SESSION 3 - PROGRESS IN THE BIOCHEMISTRY, PHYSIOLOGY
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gt LE in fhf’d'tittnlar!y exciting time to review the advances that have been
f G l;n;: area of meat sciance, many of which have important implications
A xt"llt'g"s ':sta"’“"h‘ of the eating quality of meat, With some notable
Flthep tuc' "BCE was perhaps a tendgency in the past for weat scientists
::til the dpplim“"‘l'?ntratg at the fundamental end of the research spectrun or at
. s i, end.  unat we have been seeing over the last few years is a

enden, 3 3 .
s | fiy o, 1 €y for this gap to be bridged. Increasingly therefore, the
i (] 9 Mechan; s g res

baj ponsible for the important phenomena in meat science
ng tack) v

ed and clear hypotheses formulated.
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] an”:::“”: the reasons for the advances is the growing realisation of
theg eya . c;"'”dt 4 structural approach - not excluding observation with the
3 ““Ealing ‘f’ak«r to meat science. If we know the structure of the system
7y ch oMl g, ¥Ith, we will know the spatial relationship of its components,
;e‘l'd ‘ Hay 8 Wh. Je sets Many constraints on how the system could behave, for
U'inlq i Components a given component could interact with, and aids our
idtd el us whire‘ Minating other possidilities. Observation may also directly
::,d ‘ n(‘taus'& no. € 3 process is occurring.,  Our mental processes are hel ped
i \ “'“l’\e '-I\d;: of yg think in pictures and we can translate our micrographs into
g Lu""’f‘e wit'dns' In this respect we are of course at an enomious advantage
u.hi( i nm; Other fooq scientists because we are dealiny in muscle with such
ni"” “Vin musc]‘:ed System, It is a healthy state that the barrier that once
' ol 3 and meat science is now truly down.
b 1S pays
m:: z:"ﬂre“ E::e:el shall be highlighting some areas where I think substantial
ﬂdi“ stc._x Prec](jn Nade , The choice is necessarily a personal one and 1imits
,o" : ide me frog covering all the topics that merit attention.
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st1 Vances in oy understanding of the subject have been achieved,
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0! c%] s dexcribz:e”en““, we describe the meat as tough; if it is easy, the
for % 3y Iéi tender, The mechanical forces acting on the meat are
i’attx Pl DaVe. \kely.to include shear, compressive and tensile forces (see

c;%f In Ure it L Y d'.‘d Winger, 1980). To investigate the mechanisn of
llt” particu] desirabie initially to simplify the forces acting on the meat.
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Of"i W:"u . have therefore observed the way in which the comnonents of meat
| “-r.:a y f:::“is Pulled apart by tensile forces and the way in which it is
ri‘ the tur, cha ed.  Carroll et al. made the pioneering observations of

u‘w o Veny "des USTny both light and electron microscopy but an analysis of
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tibre bundles, the crack beiny bridgyed at intervals
DMNective tissue., Mtinately fracture occurs alony this

bundles remain essentially intect and are not broken

Hy\‘“w ::"s A8 yet unclear whether the fracture surface lies within
Ty anit VM Sheatk surrounding each fihre bundle) or hetween the

t ,,'Iv..“;::w”"""' (the sheath surrounding vach fives) as Carroll et

'\‘m-..‘ Yposed, In wither avent it is connective tissue that is
! the <y UStructuyre fp 1Ctures 4t Qits weakest poiat, these experinents

PUehypy CEIVE tissum natwoen Fibre bundles as the weakest sart of
W i, ot U)ﬂ!h:( PN Adlon > akus Somie getting used to as we are accustoned to
: "'hv,‘: ‘l):"‘ tissue as baing tough.  However, firstly we must reamber

L00knd wpat and theretors golatinised connect ive tissne,

AND STRUCTURE OF MEAT

Secondly, it is only a plane within the perimysiun plus endonysiun that is

structurally weak; the remainder could be strony.

When a strip of cooked meat is pulled apart by forces along the direction of
the fibres, the fibres extend. (For a detailed description of the changes
at the sarconere level see Locker et al. 1977 and Locker and Wild, 1932a,).
As more force is applied, the fibre bundles separate from one another and
eventually snap across independently of one another (Purslow, 1934), The
fracture surface therefore does not simply pass straight across the meat,
Rather, much of this surface does not lie in a transverse plane hut runs along
the houndaries petween fibre bundles. Thus the fracture surface may pass
between two fibre bundles, then pass fairly cleanly across one of then, then
run lonjitudinally between this fibre bundle and another and so on, with the
result that it is stepped irregularly up and down the fivre axis. The axial
position within the sarcomere of the fractures across the fibre bundles was
not examined by Carroll i_«_]_ (1978) or Purslow (1984) hHut is likely to be in
the I-bands (Locker and Leet, 1976b; Locker and Wild, 1982a,) . This type of
fracture behaviour Purslow points out is typical of composite materials made
of strony rod-like elements embedded in a weaker matrix and confirms the view

that i1 cooked meat the muscle fidbres are the stronger eleaent,

The streagth in the longitudinally applied stress experiments is very
substantially greater than for the transversely appliad stress experiments.
This is due to the fact that fracture across fibre bundles is nuch nore
difficult than between fibre bundles. This puts on a rational basis tha
long-standing practice of carviry meat across the grain so that the eater,
either with his knife or his teeth, has only to fracture the meat along the

fibre direction. In general, however, d

:nding on the shape and size of the
neat piece, the ease of fracture will depend both on the strength of the
connective tissue and of the fibres. It remains to be explained how
variations in the thickness and the network geonetry of the perimysiun in
different cuts of meat affect the strength of fracture and whether
conditioning decreases toughness only by its effect on weakening the fidres or
also acts on the connective tissue thereby decreasing the adhesion between

bundles.

