ta b i l i t y  o f neat

Uf the en()(j;i  ̂ lay depend both on the s ta te  o f the m y o fib r ils  and on the state

,  .v„C| lj(Je(i ‘ contents were s t i l l  capable o f  sw e llin g . w ild ing  et
s* l l i ni, th<u tbe endomysial sheath around a f ib re  acts as a re s tra in t  to  

4nd that ►u
amount o f  sw e lling w ith  hypertonic s a lt  so lu tions

foi

"ysiun.

L l i l  d r ip  fllrauH .m  

to 'Xperi.nnnts i
6 f Ha;bent l jUSt descr1‘,0<1 c1ear,y suggest th a t transverse expansion of 

Pr°Cessin<i d ttic e  o f m y o fib r ils  is  the cause o f water uptake in  meat
ln,J- Tliei s e question now a rises  o f whether the converse occurs when

°*S‘ that . f r °m l!,ed^» P a rt ic u la r ly  in the form ation o f d r ip  and cooking 
1S* does the filam ent la t t ic e  shrink?

wn er
ii

^sid,
iu$eseri^  ft

J,Kol 
** t.

" V t

Of,) ^,1e changes occurring on r iy o r  development, there are two
1bri l l a r  shrinkage, the fa l l  in pH from about 7

ei<ls to dct- dn-1 t,le dep le tion  o f ATP re su lt in g  in the attachment o f rnyosin 
,of* * 11 hd* been known fo r some time since the work o f G.F.

to about 5.5 due

* Variet. S Co  ̂,Hd;joes tha t the spacing o f the hexagonal la t t ic e  changes 
USC' e f 1br ^ ° f Conc,’ t i'Jns, p a r t ic u la r ly  w ith  pH. Pome ( l*-*68) showed in

" dut ,t̂) ' bres ^
dlt 1 10% â'*,k,n,J d membrane th a t a f a l l  in pH from 7 to  about 5.5 causes
M'Jr i ] i  e,UCtion in the spacing ( corresponding to a ?:JÄ reduction in

v0l iinçj ^

f ib.res i Peking a membrane, the e ffe c ts  on la t t ic e  spacing of

tim e -sca le . M icroheterogeneity down to  -10 pn can be detected. Further, 
re laxa tion  is  most a pp rop ria te ly  described by a continuous d is tr ib u t io n  o f 
re laxa tion  times ra ther than by a small number o f d isc re te  processes, 
t i l l  ford e t a l . (1980) concluded tha t in  the r ig o r  sta te  in  beef longissimus 
tlPrs i muscle 94» o f the water was in tra ce l 1 u la r and 5% extracel 1 u la r . i t  is  
however unclear whether the h is to lo g ic a l p ic tu res  o f r ig o r and the IlMR spectra 
are re a lly  in  c o n f l ic t  since i t  is  poss ib le , fo r  example, th a t the water in 
the r e la t iv e ly  sna il yaps between f ib re s  con tribu tes by MR to the 
" in t r a c e l lu la r  domain", ye t c o l le c t iv e ly  makes a la rge co n tr ib u tio n  to the 
e x tra c e llu la r  space.

With regard to  d r ip  fo rm ation , there are three main questions: (1) from what 
water compartment o f the meat does the water come? { l ) down what channels 
does i t  flow? (3) what is  the nature o f the force d r iv in g  the d r ip  out?

Penny (1975) suggested tha t d r ip  cane fron the e x tra c e llu la r  water 
compartment, enlarged a fte r  r ig o r  as a re s u lt o f f ib re  shrinkage. I f  a f te r  
r ig o r  development the c e ll membrane is  ruptured or becomes leaky, the 
sarcoplasmic prote ins would be present in the e x tra ce l1u la r space, expla in ing 
why d r ip  consists o f an aqueous so lu tio n  of sarcoplasnic pro te ins includ ing 
myoglobin (Howard et a l . , I960). Currie and Wolfe (1980, 1983) have 
attempted to  measure by the use o f in u lin  the extracel 1 u la r space o f muscle as 
a function  o f time post-mortem. Tney found tha t the space increased very 
g re a tly  a t or a f te r  r ig o r  but they considered tha t the very high value reached 
(70S o f the a va ilab le  water) was probably due to  d is ru p tio n  o f the c e ll 
membrane.

With regard to the channels, i t  has been known fo r some time tha t d r ip  occurs 
a t the cut ends o f the meat. Since the percentage d r ip  decreases as the 
thickness o f s lic e  increases, i t  is  reasonable to suppose tha t d r ip  flows 
along channels p a ra lle l to  trie f ib re s  (Howard 1956; Taylor and )ant, 1971). 
P re lim inary observation suggests tha t d r ip  a t the cu t surfaces o f neat oozes 
p re fe re n tia lly  from the boundary between f ib re  bundles ( p a r t ic u la r ly  the 
coarser bundles), ra ttie r than from the boundaries between f ib re s ; th a t is  i t  
oozes from the region close to  the perimysium (Davies, Krown and O ffe r, 
unpublished re s u lts ) ) .  This can be ra tio n a lise d  on the basis tha t fo r a 
fixed  pressure d iffe rence  the flow ra te  along a channel is  very sens itive

indued to  i t s  w idth; fo r  flow  along a r ig id  c y lin d r ic a l c a p il la ry ,  the 
P o ise u ille  equation shows i t  depends on the fou rth  power o f i t s  rad ius . 
Secondly, surface tension forces which oppose the exudation would decrease 
w itn the width of the channel. Hence, fo r both reasons we can see why d r ip  
would be expected to trave l p re fe re n tia lly  along the gaps between one f ib re  
bundle and it s  neighbour, which, i f  the h is to lo g ic a l re su lts  are not an 
a r te fa c t o f p repara tion , are the widest channels in the neat. Tnis would 
explain why the to ta l amount o f d r ip  from a muscle is  very s u b s ta n tia lly  less 
than most estimates o f  the amount o f e x tra c e llu la r  space.

