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N e w  techniques:ftrr~ffi~, ,r~rie~d m e a s u r e m e n t  of t h e  m e a n  r a d i u s  of  co lo red  p a r t i c l e s  
b y  t h e  f l a t t e n i n g  effeet :maHtt ie  e lec t r i c  m e a s u r e m e n t  of  v o l u m e  d i s t r i b u t i o n  x~-ith t he  
C O U L T E R  CO~llltt~q"VCLn~'~t~t~t. ~ . t k { ~  ! t o  t h e  d e t e r m i n a t i o n  of t h e  size of s p i n a c h  c h l o r o p l a s t s  
a n d  gTana a n d  ~e : : / za~ t ix i~ -de~ i~ ' ed  f r o m  t h e m  b v  t r e a t m e n t  w i t h  d o d e c v l b e n z e n e  
s u l f o n a t e .  T h e  Wh0te ijxr~x~s-,ff d i s i n t e g r a t i o n  a n d  so lub i l i z a t i on  of c h l o r o p l a s t s  to  
c h l o r o p h y l l  h o l o e h r m ~  ;vms-foklowed b y  t h e s e  t e c h n i q u e s  a n d  b y  u l t r a c e n t r i f u g a l  
ana ly s i s .  B y  ~ ~ v i ~ a ~ t 0 d e c v l b e n z e n e  s u l f o n a t e ,  t h e  n a t i v e  c h l o r o p l a s t s  w e r e  
swol len  a n d - t h e n ,  i J ~ !  in to  swol len  g r a n a .  T h e  e l e c t r o n  m i c r o g r a p h  of  t h e  
swol len  c h l o r o p ~  i ~ !  t h a t  e a c h  l a m e l l a  is swol len  i n t o  a g l o b u l a r  p a r t i c l e  
ins ide  t h e  chlort~'ta-~-l~.-lXri~-~vollen gTana were  d i s i n t e g r a t e d  w i t h  d o d e c v l b e n z e n e  
s u l f o n a t e  i n t o  "-sxmHter r r ~ r t i ~ . - w h i c h  were  t h e n  t r a n s f o r m e d  i n t o  a c o m p o n e n t  of 
2 . 9 -3 .5  S. T h i s  c o m ~ ~  B3~ t r e a t m e n t  w i t h  a m o r e  c o n c e n t r a t e d  d o d e c v l b e n z e n e  
s u l f o n a t e  dissociat¢ifl t i lm,~xcma~ments of 1.2 ~% wh ich  a re  t h e  s m a l l e s t  u n i t s  o b t a i n a b l e  
w i t h  t h e  d e t e t g e m . l ] F t ~ . ~ . , f f ~ n a t i v e  a n d  swol len  c h l o r o p l a s t s  a n d  g r a n a ,  d e t e r m i n e d  
b y  t h e  n e w  tec lm~ q~ee. ; ~ . c t i s e n s s e d .  

INTRODUCTION 

. . . . . .  t - ,  g r a n a  a , .d  ~t. u . , a ,  C h l o r o p i a ~ s  h a v e  a,, ~rm!~. mrteV.s~ructure v.d t h  d i f f e ren t  si zes ~ c. ._-  . . . . . . . .  
l a m e l l a e  a n d  v a r i o x ~  plmzdirulates o r  s u b u n i t s  i n c l u d i n g  c h l o r o p h y l l  h o l o c h r o m e  or  
c h l o r o p l a s t i n .  T h e :  itetmmiinmtion of t h e  s t r u c t u r e  a n d  t h e  c h a r a c t e r i z a t i o n  of  t h e s e  
u n i t s  a r e  e s semia l~o r t t t~ , c~o r r e l a t i on  of t h e s e  u n i t s  w i t h  v a r i o u s  r e a c t i o n s  in p h o t o -  
s y n t h e s i s .  S u c h  a ~ z ~ 0 r i ~ n t u d a z  r equ i r e s  a wide  size s p e c t r u m  of t he se  u n i t s  f r o m  
t h e  o r d e r  of.-mierox~tt~,;ra f ~  .~ -edbe rg  un i t s .  E x t e n s i v e  s t u d i e s  h a v e  been  m a d e  on  
t h e  l a rge r  r m i t s r m o a t i y t f f t x - r m e r o s c o p y  a n d  on t he  s m a l l e r  u n i t s  b y  u l t r a c e n t r i f u g a l  
a n a l y s i s  a s - r e v i e w e t t ~ . ~ e n s i v e t y  b y  K UPKE AND FRENCH 1 a n d  RABINO*.V1TCH 2,z. 
L i g h t  a n d  e l e c t r o n r m ~ ~ ,  d e s p i t e  t he i r  g r e a t  u se fu lnes s  for  t h e  o b s e r v a t i o n  of  
s t r u c t u r e s ,  h a v e  ~ i n ~ - i ~  t h e  d e t e r m i n a t i o n  of p a r t i c l e  size for  t h e  fo l lowing  
r easons .  L i g t r t  ~ X - e ~ r t ~ i ! ~  c o n s i d e r a b l e  e r ro r s  in t h e  m e a s u r e m e n t  of  s m a l l  

A b b r e ~  : ~ t t S ~ , , ~ 5 - t b e r ~ z e n e  sulfonate. 
" lVlailing adaress. 
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particles such as chhwoplasts  and  can not  be appl ied to smaller  particles.  E lec t ron  
m.~croscopy requires a tedi.~us process of fixing samples  in which shr inkage or ex- 
pansion of part icles m a y  occur and,  in addi t ion,  the definition of part icle geomet ry  
affects the result  considerably.  