Contridution of collagen to texture

Collagen is the major structural protein of connective tissue, Its
diochenical properties influence the strength of the connective tissue and
hence the texture of 7eat. Although the quantity of collagen i1 a muscle
partly deternines its toughness {Nransfield, 1977), an equally important
factor is the cheuical nature of the covalent cross-links between collagen
molecules (Bailey, 1972; Shimokomaki et al., 1972; Hailey and Sims, 1976;
Railey, 1979).  In youny animals these cross-links are a mixture of the
keto-inine type and the aldimine typa. Botin can be detected by introducticn
of a radioactive label through reduction with borohydride. Keto-imine
cross-1inks predoninate over aldinine cross-links, but the ratio is twice as
nigh in the tougher muscles as the tender (Light and Bailey, 1993; Light,
personal comrunication), In older -animals these hivalent cross-links are
converted to a non-reducidle cross-link, the nature cross-1iak, These are
probably trivalent and Sind three collagen chains togetner (Light and Bailey,
1979, 143a,b;  Railey, et al., 1480), The chemical nature of thesr mature
cross-11inks has been controversial (for reviews ses Tanzer, 1976 and Light ant
Bailey, 1940c). o single novel component has yet been unequivocally shown

to fulfil the role of the mature cross-links in collagen,

By daigestion of nature collagen with proteolytic enzymes or cyanojen brovide,

)

it has oeen possible to isolate nigh molecular waight nolsmers containing the

mature cross-liak (Light and Sailey, 1320a,b). \Mthousa the chenical natt

of the mature cross-link is not yet certain, a compound has bees isolated froa

acid ayarolysates of these aigh nolecular wei

;ht collagen nent it

not tound in pentides fron solunle collagen nor is it assuciated with
uncross-linked collagen fivres and it accuiulates in collagen during

to de the elusive

laturation, For these reasons this compound is thougt

rised! (Light and “ailey,

teture cross=link ant is beiag chamnically char

15 Deen shown to Cross-|ink

» Another covipound § pyridinol ine

ilage and bone da sature tissue out its rolo ia muscle collagen 15 20

nowin (Fujitoty et al., 1377; "onins, 1943),

If co'lajen sn'ecules in solution are heated, they denature to gelatin and i
1ing $0 shrink to about 4 quarter of their foraer length, Collagen
Wl ec ) in fivre forn alsa shrink, albeit at a vijher temparature,  Sucn a
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systen is capable of doveloping consiterable tension (Mohr and Headall, 1969; ire o artefacts of specinen pressrvation such as occur with elec erof s
Shisiokonaki et al., 1972; Allain et al., 1972), but only it there is HICrOSCosy . Otter amd Teinick (1042) e Lrat t wion rabdit ‘SUHA»
wechanical i1ategrity brought about through covalent cross-liaks. A collayen syntineils vore drrigdted with salt solationsg raseibling those used 10 o
jatrix whicn is not cross-linked or which is stadilised by neat-labile processing, they swelled transversely, The volume jncrease, “”Nﬂﬂ" ol
 ono)

aldinine cross-liaks dissalves toraing gelatin on heatiag and

rts no varianlo, was tynically =100y, Iis denrep of swelling is more i
f0
¢ < ¢horeft
tension.  The ketu-imine cross-links are, howsver, thenially stable and to account for the water uptaks in weat srocessing., The results ther! i
: bili : 7 Jten
confer stability on the matrix. 0On heating, wost of the cullagen does not suyyest very strongly iadeed that ayofisrils are tip site of watél ¢
fissolve, ang tension is exerted, the wdagnitude de,

wding on Lhe nuaber of in aeat orocessing,

these cross=links (Allain Aut_.rn_l., 1974) . The mature cross-liak, being ‘11
nultivalent, coaters sven greater stability on the matrix so that greater fith salt alone at pil 5.5, swelling started at 1,6 M daCl and was ot ¢ i |
tensions are exerted, a1 1 Io T swelling was accanpaniod by hartial pxtraction "tl |
A=hand at iLs centre, I the presence of 10wl pyroohosphates \\m]l";
g2 tne isolation of sechanically intact intraunuscul ar connective tissue occurred at nuch lower concentrations of HaGl (3.4 1Y) and wtraction 0 4
is relatively ditticult, most studies on the themal contraction bebaviour of A-band, was conplete (or aearly so) begianiag fron its ends. T SM!.M"
callagen have used %endon ar skin, Recently, however, it has heen s highly co=operative: no suelling occurred with even xrnln""“1 irr“J
letonstrated tnat enpty endomysial sheaths shrink hoth longitudinally and with 1,3 ¥ plus pyrophosphate. The aaximui swelling of ‘u’”f”'r'
transversely at temperatures jreater than 51°C (Light and Railey, 1923; high salt concentrations is unatfocted by the presence of ;nyr‘)i‘“”s”"d ¢
Light, personal comaunication). and Trinick, 1983; Knight and Parsons, 1984). 1Ia all cases, even Mh’r:,,uﬁ-
expansion of the myotibril was larye and there was extraction of the A;arlv
Tne texture of neat nay depend on the nature of the cross-links for two the =yofibril did not lose its structural iateyrity and arrays of o

reasons. Firstly, althouyh we do not know the precise site of fracture when spaced [=bands remained,

finre bundles are separated, it seems likely that tougnness will depend on the 5
there ¥

