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je for meat tenderness, in terms of gap filaments
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1
ag i yuscle is a composite structure, of contractile machinery enveloped in connective

EqUuiyys ~ rphemorphology and biochemistry of each have developed to the point where meat

has begun to interprete properties of cooked meat, such as tenderness (or toughness) ,
of the fine structure of these two components. This paper is concerned largely

“ myofibrillar gomponent, but will attempt finally to put the two together. It pays
tention to tensile properties, which are a major factor in shear force, although not

: . determinant. The novel feature of this account is the role of the enigmatic third
‘enge! . filaments in the myofibril, the "gap filaments". The germ of these ideas, published
ars ago {Locker et al., 1977), has so far produced a negligible response. New results
4 support to the theory.

Blogy of the gap filaments
My model (Fig. 1) for the connections of gap filaments (G-filaments) (Locker and Leet
prOPUSQH that each G-filament forms a core to an A-filament, but emerges at one end
assing betwean the I-filaments, through the Z-line, and between the I-filaments of
sarcomere, to terminate as a second core to a thick filament. In this unusual
mmen v centred on the Z-line, G-filaments link half the A-filaments in an A-band to those

3 neighbouring sarcomere and half to those in the other. G-filaments are continuous
v the Z-line, but not through the sarcomere, and therefore depend on adeguate anchor-
viandeg their ends to maintain structural continuity under stress. They are resistant to a
of powerful protein solvents, but dissolve in some, in the presence of thiol reducers.

¢ vulnerable to indigenous or exogenous proteases (Locker et al., 1977). It seems
L de he protein of G-filaments is an unusual one, of very high molecular weight (of the
eu carné, - 5f a million) and can be identified with the "connectin" of Maruyama et al.,(1980) or

‘andeur Stitin" of Wang et al. (1979). The prime biological function of G-filaments is unclear.
anising role in embryonic development seems possible for a "core" protein. An elastic
contraction is also possible. The one definable role is that G-filaments support
line structure which probably serves to guide I-filaments from a sguare array at Z-
to a hexagonal array in the A-band (Locker and Leet, 1976b). G-filaments plus N2-line
15 medius babily responsible for the re-entry of thin filaments into the A-band, in muscles

IaLS a8 gtched beyond the "no over-lap" point.

filaments in raw meat

Since pre-rigor muscle offers such slight
DRI ance to stretch, G-filaments must be readily
ble in this state. With onset of rigor,

to actin bridges impose a low extensibility,
loading a muscle strip, to near 1 kg/cm2, it
'1y_reaches a point where it continues to
without further loading (Locker and wWild,

1982b) . This "yield point" we interprete Fig. 1 Each G-filament (dotted] begins

as core to one A-filament and terminates

lectron micrographs (Locker and Wild, 1982a) :
as core to another in the adjacent

tearing of I-filaments out of the Z-line,
g the G-filaments to stretch until the sarcomere.
net (Rowe, 1974}, takes up the strain. .
Causes a dramatic fall in yield point, to about 0.1-0.2 kg/cm2 (Locker and Wild, 1982a,
rtzng I-bands then snap, mainly along the A-I junction., It seems that both I- and G-
ave been rotted by catheptic action.

=

f myofilaments by cooking

Oﬁeﬁdgrness usual;y has meaning only in_cooked meat . The term "cooked" covers many
fhe iedt dgnatu;at}on. ,Th? yarlous_myofllaments react to this in different ways, with
8 the .. n_thelr relative SLgnlf}cance for response to tensile stress. I will first dis-
ol -:ability of the various filaments and thenthe question of "cooked character" as a