In the present  s tudy ,  the process of d is integrat ion of spinach chloroplasts  by  
DBS wa:~ invest igated by  two different and  new techniques" the optical  m e a s u r e m e n t  
of the sizes of colored l)articles b y  the " 'f lat tening effect" of DUYSENS 4,5, and  the 
electric mea.~clrement of s ize-distr ibution curves by  the  COULTER counter  ~ which are 
i l lus t ra ted bC,.~w. The results obta ined on the  dis integrat ion of chloroplasts  to g rana  
by  these techniques  were supp lemen ted  by  electron-microscopic observat ions,  and  
the  successive process of ~x~lubilization of g rana  to chlorophyll  holochrome was ob- 
served by  ul t racer , t r i fugal  ana!vsis. Thus,  the  whole process of d is in tegra t ion and 
solubil ization was flfii~',ved wi th  special a t t en t ion  to the sizes of various units .  

The iv.strument,  tbt" COULTER counter  6, is based upon the principle t ha t  each 
cell or part icle in a sus~,ension, when passing th rough  a minu te  orifice, causes a 
m o m e n t a r y  increased impedance  (or pulse) to the ~teady flow of electric cur ren t  
t h rough  the orifice. By use ~,f this i n s t rumen t ,  the errors in count ing  the n u m b e r  of 
part icles can be grea t ly  redu~:<.d and,  fu r thermore ,  the vo lume-d is t r ibu t ion  curves 
can be measured  much  more  accm ate ly  and quickly  than  by  l ight or electron microsco- 
py. The in s t rumen t  has beer, apol led mos t l y  to blood cells a-9. The appl icabi l i ty  to  
chloroplasts  was recent ly  examined  bv OI~TH AND t~ORNXVELL TM, who de te rmined  the 
vo lume-d is t r ibu t ion  curve of Zea m,e3'~, chloroplasts  and  found a mean  vo lume  of 
2 2 .  5 I.* 3. 

As pointed  out  b y  Dt:YSE,XS4, z and I ~ A B I N O W I T C H  H,  a n  absorp t ion  b a n d  of a 
suspension of p igment  part icles or l ight -absorbing cells is f la t tened  as compared  with 
the band  of the same concent ra t ion  of the p igmen t  molecular ly  dispersed in solution, 
so tha t  ex t rac t ion  of the p igmen t  from the suspension wi th  the same volume of a 
solvent raises the band  height.  "]?his phenomenon  was n a m e d  the " f l a t t en ing  effect"  b y  
DUYSEN.%, who analysed the d a t a  obta ined  by  EMERSON AND LEwis  TM for a suspension 
of Chlorella cells. The effect arises from the heterogeneous  d is t r ibut ion  or localization 
of p igmen t  in particles.  Qual i t a t iveIy  speaking,  the re la t ive f la t tening is grea ter  (a) 
a t  the wave leng th  where the p igmen t  absorbs l ight more  stro.~gly, (b) when the 
p igment  is localized .;n smal ler  numbers  o[ part icles,  and  (c) when the p igment  is more 
concent ra ted  in smal ler  particles,  p rovided  tha t  the  n u m b e r  of part icles in the  sus- 
pcnMon is kep t  identical .  To estirnat,: the effect, the  absorpt ion  spect ra  of suspensions 
whicil are general ly  t rans lucent  h a w  ~ to. be measured  correct ly.  The "opal-glass  
t ransmiss ion me thod  ''t3-x5 developed for the s p e c t r o p h o t o m e t r y  of t rans lucent  ma-  
terials was employed  in the present  s tudy ,  and ex~.abled us to obta in  the  spect ra  free 
from the errors which techniques  c o m m o n l y  used for t r anspa ren t  mater ia ls  entail .  The 
f la t tening da t a  thus  ob ta ined  were ana lysed  by  the equat ions  derived below. 

ANALYSIS OF FLATFF_NI NG .t,'.i..~:ECT 

Suspension of chloroplasts 

DUVSE~S4, 5 assumed a suspension of homogeneous ly  db:-~rsed particlcs,  and  deri- 
ved a general  equa t ion  including the effect of part icle geo~:etry.  Approx ima t ions  mad 
modificat ions were made  in the  present  s t u d y  of the  equa t ion  of DuYsENs "~n order  
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t o  m a k e  i t  a p p l i c a b l e  to  c h l o r o p l a s t s  a n d  g r ana ,  l . e t  ,:s f irst  cons ide r  a s imp le  m o d e l  
s y s t e m "  a su spens ion  of  sphe r i c a l  pa r t i c les ,  idea l ized  ch lo rop l a s t s ,  in wh ich  a p igment{s)  
is d i s s o l v e d  u n i f o r m l y .  T h e  ab_-orbance v a l u e  of th is  s y s t e m  a t  a s ingle  w a v e l e n g t h  is 
e x o r o q ~ o r {  a n p r o x - i m a t e l v  a s  f o l l o w s "  

I f  e" .-- o .  t 3 4  d . \ ~ n r ~ " (  t - e - x )  (1) 
where  

=~: (4, .~)r~C,.: (2) 

d, t h e  t h i c k n e s s  of t h e  c o n t a i n e r  ,,f t h e  suspensi~)n" Ne, t h e  n u m b e r  ~f chlc~roplasts in 
z ml  of su spens i on"  r(-, t h e  r a d i u s  of t h e  c h l o r o p l a s t  in cm"  Co, t he  m o l a r  c o n c e n t r a t i o n  
of t he  p i g m e n t  in t h e  c h l o r o p l a s t s "  e ' ,  t h e  m o l a r  e x t i n c t i o n  coeff ic ient  ~f t he  p i g m e n t  
on  t h e  bas i s  of  n a t u r a l  l o g a r i t h m ,  so t h a t  g* is e q u a l  to  2.303 ~'. 

