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Protamine Induced Configurational Changes in Paracrystalline Structures from Heat Desintegrated 
Mitochondria 

I t  has  been suggested t h a t  the  'crystal- l ike s t ruc ture '  
formed by  hea t - induced  r ea r r angemen t s  of mi tochondr ia l  
membranes  could p lay  a role in u l t ras t ruc tura l  t r ans i t ions  
in in tac t  mi tochondr i a  1-2. This  suppos i t ion  was examined  
in the  p resen t  s tudy  using p ro t amine  - known po t en t  
inducer  of s t ruc tura l  changes  in in tac t  mi tochondr i a  4 6. 
I t  was observed t h a t  paracrys ta l l ine  s t ruc tures  undergo  
rap id  u l t r a s t ruc tu ra l  t r ans i t ions  upon  add i t ion  of prot -  
amine,  and the  di rect ion of changes  is t he  same as t h a t  
observed  in in tac t  mi tochondr ia .  

Materials and methods. R a t  l iver mi tochondr i a  were 
p repa red  according to WEINBACH 7 in 0.25 M sucrose wi th  
3 m M  tris chloride p H  7.3. P ro te in  con ten t  was e s t ima ted  
by  the  b iure t  m e t h o d  s. 0.1 ml  of mi tochondr ia l  suspension 
conta in ing  6 mg of mi tochondr i a l  p ro te in  was added in to  
the  1 ml  of p H  7.3 m e d i u m  conta in ing  15 m M  KC1, 5 m M  
MgSO 4, 50 m M  tris chloride, 5 m M  po ta s s ium p h o s p h a t e  
and  7 m2V[ tris succinate.  In  the  expe r imen t  No. 2, the  
med ium  conta ined  also 500 vg of p ro tamine .  Af ter  45 sec 
of incuba t ion  of samples  at  25 ~ the  tubes  were t rans -  
fered in to  the  boil ing wa te r  ba th ,  hea ted  5 rain, cooled 
15 rain a t  room tempera tu re ,  and  t h e n  cent r i fuged a t  
10,000 •  for 40 sec. Before centr i fugat ion,  t he  tubes  w i th  
expe r imen t  No. 3 and  No. 4 were supp lemen ted  by  addi-  
t ion of 500 ~xg of solut ion of p ro tamine .  Af ter  centr i fuga-  
tion, pel let  ob ta ined  was f ixed wi th  solut ion of 2% 
osmium te t rox ide  buffered wi th  0.21M po tas s ium 
phospha t e  p H  7.4 conta in ing  50 m M  sucrose, a t  0~ for 
1 h. The pellets  were s ta ined wi th  1% urany l  ace ta te  in 
25% ethanol ,  d e h y d r a t e d  wi th  e thanol  and  acetone  and  
embedded  in E p o n  812. The specimens  were examined  in 
a J E M  7A electron microscope a t  80 kV. 

Results and discussion. Various exp lana t ions  have  been  
offered to  account  for a mechan i sm involved in configura-  
t iona l  changes  in mi tochondr ia .  In  accordance  wi th  
e legant  expe r imen t s  of KATCHALSKY and  ZWlCK wi th  
'polye lec t ro ly tes '  9, and  in accorance wi th  chemiosmot ic  
hypo thes i s  - i t  is pos tu la t ed  t h a t  A p H  across the  mi to-  
chondr ia l  m e m b r a n e  p lay  an i m p o r t a n t  role in ul tra-  
s t ruc tura l  t r ans i t ions  in mi tochondr i a  1~ On the  o ther  
hand,  there  are expe r imen ta l  observa t ions  t h a t  s imilar  
s t ruc ture  as observed in energized condi t ions  can be 
induced  by  add i t ion  of n o n - p e n e t r a n t  polyanions  as 
p h o s p h o t u n g s t a t e  u,  and the  same m a y  be achieved b y  
p e n e t r a n t  anions in the  presence  of t r a n s p o r t  inh ib i to r  
b u t y l m a l o n a t e  6. These facts  suggest  t h a t  u l t r a s t ruc tu ra l  
conf igura t ion  of mi tochondr i a  descr ibed as %nergized'  

could be re la ted  to  the  ' a s y m e t r y '  in the  anion d i s t r ibu t ion  
on b o t h  sides of mi tochondr ia l  membrane .  The o ther  
possibil i t ies t h a t  the  conf igura t ional  changes could be 
organized e i ther  a t  the  level of mi tochondr ia l  m a t r i x  as 
proposed  by  HACKENBROCK 12, or a t  the  level of mi to-  
chondria l  m e m b r a n e  as has been  porposed  f rom GREEN'S 
laboratoryl3,14, seem to be a t  the  p resen t  t ime  diff icul t  to 
examine  by  exper iment :  

