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Much research has been done on the relation between the morphology and structure of 
isolated mitochondria and their enzymic activities. The correlation between swelling 
and the uncoupling of oxydative phosphorylation in rat liver mitochondria has been 
known for some time 1, ~, 3. It  was visualized 4 that a reversible alteration of the mito- 
chondrial structure may be a basis of the regulation of the enzymic pattern. Recent 
investigations have shown that during experimental liver carcinogenesis, by the 
feeding of aminoazo dyes, the activities of some mitochondrial enzymes are influenced, 
possibly through the modification of the structural organization of this cell particle ~. 
The existence of such structural modification was demonstrated later by comparing 
the swelling of mitochondria isolated from the liver of normal and dye-fed rats, and 
from various strains of hepatomas 6. 

Similar ideas were reached by us recently through an entirely different approach, 
by the physico-chemical consideration of stereochemical factors governing carcino- 
genesis. These studiesT, 8,9 suggested, that the irreversible change in the cell, during 
chemical carcinogenesis, would start in the spatial arrangement of the molecular 
network of a key enzyme or enzyme system. Since the high RNA content and the 
rapid rate of amino acid incorporation ~°, 11 suggest that the microsomes are the main 
centers of protein synthesis in the cell 12, our attention was focused on these particles. 

In the present study swelling has been used to detect structural alterations in tile 
microsomes of the liver, during chemical carcinogenesis. I t  was found as with mito- 
chondriaL that there is a gradual increase in structural rigidity, until an irreversibly 
altered stage is reached, leading finally to the emergence of tumors. The effect of 
variables on the swelling of microsomes has also been studied. A group of soluble 
proteins, released from the microsomes, was resolved in two fractions by starch 
electrophoresis. 
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MATERIALS AND METHODS 
Care o] animals  

Male a lb ino  r a t s  ( H o l t z m a n  R a t  Co., Madison,  Wis.) w i t h  an in i t i a l  we igh t  of 150-200 g were fed ad 
l i b i t u m  a s e m i - s y n t h e t i c  diet ,  e s sen t i a l ly  13 (for m e d i u m  t u m o r  incidence),  bu t  con t a in ing  18 % 
casein and  i g ]kg  of chol ine  chloride.  0.o6 ~o of the  hepa t i c  ca rc inogen  3 ' - m e t h y l - p - d i m e t h y l a m i n o -  
azobenzene,  or of the  r e l a t i ve ly  non-carc inogen ic  2 - m e t h y l - p - d i m e t h y l a m i n o a z u b e n z e n e  were in- 
co rpo ra t ed  in  t he  diet .  The  a n im a l s  used for the  con t ro l  e x p e r i m e n t s  were fed a t  leas t  I week the  
same  s e m i - s y n t h e t i c  d ie t  (basal  diet) c o n t a i n i n g  no dye.  For  the  s t u d y  of the  inf luence of the  diet ,  
2 . ra ts  were  fed t he  basa l  d ie t  for 2 weeks,  and  for the  same per iod 2 r a t s  were fed P u r i n a  L a b o r a t o r y  
Chow. The  r a t s  were sacrif iced b y  decap i t a t i on ,  the  l ivers  perfused t h r o u g h  the  super ior  v e n a  c a v a  
in situ, with  ice-cold i so tonic  s o d i u m  chloride,  excised and  k e p t  in ice un t i l  homogen iza t ion .  The 
firm wh i t e  h e p a t o m a s ,  which  were  used, have  been carefu l ly  d issec ted  to  e l i m i n a t e  the  adhe r ing  
l iver  t i s sue  and  some necrot ic  ma te r i a l .  These  ope ra t ions  were carrie.d out  a t  approx .  4°C. 

Preparat ion o t the microsomal [raction 

The l ivers  and  the  t u m o r s  were  homogen ized  (4 ° % w/ v  homogena te )  in an  a l l -Luc i t e  E l v e h j e m -  
P o t t e r  homogenizer ,  in o.25 M ice-cold sucrose,  a t  approx .  4°C. This  f irst  sucrose so lu t ion  con ta ined  
also o.ooi  M e t h y l e n e d i a m i n e  t e t r a a c e t a t e  (EDT).  Nuclei ,  mi tochondr i a ,  and  u n b r o k e n  cells were 
r emoved  in  an  I n t e r n a t i o n a l  r e f r ige ra ted  centr i fuge,  a t  4°C. The mic rosomal  fract ion,  used in 
these  expe r imen t s ,  was  i so la ted  from the  s u p e r n a t a n t  fluid by  cen t r i fuga t ion  a t  i o5,ooo g for 50 min  
in a Spinco L u l t r acen t r i fuge ,  a t  the  s a m e  t e m p e r a t u r e .  The resu l t ing  pel le t  was  washed  once by  
resuspens ion  and  hom oge n i z a t i on  in 0.25 .~  sucrose c o n t a i n i n g  no EDT,  and recen t r i fuged  in the  
same  condi t ions .  The  final pe l le t  was  r e suspended  in o.25 M sucrose so, t h a t  t ml  con t a ined  the  
mic rosomes  f rom I g of fresh t issue.  All  the  opel 'a t ions  were car r ied  ou t  a t  approx .  4°(;. This  
s t a n d a r d  s tock  suspension,  k e p t  in ice, was Used in less t h a n  20 rain a f t e r  i t  had been prepared ,  
excep t  when  " a g e d "  mic rosomes  were s tudied .  

Swell ing test 
The s t a n d a r d  swel l ing t e s t  was  p a t t e r n e d  a f t e r  the  m e t h o d  which TAPLE'114 appl ied  to the  mi to-  
chondr ia .  The  basic  t e s t  s y s t e m  cons i s ted  of 4-7 ml of o .o2M b a r b i t a l  buffer a t  p H  = 8. i,  con ta in -  
ing o.o55 31/1 KCI, and  0. 3 ml  of the  mic rosomal  s tock  suspension.  The  same  buffer was  used for the  
s t u d y  of the  p H  dependence,  by  a d j u s t i n g  the  p H  f rom 6.8 to  I I.O. 