I t  is a s s u m e d  in ).he d e r i v a t i o n  t h a t  l igh t  passes  t h r o u g h  a p a r t i c l e  wi th~mt  be ing  
r e f r a c t e d  or  s c a t t e r e d ,  a n d  t h a t  t h e  e f fec t ive  l i g h t - p a t h  l e n g t h  t h r o u g h  t h e  pa r t i c l e  
is e q u a l  to  t he  a v e r a g e  of t he  d i f f e ren t  p a t h  l e n g t h s  wh ich  is (4/3)re. More  e x a c t l y ,  the  
i n t e n s i t i e s  of t r a n s m i t t e d  l ight  b.eams t h r o u g h  t he  p a r t i c l e  h a v e  to  be  a v e r a g e d .  T h e  
e b s o r b a n c e  d e r i v e d  b y  th i s  m o r e  e x a c t  t r e a t m e n t  is 

- 

a g e "  ~--- 0 . 4 3 4  dNe .~re ' - ' {~ - . - -  (91'I6)~-" -'- ( 9 / 4 o ) =  a } (3) 

w h i c h  g ives  us  a v a l u e  close to  t h a t  g i ven  b y  E q n .  I .  T h e  f u r t h e r  d e r i v a t i o n  of t he  
e q u a t i o n  for  a m o r e  c o m p l e x  case  is. t he re fo re ,  m a d e  to  t he  s a m e  degree  of a p p r o x i -  
m a t i o n  as  in  E q n .  I .  

I n  t h e  a c t u a l  s y s t e m  of c h l o r o p l a s t s ,  p i g m e n t s  a r e  c o n c e n t r a t e d  m o s t l y  i n to  
g r a n a .  One  m a y ,  t he r e fo re ,  a s s u m e  t h a t  p i g m e n t s  a r e  h e t e r o g e n e o u s l y  d i s t r i b u t e d  i n to  
s p h e r i c a l  g r a n a ,  a n d  s t r o m a  a re  colorle.~s. T h e  f l a t t e n i n g  in th i s  case  occu r s  owing  to  
t w o  d i f f e ren t  s u p e r g o s e d  I o c a l i z a t i o n s  t he  loca l i za t ion  of  p i g m e n t s  i n to  g r a n a ,  a n d  
t h e  l oca l i z a t i on  of g r a n a  i n t o  c h l o r op l a s t s .  T h e  a b s o r b a n c e  v a l u e  of th i s  s y s t e m  is 

E c  = 0 . 4 3 4  d.\ 'c.-trc2~ I ~ e - P )  (4) 
in w h i c h  

p = ( 4 / 3 ) r e A ' , a ~ r u ' z l i  ..... e-f-i)  ( 5 )  

,~ := (4:3lr , ,C.qe" (6) 

Ce ~ {.l,"3).-rvga:\',,C,a (7) 

N , .  t h e  n u m b e r  of g r a n a  pe r  ml  of c h l o r o p l a s t s ;  r~. t he  r a d i u s  of t h e  g r a n u m  in c m ;  
Cg. t h e  c o n c e n t r a t i o n  of t he  p i g m e n t  in t he  g r a n a .  

Suspension of  grana 

I f  t h e  c h l o r o p l a s t s  in t h e  su.-pension a re  b r o k e n  a n d  t h e  g r a n a  a re  s u s p e n d e d  in 
t h e  s a m e  v o l u m e  of m e d i u m  as t h a t  of t he  su spens ion ,  t h e  n u m b e r  of g r a n a  pe r  rnl of  
t h e  s u s p e n s i o n  is (4/3)r, re:3.,\'aNe. Timrefo re ,  t he  a b s o r b a n c e ,  Ea, of th i s  s u s p e n s i o n  of  
g r a n a  is 

Ej  .... o-134 d.- trc 'zN,:P (8) 

Extract  

I f  t h e  p i g m e n t  in t h e  s u s p e n s i o n  of  c h l o r o p l a s t s  or  g r a n a  is e x t r a c t e d  w i t h  t h e  
s a m e  v o l u m e  of  a s o l v e n t ,  one  m a y  o b t a i n  a s o l u t i - n  of  p i g m e n t  c o n c e n t r a t i o n  of  
(4]3)mvc°NeCe. T h e r e f o r e ,  t h e  a b s o r b a n c e ,  Ee, of t he  e x t c a c t  is 

E e  : 0 . 4 3 4  d(4. /3) . - t rca=VeCc~ ° (9) 
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?'he f l a t t e n i n g  effect 

T h e  f l a t t e n i n g  effects  d u e  to t h e  I o c a l i z a ~ a  ,off iflbe l p ~ g m ~ t  i n t o  g r a n a  a n d  t h a t  
due  to  t h e  loca l i za t ion  of  g r a n a  i n t o  c h l o r o p l a s t s  ~ e-g.w~re.~..~:,e.d b y  t h e  r a t i o s  b e t w e e n  
t he  a b s o r b a n c e  ,;,alues of E q n s ,  4, 8 a n d  9;  

EolEe = ( x - -  e-fl)/~ = p./x (IO) 

