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UL TR A ST R U C T U R A L  STU D IES ON SOLUBILIZED 

AND RECO N STITU T ED  COLLAGENS

C H A PT E R  I 

INTRODUCTION

T he  d i scove ry  by deBrogl ie  ( 1 9 2 4 )  tha t  a  moving e lec t ron  can  be 

a s s i g n e d  a  ve ry short  wave  length and the demonstrat ion by Busch  ( 1 9 2 6 )  that  a 

su i t ab ly  sha ped  magnet ic  or e l e c t r o s t a t i c  field could be used  a s  a  t rue  lens  for an 

e lec t ron  beam (W ischn i t ze r ,  1 9 6 2 )  ini t ia ted a  l ine of inves t iga t ion  tha t  led to the 

a lm os t  s im ul taneous  cons truc t ion  of the  e lectron  microscope by R uska  and Knoll 

and by Ruedenberg in 1 9 3 1 .  Marton ( 1 9 3 4 )  w a s  the  f irst  to apply  e lec t ron  micro

s cop ic  t e c h n iq u e s  to biological  o b j e c t s  (Wyckoff,  1 9 4 9 )  but a  working resolut ion  

o f  about  5 0  A w a s  not ach ieved  until the  ea r ly  n in e t e en - fo r t i e s  (Sc hm i t t ,  1 9 4 4 - 4 5 )  

Use of  the e lec t ron  microscope to  s tudy  connec t ive  t i s s u e  w a s  a t t empted  at th i s  

t ime and the  c r o s s - s t r i a t e d  banding pa t te rn  in co l l agen  f ibr ils  was  desc r ibed  by 

S c h m i t t ,  Hall and J a k u s  ( 1 9 4 2 ) .

Z a c h a r id e s  ( 1 9 0 0 )  noted tha t  ra t  tail  tendon could be d i s s o lv e d  in di lute  

a c e t i c  ac id and Nageot te  ( 1 9 2 7 )  p rec ip i t a ted  f ibers  tha t  had the  p roper t ie s  of 

na t ive  co l l agen  from such  s o lu t i o n s .  Examina t ion of connec t ive  t i s s u e  ex tr ac t s
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with  e lec t ron  microscopic  t e c h n i q u e s  soon led to the d i scovery  of f ib ro u s - lo n g -  

spac ing  ( F L S ) ,  (Highberger ,  G ross  and S c h m i t t ,  1 9 5 0 )  and s e g m e n t - lo n g - s p a c in g  

( S L S ) ,  (Sc hm i t t ,  Gross  and Highberger ,  1 9 5 3 )  t ypes  of c o l l a g e n ,  ne i ther  of  

which  occur  in nature (Cox,  Grant  and Horne,  1 9 6 7 ) .

A major problem in c o l l a g e n  r e s e a rc h  has  been  concerned  w i th  the 

morphology of the co l l agen  molecule  and i ts  aggrega t ion  into f ib r i l s .  Schmit t  

( 1 9 4 4 - 4 5 )  sugges ted  two p o s s i b l i t i e s  for the formation of  f ibers ;  (1) by la teral  

and longi tudinal aggrega t ion of ex tr emely  thin preformed f ibrous u n i t s ,  p o s s ib ly  

the  highly e longa ted  nat ive pro tein molecu le s  t h e m s e lv e s ,  or (2) by columnar  

aggrega t ion  of  re la t ive ly  symmetr ica l  so luble  globular  m o le c u le s .  The  genera l ly  

a c c e p te d  theory at  p resen t  a s s u m e s  the  e x i s t e n c e  of a  fundamental  co l l agen  p a r 

t i c l e  t ha t  occurs  in t h e  form of d i sc r e te  monomeric uni ts  (Schmi t t ,  e t  a l . ,  1 9 5 5 ;  

Hodge and S c h m i t t ,  1 9 6 1 )  named " tropocol lagen"  by G r o s s ,  Highberger  and 

Schmit t  ( 1 9 5 4 ) .  From i ts  phys icochemica l  behav io r ,  it is a s sum ed  to  be an 

e l o n g a t e d ,  s t i f f ,  rod -sh a p e d  macromolecule  approximately 1 4  A in d iamete r  and 

3 0 0 0  A long with a molecular  we igh t  of  3 0 0 , 0 0 0  (G ross ,  e t  a l . ,  1 9 5 4 ;

J a c k s o n ,  1 9 5 8 ;  Boedtker  and Doty,  1 9 5 4 ,  1 9 5 5 ,  1 9 5 6 ;  Hodge and S chm i t t ,  

1 9 6 0 ) .  No such pa r t i c l e  has  e v e r  been  demons tra ted  in intact c o nnec t ive  t i s s u e  

or c o l l agen  f ib r i l s .  E lec t ron  mic roscop ic  s tu d i e s  of shadowed p repara t ions  of  

" t ropoco l l agen"  (Hal l ,  1 9 5 6 ;  Hall and Doty,  1 9 5 8 ;  R ic e ,  1 9 6 1 )  have yielded  

p i c tu re s  of  long ,  f i lamentous  un i t s  wh ich have be en  interpreted to  be fundamental  

bui lding b locks  of c o l l a g e n .  S c h m i t t ,  Gross  and Highberger  ( 1 9 5 5 )  be l i eved  

t h e s e  e longa ted  p a r t i c l e s  to be the  "k ine t ic  un i t"  of  c o l l a g e n .  T h e r e f o r e ,  the
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l ength of an  S L S  segm en t  w a s  thought  to be the length of  a  t ropocol lagen  mole

c u l e ,  the  band p a t t e rn  of  S L S  being a  "molecu la r  f ingerp rin t"  of the b a s ic  mono

meric  uni t o f  c o l l agen  wi th  many t ropoco l lagen  m ole cu le s  aggrega ted  s id e - b y -  

s id e  and  wi th  l e v e l s  of order  in r e g i s t e r  (Hodge and S c h m i t t ,  1 9 6 0 ;  Schmit t  and 

Hodge ,  1 9 6 0 ;  Hodge ,  e t  a l . ,  1 9 6 0 ;  Hodge and P e t r u s k a ,  1 9 6 2 ,  1 9 6 3 ;  

P e t r u s k a  and Hodge ,  1 9 6 4 ;  C o x ,  e t  a l . ,  1 9 6 7 ) .

Examina t ion  of  shadowed  p repa ra t ions  p u b l i she d  by Hall ( 1 9 5 6 ) ,  Hall 

a n d  Doty ( 1 9 5 8 )  or R ice  ( 1 9 6 1 )  r e v e a l s  a " beaded"  pa t t e rn  along the  " f i laments"  

t h a t  were thought  to be t ro poco l lagen  p lu s  globular  p a r t i c l e s  of  the same s i z e  a s  

t h e  " beaded"  e le m en ts  s c a t t e r e d  among the f i lamentous  s t r u c tu r e s .  T h e s e  glob

u l a r  un i ts  were appa ren t ly  ignored by the  authors  and  su b s e q u e n t  inves t iga to rs .  

A l s o ,  t h e  histogram o f  a bou t  1 0 5  measurements  of t ropoco l lagen  lengths  in the 

or iginal  publ ica t ion  by Hall ( 1 9 5 6 )  r evea led  a  wide  d is t r ibu t ion  ranging from 

about  5 0 0  A to 4 0 0 0  A wi thou t  any pronounced peak  but  an average  of  about  

2 2 0 0  A .  It seems r e a s o n a b le  to  e x p e c t  length m easu rem en ts  of the col lagen 

molecule  to fall within  a  r e l a t i v e ly  narrow range a n d ,  if S L S  is  to be a  "f inger

pr in t"  of  t h i s  m o le c u le ,  the lengths  o f  t ropocol lagen  and S L S  should be in c lo s e  

ag re e m e n t .  Using nega t ive  s ta in ing  t e c h n i q u e s ,  Olsen  ( 1 9 6 7 )  found a  range of 

2 8 0 0  A to 3 4 0 0  A w i th  a  mean of  3 1 3 0  A ,  and G ross  ( 1 9 5 6 )  reported lengths  

averag in g  2 4 0 0  A in p o s t i v e l y - s t a i n e d  m ate r ia l .  T h e r e f o r e ,  a  range of  S L S  

leng ths  varying by at l e a s t  1 0 0 0  A h a s  been repor ted .

Severa l  a l t e r n a t iv e s  to  the t ropoco l lagen  theory have been p roposed .  

S t u d i e s  of  na t ive  t y p e ,  fo rm a ldehyde - t rea ted  and chromium- tanned co l l agen  f ibr i ls



by shadow c a s t i n g ,  phospho tu ngs t ic  acid  p o s i t i v e  s ta ining  and sodium tungs ta te  

nega t ive  s ta in ing  led Borasky  and Shimony ( 1 9 6 5 )  to  p o s tu la te  a  fundamental  

s t ructural  e le m en t  in c o l l agen  tha t  is 6 5 0  A long .  X - r a y  diffract ion s tu d i e s  by 

Cowan ,  North and Randall  ( 1 9 5 5 )  y ie lded  da ta  wh ich  they  interpreted a s  requir ing 

a " spher ica l  or e l l ip so ida l  diffractor  of l ength  2 1 0 - 2 4 0  A . "  The  "procol lagen"  

molecule  e x t rac ted  from connec t ive  t i s s u e s  by c i t r a t e  buf fers  w a s  deduced by 

B r e s l e r ,  us ing phys icochem ica l  m e thods ,  to be a  cyl indr ica l  macromolecule  with 

a  diamete r  of  abou t  1 7  A ,  length 3 8 0  A and a  weigh t  of  about  7 0 , 0 0 0 .  There  

w a s  thought  to be a po lypept ide cha in  approximate ly 2 4 0 0  A long co i l ed  within 

t h i s  "cy l inder"  (Highberger ,  Gross  and  S c h m i t t ,  1 9 5 1 ) .  T h e  ex tract ion  of  ca lf  

s k in s  wi th  phospha te  buffer  and the subseque n t  s a l t in g - o u t  of  the co l l agen  with 

s a tu ra ted  ammonium su lfa te  so lut ion y ielded small  globular  uni ts  (Kahn,  Carroll 

and W i tn a u e r ,  1 9 6 2 ) .  T h i s  p rec ip i t a te  could be  reso lub i l i zed  and aga in  s a l t e d -  

out  until  a  type of  banded fibril w a s  p roduced .  R ic h te r ,  e t  a l . ( 1 9 6 9 )  have 

demons t ra ted  the  p re s e n c e  of  a globular  unit  in model dog s c a r  t i s s u e ,  tendon ,  

e t c . ,  having a p e a r - s h a p e d  configurat ion wi th  an  over-al l  length of about  2 7 0  A ,  

a  width a t  the bulbous portion of  1 0 8  to 1 1 6  A and a  wid th  in the thin part  

averag ing  5 7  A .  Davidov i ts  ( 1 9 6 6 )  proposed a  "macromolecular  mice l l e"  model 

for c o l l agen  c o n s i s t in g  of a  macromolecula r-chain wound into a  spiral  which  

c o n s i s t s  of  s t ra ight  lengths  of ch a in s  and c u r v e s ,  the  general  form being a  p lanar  

ovoid d i sk  which  is ab le  to swell  in so lu t io n .  Fu r the rm ore ,  he s t a t e s ,  "The 

rod - l ik e  s t ruc ture  of  t ropocol lagen is cons id e red  to be a spec ia l  dena tured  form 

of  co l l agen  un ique ly  obtained under  ce r t a in  cond i t io ns  of t e m p e ra tu re . "
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Gross  descr ibed  time s tu d ie s  of F L S  formation in which the ea r ly  

s t a g e s  are  cha rac te r ized  by "clouds of  de nse  s p h e ro i d s . "  T h e s e  di sappeared 

with increas ing  t ime of precipi ta t ion and were rep laced  by typ ical  F L S  f ib r i l s .

S L S  a l s o  tended to form "dense ly  s ta ining  spheroidal  c e n te r s  about  5 0 0  A in 

d iameter"  (Schm i t t ,  e t _ a [ . , 1 9 5 5 ;  G r o s s ,  1 9 5 6 ) .

Most  micrographs of co l l agen  f ibr ils show a "globular"  s t ructure  occur 

ring randomly among the f ib r i l s .  T h e s e  are  general ly  ignored in the desc r ip t ions  

of c o l l agen  morphology. Cox,  Grant and Horne ( 1 9 6 7 )  s ta t e  t h a t ,  " the part 

played by the  long l inear  protofibril  in the formation of the na t ive - type  co l l agen  

fibril (Hodge and Schm it t ,  1 9 6 0 ;  Hodge and  P e t r u s k a ,  1 9 6 3 ;  Hodge, e t  a l . ,  

1 9 6 0 ;  O l s e n ,  1 9 6 3 b )  has  been  too readi ly  a c c e p t e d . "  Human dermal co l l agen  

f ibers  f ragmented in a Waring blender  show globular  un i ts  near  the frayed ends  of 

f ibr ils  where some separa t ion  has  occurred between subun i t s ;  s imilar  pa r t i c l e s  a r t  

d is t r ibu ted  randomly among the f ibr ils in the  micrographs done by Grassman and 

his coworkers  ( 1 9 5 7 ) .

E x te n s iv e  prel iminary s tu d ies  in our laboratory on ex tr ac t s  of  model 

s c a r  t i s s u e s  from the  dog,  rat tai l  t endon ,  dog tendon and skin and carp swim b lad 

der  tunic  have co n s i s t en t ly  revealed a  globula r-f ine  s t ructure  in recons t i tu ted  c o l l a 

gen p r e p a r a t i o n s .  T h e s e  f ind ings ,  the of ten ignored da ta  in the  l i terature and the 

p reva len t  as sum pt io n  that  S L S  is a "molecular  f ingerprint"  of  the co l lagen  mole

c u le  led to the cho ice  of  S L S  prepara t ions  a s  a  model for inves t igat ing  co l l agen  

u l t r a s t ruc tu re .  An at tempt  has  been made to  eva lua te  the ui t ras t ructural  deve lo p 

ment of t h e  S L S  type  of col lagen fibril by conduc t ing a  t ime s tudy  of S L S  formation.



C H APT ER II 

M A TE R IA LS AND M ETHODS 

M ate r ia ls

The  b io log ica l  material  c o n s i s t e d  of c o l l a gen  ex t r a c te d  from the tun ica  

e x te rna  of  the  carp (Cyprinus carpio)  swim b ladde r .  T h e  tun ic s  were fragmented 

in a Sorvall  Omni-M ixer  (Ivan S o r v a l l ,  I n c . ,  Norwalk ,  Connec t ic u t) .  Low -spe e d  

cen tr i fuga t ions  w ere  performed in an Internat ional b u c k e t - ty p e  centr i fuge having 

a  rad ius  of 2 4  cms  in a  cold room of 8 °  C or l e s s .  High speed  centr i fuga t ions  

were  carr ied  out in a  Sp inco  prepara t ive  u l t racentr i fuge  at  5 ° C .  Visking d ia lys i s  

tubing 7 . 5  cm f lat  w i d t h ,  wall  t h i c k n e s s  0 . 0 0 1 6  in ch ,  w i th  an average pore 

d iamete r  of 2 4  A w a s  u s e d  (Union C a r b id e ) .

Sodium a c e t a t e  w a s  prepared a s  a  0 . 5  molar so lut ion in d i s t i l l ed  w a t e r .  

The  la t te r  w a s  pu rch a s e d  from Cutter  L a b o r a to r i e s ,  B e r k e l e y ,  Ca l i fo rn ia ,  as  

s te r i l e  wa te r  for i n j e c t i o n ,  U S P .  Ci t ra te  bu ffe r ,  pH 4 . 3  conta ined  0 . 1  M ci t r ic  

ac id and 0 . 1  M sodium c i t r a t e .

Spec im en  s c r e e n s  were 3 0 0  mesh copper  gr ids  pu rchased  from Ernes t  

F .  F u l l a m ,  I n c . ,  P . O .  Box 4 4 4 ,  S c h e n e c t a d y ,  New Y ork .  Supporting films 

were made from polyvinyl  formal p l a s t i c ,  " F o rm v a r , "  (Shawin igan  R e s in s  Corp

o ra t ion ,  S p r ing f ie ld ,  M a s s a c h u s e t t s ) . Embedding p l a s t i c s  were a mixture of
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ethyl  methacry la te  monomer ( 2 0  par ts)  and butyl methacrylate  monomer ( 8 0  p a r t s ) . 