The  pe rcen tage  of swel l ing  was  m e a s u r e d  by  fo l lowing the  decrease  of the  op t i ca l  dens i ty  a t  
515 mt~ in a L u m e t r o n  p h o t o m e t e r  a nd  r e l a t i ng  t h e  d e c r e m e n t  to  the  zero- t ime reading.  This  was  
found to  be more  conven ien t  in the  ear l ie r  phases  of t h i s  s t u d y  is, t h a n  to record the  swel l ing  in un i t s  
of op t i ca l  dens i ty ,  s ince the  r e l a t i ve  pos i t ions  of t he  cu rves  are  not  affected by  the  va r i a t i ons  of the  
zero- t ime reading.  This  first r ead ing  was  a l w a y s  done w i th in  15 seconds a f te r  the  s tock  suspens ion  
was  added  to  the  buffer. 

Since i t  is k n o w n  t h a t  the  a m o u n t  of mic rosomes  in the  l iver  var ies  wi th  dye  feeding, we have  
shown t h a t  the  swel l ing  curves  o b t a i n e d  by  us ing inc reas ing  vo lumes  of a same s tock  suspens ion  
v a r y  wi th in  the  usua l  e x p e r i m e n t a l  errors,  when the  zero- t ime op t ica l  dens i t i e s  are be tween o. r zo 
and 0.500. 

All swel l ing curves  were d e t e r m i n e d  in dupl ica te ,  with non-pooled s tock  suspens ions  from 
two  different  ra ts .  

The  compounds ,  the  ac t ion  of which  on swel l ing  was s tudied,  Were e i the r  d i r ec t ly  d issolved in 
a p H  = 8.2 buffer, or a c o n c e n t r a t e d  s tock  suspens ion  was  p repa red  and  a smal l  a l i quo t  of i t  
(o. i - o . z  ml) was  added  to  the  t e s t  sys tem.  The p H  of the  buffers or the  s tock  so lu t ions  c o n t a i n i n g  
the  c o m p o u n d s  to be t e s t ed  were a d j u s t e d  to  8.z a f t e r  d issolut ion.  The s tock  so lu t ions  of the  N2H 
m u s t a r d  (Merck mus ta rgen)  were not  a d j u s t e d  to  avo id  hydro lys i s ,  bu t  i t  was  observed  t h a t  the  
added  a m o u n t s  do not  d imin i sh  the  p H  of the  t es t  s y s t e m  below 8.0. NzH was the  only  c o m p o u n d  
which was added  to the  t e s t  s y s t e m  alter the  s tock suspension.  

The  op t ica l  dens i t ies  were read  a ga in s t  a b l ank  of d is t i l l ed  water ,  excep t  for t ann ic  acid, 
2 ,4-dini t rophenol ,  c v t o c h r o m e  c, and a l loxan.  Since the  op t ica l  dens i t i e s  of these  so lu t ions  change  
wi th  t ime  a t  th i s  pILI, the  b l ank  cons is ted  of the  same t e s t  s y s t e m  bu t  w i t h o u t  added  microsomal  
suspension.  

The  tes t  sy s t em for t h y r o x i n e  con ta ined  only  t r ace  a m o u n t s  of th is  compound ,  since i t  is on ly  
scarce ly  soluble  a t  th i s  pH.  A suspens ion  of 4 mg of finely powdered  t h y r o x i n e  in 4.9 mI ba rb i t a l  
buffer was s h a k e n  on a mechan ica l  shake r  for 2 h. The insoluble  pa r t  was sed imen ted  by cent r i fnga-  
l i on  and  the  clear  s u p e r n a t a n t  used as t e s t  sys tem.  

The determinatio~ o[ dye bound in the microsomes 
The s tock  suspensions ,  in excess a f te r  the  swel l ing tes ts ,  were p rec ip i t a t ed  with equal  volumes  

t~f 2o° ,  t r i ch loroace t ic  acid (TCA). The  p rec ip i t a t e s  were washed  once wi th  pH :.- 4.~> ace t a t e  
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buffer (57-4 g NaOAc + 4o.z ml AcOH/1), once wi th  water,  twice wi th  95% ethanol  at  7o-8o ° for 
io min, once with ether,  and dried. The de te rmina t ion  of bound  3 ' -methy l -p -d imethy laminoazo-  
benzene was carried ou t  as a l ready described by MILLER AND MILLER16,17. The net  optical densities 
were recalculated to /*moles  iv and plot ted against  the  t ime of dye-feeding. 

Proteins released in pH 8.2 barbital buffer 
Gravimetry. The microsomes,  from 35 g perfused liver t issue in each case, were isolated in the 

usual  way, bu t  in the absence of EDT.  The final pellet was  homogenized at  approx.  4°C, in 
38.5 ml p H  8.2 s tandard  barbi ta l  buffer. Three ix-nil a l iquots  were quickly pipet ted in I2-ml 
Erlenmeyers ,  s toppered,  and incubated for 4 h, wi th  occasional shaking, at  approx.  4°C, a t  room 
t empera tu r e  (23-25°C), and at  approx.  38°C, respectively. The suspensions were sedimented in 
the  usual  conditions, and the  supe rna t an t s  carefully decanted. The sediments  were homogenized 
in a few ml of wate r  and bo th  sediments  and superna tes  precipi ta ted with equal  volumes of 
20 % TCA. These prote in  samples  were washed as already described for the  samples  used for 
bound  dye determinat ion,  bu t  in str ict ly s tandardized condit ions in centrifuge tubes.  The washed 
samples  were thoroughly  dried, first in air, then  in vaeuo over CaCI~ and NaOH,  overnight .  The 
percentage extract ion is given by  the  weight  of the  supe rna t an t  proteins  over  the sum of the 
supe rna t an t  and the  residual sediment: 

For  the  exper iment  wi th  the  h e p a t o m a  only 20. 3 g t issue was  used and two aliquots were 
taken,  incubated  a t  approx.  4°C, and at  room tempera tu re .  

