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Fig. 3. Protamine induced configurational changes in 'crystal-like' 
structures. Protamine was added into the boiled mitoehondria (exp. 
3). • 34,000. 

Fig. 4. Experiment 4 as in experiment 3. • 15,500. 

The  poss ib i l i ty  t h a t  th i s  ' m e m b r a n e  de r ived '  para -  
c rys ta l l ine  m a t e r i a l  can  p l ay  a role in  u l t r a s t r u c t u r a l  
t r a n s t i o n s  in  m i t o c h o n d r i a  was  e x a m i n e d  e lec t ron  
microscopica l ly  b y  o b s e r v a t i o n s  of i n t e r a c t i o n  be tween  
' c rys ta l - l ike '  s t r u c t u r e s  a n d  p r o t a m i n e .  

As is shown  in ]Figure 2, p r o t a m i n e  p r e v e n t e d  f o r m a t i o n  
of ' c rys ta l - l ike '  s t r u c t u r e s  w h e n  added  to  t he  mi to -  
chondr i a l  suspens ion  before  boi l ing.  P r o t a m i n e  added  in to  
t he  h e a t e d  m i t o c h o n d r i a  i nduced  u l t r a s t r u c t u r a l  t r ans i -  
t i ons  in  pa r ac ry s t a l l i ne  s t r u c t u r e s  a l r eady  fo rmed  (Figure  3 
and  4). I n  all  e x p e r i m e n t s  w i t h  p r o t a m i n e ,  occurence  of 
t yp i ca l  'mye l i n  f igures '  c an  be  de tec ted ,  i n s t ead  of t y p i c a l  
for h e a t e d  m i t o c h o n d r i a  ' c rys ta l - l ike '  s t ruc tures .  I t  is 
i n t e r e s t i ng  t h a t  s imi l a r  changes  occured  w h e n  p r o t a m i n e  
was rep leaced  b y  c y t o c h r o m e  c (not  shown).  

The  d i rec t ion  of u l t r a s t r u c t u r a l  t r a n s i t i o n s  obse rved  is 
t he  same  as t h a t  r e p o r t e d  in i n t a c t  m i t o c h o n d r i a  u p o n  
a d d i t i o n  of p r o t a m i n e ,  v i sua l ized  as a s t rong  c o n t r a c t i o n  
of all  m e m b r a n o u s  m a t e r i a l  in  m i t o c h o n d r i a  4 ~. I t  is 
poss ib le  t h a t  t h e  s u b s t a n c e  i n t e r a c t i n g  w i t h  p r o t a m i n e  in 
i n t a c t  m i t o c h o n d r i a  is t he  same  as is v i sua l ized  as a pa ra -  
c rys ta l l ine  m a t e r i a l  a f t e r  boi l ing.  O b s e r v a t i o n s  t h a t  u p o n  
a d d i t i o n  of p r o t a m i n e  t h i s  ' m e m b r a n e  de r ived '  pa ra -  
c rys ta l l ine  m a t e r i a l  could  fo rm 'mye l i n  s t ruc tu res ' ,  
sugges t  t h a t  p r o t a m i n e  is i n c o r p o r a t e d  i n to  p a r a c r y s t a l l i n e  
ma te r i a l .  Th i s  b i n d i n g  is p r o b a b l y  r e l a t ed  to t h e  presence  
of l ipids.  Th i s  sugges t ion  is in  acco rdance  w i t h  obse rva -  
t ions  of RAND a n d  S~NaUPTA Is of f o r m a t i o n  of l a t t i ce  
s t r u c t u r e s  b y  cardio l ip in ,  a n d  is conf i rmed  b y  our  
o b s e r v a t i o n s  t h a t  s imi la r  p a r a c r y s t a l l i n e  s t r u c t u r e s  as 

obse rved  in boi led m i t o c h o n d r i a  were v i sua l ized  in 
in tac t ,  unbo i l ed  beef  h e a t  m i t o c h o n d r i a  i n c u b a t e d  w i t h  
ca rd io l ip in  2, 8. 