V a r i o u s  c o n s t a n t s  for  c h l o r o p l a s t s  a n d  g r a n a  ~ e ~  ~:.~,~tt~e~lt i~ t he  fo l lowing  m a n n e r .  
(a) T im v a l u e s  of Eo/Ee  a n d  E e / E e  were  det, e ~ d l  Iby It~. ex~er /xnen t s  of  e x t r a c t i o n ,  
a n d  t h e  v a l u e  of Ee[Eq was  c a l c u l a t e d  f r o m  t h ~ e  ~-~,,~e~..-[lhe ~-aY, ues  of ~, fl a n d  p were  
c a l c u l a t e d  f r o m  t he se  r a t i o s  b y  E q n s .  xo a n d  ~ . .  (~,:!) T ~ :  r~dinn~, r<., of c h l o r o p l a s t s  was  
c a l c u l a t e d  f r o m  t h e  v a l u e s  of  p a n d  Ev/~,~e ~ y  ~.qr~. S. Ew,.:.'h,. was c a l c u l a t e d  f rom 
o b s e r v e d  v a l u e s  of E e / E o  a n d  Ee/~ ~. (c) T h e  r . ~ s , ,  ~s,, ~0,f , , ~ : ~  w a s  c a l c u l a t e d  w i t h  
a id  of t h e  fo l lowing  r e l a t i o n s h i p :  

(r~!~'~ °" = ~, ; i ' ~  ( i 2) 

in wh ich  m is t h e  n u m b e r  of  g r a n a  in one  cl-,)t:vo.plla~t: ~i}~tt ~ ~413)~rreaNa. T h e  v a l u e  of  
m was  d e t e r m i n e d  f rom t he  c h a n g e  oi t h e  ~s~r~2v:~0~m ~¢mrve f r o m  c h l o r o p l a s t s  t o  
g r a n a  m e a s u r e d  b y  t h e  COULTER c o u n t e ~  end  w,..~ $0mm~tl ~o, b e  a p p r o x .  I 4 o  for  t he  
s a m p l e  c h l o r o p l a s t s  as  s h o w n  la te r .  

EXPE t? 7.'. i~:[ E ~-tF.~L 
P r e p a r a t i o n  o f  s a m p l e s  

W h o l e  c h l o r o p l a s t s  were  isolatc.d i r o m  ]ea~,es ,o)ff 2 9 ~ ¢ i ~  olergceg ( sp inach)  b y  
t h e  m e t h o d  of ARNON, ALLEN AN D ~VHATLES"~,, ~ I~- r e p e a t e d  c e n t r i f u g a t i o n s ,  
a n d  s u s p e n d e d  in o.35 M N a C l  s~.l~rtion. T h e  n~Mlaur ralt i~ o>tf ¢]~lorophyll  g to  b in t h i s  
p r e p a r a t i o n  w a s  :..~ as  detemv~.'~ed a f t e r  ex~r~cttS0m h -  ~ m e t h o d  of MACKINNEY tT. 
G r a n a  were  p r e p a r e d  f r o m  t h e  c h l o r o p l a s t s  ira t h e  f f ~  ~ .~ner. C h l o r o p l a s t s  were  
d i s r u p t e d  w i (  -~, a b l e n d o r  in o .35 M NaC1  soha~o~ ml o~ fvv $ m ~ .  T h e  s u s p e n s i o n  of 
b r o k e n  chloropf~.sts  t h u s  o b t a i n e d  w a s  c e m ~  all ~ _ ~ ,  ".: g for  xo m i n  a n d  t h e  
s e d i m e n t  w a s  d i s c a r d e d .  T h e  s u p e r n a t a n t  ~ ~ was  c e n t r i f u g e d  a t  
1 5 o 0 o  :< g for  15 min ,  a n d  t h e  s e d i m e n t  w a s  ~ i~  ~ s a m e  sa l ine  so lu t ion .  

C h l o r o p l a s t s  were  p r e - i n c u b a t e d  w i t h  D B S  in  ~.~x~ ~11 l¢~ospha te  b u f f e r  ( p H  7.0) 
for 5 ra in  a t  2o ~:: 2 °, a n d  t h e n  s u b j e c t e d  t o  ~___he ~ e - _ ~ ~ ~ . ~  ~f  t h e  f l a t t e n i n g  effect ,  
~he Hil l  a c t i v i t y  a n d  t h e  v o l u m e - d i s t r i b u t i o n  ~-m-~ne_ T h e  " ~ n ~ m e n t a t i o n  a n a l y s e s  of  
c h l o r o p h y l l  h o l o c h r o m e  were  m a d e  for  si~.~lar ~ b ~  w / t h  no buf fe r ,  b e c a u s e  
l a rge  mice l les  of  D B S  a re  f o r m e d  b y  use  o f  ~ ~ mterfem~ w / t h  t h e  o b s e r v a t i o n  
of t h e  s e d i m e n t a t i o n  p e a k  of  c h l o r o p h y l l  hol~w_hr~m~_ S~mp&es for  e l e c t r o n - m i c r o -  
scopic  o b s e r v a t i o n s  were  p r e p a r e d  b y  a c o m m o n  ~ u r e .  L-q~oroplasts p r e - t r e a t e d  

o/ w i t h  D B S  for  5 m i n  were  w a s h e d  w i t h  l ~ ~ t t e  b ~ e r  (~ t I  7.o),  f ixed w i t h  1 ,o 
o s m i u m  t e t r o x i d e ,  d e h y d r a t e d  w i t h  e t h a n o l ,  grad e ~ n ~  i~ m e t h a c r y l a t e  res in  
for  t h e  p r e p a r a t i o n  of t h i n  sec t ions .  