T he  po lymeriz ing  agen t  or c a t a l y s t  w a s  3% benzoyl  pe rox ide .  Embedding c a p 

s u l e s  were  ob ta ined  from BEEM (Bet te r  Equipment  for E lec t ron  M ic roscopy ,  I n c . ,  

P . O .  Box 1 3 2 ,  Je rome Avenue  S t a t i o n ,  Bronx,  New Y ork ) . Ultrathin s e c t io n s  

w ere  cut on the  M T - 1  Por te r -B lum  Microtome using conven t iona l ly  prepared g l a s s  

k n i v e s .

P o s i t i v e  s ta in in g  of sec t ioned  and  p rec ip i t a ted  material  u t i l iz ed  1% w / v  

a q u e o u s  phospho tungs t ic  ac id  (PTA) s o lu t io n s ,  0 . 5 %  w / v  aqueous  uranyl  a c e ta te  

(UA) s o lu t i o n s ,  or com bina t ions  of  t h e s e  tw o .  Negat ive s ta in ing methods  ut i l ized 

a  2% w / v  a q ue ous  P T A  ad ju s te d  to  pH 7 . 0  with I N  KOH or e xposure  to the 

vapors  of 1% w / v  aqueous  osmium tet roxide  ( O s O ^ ) .

E le c t ro n  micrographs were  prepared us ing the  R C A - E M U 4  e lec tron  

m ic r o sc o p e .  Pho tograph ic  en la rgem en ts  were  made with the Simmon Omega 

va r iab le  c o n d e n se r  model 0 2  e n la rge r  on Kodak Kodabromide s in g le  weigh t  pho to

graphic  pa p e r .  Instrument  magni f ica t ions  were c a lc u la t e d  from micrographs of 

carbon  grat ing r e p l i c a s  of 2 8 , 8 0 0  and 5 4 , 8 0 0  l ines  pe r  inch .

Methods

Prepara t ion  of  Support ing F i lm s

Formvar  support ing  f ilms were prepared by f reshly  di lut ing a  1% w / v  

s tock  so lu t ion o f  Formvar  in 1 , 2 - d i c h l o r o e t h a n e  to make a 0 . 2 5 %  s o lu t ion .

C lean  microscope  s l i d e s  were dipped in the Formvar  so lu t ion  con ta ined  in a 

1 0 0  ml g radua ted  c y l in d e r ,  and then  suspended  above it for 4 5  s e c o n d s  before
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rem ova l . T h e  e d g e s  of  the  a ir  dr ied s l i d e s  were t h e n  scored  wi th  a  razor  blade 

and the  p l a s t i c  film f loa ted  off the  s l i d e  onto a  c l e a n  d i s t i l l e d  wa te r  s u r face .  

Specimen s c r e e n s  were  p l a c e d  on the  film and a  c l e a n  p l a s t i c  centr i fuge tube 

rolled a c r o s s  the  w a te r  su r face  to p ick  up the  f i lm,  t rapping  t h e  gr ids  beneath 

it .  T h e s e  were dr ied in a i r  over  Drier i te  in a  vacuum ja r  prior  to u s e .  The  

specimen s c r e e n s  were  t h en  grasped by one edge wi th w a tc h m a k e r ' s  forceps 

and l ifted from the tube  w i th  t he i r  p l a s t i c  coa t ing  in t a c t .

Ichthyocol

Ich thyoco l ,  a c id - e x t r a c t e d  carp (Cyprinus  carpio)  swim bladder  t u n i c s ,  

was  prepared by the  method of  Gal lop ( 1 9 5 5 )  modified s l igh t ly  a s  fo l lows .  All 

procedures  were ca rr ied  ou t  on so lu t io n s  kept  a t  4 - 8 ° C .  O ne-hundred  grams of 

swim b ladde r  t u n ic s  were  p l a c e d  in 4 0 0  ml of 0 . 5  M sodium a c e t a t e  and frag

mented in a  Sorval  Om ni -M ixer  for th re e  m inu te s .  T he  resu l t ing  p a s t e  w a s  re

frigerated for 2 4  hours  and then  cen tr i fuged in a cold room a t  2 0 0 0  to 2 5 0 0  

revolu t ions  per minute  for one  hour .  T h e  centr i fuga te  w a s  r e s u s p e n d e d  in 

4 0 0  ml of  cold d i s t i l l e d  w a t e r  and refr igerated for 2 4  hours followed by cen t r i 

fugat ion a t  2 0 0 0  R P M  for one hour .

The  final cen tr i f uga te  w a s  then  immersed in 4 0 0  ml of  pH 4 . 3  ci t rate  

buffer and ref r igerated for 2 4  to 4 8  h ou r s .  The  c i t r a t e  e x t r a c t  w a s  centri fuged 

at  2 0 0 0  RPM for 2  hours  and the  supe rna tan t  f i l tered through Whatman No.  1 

fil ter p a p e r ,  us ing  1 5  mm Hg nega t ive  p r e s s u r e .  T he  f i l t ra te  was  centr i fuged 

at 5 0 , 0 0 0  Xg for 2  hours  a t  5 ° C .  T h e  resu l t i ng  supe rna tan t  w a s  p laced  in 

d i a ly s i s  ba g s  and  s u s p e n d e d  in 8 0  l i t e r s  of  cold 0 . 2  M disodium phospha te  for
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4 8  hours .  T he  d ia lys i s  fluid w a s  kept  in motion by a  magnet ic  s t i r re r .  The  

d ia ly z ed  mater ia l  w a s  washed  in th ree  c ha nges  of  d i s t i l l ed  w a t e r ,  2 0 0  ml e a c h ,  

cen tr i fug ing  a t  2 0 0 0  RPM for 3 0  m in u te s .  The  final ichthyocol prepara t ion  

w a s  s tored in d i s t i l l ed  wa te r  a t  4 - 5 ° C  and referred to a s  the  s tock  i c h t h y o c o l .

S e g m e n t - L o n g - S p a c i n g  Col lagen  F ib r i l s  

S e g m e n t - lo n g - s p a c in g  c o l l agen  f ibr ils  (SLS)  were prepared  from the 

s to c k  ichthyocol  by centr i fuging 8  ml of  s u spens ion  at 2 0 0 0  RPM and d i sca rd ing  

th e  supe rna tan t  so lu t ion .  Two mil l i l i t er s  of  cold 0 . 1 %  a c e t i c  ac id  so lu t ion  w a s  

added  to the ichthyocol  p e l l e t  and the co l l agen  s o lub i l i z e d .  One mil l i l i te r  of 

0 . 2 2 %  A T P  in 0 . 1 %  a c e t ic  ac id  w a s  added to give a  final A T P  concen t ra t ion  

o f  0 . 0 7 3 % .  T h i s  t rea tment  induced the prec ip i t a t ion  of the  ichthyocol a s  S L S  

s e g m e n t s .  It should be noted tha t  prolonged exposure  of copper  specimen  sc re e n s  

to  the  a c e t i c  ac id  used in t h e s e  p repa ra t ions  caused  d i s in tegra t ion of  the s c r e e n s .  

A c e t i c  ac id  has  been used frequent ly  a s  a  vo lat i l e  solvent  in a t t em pts  to v i su a l i z e  

small  m o le cu le s  (Beer ,  1 9 6 1 ;  Beer  and Z o b e l ,  1 9 6 1 )  but t h i s  e f fec t  has  not 

been  reported p rev ious ly .  A c e t i c  ac id  so lu t ions  were found to change  the Formvar  

f i lms wi th  prolonged exposure  a l s o .  T h e  spec imens  in th i s  s tudy  were  a i r -d r i ed  

in a  few s e c o n d s  and the Formvar  films were coa ted  with carbon prior to u s e .  

T h e r e f o r e ,  no a r t i fac tua l  c h a n g es  a t t r ib u tab le  to  the a c e t i c  ac id  could be demon

s t ra ted  .

Se c t io n e d  S L S

S L S  w a s  prepared for examina t ion  by embedding and sec t ion ing
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t e c h n i q u e s .  T h e  S L S  ( ic h thyoco l -ATP)  solut ion w a s  centr i fuged at  2 0 0 0  RPM 

in the  cold a f t e r  2 4  hours o f  polymerization and the p e l l e t  was  dehydrated in 

a b so lu te  a lcohol  overn igh t .  After  a second c en t r i fuga t ion ,  the pe l le t  w a s  s u s 

pended  in embedding m ethacry la te -e thano l  ( 5 0 : 5 0 )  mixture for 2 hours .  The  

materia l  w a s  subseq u e n t ly  cen tr i fuged and the  pe l l e t  w a s  embedded in a metha

c ry la te  mixture  con ta in ing 2 0  pa r t s  ethyl methacry late  to  8 0  par t s  butyl metha

c ry la te  wi th 3%  benzoyl  peroxide  added a s  a  c a t a l y s t .  Polymer iza t ion in the 

embedding c a p s u l e s  was  e f fec ted  by exposure to u l t rav io let  i r radiation.

T i m e - S t u d y  by the Loop Method 

A s e co n d  method of  specimen  preparat ion involved placing drops of 

the i c h th y o c o l - A T P  mixture on ca rbon-coa ted  Formvar -coa ted  specimen sc re e ns  

wi th  a 3  mm diamete r  wire loop s tar t ing  5  minutes  a f te r  adding the A T P  and con 

t inu ing  for 1 0  m inu te s .  A total  of 1 1 1  t im e - s e q u e n c e d  grids  was  p repared .  

T h e s e  c o l l e c t i v e ly  r ep re sen t  samples  of  the recons t i tu t ing  sys tem at  an ave rage  

t ime interval  of  5 . 4 5  s e c o n d s .  T he  object ive  w a s  to obtain  da ta  on the mode 

of aggrega t ion  o f  the ichthyocol  molecules  into S L S  forms of co l l agen .

T i m e - S tu d y  by the Spray Method 

A third method o f  specimen  preparat ion u t i l iz ed  a  DeVilb iss  number 1 5  

nebu l i zer  a c t i v a t e d  by an E F F A  aerosol  dus te r  to sp ray  the  i ch thyoco l-ATP s o lu 

t ion a t  l e s s  than  8 ° C  onto t h e  ca rbon-coated  Formvar  s c r e e n s .  T h i s  w a s  done 

a s  a  l i i i ie -s tudy  s ta r t ing  5  s e c o n d s  af ter  adding A T P  to the ichthyocol solut ion  

(zero time) and then  spraying  ten specimen s c re e n s  e a c h  at  5  second interval s  to
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one minu te ,  then  a t  7 0 ,  8 0 ,  9 0 ,  1 0 0 ,  1 1 0 ,  1 2 0 ,  1 4 0 ,  1 6 0 ,  1 8 0 ,  2 2 0 ,  

2 6 0 ,  3 4 0 ,  4 2 0  and 5 0 0  s e c o n d s  from zero t im e .  T he  spec im ens  were a i r -  

dr ied following the  sp ray ing .

P o s i t i v e  St a in ing

S pec im ens  were prepared for examinat ion  in pos i t ive  con tr as t  by s imply 

f loa t ing  the specimen  sc reen  with its sec t ion  or  p rec ip i t a ted  mater i a ls  on the  PTA 

or UA s ta in ing  so lu t ions  for varying t ime pe r iods  to  ob ta in  an empi r ical ly  a d e 

qua te  s ta in ing e f f e c t .  The sp e c im en s  were then  w a s h e d  by f loating them on 

d i s t i l l e d  wa te r  for one hour .  T he  s ta ining  solut ion w a s  e i t h e r  p laced  in the  

dep re s s io n  of a  spot plate  or p l a c e d  a s  a drop on a  paraff in  su r f a c e .

Nega t ive  Stain ing

Two methods were  deve loped  to ach ieve  a nega t ive  con tras t  e f f e c t .

The  f irs t  used  a  2% w / v  a q ue ous  P T A  solu t ion ad jus ted  to pH 7 . 0 ;  th is  w a s  

app l i ed  to the specimen-on a  copper  grid by us ing a  3  rnm d iamete r  wire loop to  

d e p o s i t  a thin film of the  s t a i n .  Th i r ty  s e c o n d s  la te r  the  edge  of  the grid w a s  

t ouched  with f i l ter  pape r  to remove e x c e s s  fluid and t h e  prepara t ion w a s  a i r - d r i e d .

The  second  method w a s  a  modif ication of t h a t  reported by Barland and 

Rojkind ( 1 9 6 6 )  ut i l i z ing osmium te t ro x id e .  A c lean  g l a s s  mic roscope s l ide  was  

prepared by s t i ck in g  a  one- fou r th  inch wide s tr ip of  d o u b le - s u r f a c ed  masking tape  

a c r o s s  one e n d .  The  edge o f  a  grid bear ing the specimen  w a s  then  p re s s e d  to the 

edge  of  the t a p e .  The  s l ide  w i th  i ts  a t t a che d  s c re e n s  w a s  d ropped ,  specimen 

end u p ,  into a  Copl in  ja r  con ta in ing  t en  mil l i l i te rs  of 1% w / v  aqueous  O s O ^  a t



12

room tem pera tu re .  T he  specimen  w a s  therefo re  exposed  only to the vapors  of the 

O s O ^ .  S ta in ing  t ime v a r i e s  with the  spec im en  and had to  be determined empir i 

c a l l y .



C H A PT E R  III 

O B S E R V A T IO N S

R e p re se n ta t ive  micrographs  from the  t im e- s tu d y  of S L S  formation ,  in 

which  spe c im en  s c r e e n s  were sp rayed  a t  s t a t e d  time intervals  a f te r  adding  a d e n o 

s ine  t r i p h o s p h a te  (ATP) to the  s tock  ichthyocol  so lu t ion ,  are demons tra ted in 

P l a t e s  I through  XI in the  Appendix (all P l a t e s  and F i g u re s  referred to  in t h i s  

d i s s e r t a t i o n  will  be found in t h e  appendix  w h ic h  begins  on page 5 4 ) .  The  f ig 

u res  a re  o rgan ized  in an  increas ing t ime s equence  s ta r t ing  with five s e c o n d s  and 

ending  a t  f ive -hundred  s e co n d s  (8 1 / 3  minutes ) ;  P l a t e s  I through X I ,  F i g s .  1 

through 4 1 .  Micrographs from the t i m e - s tu d y  by the loop method follow and in

clude  a  t ime range from 5  1 / 3  minutes  to 7 5  minutes ;  P l a t e s  X! through XV, 

F i g s .  4 2  th rough 5 5 .  Examina t ion of  t h e s e  f igures  in sequence  r evea ls  tha t  

the d e t a i l s  of  the S L S  vary s ign i f ican t ly  dur ing  f ib r i l logenes i s .

Length and  Width  Data  

T h e  leng ths  and w id ths  o f  the  immature S L S  f ibri ls  formed a t  e a c h  

t ime per iod  were m easu red ;  the  r e s u l t s  a re  summarized  in T a b l e s  1 and  2 and  in 

Graphs 1 ,  2 ,  3 ,  and 4 .  T h i s  type  of  da ta  may be misleading  in some r e s p e c t s  

s inc e  t h e  immature S L S  segm en ts  are  not  a lw a y s  d i s c r e t e ,  uniform s t r u c tu r e s ,  

a s  ar, e xa m ina t ion  of  the ear ly  f igures  will  r e v e a l . T he re fo re ,  the  cho ic e  of

1 3
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TABLE 1

TIME-STUDY OF SES FORMATION

Lengths (A)

Seconds
Number o f  
SLS Measured Shorte stt Average Longest

Longest minus 
Shortest

5 1 2903
10 6 1889 2958 3410 1521
15 14 2995 3207 3686 691
20 23 2903 3152 4378 1475
25 50 2811 2940 3180 369
30 44 2719 2977 3226 507
35 23 2811 2986 3226 415
40 39 2811 3032 3502 691
45 16 2857 2949 3133 276
50 30 2719 2931 3226 507
55 25 2811 2958 3087 276
60 26 2765 2885 3041 276
70 30 2995 3133 3825 830
80 61 2811 2968 3502 691
90 56 2811 2912 3180 369

100 40 2673 2912 3180 507
110 35 2673 2921 3410 737
120 43 2857 3087 3963 1106
140 74 2580 2903 3825 1245
l 6o 21 2811 3216 3640 829
180 22 2857 3078 3548 691
220 28 2949 3180 3456 507
260 42 2995 3189 3548 553
340 39 2854 3014 3174 320
420 29 275? 2911 3142 385
500 36 2854 _29_50 3078 224

n .. 853
AverÀËe . 3010
range 1889 4378
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GRAPH 2
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where to measure  the  segm en ts  w a s  of ten a rb i t ra ry ,  a l though  t h e s e  d e c i s io n s  were 

made on all micrographs before any measurements  were t a k e n .  P l a t e  II, F i g s .  2 ,  

3  and 4  i l l us tr a te  th i s  d i f f icu l ty .  In some c a s e s ,  for ex a m p le ,  the  length could 

be measured  at  two  different p o i n t s .  In P l a t e  II,  F i g .  4  there  is s ign i f ican t  

var ia t ion in the length  of  the segment  a long the  border labe led  A compared with 

the s ide  labeled B .  A l s o ,  much of the f i lamentous  materia l  in the  s o - c a l l e d  

e x t r a - f ib r i l l a r  a r e a  appears  to be con t inuous  wi th  t he  f ib r i l .