B i n d i n g  0I p r o t a m i n e  i n to  s t r u c t u r a l  e l emen t s  of mem-  
b r a n e  of i n t a c t  m i t o c h o n d r i a  would  change  t h e  va lue  of 
p r o t o n  m o t i v e  force (PMF) as well  as a r a t io  of A~/ApH 
in  PMF,  l ead ing  to  t h e  i n h i b i t i o n  of resp i ra t ion .  Th i s  
i n h i b i t i o n  we found  to be reversed  b y  ene rgy  ' re leas ing  
s y s t e m s ' :  A T P  syn thes i s  or ac t ion  of uncoup le r s  17, is 

Rdsumd. L a  p r o t a m i n e  p r o v i e n t  de s t r u c t u r e s  pa ra -  
c rys ta l l ines ,  r 6 s u l t a n t  de la d6compos i t ion  t h e r m i q u e  des 
m e m b r a n e s  m i t o c h o n d r i e n n e s .  Apr6s la f o r m a t i o n  de ces 
s t ruc tu res ,  l ' a d d i t i o n  de la p r o t a m i n e  les r end  mi41iniques.  
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On the U l t r a s t r u c t u r e  of M a m m a l i a n  T e n d o n  

The  col lagen f ibers  w h i c h  are  t h e  m a j o r  s t r u c t u r a l  com- 
p o n e n t  of r a t  t a i l  t e n d o n  (RTT)  h a v e  b e e n  n o t e d  for  some 
t i m e  to  follow some w a v y  course t h r o u g h  t h e  t e n d o n  
bundle ,  a n d  become  s t r a i g h t  a n d  para l le l  to  t he  t e n d o n  
axis  on ly  w h e n  t h e  t e n d o n  is s t r e t c h e d  1. D i f f e ren t  workers ,  
u s ing  d i f fe ren t  t echn iques ,  h a v e  cha rac t e r i zed  t he  wave-  
fo rm va r ious ly  as p l a n a r  or helical ,  e i the r  w i t h  or w i t h o u t  
i n t e r t w i n i n g  of t h e  f ibers.  Recen t ly ,  DIAMANT, KELLER et  
al. 2 a n a l y z e d  t he  shape  of t he  w a v e f o r m  in R T T  in con- 
s iderab le  de ta i l  b y  t h e  s t r a i g h t f o r w a r d  t e c h n i q u e  of po- 
la r iz ing  microscopy,  a n d  d e m o n s t r a t e d  t h a t  i t  is a p l a n a r  
wave  shape:  W h e n  t he  t e n d o n  was teased  down  to  f ine 

bundles ,  i t  was obse rved  t h a t  t h e  phys ica l  ou t l ines  of 
these  s u b - b u n d l e s  fol lowed t h e  w a v e f o r m  as t h a t  deduced  
f rom t h e  po la r iz ing  opt ics  of t h e  i n t a c t  t e n d o n  bundle .  
T h e y  also obse rved  t h a t  s t r a i g h t e n i n g  of t h e  wavefo rm,  
r a t h e r  t h a n  ex t ens ion  of t h e  col lagen f ibers  themse lves ,  
is t h e  p r inc ipa l  m e c h a n i s m  of d e f o r m a t i o n s  in t h e  r ange  
expec ted  in  vivo,  an d  deduced  t h a t  t h e  i n d e p e n d e n t  me-  

1 D. I-I. ~LLIOTT, Biol. Rev. 40, 392 (1965). 
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Fig. 1'. lViicrographs in transmitted polarized light of : a) rat tail tendon, 14-month-old; b) kangaroo tail tendon, 12 years old; c) human central 
diaphragm tendon, 51 years old; and d) human Achilles tendon, 46 years old. Scale bar is 100 microns. 

Typical wave parameters from various tendons 

Source and age 1o O0 
[microns] [degrees] 

Rat tail (14 months) 100 12 
Human diaphragm (St years) 60 12 
Kangaroo tail [11.7 years) 75 8-9 
Human achilles (46 years) 20-50 6-8 

Definition of wave parameters 

chan ica l  e ! emen t  is a col lagen f iber  whose  d i a m e t e r  in- 
creases  f r o m  1000 to 5000 A as t h e  r a t  aged.  Th i s  is es- 
sen t i a l ly  t he  same size as t he  col lagen f ibers  f r e q u e n t l y  ob- 
se rved  b y  e lec t ron  microscopy.  

