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In tro d u c tio n

A ll mammals have an in t e r n a l  connective  t i s s u e  framework based on the 
e x t r a c e l lu l a r  p r o te in s ,  co lla g en  ( l )  and e l a s t i n  ( 2 ) .  This co n nec tive  t is s u e  
framework re  employed in  a number o f  d i f f e r e n t  ways; i t  e x is t s  to  c o n ta in  o ther 
t i s s u e s ,  e .g .  s k in  and muscle f a c ia ;  to  connect one t i s s u e  to  a n o th e r e .g .  
tendons and lig a m e n ts ; o r to  a c t  as a  su p p o rt to  o th e r  t i s s u e s  e .g .  bone." The 
ro le  Ox anim al co n n ec tiv e  t i s s u e  i s  th e re fo re  l a r g e ly  bu t not w holly  structural 
and m echanical ( 3 ) .

 ̂ ¿i.e f ib ro u s  p ro te in s  o f  connec tive  t i s s u e  c o lla g en  and e l a s t i n  are
embedded in  an amorphous ground substance  o f m ucopolysaccharides o r hydroxy apa
t i t e .  C o llag en  f ib r e s  a re  h ig h ly  o rd ered , have a h igh  t e n s i l e  s tre n g th  and 
o.re i n e l a s t i c .  In  com plete c o n tr a s t  e l a s t i n  f ib r e s  a r e ,  as the  name su g g e s ts , 
h ig h ly  e l a s t i c .  The op tim al fu n c tio n in g  o f th e  v a rio u s  ty re s  o f  anim al 
connec tive  t i s s u e  i s  dependent on the r e l a t i v e  p ro p o rtio n  o f a l l  these  component3 
to  each e th e r  in  the p a r t i c u l a r  t i s s u e .

( i )

( i i )

Ligam ents jo in  bone to  bone and re q u ire  th a t  the f ib r e s  be h ig h ly  
e l a s t i c  and th e re fo re  c o n ta in  60-7QB e l a s t i n .  The e l a s t i n  f ib r e s  are  
-t®Ad u.own ro u g h ly  in  p a r a l l e l  a long  the le n g th  o f the  lig am en t.

( iv )

.»/Orta s im i la r ly  re q u ire s  p e r f e c t  e l a s t i c  reco v ery  a f t e r  defo rm ation  
under lo a d , and th e re fo re  c o n ta in s .a b o u t 5Op e l a s t i n .  The f ib r e s  in  
th i s  t i s s u e  a re  la id  down i n  c o n ce n tric  la m e lla e . A c e r t a in  r i g i d i t y  
i s  imposed by the  p resence  o f about 20?i c o lla g e n .

( L i i ) xendons a t t a c h  muscle to  bone and s in ce  they  need to  have a h ig h  t e n s i l e 
s t r e n g th  c o n ta in  a h igh  p ro p o r tio n  of c o lla g e n  (80-90 /.). The c o lla g e 11 
f ib r e s  a re  a lig n e d  in  p a r a l l e l  to  give maximum s t r e n g th  a lo n g  th e i r  
le n g th  s in c e  d u rin g  muscle c o n tra c tio n  th ey  have to  tra n sm it t e n s i le  
fo rc e s  w ith  v i r t u a l l y  no s t r e t c h .

S k in  re q u ire s  a l i t t l e  more f l e x i b i l i t y  and c o n ta in s  about 40>. co llage»  
and a  h ig n e r  p ro p o r tio n  o f m ucopo lysaccharides. In  t h i s  t i s s u e  the 
f ib r e s  a re  randomly m ain ta in ed  to  form e compact fe ltw o rk . This ran»01*1 
d ia > trio u ticn  allow s f l e x i b i l i t y  in  a l l  d i r e c t io n s  f o r  an im als w ith  
appendages such as arms and le g s .  In  c o n t r a s t ,  sharks have a laninat® » 
slain s t r u c tu r e  which g ives a tough bu t le s s  f l e x ib le  s k in . In  th is  
r e s p e c t  i t  i s  in t e r e s t i n g  to  no te  th a t  ta d p o le  t a i l s  p o ssess  a s im ile ^  
lam in a ted  p a t te r n  b u t d u rin g  metamorphosis th e  t a i l  re so rb s  and the  si»-» 
o f the f r o g  now a t t a in s  the  more f l e x ib le  ty p ic a l  cross-w eave p a t te rn  tc 
perm it movement of the l e g s .

Eone has to  be s tro n g  bu t a ls o  re q u ire s  h ig h  r i g i d i t y .  The co llagen  
im p arts  s t r e n g th  w h ils t  th e  in c o rp o ra tio n  o f  th e  Ca~~r s a l t s  (7Cp-) ce

(v) )
ofe»s

(v i)
r i g i d i t y .