Spec t roscop ic  observa t ions  

A b s o r p t i o n  s p e c t r a  we re  o b s e r v e d  w i t h  a C a ~ -  ~ g  s p e c t r o p h o t o m e t e r  
m o d e l  x4M, u s i ng  x .o-cm cells. F o r  t h e  o b s e ~ - a ~  ~ ~traua~m:ent s u s p e n s i o n s  of  
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chloroplasts  or grana ,  the "opal-glass  t ransmission m e t h o d "  was employed  13-15. Thus ,  
the correct absorpt ion  spect ra  in t e rms  of the semi-integral  a t t enuance  could be 
d i rec t ly  recorded on the spec t ropho tomete r .  Corrections were made  for the effect of 
reflection from the  sample.  As discussed in previous  papers14, ~5, the reflection- 
corrected a t t enuance  describes the t r an smi t t i ng  p rope r ty  of a t rans lucent  sample ,  
being independent  of the  reflecting p rope r ty  of the sample as a whole, so tha t  it is the  
m e a s u r e m e n t  to be compared  wi th  the absovbance of the ex t rac t  to es t imate  the  
f la t tening effect. The ref lect ion-corrected a t t enuance  for t rans lucent  samples  will be 
s imply  called the  absorbance  in this paper.  

Volume distribution 
The  vo lume-d i s t r ibu t ion  curves of chloroplasts  and grana  were measured  b y  the  

COULTER counte r  model  A. A sample  mix tu re  of chloroplasts  wi th  DBS was d i lu ted  
2oo t imes  wi th  o.o4 M phospha te  buffer (pH 7.o) conta in ing o.oi  M NaCI, and  was  
subjec ted  to  count ings.  Corrections were made  for the coincidence count  loss and  for 
the  non- l inear  response of the pulse height .  The volume-dis t r ibut ion  curves are ex- 
pressed in the number ,  n of part icles versus log. V, in which V is the volume in tL ~. An 
orifice of 1oo/~ in d i ame te r  was used for the part ic les  of log. V = 1.o-2.5, and  t h a t  
of 3o t~ for log. V - - - - r . o - o .  In  the  in t e rmed ia t e  w)lume range observable  wi th  a 
5o-t, orifice, no essential  change of d is t r ibut ion  occurred in the d is in tegra t ion  of 
chloroplasts .  

The Hil l  aciivi;y 

A solution (x ml) of 2 ,6-dichlorophenol indophenol  was added  to a sample  m i x t u r e  
(xo ml) of chloroplas ts  p re - t rea ted  wi th  DBS in the da rk  for 5 rain. The initial  ra te  of 
reduct ion  of the  dye  by  i l luminat ion from an incandescent  l amp  was e s t ima ted  from 
the  absorbance  change at 61o m/ ,  which was measured  by the  opal-glass t ransmiss ion 
me thod .  

Ultracentrifugal analysis 

Sed imen ta t ion  coefficients were observed with a Spinco u l t racent r i fuge  model  E 
a t  5978o rev. /min.  Corrections were made  for the differences in t e m p e r a t u r e  and the  
solvent  m e d i u m  used in order  to es t imate  sed imenta t ion  coefficients, Szo,w which are 
expressed in Svedberg  uni ts  in this  report .  The par t ia l  specific volume of chlorophyl l  
holochrome wa~ assumed to be 0.96 according to CH!BA 18. 

Electron microscopy 

Elec t ron  micrograpl ts  of chloroplasts  were taken  witt: an electron mi~ .oscope of 
Japa~a E iec t ron  Optics  Labora to ry ,  model  JEM-5G.  

RESULTS 

Disintegration of  chloroplasts to grana 

Vohtme distritmtion: Curve A in Fig. I shows the volume dis t r ibut ion  of chloro- 
plas ts  ~.ith o.35 M NaCI, measured  8 min  af ter  the  prepara t ion .  The curve indicates  
a maxir r tum dis t r ibut ion  a t  log. V - -  1.36 ~- 0.02. In  a separa te  exper iment ,  in tac t  
leaves were squeezed th rough  cheese cloth,  and  the d is t r ibut ion  curve of the  chloro- 
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plas ts  in the  juice ob ta ined  w i thou t  b lending and  cent r i fuga t ion  was obse rved  im- 
med ia t e ly  a f te r  squeezing, The curve  thus  ob ta ined  was qui te  s imi lar  in shape  and  
posi t ion to curve  A. This  fact  bears  evidence t h a t  the  chloroplas ts  ob t a ined  b y  normal  
p rocedure  of p r epa ra t i on  are in the i r  na t ive  s t a te  in the  shor t  per iod of 8 min af ter  
the  p repara t ion .  The  chloroplas ts  in the  saline solution,  however ,  undergo  a change in 
d i s t r i bu t ion  when kep t  at  room t empera tu re .  An example  is shown b y  curve  B in 
Fig. I which was observed  80 rain af ter  tI ~. p r epa ra t i on  of the  sample.  The  curve  is 
sh i f ted  t o w a r d  a larger  vo lume dur ing  the  incubat ion .  The  shift  occurs be tween  20 and  
60 rain a f te r  the  p repara t ion .  In  this  process, the  to t a l  n u m b e r  of chloroplas ts  r emains  
cons tan t ,  so t h a t  the  shift  is due to swelling and  not  to  c lumping.  The  peak  of curve  B 
is loca ted  a t  log. V - -  1.64 + 0.03, so t h a t  the  vo lume  of na t ive  ch loroplas t s  is 
r ough ly  doub led  by  swelling. I t  is wor th  not ing  t h a t  the  saline so lu t ion  c o m m o n l y  
used for the  p r epa ra t i on  of chloroplas ts  causes such a m a r k e d  change  of volume.  In  
subsequen t  expe r imen t s  to  s t u d y  the  effect of DBS,  the  chloroplas ts  kep t  for 80 rain 
in the  saline solut ion were used as a re la t ive  s t a n d a r d  sample  to ob ta in  reproduc ib le  
d a t a  free from the  error  due to swelling; t h e y  will be referred to as " a g e d  ch lorop las t s" .  