With regard to the source o f the pressure that forces the d r ip  out to  the cut 
ends, there apj»ear to be only two lo g ica l p o s s ib i l i t ie s ;  g ra v ity  or an 
in te rna l pressure generated by the shrink ing o f some s tru c tu re . I f  the 
sealed top o f a v e r t ic a l c a p illa ry  f i l l e d  w ith  water is  opened, the water w i ll 
run a t least p a r t ly  o u t, depending on the magnitude o f the surface tension 
fa rces. I f  on ly  g ra v ity  were e ffe c t iv e  in  producing d r ip ,  we would expect 
d r ip  to  appear only on the lower surface o f a piece o f meat and tha t none 
would appear on tne upper surface. in p rac tice  d r ip  is  formed on both upper 
and lower surfaces ( ')av ies, 8rown and O ffe r, unpublished re s u lts ) .  However, 
we find  tha t more d r ip  1s formed on the lower than on the upper surfac« and 
Howard (1956) observe«! f ia t  more d r ip  is  formed when the f ib re s  are v e rtic a l 
ra the r than horizonta l . Tnese re s u lts  suggest tuat.. g ra v ity  dees make a 
c o n tr ib u tio n , but tha t an in te rna l pressure is  a lso generate«..

Tne in ly  p la u s ib le  s truc tu re  that could exert an in te rna l pressure is  the 
network of connective tis s u e . O ffer e t al . (1934) proposed tua t in liv in g  
• iiisc le  the emlomyslui and the perimysium n ig h t be Stretched by the f ib re s  they 
con ta in . Correspondingly they would exert a pressure on th e ir  contents. If  
trie f ib re s  shrink on reaching tin? r ig o r  s ta te , the endnmysioi would exert i ts  
pressure on the water in  the gup between i t  and the fibre*, and the perim ysiin  
on the water in the gap between i t  and the f ib re  bundle. For reasons 
explained above, i f  the la t te r  gap is  w ider, i t  w i l l  be the p re fe re n tia l route 
fu r d r ip  to  be squeezed out to  the cut ends.

Co o k irig loss

./hen meat fs cooked, i t  shrinks extruding f lu id  ra p id ly .  I t  seems to  bo
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. jene ra lly  agreed tha t in in ta c t pieces o f neat shortening o f the muscle 
f ib re s ,  w ith accompanyiny reduction in sarcomere le ny th , occurs a t 
temperatures above f»u°C (P au l, 196b; G ile s , 1969; Dube e t a l 1972; Davey 
and G ilb e rt ,  1474a; Locker and Gaines, 1474; bouton e t a l . ,  14/4, 1970a;
:leyarty ami A lle n , 197b). What is  less c le a r is  the change in dimension o f 
the meat transverse to the f ib re  axis as a function  o f temperature. For 
example havey ami G ilb e rt ( 1974a) find  no chanye in the cross-sectional ar»-«i 
on cookiny, Bouton et. a l . i. l97i>n) a substan tia l shrinkage and Locker an:!
Gaines (197o) a reduction in one transverse dimension and an increase in the 
other in several muscles.

To uid in ve s tig a tio n  o f the mechanism «»f cookiny lo ss , the system has been 
s im p lif ie d  by determining the extent o f transverse and lo ng itud ina l shrinkage 
when s tr ip s  o f muscle, f ib re  bundles and s in y le  f ib re s  are heated. With such 
sm.il 1 systems, temperature* equ ilib rium  is  rapid and the time course o f 
shrinkage can therefore he s tud ied. S trips  or f ib re  bundles shrink both 
transverse ly and lo n g itu d in a lly  when heated at pH 5 .5 , the reduction in length 
beiny re fle c te d  in a reduction o f sarcomere lenyth (G ile s , 1969; Kendall and 
K e s ta ll,  1983). The transverse shrinkaye s ta rts  a t about 40 °C 

and becomes more rapid and more extensive w ith  r is e  o f temperature. At. f>0°C 
the in i t i a l  ra te  corresponds to a 31a volume reduction per minute and the 
fin a l extent to  a voluue reduction o f 30% (Benda 11 and l ie s ta ll ,  1483). 
Lonyitud ina l shrinkaye by con trast does not s ta r t  u n t il the temperature 
exceeds 6U°C. I t  is  rapid and the f in a l lenyth simply depends on the 
temperature, 8'J% of the in i t ia l  length a t 70°C and 72% a t 90°C. The to ta l 
voluue shrinkage in the temperature range 70° -  90°C froin the combined e ffe c ts  
o f transverse and lo ng itud ina l shrinkage is  about 60%. Thus these smaller 
systems simulate the shrinkaye shown w ith la rge jo in ts .

confirm  th a t the japs ¡a f ib re s  au.I •'ndomysiu i run long d is ta ,,c,?s
al°nj

the f ib re  a x is , a lthouyii a t in te rva ls  the f ib re  and it s  s h e a t h  make c°