C arc ilag e  co n ta in s  l i t t l e  c o lla g e n  (5-10/.) ana c o n s is ts  m ain ly  of 
m ucopolysaccharides s t a b i l i s e d  by co lla g en  f i b r e s .

A lthough c o lla g e n  and e l a s t i n  a re  b a s ic  to  the  fu n c tio n in g  o-f a l l
-v-P ______ _• » , . ^  -r-T  rv P  iorgans o f ohe body, ou r i n t e r e s t  in  th ese  p ro te in s  a t  the  h e a t Research an- 

i s  based p r im a r i ly  on t h e i r  e f f e c t  on the  te x tu re  o f  m eat, a v e ry  important 
f a c to r  i n  i t s  e a t in g  q u a l i ty .

The s t r u c tu r e  o f  muscle and the  d i s t r ib u t io n  of the  co n n ec tive  t i s 3Û ,; 
p ro te in s  w ith in  the  muscle must be co n sid ered  in  a  s tu d y  of the  ro le  r l a 7eC1 ° 
th e  co n n ec tiv e  t i s s u e  p ro te in s  in  th e  te x tu re  o f m eat. The c o lla g e n  f ib re s  
oi tn e  tendon d iv id e  th roughout th e  muscle to  form  a f in e  netw ork. Bach 
m y o fib r il  i s  su rrounded  by a co llag en o u s  sh ea th  c a l le d  th e  endomysium.

-W-

-ach

62



M \
bundle o f  m y o fib r ils  i s  su rrounded  by an o th er co llag en o u s sh ea th  term ed the 
perimysium and x in a l ly  tne  whole muscle i s  encased  in  a c o lla g en  t i s s u e  known 
as th e  epimysium ( f i g .  l ) .  The m y o fib r ils  o f actom yosin  have a low te n s i l e  
s t r e n g th  and the  c o n tr ib u t io n  o f the  sarcop lasm ic  r r o te in s  must be n e g l ig ib le ,  
the re  j. ore th e  amount o f  co n n ec tiv e  t i s s u e  must be an im portan t a lth o u g h  not the 
s o le  x a c to r i n  tn e  s t r e n g th  o f the  m uscles and co n sequen tly  the  te x tu re  of m eat.

B ia s t in
¿..las u.n occurs i n  g r e a te s t  c o n cen trax io n  in  t i s s u e s  where th e re  i s  a 

need ¿o r e la s t ic ^ e x te n s io n  and complete reco v ery  e .g .  in  ligam en ts  and a o r ta ,  
a  sm all amount, xess th an  1,- i s  p re sen t in  m uscles and i s  m ainly  con fined  to  
th e  c a p i l l a r i e s .

B ia s tin  has a com pletely  amorphous s t r u c tu r e  showing a b s o lu te ly  no 
c r y s t a l l i n i t y  on a n a ly s is  by X -ray  d i f f r a c t io n  -  even when f u l l y  s t r e tc h e d ,  
m e f ib r e s  a re  ex trem ely  ru b b e r—lik e  and i t  i s  th e re fo re  g e n e ra lly  regarded  
as  b e in g  composed of randomly c o ile d  p o ly p ep tid e  ch a in s  k in e t i c a l l y  f r e e  fo r  
most o f t h e i r  le n g th , b u t to  account fo r  i t s  ru b b e r - l ik e  e l a s t i c i t y  and in s o lu -  
o i l ix y  the chain s must be lin k e d  a t  in te r v a ls  by s tro n g  co v a len t bonds ( 2 ) .

iiio Hcibuxo Ci. TjiiGse bonds ws.s cxisccvsnsd. soins s ix  on ssvon yssns ci/ro by 
P a r tr id g e  and Thomas (4 ) .  E s s e n t ia l ly  th ey  d ig e s te d  e l a s t i n  w ith  a whole s e r ie s  
Ox enzymes and f r a c t io n a te d  the  p e p tid e s  o b ta in e d . 'Some p e o tid e s  were found to 
oe r ic h  in  a new amino a c id  which, when c h a r a c te r is e d ,  was found to c o n s is t  o f  
two isom ers term ed desmosine and iso d esm o sin e . The desm osines a r i s e  b io sy n th e -  
t ic a l ly ^  from fo u r  m olecules o f ly s in e .  O x ida tive  deam ination  o f the  € IB ‘ groups 
o f p e p tid e  bound ly s in e  occurs e x t r a c e l lu la r ly  th rough  th e  p resence  of an 
amine o x id a se . The r e s u l t i n g  ly s in e -d e r iv e d  aldehydes condense to g e th e r  w ith  
f ( ° y r t h  01 Lysine ^9 g ive the  s ta b le  c ro s s - l in k s  desmosine and isodesm osine
\,5J (F ig . 2). ix second im o r ta n t  c r o s s - l in k  i s  th e  a ld o l condensa tion  p roduct 
d e riv ed  from the  re a c t io n  o f two ly s in e  a ldehydes ( 6 ) .  A lthough a p re c u rso r  of 
desmosine ic  e x i s t s  in  tne  f ib r e  in  s u f f i c i e n t  q u a n t i t ie s  to  se rv e  as a c ro s s 
l in k  in  i t s  own r ig h t .