mechatical strenyth ot the heat-denatured, gelatinous finres of the perimysium Although a1l rabbit psuas myofibrils examined swelled in salt,
or those linking the perimysiui and endonysiun (Light and Kailey, 1923). substantial variation especially between preparations in the degree g azl"(f
This strength will be yreatest in the connective tissue of meat from older swelling, in the salt concentration required for extraction and in U“? r,li
aninals, causing it to be particularly tough., In younyer animals the of extraction. Very large differences in the behaviour of peef ,,,yof “sif
strenyth will depend on the source of the muscle, being greater in muscles within a preparation has been observed (Knight and Parsons, 1984) - tfof
with a higher proportion of keto-imine cross-links. ve might expect the of interest as such variation may be related to the suitanility of #48 l"’[
touyhness to depend on the nature of tne cross-links also because these will processing., Anong the variations seen by Offer and Trinick (‘“3) " d“
influence the wagnitude of the thermal shrinkage of the meat and hence the sometimes the Z-line expanded as much as the A-band but in other case® 17 Il“;' ‘J
nuaber of fibres per unit cross-sectional area, not expand at all so that the [-band was flared on either side of e |
This suygests that the Z-line could act as an important constraint 2 ad o
It is as yet unclear whather the tenderising that occurs on prolonged stewing swelling. Tne swelling of the A-band often exceeded that of the l-’:and
of medt is due to the slow breakdown of the keto-imine and mature cross-1inks it seened possible that only the A-band actively swelled while the i ‘nd"
or to hydrolysis of a small nuaber of collagen peptide bonds. followed passively. However, strings of I-bands, obtained by excrd‘ ‘bl‘w
nyofibrils, swelled reversibly in high salt concentrations, Show‘ngt
and [-bands actively swell.
[
|
ath
Water-holding Fe “‘m; vl
ST With regard to the mechanism of swelling, the pioneering work of 6 51
The water content of weat is important both econoaically and hecause it and his co-workers (see Flliott, 1963) has led us to appreciat® thdt opt 15"? 13
affects consuner acceptadbility. later is lost from meat not only by of the filament lattice depends on a halance between Q]pccrnstdt‘cr l"" A
evaporation but by the formation of drip from the cut ends. 0On couvking very e e TG o i e e g Ml Htwrhnﬂ L 8
substantial losses wccur. Hy contrast, in meat processing, when meat pieces SEgeovE edupriac iilily ih S panskerse shrbictivel constratitis e i 5

attached cross-bridges present in rigor, the Z-line and the M=1inee ti?
g )

are treated with salt souetimes with polyphosphate added, gains of weight up anCL’"
c

: ¢ ¢ , expansion of the filament lat o alt
to 40% occur. This water uptake is accompanied by the formation of a sticky attice, such as occurs in high s ford
could therefore come about either if the electrustatic repulsive of

axudate on the surface of the neat pieces which acts to bind thes together on e ,,at" I
T, increased or if the constraining forces diminished or to a combi ;
these,
§
Hamm (1960, 1975, 1984) has laid the foundation to our understanding of » - ] fo”"’#
water=holding., Il has pointed out that water bound to the surface of Considering first the repul SIVG forces, Dffer and Trinick (1983) nere® s {
arotedns is too saall to contridute appreciably to the losses and gains of (1960) in sugyesting that C1~ ions might dind to the filamentsS, t y ot :
water from meat, He has also emphasised the inportance of myofibrillar ncreasing the negative. charge om:the iftd anents o 1. 4The difficulty : ;ﬂ""‘:‘;: "
proteias in deternining water-holding, Likening meat to a polyelectrolyte suggestion is firstly that above a certain charge density on the i 5 |
gel, he showed that the observed effect of pH on water-holding could be probably already present in the untreated wuscle, the repulsive fl ]
explained by the change of charge on the proteins with pH. At the increased when a rise in charge density occurs (Millman and sickelr !
isoelectric pH %) the proteins would have zero net charge but at lower or Secondly, increasing the concentration of sodium chloride would he {
higher pH's the proteins would have a positive or negative net charge and yreatly to increase the screening of the charges (Ledward, 1982 pe i"‘r 4
repel one another causing expansion.  He made the important suggestion that 1984). It appears that the only way the repulsive forces C‘?u!dprg b
swelling would be resisted by the 1inks hetween nyosin and actin in the rigor would be if the radius ‘of the charges-around: the filanent d“S‘N qar hi
state. Hamn alsu suygested that the increased water holding in the presence sincexthe repulsive forces: are uxtroord inarily sensitive: to U”S,L ale ',:
of sodiun chloride vas due to the hiading of €1~ jons to the ayofibrillar (Hillman and Nickel, 198U; Elliott and Rartels, 1982; mh"d",m ‘ldli" ,’1
protzins, thereby increasing their negative charge (at pH's >5). It is therefore unclear at present whether or not iacreases 10 o I; b
forces are in part responsible for the swelling. The fact that 4 19 i
file Hanm's work has been seminal to our understanding of the physical at high salt concentrations is highly co-operative sugyests that r,P 1ind* 1
cheiistry of water-holding, it was not directed at structural questions, transverse structural constraints plays a major role in causing ?[ gt by
particularly what exactly happened to myofisrils either when water was taken Offer and Trinick (1943) pointed out that co-operative renoval ”.51' n,a“’yl; Y
up by meat as in processing, or when water was lost. For example Fig. 16,1 of cruss=bridye constraint could occur either by dissociation of vu’l:"n;p ﬂ’t %
lamn (1975) would sugyest that when water was taken up by neat, the ton i Capting yoald noavnda the conbinadeprasentass i t' M Q
oryanisation of the myofibril was lost. nigh concentrations uf chloride) or by depol ynerisation of thick ; t
(such as would occur in the presence of chloride alone at hi yher ctuﬂx W
concentrations).  The effect of salt and pyrophosphate on the stry i