.. tdatI )i»neh-:
.twork • 

ti,H

..ik; are the re fo re  faced w ith  the tac t tha t in  meat wo have tv« 
are both capable j f  thermal su riuku ji ; the connect lvi* tissu«
«.!,• . .I /o f ib r i 1 s o f the f ib re s .  / ith  re¡ard to transverse shrinkag » ,

f i ' 1evidence is  th a t even in Liu; uncooked r ig o r  sta te  the f ib re s  ar** ,,u 
the enduiysium, nor the bundles f i l l i n g  tne perimysium. 'loreover r- 
shrinkag

¡C*

, i#
ut the f ib re s  s ta r ts  a t temperatures (~40°C) very much below ^  

thermal shrinkage tem;ierature o f the connective tis s u e . Hence, o”  he 
when the f ib re s  shrink s t i l l  fu r th e r ,  the space between then and th '-1,  ̂ ^  
endonysial sheaths becomes even g re a te r. E lectron micrographs o f c°0^  
show tfid t the c e ll aei.ibranes are gross ly  d is rup ted , part staying •/it"
f ib re  and part w ith  the endomysium (Locker and Dairies, 1974b). ^  1

11 c”ntathere fore  understandable th a t the aqueous so lu tion  in the yaps w1 
sarcoplasuic pro te ins a t a high concen tra tion .

, . in
I t  needs to be emphasised tha t transverse shrinkage o f fib res  tHi!
lead to transverse shrinkage o f the meat as a whole. The repeatin'! ^  ^  
makes up tfie f ib re  bundle is  the endonysial sheath and i t s  contents» 
f ib r e .  The mere tra n s fe r o f water from fib re s  in to  the gaps betwe*- ^  ^  
th e ir  endomysial sheaths w i l l  not u f i t s e l f  lead to a change in v(^ u ^  /i'1 
meat. Only i f  the aqueous so lu tion  in those gaps escapes to the 1)U 
tlie  meat as a whole shrink tran sve rse ly . I t  is  the re fo re  not surpr ’ r|o"

there should be considerable v a r ia tio n  between authors on whether
meat s

transverse ly on cooking; the extent of shrinkage w i ll presumably ie|
the geometry o f the specimen. Tie q u a n tita tiv e  d iffe rences betwPen

th«

transverse shrinkaye observed in f ib re s  and f ib re  bundles observ 
and lie s ta ll (1983) can be explained on th is  basis.

ed W r

I t  is  also agreed tha t s in y le  f ib re s  shrink transverse ly when heated a t pll 5.5 
(H oste tle r and Landmann, 1968; Kendall and l ie s ta l l ,  1983), although a t higher 
pH there is  no shrinkaye (Aronson, 1966). As w ith  f ib re  bundles the 
shrinkage s ta rts  at about 40°C and becomes more rapid w ith  r is e  of 
temperature. At 60°C the in i t ia l  ra te  o f shrinkage (40% o f the in i t ia l  
voluue per minute) and the to ta l extent o f shrinkage (50% reduction in volune) 
are maximal. However, there is  disagreement on whether or not a t nigher 
temperatures s ing le  f io re s  shrink lo n g itu d in a lly  l ik e  f ib re  bundles, »lostetler

*
Hencc

shfi'n*s

As explained above, ther»* appear to  be occasional contacts between 
shrunken f ib re s  and th e ir  endonysial sheaths in the cooked s ta te , 
connective tissue  and the f ib re s  remain coupled together: i f  ° ne re5 a1 
long itud ina l ly ,  they w i l l  both shrink lo n g itu d in a lly .  The tempcrat ^  o*1 
which they in d iv id u a lly  shrink are s im ila r .  I t  has already been 2°^  y  
th a t the endomysium s ta rts  shrink ing a t temperatures above 51°C 
B a iley, 1983; L igh t personal communication) and in tram uscular c0

and Landmann provid ing evidence tha t they do, Kendall and Restall th a t they do 
no t. One possible reason th a t the la t te r  authors did not observe long itud ina l 
shrinkage is  i f  adhesion o f the f ib re s  to the microscope s lid e  was too great 
to  a llow  shortening. Jeacocke, Hestal 1 and O ffer (unpublished experiments) 
there fore  suspended s in g le  f ib re s  v e r t ic a l ly  w ith  a small weight at the lower 
end. Such f ib re s  shorten very substantia l ly  on heating, the degree o f 
shortening increasing w ith  temperature and reaching about 50% at B'J°C. Using 
apparatus th a t allows a rapi-J r is e  in temperature, we have shown that 
lo ng itud ina l shortening is  very rapid indeed: shortening is  la rg e ly  complete 
w ith in  about 2 seconds o f reaching the f in a l temperature. On cooking the 
s tif fn e s s  o f the f ib re  dim inishes g re a tly  and i t  is  now re a d ily  and re ve rs ib ly  
extensib le to  double i t s  leng th .

The transverse and lo ng itud ina l shrinkage o f f ib re  bundles and f ib re s  might 
occur e ith e r  oy active  shrinkaye o f the f ib re s  the-iselves o r be imposed on 
than by the connective tissue  tha t surrounds them (the  perimysium and 
endomysium in  the case o f bundles, the endomysium alone in the case o f 
f ib re s ) .  I t  should be emphasised tha t in the above experiments these sheaths 
are too th in  to  be seen. Observation o f both components would be worthwhile , 
one way o f determining whether the shrinkage o f f ib re s  is  ac tive  or passive is  
to  examine the e ffe c t o f heat on m y o fib r ils ,  which o f course lack connective 
t is su e . Iso lated m y o fib r ils  shrink transverse ly  at. temperatures above 4')°C 
and lo n g itu d in a lly  a t temperatures above 60°C (Aronson, 1965; O ffer e t  a 1 ., 
1984). Tnis c le a r ly  suggests tha t the f ib re  shrinkage is  a c tiv e .