I f  the  o x id a tio n  o f th e  ly s in e s  i s  in h ib i te d  one can o b ta in  th e  so lu b le  
p re c u rs o r  t r o p o e la s t in  -  analogous to  tro p o c o lla g e n . I s o la t io n  o f  t h i s  m a te r ia l  
has been achieved  by a group of w orkers a t  the  U n iv e rs ity  o f Utah who e x tra c te d  
t r o p o e la s t in  from th e  a o r ta  o f  p ig s  k ep t on a copper d e f ic ie n t  d i e t  (7 ) .
Copper and p y rid o x a l a re  e s s e n t i a l  c o fa c to r s  f o r  the amine o x id ase . T ro p o e la s tin  
c o n ta in s  40 re s id u es  o f ly s in e /1 0 0 0  re s id u e s  in  c o n tr a s t  to  in so lu b le  e l a s t i n  
which c o n ta in s  3-5 ly s in e /10 0 0  re s id u es  in d ic a t in g  a h igh  degree of c ro s s l in k in g  
takes p la ce  a f t e r  enzymic o x id a tio n  o f th e  p ep tid e  bound ly s in e s .  The e l a s t i n  
th e re fo re  a r i s e s  from a s o lu b le  p re c u rso r  p ro te in  s y n th e s is e d  in  the  c e l l .  The 
m o lecu les , p robably  about 35,000 m o lecu lar w eight (8 ) ,  d if f u s e  to  the s i t e  of* 
f ib r e  fo rm atio n  and th e re  polym erizes to  produce a c ro s s l in k e d  th re e -d im e n sio n a l 
netw ork. Desmosines account f o r  fo u r  o f the  ly s in e  re s id u e s  and the a ld o l  
co n d en sa tio n  p roduct f o r  about f o u r  re s id u e s  co n v erted  d u rin g  th e ~ b io sv n th e s is  
o f th e  c r o s s l in k s ,  le a v in g  approx im ate ly  e ig h t unaccounted forT

Since t r o p o e la s t in  i s  co n sid e red  to  be g lo b u la r  i t  i s  d i f f i c u l t  a t  
p re s e n t  to  see how we can determ ine how fo u r  ly s in e s  a re  brought in to  c o rre c t 
r e g i s t e r  f o r  c ro s s l in k in g  to  g ive desmosine and isodesm osine . * P a r tr id g e  has 
proposed a model based on g lo b u la r  s u b -u n its  c o n ta in in g  hydrophobic c e n tr e s .  
L i t t l e  sequence work has been c a r r ie d  ou t on e l a s t i n  (8) as y e t b u t i t s  amino 
a c id  com position re v e a ls  as h ig h  a c o n ten t o f th e  n o n -p o la r amino a c id s , g iv e ic e , 
P ro lin e  and a la n in e  as c o lla g e n . However, in  c o lla g en * th e se  re s id u e s  a re  in  

d e f in i t e  sequence Gly Fro X r e s u l t in g  in  a p o ly p ro lin e  t r i p l e  h e l ix  whereas in  
e l a s t i n  th e se  re s id u e s  must he d i s t r ib u te d  a t  random so  th a t  p ro l in e  a c ts  as 
c - J ie l ix b reak e r r a th e r  than  a po ly  p ro lin e  h e l ix  i n i t i a t o r .  This i s  supported  

y the  f in d in g  th a t  (C-ly, P ro , P ro ) s y n th e t ic  p o ly p e p tid e s  have a helix*w hereas 
Pro) p o ly p ep tid e s  in  which th e  Gly and Pro a re  randomly d i s t r ib u te d  do no t 

c o n ta in  a h e l ix .  The a c tu a l sequence should  be confirm ed in  th e  m 
h a t  t r o p o e la s t in  can be o b ta in ed ' from copper d e f ic ie n t  po rc in e  a o r ta .
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Nucleus

Mi{o filament 

M y o fib r ! I 

S a r c  optasm  

Sarco/emma  

TZeticu lar f ib e rs

jfndom ysia/ co llagen  an d  f in e  d a s  t in  -Fibers

F i g . l .  Diagrammatic r e p re s e n ta t io n  o f  th e  s t r u c tu r a l  components o f muscle 
d e p ic t in g  th e  d i s t r i b u t io n  o f th e  . s t r u c tu r a l  components.