In  t he  p resen t  pape r  we should like to  show some experi-  
ments ,  which  ill our con ten t ion  suppor t  the  idea t h a t  t he  
u l t r a s t ruc tu ra l  t r ans i t ions  in mi tochondr i a  could be 
organized at  the  level of mi tochondr i a l  m e m b r a n e  by  the  
direct  in te rac t ion  of inducers  wi th  s t ruc tura l  e lements  of 
mi tochondr ia l  membrane ,  which,  according to KORMAN 
et  al. 15, are organized in paracrys ta l l ine  la t t ice  s t ructures .  

Recen t ly  we observed 1-3 t h a t  hea t ing  of mi tochondr i a l  
suspension of beef hear t ,  or ra t  l iver mi tochondr i a  leads 
to  the  d i s in tegra t ion  of mi tochondr ia l  s t ruc ture  w i th  
fo rma t ion  of new paracrys ta l l ine  s t ructures .  These 
'c rys ta l - l ike '  s t ruc tures  of hea ted  ra t  l iver mi tochondr i a  
are also p resen ted  in Figure 1. 

1 j .  POPINIGIS, T. WRZOLKOWA, Y. TAKAHASttI and C. H. WILLIAMS, 
Biochim. biophys. Aeta 256, 607 (1972). 

'~ J. POPINmlS, T. WRZOLKOWA, Y. TAKAHASHI and T. WAKABAYASHI, 
Proc. I. International Symp. of Phospholipids (Szczeein 1972), in 
press. 

a j .  POPINIGIS, T. WRZOLKOItVA and Y. TAKAHASHI, Physiol. Chem. 
Phys., submitted. 

4 j .  POPINIGIS, J. S~vVIERCZYNSKI and T. WRZOLKOWA, FEBS Lett. 
9, 309 (1970}. 
J. PoPiNmlS, T. WRZOLKOWA and J. SWIERCZYNSKI, Biochim. bio- 
phys. Acta 2,45, 70 (1971}. 

6 j .  POPINIGIS, Y. TAKAHASHI, T. WAKABAYASHI, R..'V[. HULL and 
C. H. WILLIAMS, FEBS Lett. 19, 221 (1971). 
E. C. WEINBACH, Analyt. Biochem. 2, 335 (1961). 

s I~. LAYNE, Methods in Enzymology (Academic Press, New York 
1957), vol. 3, p. 447. 

9 A. KATACHALSKV and M. ZWlCK, Polymer Sci. 16, 221 (1955). 
10 J.  M. WIGGLESWORTH and L. PACKER, J. Bioenergeties 7, 33 (1970). 
11 T. WAKABAYASHI, O. HATASE, D. W. ALLMANN, J. M. SMOLY and 

D. E. GREEN, J. Bioenergeties I, 527 (1970). 
12 C. R. HACKENBROCK, Proe. hath. Acad. Sci., USA 67, 598 (1968). 
13 D. E. GREEN, J. ASAI, R. A. HARRIS and J. T. PENNISTON, Arch. 

Bioehem. Biophys. 725, 684 (1968). 
14 D. 2. GREEN and J. H. YOUNG, Amer. Seient. 59, 92 (1971). 
15 2.  F. KORMAN, R. A. HARRIS, C. ~c~. WILLIAMS, T. WAKABAYASHI 

and D. E. GREEN, J. Bioenergetics 7, 387 (1970). 

Fig. 1. 'Crystal-like' structures in rat liver mitochondria observed Fig. 2. Inhibitory effect of protamine on formation of 'crystal-like' 
after boiling (5 rain) of mitoehondrial suspension (exp. 1). • 17,000. structures. Protamine was added before boiling (exp. 2). • 86,000. 
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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.  

j .  POPINIGIS and TERESA WRZOLKOWA 

Department o/ Biochemistry; 
Laboratory o/Electron Microscopy, Medical School, 
Al. Zwyci~stwa 42, Gda~sk 6 (Poland), 
24 April 7972. 

1~ R. P. RAND and S. SENGVPTA, Biochim. biophys. Acta 255, 484 
(1972). 

1T j .  PoPINIOlS, W. RzEczYcKI and J. SWlERCZYNSKI, FEBS Lett. 8, 
149 (1970). 

is j .  PoPINIOlS, J. M. SMOLY, R. F. BROCKER and C. H. WILLIAMS, 
Proc. of 8th FEBS Meeting (Elsevier, Amsterdam 1972), Abstr. 
634. 

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-  
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