Another way o f detennininy whether f ib re  shrinkaye is  ac tive  or passive is  to 
examine h is to lo g ica l preparations o f cooked meat. Transverse sections show 
tha t the f ib re s  have shrunk away fro ii the endomysium s u b s ta n tia lly  more than 
in the uncooked r ig o r  sta te  (P au l, 1955; Locker and Dalnes, 1974a,b; Schmidt 
and P a rrish , 1971; O ffer et a l . ,  1984). Thus the yaps between the muscle 
f ib re s  and th e ir  endonysial sheaths present in r ig o r  are considerably 
increased. This appearance is  not nuch changed in the temperature range 50 
to 80°C. This c le a r ly  shows tha t the f ib re s  a c t iv e ly  shrink transverse ly  on 
cooking anti not because they are compressed. The gap between the perhnysiui 
and f ib re  bundles seen In the r ig o r  uncooked sta te  remains and indeed often 
appears to  be enlarged (O ffe r and Restall unpublished re su lts ) suggesting tha t 
the perimysium is  not compressing f ib re s  toge ther. Longitudinal sections

1 1 y a t ^ iff
(probably consis ting  la rg e ly  o f perimysium) shrinks longitudina» j

(Mohr and Bendall, 1969). Although collagen makes up only a sinal i r "  
for1

o f the to ta l p ro te in  in meat, collagen f ib re s  can exert very la r ^e 
thermal shrinkage. At present, the re fo re , i t  is  unclear wheth®r 
tissue or m y o fib r ils  dominate the lo ng itud ina l shrinkage o f m e a t.

5es ^
I t  was shown hy Locker and Haines ( 1974) tha t cooking loss increa 
distance between the cut ends is  reduced. This suggested that i1* ^
tra ve ls  in a d ire c tio n  p a ra lle l to the f ib re s . We have supposed ^  
uncooked .neat d r ip  tra v e ls  along the annular spaces between f ih f eS e 5?

alonil c!() ,0̂endomysial sheaths (O ffe r e t a l . ,  1984) but perhaps even more 
between f ib re  bundles and th e ir  perim ysial sheaths (see above), 
un cooking may pass down the same channels (Locker and Oaines, 
e t a l . .  1984).

f ] u1

1974a»1
' < V

The fo llow ing  p ic tu re  o f the changes occurring on cooking can be f
At 5U°C the sizes o f the sub-endomysial ami the sub-perim ysial c" â
increase due to  f ib re  shrinkage. This together w ith  the lowered

■fra” ¡if.
water would g re a tly  augment the flow  o f d r ip  to  the cu t ends. ^
shrinkaye o f the meat w i l l  take pi ace in p a ra lle l w ith  th is  l ° sS*
tenperatures the collagen o f f i r s t  the endomysium and then the P f t

i .1 out ,|irdenature thereby g re a tly  increasing the pressure d r iv in g  f lu i - 1 ^ e v  I
ends, so the ra te  o f weight loss w i l l  be increased. At th is  ,,r ^  ^
temperature, the connective tissue network and the muscle <
co-ope ra tive ly  shrink lo n g itu d in a lly ,  the extent o f shrinkage ’ pc ^  ,,

1 5!" . ipC
temperature. Tne re la t io n  between transverse and long itud ina  ^  5«1 
muscle f ib re s  and the two phases o f toughness development (oavey
1974a) remains to  be explored.

selyI t  used to be supposed tha t the pro te ins o f the m y o fib r il ( l ° ° s y
as actomyosln) denatured at about 50°C, and collayen a t about 
D if fe re n t ia l scanning ca lo rim e try  enables the thermal t r a n s i t iJf1 /
o f the major prote ins in meat to  be determined. P o s t-rigo r r  0f • 
gave tra n s it io n s  a t b0°C, 67° and 80°C ascribed to the dénatura-^^  
sarcoplasmic p ro te ins  and a c tln  respec tive ly  (W right e t a j»» 
t ra n s it io n  fo r ac tln  should make us cautious In a ttr ib u t in g  s"r t(,e 
at high temperature necessarily  to  collagen and may be relate»1
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S u « ,
•yoSjn s r *hk1ng o f m y o fib r il s. 

’ Wr,aht ,
In a more recent study on p u r if ie

ŝ n<j]e ^   ̂ dn<1 w ild ing  (1985) have shown tha t myosin does not denature a t 
^ ra tu r p  " rd tu re * l t  e x h ib its  io  general three t ra n s it io n s ,  the 
4pl*4r to K, ° f WhÎCh depîend ùn pH and ion ic  streng th . The three tra n s it io n s
5.5
tranSj

ana j,)w 1Ssoc1at«d w ith  d isc re te  regions o f the myosin m olecule. At pH 
,00ic s t r *n ijth , Conditions which resemble meat, only two'tipri'

s w,th "lin ,M in ts  at 5auc arW f,7° c are

' “ '"se rlj 'W D tiies is  o f  Huxley and Hanson (1H54) ami Huxley anti
lin t u  ̂ considered the c o n tra c tile  a[i;jaratus o f -nuscle to consist

11 is S Qj Cl n
ready  ̂ 11 «ment, th ic k  and th in .  hut even a t tha t time there were

51*11- f  dtions ^hat à th ird  type o f filam en t m ight be present.
J Shu,lr ten °"  which the th ic k  filam ents have been extracted can be stretched

nerefore . n re^e^sed (Hanson and Huxley, 1955). Some s tru c tu re  must 
b0tl) extend