Preparation of samples/or starch electrophoresis. For  the  compara t ive  s t udy  of the  electro- 
phoret ic  pa t t e rns  on starch,  the  microsomes obta ined f rom ra t s  fed the  normal  and the  3 ' -methyl -  
p-d imethylaminoazobenzene-conta in ing  diet, were used. In  each case the  microsomes f rom 19.8 g 
of perfused liver t issue were ext rac ted  in 33-34 ml buffer a t  approx.  4°C for 4 h. The s u p e r n a t a n t  
fluids were concentra ted  by dialysis against  a I5% solut ion of polyvinylpyrrol idone in the  same 
barbi ta l  p H  8.2 buffer, a t  approx.  4°C for abou t  12 h. The sedimented microsomes  were precipi ta ted 
washed,  and weighed, as described. By assuming  propor t iona l i ty  of the  released proteins  wi th  the 
a m o u n t  of microsomes present,  the  electrophoretic pa t t e rn  of the  ex t rac t  of the  dye-containing 
microsomes is corrected on the  basis of the  relative weights  of the  sediments.  

Solubilization o] microsomes by desoxycholic acid 
Microsomes of normal  and dye-containing liver and of hepa toma  were solubilized by  a modification 
of the  method  of LITTLEFIELD et al. x°. The microsomes were obtained f rom the  livers of ra t s  fed: 
(a) the  usual  semi-synthet ic  diet, (b) the same diet, each of which received by  s tomach  tube  5 ° mg 
of 3 ' -methyl -p-d imethylaminoazobenzene  in 2 ml corn oil 24 h before sacrifice, and (c) f rom 
h e p a t o m a  tissue. 12 g were used of each tissue. To the  microsomal  fraction of each t issue 18o mg 
desoxycholic acid (DCA) was added in a 5% solut ion (3.6 ml) and it was  homogenized a t  approx.  
4°C. The suspensions  were allowed to s tand  for 3-4 rain and then  diluted wi th  ice-cold wa te r  to 
br ing the  final DCA concentra t ion  to approx,  o.5%. The suspension was  mixed by  shaking, and 
centrifuged at  IU5,ooog for 2 h. All these opera t ions  were carried out  convenient ly  in the tubes  of 
the  ul tracentr ifuge.  

The solubilized microsomal  proteins  were decanted and the  solutions were concentra ted by  
dialysis a t  approx.  4 °C agains t  a 15 % solution of polyvinylpyrrol idone in a barbi ta l -desoxychol ic  
buffer, for abou t  12 h. This  buffer is composed of o.o2 mole barbi tur ic  acid, O.Ol 3 mole desoxycho-  
lic acid, and o.o42 mole po ta s s ium chloride per  liter, and adjus ted  to p H  8.2. T h e  5% desoxycholic 
acid solution is prepared  by dissolving o.66 g of glycyl-glycine and 1.25 g DCA in 23 ml water .  The 
solution is adjusted to p H  8.2 and filled up  to 25 ml. 

Zone electrophoresis on starch o[ soluble microsomal proteins 
The electrophoresis  appa ra tu s  used for these s tudies was  buil t  in the labora tory  f rom sheets of 
Lucite TM. The horizontal  s tarch holder used in these exper iments  contains  six canals holding the 
s tarch  slurry.  These canals are rec tangular  in cross section and have  a size of I × 2 × 31 cm. A 
thick filter paper ,  held against  each end of the  s tarch block by rubbe r  bands,  is dipped into the 
buffer chamber  of the  double electrode-buffer vessels. These vessels contain  two chambers ,  a smaller  
electrode chamber  and a large buffer chamber .  The p la t inum-shee t  electrodes dip into 1.5 3I  
phospha te  buffer at  p H  7 in the electrode chambers  and the  cur rent  is carried to the buffer chambers  
by  means  of agar  bridges. These bridges are U-tubes  filled wi th  a solution prepared  by  adding an 
equal  volume of 2% melted agar  to 1. 5 M phospha te  buffer at  p H  7.o. The whole appa ra tus :  the 
s tarch  holder, the  electrode-buffer vessels, and the  electrodes are encased in a refrigerated Lucite- 
case, where  the t empe ra tu r e  can be mainta ined between o ° and 4°C. 

The s tarch  s lur ry  was  prepared by  washing s tarch  with wa te r  and then with the part icular  
buffer used, until  no change in the  p H  of the  filtrate was observed.  The holder is filled wi th  a slight 
excess of the  slurry,  the excess of buffer removed by filter paper ,  and the surface of the block 
leveled with a spatula.  The blocks are covered wi th  Parafilm to avoid excessive drying out, and tile 
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hol i le l  is p l a c e d  in t he  a p p a r a t n s  so t h a t  t h e  f i l t e r  p a p e r  a t  e a c h  e n d  of i t  is  d i p p e d  i n t o  t h e  r e spec -  
t i v e  buffer  c h a m b e r .  T h e  c o v e r  of t h e  r e f r i g e r a t e d  case  is c losed  a n d  t h e  b l o c k  a l l o w e d  to  e q u i -  
h b r a t e  L~r a t  l e a s t  4 h. 

A J cm w i d e  s e g m e n t  is t h e n  e x p o s e d  b y  c u t t i n g  t h e  P a r a f i l m  a t  t h e  i 6 t h  c m  f r o m  t h e  n e g a t i v e  
p~le,  a nd t he  s t a r c h  s h l r r y  r e m o v e d  f r o m  t h i s  p o r t i o n .  A sh l r ry ,  p r e p a r e d  f r o m  t h e  p r o t e i n  s o l u t i o n  
to  be sl udie( l  a n d  s t a r c h ,  w h i c h  h a s  t h e  a p p r o x i m a t e  c o n s i s t e n c y  of t h e  b lock ,  is  t h e n  p l a c e d  in  t h e  
t r e n c h  S ince  s u c h  a t r e n c h  c a n  t a k e  u p  a s lurry '  p r e p a r e d  f r o m  a b o u t  o.6 t o  o.8 m l  s o l u t i o n ,  t h e  
ti me of d i a l y s i s  ha s  t o  be  r e g u l a t e d  c o n s e q u e n t l y .  T h e  s e g m e n t  w a s  c o v e r e d  w i t h  P a r a f i l m ,  t h e  case  
eh,se(I, a n d  a f t e r  e q u i l i b r a t i n g  ] o r a in  more ,  t h e  c u r r e n t  w a s  t u r n e d  on.  