fortunately it is possidle by phase-contrast 1ight aicroscopy to see directly 3
1 he other potential nd id e Z-line and M- 3 unknovrs
whether salt solutions alter the voluse of myofibrils and cause structural ¢ U potential candidates, the Z-line ant line, is ;
i
changes including extraction of proteins (Hanson and Huxley, 1955). The ry f,ulj
ta

s work describer 2 e s wi y vr conpl enen
dvantage of this techninue is that the ayofiprils ranain nydrated and thoere The work described above was done with myofibrils. Conple
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Yery importantly they were able to demonstrate by X-ray

3 Non-destructive techni jue) that the spacing of the ayofivrillar

i tice 4ig indead increase. On2 of the must interesting aspects of

o K was that tpe
M5t gy the
Ling,
" leg
S ¢ A - :

& sy f€ater than this, there was little or no swelling. However,
S LU
"wip, R
al J that the

amount of swelling was stronyly dependent on the time
*  The swelling showed a peak at 18-3% hours post-morten, but at
g

endomnysivn were locally nicked, the fibres swelled out
L copg) fibre contents were still capable of swelling., Wilding ¢

Udeg ‘L Ko
S5 that the endonysial sheath around a fibre acts as a restraint to
4 that the

g an,
Yepung
tuns

amount of swelling with hypertonic salt solutions

\ a
trai, Palance of the propensity of myofibrils to swell and the
’ "t of the endon

for ysiun. It thus appears thet the suitanility of neat
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ey cessing nay depe
Endonye i N

nd both on the state of the uyofibrils and on the state

JUSt descrived clearly sugqest that transverse expansion of
tice
g, The

azne,,t ]
: at of myofibrils is the cause of water uptake in meat

$) Question now arises of whether the converse occurs when
logg. 95t fron neat |

particularly in the formation of drip and cooking
that is

» does the filament lattice shrink?
WS
Cagg
ty 9

1"? first the changes occurring on rigor developaent, there are two
e y'::fibrlllar shrinkage, the fall in pH froam about 7 to about 5.5 due
s ¢ e, M the depletion of ATP resulting in the attachnent of myosin
n’lu R -1t has been known for some time since the work of G.F.

. ang s
W m :
It S Colleagues that the spacing of the hexagonal lattice changes
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il et . . 4 $
Ughe o, 4 Of Conditions, particularly with pH. Roae (1463) showed in

gy Dres lacki A

it 4 ., NG a membrane that a fall in pH from 7 to about 5.5 causes
9n in the spacing (corresponding to a 20% reduction in
i) ,
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. have now been danonstrated (Matsubara et al .y 19834),
e le

'lumt e f“ane:zt:‘ ofiz.;g @n there is at constant pH a reduction of about
) Uogg inty ri attice spacing when relaxed
lﬂn‘}e d ap o 5‘30". At longer sarcomere lengths the reduction is
Ay, “Vm,p. the:"“_"'"frp length where the thick and thin filaments no
“n&tlh Oth stygs € 15 no change in spacing, as would be expected,
MsldntA i two fei: s, heen, oy mpde] systems lacking menbranes, one would
g al Shrjoy OFs to apply in intact muscle and for there to be a

o vl e Perhaps as much as 40% of the voluie of the myofibrils
gy S, after rigor,
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indeed showed that, some time after rigor, isolated

out 157 in dianeter. Histoloyical transverse
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Stag, LT ) SPace.  (ffer et al, (1934) using a silver stain to show up
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g clarnfwd this further and have shown that in the rijor
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s Sometimes these gaps are all the way round the fidre,

par ; A
t of the way . There is also shrinkaye of fibre bundles

there are substantial gaps around the perinysiun

the perimysiun itself. These features may be seen
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"'ux- Xy Rty i5C) o Should give information on the water domains., In
T E the o, M
"'Ji{i "'“1-, fi " Spinespin relaxation of water protons could be
b On Lad 1y,
“us“ 9 Sloy 2 single exponential but in rijor there was in
or
Y‘Hj o a) COitponeny (Hazelwood et al., 196Y; Belton et al., 1972;
o “‘U]“\" IHQ) ’ , .
Mg, '"I,,“L * The classical interpretation for wulti-conponent
biags Atiog ;
"\]. () ; L% 3 1S that the compunents arise fron donains physically
L™ LLT.
) MOther, i1 ford ot al., (1979, 1930) and Hynne=Jones ot

Ny ¢
| i 2
Wy hap,, - Pinteq 5

" Nowever, that it is not necessary for the douains
gl Y
Va 2 Y a

i} 2
lshy,, TR Piysical harrier such as a neabrane and that a sanple
L | “\y 1
* Teagy Coponents if Liere is structural heterogencity over a
BA e
IPeAt as the diffusion distance of water on the M2

time-scale. Microheterogeneity down to ~10 yn can be detected. Further,
relaxation is nost appropriately described by a continuous distribution of
relaxation times rather than by a small number of discrete processes,
Lillford et al. (1980) concluded that in the rigor state in beef longissiius
dorsi muscle 94% of the water was intracellular and 6% extracellular. [t is
however unclear whether the histological pictures of rigor and the NMR spectra
are really in conflict since it is possidle, for example, that the water in
the relatively small gaps between fibres contributes by NMR to the
“iatracellular domain", yet collectively makes a large contribution to the
extracellular space.