The  pu rpose  of t h i s  no te  is to  show t h a t  t he  p l a n a r  
w a v e f o r m  a n d  i ts  effects on m e c h a n i c a l  p roper t i e s  are n o t  
pecu l ia r  to  RTT,  b u t  also app ly  to  o the r  m a m m a l i a n  t en -  
don  wh ich  differs f rom R T T  f i rs t ly  b y  be ing  sub jec t ed  to  
far  g rea te r  load  a n d  i m p a c t  r e q u i r e m e n t s  over  a m u c h  
longer  l i fespan  of t h e  organism,  a n d  secondly  b y  be ing  
m u c h  more  d i f f icul t  to  o b t a i n  as e x p e r i m e n t a l l y  t r a c t a b l e  
f iber  bundles .  F igure  1 shows polar iz ing  m i c r o g r a p h s  of 

samples  f rom r a t  ta i l ,  kanga roo  ta i l ,  h u m a n  c e n t r a l  dia-  
p h rag m,  a n d  h u m a n  Acbil les t endons .  In  each  case t h e  
w a v e f o r m  is seen as a l t e r n a t i n g  l igh t  a n d  d a r k  b a n d s  
across t h e  f iber  bundle .  Refe rence  2 deve lops  in de ta i l  t h e  
t echn iques  a n d  r eason ing  b y  w h i c h  t h e  shape  a n d  size pa -  
r a m e t e r s  of t h e  w a v e f o r m  can  be  deduced  f rom t h e  pres-  
ence of these  b a n d s  an d  the i r  b e h a v i o r  as the  b u n d l e  axis  
is r o t a t e d  w i t h  r e spec t  to  t h e  polar izers ,  a n d  as t h e  b u n d l e  
is r o t a t e d  a b o u t  i t s  own  axis.  I n  F igure  1, t h e  axis  of each  
f iber  b u n d l e  is r o t a t e d  w i t h  respec t  to  t h e  po la r izer  b y  t h e  
angle,  0o, w h i c h  p r o d u c e d  o p t i m u m  c o n t r a s t  b e t w e e n  
t r a n s m i t t i n g  a n d  e x t i n g u i s h i n g  regions  of t h e  sample .  Ro-  
t a t i n g  t h e  s ample  to  t h e  co r re spond ing  nega t i ve  angle,  
--0o, produced  a s imi la r  band ing ,  b u t  t h e  regions wh ich  
t r a n s m i t t e d  a t  + 0 0  ex t ingu i sed  a t  --(90 a n d  converse ly ,  
showing  t h a t  t h e  w a v e f o r m  is symmet r i c .  T h e  f iber  
b u n d l e s  of t h e  h u m a n  t e n d o n s  are d i f f icul t  to  r e m o v e  f rom 
t h e  t o u g h  s u r r o u n d i n g  subs tance ,  a n d  we h a v e  n o t  y e t  
been  successful  in  r e m o v i n g  samples  w h i c h  are  su i t ab l e  
for r o t a t i o n  a b o u t  t h e  t e n d o n  axis. Such  r o t a t i o n  of t h e  
k a n g a r o o  ta i l  t endon ,  however ,  showed a pos i t ion  of opt i -  
m u m  c o n t r a s t  ( shown in F igure  1), a n d  pos i t ions  of min i -  
m u m  or no  c o n t r a s t  a t  zb 90 ~ a d d i t i o n a l  r o t a t i on ,  de- 
m o n s t r a t i n g  t h a t  t h e  w a v e f o r m  here  is also p lana r .  