N e v e r t h e l e s s ,  an at t empt  w a s  made to e v a lu a te  the lengths  of  the SL S  

in the  t im e - s tu d y  conduc ted  by the spray  method;  the s h o r t e s t ,  ave rage  and long

e s t  lengths  a t  e a c h  t ime period and the number of  f ibr ils  measured  are  l i s t ed  in 

T a b le  1 .  A pi cto r ia l  r ep re sen ta t ion  of t h e s e  r e s u l t s  is p r e se n ted  in Graph 1 .

T he  leng ths  measured  in the total  sample  of  8 5 3  f ibr ils  ranged from 1 8 8 9  A to 

4 3 7 8  A ,  a  sp read  of  2 4 8 9  A ,  whi le  the over-all  ave rage  w a s  3 0 1 0  A .  A large 

majority of t h e s e  v a lu e s  ( 9 2 . 5 % )  c lu s t e re d  in the range from 2 8 1 1  to 3 2 7 2  A ,  

a s  demons tra ted in Graph 2 .  The  g rea te s t  range of l eng ths  a t  any t ime interval 

occurred at 8 0  s e c o n d s  with a  difference of  1 8 8 9  A and the l e a s t  di fference was  

2 7 6  A a t  4 5  s e c o n d s  (Graph 1 ) .

It has  been  sugg e s t e d  tha t  the a l te rna t ing  prof i le  of the  c u rve s  in 

Graphs 2 and 4  r e p r e s e n t s  b i a s  in t h e  d a t a .  T he  measurements  were e s t im a ted  

to the  ne a re s t  0 . 5  mm or  approximately 4 6  A a t  the  magni f icat ion used  in th i s  

s tu d y .  T h i s  problem w a s  d i s c u s s e d  with Dr.  Arthur  Nunnery,  b i o s t a t i s t i c i a n  

at  the  Unive rs i ty  of  Oklahoma Medical  Center ;  no s t a t i s t i c a l  methods were found 

tha t  might  t e s t  t h e  va l id i ty  of  the  d a t a .  Rather  than  mask the p o s s ib l e  b i a s  by
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combining a d j a c e n t  v a lu e s  on th e  graph ,  the ac tua l  l e n g th s  were r ec o r d e d .  S ince  

only the range and mean va lu e s  o f  the  d i s t r ibu t ion  are e m p h a s i z e d  in the d i s c u s 

s i o n ,  t h i s  p o s s i b l e  b i a s  should have l i t t le  e ff ec t  on the  i n te rp re ta t ions .

Great  va r ia t ion  in S L S  width occurs  a long the  length of a  g iven s e g 

ment (P la te  I, F i g .  1 ;  P l a t e  III, F i g .  6 ;  P l a t e  IV,  F i g s . 8 ,  1 0  and  1 1 ;  P l a te  V,  

F i g s .  1 2  and 1 3 ;  P l a t e  VII ,  F i g s .  2 2 ,  2 3 ,  and 2 5 ;  P l a t e  VIII, F i g s .  2 7 ,  2 8 ,  

3 0 ,  3 1 ,  3 2 ,  3 3 ,  and 3 4 ;  P l a t e  X ,  F i g .  3 7 ;  P la te  X I ,  F i g .  4 0 ) .  T h e  lea s t  

and the  g r e a t e s t  d iam e te r s  were  measured  on e a c h  S L S  se g m e n t .  T h e s e  da ta  are 

summarized in T a b l e  2  and Graphs 3  and 4 .  An e xam ina t ion  of many micrographs 

revea led  only  one  fibril  in t h e  5  second  t ime period (P la t e  I, F i g .  1 ) .  It should 

be poin ted  out  here  t h a t  a l though the  specimen  sc re e ns  were  sprayed  w i th  the 

i c h th y o c o l - A T P  mixture  a t  a  s ta t e d  t ime a f t e r  the  sample  p repa ra t ion ,  a  period 

of  t ime occurred during the a i r -d ry ing  p r o c e s s  in which S L S  f ib r i l logenes i s  could 

have c o n t inue d .  T h e r e f o r e ,  the e x a c t  age of any S L S  segment  cannot  be de te r 

mined e x a c t l y .  However ,  s in c e  the  drying t ime las ted  o n ly  a  few s e c o n d s  and 

th e  t im e - s tu d y  e n c o m p a s s e d  severa l  m in u te s ,  the  general  sequence  of  f ibr i l lo

g e n e s i s  and the c h a n g e s  t h a t  occu r  can  s t i l l  be demons t ra ted  re l iab ly .

T he  sample  of  1 6 8 5  m easu rem en ts  on 8 5 3  S L S  segments  showed 

w id ths  ranging from 9 2  A to 1 7 9 7  A (Table  2 ,  Graphs 3  and 4 ) .  Eva lua t io n  of  

the "nar rowes t  po in t"  d a ta  r e v e a l s  a range of  9 2  A to 1 1 9 8  A wi th  an over-all  

ave ra ge  of  4 2 0  A .  T h e  "wides t  po in t"  da ta  show a  s p re a d  of  2 7 6  A to 1 7 9 7  A 

with an over-all  a v e ra g e  of 7 6 0  A .  The  over-al l  spread o f  w id th s ,  the re fo re ,  w a s  

1 7 0 5  A w i th  a  sp read  of  1 1 0 6  A ( 1 1 9 8  A to  9 2  A) for t h e  "nar rowest  point"
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TABLE 2 

TIME-STUDY OF SLS FORMATION

Widths (A)

Narrowest Point Widest Point

Number of
Seconds SLS Measured L Ave, G G“L L Ave, G G—L

5 1 369 783
10 6 184 258 323 139 507 664 783 276
15 14 184 276 369 185 553 737 1106 553
20 23 92 442 507 415 599 876 n 98 599
25 50 92 286 553 461 415 581 968 553
30 44 184 341 507 323 369 654 n 98 829
35 23 276 396 507 231 415 636 829 414
40 39 92 323 507 415 415 627 922 507
45 16 184 378 507 323 507 654 1106 599
50 30 276 525 783 507 461 894 no6 645
55 25 184 341 645 461 276 682 1106 424
60 26 184 452 737 553 599 857 1198 599
70 30 184 415 645 461 461 774 1336 875
80 61 138 369 645 507 323 590 1290 967
90 56 184 387 691 507 461 673 no6 645

100 40 92 470 645 553 461 829 1290 829
n o 35 138 332 599 461 461 a n 1613 n 52
120 43 276 396 533 257 415 820 1659 1244
140 74 138 350 533 395 276 710 1797 1521
160 21 184 581 n 9 8 1014 691 1014 1475 784
180 22 138 488 645 507 533 802 1198 665
220 28 276 562 783 507 533 839 no6 573
260 42 276 507 829 553 461 802 1659 n 9 8
340 39 417 648 834 417 641 936 1250 609
420 29 224 436 641 417 417 693 1090 673
JOO 36 257 584 834 577 449 827 n 54 705

n 853
average 420 760
range 9à. n 9 8 1 276 1797

L -  lea st width measured
G -  greatest width'measured 
Ave, -  average of a l l  widths
G-L -  difference between widest and narrowest SLS
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d a ta  and 1 5 2 1  A ( 1 7 9 7  A to 2 7 6  A) for the  "wides t  po in t"  d a t a .  As  shown in 

Graph 3 ,  the re  is co n s id e rab l e  overlap be tween width  v a lu e s  for the narrowest  

and  w ides t  po in ts  of s e gm e n ts  a t  any given time p e r iod .  If the a n a ly s i s  is re 

s t r i c t e d  to s t a t e d  t ime pe r iods  rather  than  lumping all o f  the data  for the t im e-  

s tu d y ,  then  the l e a s t  di ff e rence  in w id ths  occurred a t  1 0  s e c o n d s  with a  spread 

of  1 3 9  A for the "nar rowes t  po in t"  d a ta  and a spread of 2 7 6  A for the  "wides t  

po in t"  m ea s u rem e n ts .  T h e  g rea tes t  di fference for the "wides t  point"  va lu es  is 

1 5 2 1  A in the  1 4 0  se cond  m a t e r i a l . It is in terest ing to note that  the narrowest  

wid th  recorded w a s  9 2  A (Table  2 ) ,  a  value  c lo s e  to the wid th  of  the bulbous 

pa r t  of the p e a r - s h a p e d  s t ruc tu re  descr ibed  by Richter  and Sch i l l ing  ( 1 9 6 9 ,  

1 9 7 0 ) .  Graph 4  r e v e a l s  t ha t  whole -number  mult iples  of t h i s  9 2  A value  recurred 

in 6 8 . 8 %  of  the  1 6 8 5  m e a s u r e m e n ts .  A dec is ion  a s  to whe ther  t h i s  correlat ion 

is an a r t i f a c t  of  the  methodology or a  resu l t  of the inherent morphology of  the 

c o l l agen  molecule  must  awai t  further a n a l y s i s ,  p refe rab ly  s t a t i s t i c a l  in nature 

and  using  micrographs  t a k e n  a t  gr ea te r  magnification than  t h o s e  in t h i s  s tudy .

T h e re  is  s ig n i f ic an t  var ia t ion  in the length of  the developing S L S  

s e g m e n t s ,  not  only at  different  t ime per iods  but a l s o  among S L S  in a given micro

graph (P la te  II,  F i g .  5 ;  P l a t e  XIV,  F i g .  5 2 ) .  T h i s  is  demons tra ted  most  c lear ly  

in P l a t e  X IV ,  F i g .  5 2  in which  segmen ts  A ,  B and C are  e a c h  1 8 2 4  A in length 

a t  the middle of e a c h  f ib r i l ,  w he reas  segment  D is  2 2 9 2  A long .  T h i s  r ep resen ts  

a  length d i ff e rence  of  abou t  twenty  per  cen t  be tween segment  D and any one of 

th e  other  th ree  S L S .  Even  more unexpected  was  the finding that  the developing 

S L S  f ibr i ls  var ied in length a c r o s s  the i r  own width (P la te  I I,  F i g s .  4  and 5 ;
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P l a t e  IV, F i g .  1 1 ;  P l a t e  VII ,  F i g .  2 4 ;  P l a t e  VII I ,  F i g s .  2 8  and  3 0 ;  P l a t e  IX, 

F i g .  3 6 ) .  P l a t e  II, F i g .  4  d e m o n s t r a t e s  a  s ign i f ic a n t  va r i a t ion  in the length of  

a  segment  a long the border  l abe led  A compared wi th t h a t  l abe led  B .  A s imi lar  

configurat ion is noted in P l a t e  II, F i g .  5  in a  short e r  segment  l abe led  A .  T he  

fibril labe led  B in P l a t e  VII ,  F i g .  2 4  a t  1 0 0  s e c o n d s  is  a  more m ature ,  uniform 

s e g m e n t ,  yet  it is much longer  on one s ide  than  on the o t h e r .

C ha nge s  in S L S  Format ion 

A survey of  severa l  gr ids  and do z e n s  of grid a r e a s  y ielded only  one 

d i s c r e t e  segment  a t  the  5  s e cond  t ime period (P la t e  I ,  F i g .  1 ) .  As  noted e a r l i e r ,  

the  t ime required for the  a i r -d ry ing  p r o c e s s  could have  inc reased  the t ime a v a i l ab le  

for f ib r i l logenes i s  by a  few s e c o n d s .  There  a re  a  few f ib r i l lar  s t ruc tu re s  in th i s  

micrograph but they  a re  very s h o r t ,  i r regular  in sha pe  and do not  conform to the 

c l a s s i c a l  desc r ip t ion  of  an S L S  f ibr il ;  they  may be e a r l y  s t a g e s  in the forma

t ion  of  S L S  s e g m e n t s .  T h e  overwhelming c h a r a c t e r i s t i c  of  the  5  s econd  p repara 

t i o n ,  however ,  is the abundance  of globula r  s t ru c tu re s  of va r ious  s i z e s  and s h a p e s  

and the  be a d - l ik e  u l t r as t ructura l  detai l  t h a t  is common to al l  the  globular  and 

f i l amentous  e l e m e n t s .  T he  magni f ica t ion  used  in t h i s  s tudy  is too low to allow 

a c c u r a te  m easu rem en ts  on the  b e a d - l i k e  uni ts  but t h ey  a re  e s t im a te d  to be in the  

range of  4 5  to 6 5  A in c ro s s  s e c t i o n .  T h e y  are  p r e s e n t  in both S L S  forms and 

globu lar  e le m en ts  in a l l  micrographs  t ak e n  during t h i s  s t u d y .

T he  larger  globu lar  un i t s  shown in P l a t e  I ,  F i g .  1  a re  c o n s i s t e n t ly  

s e e n  throughout  the  t i m e - s t u d y  and in "matu re"  S L S  p repa ra t ions  (note P l a t e  IX, 

F i g .  4 1 ,  S L S  a t  8  1 / 3  m inu tes  and P l a t e  XIV,  F i g .  5 2 ,  S L S  a t  7 5  m in u t e s ) .
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The g lobu le s  are  d i sc e rnab le  in nega t i ve ly  and pos i t ive ly  s ta ined  and in shadow- 

c a s t  p repa ra t ions  (note arrow in P l a t e  XII I ,  F i g .  4 8 ) .  P l a te  I I,  F i g .  2 ,  S L S  

a t  1 0  s e c o n d s ,  shows  a  predominance of  globular  u n i t s .  The  few fibril lar 

e l e m e n t s  p r e s e n t  a p p e a r  to be agg re ga te s  of  t h e s e  g lobula r  s t ru c tu re s .  By 1 5  

s e c o n d s ,  P l a t e  II, F i g s .  3 ,  4  and 5 ,  the  f ibr il lar e le m en ts  have become more 

uniform and " S L S - l i k e "  in profi le with rounded p ro jec t ions  occurring along their  

borders  (see A in P l a t e  II, F i g .  3 ;  A and B in P l a t e  II, F i g .  5 )  with globular  

s t ruc tu re s  p r e s e n t  in the ex tr a - f ib r i l l a r  material  and in the sp layed  ends  of the 

f ibr ils  ( s t ruc tu res  l abe led  A in P l a t e  III,  F i g s .  6  and  7 ) .

A s  one s u rve ys  the sequence  of developmental  s t a g e s ,  the S L S  

segm en ts  become more uniform in profi le  in older  mater ia l  (compare P l a t e  VI,

F i g .  1 5  wi th  P l a t e  X I ,  F i g .  4 1 )  and th e  number of  segments  appears  to 

inc rease  r e l a t ive  to the  non- f ib r i l lar  material (compare P l a t e  III, F i g .  7  with 

P l a te  X ,  F i g .  3 7 ) .  T h e  S L S  f ibr ils  in P l a t e  XIV,  F i g .  5 2  rep resen t  "mature" 

S L S  s im i la r  to t h o s e  c l a s s i c a l l y d e s c r i b e d  in the l i terature  (Schmi t t ,  Gross  and 

Highberger ,  1 9 5 3 ) .  If the recons t i tu t ing  S L S  s u s p e n s io n  is kept  a t  ref r igera

tor  t em pera tu re s  for severa l  months ,  however ,  the very wide S L S  segments  

shown in P l a t e  XV are found.  Many of the S L S  at 3  1 / 2  months will appear  

to be two se gm e n ts  joined  e n d - t o - e n d  (P la te  X V ,  F i g .  5 3 ) .  Most  s egm en ts ,  

however ,  will  be s ing le  S L S  forms of  extreme width  (P la te  X V ,  F i g s .  5 4  and 

5 5 ) .