0i,iini1a ,  a,1d th in  filam ents were extracted from m y o fib r ils ,  the 
a C lines

least across the H-zone and be ex tens ib le . Moreover, i f

ray.
" h i

a y anil«nu

Thi were not lib e ra te d  in to  so lu tio n  hut remained in an ordered 
Su‘jje s ts  th a t the add itiona l set o f filam ents m ight jo in  

,<J Z-Hnes.

lands'3Chey ^ l961  ̂ 00 tice ‘ l f ine  filam ents crossing the gap between A-i n

il,*«ti

thi,

nts (,dv n,,scle stretched beyond the po in t o f overlap. These gap 
McMe.ii i bÇan extens iv e ly  studied (S jö s trand , 1962; Carl sen et al . ,

a,l>). Their 
Locker and Leet

shown tha t they are very extensib le  and can bridge gaps as 
The gap filam ents appear to be continuous w ith  the ends o f

. L«i.f.ci anu LCCl, 13/3, I
J?5» l97rls, JrS ràther va ria b le  but is  about 30 to  40 ft. 

8r*at a) have• ?

• f i ) d;i 4
,,l ^^6aj nt s(Sj(5strand, 1962; Carl sen e t a l . ;  1965, Locker and Leet,
i illents ^°,,lL‘ times tnero appeared to be the same number of gap
haif as thick f i
5 dS many ’ ’ aments (Locker and Leet, 1975) and sometimes on ly  about

ai’ l,l r * i . .  . ° ClcPr ar,h Leet, 1976a). In the la t t e r  case no systematic 
c at io r  ■

' “ the,W o
»Hi

‘ lonsh
' l hick

*P between gap and th ick  filam ents was observed ( fo r  example

b?c that f ^ dil,en“ !>el n9 continuous w ith  a gap f ila m e n t) .  I t  seems
dlJSe of ; *e fewer jap filam ents seen in tiie  la t t e r  case arises e ith e r 

,",Perfe rt
1 Preservation o r to  p ro te o ly s is . Locker and Leet (1976a)

Maruyama and h is  co-workers obtained a preparation by rig o ro u s ly  ex tra c ting  
muscle w ith  solvents inc lud ing ace tic  ac id , K I, a lk a li and phenol (Maruyana, 
1J76; Maruyama et al . ,  1977, 1989, 1981). The res idue, termed connectin, 
had e la s tic  p roperties b u t, because o f i t s  in s o lu b il i ty  in  benign aqueous 
so lvents, could not be p u r if ie d  and fu l ly  cnarac te rlsed . Some o f the 
p repara tion , however, would d isso lve  in Sl)S but most o f the dissolved pro te in  
was too high in  molecular weight to  enter polyacryl amide gels o f  normal 
concen tra tion .

More recen tly  Wang and h is  co-workers showed tha t m y o fib r ils  contained a 
substan tia l q ua n tity  o f a pro te in  termed t i t i n  because o f i t s  e x tra o rd in a r ily  
high molecular weight fv lO ^) observed on e lectrophores is  in SOS on 
polyacryl amide gels o f low concentration ( Wang e t a l . ,  1979; Wang 1982a, l>).
Un such gels t i t i n  forms a closely-spaced doublet but the two bands have 
s im ila r  amino acid compositions and c ross-react in nuno log ica lly  so they are 
c le a r ly  c lo se ly  re la te d . To p u r ify  t i t i n ,  m y o fib r il la r  p ro te ins so lu b ilise d  
in SDS were separated by gel f i l t r a t io n  in SUS, t i t i n  being the f i r s t  p ro te in  
to be e lu te d . T i t in ,  l ik e  connectin , can also form an e la s tic  gel i f  the SOS 
is  f i r s t  removed (Wang and :i an Irez-M ite  h e l l , 1979). However, one would lik e  
to  see proof tha t the e la s tic  p roperties o f t i t i n  and connectin are not merely 
a consequence o f exposure o f a pro te in  to  denaturing so lvents.

I t  was shown that connectin preparations conta in t i t i n  (Maruyama et al . ,
1931a) but other prote ins are also present in substan tia l amounts (Wang, 
1982b). Tne unsa tis fac to ry  nature o f the o r ig in a l t i t i n  preparation (as w ith  
the connectin preparation) is  th a t tne p ro te in  is  in the aenatured form. 
Fortunate ly i t  has now proved possib le to  ex tra c t about h a lf o f the t i t i n  o f 
m y o fib r ils  in the native  sta te  w ith  high concentrations o f s a lt  (Xinura and 
Maruyama, 1983; T r in ic k  e t al . ,  1984; Wang e t a l . ,  1984). Tnis has opened 
the way to a f u l l  cha rac te risa tion  o f th is  ranarkaole p ro te in . The 
sedimentation c o e ff ic ie n t ind ica tes i t  is  a h igh ly  asymmetric molecule 
(T rin ic k  e t a l . ,  1934; “.aruyama e t a l . ,  1934). The chain weights o f the two 
bands are 1.4 x 106 and 1.2 x 106 (Wang, 1932a; hut see Maruyama et al . ,  
1934). The na tive  molecular weight a t low concentration measured by 
sedimentation equ ilib rium  is  2.7 x lo rj (Maruyama et al 1434) suggesting tha t 
the molecule contains two polypeptide chains. However, the p lo t o f logg 
concentration versus rad ia l d istance squared was curved in d ica tin g

p o ly d is p e rs ity . This might arise  from an association e q u ilib rium  but fu rthe r 
in ves tiga tions  w i l l  be required before we can define  the s ize or the molecule 
and understand tne precise nature o f the p o ly d is p e rs ity .