Btte iggiiln in solution floccu}ates readily at 53°C (Locker, 1956) or in the myofibril
loge (o Cractable (Davey and Gilbert, 1974). The thick filaments appear stable at 50°C;;
ek to irq}pent}ty at 60°C (Giles, 1968; Schmitt and Parrish, 1971). Giles (1968) found
at 70°8~1ng fine structure after 20 min at 60°C and breaking at the A-I junctions after
' Bug | + Schmitt and parrish (1971) found I-filaments were well defined on reaching
Clad disintegrated by 70°C.
ltharmiEHECt@ve tissue, strained from homogenised beef sternomandibularis muscle, under-
bigy, - Shrinkage at 62-68°C (Davey and Gilbert, 1974). Giles (1968) showed the
T gi collagen were ;table_during }40 min at 60°C, but gradually disappeared at 70°C.
Nect 1y al. (1981), using differential calorimetry, found .a thermal transition peak
and 6iatlssue at 63°C. .They also found peaks for myosin in solution at 48°C (52°C 1in
C, and for F-actin at 73°C.




What is the fate of the G-filaments during cooking? Various pieces of evidap
individually conclusive, point to the steady denaturation of G-filaments within an h°u9e
60°C (for a fuller discussion see Locker, 1982). They become less extensible tha T ap

N oin gy
state, but remain strong and elastic. Curves for shear force versus cooking time have & .

flattened out by 100 h at 80°C and 5 h at 100°C, leaving residual values in the tendey
(Davey et al., 1976; Davey and Niederer, 1977). S8Since collagen has been destroyeq, thr
values can only be attributed to some highly heat-stable component within the myofibrila
gap filaments seem the only ecandidate.

From the above it appears that the first hour at 60°C is a critical stage in tha
emergence of "cooked character". A-filaments have dissociated and coagulated, I“filamen&
appear to survive, and G-filaments have denatured. The nyofibril may be regarded as
One characteristic of cooked meat, a clean bite in a tooth-type tenderometer, has justcggk
evident (Locker and Carse, 1976). By a narrow margin the collagen net remains “nde“aturaa

After an hour at 70°C, emergence of cooked character is largely completed, The
steepest changes in the hydration and length have occurred, although there are furthey SUk-
stantial changes up to 80°C (ibid.). The collagen net (Rowe 1974) has undergone therma
shrinkage to a taut "crossed diagonal" configuration (Locker and Daines, 1975) ang the
previously inelastic collagen fibres have become elasticised. Tensile strains now invely
the stretching in unison of elastic gap filaments and pre-tensioned elastic connectiye tis

Continuity of the I-band

The first clear pointer to the significance of gap filaments in tenderness came
from ageing studies by Davey and Graafhuis (1976). In muscle stretched beyond the poing
where A- and I-filaments overlap, then allowed to go into rigor and cooked while stil] re-
strained at this extension, G-filaments could be seen surviving intact within the "gap", 1fl
the meat had previously been well aged, G-filaments disappeared from the gap, leaving no
structural continuity. When such experiments were repeated without ageing but with extye
cooking to destroy collagen (4 h at 100°C) the gap filaments again survived, along with
of the tensile strength. Final breakage occurred exclusively in the gap and the broken g
of G-filaments were clearly visible (Locker et al., 1877). We concluded that gap filamen
(as discussed earlier) are rather stable to heat and determine the tensile strength of sy
abnormally stretched muscle after cooking. !

But what of filaments in the short I-bands of muscles at near excised length? If
actin filaments have disintegrated by 70°C it is surprising that on one has asked what ho
the sarcomere together. In fact a sparse array of filaments with adhering coagulum survi
in the I-band (Locker et al., 1977) . These are about half as numerous as were the A-filame

and we identify them as G-filaments. uso onl
re lianc
Continuity of the A-band mplately

5 ni
Current theories of tenderness (Voyle, 1969; Marsh and Carse, 1974) regard the A= g v

band as the strong unit in cooked meat and the I-band as the weak link. The disappearance
the latter accounts for toughness in well shortened meat, which is held to consist of a
continuum of coagulated but still strong A-filaments. Our recent results challenge sucha
fate for the A-band. 1If muscle at excised length (with I-bands) oxr cold shortened (without
I-bands) is cooked under restraint for 40 min at 80°C, stretched to near its limit, and
fixed at 50-70% extension, the A-filaments disappear. Instead, there remains an array of
fine filaments, embedded in fragments of coagulum (Locker and Wild, 1982¢). Our interpret
tion is that A-filaments have been dissociated by heat, the myosin then forming an actomy
gel with the actin from disintegrated I-filaments. Only the gap filament cores remain inta
on stretch, extending elastically while the gel cracks up.

re-rea*.