T h e  overt  globular i ty  of the  segments  is obscured  ea r ly  in fibri!!o= 

g e n e s i s .  T h e  segment  a t  A in P l a t e  IV, F i g .  1 1 ,  a  4 5 - s e c o n d  prepara t ion .
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dem ons t ra tes  a  globular  subs truc tu re  throughout  the  whole f ib r i l . At  5 0 0  s e c 

o n d s ,  the  ex t r a - f ib r i l l a r  a r e a s  con ta in  numerous i so la ted  globular  s t r u c tu r e s .

The  f ibr i ls  are large and re la t ive ly  uniform in the i r  p rof i les  (P la te  X I ,  F i g .  4 1 )  

with many globular  or  rounded p ro jec t ions  a s s o c i a t e d  wi th  thei r  la teral  margins  

(s t ructure  A in P l a t e  X I ,  F i g .  4 1 ) .  The  small b e a d - l i k e  feature mentioned 

ea r l ie r  is ev id en t  within the ul t r as t ructure  o f  the fibril a l s o .

Rounded p ro jec t ions  of  a  s i z e  s imila r  to  the ex tra f ib r i l la r  globules  

occur  a lo ng  the  margins  o f  S L S  segments  from the very ea r ly  to the more mature 

s t a g e s  o f  f ib r i l logenes i s  (P la te  II, F i g s .  2 , 3 , 4  and 5 ;  P l a te  III, F i g s .  6  and 

7 ;  P l a t e  IV,  F i g s .  8 ,  9 ,  1 0  and 1 1 ;  P l a t e  V ,  F i g s .  1 2 ,  1 3  and 1 4 ;  P l a te  VI,  

F i g s .  1 5 ,  1 6  and 1 7 ;  P l a t e  VII ,  F i g s .  2 1 ,  2 2 ,  2 3 ,  2 4 ,  2 5  and 2 6 ;

P l a t e  VII I ,  F i g s .  2 7 ,  2 8 ,  3 0 ,  3 1 ,  3 2  and  3 3 ;  P l a t e  IX, F i g s .  3 5  and 3 6 ;  

P l a t e  X ,  F i g s .  3 7  and 3 8 ;  P l a t e  X I ,  F i g s . 3 9 ,  4 0  and 4 1 ;  P l a t e  XII ,  F i g .  4 3 ;  

and P l a t e  X IV ,  F i g .  5 2 ) .  T h i s  is e s p e c i a l l y  no t iceab le  in the  s t ructure  labeled 

B in P l a t e  V ,  F i g .  1 2 .  In the young segmen ts  the ends  are somet imes  rounded 

rather  than  s t ra ight  or s l igh t ly  curved a s  is typical  of t h e  more mature f ibr ils 

(compare the  rounded e n d s  of  the  segments  in P l a t e  II, F i g .  3 ;  P l a t e  III, F i g .  6 ;  

P l a t e  IV,  F i g s .  8 ,  1 0  and 1 1 ;  P l a t e  V ,  F i g .  1 3 ;  P l a t e  VI,  F i g s .  1 5  and 1 6 ;  

P l a t e  VII ,  F i g s .  2 3  and 2 4 ;  P l a t e  VIII,  F i g s .  2 7 ,  2 8 ,  3 0  and 3 1 ;  P l a te  IX,  

F i g .  3 6 ;  and P l a t e  X ,  F i g .  3 7 )  with the  e n d s  of t he  S L S  in P l a t e  III, F i g .  7 ;  

P l a t e  VII ,  F i g .  2 1 ;  P l a t e  VIII ,  F i g .  3 4 ;  P l a t e  X I ,  F i g s .  3 9 ,  4 0 ,  4 1  and 4 2 ;  

P l a t e  XI I ,  F i g s .  4 3 ,  4 4 ,  and 4 6 ;  and P l a t e  XIV,  F i g .  5 2 ) .  T h i s  rounding of

the  e n d s  of S L S  f ib r i l s  near ly  a lw a y s  o c c u r s  a t  only one end of  a  segment .

O c c a s io n a l ly  in t h e s e  S L S  p r e p a r a t i o n s ,  globular  s t r uc tu res  will be
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found to be e i the r  aggrega ted  in rows tha t  s u g g e s t  an  ea r ly  s tage of  S L S  formation 

( see  s t ruc ture  labeled C in P l a te  IV,  F i g .  1 1 ;  P l a t e  VII,  F i g .  2 9  and s t ruc tu res  

l abe led  A and C in P l a t e  IX, F i g .  3 6 )  or s imply al igned in long chains  (arrows 

in P l a t e  X IV ,  F i g .  5 2 ) .

Banding P a t t e rn s

C r o s s - s t r i a t i o n s  appear  on the  immature S L S  segments  a t  approximately 

3 5  s e conds  in the  t im e- s tu d y  a s  a very i l l -def ined  band a t  one end of  a fibril ( see  

arrow at  fibril A ,  P l a t e  IV, F i g .  8 ) .  It is c ha ra c te r i s t i c  of the  early  s t a g e s  of 

S L S  formation th a t  the  banding pat t ern  deve lops  a s  a  s ingle  c ro s s - s t r i a t io n  at 

one end of a  segment  (P la te  IV, F i g .  8 ,  fibril A;  P l a t e  V ,  F i g .  1 2 ,  fibril A and 

F i g s .  1 3  and 1 4 ;  P la te  VI,  F i g .  1 5 ;  P l a t e  VIII ,  F i g .  2 7 ) .  Th i s  band is a lw ays  

found at the  end of  the S L S  fibril which is most  "mature";  that  i s ,  the  end which 

most  c lo s e ly  resem bles  the  older  S L S  of  c l a s s i c a l  descr ip t ion  (compare the s t ruc 

ture  a t  the  a rrow,  P la te  V ,  F i g .  1 3  with P l a t e  XI ,  F i g .  4 1  and P l a te  XIV,

F i g .  5 2 ) .  Although deve lop ing c r o s s - s t r i a t i o n s  could be ident ified a s  ear ly  as  

3 5  s e c o n d s  in ihe t im e - s tu d y ,  the f irst  e a s i l y  recognized  banding became evident  

a t  6 0  s e co n d s  (P la te  V I ,  F i g .  14 )  in th i s  s tu d y .

As  the  S L S  segments  mature ,  banding can be seen  a t  both ends  of  the 

f ib r i l s ,  aga in  a s  a  s ing le  c r o s s - s t r i a t i o n  (P la te  VIII,  F i g .  3 4 ;  P l a te  XI ,  F i g .  4 0 ) .  

T he i r  e a r l i e s t  occur rence  is a t  1 4 0  seconds  ( P la te  VIII ,  F i g .  3 4 ) .  They  are 

prominent  a t  5 0 0  s e conds  (8 1 / 3  minutes ;  P l a t e  X I ,  F i g .  4 1 )  and add i t io na l ,  

l e s s  prominent  b a n d s ,  a re  e v id e n t .  Severa l  c r o s s - s t r i a t i o n s  are presen t  a t  

9  1 / 3  minutes  (P la te  XII ,  F i g .  4 3 )  and a  segment  from a  comparable time
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period but  wi th  p o s i t ive  s ta in ing  (P la te  XII ,  F i g .  4 5 )  dem ons t ra tes  the i r  p resence  

more d ram a t ic a l ly .

T he  a ff ini ty  of  t h e s e  prepara t ions  for the e lec tron  s t a in s  is quite var i 

a b l e ,  a s  demons t ra ted  in P l a t e  XII ,  F i g s .  4 6  and 4 7 ,  Both micrographs were 

t aken  from the same specimen  s c r e e n ,  yet  banding is evident  in one and not the 

o th e r .

The  occurrence  of t h e s e  S L S  segments  a s  real e n t i t i e s  and not a s  

a r t i f a c t s  of the  nega t ive  s ta in ing  p ro c e s s  w a s  confirmed by us ing  four other  methods 

of  prepara t ion :  s h a d o w - c a s t in g  wi th  heavy meta ls  (P la te  XIII ,  F i g s .  4 8  and 5 1 ) ,  

p o s i t i v e  s ta in ing  w i th  phospho tungs t ic  ac id  ( P la te  XII ,  F i g .  4 5 ;  P l a t e  XIII,

F i g s .  4 9  and 5 0 ;  P l a t e  X V ,  F i g s .  5 3  and 5 4 ) ,  methacry la te  embedded and 

s e c t io n e d  S L S  ( P la t e  X V I ,  F i g s .  5 6 ,  5 7  and  5 8 )  and nega t ive  s ta in ing  with 

osmic  ac id  vapors  ( P la t e  XV I,  F i g .  5 9 ) .

The  s t ruc tu re s  a t  the  arrows in P l a t e  XIII,  F i g s .  5 0  and 5 1 ,  yield 

some in te res t ing  formation .  T h e  S L S  fibril in P l a te  X!!!,  F i g .  5 0  appears  to 

have formed a d j a c e n t  to an e l e c t r o n - d e n s e  globular  m ass  of  unknown compos i t ion .  

Examina t ion  of  the c r o s s - s t r i a t i o n s  (arrows) revea ls  them to be "deformed" or 

a l t e red  from thei r  usua l  near ly  pe rpend icu la r  a l ignment  wi th  the  long a x i s  of a  s e g 

ment (compare w i th  t h e  segment  in P l a t e  XII ,  F i g .  4 5 ) .  The  d is to r t ion  of the 

band pa t t e rn  oc c u rs  a t  on ly  one end o f  the S L S  and a c r o s s  only o n e - h a l f  its wid th.

A simi la r  deformation of the  c r o s s - s t r i a t i o n s  i s  p resen t  in a  s h a d o w - c a s t  p repara 

t ion  ( P l a t e  XII I ,  F i g .  5 1 ) .  T h e  arrows point  to the d i s to r ted  band pa t t e rn  a t  one 

end  of  a  segment  w h i le  the s t r i a t ions  a t  the oppos i t e  end remain in the i r  usual
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r e l a t i o n s h ip s .  T h i s  obse rva t io n  is  incons i s ten t  with curren t ly  a c c e p te d  theo r ie s  

about  the t ropoco l lagen  m ole cu le s  and th i s  point  will  be d i s c u s s e d  in d e t a i l .

Embedded and S e c t io n e d  Prepara t ions  

An at t empt  w a s  made to  u s e  sec t ioned  mater ia l  to confirm or  d isp rove  

the  r e s u l t s  found by the p rev ious ly  desc r ibed  m ethods .  T h e  use  of  embedding 

and sec t ion ing  t e c h n i q u e s  on s o lub i l i zed  and recons t i tu ted  m ate r ia ls  has  not 

been  desc r ibed  p r e v io u s ly .  T h e  de ta i l  ach ie ved  by th i s  method when  it has  be en  

app l i ed  to so lub i l i zed  and recons t i tu ted  co l l agen  p repara t ions  is infer ior  to the 

de tai l  found in s e c t i o n s  o f  intact co n n e c t iv e  t i s s u e  or in the unembedded mater ia l  

T h i s  lack o f  con tr as t  is demons t ra ted  for both carp S L S  (P la te  XVI,  F i g s .  5 6 ,  

5 7  and 5 8 )  and n a t iv e - ty p e  f ib r i l s  from rat  ta i l  tendon (P la te  XVI,  F i g .  6 0 ) .

T he  carp S L S  segment  in P l a t e  XVI,  F i g . 5 6 ,  is 2 8 9 4  A long near  

the  mid-po in t  of  i ts  long a x i s ,  a  v a lue  t ha t  c o r r e la t e s  with the  uns e c t io n ed  S L S  

in the t im e - s t u d y .  The  prof i le  is s im i la r  to the unsec t ioned  f ibr i ls  a l s o  (compare 

with P l a t e  XII I ,  F i g .  5 1  and P l a t e  X IV ,  F i g .  5 2 ) .  The  c r o s s - s t r i a t i o n s  that  

are  usua l ly  s e en  in m ature ,  u n s e c t i o n e d ,  p o s i t i v e l y - s t a in e d  S L S  are poorly 

demons t ra ted  in s e c t io n ed  mater ia l  (compare wi th  P l a t e  XI I ,  F i g .  4 5 ) .  Severa l  

s t r uc tu res  o f  va r ious  s i z e s  and s h a p e s  were s e e n  in the embedded S L S  p repa ra 

t io n s  (P la te  XVI,  F i g s .  5 7  and 5 8 ) .  Al though th e s e  were se en  a s  f requent ly  

a s  the longitudinal  s e c t i o n s  of  S L S  (P la te  XVI,  F i g .  5 6 )  it is not c l e a r  whe ther  

t h e s e  r ep re sen t  c r o s s - s e c t i o n s  of S L S  or  other  s t a g e s  in the a ggrega t ion  of  the 

c o l l a gen  m o le c u le .  More work should  be done in t h i s  a r e a .
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Negat ive S ta in ing  w i th  Osmic Acid  Vapors  

C o x ,  Grant  and Horne ( 1 9 6 7 )  have em phas ized  the  u s e f u l n e s s  of 

nega t ive  s t a in in g  in making a c cu ra te  m easu rem en ts  of S L S .  They  used p h o s -  

pho tu n g s t a te  s o lu t i o n s ,  a s  we ha v e ,  for t h i s  p u rp o se .  Another  nega t ive  s ta in ing  

t e c h n i q u e ,  proposed  by Bar land and Rojkind ( 1 9 6 6 ) ,  used  the vapors  of  osmium 

t e t r o x id e .  T h e  fibril in P l a t e  XVI,  F i g .  5 9  w a s  s ta ined  by a  modif ication of  

t h i s  t ec hn ique  and the ends  of the S L S  are  very sha rp ly  de f ined .  T h i s  s ta in ing 

t ec hn ique  may prove to be a  useful  ad junc t  to p resen t ly  accep ted  methods when 

a t t empt ing  to  get accu ra te  m easu rem en ts  of  macromolecules  and other  small s t r u c 

t u r e s .



C H A P T E R  IV 

DISCUSSION

T h i s  t im e - s tu d y  is  the  f i rs t  de ta i led  morphological  demons tra t ion  of 

ea r ly  f ib r i l loge ne s i s  in r econs t i tu t ing  s y s te m s  of S L S .  It is c l e a r  from P l a t e s  I 

and II tha t  the  e a r l i e s t  agg rega t ion  p roduc t s  are globu lar  ra the r  than f i lamentous 

s t r u c tu r e s .  A s  S L S  formation c o n t in u e s  over  t im e ,  the  globular  nature  of  the 

s egmen ts  becomes  more and  more obscu red  (P l a t e s  I through XV) yet  ex tra f ib r i l la r  

globu les  and rounded p ro jec t ions  on th e  S L S  p e r s i s t  even  in the  o ld e s t  p repara

t io n s  (Pla te  X IV ) .  Olsen ( 1 9 6 7 b )  show s  micrographs of  "mature"  S L S  produced 

from the a lpha  c h a in s  of  c od f i sh  skin  co l l agen  th a t  have very de f in i te  globular  

s t ruc tu re s  a s s o c i a t e d  wi th otherwise  w e l l -de f ine d  S L S  segments  ( see  Figure 9 ,  

O l s e n ,  1 9 6 7 b ) . The  p r e s e n c e  of  globular  uni ts  in his  S L S  p repara t ions  (see 

O l s e n ,  1 9 6 7 a ,  Figure 5 ;  1 9 6 7 b ,  F i g u r e s  8  through 1 5 )  were comple te ly  ig

nored .  T r o m a n s ,  e t  a l . ,  ( 1 9 6 3 )  pub l i shed  micrographs of  na t ive - type  co l l agen  

f ibr i ls  which revea led  g lobu la r  s t r u c tu r e s  by nega t ive  s ta in ing  a l s o .

G r o s s ,  Highberger  and Schm i t t  ( 1 9 5 4 )  and S c h m i t t ,  Gross  and 

Highberger  ( 1 9 5 5 )  pub l i shed  micrographs  of  " sphe ro id s"  that  formed in mixtures  

of ichthyccol  and 0 . 0 5  pe r  cen t  A T P  ( see  their  P l a t e  IV, both a r t i c l es)  that  

were  very s im i la r  to  th o se  g lobu le s  s e e n  in P la te  I ,  F i g .  1  and P l a te  II, F i g .  2 .