In the e lectron microscope t i t i n  molecules, revealed by metal shadowing a fte r  
spraying, are seen as filam ents about 40 ft wide frequen tly  associated w ith 
la rge g lobu la r s truc tu res  (T rin ic k  e t a l 1984; Maruyama et a l . ,  1934; Wang 
e t al . ,  198«). A fte r layering  on the mica substra te , however, the g lobu lar 
s truc tu res  are absent suggesting tha t they are the product o f shear (T rin ick  
e t a l . ,  1934). The filam ents are heterogeneous in length from 1000 ft to  10)1)0 
ft ( T r in ick  e t a l . ,  1984; Maruyama e t a l . ,  1934; Wang e t a l . ,  1984).
Maruyama et al . and Wang et al .found ra ther pronounced peaks in the length 
d is tr ib u t io n  histograms suggesting tha t the heterogeneity arises from 
end-to-end polym erisation o f nolecules about 1100 to  1500 ft long. negative 
s ta in ing  provides greater re so lu tion  than shadowing and a 4:) ft p e r io d ic ity  
along the length o f the t i t i n  filam ents has been revealed (T r1 nick e t a l . ,  
1984, Wang e t a l . ,  1984). Using th is  technique, the diameter o f the 
filam ents is  about 35 ft. This can be compared w ith  the 30 to  40 ft diameter o f 
gap filam en ts . I t  is  c le a r ly  h igh ly  des irab le  tha t there should be complete 
consistency between the re s u lts  o f e lectron microscopy ann sedimentation 
equ il ib r iu i i .

I t  1s o f considerable in te re s t tha t filam ents w ith  a v *ry  s im ila r appearance 
to t i t i n  filam ents can be seen in negative ly  stained th ick  filam en ts . These 
an* e ith e r co iled  up at the ends n f the th ick  filam ents or run alongside 
(T ri iic k  e t < il. .  19<4). This suggests strong ly  tha t t i t i n  f i l  r e n ts  an? 
associated w ith  th ick  filam en ts in v ivo  and are probably anchored to the ends 
of the th ick  filam ents where they nay form e la s tic  connections to the ¿ - lin e . 
Proof tha t t i t i n  forms part or a l l o f tne gap filam ents is ,  however, lacking 
at present although there is  about enough t i t i n  to  make up the gap fila m en ts . 
T it in  C onstitu tes about 1) of the M y o fib r illa r  p ro te in  (T rin ic k  et al 1984) 
and is  thus tne th ird  .nost abundant p ro te in  (Wang et a I . ,  I9?u). Assuming 
that Myosin co n s titu te s  55- o f the M yo fib r ils  (Huxley ami Man son, l :,6 7 )t that 
the chain weight o f t i t i n  is  1.4 x lU*’ and tha t there are 388 myosin molecules 
per th ick  f ila m e n t, th is  amount o f t i t i n  corresponds to 21 t i t i n  chains per 
th ick  f ila m e n t. A c y lin d r ic a l p ro te in  molecule o f mass 1.4 x 18h dal tons anti 
diameter 35 ft •xmld have a length o f 177!) ft. Hence there is  more than enough
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t i t i  i in the ly o f ib r i l  to  Make one 35 K filam ent spanning the e n t ire  length o f 
the sarc«>-tere fo r each th ick  fila m en t.

r»ie re su lts  o f 1 at>el 1 i  tj m y o fib r ils  w ith  ‘ 1 no re scent antibodies to t i t i n  have 
fiu t given s i- i . le  re su lts  ( .Jang e t a I . .  19/9; Maruyama e t a 1. ,  1931a ,b; Wang, 
V r.',') . The '- !  ju n c tio n  is  co n s is te n tly  la be lled  hut sometimes the Z -lin e  or 
ri— 1 in«» are label led (occas iona lly  b r ig n tly )  ana even toe wnole A-band may oe 
la b e lle d . The la b e ll in g  patte rn  changes nut only -.<itn sarcomere length but 
also depends on how the m y o fib r ils  were prepareo. Thus i t  is  unclear at 
present exac tly  where t i t i n  is  located in the sarcomere.

Another puzzle is  why only a fra c tio n  of the t i t i n  in a m y o fib r il is  sol utile 
in s a lt  so lu tions  (T rin ic k  e t a l . ,  1 ) 34; ¡¿any e t a l . ,  1984)) and the re la tio n  
between tr i is  soluble t i t i n  and the inso lub le  residue which to n s  a substantia l 
part o f connectin preparations. fior is  i t  c le a r what the re la tio n sh ip  is  
between these two fra c tio n s  and tfie two t i t i n  banc's seen on SOS polyacrylamide 
y e ls . T it in  is  very suscep tib le to p ro te o ly tic  deyradation (Maruyama e t al . ,  
ly-JU*; King e t a l . .  1931; Wang, l9 t*2n), tne in i t ia l  event according to Wang 
(1982) being the conversion o f the higher molecular weight form to the lower. 
Jang et a 1. consider the la t te r  to  be the soluble f o r i  but th is  has not been 

agreed. Tri.nick e t al . (1984) have suggested tha t in order fo r  t i t i n  to be 
extracted from m y o fib r ils ,  the t i t i n  filam ents may have to bo severed from 
th e ir  anchorages by p ro te o ly t ic  attack as v/el 1 as the th ic k  filam ent 
depolynerised. The heterogeneity o f length o f the t i t i n  filam ents seen in 
the e lectron microscope could be explained i f  they were end-to-end polymers o f 
t i t i n  molecules, the in te rna l molecules in ta c t ,  and the molecules a t the ends 
p ro te o ly t ic a lly  cleaved. Thus i t  is  possible that no depolymerisat ion o f the 
native  t i t i n  filam ents o f the m y o fib r il is  involved in the ex tra c tion  and 
p u r if ic a tio n  o f so luble t i t i n .