4o 

3o 
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~-2c 
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.f | 
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~,A \ 

°l o 1'5 
Log V (in ~3) 

*,,, \\ 

2.0 2.5 

Fig. I. Volume-distribution curves of native, aged and DBS-treated chloroplasts. Curve A, 
chloroplasts in o.35 M ,NaCl solution, 8 rain after the preparation; curve B, the same sample but 

80 rain after the preparation ; curve C, treated with 2.29. IO -I M DBS for 5 rain. 

When  DBS is added  to a suspension of aged chloroplasts ,  t h e y  swell fu r the r  and  
the  d i s t r i bu t ion  is sharpened .  Maximal  swelling occurs wi th  I - 2 - I O  -4 M DBS,  and  
the  peak  of d i s t r ibu t ion  shifts  to log. V - -  1.88 ! o.02 as shown b y  curve  C ob ta ined  
w i th  2 . 2 9 - x o - i M  DBS.  This  i n t e r p r e t a t i o n  of swelling is suppo r t ed  b y  electron-  
microscopic  observa t ions .  The  mic rograph  of an aged chloroplas t  shown in Fig. 2A is 
n o r m a l  and  shows g rana  wi th  lamellar  s t ruc tures .  B y  t r e a t m e n t  wi th  x.x4-xo-4 M 
D B S  (Fig. 2B), the  ou te r  surface of the  chloroplas t  is e x p a n d e d  marked ly ,  and  each 
lamel la  swells in to  a g lobular  part icle ,  which looks like an air  m a t t r e s s  being inflated.  
This  p h e n o m e n o n  confirms the  view I~-.3 t h a t  each lamella  is m a d e  up  of two sheets  
of ma te r i a l  superposed  an d  connec ted  toge the r  a t  the  ends. 

W i t h  DBS concen t ra t ion  increasing above  2-IO -4 M, a different change occurs in 

Biochim. Biophys. Acta, 69 (Ig~) I3o-x42 
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: !:ii? ! 

F/g. ~_. Electron micrographs of thin sections of an aged (A) and DBS (i . l  4- xo -4 M)-treated (B) 
ch!nroplast ,  each fixed with t ~/o OsO4 in o.o7 M veronal-aceta te  buffer (pH 7.4) and embedded 

in methacryla te .  

t h e  d i s t r i b u t i o n .  T h e  p e a k  fo r  t h e  s w o l l e n  c h l o r o p l a s t s  is l o w e r e d  a n d  a n e w  p e a k  
a p p e a r s  in  m u c h  s m a l l e r  v o l u m e  r a n g e  as  s een  f r o m  c u r v e s  D ,  F a n d  G in F ig .  3- F r o m  
t h e  c h a n g e  in r e l a t i v e  h e i g h t  of  t h e  t w o  p e a k s  in t h e  t r a n s f o r m a t i o n ,  t h e  n u m b e r  o f  
s m a l l  p a r t i c l e s  f o r m e d  f r o m  o n e  c h l o r o p l a s t  w a s  e s t i m a t e d  t o  be  I 4  ° :1: 3o.  Thi_~ 
n u m b e r  is in  a p p r o x i m a t e  a g r e e m e n t  w i t h  5 o - 2 o o ,  t h e  n u m b e r  of  g r a n a  in  o n e  c h l o r o -  
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plast  e s t i m a t e d  by  R/.BIYOW]TCH 3 from the  electron micrographs  of the chloroplasts  of 
var ious h igher  plants .  

T h e . d i s t r i b u t i o n  curve of na t ive  g r ana  p repared  b y  mechan ica l  d i s rup t ion  of 
ch loroplas ts  was observed s imi lar ly ,  b u t  the  size was found to be below the  obse rva t ion  
l imi t  of the  i n s t rumen t .  However ,  the  g r ana  when  t rea ted  wi th  1.14- IO -a M DBS 
show a peak at  log. V ~--- ~ o . 7 6  .+_ 0.03 (curve H in Fig. 3), which  agrees rough ly  wi th  
the peak  posi t ions  of curves  D, F a n d  G. This  impl ies  t ha t  the  smal l  par t ic les  formed 
b y  t r e a t m e n t  of chlot:oplasts wi th  DBS are the  g rana  swollen wi th  DBS. 

The  vo lumes  of var ious  s ta tes  of chloroplas ts  a n d  g rana  at the d i s t r ibu t ion  max i -  
m a  are l is ted in Table  I toge ther  wi th  the radi i  ca lcu la ted  f rom the  volumes  on the  
a s sumpt ion  t h a t  t h e y  are spherical .  Compar i son  will  be made  la ter  be tween  these da t a  
and  those measu red  b y  the f la t ten ing  effect. 

TABLE I 

V O L U M E S  AND R A D I I  OF V A R I O U S  STATES OF 

( " q L O R O P L A S T S  A N D  G R A N A  A S  M E A S U R E D  B Y  T H E  C O U L T E R  C O U N T E R  

Samph" 
. . . . . . . .  