3 0
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G r o s s ,  e t  a l . ,  were s tudying chromium-shadowed prepara t ions  while  ours are 

n e g a t i v e l y - s t a i n e d .  Gross and h i s  coworkers  interpreted the " sphe ro ids"  to be 

c lu s t e r s  of t ropocol lagen  p a r t i c l e s  coordina ted  around the negat ive  groups of 

A T P  and noted that  they  had never  been  ab le  to produce S L S  or F L S  from pure 

co l l agen  so lu t ions  without  the addi t ion  of some evocat ing  a g e n t .  The  p resence  

of  globular  pa r t i c l e s  or " sphe ro ids"  in t h i s  ea r ly  work has  been ignored in su b 

s e q u en t  r e p o r t s ,  even  by th e s e  au th o rs  (Gross ,  e t  a l . ,  1 9 5 4 )  who found s imilar  

globular  s t ruc tu res  when S L S  w a s  allowed to d i s so lve  in acid so lu t ions  (Gross ,  

Highberger  and Schm i t t ,  1 9 5 4 ,  t h e i r  P l a t e  I, Figure 2 ) .  They  a l s o  demons t ra 

t ed  "dense  sphe ro ids"  in a n  hexagonal  packing  arrangement  that  formed within 

"cloudl ike  a g g re g a te s "  of co l l agen ic  mater ia l ;  an S L S  w a s  seen  within  t h e s e  

"c loudl ike  a g g re g a te s "  (Gross ,  e t  a l . ,  1 9 5 4 ,  their  P l a te  I ,  Figure 5 ) .  An 

eve n  more dramatic  example of  t h i s  phenomenon is shown in our P l a t e  IX,

F i g .  3 5 ,  s t ructure  A .  G r o s s ,  e t  a l . ,  ( 1 9 5 4 )  note t h a t ,  "Randall  has  sugges ted  

tha t  co l l agen  f ibri ls  may be composed  of  globular  un i ts  about  6 4 0  A in d iam ete r .  

T h e  sphero ids  descr ibed  herein have d iamete rs  of t h i s  order  of s i z e .  However ,  

no ev id ence  has  a s  yet  been found tha t  th es e  a c tua l ly  form part of  the col lagen  

f ibr i ls  ( though they  may well be involved in the  formation of  the fibril s ) , "

Much of  the e lec tron  microscop ic  work on both S L S  and  na t ive - type  

co l l agen  f ibr ils  has  been done on p o s i t i v e l y - s t a in e d  m ate r ia l .  Extraf ibr i l l ar  

globula r  s t ruc tu res  are most  f requent ly  seen  in material  prepared by nega t ive  

s ta in ing  and sh a d o w -ca s t in g  t e c h n i q u e s .  T h i s  resu l t  can  be exp la ined  by the 

nature  of the t echn ica l  man ipulat ions  involved.  Spec im ens  prepared by pos i t ive
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s ta in ing  are  s u b s eq u e n t ly  w ashed  in d i s t i l l ed  w a t e r ,  bu f fe r s ,  or weak  acid so lu 

t i o n s .  T h e r e f o r e ,  on ly  those  p a r t i c l e s  t ha t  adhere  s t rongly to  the support ing 

film remain;  the r e s t  are w a she d  a w a y .  Nega t ive  s ta in ing  and shadow -cas t ing  

do not involve a w a s h i n g  s t e p .

It might  be  argued tha t  the s ta in ing  method produces  a r t i fac ts  that  we 

are interpreting t o  be  intr insic  to the  S L S  s t r u c tu r e .  However ,  specimen sc re e ns  

were examined  t h a t  had been t r e a te d  exa c t ly  l ike the experimental  mater ia l ,  

minus the  s tock ich thyocol  so lu t ion ,and  no such  globular  uni ts  were found.

T h e s e  p repa ra t ions  included s c r e e n s  with support ing  film o n ly ,  film p lus  A T P ,  

film p lu s  s t a i n ,  a n d  film p lu s  A T P  and s t a i n .  T h e r e f o r e ,  the s t ruc tures  observed 

must  be in tr insic  to  the recons t i tu t ing  co l l a g en  s y s t e m .

T he  rounded  p ro jec t ions  that  are  f requent ly  obse rved  on S L S  fibrils 

are p re s e n t  on p o s i t i v e l y  s ta ined  segm en ts  ( P la t e  XII I ,  F i g .  5 0 )  a s  well a s  

t hose  v i su a l i z e d  by  other  methods (P la te  XI I I ,  F i g .  5 1 )  and in na t ive- type  

f ibr ils (P la te  X V ! ,  F i g .  60 )  providing add i t iona l  ev id ence  that  there  is an in

t r in s ic  globu lar i ty  to  co l l agen  f ibr i ls  of all  t y p e s .  O lsen  ( 1 9 6 7 b ,  see  his 

Figure 10 )  show s  a n  S L S  fibril w i th  a sp layed  end and intr insic  globularity 

like t h a t  in P l a t e  V I ,  F i g .  2 0  but  by pos i t ive  s t a in in g .  F igure  9  in the same 

pape r  ( O l s e n ,  1 9 6 7 b )  r eve a ls  a  micrograph con ta in in g  f an - s h a p ed  S L S  with 

g lobu les  a s s o c i a t e d ,  s imilar  to P l a t e  XIV,  F i g . 5 2 .

Having e s t a b l i s h e d  tha t  globular  s t ruc tu re s  do ,  in f a c t ,  e x i s t  in S L S  

and o ther  ty p es  of  co l l agen  p r e p a r a t i o n s ,  pe rhaps  we should now look at their  

p o s s ib l e  role  in f ib r i l lo g e n e s i s  and the i r  re l a t ionsh ip  to the  morphology of the
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c o l l a gen  m o le c u le . The  gene ra l ly  a c ce p ted  theory a s s u m e s  tha t  the  band 

pa t te rn  of S L S  r e p re sen t s  a  "molecu la r  f ingerprint"  of  a  fundamental  monomer 

of co l l agen  (Hodge and S c h m i t t ,  1 9 6 0 ;  Hodge and P e t r u s k a ,  1 9 6 2 ,  1 9 6 3 ;  

P e t r u s k a  and Hodge ,  1 9 6 4 ;  Hodge ,  e t a l . ,  1 9 6 0 ;  C ox ,  e t  a l . ,  1 9 6 7 )  named 

"tropoco l l agen"  by G r o s s ,  Highberger and Schmit t  ( 1 9 5 4 ) .  From its p h y s i c o 

chemica l  p ro p e r t i e s ,  the t ropoco l lagen  molecule is thought  to be a  long,  s t i f f ,  

r o d -s h a p e d  macromolecule  about  1 4 - 1 8  A m d iam e te r ,  2 7 2 0  to 3 5 0 0  A long 

and molecular  we ight  3 0 0 , 0 0 0  ( G ross ,  e t  a l . ,  1 9 5 4 ;  J a c k s o n ,  1 9 5 8 ;

Boedtker  and Doty,  1 9 5 4 ,  1 9 5 5 ,  1 9 5 6 ;  Hodge and S c h m i t t ,  1 9 6 0 ) .  Cox,  

Grant  and Horne ( 1 9 6 7 ) ,  however ,  s ta te  t h a t ,  "Although,  ph y s ic o c h e m ic a l ly ,  

the t ropocol lagen  macromolecule  is regarded a s  a  rigid rod ,  morphologica l ly ,  

it p o s s e s s e s  some f lex ib i l i t y"  and t h a t ,  " the part  p layed  by the  long l inear  

protofibri l  in the formation of  the  n a t iv e -c o l l a g e n  fibril . .  . h a s  been  too readi ly  

a c c e p t e d . "  V e i s ,  e t a l . ,  ( 1 9 7 0 )  a l s o  sugges t  t ha t  a  compl ica t ion  of p h y s i c o 

chemical  s tud ie s  is . .  the  probab i l i ty  t ha t  very long thin rods might behave 

a s  f lexible  s t ruc tures  r a the r  than rigid o n e s . "  No s u c h  long ,  ro d - s h a p e d  s t r u c 

tu re s  are  evident  in pub l ished  micrographs of c o l l a g e n .

Elect ron  mic roscop ic  s tu d i e s  of shadowed p repa ra t ions  of  so lubi l ized  

co l l agen  have yielded p ic tu re s  of long ,  f i lamentous uni ts  which  were  interpreted 

to be the  " t ropoco l l agen"  molecule  (Hal l ,  1 9 5 6 ;  Hall and Doty,  1 9 5 8 ;  R ic e ,  

1 9 6 1 ) .  Examina t ion o f  th o se  pub l ished  m ic rographs ,  however ,  reveal  a  "beaded" 

pa t t e rn  along the " f i l a m en ts "  p lu s  globular  pa r t i c l e s  of  the same  s i z e  a s  the 

"beaded"  e le m en ts  s c a t t e r e d  among the f i lamentous s t r u c tu r e s .  An ea r l ie r
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paper  by Por te r  and Vanamee ( 1 9 4 9 )  reported beaded  f i l aments  in ch ick  embryo 

skin e x p ia n t s  t h a t  were 5 0 - 1 0 0  A in diameter  w i th a  d i s t a n c e  be tween  "bea d s "  

of  2 7 0  A and a  pe r iod ic i ty  of 2 7 0  A .  Keech  ( 1 9 5 4 ,  1 9 5 5 )  t rea ted  human 

skin and tendon  and c a l f  t endon with c o l l a g e n a s e  and found f ibri ls  with tapered 

e n d s  a n d / o r  loc a l i z e d  narrowing of  fiber wid th  p lus  t a c to id s  (short lengths  of 

co l l agen  t apered  a t  both e n d s ) .  Beaded f ibr i ls  and iso la ted  globules  were p re 

s e n t  in her p r e p a r a t i o n s ,  a s  they  were in p repa ra t ions  from bovine skin  s tudied 

s im ila r ly  by G ross  ( 1 9 5 3 ) .  T a c t o i d s ,  whose  t i p s  u s u a l l y  end in t iny  globular 

s t r u c t u r e s ,  have be en  noted by Noda and Wyckoff  ( 1 9 5 1 ) ,  Banfield ( 1 9 5 2 ,  

1 9 5 5 ) ,  R a n d a l l , e t a l . ,  ( 1 9 5 5 ) ,  Randall  ( 1 9 5 7 )  and Gross  ( 1 9 5 3 ) .  Keech

( 1 9 5 4 )  reported t h a t  the beaded f i laments  and t a c t o id s  were frequent in infant 

skin but occurred only o c c a s i o n a l l y  in adul t  s k i n .  Banf ield ( 1 9 5 2 ,  1 9 5 5 )  

a l s o  noted the  t ape red  f ib r i l s  most  f requent ly  in embryonic  connect ive  t i s s u e  

and in human mesenchymal  n e o p la s m s .  Curran and Clark ( 1 9 6 3 )  produced 

a v a s c u l a r  gr anu lomas  on per i tonea l  s u r faces  and found tha t  ea r ly  f ib rogenes i s  

w a s  c h a ra c te r iz e d  by  the  p re s e n c e  of  beaded f i l aments  l e s s  than 5 0  A in d i a 

meter  in the v ic in i t y  of e a c h  f ib rob la s t .  Beaded f i l aments  c o n s i s t ing  of paired 

4 0  A s t r ands  in pa ra l le l  coupled  by 1 5 0  A b e a d s  a t  periodic  s p a c in g s  of 6 4 0  A 

have be en  i so la ted  from embryonic  pig dermis  by Hayes and Al len  ( 1 9 6 7 ) .  The  

formation of t a c t o i d s  have been  found to vary wi th s a l t  concen t ra t ion  and time 

(Vanamee and P o r t e r ,  1 9 5 1 ) .  Bora sky and Sh imony  ( 1 9 6 5 )  found t ransve rse  

c le a v a g e  p l a n e s  and other  s t ructural  de fe c t s  in bovine sk in  co l l agen  tha t  occurred 

a t  macroperiod l e v e l s  and sugges ted  tha t  the c o l l a g e n  molecule  w a s  about  6 5 0  A
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long rather than 2 7 2 0  to 3 5 0 0  A long.

T h e s e  reports  resemble  our f indings tha t  the  e a r ly  s t a g e s  of  S L S  

f ib r i l logenes i s  are  cha rac te r ized  by globular  s t ruc tu re s  while  the  la t te r  tend to 

become obscured  in the  mature S L S  p repa ra t ions .

During the preparat ion  of  this  r ep o r t ,  a paper  w a s  pub l i shed  by V e i s ,  

e t  a ! ( 1 9 7 0 )  on the so lu b i l i za t ion  of  m a tu re ,  po lymeric  co l l agen  f ibr i ls  by 

lyotropic  r e l a x a t io n ,  i . e . ,  the swe l l ing  and  d i sp e r s io n  o f  co l l agen  by us ing  c h e 

lat ing a g e n t s  such  a s  E D T A .  The  r e s u l t s  were  interpreted to be an e ff ec t  caused  

by the " lyotropic  r e laxa t ion"  p r o c e s s ,  in which  "microf ibr i l lar  f i l amen ts "  with 

d iam e te r s  l e s s  than 1 0 0  A were thought  to  be v i s u a l i z e d .  T he i r  F ig u re s  4 ,  5  

and 6 ,  however ,  are a lmos t  ident ical  to some o f  the S L S  forms produced during 

our  t i m e - s t u d y ,  in which no che la t ing  agen t  or dena tur ing  p r o c e s s  w a s  used  

(see P l a t e s  III, IV,  VI,  VII ,  VIII,  IX, XI and XII ,  F i g .  4 5 ) .  T he  magnif ica t ion 

used  in the i r  s tudy (V e i s ,  ec a l . ,  1 9 7 0 )  w a s  too low to al low de ta i le d  e x a m i 

nation but g lobula r  s t r uc tu res  were e v id e n t ,  n e v e r t h e l e s s ,  in a s s o c i a t i o n  wi th  

the  S L S  and in the ex tra f ib r i l la r  m a te r i a l .

T h e  length of  S L S  f ibr i ls  is curren t ly  a s su m e d  to be tha t  o f  the  " t rop

oco l l a g en "  pa r t ic le  (O lsen ,  1 9 6 3 b ;  Hodge and S c hm i t t ,  1 9 6 0 ;  G r o s s ,  

Highberger ,  and S c h m i t t ,  1 9 5 5 ;  C o x ,  Grant and Horne,  1 9 6 7 )  and var ious 

hypo theses  have been  advanced  to exp la in  the la teral  aggrega t ion  of long ,  s t i f f ,  

rod -shaped  macromolecu les  and the  band pa t t e rn s  t h a t  are  seen  in n a t ive - type  

f ib r i l s ,  F L S  and S L S  (Schmi t t ,  G ross  and Highberger ,  1 9 5 5 ;  G r o s s ,  1 9 5 6 ;  

S c h m i t t ,  1 9 5 6 ,  1 9 5 9 ,  1 9 6 3 ,  1 9 6 4 ;  Hodge and S c h m i t t ,  1 9 6 1 ;  Hodge and
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P e t r u s k a ,  1 9 6 3 ;  O l s e n ,  1 9 6 7 ;  C ox ,  Grant and Horne,  1 9 6 7 ) .  No such  rod

shaped  molecule  has  be en  ident if ied in S L S  or any other  co l l agen ic  material and 

the  proposed  molecu la r  pack ing  arrangements  do not a dequa te ly  explain the band

ing p a t t e rn s  tha t  have been  o b s e rv e d .  Hodge and Pe t ru ska  ( 1 9 6 2 )  found that  

the  proposed length of the  t ropoco l lagen molecule and the  length of an S L S  

segment  e x c e e d s  the  length of  four per iods of  na t i ve - type  f ibr i ls  ( i . e . ,  greater  

t han  2 5 6 0  A ) .  G r o s s ,  Highberger and Schmit t  ( 1 9 5 4 )  and Schm i t t ,  e t a l . ,

( 1 9 5 5 )  reported t h a t  S L S  range in length from 1 5 0 0  to  3 0 0 0  A .  Kuhn,  

Hoffmann and Grassmann ( 1 9 5 9 )  found a  range of  2 4 0 0  to 3 2 0 0  A ,  while 

O lsen  ( 1 9 6 3 b )  reported an ave rage  length of 3 1 3 0  A wi th  a  range of  2 7 2 0  to 

3 4 0 0  A . T h i s  s tudy  demons t ra tes  a  var ia t ion from 1 8 8 9  A to 4 3 7 8  A with 

an ave rage  of 3 0 1 0  A ,  or a difference of 2 4 8 9  A be tween the longest  and 

sho r te s t  f ibr i ls  r eco rded .  T he  length of the t ropocol lagen m o lecu le ,  on the other  

hand ,  has  been  recorded to be 5 0 0  to 4 0 0 0  A ,  ave rage  2 2 0 0  A ,  by e lec tron 

microscopic  s tu d i e s  (Hal l ,  1 9 5 6 )  and 2 7 2 0  to 3 5 0 0  A wi th  a range of  2 7 2 0  

to 1 6 0 , 0 0 0  A by phys icochemica l  t ec hn iques  (Ba i l ey ,  1 9 6 8 ;  Bea r ,  1 9 4 2 ,  

1 9 5 2 ,  1 9 5 5 ,  1 9 5 7 ;  Boedtker  and Doty,  1 9 5 5 ,  1 9 5 6 ;  E n g e l ,  1 9 6 2 ;  

Harrington and von Hippe l ,  1 9 6 1 ;  R i c e ,  e t  a l . ,  1 9 6 4 ;  von Hippe l ,  1 9 6 7 ) ,  

demons tra t ing cons ide rab le  var ia t ion be tween observed  leng ths  of  S L S  and 

reported leng ths  for the  t ropocol lagen m ole cu le .  T h i s  t im e - s tu d y  has  demon

s tra ted a  difference be tween  the  longest  and short es t  S L S  f ibr i ls  measured 

( 4 3 7 8 - 1 8 8 9  =  2 4 8 9  A) tha t  approaches  the S L S  lengths  reported by other  

inves t ig a to rs  for mature S L S .  Alterna t ive p roposa ls  for the s t ructure  of the
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monomeric  uni t  of  c o l l agen  p re s e n t  even greater var ia t ion  be tween  the length of 

the  s u g g e s t e d  co l l agen  molecule  and SL2S a g g re g a te s  (Porter  and V a n a m ee ,  1 9 4 9 ;  

R a n d a l l ,  1 9 5 3 ;  Nor th ,  Cowan and Ran<l;all, 1 9 5 4 ;  Cow an ,  North and R a n d a l l ,  

1 9 5 5 ;  K a hn ,  Carrol l and W i t n a u e r ,  1 9 6 2 ;  Borasky  and Sh imony,  1 9 6 5 ;  

D a v idov i t s ,  1 9 6 6 ;  Richter  and S c h i l l i n g ,  1 9 6 6 ;  V e i s ,  e t  a l . ,  1 9 6 7 ;  Bhe tnager ,  

e t  a l . ,  1 9 6 8 ) .