A llysint Aldol condensation product Unknown Inttr-moleculor cross-lin k
Intro-m oleculor cro ss-lin k

P i g .2. i io s y n e th e t i c ro u te  o f  th e  c r o s s - l in k s  i s o la te d  from e l a s t i n  f ib r e s .
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-  11 T i lCollar-en
numerous s tu d ie s  ov er the p a s t few y ears  have c e n tre d  around th e  

problem ox th e  means by which the  c o lla g e n  f ib r e s  a re  s t a b i l i s e d  re n d e rin g  
them alm ost com pletely  in e x te n s ib le  ( 1 ,9 ) .  Before d is c u s s in g  the  ch em istry  
o i „aese c ro s s l in k s  I  sh o u ld  l ik e  to  b r i e f l y  review  th e  c u r re n t  concen ts  on 
the  s t r u c tu r e  o f th e  c o lla g e n  f ib r e  and m olecu le .

High r e s o lu t io n  e le c tro n  m icroscopy o f  th e  in d iv id u a l f i b r i l s  rev ea l 
th e  w eli known a x ia l  p e r io d ic i ty  o f c o lla g e n . W ithin  each f i b r i l  one can d isc e rn  
th c t  cne m olecules a re  a lig n e d  i n 0u a r a l l e l  and to  accoun t f o r  the  d if fe re n c e  
m  t i e  le n g th  oi m olecules (5S00 A) and the  a x ia l  p e r io d ic i ty  o f  7C0 1 Gross 
ana h is  c o lle ag u e s  (10) proposed th a t  the  m olecules were a lig n e d  in  a q u a r te r -  
s ta g g e r  pack ing , r a th e r  l ik e  b u ild in g  b r ic k s .

Hie m olecules a re  lo n g  and th in ,  2800 x 15 A, and a lthough  a  c e r t a in  
en tang lem ent could  occur i t  i s  d i f f i c u l t  to  account fo r  th e  h ig h ''t e n s i le  
s tren g o n  oi th e  f ib r e  and th e o r e t ic a l ly  th e  m olecules sh o u ld  be capable o f

Pa s t , each 0 th e r  under lo a d - i s  now g e n e ra lly  accep ted  th a t  the  
in c re a s e  in  s t r e n g th  i s  ach ieved  by the  in tro d u c t io n  o f c o v a le n t c ro s s l in k s  
between tn e  m olecules making up the f i b r e  (F ig . 3 ) .  The absence o f c y s te in e  
from c o lla g e n  p rec lu d es  th e  involvem ent o f  th e  u su a l co v a le n t c ro s s l in k  p re s e n t  
i n  ooher p r o te in s ,  and i t  i s  the  ch em istry  o f  the  c ro s s l in k s  unique to  c o lla g e n  
ana e lc is t in  th a t  have occup ied  our i n t e r e s t  f o r  the  p a s t  few y e a rs .

. n ltiiough the c ro s s l in e s  betw een the  m olecu les account f o r  the  s tre n g th  
■xm i n s o lu b i l i t y  o f c o lla g e n , we w i l l  f i r s t l y  c o n s id e r  the s t r u c tu r e  o f  th e °
tro p o c o lla g e n  m olecule i t s e l f  as t h i s  has an im p o rtan t b earin g  on the  f in a l  
moae o f c ro s s l in k in g .

, \  sm all p ro p o r tio n  o f c o lla g e n  may he e x tra c te d  by d i lu te  a c e t ic  a c id
and th i s  has been shown to  e x i s t  in  s o lu t io n  as tro p o c o lla g e n  monomers. Each
p S eC? i ° k S Eade UP ° f  th reS  Po lyPep tid e  c h a in s , each  in  a p o ly p ro lin e  h e l ix  una cs.ll th re e  cn a in s  wound round to g e th e r  in to  a su p e r h e l ix .  ‘

1:9c't i n g  to  40° the  t r i p l e  h e lix  c o lla p s e s  and a n a ly s is  on th e  
. t ra c e n ti ix u g e  re v e a ls  two o r  th re e  peaks o f d i f f e r e n t  m o lecu lar w e irh t 
in ^ te ^ a  ox a  s in g le  s p e c ie s .  D eterm ination  o f  th e  m olecu lar w eight rev ea led  
that tney  were s in g le  c c h a in s , double a ch a in s  (p ) ,  o r  t r i p l e  a chain s ( y) 
in d ic a t in g  c o v a le n t c ro s s l in k in g  w ith in  the  m o lecu le . F u r th e r a n a ly s is  
re v e a le d  th a t  th e  c ro s s l in k in g  cou ld  be c^-a-, ((5 ,.)  o r  ( b1 ?) ( 1 1 ) .  The
n a tu re  and b io s y n th e s is  of th e se  c ro s s l in k s  was e lu c id a te d  By ? Ie z  and h is  
c o lle ag u e s  (1 2 ) . a n a ly s is  o f  the IT-term inal p e p tid e s  rev ea led  th a t  the  c ro s s 

in g  was lo c a te d  in  th i s  re g io n  and th ey  proposed  th a t  i t  was an a ld o l  conden
s a t io n  p ro au c t d e riv ed  from the  co n d en sa tio n  o f two ly s in e -d e r iv e d  a ld eh y d es .