With regard to drip foraation, there are three main questions: (1) from what
water compartient of the meat does the water cone? (2) down what channels

does it flow? (3) what is the nature of the force driviag the drip out?

Penny (1975) suggested that drip cane fron the extracellular water
compartient, enlarged after rijor as a result of fibre shrinkage. If after
rigor developaent the cell meubrane is ruptured or becomes leaky, the
sarcoplasitic proteins would be present in the extracellular space, explaining
vhy drip consists of an aqueous solution of sarcoplasnic protsins including
myoglobin (Howard et al., 1960). Curriz and iolfe (1940, 1983) have
attempted to weasure by the use of inulin the axtracellular space of muscle as
a tunction of time post-morten, They found that the space iacreased very
yreatly at or after rigor but they considered that the very high value reached
(70% of the available water) was probably due to disruption of the cell

membrane ,

With regard to the channels, it has been known for some tine that drip occurs
at the cut ends of the meat, Since the percentage drip decreases as the
thickness of slice increases, it is reasonable to suppose that drip £lows
along channels parallel to tne fibres (Howard 1955; Taylor and lant, 1271).
Preliminary observation suggests that drip at the cut surfaces of neat oozes
preferentially fron the boundary between fibre bundles (particularly the
coarser bundles), rather than froa the boundaries between fibres; that is it
ovzes from the region close to the perimysium (Davies, Rrown and Offer,
unpublished results)). This can be rationalised on the basis that for a

fixed pressure difference the flow rate alony a channel is very sensitive

indeed to its width; for flow along a rigid cylindrical capillary, the
Poiseuille equation shows it depends on the fourth power of its radius.
Secondly, surface tension forces which oppose the exudation would decrease

witn the width of the channel, Hence, for both reasons i

2 Can see why drip
would be expected to travel preferentially alony the yaps betueen one fisre
bundle and its neighbour, whicn, if the histological results are not an
artefact of preparation, are the widest channels in the neat. This would
explain why the total amount of drip from a muscle is very substantially less

than most estimates of the amount of extracellular space,

Hith regard to the source of the pressure that forces the drip out to the cut
ends, there appear to be only two logical possibilities; gravity or an
internel pressure jenerated by the shrinking of soie structure, If the
sealed top of a vertical capillary filled with water is opennd, the water will
run at least partiy out, depending on the magnitude of the surface tension
forces. If enly gravity were effective ia producing drip, we would expect

drip to appear only on the lowsr surface of a piece of meat and that none

would appedr on tne upper surface, 11 practice drip is foraed on both upper
and lower surtaces (Yavies, 8rown and Offer, unpublished results). However |
we fiad that more drip is foraed on the lower than un the upper surface and
Hovard (199) observed that aore drip is formed when the fibres are vertical
rather than horizontal, Taese results suggest that. gravity doss make a

contribution, dbut that an internal pressure is alse yenerat

Tae anly plausiole structure that could =xort an iaternal pressure is the
network of connective tissos, Offer et al, (1934) proposed taat in living

duscle the endonysiun and the perfuysiun nigat be stretched by the fivres they

cuntain, Corresponcingly Liey would exert a pressure on their contents, If

the fibres shrink on reaching the rigor st 10, the endoaysicy wou'd exeri its

pressure on the water in the gap betwesq it and the fibre, aod the nerinysie

on the water in the gap betwean it and the fibee bumdle,  Far reasons

explained abouve, if tie latter o p is wider it will be the pretersatial route

tor cdreip to be squeszed out Lo the cut wn

£ ny loss

Ihen aeat is cooked, it shrinks extrudiag fluid rapidly. It semns to de
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generally agreed that in intact pisces of aeat shorteniag of the auscle

fibres, with accompanying reduction in sarconere lenytn, occurs at

teoeratures above 50°C (Paul, 1965; Gilas, 1949; Dubé et al., 1972; Dave

and Silbert, 1974a; Locker and Yaines, 1978; RBoyton et al., 1974, 1976a;
feyarty and Allen, 14975), 4hat is less clear is the change in dimension of
the medt transverse to the fibre axis as a function of teuperaturs, For

exannle davey and Gilbert (1974a) find no change in the cross-sectional area

n cooking, Houton et al. (1976n) a substantial shrinkage and Locker an:d

Jaines (197¢) a reduction i1 one transverse dimension and an increase in the

other in several nuscles,
Ty aid investization of the wechanisn of cooking loss, the systen has beer
staplified vy detemmining the extent of transverse and longitudinal shrinkaye
when strips of auscle, fibre bundles and single fihres are heated. Yith such
sl ]l systems, temperature equilibriun is rapid and the time course of
shrinkage can therefore be studiad. Strips or tibre bundles shrink both

transversely and longitudinally when heated at pH 5.5, the reduction in length

being reflected in a reduction of sarcomere lenyth (Giles, 196Y9; Bendall and
Restall, 1983). The transverse shrinkage starts at about 40 °C

and becomes more rapid and more extensive with rise of temperature, At 60°¢
the initial rate corresponds to a 31% volune reduction per minute and the
final extent to a voluie reduction of 36% (Pendall and Restall, 13383).
Longitudinal shrinkage by contrdst does not start until the temperature