T h e  t ropoco l lagen  theory  a lso  •does not account  for the  great  va r iab i l i ty  

in pe r iod ic i ty  o f  n a t iv e - ty p e  f ib r i ls :  4 9 0  to  1 0 0 0  A (G ro ss ,  e t  a l . ,  1 9 5 4 ) ;

5 2 0  A (B an f ie ld ,  1 9 5 2 ) ;  3 0 0  to lOOO A (Schmi t t ,  Hall and J a k u s ,  1 9 4 2 ) ;

2 1 0  A (Vanamee and P o r t e r ,  1 9 5 1 ) ;  2 1.0 A and 6 4 0  A (Keech ,  1 9 5 5 ) ;  2 7 0  A 

(O rns te in ,  1 9 5 6 ) ;  4 2 0  A (Rich ter  and S«chi l l ing,  1 9 6 9 ) ;  no s t r ia t ions  in e a r t h 

worm c u t i c l e  c o l l a gen  (Maser  and Rice,  1 1 962 ) ;  2 2 0  A in embryonic  t i s s u e s  

(G ross ,  1 9 5 6 ) ;  and va r ia t ions  of  2 2 0  A . ,  6 4 0  A or  no pe r iod ic i ty  in r e c o n s t i t u 

t ion  s t u d i e s ,  a ll  being in terconvert ible  ( ( ^ r o s s ,  1 9 5 6 ) .  S c h w a r tz ,  e t a l . ,  ( 1 9 6 9 )  

found tha t  s t r e tc h ing  and compress ion  of c o l l a g e n  varied the  leng ths  of the p e r io d s .

Com para t ive ly  l i t t le  a ttent ion bras been given to  the  widths  of S L S  and 

the i r  re la t ionsh ip  to the p o s s ib l e  packing  arrangement of t ropocol lagen  or o ther  

proposed  co l l agen  m olecu le s  wi th in  the FiHbrils (Gross ,  e t  a l . ,  1 9 5 2 ;  1 9 5 4 ;  

S c h m i t t ,  e t a l . ,  1 9 5 5 ;  Kuhn,  e t a l . ,  1 9 ( 5 9 ;  Hodge and P e t r u s k a ,  1 9 6 2 ;  O l s e n ,  

1 9 6 3 b ) . One would  a ssum e  th a t  a s ide-hhy-side aggrega t ion  of cy l indr ical  macro

m olecu le s  would y ie ld  S L S ,  and other typces o f  f ib r i l s ,  whose  wid ths  would be 

re la t ive ly  uniform along  the  length o f  the ffibrillar a g g re g a te .  T h i s  t im e - s tu d y  of  

S L S  f ib r i l l o g e n e s i s ,  however ,  r e v e a l s  s ig n i f i c a n t  varia t ion in the  wid ths  o f  the
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segments  a t  di fferent  po in ts  in the same segment  ( s e e  P la te  III,  F i g .  6 ;  P l a t e  IV,  

F i g .  8 ,  fibril labe led B;  P l a t e  V ,  F i g .  1 3 ;  P l a t e  VII I ,  F i g .  2 7 ;  P l a te  X ,

F i g .  3 8 ;  P l a t e  X I ,  F i g .  4 0 ;  P l a t e  XI I ,  F i g .  4 3 ;  P l a t e  XI I I ,  F i g s .  4 9  and 

5 1 ;  P l a t e  X IV ,  F i g .  5 2 ) .  The  da ta  for the a v e ra g e s  and ranges  of wid ths  a t  

e a c h  t ime per iod (Table  2  and Graphs 3  and 4)  show tha t  the difference be tween  

the  na rrowes t  point  recorded for t he  "nar rowest  po in t"  width ( 9 2  A) and the  nar

rowes t  point  recorded for the "wides t  point"  measurement  ( 2 7 6  A) w a s  1 8 4  A.  

T h a t  i s ,  t he  l e a s t  value found in the  w ide s t  point d a t a  w a s  th ree  t im es  the nar

rowest  width recorded in t h i s  s tudy  (Table  2 ,  R a n g e ) . T he  da ta  for the four t ime 

pe r iods  in wh ich  9 2  A w a s  the l ea s t  wid th  recorded (Table  2  a t  2 0 ,  2 5 ,  4 0  and 

1 0 0  seconds )  reveal  an even  grea te r  di ffe rence be tw een  the "nar rowest  po in t"  

and the  "w ides t  po in t"  measurements  ( 5 9 9  A -  9 2  A a t  2 0  se co n d s ;  4 1 5  A -  

9 2  A at  2 5  and 4 0  se co n d s ;  4 6 1  A -  9 2  A a t  1 0 0  s e c o n d s ) . There  is no way 

to a ccoun t  for t h e s e  r esu l t s  if one a c c e p t s  t ha t  the co l l agen  molecules  are c y l i n 

de rs  1 4 - 1 8  A in diamete r  by 3 0 0 0  A long (or any o ther  length) and aggrega te  

s i d e - b y - s i d e .

Development  of  Band P a t t e r n s  

C r o s s - s t r i a t i o n s  in co l l agen  were f irst  desc r ibed  by Schm i t t ,  Hall and 

J a k u s  ( 1 9 4 2 )  and the convent iona l  label ing w a s  proposed  by Schmit t  and Gross  

( 1 9 4 8 ) .  T h e  bands  of c o l l agen  f ibr i ls  were defined by Bear  ( 1 9 4 2 )  a s  " d i s k 

l ike e n la rgem en ts  of  f ibr il lar  d iamete r  with greater  t h a n  ave rage  power to de f l ec t  

or  absorb  e l e c t r o n s  and to  take  up e lec tron  s t a i n s .  T h e  bands  form c h a ra c te r i s t i c  

p a t t e rn s  w h ich  pe r iod ica l ly  repea t  a long the  fibril a x i s  and which  are thought  to
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be reg ions  of  charged  s l d e - c h a i n s  which  absorb an ionic  and ca t ion ic  e lec tron  

s t a i n s .  T h e  f ibr i l lar  l e v e l s  remaining be tween  bands  may be c a l l ed  " in te r b a n d s ."  

T h e  l a t te r  have  been thought  to con ta in  pr imarily non-po la r  r e s id u e s  and t h e r e 

fore to  poorly absorb e le c t ro n  s t a i n s  (von Hippel ,  1 9 6 7 ) .  According to the con

c e p t  e labora ted  by Schm i t t  ( 1 9 5 6 ) ,  pe r iodic  banding of  f ib r i l s ,  or c r o s s - s t r i a t i o n s ,  

o c c u r  when a  su b s ta n t i a l  f ract ion of the amino a c id s  in a protein p o s s e s s  long 

s i d e - c h a i n s  which give r i s e  to  la teral  in te rac t ions  be tween  m acromolecu les ,  

th e re b y  y ie ld ing  reg ions  of r e l a t i v e  order  and d i so rde r ,  depending  on the  way the 

s i d e - c h a i n s  ad ju s t  to t h e  c l o s e l y  pa cked  fibrous conf igu ra t ion .  T h e s e  ordered 

and d i sordered  regions  were thought  to oc c u r  a t  p r e c i s e  loca t ions  a long the fibril 

and to  ref lect  the  d i s t r ibu t ion  of the  s id e - c h a i n s  a long the length of  the f ib r i l .

S i n c e  the amino ac id  d i s t r ibu t ion  is  supposed  to be c o n s ta n t  and s pec i f ic  for e a ch  

p r o t e i n ,  la teral  in teract ion  be tw een  s i d e - c h a i n  groups of  the  macromolecu les  

sho u ld  form f ibr ils wh ich  a p p e a r  banded in the e lec tron m ic ro scope .

T h i s  t im e - s tu d y  h a s  d e m o n s t ra t ed ,  however ,  tha t  c r o s s - s t r i a t i o n s  are 

a  re la t ive ly  late appear ing  s t ruc tu ra l  feature  ( see  arrow at  fibril A in P l a t e  IV,

F i g .  8  and in P l a t e  V ,  F i g .  1 2 ;  s e e  P l a t e  V ,  F i g s . 1 3  and 1 4 ;  P l a t e  VI ,  F i g .  1 5 ;  

P l a t e  VIII, F i g .  2 7 ) .  One band c h a r a c te r i s t i c a l l y  forms f irs t  a t  one end  of a 

fibril  (P late  IV,  F i g .  8 ) ;  l a t e r  in f ib r i l logenes is  an addi t iona l  s ing le  band d e v e l 

o p s  a t  the o p p o s i t e  end of t h e  S L S  (P la te  VIII,  F i g .  3 4 ;  P l a t e  X I ,  F i g .  4 0 ) ,  

t h e  e a r l i e s t  occur rence  of  two r ecogn izab le  bands  being a t  1 4 0  s e c o n d s  in th i s  

s t u d y .  The  S L S  s egm en ts  a re  r e l a t i v e ly  old before severa l  bands  are  ev ident  

( P l a t e  XII,  F i g .  4 3  a t  9  1 / 3  minutes ;  P l a t e  XII ,  F i g .  4 5 ) .
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It would seem that  c r o s s - s t r i a t i o n s  should deve lop  a s  rapidly a s  the 

S L S  form if the  c oncep t  of the  lateral aggrega t ion  of t ropocol lagen m ole cu le s  is 

c o r r e c t .  The  current ly  accep ted  concep t  t h a t  the th ree polypept ide  c h a in s  of c o l l a 

gen are formed and interact  to form a t r ip le  he l ix ,  the t ropocol lagen  m o le c u le ,  

pr ior  to the i r  la tera l  aggregat ion into n a t i v e - t y p e  f ib r i l s ,  F L S  or S L S ,  s u g g e s t s  

t ha t  the s i d e - c h a i n s  a ssum ed  to  be r e s p o n s ib le  for t he  banding pa t t e rn s  are  p r e s 

e n t  and a v a i l ab l e  for s ta in ing a t  the  t ime o f  fibril formation.  The re la t ive ly  slow 

deve lopment  of  c r o s s - s t r i a t i o n s  over t ime in S L S  f ib r i l lo genes is  cannot  be a c 

counted  for by th i s  theory.

The  c o n c e p t s  tha t  have deve loped  concern ing  the t ropoco l lagen  mole

cu le  and i ts  aggrega t ion  to form various t y p e s  of  f ibr i ls  and c r o s s - s t r i a t i o n s  ( G ro ss ,  

Highberger and S c h m i t t ,  1 9 5 4 ;  S c h m i t t ,  e t a l . ,  1 9 5 5 ;  Boedtker  and Doty ,  1 9 5 5 ;  

Ha l l ,  1 9 5 6 ;  S c h m i t t ,  1 9 5 6 ;  J a c k s o n ,  1 9 5 8 ;  Hall and Doty,  1 9 5 8 ;  Hodge and 

S c h m i t t ,  1 9 6 0 ,  1 9 6 1 ;  von Hippel ,  1 9 6 7 )  a l s o  do not exp la in  the occurrence  

of  the "deformed" band pa t t e rns  demons t ra ted  in P l a t e  XII I ,  F i g s .  5 0  and 5 1 .

The  current ly  a c c e p te d  theo r ie s  sugges t  t ha t  if t he  c r o s s - b a n d s  at  one end of  an 

S L S ,  or any type  of  f ib r i l ,  are def l ected  in the  di rec t ion of  the  long a x i s  of the 

fibril (P la te  XII I ,  F i g .  5 0 )  then  aU^ the  ba n d s  a long t h a t  s id e  of the segment  

should be s im ila r ly  def lected out  of  the i r  normal conf igu ra t io n ,  i . e .  near ly  p e r 

pend icu la r  to the  long ax i s  of  the fibril ( P la t e  X I I ,  F i g .  4 5 ) .  Examina t ion of  

P l a t e  XII I ,  F i g s .  5 0  and 5 1 ,  r evea ls  t h a t  t h i s  is  not the c a s e .  The  f ac t  t ha t  a 

s imila r  deformation of the usua l  band pa t t e rn  has  been  demonstrated  by two com 

p le te ly  diffe ren t  t e c h n i q u e s ,  s u g g e s t s  that  a  different  interpretat ion of  macro-
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molecu la r  aggrega t ion and band pat t ern  development  must  be formulated.  Th is  

t im e - s tu d y  did not  provide the  n e c e s s a ry  da ta  for such  theo r iz ing .  However ,  a 

new concep t  of the s t ructure  and  packing arrangement of  the co l l agen  macromole

cule  has  been deve loped  by Doctor  Kenneth M. Richter  at  the Universi ty  of 

Oklahoma Medical  C en te r ,  ba sed  on the v i sua l iza t ion  of  a  p e a r - shape d  s t ructure  

in e lec t ron  micrographs of severa l  ty p es  of  connect ive  t i s s u e  (Richter  and 

S c h i l l i n g ,  1 9 6 9 ,  1 9 7 0 ) .  An e x tens ive  correlat ion of e lec tron  m ic roscop ic ,  

ph y s ic o c h e m ic a l ,  x - r a y  diffraction and biochemical  da ta  has recent ly  been com

p leted by Richter  and will be publ ished in the near future (Richter and S c h i l l ing ,  

1 9 7 0 ,  personal  comm unica t io n ) . Kenneth M. R ich te r ' s  concep t  o f  a  p e a r - s h ap e d  

co l l a g en  molecule and the mechan ism of aggregat ion that  he is proposing is the 

only hypothes is  to da te  that  a c c o u n t s  for the  length and width d a t a ,  development  

of  band pa t t e rns  and intr insic  globular ity  of  S L S  found in th i s  s tu dy .

Embedded and Sec t ioned  Prepara t ions  

There  are  no p rev ious  reports in the l i terature on recons t i tu ted  co l l agens  

tha t  de s c r ib e  the f indings in embedded  and th in - s ec t io n e d  m ate r ia l ,  be it S L S ,  

F L S  or na t ive - type  f ib r i l s .  W e have used  th i s  technique but the d i ff icu l t i e s  e n 

countered  in a t tempt ing to s t a in  embedded and sec t ioned  spec imens  of r ec o n s t i 

tuted  c o l l a gens  ( S L S  and na t iv e - ty p e  fibrils) and a limited amount  of time a v a i l 

able  for the s tudy led us to abandon  th is  approach .  The re fo re ,  our observat ions 

can be reported only  a s  prel iminary re s u l t s  tha t  will require more e x te ns ive  s tudy .