m inationTlie € 1^2  ° i  t ne two p ep tid e  bound ly s in e s  undergo enzymic o x id a tiv e -d e  
0 aldenydes as tne  f i r s t  s ta g e  in  the  b io sy n th e s is  of the  c r o s s l in k

In^view  of the  ease  o f o b ta in in g  h ig h ly  p u r i f ie d  so lu b le  c o lla g e n  the 
emphasis o f the  c ro s s lira c in g  s tu d ie s  c e n tre d  around tro p o c o lla g e n . However 
i t  must be em phasized th a t  t h i s  c ro s s l in k  e x i s t s  w ith in  th e  m olecule i t s e l f *
^nd th e re fo re  i s  u n lik e ly  to  c o n tr ib u te  s ig n i f i c a n t ly  to  th e  s t a b i l i t y  o f  the  
^ i j r i l .  i t  i s  the  in te m o le c u la r  bonds t h a t  a re  th e  most im p o rtan t from a 
s t ru c tu ra l ,  p o in t o f  v iew . U n fo rtu n a te ly , as soon as th e  in te rm o le c u la r  c r o s s -  
J-inks xorm, th e  co lla g en  ra p id ly  becomes in s o lu b le  making the  an a ly ses  o f  
wiese c ro s s l in k s  ex trem ely  d i f f i c u l t .

. C onfirm ation  o f th e  e x is te n c e  o f in te rm o le c u la r  c ro s s l in k s  was ob ta in ed  
°y •e is  ana h is  co-w orkers (1 3 ) . They e x tra c te d  in s o lu b le  c o lla g e n  w ith  
d e n a tu rin g  ag en ts  such as guan id ine  h y d ro ch lo rid e  and se p a ra te d  th e  components 
^ carooxym ethyl c e l lu lo s e  colum ns. The id e n t i f i c a t i o n  o f components such a3 

£22 « ¡a  y222 co u ld  on ly  have a r i s e n  by in te rm o le c u la r  c ro s s l in k in g  and th i s  
in cu n g w as  f u r th e r  supported  by th e  i d e n t i f i c a t i o n  o f  , components i . e .  polymers 
1 m o lecu lar w eirqit h ig h e r  th an  Y component.

0 „ a ae im portance o f tn e se  in te rm o le c u la r  c ro s s l in k s  f o r  the  s t a b i l i z a t i o n  
mj . 'l'~ 10 Cc'n dem onstrated, v e ry  d ra m a tic a lly  in  exp erim en ta l la th y r is m .
re~i°i x0il-dddon Cc-n ce induced  »by the  in je c t io n  o f 6-amino p r o n io n i t r i l e  which 

ln  ex tr5 E 9 ly f r a g i l e  connective  t i s s u e  ( 14 ) .  When in je c te d  in  f e r t i l e  
Ubo re s u lta n c  c h ic k s , a lth o u g h  co m p le te ly  formed, have no s tre n g th  and on
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(o) INTRA-MOLECULAR CROSSLINKS
Y'W

”___ " ______ __  '6 »2
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opening ehe e^g  the  w eignt o f the  ch ick  i s  sometimes s u f f i c i e n t  to  sep a ra te  
the  body from th e  head. The f r a g i l i t y  o f the  c o lla g e n  su g g es ts  th a t  the  
fo rm atio n  o f  th e  in te n n o le c u la r  c ro s s l in k s  i s  in h ib i te d .  Exam ination o f th e  
c o lla g e n  re v e a ls  tn a t  i t  i s  ex trem ely  s o lu o le ,  and on d e n a tu ra t ic n  no c ro s s 
l in k s  a re  d e te c ta b le ,  i . e .  th e  s o lu t io n  c o n ta in s  tro p o c o lla g e n  c o n s is t in g  on ly  
of complete^ a -c h a in s  in d ic a t in g  in h ib i t i o n  o f th e  fo rm ation  o f both  i n t r a  and" 
in te rm o lecu x a r c r o s s l in k s ,  ß an l nas now been shown to  fu n c tio n  bv i n h ib i t  in.»* 
the  enzymic o x id a tiv e  deam ination  o f the  £KE o f the  ly s in e  re s id u e , thus 
p re v e n tin g  th e  fo rm ation  o f c ro s s l in k s  (1 1 ) .