('hloroplasts 

Grana 

l ~ It 
Slate LOg. V (IP) (10 

native 1.36 ~ 9.02 23 1.8 
aged 1.64 ~ 0.03 44 2,2 
swollen ].88 _-4- 0.02 76 2.6 
swollen --o.76 _ 0.03 o.x7 0.34 

The f la t t en ing  effect: The absorp t ion  spec t rum of a chloroplas t  suspens ion  is 
g r e a t l y  changed  by, t r e ~ t w e n t  wi th  DBS.  B y  the  act ion of DBS of less t h a n  6- l O  - 4  M ,  

the  absorp t ion  is in tensi f ied over  the ent i re  v is ib le  region (curves A and  B in Fig. 4)- 
W i t h  this intensif icat ion,  the red b a n d  shif ts  on ly  s l igh t ly  f rom 678 to 675 m/z a n d  the  
posit ion,  437 mft,  of the Soret b a n d  is una l te red ,  so t h a t  the  spec t ra l  change  m a y  be 
regarded as the  reverse process of the  f l a t t en ing  of Duvsg,~s .  Above  6. Io  -4 M DBS,  
a successive and  different  change  occurs;  the Soret b a n d  is t r a n s f o r m e d  in to  a b a n d  

m ! 5000 G 

4°°°r ~ 
-~ 3000 " 

¢- 200C 

1.5 
' 1% i , , , j 

l / / ' A \  

/,I % J'_iJ. ~.-x~.~ 
, , , ~ , - " k  

, . , 15  0 ! ~.o 4 0,,., 

0 ~- ~1,5 

~ "JO 

10001 

°,. o- 
1 

-0.5 o 1.5 2.0 
L o g V  (in IJ =) 

Fig. 3. Volume distribution curves of DBS- 
treated chloroplasts. Curves D and F, treated 
with 3.43" *o-a M DBS for 5 and 3 ° rnin, re- 
spectively; c u r v e  G, treated with 5.72. !o -a M 
DBS for 5 rain; curve H, grana treated with 

,.~ 4- ,o -4 M DBS for 5 min. 

0350 400 450 500 550 600 650 700 
Wavelength in mla 

Fig. 4. Absorption spectra of suspensions of 
chloroplasts with DBS. Curve A, aged chloro- 
plasts; c u r v e  B,  treated with 5 . 7 2 .  t o - *  M DBS 
for 5 rain; curve C, treated with 2.86-xo -s M 
DBS for 3o min. Each suspension contains an 

equal amount of chlorophyll. 
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at  415 m/~ and the red band  is shifted to 670 mk~. The resul tan t  spec t rum is similar  to 
t h a t  of chloroplasts  t r ea t ed  wi th  sodium dodecyl  sulfate observed by  S:,tZTH 24 who 
in te rp re ted  it to be the spec t rum of pheophyt in .  

The intensification of absorpt ion  was observed more precisely as a function of 
D B S  concent ra t ion  at  43 ;  mt~ and  at  675-678 rap,  the absorpt ion m a x i m u m  of the 
red band ,  and  the  resul ts  are shown b y  curves A and  B (Fig. 5), respectively.  The 
re la t ive  absorbance in the  figure s tands  for the ratio of the absorbance value of a 
suspension of D B S - t r e a t e d  chloroplasts  to the  value observed for the control,  a 
suspension of the  same concent ra t ion  of aged chloroplasts  wi thou t  DBS. The figure 
indicates  t h a t  the  intensif ication proceeds in two steps. In  the first step. which is 
observed be tween o and  z .5 - z .o - zo  -4 M DBS,  the  relat ive absorbances  at 437 m ~  
a n d  at  677-678 m p  increase to in t e rmed ia t e  levels of 1.2i and  I . I I ,  respectively.  
The D B S  concent ra t ion  for complet ion of the  first s tep agrees nicely with  the con- 
cen t ra t ion  for the  m a x i m a l  swelling es t imated  from the dis t r ibut ion curves,  so tha t  
the  above  values  of re la t ive  absor~ ~.ce are those of the suspension in which the 
chloroplas ts  are swollen to  the  m a x h , a l  extent .  

In  a separa te  exper iment ,  the Hill  ac t iv i ty  was observed as a function of DBS 
concen t ra t ion  toge the r  wi th  the absorbance  change at  437 m p  (Fig. 6). The ac t iv i ty  
drops m a r k e d l y  below 5 .1o  -5 M DBS,  and is prac t ica l ly  zero at  8 . 5 - Io  -~' M. The 
ac t i v i t y  is inh ib i ted  comple te ly  before the first s tep of absorbance  change proceeds 
to complet ion  or below the  concent ra t ion  for the  m a x i m a l  sweUing. The concent ra t ion  
for comple te  inhibi t ion is only 6 -  7 t imes  the chlorophyl l  concent ra t ion ,  ~.3-IO-5 M, 
of the  chloroplast  suspension measured.  The significance of the  smallness of the con- 
cen t ra t ion  was  discussed b y  KE AND CLENDE~CNI~'G 2~, who observed the effects of 
var ious  de tergents  on the  Hil l  react ion and  found the  concentra t ions  for the inhibi t ion 
to  be m u c h  lower t han  those required for chloroplast  solubil ization as assessed by  
ul t raf i l t ra t ion.  