As t h e  t e n d o n s  were s t r e t ched ,  t h e  w a v e f o r m  was 
s t r a i g h t e n e d  out .  W e  obse rved  t h a t  t h e  ang le  a t  w h i c h  t h e  
c o n t r a s t  was  o p t i m u m  decreased  f rom (9~ to some lesser 
value,  ~, an d  b e c a m e  zero a t  suf f ic ien t ly  large s t ra in ,  al- 
t h o u g h  m e a s u r e m e n t  of smal l  angles  was qu i t e  diff icul t .  T h e  
re l a t ion  b e t w e e n  t h e  angle  of t h e  w a v e f o r m  a n d  t h e  s t r a in  
of t h e  t e n d o n  was deve loped  for i n ex t en s i b l e  f ibers  of 4 
possible  wave  shapes  : a hel ix,  a p l a n a r  sine wave,  a p l a n a r  
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zig-zag w i t h  h i n g e n d  apices w h i c h  deforms  b y  unfold ing ,  
and  a p l a n a r  zig-zag w i t h  r igid apices wh ich  de fo rms  b y  
c a n t i l e v e r  b e n d i n g  ( the l a s t  is de r ived  in ref3) .  I n  F igure  
2, t he  d a t a  for 2 t ypes  Of t e n d o n  are  c o m p a r e d  to  t he  pre-  
d ic ted  curves,  a n d  i t  is seen t h a t  t he  p o i n t s  lie a long  t h e  
cu rve  for t he  sine wave,  or b e t w e e n  t he  s ine and  can t i -  
b e n d i n g  cases. I t  is also n o t e d  t h a t  t h e  h u m a n  d i a p h r a g m  
t e n d o n  d a t a  lie in  t he  same  r e l a t i on  to  t h e  p r e d i c t e d  cur-  
ves as do t h e  IRTT da ta ,  where  t he  w a v e f o r m  can  be  de- 
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Fig. 2. Decrease of angle of the waveform with strain as tendon is 
stretched, for rat tail and human diaphragm tendons. (Samples A) and 
C) in Figure 1). Points are experimental observations and curves are 
predicted behavior of inextensible fibers whose original wave shape 
is as marked. 

m o n s t r a t e d  p l a n a r  b y  r o t a t i o n  in polar ized  l ight .  Th i s  
s t rong ly  ind ica tes  t h a t  t h e  w a v e f o r m  is also p l a n a r  in t h e  
d i a p h r a g m  t endon .  

The  Tab le  shows t h a t  m a j o r  di f ferences  were found  in 
t he  size p a r a m e t e r s  of t h e  w a v e f o r m  for t e n d o n s  f rom dif- 
f e ren t  sources. Also, a r ange  of sizes was found  in ind iv id -  
ua l  samples  of h u m a n  Achil les  a n d  kanga roo  taf t  t endon ,  
inc lud ing  a w a v e f o r m  100 v m  long  in t he  Achil les  t e n d o n  
of a n  87-year-old male .  Nonethe less ,  i t  seems clear  t h a t  
essen t ia l ly  t h e  same  p l a n a r  s y m m e t r i c  w a v e f o r m  as seem 
in R T T  was found  in all  these  t e n d o n s  f rom diverse  sour-  
ces. Consequen t ly ,  i ts  imp l i ca t i ons  for t h e  s t ress  response  
a n d  f u n c t i o n  of t he  t e n d o n  in vivo,  a long  t he  l ines  of ref. ~, 
are expec t ed  to ho ld  t h r o u g h o u t  a, 

Zusammen/assung. Es wird  gezeigt,  dass  die zwischen  
g e k r e u z t e n  Nicols  fiir die R a t t e n s c h w a n z s e h n e  nachge-  
wiesenen  pe r iod i schen  BS~nder yon  f ibr i l l / i ren S t r u k t u r -  
e l e m e n t e n  ebene r  W e l l e n f o r m  a b s t a m m e n  u n d  de ren  Aus-  
s t r e c k u n g  das  b e o b a c h t e t e  D e h n u n g s v e r h a l t e n  erkl~Lrt 2, 
das  a u c h  Iiir a n d e r e  S/iugetiere zutr i f f t .  
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Chemical and Immunolog ica l  Characterization of 
Chromatography 