Thê  i n h ib i t i o n  of both i n t r a  and in te rm o le c u la r  c ro s s l in k s  in  l a thvrism
in d ic a te d  tn a t b o th  ty p es  o f c ro s s l in k s  a re  m ediated through the same type of 
mechanism. This su g g ested  a means o f ta c k l in g  the  problem  of in te n n o le c u la r  
c r o s s l in k s .  I t  iras decided  uo s t a b i l i s e  the ly s in e -a ld eh y d e  by m ild  re d u c tio n  
and in  view of th e  involvem ent o f so few re s id u e s  t r i t i a t e d  po tassium  borohydri: 
v,as . ip lo jed  (•!?)• m e c-loehyde p re c u rs o r s ,  and any re d u c ib le  c ro s s l in k s  re su ltin g
irom une reçueuion cu in e se  a ld eh y d es, would be s t a b i l i s e d  by re d u c tio i. . . .  . . , . . .  . u ---- ’ ------ “ ““ -  »uu.i j .uuu u j  t c u a u u O u  tniiS
peiu .i u i'ing t u e i r  l a e n r i i  i c a t io n  ax t e r  a c id  h y d ro ly s is  and amino a c id  a n a ly s is ,  
a  number^ox ra d io a c t iv e  peaks were observed  in  p o s i t io n s  remote from the  s tan d a rd  
amino a c id s  in d ic a t in g  new amino a c id s .  Some o f th e se  components have been 
i s o la te d  and id e n t i f i e d  by mass sp ec tro m e try , t h e i r  s t r u c tu r e  co n firm in g  th e i r  
su g g es ted  ro le  as c ro s s l in k s  (F ig . 4 ) .

In  the  so x t t i s s u e  c o lla g e n s , e .g .  r a t  sk in  and r a t  t a i l  tendon the 
Kcijor re d u c ib le  c ro s s l in k s  a re  l a b i l e  a ld im ine  bonds one o f which has been 
id e n t i f i e d  as denydro-hyaroxy 1 ysinonor 1 e u c in e . A second more Comdex S c h if f  
base c r o s s l in k  i s  p re se n t in  th ese  t i s s u e s  bu t i t s  s t r u c tu r e  has n o t y e t *been 
e lu c i d a t e d ._ P a r t i a l  c h a r a c te r i s a t io n  in d ic a te s  th a t  i t  i s  d e riv e d  from th e  
fu r  t i e r  co n d en sa tio n  o f tn e  aldehyde fu n c tio n  ox the i n t r a  m o lecu lar a ld o l  
c ro s s l in k  to  a re a c t iv e  group on an a d ja c e n t m olecu le . The ease w ith  which 
th e se  bonds a re  ru p tu red  by d i lu te  a c id s  r e a d i ly  accounts f o r  th e  h igh  s o l u b i l i t y  
o f th ese  t i s s u e s .

The le s s  s o lu b le  t i s s u e s  such  as tendon c o n ta in  an a d d i t io n a l  cross'* ink  
which we have d e s ig n a te d  syndesine  (1 6 ) . 'Tne bond i s  r e l a t i v e ly  more s ta b le  
w hich su g g es ts  i t  may be r e la te d  to  th e  s o l u b i l i t y  o f  the  t i s s u e .  This i s  
i n d i r e c t l y  su p p o rted  by the  f in d in g  th a t  w ith  in s o lu b le  bone and c a r t i l a g e  
c o lla g e n  syndesine i s  th e  only  m ajor re d u c ib le  c r o s s l in k .

iLe loc.r.oi.Oj.u oj. tn e se  c ro s s l in k s  w ith in  the  c o lla g e n  f ib r e  has no t y e t bee. 
e lu c id a ted .^  uowever, one end o f th e  c r o s s l in k  must invo lve  the  ly s in e  re s id u e  
alm ost a t  th e  i,n9-te rm xnal end o f the  tro p o c o lla g e n  m olecu le. This reg io n  i s  
n o n -h e lic a l  and Hius p e rm its  enzymic o x id a tio n  of the  1 1TEL group of the  ly s in e  
oi l i j sin© I'GsicruGs i n  oliis i^^rion "to "bliG c o r~porio X ng cilddiydo* TIig 
n o n -h e lic a l  re g io n  i s  a ls o  s u s c e p tib le  to  p ro te o ly t ic  enzyme and can r e a d i ly  be 
c leaved  from the  t r i p l e  x e l i c a l  body o f the  m olecule as a p e p tid e  c o n ta in in g  the 
ipjpca m o lecu lar c ro s s l in k  o r  e. s in g le  p e p tid e  c o n ta in in g  th e  ly s in e —aldehyde 
p ie c u r s o r . The lo c a t io n  o f th e  second re s id u e  i s  c u r re n t ly  under in v e s t ig a t io n ,  
bu t ij. tne  cuai’te r - s ta g g e r  a lignm ent o f the  m olecules in  the  f ib r e  i s  assumed to  

e c o r re c t  th e  second re s id u e  must re s id e  a lo n g  the  t r i p l e  h e l ic a l  body o f th e  
m o lecu le .