The  c o n d i t i o n s  of t h e  e l e c t r o p h o r e s i s  w e r e :  225 V a n d  I i  ~3 m A  p e r  I × 2 × 31 c m  b lock ,  
f()r 12 h. 

\ t  t he  enl l  of t h e  run  t h e  b l o c k  w a s  c u t  i n t o  ~ c ln  pieces ,  w h i c h  w e r e  d r o p p e d  i n t o  2 m l  ice co ld  
o.()) 3 A/ K('I .  c o n t a i n i n g  o.oo2 M p h o s p h a t e  buffer ,  a t  p H  8.2. T h e  n e g a t i v e  end  w a s  a l w a y s  t h e  
tu l )e  N*). J. The  s t a r c h  p i ece s  w e r e  b r o k e n  up  l /y s t i r r i n g  once ,  m e c h a n i c a l l y ,  w i t h  a g l a s s  rod .  T h e  
s u s p e n s . m s  were  c e n t r i f u g e d  in t h e  cold .  

o i t,~ o. 3 ml  f r o m  each  s u p e r n a t a n t  f lu id  w e r e  a n a l y z e d  b y  t h e  m e t h o d  of LOWRY el al. 19. T h e  
o p t i c a l  d e n s i t i e s  a t  60o m #  a re  p l o t t e d  a g a i n s t  t h e  l e n g t h  in c m  of t h e  s t a r c h  b lock .  T h e  r e s t  of t h e  
s u t ) e r n a t a n t s  a re  d r i ed  d o w n  in s m a l l  b e a k e r s .  T h e  r e s i d u e s  a re  d i s s o l v e d  e a c h  in  2 m l  88°% f o r m i c  
ac id ,  the  s o l n t i o n s  c la r i f i ed  b y  ca r e fu l  c e n t r i f l l g a t i o n ,  p r o t e c t i n g  t h e  c u v e t t e s  in s t o p p e r e d  p l a s t i c  
t u b e s ,  lYecause of t he  p r e s e n c e  of a l i v e r  p i g m e n t ,  a b s o r b i n g  n l o s t l y  a t  400 m #  b u t  a l so  s o m e w h a t  
a t  5e 5 nil1. the  d y e  a b s o r p t i o n  a t  t h i s  l a s t  w a v e l e n g t h  is c o r r e c t e d .  T h e  a b s o r p t i o n  d u e  to  t h e  l i v e r  
p i g m e n t  a t  5"5 nll t  in t h e  d y e - b o u n d  p r o t e i n  s a m p l e  is c a l c n l a t e d  b y  t h e  p r o p < l r t i o n a l i t y  ru le ,  f r o m  
l h e  ,q~tical d e n s i t i e s  iff b o t h  t h e  nornaa l  a n d  t h e  d y e - b o u n d  s a m p l e s  a t  4oo a n d  525 m # .  T h e  n e t  
a b s o r p t i o n  flue to  t h e  d y e  is obta ine<l  l lv  s u b t r a c t i n g  t h e  p i g m e n t  a b s o r p t i o n  fr( im t h e  r e a d i n g  
a t  5-'5 rot1. 

RESULTS 

. % ' d l i n g  d u r i n g  t h e / c e d i n g  o~ a m i n o a z o  d y e s  

T a b l e  I a n d  i t s  g r a p h i c a l  r e p r e s e n t a t i o n  ( F i g .  i a  a n d  I b )  s h o w  t h a t  t h e  s w e l l i n g  a b i l i t y  

o f  t h e  m i c r o s o m e s  d e c r e a s e s  s u c c e s s i v e l y  w i t h  t h e  f e e d i n g  o f  3 ' - m e t h y l - p - d i r n e t h y l -  

a m i n o a z o b e n z e n e ,  a n d  a t t a i n s  a m i n i m u m  l e v e l  a t  a b o u t  4 w e e k s .  T h e  d a t a  i n  T a b l e  I 

a r e  m e a n  v a l u e s  o f  t w o  e x p e r i m e n t s .  

T A B I . E  I 

S V V E L L I N G  O F  L I V E R  M I C R O S O M E ~ ;  O F  I~.ATS 

F F 1 )  3 Q M  E I ' H Y L - I ~ - I ) I M I ' . ' T H  V L A M  I N O A Z O B E N Z E N  E 

The  r a t s  were  fed a s e m i - s y n t h e t i c  d i e t  c o n t a i n i n g  o .o0°~ of dye .  The  s w e l l i n g  of t h e  p a r t i c l e s  
w a s  hd lowe l l  w i t h  a l . m n e t r / m  p h o t o n l e t e r  a t  515 m/~. The  p e r c e n t a g e  s w e l l i n g  was  c a l c u l a t e d  w i t h  

d o . d i 
t h e  f o r m u h t :  ~ d , ,  :.:: Ioo, w h e r e  d o a u d  d i a re  t h e  o p t i c a l  dcns i t i e~  of t h e  s u s p e n s i o n ,  a t  zero-  

I inle a n d  a f t e r  a g i v e n  per iod ,  r e s p e c t i v e l y .  0. 3 m l  n l i c r o s o m a l  s t o c k  s u s p e n s i o n  w a s  used  iu  a t e s t  
~:xstem c , m s i s t i n g  of 4.7 ml  of a p H  8.] 0.02 .ll b a r b i t a l  buffer ,  c o n t a i n i n g  a l so  o.115531/1 KCI. 

. l l zn tdc~  

II e'¢lcs cJ/ 
dl 'e  le'edt*&' 

o 1 ,, .-'¢~ F~ 4 5  6 o  12¢) l &J 

% .Su ,e lhng  

o o 

I o 

2 o 

3 o 
4 o 
¢) O 

S o 
21)  o 

2 4 o 

T u l n o r  o 

8. 3 13.0 t 6. 4 2 t .9 24.8 35.o 39.4 
i t.  3 15.9 2o.0 23. 3 25. 4 31.9 33.7 
IO.2 14. 5 16.9 19.2 20.9 26.6 28. 3 

7.8 IO. 5 12.6 15. 7 17.8 22.9 26. 7 
9.2 1 1. 3 14. 7 15. 4 10.2 I7.2 18.1 
9.8 14. 9 t8 .2  22 .0  24. 9 29.3 30.5 
8. 9 12.2 14. 3 21). 5 22.1 26. 3 29.0 
7.6 12.8 1.5.1 2o.2 22. 4 3 t .9 37.5 

i i . o  19.o 22.1 27.0 29-3 34.4 37-4 
6.4 Io .3  ~r .4  13.2 I4 .9  I6.  3 5 8 . 0  
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Fig. i a and i b. Graphical presentation of Table I by omitting the determining points of the curves 
for the sake of clarity. 