The  c h r o m a t o g r a p h i c  s e p a r a t i o n  of l ipopro te ins  b y  
a d s o r p t i o n  on  glass p o w d e r  co lumns ,  deve loped  for whole  
se rum b y  CARLSO~r 1 was a d o p t e d  w i t h  some mod i f i ca t ions  
for i so la t ion  of s e rum l i pop ro t e in s  f rom h u m a n ,  r a b b i t  and  
r a t  subjects .  Assay  of t h e  c o l u m n  e lua tes  b y  b o t h  chemica l  
a n d  i m m u n o r e a c t i o n  m e t h o d s  d e m o n s t r a t e d  t he  r e l i ab i l i ty  
of t h i s  m e t h o d  for  a s a t i s f ac t o r y  sepa ra t ion .  

Experimental. Stock  so lu t ions  of 1.2 M p o t a s s i u m  bi-  
c a r b o n a t e  a n d  0.4 _~/f p o t a s s i u m  c a r b o n a t e  were  p r e p a r e d  
a n d  t i t r a t e d  aga in s t  HC1. Buf fe r  so lu t ions  of p H  8.8, 
pI-I 9.6 a n d  p H  9.8 were p r e p a r e d  f rom s tock  solut ions .  Glass  
columns,  15 • 150 ram,  were p a c k e d  w i t h  g lass-beads  of 
100-150 m e s h  a n d  se rum samples ,  d i l u t ed  w i t h  equa l  
v o l u m e  of buf fer  pFI 8.8, were  added  to t he  columns.  The  
walls  were washed  w i t h  1 ml  of p H  8.8 buffer .  The  
samples  were a l lowed to  m o v e  down  t h e  co lumns  b y  
open ing  t he  s topcock.  T he  co l um ns  were w a s h e d  w i t h  
a n o t h e r  p o r t i o n  of p H  8.8 buf fe r  in  t h e  o rde r :  2 4- 2 + 
4 + 4 ml,  fol lowed b y  1 m l  of 15 ml  of the  p H  8.8 eluate ,  
c o n t a i n i n g  m a i n l y  a lbumin ,  were collected.  T he  subse-  
q u e n t  f r ac t ions  of t h e  buf fe r  e lua tes  were col lec ted  in  t h e  

Serum Lipoproteins Isolated by Glass-Column 

fol lowing order :  5 ml  + 5 m l  + . 3  m l  of p H  9.6 a n d  2 ml  
of 9.8 were  col lected t o g e t h e r  as c o n t a i n i n g  e- l ipoprote in .  
T h e n  5 ml  of 0.4 M p o t a s s i u m  c a r b o n a t e  buf fe r  were 
col lected as ~2 l ipoprote in .  F ina l l y  15 m l  of p o t a s s i u m  
c a r b o n a t e  buffer  were a d d e d  to t h e  co lumn  for e lu t ion  of 
f i - l ipoprotein.  

The  l i pop ro t e in  f rac t ions  o b t a i n e d  a f t e r  e lu t ion  f rom 
the  g lass -columns  were d ia lyzed  aga ins t ,  d is t i l led  w a t e r  
for 8 h a t  4 ~ The  so lu t ions  were lyophi l ized  a n d  s tored  
for  6 weeks a t  - -15 ~ w i t h o u t  a n y  apprec iab le  d e n a t u r -  
a t ion .  The  u l t r a - cen t r i fuga l  p a t t e r n  of t h e  s e p a r a t e d  
~- a n d  f i - l ipoproteins  in  ar t i f ic ia l  b o u n d a r y  cells w i t h  
Schi l ie ren  opt ics  are  shown  (Figures 1 a n d  2). 

The  p ro t e in  f r ac t ions  of t he  l ipopro te ins  a n d  sera  were 
d e t e r m i n e d  accord ing  to LOWRY et  al  2. To ta l  a n d  free 
choles tero l  were e s t i m a t e d  b y  t he  m e t h o d  of SPERRY a n d  

t L. A. CARLSON, Clin. chim. Acta 5, 528 (1960). 
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