C ollagen ra p id ly  becomes le s s  so lu b le  w ith  in c re a se  in  age of th e  t i s s u e .  
R eduction  of the  t i s s u e  re v e a le d  th a t  th e  p ro p o r tio n  o f re d u c ib le  c ro s s l in k s  
d ec rea sed  w ith  in c re a s e  in  age su g g e s tin g  th a t  th ey  must have s t a b i l i z e d  
them selves as a n o n -red u c ib le  form . The mode of s t a b i l i z a t i o n  i s  a t  p re se n t 
b e in g  s tu d ie d .

To summarise th en , we have proposed th a t  in  c o lla g e n  th e  f ib r e  i s  
s t a b i l i z e d  by a  system  o f in te n n o le c u la r  c ro s s l in k s  based on re a c tio n s  o f the 
ly s in e  and hydroxy lysine  d e r iv e d  a ld eh y d es . Two ty pes o f bonds have been 
shovTi to  be p re s e n t ,  l a b i l e  a ld im ine bonds and s ta b le  a ld o ls .  The g r e a te r  the  
p ro p o rtio n  o f hydroxy lysine  p re se n t in  the  n o n -h e lic a l  te rm in a l reg io n  co n v erted  i 
aldehyde th e  g re a te r  the p ro p o r tio n  o f th e  syndesine  c r o s s l in k  and°the le s s  
so lu b le  th e  c o lla g e n . The e x te n t  o f h y d ro z y la tic n  o f the  te lo p e p tid e  ly s in e

‘'e ^  136 a  c o n tr o l l in g  f a c to r  in  the  type o f  cx-osslink re q u ire d  in  a p a r t ic u la r  
is s u e ,  i / i th  in c re a se  in  age th ese  re d u c ib le  c ro s s l in k s  appear to  be s t a b i l i s e d  

r e s u l t in g  in  a le s s  so lu b le  c o lla g e n . Comparison of t i s s u e s  re v e a ls  th a t  s k in  
c o n ta in s  m ain ly  the  l a b i l e  a ld im in e  bonds, w h i ls t  tendons c o n ta in  the a d d i t io n a l  
syndesine  bond, and cone and c a r t i l a g e  c o lla g e n  co n ta in  n redom inan tly  the  sy n d es ir 
crosslink.
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H i

the musculai 
th  a th in

„ on c o n s id e ra tio n  o f th ese  f in d in g s  w ith  r e s p e c t  to  the  q u a l i ty  c o n tro l
° 1 hG+ X 0I> ° e a t  we a re  Pr0 ^ ah ly  a t  a s ta g e  where more q u e s tio n s  can be 
posed than  answ ered, however, many experim en tal f a c ts  can now be seen  on a 
more r a t io n a l  b a s i s . I t  i s  obvious from these  s tu d ie s  th a t  the  d u a l i ty  o f
mL® ' *h® t ype c r o s s l in k ,  i s  more im p o rtan t than  the  q u a n t i ty .

IT e s a c a ^ c n s  oi the  q u a l i t y  o f co llag en  in  v a r io u s  m uscles can be 
m is lead in g  i f  a p p lie d  to  the  assessm en t o f t e x tu r e .

A second c o n s id e ra tio n  i s  th e  f in d in g  th a t  th e re  a re  q u a l i t a t iv e  and 
q u a n t i ta t iv e  d if f e r e n c e s  m  the  n a tu re  o f the c ro s s l in k s  between t i s s u e s  of 
t„ e  same an im al, v.e a re  now p u rsu in g  th i s  q u e s tio n  in  r e l a t i o n  to  changes in  
th e  in tram u sc u la r  connec tive  t i s s u e  ( i . e .  the  endo and perimysium) between 
v a r io u s  m u sd e s . The more a c t iv e  le g  muscles a re  known" to  c o n ta in  more c o l l a ^ 11 
y i )  tiu iE ay  a lso  c o n ta in  a g r e a te r  p ro p o r tio n  o f s ta b le  c ro s s l in k s  th an  the 
l e s s , a c tlv e  i-n sc lcs  such as the  psoas m ajor. The co arsen ess  o f  th e  m usculature 
may^ue im p o rtan t, e .g .  Aberdeen Angus has a f in e  g ra in e d  muscle w itl 
perim ysium  w h ils t  th e  h igh  growth r a te  anim als o f te n  have a  coarse  
m uscle w ith  a th ic k  perim ysium . Sven w ith  a s in g le  anim al the  g ra in  v a r ie s  i . e -  
th e  semimembranosus i s  coarse  w h ils t  the  sem itend inosus has a  f in e  s t T’uctu '~e. ^ 
l u r t h e r  c o n s id e ra t io n  must be th a t  o f age o f the  t i s s u e  e .g .  v e a l 'c o n ta in s 'a  
i ig n e r  p ro p o r tio n  o f c o lla g e n  th an  o ld e r  beef y e t  the  c ro s s l in k s  a re  therm ally  