The  problems a s s o c i a t e d  with s ta ining t h i s  type of prepara t ion (see 

P l a t e  XVI) might p o s s ib ly  be exp la ined  by a  re la tive ab s en c e  of  bound ionic
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groups on th i s  mater ia l  t h a t  could reac t  with the heavy meta ls  in the s ta in ing  s o l 

u t io n s .  S pe c im e n s  prepared  by s imply p rec ip i ta t ing f ibr i ls  d irec t ly  on grids  are 

s ta ined  pr ior  to any  w ash ing  s t e p .  Mater ia l  to be embedded is first  f ixed ,  which 

would t ie  up many r eac t ive  groups on the  f ib r i l s ,  and th en  undergoes  dehydrat ion 

and embedding th rough a s e r i e s  of f lu ids  t ha t  could remove loose ly  a s s o c i a t e d  or 

unbound ionic groups and s a l t s  (compare P l a te  XII I ,  F i g s .  4 9  and 5 0  with 

P l a t e  XVI,  F i g s .  5 6 ,  5 7 ,  5 8  and 6 0 ) .  It is thought  tha t  e lec tron  s ta in s  

normally reac t  w i th  bound ionic  groups in the  unembedded p repara t ions  of  recon

s t i tu ted  c o l l a gen  and tha t  fewer  such  groups are a va i l ab le  in fixed and sect ioned  

m ate r i a l .  T he  a b s e n c e  of  th i s  s ta ining  diff icul ty  in most s tanda rd  connec t ive  

t i s s u e  se c t io n s  might  be exp la ined  by the  p re s e n c e  of m ucopo lysaccha r ides  and 

other high molecu la r  we igh t  ionic compounds a s s o c i a t e d  wi th  it and not washed  

away by the  p r o c e s s in g  f lu id s .  P ro te in -p o ly s a c c h a r id e  complexes  have frequently 

been descr ibed  in a s s o c i a t i o n  with co l l agen  f ib r i l s .  Meyer  ( 1 9 4 7 )  sugges ted  

that  co l l a g en  is formed on a  mucopolysaccharide t e m p la t e .  Smith and Se r ra f in i -  

F r a c a s s i n i  ( 1 9 6 8 )  demons t ra ted  a  p ro te in -p o ly s ac c h a r id e  complex a s s o c i a t e d  

with fine c o l l a g e n  f ibr ils  in the matrix of nuc leus  pu lposus  and in c a r t i l a g e .  

Schwar tz  ( 1 9 6 1 )  found hyaluronate  a t t a ch e d  to fine c o l l a genous  f i l aments  in the 

vi t r eous  body and M y e r s ,  Highton and Rayns ( 1 9 6 9 )  found ac id  m ucopo lysacc 

har ides  to be  c l o s e l y  a s s o c i a t e d  with co l l agen  f ibr ils  in normal human synovium. 

T heore t ica l  support  for t h i s  hypo thes i s  may be found in the  d i s c u s s io n  of  osmic 

acid nega t ive  s t a in ing  by Barland and Rojkind ( 1 9 6 6 ) .  Robertson  ( 1 9 6 4 )  s ta ted  

t h a t ,  "The  behavior  of  c o l l a g e n ,  a  po ly e l e c t ro ly t e ,  is modified by o ther  po ly 
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e l e c t r o l y t e s  commonly a s s o c i a t e d  with i t ,  e . g .  m ucopolysaccharides  and (muco)- 

p rote  i n s ,  by smal le r  i o n s ,  and even  by such  non -e lec t ro ly te s  a s  u r e a . "  As noted 

in Chap te r  III,  O b s e r v a t i o n s ,  however ,  the lengths  and the profi le of sec t ioned  

S L S  cor re la t e  well  wi th  the  r e s u l t s  found for the unembedded m a te r i a l s .

Negat ive  S t a in i n g  with Osmic Acid Vapors 

Various au th o rs  have ra i s ed  the  ques t ion  of the accu racy  of  length 

measu rem en ts  in nega t i ve ly  s ta ined  ve rsu s  pos i t ive ly  s ta ined  S L S  (Cox,  Grant  

and Horne ,  1 9 6 7 ;  O l s e n ,  1 9 6 7 ) .  The  negat ive  s ta in ing  techn ique  y ie lds  

l eng th  va lues  for S L S  tha t  are  10%  grea te r  than pos i t ive  s ta in ing ( O lse n ,  1 9 6 7 )  

and C o x ,  Grant and Horne ( 1 9 6 7 )  cons id e red  the  nega t ive  s ta in ing  method to be 

t h e  more accu ra te  of  the tw o .  S o lu t ions  of  phosphotungs t ic  acid  are  gene ra l ly  

u s e d  for t h i s  p u r p o se .  Nega t ive  s ta in ing  wi th  the  vapors  of osmium tet roxide  was  

d e s c r ib e d  by Bari and and Rojkind in 1 9 6 6 .  A s l igh t  modification of t h i s  t e c h 

nique has  been used  on var ious  t y p e s  of  co l l agen  preparat ions in our l abora tor ies  

w i th  some s u c c e s s .  P l a t e  XVI,  F i g . 5 9  dem ons t ra tes  the sharp boundari es  of  

an S L S  fibril that  can be out l ined by th i s  method .  We therefore  sug g e s t  that  

future a t t em p ts  to measure  the d imens ions  of  S L S  or o ther  macromolecular  a g g 

r e g a t e s  may profi tably u t i l iz e  t h i s  t e c h n iq u e .



C H A P T E R  V 

SUMMARY

It has  be en  s ugges ted  and gene ra l ly  a c c e p te d  tha t  a t t enua ted  co l l agen  

m o le c u le s  in so lu t ion  ( 1 4 - 1 8  A d iam e te r  by 3 0 0 0  A length) are aggrega ted  in a 

s i d e - b y - s l d e  a l i gnm en t ,  without  change  in s i z e  and s h a p e ,  into na t ive - type  F L S  

and S L S  forms o f  recons t i tu ted  c o l l a g e n .  It has  been assum ed  tha t  the c r o s s 

banded S L S  form r e p r e s e n t s ,  from one  end to t h e  o the r ,  a  "molecu la r  f ingerprint" 

of  the so lu b i l i z e d  co l l agen  m o le c u le .

T o  e v a lu a te  t h i s  hypo thes i s  the p r e s e n t  s tudy  was  undertaken to obtain 

morphologic  and quan t i ta t ive  da ta  on the g e n e s i s  of co l l agen  co m p le x es ,  p a r t i c u 

lar ly the  S L S  form us ing  an  in vi tro r econs t i tu t ing  s y s te m .

T h e  bulk o f  the  da ta  ob ta ined  is ba sed  on so lub i l iz ed  col lagen  ex tr ac ted  

from ca rp  swim bladder ;  the  remainder  c onc e rns  so lub i l iz ed  co l l agen  from rat  tai l  

t en d o n ,  dog tendon  and skin and induced f ib roco l l agenous  cy l inders  from the  dog .

Morphologic  d a t a  show tha t  all  r econs t i tu ted  c o l l a g en s  (na t iv e - ty p e ,  

F L S  and S L S )  from s e v e ra l  sou rc e s  have an  in tr ins ic  globular  s t ruc tu re .  T i m e -  

s e q u e n c e  s tu d i e s  (5 s e c o n d s  to severa l  m inu tes  o f  recons t i tu t ing  carp swim 

bladder  c o l l a g e n  yield  the  following information on S L S  formation.

(1)  A fine globular  s t ruc tu re  c h a r a c t e r i z e s  all  s t a g e s  in the g e n e s i s  of

4 4
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S L S ,  from the  l e a s t  to  the most  highly d ifferent ia ted s t a g e s .

(2) T he  de f in i t ive  c ro s s - b a n d in g  pa t tern of r econs t i tu t ing  S L S  forms 

is t im e - d e p e n d e n t .  C r o s s - b a n d s  appear  first  only at  the  e n d s  o f  the S L S  s e g 

ments ;  the c e n te r s  become p rogress iv e ly  more s t r ia t ed  over  t im e .

(3) T h e  leng ths  of recons t i tu t ing  S L S  vary wi th  t ime and  are  a l s o  

var iable  both within  t h e  l imits  of one S L S  segment  and from one segment  to 

ano the r  ( e . g .  1 8 2 4  A to 2 2 9 2  A ) .

(4) T h e  w id th s  of  r econs t i tut ing S L S  vary wi th t ime;  t h ey  a l s o  vary 

within the  l imits  of  one S L S  and from one segment  to a n o the r .

(5) T h e  c ro s s - b a n d i n g  pat tern is sub jec t  to m echanica l  deformations 

t ha t  are  inco n s i s t e n t  wi th current ly  accep ted  theo r ies  o f  col lagen  u l t r a s t ruc tu re .

T h e  morphologic and quant i ta t ive  da ta  p resen ted  on th e  emerging s e g 

m e n t - lo n g - s p a c in g  type  of  co l l agen  is not c o n s i s t e n t  wi th the  hypo thes i s  t ha t  

f ib r i l logenes i s  invo lves  a  s i d e - b y - s i d e  al ignment  of s t ructura l  subun i t s  p o s s e s s 

ing the  d im ens ions  of  a  long ,  rod -shaped  macromolecu le .  R a t h e r ,  the s tructural  

subun i t  involved is of a  globular  form.
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PLATE I

Figure I. Carp SLS a t 5 seconds in the time-study. Note the many globular forms of 
various sizes and the head-like ultrastructural detail common to  all the globular units and filamentous 
structures. The tiny filament a t A is approximately 18 A in diameter and the beaded structure at B 
is 45-65 A in diameter. A coiled figure occurs a t C composed of a central sphere, 74-92 A diameter, 
with an extended filam ent of similar dimensions coiled around it. There is a pear-shaped structure at 
0  tha t is 275 to  295 A long, about 92 A wide a t its narrow end and about 148 A wide a t the bulbous 
end. The SLS-like segment (arrow) in this micrograph is the only one observed a t this period in the 
time-study. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.
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PLATE II

Figure 2. Carp SLS a t 10 seconds in the  time-study. Globular units predominate not only 
as discrete units but as parts of extended SLS-like fibrils at A. A suggestion of handing appears in the 
irregular, elongated structure a t  B. The ultrastructure is the  same in the globules and SLS-like fibrils 
as in Plate I. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 3. Carp SLS a t 16 seconds in the  time-study. The fibrillar elements have become 
much more uniform and SLS-like in appearance, ye t rounded projections occur along the borders of 
segments (A) and globules are present in the extra-fibrillar areas. One end of the  fibril a t B is rounded. 
There is considerable variation in the overt lengths of the various fibrous structures. Negative staining 
with 2% w/v potassium phosphotungstate, pH 7. X 108, 500.

Figure 4. Carp SLS a t 15 seconds in the time-study. Note the significant variation in the 
length of this segment along the border labeled A compared with the side labeled B. Mush of the  
filamentous material in the so-called extra-fibrillar area appears to  be continuous with the fibril.
Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 5. Carp SLS a t 15 seconds in the time-study. The immature SLS segment a t  A is 
simiiar in shape to  the one in Figure 4, but is shorter by 900-1000 A. The segment a t B has an irregular 
stair-step profile similar to  the  immature collagen fibrils described by Richter and Schilling (1970) in 
their sectioned scar material. Bulbous projections are present along its lateral borders and the  width 
varies significantly along the length. The irregularly shaped structure a t C has the  same bead-like 
ultrastructure seen a t all stages in the developing SLS, yet its length and shape are not typical of a 
classical SLS segment and one end appears to  be continuous with the unorganized extra-fibrillar 
collagenic material. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.
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PLATE III

Figure Q. Carp SLS at 20 seconds in the time-study. This micrograph demonstrates the 
variability in shape tha t occurs in SLS, especially in the early stages of form ation. The splayed ends of 
the segment a t A reveal both globular and fibrillar elements, bu t even the  latter contain a bead-like 
globular ultrastructure. These SLS vary tremendously in width along th e ir long axes. The segment a t 
B is quite uniform a t one end bu t is very irregular a t the opposite, displaying a variation in the length 
of the segment, a t different points across its width. This is even more evident a t  C where the stair
stepping effect in the profile resolves into tw o projections at one end. Negative staining with 2% w/v 
potassium phosphotungstate, pH 7. X 108,500.

Figure 7. Carp SLS a t 25 seconds in the time study. The segments a t  this time period 
are more uniform in size and shape than those a t earlier stages. The splayed ends o f  the segment a t A 
reveal globular units similar in size and shape to  those in the extra fibrillar material (arrow). Negative 
staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.
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PLATE IV

Figure 8. Carp SLS a t  35 seconds in the  time-study. There is a discrete and relatively 
uniform SLS a t A which demonstrates an  early appearance of banding (cross-striations) a t one end (arrow). 
The structure a t B has relatively large globular units, similar to  the globules in the extra-fibrillar material, 
projecting from  one end. The large masses of electron dense material appear to  be aggregates of the 
globular electron dense material. Negative staining with 2% w/v potassium phosphotungstate, pH 7.
X 108,500.

Figure 9. Carp SLS a t  35 seconds in the time-study. This segment is very irregular at 
one end and appears to  be continuous with globular units, yet an early cross-striation is present in this 
fibril. Negative staining with 2% w /v potassium phosphotungstate, pH 7. X 108,500.

Figure 10. Carp SLS a t 40 seconds in the time-study. Note the  globular appendage 
projecting from  the side o f th is segment. It has the same bead-like ultrastructure as the main fibril.
The latter appears to  have three of these larger globules lined up across one end; the  opposite eno 
tapers to  an irregular term inus composed of the s m e  bead-like elements (45-65 A in diameter). One 
lateral border appears to be connected to  the irregular, unorganized extra-fibrillar material. Negative 
staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure II. Carp SLS a t  45 seconds in the time-study. The globular substructure of the 
immature SLS and the  extra-fibrillar substance is readily apparent in this micrograph. The segment at 
A term inates in a globular structure measuring approxim ately 138 A by 203 A. Structures measuring 
about 45 A by 138 A are evident throughout the micrograph and appear to  comprise the substructure 
of larger globular units (C). Some of these small units appear to  project from  the lateral margins and 
ends of SLS-like segments (B). Negative staining with 2% w/v potassium phosphotungstate, pH 7.
X 108,500.
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PLATE V

Figure 12. Carp SLS a t 50 seconds in the time-study. The extra-fibrillar material in this 
micrograph appears to be more fibrillar than globular in configuration; globules are present, however, 
and they  occur as parts of the immature SLS (A) as well as in the extra-fibrillar substance (C). Large 
"spheroids" (691 to  829 A diameter) are present in the extra-fibrillar material and apparently as a part 
of fibrils (B). Cross-striations are present a t the ends of segments (arrows). Negative staining with 2% 

w/v potassium phosphotungstate, pH 7. X 108,500.
Figure 13. Carp SLS at 55 seconds in the time-study. Globular elements of various sizes 

are present in tbe extra-fibrillar areas and in association with the SLS fibril. The latter terminates in a 
globular structure th a t is 184 to  203 A in diameter. A t the opposite end of the segment are filamentous 
structures with a bead-like ultrastructure. Negative staining with 2% w/v potassium phosphotungstate, 
pH 7. X 108,500.

Figure 14. Carp SLS at SO seconds in the time-study. A definite cross-striation is present 
in this SLS segment which has a projection a t one end. The smallest discernible filaments are about 18 A 
in cross-section. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.
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PLATE VI

Figure 15. Carp SLS a t  70 seconds in the time-study. There are numerous globular units 
in th is micrograph and many appear to  be associated with immature SLS segments (A). Banding is 
present in the  more uniform SLS (arrow) and is m ost distinct at one end only. The filaments a t the 
ends of the segment a t B contain bead-like globules, 45-65 A wide. Negative staining with 2% w/v 
potassium phosphotungstate, pH 7. X 108,500.

Figure 16. Carp SLS a t 70 seconds in the time-study. This fibril has a rounded end tha t 
is about 700 A wide composed of 45-65 A globular subunits. Larger globules are apparent in the extra- 
fibrillar area. Negative staining w ith 2% w/v potassium phosphotungstate, pH 7. X IOB,500.