In te re s t in the yap filam ents by meat s c ie n tis ts  has been aroused by the work 
o f Locker's group (Locker e t a l . ,  1977; Locker and W ild, l982a,b; Locker, 
1932). When .»eat is  cooked, the r ig id i t y  o f r ig o r  is  replaced by 
e x te n s ib il ity .  The th ick  filam en ts coagulate to  g ive a seeninyly amorphous 
A-band at about 50°C. »lost o f the filam ents o f the I-band d is in te g ra te  at 
about 7U°C, and the remainder are thought to  be yap fila m en ts . Locker e t a l .
(1 y77) and Locker and Wild (1932b) showed tha t i f  cooked meat were stre tched.

• ot the -lain questions the 
ir t ' - ' in y .  11 ,<*•» suggested t

r . i tu n -  inducedis  t
<ir i l l , peysioloji<-«l c.wtriC „

. „ . I ! '31

•ti®*' I

and lb  C at 
coI a-indueei 
concentrâ ti 
concentration was la ck ing .

'•'j Cal c i pi i ins (V-wbjU . l ’V .; „ i l l .  i s / / ;  ^  ^
. ( 1974 ) cuncludn.: fn r .  <1 s t i i y  o f tin* s e ttl in g  ',y

frag nuits in  1 rang«* nlf Cvi + çouce iitrati-jns t ^ 1'

toning was indou! causei ! Oy an «-I . '« iitio il »)1 !-‘1 9*
U n til rec .-n tly , hp\wv *r

j  jr| 1.1
, ire c t  proof o f a r is

Jeucocko (l984d,b ) has studied th is  juestion by in je c t io n  bf t,e  ,.5

1"
.ensitiv** dye arsonazo I I I  in to  muscle f ib re s .  This f,y«-

ansor:-ti»n ‘
ca lc i
colour when i t  binds Ca ' ' ions and so oy . lo n ito r i ly t-:u* wosui. ' • 
two iuscIo f io r e ,  toe time course >t the in tra c e l! u la r Ca  ̂ conce" ^  jöf, 
be fo l 1 owed• Jeacocke found tha t whor. the luscle fi:>r< 
there was indeed a r is ?  in the + concentration

,ws “ “ l " , y *
o the order •>'

I t  remains to  ¡>0 explained what is  th. 
c e rta in  muscles are vulnerable to co ld -sh orten iny . lied muscle*» A y #
suscep tib le  than white muscles (u e n d a ll, l% r>, 1973; H i l l .  1*^2 
G ilb e rt ,  I -.*74). Tor example, ra o b it psoas

«H ire* n f t i i is  C»'■* ii"0 uM “" . ! y

.„orte"’
muscle does not col '  .preS

whereas ra b b it semi tend i-iosus does. dor w ith in  a muscle do 
behave in the sane way: on ly a m in o rity  Shorten 0 the f u l l  ext«»*» tw lJ-

o b ^16being thrown passive ly in to  fo lds (Voyle, 1969). I t  seems ;»r< ^  a
least part o f the explanation is  tha t lowered temperatures reduce tos.

t '11o f the Ca^+ pump o f the sarcopl asnic re ticu lum  (Martonosi and *ef sj 0̂  
Inesi e t ¿1 . ,  1973). The fac t th a t the sarcoplasmic ret1cul«»n in .

n t fo r th e ir  s i*c1 cit ff ib re s  is  r e la t iv e ly  poorly  developed would account
v u ln e ra b il ity  (H enaall, 1973; 'Javey and G ilb e rt ,  1974). However» . y

ra lc i'*1 «1»oxygen suppresses co ld -sh o rten ing , i t  has been proposed that
from m itochondria under anaerobic cond itions may also play a ?• 
Marsh, 1975; Cornforth e t a l . ,  1980). I t  seems »ore l ik e ly

a r t  l " 1 
that

mitochondria a lte r  the Ca^+ binding p roperties o f the sarcopldS" '’ .t
j p. la1-

by th e ir  e ffe c t on the re la t iv e  concentrations o f AT8, Al)8 an1 i 
personal communication).

y

i n i t i a l l y  the extension is  taken up e n t ire ly  in  the I-band but a t 50% s tre tch  
the A-band also extends and i t  may now be seen to contain an array o f fine  
filam ents w ith  fragments o f coayulum attached. They presumed th a t these were 
gap filam ents and concluded th a t,  o f the filam ents present in uncooked meat, 
only the gap filam ents survive cooking w ith  any in te g r i ty .  This means tha t 
the gap filam ents are the on ly  s truc tu re  to  re s is t  extension; tha t is  they are 
the sole co n tr ib u to r by the n y o f ib r i ls  to  the te n s ile  c h a ra c te r is t ie s  of 
cooked meat. I t  is  in te re s tin g  in th is  context tha t t i t i n ,  l ik e  gap 
fila m en ts , is  so e a s ily  degraded by p ro te o ly t ic  enzymes and i t  is  an 
a t tra c t iv e  p roposition  tha t the tenderis ing o f meat on ageing is  due to 
p ro teo lys is  o f  th is  pro te in  (Locker e t a I . ,  1977; King and K urth , 1980; King 
e t al 1981; King and H a rr is , 1982). However, the heat s ta b i l i t y  o f gap 
filam ents found by Locker’ s group needs to  oe reconciled w ith  the la b i l i t y  of 
t i t i n  in  meat found by King and h is  co-workers. They observed d im inution in 
the amount o f in ta c t t i t i n  when unaged meat (o r a homogenate) was heated at 
about 60°C. Since tne decrease was in h ib ite d  by pep s ta tin , they a ttr ib u te d  
th is  to  the ac tion  o f cathepsins s t i l l  ac tive  a t th is  temperature.
Degradation o f t i t i n  was more complete at pH 5.5 than a t higher pH 's.