A basis for cold shortening

When a sarcomere shortens to 1.6 pm, the A-filaments touch the Z-line, and on )
further shortening may penetrate it. Voyle (1969) explained the steep rise in shear force
during shortening by 20-40% (Marsh and Leet, 1966) as a statistical increase in the_POP?lﬂ_
of sarcomeres without I-bands. This idea of progressive elimination of the weak link i ©
patible with my model (Locker and Leet, 1976a) which has twice as many G-filaments in the
band as in the I-band. The G-filaments in the A-band are also reinforced to a degree by |
actomyosin coagulum.

The notion of an A-filament continuum through the Z-line depends solely on 1ate£é
adhesion by coagulation of overlapping A-filaments. The G-filaments would form a strongib
continuum, since although half depend on overlap, the other half are truly continuous tt
the Z-line (for additional evidence see Locker and Leet, 1976b). It must be pointed ou 4
in my model, gap filaments pass through only one 2Z-line, so cannot form a true lom}“ra“ga
continuum, but again depend on lateral adhesion for continuity within the A-band. Su?h wh.ﬁ
restraint is very evident near the M-line in grossly overstretched pre-rigor fibres, I i
the A-filaments become dislocated but never separate, retaining an overlap of 0.6 um eve
an 11 um sarcomere (Locker and Leet, 1976a). ;

Marsh and Carse (1974) proposed that a short I-band is stronger than a long oni&ﬁ'
Although their reasons are to me unconvineing, this could be fact, since a G-filament Mm%
be weaker if heat denatured in a stretched, and therefore thinner state.

The mechanism of ageing

X in AN

It is now accepted that ageing is predominantly an attack on the myofibrils 1231

enous proteases. The relative roles of the various cathepsins and neutral proteases & v

from clear, but between them they weaken the already weaker I-band. The disappearanC§969r
Z-line and subsequent breakage at this point has been recorded by Davey and Gilbert (

by others, and claimed to be the key to the drop in shear force.
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Lo vieaduces & drewhia dvap da ke "yileld poaint' of raw muscle, and instead of

lenee ! ,%E'faijing whi 1o G-t ilamentks stiotch, both snap together (Locker and Wild, 1982a).

B Lhe L filament - nurvsve an the cooked mycofibril, their erosion seems likely to
N g 21 mecharism of agning. The experiments of Davey and Graafhuis (1976) on ageing
Ve rﬂnﬁ‘%:J meat (de “ihad earliex), support this view. It may be noted that despite
ley a;giuq (7 -lays ab 13°C) ihe %-linas remained intact in their muscle. Fading of the
' theag --aﬂﬁo”g“ an indra of advenced ageing, is in my view, largely irrelevant to

at we have peoted the experiments of Davey and Graafhuis using highly stretched
ééd musalz, inowbat.d on a erude muscle protease preparation before cooking. A
%Qgtxuctlon of G-fil Ls occurred (iocker et al., 1977). The vulnerability of G-

b Lo proucases has also heon demonstrated by irrigating over-stretched fibres with

3 oo ?‘-utions af trypsin or ericle muscle protease. The fibres snap within minutes (ibid.).
laments, ldentified as connectin, remaining in myosin-extracted chicken and rabbit

st ¢ L

1atura IT arc re lonyer sean after pricr ageing for 7 days at 5°C (Takahashi and Saito,1979).
The bE iﬂ pasaing from the morphological to the protein level, we find only a limited

1er gy, s arnteins known to undcrgo a clear-cut degradation during ageing. Troponin-T1 is

>rmal > d‘umeng and varrisn, 1979), and although its destruction appears to be a good

“he " of degres of autolvsis (Penney and Ferguson-Pryce, 1979) and of tenderisation