However, after about  4 weeks apparen t ly  impor tan t  changes take place in the 
microsomal structure,  causing a strong reversal of this decrease. Although the feeding 
of the dye was cont inued,  the swelling abi l i ty  of the liver microsomes increased again 
and  finally reached the normal  level at a stage where the tumors become macro- 
scopically visible. On the other hand  the swelling of the microsomes isolated from the 
emerging hepa toma was very low, comparable to tha t  of the liver microsomes after 
4 weeks of dye feeding. "Aging"  of the s tandard  stock suspension for I Ve h before use 
did not  influence not iceably  the swelling curve. 

The feeding at the same level, of the relat ively non-carcinogenic e-methyl-p-  
d imethylaminoazobenzene ,  did not seem to influence swelling to a large extent ,  even 
after 4 weeks, as shown in Table II .  

TABLE 1I 

S\VEIA.  IN(J OF  l A V E R  M I C R O S O M E S  OF RATS F E D  2 - M I £ T H Y L  / ) - D I M E T H Y I - A M I N O A Z O B E N Z E N I ¢  

Same experimental conditi(ms as in Table 1 

311*~ith's u l O 2o tu 4 q ¢~, i_,o i,vo 

I I a ' k s  o~ 
d y e  lcedin¢ % S 'ctlia~,. 

I o S. 5 I 2 .  7 I ( ) . I  2 1 . 0  2 0 . 0  3 7 . 9  3 7 - 5  

' ~ o 0.3 9.7 14.3 l 0.o 18.0 z0. 4 3o.(, 
t ° 5.5 !_'.S 18. 3 -3.2 -'5-4 31.7 34-7 

4 I 0 4 A) ( ) . 0  I ~.8 14. 7 I 7.6 -'5.1 33.o 

"/'he I~H d@endelwc o / / ke  sa'ellilz~ 

Tile s t ructural  differences between liver microsonles and hepatonla  microsomes show 
up not  only in the extent  of swelling but  also in its pH dependence. 

Thus Fig. 2 shows, for the liver microsomes, an op t imum at pH 8.o 8.z, with a 
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steady decrease toward lower and higher pH values. The curve obtained with hepa- 
toma microsomes has only an inflexion point at this pH, then it rises toward pH II.O. 

m 50 
c 

~ 4 0  

3O 

/ 

otomo 

2O 

I0 

%0 Lo ' 8b 9'o ' ' 10.0 ~.0 7.0 
pH of the buf fe r  

Fig. 2. Dependence  on p H  of t he  mic rosomal  
swelling.  Same  e x p e r i m e n t a l  condi t ions  as in 
Tab le  I, b u t  buffers  a d j u s t e d  wi th  K O H  to 
va r ious  pHs .  Pe rcen t age  swell ing a f te r  3 h in- 

cuba t i on  was  p lo t ted  aga ins t  t he  pH.  

0.700' 

c 0.000 

.~ 0.500 

0 0.400 

0.300 

0.200 

0.100 

-\_ 

o 0 C ° 

o ~ 2 3  C ° 

a,'v 38 C ° 

i 
O.OC 6C) 120 Minutes180 

Fig. 3. Change  in swell ing wi th  t he  t e m p e r a -  
t u r e  of incuba t ion .  The  swell ing was  followed 
in t he  u sua l  p H  8.1 barb i t a l  buffer,  and  re- 
corded in opt ical  dens i ty .  The  samples  were 
ma in t a ined ,  be tween  readings ,  a t  o°C, room 

t e m p e r a t u r e  and  38°C, respect ively .  

Influence o~ the diet, the temperature and X-rays on swelling 

Since the change in swelling might have been attributed to the depletion of some 
essential nutrients in the liver due to the feeding on the semi-synthetic diet, the 
dependence of swelling on the type of diet was briefly studied. Freshly received rats 
were put on semi-synthetic diet or on Purina Laboratory Chow, for two weeks. The 
swelling of the microsomes was found somewhat higher (42.0 %) when the animals were 
fed the Laboratory Chow, against 37.2 % with the semi-synthetic diet. 

Fig. 3 illustrates the influence of the temperature on swelling. The microsomes 
swell to a much higher extent at room temperature, than at o ° C (samples kept in 
melting ice). At 38°C however, after a rapid swelling until 45 min, the optical density 
starts to increase again. It will be shown in a later heading (The release o~ soluble 
microsomal proteins) that this increase is not due to the particles themselves but to the 
aggregation of some released proteins, at this temperature. 

X-ray irradiation of a standard stock suspension, made up in isotonic sodium 
chloride, seems not to influence measurably the extent of swelling. The conditions of 
the irradiation were: 48 R/min; 175 KV; filters: ½ mm A1 + I mm Cu. On the other 
hand the microsomes showed a slight tendency to initial aggregation (increase of the 
zero-time optical density) when the total dose was 800 R, an average lethal dose to rats. 
Not so, when irradiated with 400 R. 

Influence o~ various compounds on swelli~g 

The action of various inorganic cations and organic compounds on microsomal swelling 
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was explored.  Each  set of swell ing curves,  de t e rmined  in presence of the  compounds  to 
be s tud ied  and  ob ta ined  wi th  the same s t a n d a r d  s tock suspension, was accompan ied  
each t ime b y  a no rma l  cont ro l  curve.  The Inh ib i t ion  Indexes  : test  swell ing over  con- 
t rol  swelling, were de t e rmined  af ter  3-h incubat ion .  Control  level:  Loo.  i o o %  in- 
h ib i t ion  : o.oo. 