Cold-shortening

One o f the p rinc ipa l causes o f tough meat is  the phenomenon o f 
co ld -shorten ing , f i r s t  described by Locker anti Hagyard (1963). This occurs 
i f  a carcass is  cooled too q u ick ly  a fte r  s laugh te r. When ce rta in  muscles are 
cooled to temperatures below about 10°C, they co n tra c t. The con traction  is  
f u l ly  reve rs ib le  provided the ATP o f the muscle is  not g re a tly  depleted: the 
muscle w i ll re lax ayain i f  the temperature Is  ra ised . The cold-induced 
con traction  1s slow and weak compared w ith  a physio logica l co n tra c tio n , the 
tension exerted being only about a t h ir t ie t h  or so o f tha t o f a physio logica l 
Isom etric tension (K enda ll, 1973). I f  the muscle is  unloaded, the shortening 
can exceed out (Locker and Hagyard, 1963; Marsh and Leet, 1966). In a 
carcass, the extent o f shortening may vary depending on the attachment to  the 
skeleton. liven i f  a muscle is  fixed a t both ends, cold-shorten1n j is  
possible over part o f i t s  length i f  th is  cools fa s te r (l)avey and winger,
1980), fo r  reasons tha t are not c le a r, 1 f the shortening Is  aoout 404 the 
cooked meat is  very tough but the toughness declines very steeply w ith  greater 
shortening (Marsh and Leet, 19G6; Qavey and G ilb e rt ,  1975).

Toe onset o f r ig o r  y

for to
A fte r s laugh te r, the ATPases o f the muscle c e ll remain active*

of y ^ /W*the ATP concentration is  maintained p a r t ly  by the conversion st0r e S ( 
la c t ic  acid and p a r t ly  by consumption o f the c rea tine  phosphat«- ^ of6s i(y  
Uendall, 1973 fo r a rev iew ). Only when the c rea tine  phosphate^ ^  i* ^
nearing exhaustion does the ATP concentration s ta r t  to f a l l *  |)0ur

• i ofgradual increase in  the s t if fn e s s  o f the muscle over a perioo 
two as the ATP concentration fa l ls  to  zero.

sol
What remained a puzzle was that i/ork done on a c tin  and :«iyosin ’ n ypf*

r ia t^  0»',■
showed tha t very low concentrations o f ATP s u ff ic e  to  d issoci 
This is  also true  o f f ib re s  in which the membranes have been r& ^ 1  ^ 
might the re fo re  have expected th a t a muscle would remain r e laX,? r ^o f ^  
concentration was very low and only then would a rapid onset 0 
un like  the gradual onset o f  r ig o r  ex iie rim enta lly  observed. 5 /

. "jS 1 /
This problem has been tackled recen tly  by Jeacocke ( 1984a,c) • |»d
th a t the onset o f r ig o r  in a s in g le  muscle f ib re  (w ith  in ta c t <f
fa c t ra th er ra p id , much more rapid than in a bundle o f fib res* ^  ^ 1
r ig o r  in d i f fe re n t  s in g le  f ib re s  occurred at a wide range o f ^

i t  W1*®post-mortem, hut in  each case once r ig o r  started  to occur, 
soon a f te r .

Jeacocke concluded there fore  tha t the slow onset o f  r ig o r  i n a 
to the heterogeneous nature o f the f ib re s  i t  conta ins. The c' 
heterogeneity remains to he e lucidated hut could well be due * 
metabolism between d iffe re n t f ib re  types making up the "uSC

».us1

att‘ V
« «  y  '

f" f Vl ^ 4 , /

While on the subject o f r ig o r  development, I should l ik e  to 
the remarkable advances tha t have been made 1n fo llow ing  1 
the use o f  phosphorus nuclear magnetic resonance (see Ga'Han’ ^ ^  
rev iew ). This is  a non-destructive technique and i t  is  P°Ss1 ^  I
an in ta c t muscle the time course o f changes In the concentra jp »n
p rin c ip a l phosphorus-containing components, crea tine  phospbate* _f tn ^

inorganic phosphate. I t  is  the re fo re  nost he lp fu l in the stu«iy

energetics o f muscle c e l ls .  (lecausu the resonance frequency
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p°ssii,i e e|Kin(ls 00 the re la t iv e  proportions o f HgPU “̂  ami upo 

brQddl follow changes in  in tra c e llu la r  pH. Tim re s u lts  from flM'R are
âUhn . ,0s' s t -n - w ith  those obtained i*rev io tis ly  oy chemical net hods,'uujh f -

^  ^  indicates a s u b s ta n tia lly  lower leve l o f inorganic phosphate (and 
0een Ver al so the free  Ai)P le ve l) in  relaxed muscle. As ye t i t  has 
to thp ^ applied to the development o f r ig o r  in d i f fe re n t  muscles, and

t,p ct o f e le c tr ic a l s tim u la tio n .
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