i a b i i e  r e s u i tm g  m  a r e a d i ly  s o lu b le  co llag en  which i s  exuded from th e  meat and 
o f te n  lead s  to  a  a ry  f r i a b l e  te x tu re  in  the  m eat. O lder c o lla g en  c o n ta in s  s ta b ic 
c ro s s l in k s  and on therm al d e n a tu ra tio n  i s  not l o s t  from the  m eat, and i f  too 
h ig n ly  c ro s s lin k e d  c o n tra c ts  f u r th e r  on h e a tin g  c a u s in g  an ex cessiv e  shrinkage 
It rh® E eat °n cooking , and r e s u l t s  in  tough m eat. In  a d d itio n , i t  i s  possib le  
.h a t the  r a te  o f  ag e in g  may be d i f f e r e n t  in  d i f f e r e n t  m uscles.

j. J °  H  cdeci:I' th e re fo re  th a t  co llag en  i s  no t som ething one does n o t want 
in  meat b u t i s  an e s s e n t ia l  component o f  f r e s h  meat in  p ro v id in g  an accep tab le  
te x tu r e ,  nowever, u n lik e  most o th e r  muscle components c o l la r e n  v a r ie s  in  i t s  
p r o p e r t ie s ,  p r im a r i ly  th e  e x te n t  o f  c ro s s l in k in g , both  w ith  age and ty re  of 
t i s s u e .

C ontro l o f  th e  r a te  o f  c ro s s l in k in g  cou ld  le a d  to  meat w ith  the  opti®®1 
number o f c r o s s l in k s .  This may n o t be p o ss ib le  ch em ica lly  but i t  may be 
p o s s ib le  to  c o n tro l  th e  r a te  o f grow th , o r , d u rin g  'f i n i s h i n g ' o f  the  animal 
i t  may pu t on new weakly c ro s s lin k e d  co lla g en  (and p ro b ab ly  f a t )  thus d i lu t in g  
ou t th e  e f f e c t  o f  th e  co lla g en  a lre a d y  p re s e n t .  .A lte rn a tiv e ly , once th e  nature 

, th e  c ro s s l in k s  i s  known i t  may be p o ss ib le  to  ru p tu re  th ese  bonds s r e c i f i "  
c a i l y  p r io r  to  co o k in g . A le s s  s e le c t iv e  means m ight be to  c leave  thcH :on- 
n„ i c a  c ro s s l in u in g  reg io n  from th e  m olecule w ith  s p e c i f ic  p r o te o ly t ic  enzyme*
, e P re se n t p ro c e sse s  u t i l i z i n g  p r o te o ly t ic  enzymes only  a c t 'o n  th e  therm ally  
d en a tu red  co lla g en  and the  a t ta c k  i s  th e re fo re  n o n -s e le c t iv e  and g e n e ra lly  
p roceeds too f a r .

The above c o n s id e ra tio n s  app ly  to  the ro le  o f c o lla g e n  in  meat texture» 
and^o ther th in g s  being  eq u a l i t  must be a m ajor c o n tr ib u to r .  I t  i s  u n lik e ly  
th a t  e l a s t i n  makes a s ig n i f i c a n t  c o n tr ib u tio n  to  the  te x tu re  o f meat s in ce  i t  -Ps 
is p re se n t in  ex trem ely  sm all amount, and i s  g e n e ra lly  co n fin ed  to  the  c a p i l la H" 
nowever, p o s t- s la u g h te r  c o n d itio n s  can a lso  a f f e c t  te x tu re  e t v  c o n tra c tio n  0 
the muscle f ib r e s  known as co ld  sh o rte n in g  (18) and th e se  fa c to rs ''m u s t be ta-'*0 
m uo account in  any o v e ra l l  assessm ent o f  meat te n d e rn e ss .  ̂ -r

Collagen and e l a s t i n  a re  two unique p ro te in s  p e r f e c t ly  t a i l o r e d  to ^ c' 
th e  needs o f  t h e i r  p a r t i c u l a r  fu n c t io n .  However, i t  I s  c l e a r ' ' t h a t  t h e i r  „i9 , 
r e la t io n s h ip  to  th e  q u a l i ty  o f meat re q u ire s  an u n d e rs tan d in g  o f th e  b io s y u - '6-5 
f ib ro g e n e s is  and c ro s s l in k in g  o f c o lla g e n  and e l a s t i n  a t  a fundam ental le v e l-
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