Figure 17. Carp SLS a t 80 seconds in the time-study. The e>(tra-fibrillar material appears 
more filamentous with fewer large globular elements. Close examination reveals tiny globular units 
within the filaments, however. One end of each SLS segment is often quite uniform in structure, but 
the other end Is frequently irregularly "frayed" or bulbous in profile. The little globular un it in the 
segment a t A is about 100 A in diameter. Negative staining with 2% w/v potassium phosphotungstate, 
pH 7. X 108,500.

Figure 18. Carp SLS a t 80 seconds in the time-study. Irregular aggregates of globular units 
of various sizes are frequently seen in th is time study, as demonstrated here. The ultrastructure is the 
same as the more typical SLS, however, since the  bead-like globular elements are present in both.
Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 15. Carp SLS a t  80 seconds in the time-stndy. This figure came from a specimen 
area containing many relatively uniform SLS segments having the same bead like ultrastructure with 
the 45-65 A globular units; the latter are continuous in this figure with long beaded filaments a t one 
end th a t give the segment a frayed appearance. Negative staining with 2% w/v potassium phosphotungstate, 
pH 7. X 108,500.

Figure 20. Carp SLS a t 80 seconds in the time-study. This is an example of the  apparent 
"fraying" th a t occasionally is noted in an otherwise typical SLS segment. Negative staining with 2% 
w/v potagium  phosphotungstate, pH 7. X 108,500.
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PLATE VII

Figure 21. Carp SLS a t 90 seconds in the time-study. The globular ultrastructure of the 
SLS fragments and the extra-fibrillar material is evident. The dimensions of these globular units (45- 
65 A) are the same at one and one-half minutes as they were in the earliest stages of SLS development. 
Larger globular structures are also present. Negative staining with 2% w/v potassium phosphotungstate, 
pH 7. X 108,500.

Figure 22. Carp SLS a t 90 seconds in the time-study. This demonstrates the apparent 
aggregation of 184 to  277 A diameter globular units that are frequently observed in these specimens of 
immature SLS fibrils. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 23. Carp SLS a t 90 seconds in the time-study. These two SLS segments appear 
to be forming within a "cloud" or background of globular units. Negative staining with 2% w/v 
potassium phosphotungstate, pH 7. X 108,500.

Figure 24. Carp SLS a t 100 seconds in the time-study. Globular units 230-300 A diameter 
associated with the fibril a t A have the same globular ultrastructure as the  globules in the extra-fibrillar 
material (C). The segment a t B demonstrates the variation in length tha t occurs in many immature SLS 
at different points across their width; th is fibril terminates in a globular unit tha t is 74-92 A in diameter. 
Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 25. Carp SLS a t  100 seconds in the time-study. Note the variations in density that 
occur along the length and width of an immature SLS segment. The tiny globular units a t the ends of 
this fibril do no t appear to  be packed as tightly as those a t the center. Negative staining with 2% w/v 
potassium phosphotungstate, pH 7. X 108,500.

Figure 26. Carp SLS a t 100 seconds in the time-study. This micrograph demonstrates an 
unusual curved configuration in a segment tha t has the same size and ultrastructural detail as the other 
immature SLS fibrils. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.
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PLATE VIII

Figure 27. Carp S IS  at 110 seconds in the time-study. Note the bulbous or globular units 
projecting from the lateral edges of these fibrils and forming one end of the smaller segment. Similar 
globules are present in the extra-fibrillar area. Negative staining with 2% w/v potassium phosphotungstate, 
pH 7. X 108,500.

Figure 28. Carp S IS  at 110 seconds in the time-study. This segment has globular elements 
a t each end as well as along its margins and demonstrates the stair-step effect noted previously in the 
immature S IS  and described in immature native collagen fibrils by Richter and Schilling (1970). Negative 
staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 29. Carp S IS  at 110 seconds in the time-study. Several relatively discrete globular 
elements are aligned in linear array. Negative staining with Z% w/v potassium phosphotungstate, pH 7.
X 108,500.

Figure 30. Carp S IS  at 120 seconds in the time-study. The fibrillar segments form ed by 
two minutes demonstrate fragments tha t appear to  be continuous along one-half the width of one segment 
(A) but not its other half. Several segments (A,B,C,E) reveal filamentous projections from  their margins; 
these filaments have a globular ultrastructure. There is a rather diffuse unstructured end on the segment 
a t C. Isolated globular units are apparent a t D and the segment a t E has an irregularly shaped terminal 
appendage. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 31. Carp SLS a t 140 seconds in the time-study. The racket shaped segment in th is 
micrograph is very different from  previously published pictures of SLS, yet it has the same fine structure 
(the bead-like units 45-65 A in diameter) as the previously described immature fibrils. Negative staining 
with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 32. Carp SLS at 140 seconds in the time-study. A typical immature SLS segment 
demonstrating the same ultrastructural detail seen in Figure 31. Negative staining with 2% w/v potassium 
phosphotungstate, pH 7. X 108,500.

Figure 33. Carp SLS at 140 seconds in the time-study. Note the variations in length, width 
and electron density of the different areas of th is segment and tha t one end is relatively discrete compared 
with the other. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.

Figure 34. Carp SLS at 140 seconds in the time-study. Note the development of banding 
(arrows) a t  the ends of segments and th a t a t least tw o cross-striations are evident a t one end o f a segment. 
Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.



7 0

s- :«£■.
£

4 9
A%

%

%

34 ;  , .# ^ ? -

y -æ ;!

............................................
f . ' -



7 1

PLATE IX

Figure 35. Carp SLS a t 160 seconds in the time-study. There are large numbers of globular 
units in the extra-fibrillar spaces as well as associated w ith the segments. The electron density is quite 
variable from point to  point within the SLS and two cross-bands are evident (arrows) at one end of a 
segment. An ill-defined cluster of tiny globular elements (A) appears to  be organizing in part into a 
more discrete SLS-type segment. Compare the ultrastructural detail a t A with th a t a t B. Negative 
staining with 2% potassium phosphotungstate, pH 7. X 108,500.

Figure 36. Carp SLS a t 180 seconds in the time-study. The structure a t  A appears to  be 
an elongated fibrillar aggregate of the 45-65 A diameter globular units seen in the segment a t B and in 
the unorganized extra-fibrillar substance, y e t it does not have the dimensions of a classically described 
SLS segment. The aggregate a t C has an even more obviously globular fine structure. The structure at 
D might be interpreted as being two SLS segments aligned side-by-side and partially overlapping; the 
to tal length is 450-500 A longer than the average SLS segment in this tim e-study. However, there is no 
obvious line of separation between these structures and th e  length is within the  range of variation seen 
in SLS preparations. The segment a t E is also long and irregular but the fine structure is comparable 
to  more typical SLS fibrils in the micrograph. Negative staining with 2% w/v potassium phosphotungstate, 
pH 7. X 108,500.
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PLATE X

Figure 37. Carp SLS a t 220 seconds in the time-study. The bulbous projection on the 
fibril a t A appears to  be continuous with the "extra-fihrillar" material a t the arrows. Similar projections 
are present on the fibrils a t B, C and D. The bulbous projections on the segment a t E in a relatively 
dense and uniform fibril are quite characteristic of mature SLS and are often seen in classically described 
SLS and in native-type fibrils. Negative staining w ith 2% w/v potassium phosphotungstate, pH 7.
X 108,500.

Figure 38. Carp SLS a t 260 seconds in the time-study. This fibril is quite narrow a t one 
end and widens significantly at th e  opposite end where the globular nature of its fine structure and 
connections between the fibril and the beaded filaments in the extra-fibrillar material become more 
evident. Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 108,500.
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PLATE XI

Figure 39. Carp SLS a t 340 seconds (5 2/3 minutes) in the time-study. The SLS segments 
appear to  become quite uniform  in length and width after 5 minutes, b u t reference to  Tables I and 2 
and Graphs I, 2 , 3 and 4  indicate th a t the ranges of lengths and w idths observed are not too different 
from  those a t earlier time intervals. Negative staining with 2% w/v potassium phosphotungstate, pH 7.
X 156,000.

Figure 40. Carp SLS a t 420 seconds (7 minutes) in the time-study. Although these fibrils 
are less obviously globular than  the early stages of SLS development, the fine structure still reveals the 
45-65 A diameter globules and 3 bulbous projection is evident at A. The segment appears to be continuous 
with the  unorganized "extra-fibrillar" material at B. Negative staining w ith 2% w/v potassium phospho
tungstate, pH 7. X 156,000.

Figure 4L Carp SLS a t  500 seconds (8 1/3 minutes) in the time-study. The SLS fibrils have 
become quite uniform in length and width and the cross-striations, noted early at the ends of some 
segments, is now consistently present at both ends of all the segments. The banding pattern at the center 
of the  SLS fibrils is also beginning to  appear. The globular nature of the extra-fibrillar material is still 
obvious. The bands and the interbands of these segments are composed of the 45-65 A bead-like units 
noted throughout the form ation of the SLS segments. Negative staining with 2% w/v potassium phospho
tungstate, pH 7. X 156,000.

Figure 42. Carp SLS a t 6 1/3 minutes prepared by the loop method. This specimen is from 
a tim e period similar to  th a t in Figure 39 which was prepared by the spray method. The bead like 
globularity of th e  ultrastructure is evident in this figure and in Figure 39. Surveys of hundreds of grid 
areas and micrographs demonstrated tha t the resulting SLS segments had the  same form and ultrastructure 
by the  two m ethods (loop and spray techniques of specimen preparation). Negative staining with 2% 

w/v potassium phosphotungstate, pH 7. X 156,000.
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PLATE XII

Figure 43. Carp SLS at 9 1/3 minutes by the loop method. Several cross-striations are present 
in each SLS segment. The fibrils are quite electron dense, yet the bead like globularity of the ultra
structure and the bulbous projections from the borders of the SLS are still evident. Negative staining 
with 2% w/v potassium phosphotungstate, pH 7. X 156,000.

Figure 44. Carp SLS a t 9 minutes 38 seconds by the loop method. The globular nature 
of the  fine structure is more apparent than in Figure 43. Negative staining with 2% w/v potassium phospho
tungstate, pH 7. X 156,000.

Figure 45. Carp SLS at 9 minutes 43 seconds by the loop method. This figure demonstrates 
a classical SLS morphology and band pattern as revealed by positive-contrast (see Schmitt, Gross and 
Highberger, 1953 for comparison). Positive staining with \% w/v aqueous phosphdtungstic acid. X 156,000.

Figure 46. Carp SLS at 12 minutes 16 seconds by the loop method. Large globular aggregates 
are still present in the extra-fibrillar areas and tbe SLS segments are relatively uniform in size and shape, 
although the banding is poorly demonstrated bere. Negative staining with 2% w/v potassium phospho
tungstate, pH 7. X 156,000.

Figure 47. Carp SLS a t 12 minutes 16 seconds by the loop method. This segment is from 
a different grid area of the same specimen screen as the one demonstrated in Figure 46; although the 
contrast is poor, it reveals the banding th a t is present in these fibrils a t this time period. Negative 
staining with 2% w/v potassium phosphotungstate, pH 7. X 156,000.
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PLATE XIII

Figure 48. Carp SLS a t 45 m inutes by the loop method. SLS segments prepared by 
shadow-casting with platinum palladium (80:20) a t a distance of 7 cm and an angle of 10° are demonstrated 
a t A. Note also the globular forms (arrows) that are present in this type of preparation as well as in 
negatively stained material. X 75,000.

Figure 49. Carp SLS a t  45 m inutes by the loop method. Two SLS fibrils of different w idths 
are demonstrated in apparent end-to-end attachm ent. The classically described band pattern is evident 
although the cross-striations are curved, especially a t the junction of the two segments. Positive staining 
with 1% w/v aqueous phosphotungstic acid. X 105,000.

Figure 50. Carp SLS a t 9 minutes 43 seconds by the loop method. An SLS segment 
appears to  have formed adjacent to  an electron-dense globular mass of unknown composition. Exam
ination of the cross-striations (arrows) reveals them  to  be "deform ed" or altered from their usual nearly 
perpendicular alignment with the long axis of a segment (compare with segment in Figure 45). The 
distortion of the band pattern occurs a t one end of the SLS and across only one-half its w idth. Positive 
staining with 1% w/v aqueous phosphotungstic acid. X 150,000.

Figure 51. Carp SLS a t 45 m inutes by the loop method. This shadowed specimen demon
strates the cross-striations th a t are characteristic of mature SLS even in the absence of an electron stain.
The arrows point to  a distortion of the  banding pattern a t  one end of a segment while the striations a t 
the opposite end remain in theh  d  relationships. Shadow casting with platinum palladium (80:20) 
a t an angle of 30° and a source I ' uecimen distance of 12 cm. Positive staining with \% w/v aqueous 
phosphotungstic acid. X '58 ,00 il
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PLATE XIV

Figure 52. Carp SLS e t 75 minutes by the loop m ethod. These SLS now have fully 
differentiated banding patterns, even by negative staining. The cross-striations a t the center are less 
well-defined than those a t th e  ends of the segments, as has been typical of the development of the SLS 
fibrils. Segments A, B and C are 1824 A in length a t the middle of the fibril. Segment D is 2292 A 
long. This represents a length difference of about 20% between 0  and any one of the other three SLS. 
The 45-65 A globular units noted in the developing SLS are present but are less distinct and obvious 
and tend to appear in the filamentous structures in the SLS. Larger globular elements can still be seen 
in the extra-fibrillar substance; these latter appear, in some cases, to  be oriented as long strings of 
globular units (arrows). Negative staining with 2% w/v potassium phosphotungstate, pH 7. X 214,000.
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PLATE XV

Figure 53. Carp SLS a t 3 1/2 months by the loop method. These appear to be two SLS 
segments joined along their ends. Although this phenomenon has been noted before in the case of two 
fibrils of greatly differing sizes (see Figure 49), i t  has been assumed, in the  literature, to  represent two 
separate segments lying end-to-end. There is no evidence to  support tha t assumption and the segments 
do, in fact, appear to  be Joined together. Positive staining w ith 1% w /v aqueous phosphotungstic acid.
X 156,000.

Figure 54. Carp SLS a t 3 1/2 months by the loop method. This micrograph illustrates the  
extreme width tha t some of the older SLS segments achieve and the detailed banding th a t can be observed. 
Positive staining w ith 1% w /v aqueous phosphotungstic acid. X 156,000.

Figure 55. Carp SLS a t 3 1/2 months by the loop method. This extremely wide segment 
is from the same preparation as those in Figures 54 and 55. Negative staining with 2% w/v potassium 
phGsphstungstatc, pK ?. X !ES,QOQ.
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PLATE XVI

Figure 56. Carp SLS embedded and sectioned. The length of this segment is 2894 A near 
the m idpoint of its long axis, a value tha t correlates with the unsectioned SLS in the time-study. The 
profile is similar to  the unsectioned fibrils also (compare with Figures 51 and 52). The cross-striations 
that are usually seen in m ature, unsectioned, positively-stained SLS are poorly demonstrated in sectioned 
material (compare with Figure 45). Positive staining w ith 1% w/v aqueous phosphotungstic acid. X 156,000.

Figure 57. Carp SLS embedded and sectioned. Several structures of various sizes and shapes 
are evident. Although these were seen as frequently as the longitudinal sections of SLS (Figure 56) in 
embedded SLS preparations, it is n o t clear whether these represent cross-sbctions of SLS or other stages 
in the aggregation of the  collagen molecules. The electron dense structure a t A has a thin, neck-like 
extension th a t is 257 A across; it appears tc  be divided lengthwise into two bands of globular elements 
arranged in a diagonal pattern . The globular units are about 129 A wide and blend into the bulbous 
portion o f the structure. A coiling effect is noted a t B. Positive staining with \% w/v aqueous phospho
tungstic acid . X 156,000.

Figure 58. Carp SLS embedded and sectioned. There is a poorly defined banding pattern 
in the elongated fibrillar segment b u t the detail is not great. Note also the ovoid structures of low 
contrast. Positive staining with 1% w/v aqueous phosphotungstic acid. X 156,000.

Figure 59. Carp SLS a t  5 minutes 16 seconds by the  loop method. The profile of this 
segment is quite discretely outlined in negative-contrast, especially th e  ends. The banding th a t  has been 
demonstrated by other m ethods is n o t evident. Negative staining w ith osmic acid vapors, using a 
modification of the Barland-Rojkind technique. X 150,000.

Figure 60. Rat tail tendon SLS embedded and sectioned. This micrograph further illustrates 
the difficulty in obtaining contrast and detail in reconstituted materials tha t are embedded and sectioned. 
Positive staining w ith 1% w/v aqueous phosphotungstic acid. X 146,000.
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