0
exceads bl It is rapid and the final length simply depends on the

teniperature, 207 of the initial length at 70°C and 724 at 90°C.  The total
voluie shrinkage in the tenperature range 70° - 90°C froa the combined effects
of tripsverse and longitudinal shrinkage is about 60%. Thus these smaller

systems simulate the snrinkage shown with large joints,

It is also ayreed that single fibres shrink transversely when heated at pl 5.5
(Hostetler and Landmann, 1968; RBendall and Restall, 1923), although at higher
pH there is no shrinkage (Aronson, 1J66). As with fibre bundles the
shrinkaje starts at about 40°C and becomes more rapid with rise of
tauperaturs. At '.uJoC the initial rate of shrinkage (40% of the initial
voluie per minute) and the total extent of shrinkage (50% reduction in volune)
are maximal . However, there is disagreement on whether or not at higher

te

peratures single fivres sirink longitudinally like fivre bundles, Hostetler

and Landmann providing evidence that they do, Hendall and Restall that they do
not. fOne possible reason that the latter authors did not observe lonyitudinal
shrinkagye is if adhesion of the fibres to the microscope slide was too great
to allow shortening. Jeacocke, Restall and Offer (unpublished experiments)
therefore suspended single fibres vertically with a small weight at the lower
end. Such fibres shorten very substantially on heating, the degree of
shortening increasing with temperature and reaching about 577 at 89%c. Hsing
apparatus that allows a rapid rise in temperature, we have shown that
longitudinal shortening is very rapid indeed: shortening is largely conplete
4ithin about 2 seconds of reaching the final temperature. On conking the
stiffness of the fidre diminishes yreatly and it is now readily and reversibly

extensible to doubla its length.

The transverse and longitudinal shrinkage of fibre bundles and fibres night
occur 2ither by active shrinkage of the fibres theaselves or be iuposed on
them by the connective tissue that surrounds then (the perimysium and
endonysiun in the case of bundles, the endonysium alone in the case of
fidres). It should be @aphasised that in the above experiments these sheaths
are too thin to be seen. Ohservation of both components would be worthwhile.
ne way of determining whether the shrinkage of fibres is active or passive is
to exanine the effect of heat on myofibrils, which of course lack connective

0.
tissue. Isolated myofidrils shrink transversely at temperatures above 40°(

0. n
and longitudinally at temperatures above 60°C (Aronson, 1965; Offer et al.

1984 ) . Tais clearly sugyests that the fibre shrinkaje is active.

Another way of determining whether fibre shrinkaye is active or passive is tn
exanine histological preparations of cooked meat. Transverse sections show
that the fibres have shrunk away fron the endomysiun suostantially more than

i1 the uncooked rigor state (Paul, 1265; Locker and Daines, 1974a Schnidt

and Parrish, 1971; 0Offer et al., 1934), Thus the gaps between the muscle

fihres and their endonysial sheatnhs present in rigor are considerably

increased, This appearance is not nuch chany in the temperature range 50
o 40°c, This clearly shows that the fibres actively shrink transversely on
cookiny and not because they are compressed, The gap between the perinysiu

and fibre bundles seen in the rigor uncooked state remains and indeed often
appears to be enlarged (Offer and Restall unpublished results) suygesting that

the fuysium is not coupressing fibres together, Longitudinal sections
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(#iohr and Bendall, 1969). Although collagen makes up only @ snal (of‘es 0’

of the total protein in meat, collagen fidres can exert very 1arge 4 ec!”
er €0

thermal shrinkaye. At present, therefore, it is unclear wheth

tissue or ayofidrils dominate the longitudinal shrinkage of neat.
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nlyo B sh”""ﬂﬂg of myofibrils, In a more recent study on purified
Mgk -
ght ang Wilding (1933) have shown that myosin does not denature at
It exhibits in general three transitions, the

depend on pH and ionic strength. The three transitions
i © ASsociateq

with discrete regions of the siyosin molecule. At o
s W
thy M ionic strength
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1S With g

» conditions which resenble meat, only two
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points at 54°C and 57°C are seen

i Y filanens
it erk l“Lnt hypothesis of Huxley and Hanson (1954) and Huxley and
TRe ()¢
of A 154) Considerey the contractile apnaratus of muscle to consist
oS g
“'e r f”"”“’"’ thick and thin. BSut even at that time there were

y Indicy

‘I‘eri o tons that a tnird type of filanent might be present ,
ron

an, " which the thick filanents have been extracted can be stretched
Whes

l"“"!furp N released (Hanson and Huxley, 1955), Soe structure must

" Stend g¢

Yoty the b €ast across the H-zone and be extensinle. Moreover, if
"ain s .ZCT N thin filasents were axtracted from ayofibrils, the
ar"“/. . Thm,s Were not liderated into solution but remained in an ordered
ey ol‘”";s;;“f“iests that the additional set of filaments might join

=Hnesg
Yy i
""W &y J“Dvache'/ (1961) noticed fine filanents crossing the yap between A-
mﬂmpn S in luscle stretched beyord the point of overlap. These yap

1y s havu S
s, iy beap extensively studied (Sjostrand, 1962; Carlsen et al.,
4

""ﬂet" ad Hoyle, 1967; Locker and Leet, 1975, 1976a,b). Their
(g “Poears rapp

i "'a) 5 er variable but is about 39 to 40 R,  Locker and Leet
lh..dt LY e © shown that they are very axtensible and can bridge gaps as
]:).‘,[hic Fily The Yap filaments appedr to be continuous with the ends of
”IJ. 19766) "‘"LS(SJOSLmuu 19625 Carlsen et al.; 1965, Locker and Leet
h“:'le i tm:’:‘"tlmes there appeared to be the same nuiber of gap
filanents (Locker and Leet, 1975) and sometines only about