TABI .E  I I I  

ACTION OF V A R I O U S  C O M P O U N D S  ON T H E  S ' W E L L I N G  OF L I V E R  M I C R O S O M E S  

The action of various inorganic and organic compounds  on the swelling of liver microsomes,  in the  
usual  p H  8.1 barbi ta l  buffer. The " Inh ib i t ion  Inde x"  was obtained by relat ing the  percentage  of 
swelling in presence of the compound,  to the swelling of the control, at  3 h. Control corresponds  to 

t .oo, IOO°'o inhibit ion to o.oo. 

Inorganic cations 

Compound Concentrations Inhibition imlex 

('aCid, i - io-3M 0.69 
('aC12 i • io-~M o o o  
MgCI~ ]. I o-3]1 / o.78 
MnSO, i • to 3M o.4o 
('uC12 I" I 0-3~I 0.20 
CoCI 2 i • I o-aM aggregat ion 
HgCI 2 l '  IO 6M I.O2 
HgCl 2 1" t o - 4 M  o . o o  

KCN i. to-6M 0.96 
K( 'N I '  fo 3.'11 o.98 

Organic" co~apounds 

Compouml Concentrations Inhibition imlea 

E D T  t • Io-aM 0.46 
Tannic acid 2- Io-43I 0.24 
Alloxan 5" co-aM 0.85 
Alloxan t. [o-2M o.63 
Indoleacetic acid i • io-aM o.o6 
Iodoacetic acid 2" IO-2,~1 0.44 
His tamine  t . t o - a M  o.94 
I )NP i '  to a.ll 0.9( ) 
N a i l  mus ta rd  t • t o  ~M t.o 3 
NzH mus ta rd  i ,  io L U  0.83 
N2H mus ta rd  t • Io-aM o.7 ° 
a-a-Dipyridyl  i .  io  -a,ll 0.99 
Cytochrome C 3" I ° -SM t .oo 
('olchicine 5' to 4M 0.8 3 
Thyroxine  ~ ~" to-aM 0.75 
Glutathione 5" to a31 t .o8 
Heparine  200 mg/l  1.04 
Pro tamine  sulfate 60o mg/I 0.79 
Polyvinylpyrrol idone 600 m g / l  1.oo 

I t  is i n t e r e s t i n g ,  w h i l e  m i t o c h o n d r i a l  s w e l l i n g  is i n c r e a s e d  b y  Ca ++ a n d  i n h i b i t e d  

b y  E D T ,  w h i c h  c h e l a t e s  Ca  ++, b o t h  t h e s e  c o m p o u n d s  i n h i b i t  m i c r o s o m a l  s w e l l i n g .  

I o d o a c e t i c  ac id ,  a l l o x a n ,  n i t r o g e n  m u s t a r d ,  all of  w h i c h  r e a c t  w i t h  s u l f h y d r y l  g r o u p s ,  

a r e  i n h i b i t o r s ,  a l t h o u g h  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  a r e  r e q u i r e d .  S i n c e  i t  is k n o w n  

t h a t  t a n n i c  ac id  e x e r t s  i t s  spec i f i c  a c t i o n  o n  p r o t e i n s  b y  c r o s s - l i n k i n g ,  m a i n l y  b y  t h e  

R e / e r e n c e s  p.  2(). 
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establishment of hydrogen bonds, it is not surprising that tannic acid profoundly 
affects swelling. The action of colchicine can be interpreted in a similar way. 

The bound dye level in the microsomes 

The determination of 3'-methyl-p-dimethylaminoazobenzene bound by covalent 
linkages in the microsomes, has shown a maximum level between about 2 and 3 weeks. 
This distribution is in good correspondence with the findings of MILLER AND IV[ILLER 17 
on the binding of azo dyes in whole liver homogenates. 

0 .400  
c 

E 0 .300  
o 
L 

b 
0 . 2 0 0  

4O 

.o 
OJO0 

::t_ 

F i g .  4- Levels  of bound dye in the  microsomes ,  
p lot ted  against  the  t ime  of dye  feeding. The  
nonextract ib le  bound dye was  measured  by  
co lor imetry  in TCA precipi tated microsomes ,  
after a lkal ine  hydrolys i s ,  as described by  
MILLER AND MILLER16,17. The levels  of bound 

dye are expressed in /*moles. o.ooo'~;i ; ; ~ 2b 
W e e k s  of dye- f e e d i n g  

It would appear from Fig. 4 that the time corresponding to the maximum level 
of dye does not coincide with the time of minimum swelling ability (4-6 weeks). At 
about" 20 weeks, the microsomes contain practically no bound dye. 

7"he release o~ soluble microsomal proleins 

The swelling of liver, microsomes is paralleled by tile release in the buffer of a group of 
soluble proteins non-sedimentable at lO5,OOO g. However, the microsomes isolated 
from hepatoma do not follow this pattern, since their low swelling is accompanied by a 
relatively high protein release. Table IV shows the percentage of released soluble 
proteins as a function of the time of dye feeding, at three different temperatures. 

T A B L E  I V  

SOLUBLE PROTEINS RELEASED FROM THE LIVER MICROSOMEB OF 
RATS FED 3 '-METHYL-p-DIMETHYLAMINOAZOBENZENE 

Microsomes were incubated  in the  usual  p H  8.2 barbi ta l  buffer for 4 h and then  centrifuged.  The  
prote ins  in the  supernatant  fluid and the s ed imented  microsomes  were  precipi tated wi th  T C A ,  

washed with  acetate  buffer, e thanol ,  ether.  Then  dried and weighed.  

Ireek~ o/ % Release 

dye ]eeding 4 ~ C 23" (" 38 ° C 

o 13.2 15. 9 14 .o  
I I O . i  12. 4 9 .8  
2 %1 I 1.8 0 .5  

4 9 .4  I o. 4 8. 4 
8 I 1.5 13.6 i l . o  

17 16 .4  t 7 . 8  I 3 . 9  
T u m o r  12 .o 14.2 - -  

R e [ e r e n c e s  p .  2 o .  
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I t  will be noted tha t  at  38°C the release was always lower than at 23°C (room 
temperature) .  This is not  due actual ly  to a lower release at  38°C, but  to the denatura-  
tion and aggregation of a par t  of the released proteins during incubation, sedimented 
together  with the microsomes. I t  is this same slow aggregation which causes the 
apparent  reversal in the swelling curve of normal microsomes, taken at 38°C, as we 
have  seen previously in Fig. 3. 