Lnvg and pransfizld, 1979), the protein itself is unlikely to have a role in tenderness.
hificaﬁt 16 the progressive disappearance during ageing of desmin (Young et al.,1981)
g a strustural role in a transverse sense.

of most interest ko e present theory is the finding that connectin, apparently the
of the G-filaments (Maruyama et al,, 1980), disappears rapidly in muscle homogenates

c g
;oiﬂi = and 55°C, or in whole muscle at 50-70°C (King et al., 198l), more rapidly than

17 scle proteins, and apparently due to a carboxyl protease (King and Harris, 1982). The
jap", ance Ls more rapid at 607°C than at lower or higher temperatures (King and Kurth,1980)
g no analogy to ageing, which is maximal at 60°C (Penfield and Meyer, 1975; Davey and

ext 1976) . The denaturation of G-filaments at 60°C might also facilitate the process.

vith 4 ! .1 fact ftor my theory is the disappearance Of connectin from SDS electrophoresis gels
ken e ¢ has bson heated at 30°C (King aad Kurth, 1980; King et al., 1981). This can hardly
1f conncctin is 50 easily destroyed by heat alone and is indeed the

Llaments Behzymic oy oess.
oo ni O-filaments, clearly these could not contribute to the strength of cooked meat.

T pelieve the explanziion lies in the failure of this unusual protein either to dis-
or to entor the sels, after a certain degree of heat denaturation.

th? 8D5,

nat haolds Tha reluctance of =oid shortenad meat to age (bavey et al., 1967) may be re-inter-

survives 5 parms of gap fiiaents. The current view is that the vulnerable zones, the I-band

filamen sl %) ine, have bevn removed by shortening. while in my view this is still true, it
b oo only in bhe I-bond, are the G-filaments exposed and vulnerahle to proteases. At a

ve ienoth of 1.3 ym nx helow, ithe G-filaments exist only as cores to A-filaments and
sletely shezthed in mynsin "tails" (known to be resistant to proteolysis). No chink
the A= by wnich a proteasc can gain access.

carance o
~heat treatment

f a

such a Australian workel - (Macfarlanc ¢t al., 1981) have shown that rigor meat may be mark-
(without. derised by high pre e troatment {150 MPa 50-60°C). Unlike ageing this is particu-
and then (fective on cold cho od meal. We have currerntly been studying this effect and have

! khat aftei cnly 20 min. ab 55°C (60 MPal, the G-filaments snap on stretching in the raw
DUt remain intadt 1u A ComporaiuLe aontiol. It raiquires meore rigorous treatment to

Y shear Founz significantly (1 h at 69°C) and in such meat, when cooked, the G-filaments
morphologically, but ara moua cxitensible and break at lower loads than in a tempera-

trol (focker and wild, i382d4).

~ay of
rpreta=
~tomyasin
3in int

Bion

on Qu; results provi.e roasonable explanations for most of the basic facts of tenderness.
- force i evidence has accumu!lated o demand a rather drastic revision of current ideas about
JOPglat % of tenderness in mast, 0 mote accurately the contribution of the myofibril. This
ik 18 BRULIOL is dmporte: . v one copable of being greatly modified for better or for

n the_l- 9 post mori-=m tr
e by the The coucept of

. ot meat.
rured collagen net stretching in parallel with denatured G-

1s admittedly implified view of meat tenderness. Tensile strength although
laterak ¥ the major factor, iz not the only one involved in the complex parameter of toughness,
-rongel Measured by human molars or by machine. Lateral adhesion is undoubtedly important,
15 throt 1;?” Known that a strong lateral network integrates all the myofibrils within a fibre by
i out & b i C°¥lars around the Z-line. The protein desmin of which these are made, has been
-rangé _*HF this laboratory to be readily destroyed by ageing (Young et al., 1981). The advanc-
Sugh 2 ioh “HENCE Of sdhesions belweon cell surfaces may open new avenues on tenderness.
, in Wi r'LHQWGVCI in spite oi the over-simplification, I believe the ideas put forward here
n evell - dMficanc stap towsrds a basic understanding of a much valued quality in a favoured
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