§ My
U"”al rel OCker and Leet, 19763). In the latter case no systematic
WEP! o dtm"smﬂ betwe

thy

en gap and thick filaments was observed (for exaple
Ek Filanens being continuous with a gap filament), It seeas

e o i wer yap filauents seen in the latter case arises @ither
foer A i
fect preservation or to proteolysis. Locker and Leet (1976a)

“50 g

hoy,
cu,,m ety g that § i

! 1y0sin of the A-hand i1 stretched auscles wore
by lm ¥ Eltructm

uc%h o, Jh"”urm » the yap filauents could be seen to span the entire space
“lr,i: Mire 1“ I-bands.  This would suggest that the gap filauents
oy cr&q s : ENth of the A-band as well as the space beyond, In
stru )‘H"t uly ““n Which the thick filaments ha:dl been greatly truncated but
r'..,,F S, T’”s‘“’""- the gap filaments appeared to be continuous with these
Ll h"ckbum SUygests that the yap filaments act as a core to the thick

proved possible to sec where the yap filanents are

» but they appear to pass between thin filauents,

y ! Lee 8t (1975 ‘s
(unsv g a,b) have produced evidence that gap filaments are
iy

hr,
Gy el S the 2.4,
fily, "f'”m“ y
dny o ey Taey have interpreted their results to nean that each
foms the

but it is of an indirect nature and cannot be

1,”(1“ n"“"lus 9 Core of two tnick filaaents in neiyhbouring sarconeres
h]&.m‘, ttrdrt,v“ru‘.l\.g the Z-1iae between thea,  An alternative, which 1
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Maruyama and nis co-workers obtained a preparation by rijorously extracting
nuscle with solvents including acetic acid, I, alkali and phenol (Maruya
1976; Haruyana

et al., 1977, 1980, 1951). The residue, termed connectin,
had elastic properties but, because of its insolusility in benign aqueous
sulvents, conld not be purified and fully characterised. Some of the
preparation, however, would dissolve in SDS but wost of the dissolved proteir
was too high in molecular weight tu enter polyacrylamide gels of normal

concentration,

fore recently Hang and his co-workers showed that myofinrils contained a
substantial quantity of a protzin terued titin pecause of its extraordi rarily
high wolecul ar weight t‘vl')h) observed on electrophoresis in SDS on
polyacrylanide gels of low concentration (4ang et al., 1979; ‘Uany 1982a,b)
On such gels titin forms a closely-spaced doublet but the two bands have
similar anino acid compositions and cross-react i wnologically so they are
clearly closely related. To purify titin, myofidrillar proteins solubilised
in SOS were separated by gel filtration in SuS, titin baing the first protein
to be eluted. Titin, like connectin, can also form an elastic gel if the SUS
is first removed (Wany and 2anirez-Mitchell, 1972). However, one would like
to see proof that the elastic properties of titin and connectin are not nerely

a consequence of exposure of a protein to denaturing solvents.

It was shown that connectin preparations contain titin (Maruyama et al.,
1981a) but uther proteins are also present in substantial adounts (4ang,
19820) . Tne unsatisfactory nature of the original titin preparation (as with
the connectin preparation) is that the protein is in the denatured forn,
Fortunately it has now proved possidle to extract about half of the titia of
myofibrils in the native state with high concentrations of salt (Kinura and
Maruyama, 1983; Trinick et al., 1984; Wany et al., 1983), Tnis has opened
the way to a full characterisation of this remarkaile protzin. The
sedimentation coefficient indicates it is a highly asymetric molecule
(Trinick et al., 19384; taruyama et al., 1934). The chain weignts of the two
bands are 1.4 x lllb and 1,2 x 1’.)(’ (Nany, 1932a; but see Haruyana et al.,
1934) . The native molecular w2ight at low concentration measured by

«» 1934) suggesting that

]:L;e

o f
sedimentation equilivriun -is 2,7 x 107 (Maruyama et al

the molecule contains two pol ypeptide chains, However, the plot of

concentration versus radial distance squared was curved iadicating

polydispersity. Tnis might arise from an association equilibriun but further
investigations will be required before we can define the size or the molecule

and understand tne precise nature of the polydispersity.

In the electron microscope titin violecules, revealed by metal shadowing after

spraying, are seen as filaments about 40 R wide fre antly associated with

large ylobular structures (Trinick et al 1934; Maruyama et al., 1924; Hany

et al., 1984), After layering on the mica substrate, however, the globular
structures are absent suggesting that they are the product of shear (Trinick
nt et al., 1934), The filaments are heterogeneous in length fron 1000 R to 10000

t al., 1984),
Maruyama et al, and ‘Yang et al .found rather pronounced neaks in the length

R (Trinick et al., 1988; Maruyawa et al., 1934; ‘any

distribution histograns suggesting that the heterogenzity arises from
end-to-end polymerisation of nolecules about 1100 to 1500 % lony. ‘egative

staining provides yreater resolution than shadowing and a a0 R periodicity

alony the length of the titin filaments has & revealed (Triai

19434, ang

et al., 1934). Using this technique, the dianeter of the
filanonts is adbout 35 R, Mis can be compared with the 30 to 45 R dianuter of
gap filaaents, It is clearly nighly desirable that there should be conplete
consistancy betucen the results of electron microscopy ana sedinentation

equilibriu,

It is of considerable interest that filanents with a very siailar ajpedarance
to titin filatents can be sceea in neyatively stained thick filaments, These

are either coiled up 4t the ends of the thick filanweats or run aleagside

(Trinick et al 1948) . This suygests strongly that titin filaients are

associited with thick filauents i vivo and are prohahly anchored to the ends
of the thick filanents where they may foru elastic connections to the Z-line,
Proof that titin ftorss part or all of toe gap filaments is, nowever, lacking
at present although there is about enough titin to make up the jap filanents,