This was demonst ra ted  as follows. Microsomes from 11. 7 g perfused normal  liver 
tissue were rapidly homogenized in 22 ml barbital  buffer in the cold, and the sus- 
pension was divided in two equal par ts :  A and B. Bo th  A and B were then incubated 
for 3 h to obtain  soluble proteins. A was incubated at room temperature  for the entire 
period. B was first mainta ined at o°C for 14o min, and then incubated at 38°C for 
4 ° min. So the total  incubat ion periods of A and B were equal. I t  has to be recalled 
tha t  the apparent  reversal of the swelling at this temperature  starts after about  
4 ° rain of incubation. Both  suspensions were then centrifugated and the supernatant  
fluids divided in two equal parts. One of each (a) and (c) were incubated at room 
tempera ture  (23°C) and the other two fractions (b) and (d) at 38°C. The optical 
densities, during incubation, of the four samples of supernatant  fluids were followed 
at 515 m/~. Even  after 15o minutes  (a) and (c) remained constant ,  while the initial 
optical  densities of (b) and (d) increased respectively by  200 and 15o%. 

TABLE V 
DEMONSTRATION OF THE MECHANISM OF THE APPARENT REVERSAL OF 

MICROSOMAL S'vVELLING AT 3 8 ° C  

A d 
incubated at room 
temperature for 
18o minutes 

C e n t r i f u g e d  

i 

S u p e r n a t e  ~ I ) i v i d e d  in  t w o  
equal parts 

r i 

(a) 23'(" (l)) 3 ,~("  (c) 23°C  

I B I 
k e p t  14o m i n u t e s  
at o°C 

Put in incubator 
incubated at 38°C 
for 4 ° minutes 

Centrifuged 
E 

S u p e r n a t e  --~ D i v i d e d  in  t w o  
equal pa.rts 

] 

(d) 3S°C 
Temperature of 
incubation of the 
samples by following 
the O.D. 

Therefore, the apparent  reversal of the swelling, and the lower protein reh'ase 
at 38°C, can not be a t t r ibuted  to the adsorption by  tile microsomes of a part  of these 
proteins, after a certain extent of swelling. Neither is it influenced by  the tempera ture  
of incubat ion at which the soluble proteins were obtained, since tile optical densities 
of (a) and (c) remained constant ,  while those of (b) and (d) increased in the same order 
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of magni tude.  The only remaining  possibility is, what  was actual ly  demonstra ted,  the 
heat dena tu ra t ion  and aggregation of a fraction of the released proteins at 38°C. 

The electrophoreti¢ patterns o~ soluble microsomal proteins 

The electrophoretic pat terns  of the proteins released in barbi ta l  buffer or ob ta ined  by  
drastic solubilization with desoxycholic acid, were determined (Fig. 5 and  Fig. 6). 

(X30 

"D 

0.20 

8 

0.10 

/ ~  A - -  Purina Chow 
Ii [", .... ~osol diet 
1" \ ' ;  ....... ~Y:t containing 

10 15 20 25 30 
Length of  block in cm 

Fig. 5. Electrophoretic patterns of soluble 
microsomal proteins released in barbital buffer. 
The solutions of soluble proteins, obtained in 
barbital buffer from the microsomes from I9.8 
g liver tissue, were concentrated to 0.6-o.8 ml 
by dialysis against a t5% solution of polyvinyl- 
pyrrolidone in the same buffer. These concen- 
trated solutions were electrophorized on starch 
block. No. i is the negative end. Origin was at 

the I6th cm. 

- -  BOSOl diet 
"~ .... Dye contomin9 
m c 0,4(3 diet 

......... Tumor 

u ~ Bound ,dye in 
formic ocid 

0.30 

0.20  !i 
0.10 

", ./ I '\ "'.... ' .  / 

5 10 15 20 25 30 
Length of block in cm 

Fig. 6. Electrophoretic patterns of soluble 
microsomal proteins obtained by desoxycholic 
acid. The proteins obtained from microsomes 
by solubitization with 0.5% desoxycholic acid 
were electrophorized on starch. In each case, 
12 g tissue was used. Otherwise the procedure 

was similar to that given in Fig. 5. 

Unfor tuna te ly  this work had to be t e rmina ted  before the electrophoresis of pro- 
teins, released in barbi ta l  buffer from tumor  microsomes, could be carried out. The 
resolution of the proteins, either obta ined by release in buffer or by  solubil ization with 
desoxycholic acid, gave always two main  groups. Although the method is too crude to 
ob ta in  fur ther  separation,  the low electroosmotic flow on starch, when compared to 
other support ing media, makes the in terpre ta t ion  of the pa t t e rn  possible. Since No. I 
is the negat ive end of the block and  the origin is at the i 6 th  cm, it ma y  be suggested 
from the relat ive posit ions of the two protein groups, tha t  the peak to the left from the 
origin is made up of basic proteins. 

No dye is present in the proteins released in the buffer. Pract ical ly all the dye 
was found in the protein solubilized by desoxycholic acid, since the insoluble par t  did 
not  give the typical  halochromism with TCA, In  relat ion to the findings of PALADE 
AND SIEKEVITZ z° on the DCA-solubil ization of microsomes, it is t empt ing  to suggest 
tha t  the dye in the microsomes is bound  to the bui ld ing blocks of the l imi t ing mem- 
brane  of the vesicles. 
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DISCUSSION 

The present work has provided evidence for the modification of the macromolecular 
organization of the microsomes during chemical carcinogenesis. Similar observations 
on mitochondria have been made recently by  CLERICI AND CUDKOWICZ 5 a n d  EMMELOT 

AND Bos 6,21. However, since the microsomes are presumably the main centers of 
protein synthesis in the cell, the writers feel that  the structural alterations reported 
here are more directly involved in the carcinogenic process than changes which may  be 
revealed in other cell particles. 

The modifications in the structural organization of cell particles have been 
followed by the s tudy of swelling. Since the mechanism of the swelling of macro- 
molecular systems is interpreted as the distancing of structural elements by  the 
penetration of solvents or solutions ~2, ~, changes in the spatial arrangement of these 
elements will show up in the rate or extent of swelling, provided conditions of tem- 
perature, ionic strength and pH are kept  constant. 