Titin constitutes avout 19+ 0f the ayofivrillar protein (Trinick et 41., 1984)

I 1S thus tne third most abundant protein (Wany et al,, 1974), Assuning
that nyosin constitutes 554 of the ayofibrils (Huxley and 'anson, 1957), that

the Chain weignt of titin is 1.4 x 107 and that there are 300 nyosin molecules

per thics Filanent, this awvunt of titin correspoads to 21 titia cheins per
N & <
thick filawnt. A cylindrical protoin molecule of mass 1.4 x 107 daltons and

dianeter 35 R gould have a lengsh of 1770 8. Mence there is more than pnonj
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titit i1 the ayofinril to naks one 35 X filanent spanniayg the entire lenyth of

tue sarconere for cach tnick filanent,

e results of labelling nyofidrils with “luorescent antihodi2s to titia have
net given sinple results (Uang et al., 19795 “aruyama et al., lvidla,b; dang,
i52). Tae A= junction is consistently labelled but sometines thae Z-liae or

=line are labelled (occasionelly brigutly) and oven tne wiole A-band may be

tanelled,  Tae ladelliag pattern chanyes not only witn sarconere length Sut
alsu depends an how the uyofibrils were prepares,  Thus it is uncleer at

it exactly where titin is located in the sarconere,

Another puzzle is why only a fraction of the titin in a nyofibril is soiuble

in salt solutions (Trinick et al., 1334; Wany et al., 1384)) and tre relation

natween this soluble titin and the insoluble residue which foras a substantial
part of connectin preparations, Nor is it clear what the relationship is

hotween thesz two fractions and the two titin bands seen on SDS polydcrylatide

jels. Titia is very susceptivle to proteolytic deyradation (Maruyama et al.,

Zing et al., 1931; Hang, 1982n), tha initial event according to Hang

(1242) Heiny the conversion of the higher molecular weight fora to the lower,
lang et al. consider the latter to be the soluble fora but this has not been

agreed,  Triai

et al. (1984) have sugygested that in order for titia to be
axtracted from myofibrils, the titin filanents inay have to be severed from
their anchorages by proteolytic attack as well as the thick filament

depol ynerised., The heterogeneity of length of the titin filanents seen in
the electron microscope could be explained if they were end-to-ead polymers of
titin wolecules, the internal molecules intact, and the wolecules at the ends
proteolytically cleaved. Thus it is possible that no depolymerisation of the
native titin filasents of the wyofibril is involved in the extraction and

purification of soluble titia.

Interest in the gap filaments by meat scisntists has been aroused by the work
of Locker's yroup (Locker et al., 1977; Locker and Wild, 1482a,b; Locker,
1932).  Mhen aeat is cookad, the rigidity of rigor is replaced by
extensivility. = The thick filasents coagulate to give a seemingly amorphous
A-band at about 50°C. tost of the filaments of the I-band disinteyrate at
about 7vJ°C. and the remainder are thought to be gap filaments. Locker et al.
(1477) and Locker and Wild (1942b) showed that if cooked meat were stretched,

initially the extension is taken up entirely in the [-band but at 50% stretch
the A-band also extends and it may now be seen to contain an array of fine
filaments with fragments of coagulum attached. They presuned that these were
yap filaments and concluded that, of the filaaents present in uncooked meat,
only the gap filauents survive cooking with any integrity. This means that
the yap filasents are the only structure to resist extension; that is they are
the sole contributor by the nyofidrils to the tensile characteristics of
cooked meat., It is interesting in this context that titin, like gap
filanents, is so easily degraded by proteolytic enzymes and it is an
attractive proposition that the tenderising of meat on ayeing is due to
proteolysis of this protein (Locker et al., 1977; ¥ing and Kurth, 1980; King

filaments found by Locker's group needs to be reconciled with the lability of

et al 1931; ¥ing and Harris, 1982). However, the heat stability of gap

titin in meat found by Xiny and his co-workers. They observed diminution in
the amount of intact titin when unaged meat (or a homogenate) was heated at
about 60°C. Since the decreasa was inhidited by pepstatin, they attributed
this to the action of cathepsins still active at this teaperature.
Pegradation of titin was more conplete at pH 5.5 than at higher pH's.

One of the prinscipal causes of tough meat is the phenouenon of
coly-shortening, first described by Locker and Hagyard (1963). This occurs
if a carcass is cooled too quickly after slaughter. hen certain muscles are

cooled to teaperatures below about l:)ori, they contract. The contraction is

fully reversidle provided the ATP of the muscle is not yreatly depleted: the
auscle will relax again if the temperature is raised. The cold-induced
contraction is slow and weak compared with a physiological contraction, the
tension exerted being only about a thirtieth or so of that of a physiological
isunietric tension (Bendall, 1973). If the auscle is unloaded, the shortening
can exceed 6U% (Locker and Hagyard, 1963; Marsh and Leet, 1966). In a
carcass, the extent of shortening way vary depending on the attachment to the
skoleton. Even if a muscle is fixed at both ends, cold-shortening is
possiple over part of its length if this cools faster (Davey and Minger,

1940)
cunked meat is very tough but the toujlness declines very steeply with greater

For reasons that are not clear, if the shortening is aoout 40% the

shortening (Marsh and Leet, 1966; Davey and vilbert, 1975).
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