The present results are in agreement with previous studies on the molecular 
geometry of polycyclic hydrocarbons in relation to chemical carcinogenesis~,S, 9. The 
idea was advanced that,  through the formation of molecular inclusions, these com- 
pounds may  bring about or interfere with changes in the spatial conformation of the 
finestructure of a key enzyme or enzyme system, changes which may  be directly related 
to the functional act ivi ty of this system in the cell. However the emphasis lies more on 
the changes in the spatial con[ormation of the finestructure than on the formation of  
molecular inclusions, since such changes may  be brought about by cross-linking on the 
external surface of biological macromolecules. Such cross-links may  be established, 
depending on the compound involved, by interactions which may vary from covalent 
bonds to weak secondary valence forces. Some evidence for the possibility of cross- 
linking has been presented for the carcinogenic aminostilbenes 24 and azo dyes 25. 

I t  is immaterial,  from the standpoint of the mechanism of chemical carcinogenesis, 
whether the changes in the macromolecular pat tern of a key enzyme system are 
brought about by the inclusion of certain small molecules or by external cross-linking. 
What  is important  in this respect, is the modified pat tern which will determine the 
altered or new functional act ivi ty of the enzyme system, as well as its integration with 
other systems in the cell metabolism. Once established, the changes in the macro- 
molecular pat tern may be transmit ted by  the duplication mechanisms of the cell. A 
possible corollary of this concept is, that  if during the interaction with carcinogenic 
molecules some macromolecular systems in the cell undergo stable finestructural 
changes, then these systems may  carry, in somes cases, an " impr in t"  of the geometry 
of the molecule (size, shape, and distribution pat tern of reactive centers) which 
brought about these changes. Thus, the very structure of the carcinogenic molecules 
may help in the designing of specific compounds of chemotherapeutic value. The 
paradox of the inhibition of tumor growth by carcinogenic compounds ~6 may be 
rationalized in the same outline. 
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S U M M A R Y  

1. C h a n g e s  h a v e  b e e n  o b s e r v e d  in  t h e  s t r u c t u r e  of r a t - l i v e r  m i c r o s o m e s  as  a r e s u l t  of f e e d i n g  
azo  dyes .  S w e l l i n g  of t h e  i s o l a t e d  m i c r o s o m e s  u n d e r  c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  h a s  b e e n  used  
to  s t u d y  t h e s e  c h a n g e s .  

2. \Vhen  3 ' - m e t h y l - 4 - d i m e t h y l a m i n o a z o b e n z e n e  is fed,  t h e r e  r e s u l t s  a p r o g r e s s i v e  d e c r e a s e  
in b o t h  t h e  r a t e  a n d  t h e  e x t e n t  of s w e l l i n g  of t h e  i s o l a t e d  m i c r o s o m e s .  T h i s  d e c r e a s e  r e a c h e s  a 
m i n i m u m  v a l u e  a f t e r  4 w e e k s  of f eed ing .  

. \ l t h o u g h  t h e  f eed ing  is c o n t i n u e d ,  t h e  o r i g i n a l  s u s c e p t i b i l i t y  to  s w e l l i n g  g r a d u a l l y  r e a p p e a r s .  
T h u s ,  m i c r o s o m e s  f r o m  t h e  l i v e r s  of r a t s  fed  w i t h  t h e  d y e  for 2o 24 w e e k s  s h o w  a p p r o x i m a t e l y  t h e  
s a m e  r a t e  a n d  d e g r e e  of s w e l l i n g  as  m i c r o s o m e s  f r o m  t h e  l i ve r s  of n o r m a l  r a t s .  

3. M i c r o s o m e s  f r o m  d y e - i n d u c e d  h e p a t o m a  a r e  as  r e s i s t a n t  t o  s w e l l i n g  as  a re  m i c r o s o m e s  f r o m  
t h e  l i ve r s  of r a t s  fed  for  4 weeks .  

4. T h e  f eed ing  of t h e  i s o m e r i c ,  b u t  r e l a t i v e l y  n o n - c a r c i n o g e n i c ,  2 - m e t h y l - 4 - d i m e t h y l a m i n o -  
a z o b e n z e n e  h a s  s h o w n  no  s u c h  a c t i o n  on  s w e l l i n g .  

5. I n  l i v e r  m i c r o s o m e s ,  t h e  s w e l l i n g  is d i r e c t l y  p r o p o r t i o n a l  w i t h  t h e  r e l e a se  of a s m a l l  g r o u p  
of s o l u b l e  p r o t e i n s  in  t h e  s u r r o u n d i n g  buffer .  H o w e v e r ,  t h e  h e p a t o m a  m i c r o s / / m e s  do  n o t  fo l low 
t h i s  p a t t e r n ,  a n d  t h e r e  t h e  low s w e l l i n g  is a c c o m p a n i e d  b y  a r e l a t i v e l y  g r e a t  r e l e a s e  of p r o t e i n s .  

6. T h e  s t r u c t u r a l  d i f f e rence  b e t w e e n  l i v e r  a n d  h e p a t o m a  m i c r o s o m e s  s h o w s  u p  n o t  o n l y  in  t h e  
r a t e  a n d  e x t e n t  of swe l l i ng ,  b u t  a l so  in  t h e  d e p e n d e n c e  on  p H .  

7. T h e  i n f l u e n c e  of t h e  d ie t ,  of t h e  t e m p e r a t u r e ,  of X - r a y s ,  a n d  of v a r i o u s  i n o r g a n i c  a n d  or-  
g a n i c  c o m p o u n d s ,  on  t h e  s w e l l i n g  of m i c r o s o m e s  w a s  s t u d i e d .  

S. T h e  s o l u b l e  p r o t e i n s  r e l e a s e d  f r o m  t h e  m i c r o s o m e s  in buffer ,  or  o b t a i n e d  b y  t r e a t m e n t  w i t h  
d e s o x x c h o l i c  ac id  w e r e  r e s o l v e d  i n t o  t w o  m a i n  g r o u p s  b y  e l e c t r o p h o r e s i s  on  s t a r c h .  
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