Upon  increasing D B S  concent ra t ion  above 2. IO -4 M, the relat ive absorbance  
increases again and a t t a ins  a m a x i m u m  value at  6.  Io -4 M DBS.  This concent ra t ion  
agrees wi th  the concentra t ion ,  a t  which the  d is t r ibut ion peak for swollen chloroplasts  

I • l i - , 

Motor Concentration of DE~ in Ix 10-4M 

F i g .  5- }2e l a t i ve  c h a n g e  o f  a b s o r b a n c y  a t  t h e  
S o r e r  ( c u r v e  A)  a n d  r e d  ( c u r v e  ]3) b a n d s  o f  t h e  
s u s p e n s i o n  o f  c h l o r o p l a s t s  a s  a f u n c t i o n  o f  D B S  

c o n c e n t r a t i o n .  

08 ~r 

0 2 1 . 0 5  

-- Ii oo 
OMolo r  0 2 0 . 4  0 6 0 . 8  4 I .o 

Com:entro:ion of OBS in IxlO- M 

F i g .  6. R e l a t i v e  c h a n g e  o f  a b s o r b a n c y  a t  h e  
S o r e t  b a n d  ( c u r v e  A) a n d  t h e  H i l l  a c t i v i t y  
( c u r v e  13) o f  c h l o r o p l a s t s  a s  a f u n c t i o n  o f  D B S  
c o n c e n t r a t i o n .  T h e  r e l a t i v e  a c t i v i t y  o f  c h l o r o -  

p l a s t s  w i t h o u t  D B S  is  t a k e n  a s  u n i t y .  
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is c o m p l e t e l y  t r a n s f o r m e d  in to  t h e  p e a k  of  swol len  g r a n a .  T h e  s e c o n d  s t e p  of  i n t e n s i -  
f i ca t ion  m a y ,  t he re fo re ,  be  i n t e r p r e t e d  as  due  to  t h e  d i s i n t e g r a t i o n ,  so t h a t  t h e  v a l u e s  
of  r e l a t i v e  a b s o r b a n c e ,  1.48 a t  437 m/~ a n d  x.23 a t  6 7 5 - 6 7 7  m/z, on t h e  m a x i m a l  l eve l s  
a re  t h o s e  of t h e  s u s p e n s i o n  of swol len  g r a n a .  T h e  a b s o r b a n c e  d r o p s  f r o m  t h e s e  l eve l s  
a b o v e  6 - I o  -4 M D B S ,  a n d  t h e  p h e n o m e n o n  is d u e  to  t he  t r a n s f o r m a t i o n  of  b a n d s  
(curve  C in Fig .  4). 

T h e  r e l a t i v e  a b s o r b a n c e  o f  a s u s p e n s i o n  of  n a t i v e  g r a n a  p r e p a r e d  b y  m e c h a n i c a l  
d i s r u p t i o n  of  c h l o r o p l a s t s  a n d  t h a t  of  t h e  e x t r a c t  w i t h  8o % a c e t o n e  f r o m  a s u s p e n s i o n  
of aged  c h l o r o p l a s t s  were  m e a s u r e d  a t  t h e  t w o  w a v e l e n g t h s .  T h e  r e s u l t s  a r e  l i s t ed  in 
T a b l e  I I  t o g e t h e r  w i t h  t h e  v a l u e s  e s t i m a t e d  a b o v e  for  t h e  swol len  c h l o r o p l a s t s  a n d  
g r a n a .  T h e  rad i i ,  re a n d  rg, of  t h e  aged  a n d  swol len  c h l o r o p l a s t s  a n d  g r a n a  were  
c a l c u l a t e d  b y  t h e  p r o c e d u r e  i l l u s t r a t e d  a b o v e  f r o m  these  a b s o r b a n c e  v a l u e s  a n d  Ne[Ee 
a n d  m. T h e  r ad i i  t h u s  c a l c u l a t e d  a re  l i s t ed  in t h e  s a m e  t a b l e  w i t h  t h e  v a l u e s  of  Ea]Ee, 

Ec/Eg, c~, fl a n d  p .  

TABLE II 
R A D I I  O F  A G E D  A N D  S W O L L E N  C H L O R O P L A S T S  "~: 

A N D  G R A N A  A S  E S T I M A T E D  F R O M  T H E  F L A T T E N I N G  E F F E C T  

il'avelenglh 437 ml* 675-678 rnl~ 

State aged swollot  aged swollen 
. . . . . .  

E e  I . o o  1 . 2  I I . o o  I .  I I 

15e 1.33 1.48 1.25 1.23 
t-e x.93 1.93 1.55 1-55 
(Nc/Ee) × IO-~ 2.43 "'~-.'3 3"55 3"55 
m 14o 14o 14o 14o 

Egll;-'e o.589 o. 767 o.8o6 o. 794 
E r I E  a 0 . 7 5 2  o . 8 1 8  0 . 8 0 0  0 . 9 0 2  

0.87 0.55 0.57 0.27 
/~ 0.79 0.55 0.45 o.48 
p 0.60 o.4z 0.46 o. z x 

r c  (I*) 2 . 6  3 . 3  2 - 4  3 . 5  
r. 0 (tt) 0.23 0.28 o.23 o.22 

So lub i l i za t io~  o f  g rana  

W h e n  D B S  c o n c e n t r a t i o n  is r a i s e d  a b o v e  6 - I o  -4 M, t h e  d i s t r i b u t i o n  p e a k  for  
swol len  g r a n a  s h o w n  in  Fig .  3 d i s a p p e a r s .  T h i s  fac t  i n d i c a t e s  t h e  d i s i n t e g r a t i o n  of  
swol lcn  g r a n a  i n t o  s inai  J e t  pa r t i c l e s .  T h e  size of  t h e  p a r t i c l e s  f o r m e d  is, h o w e v e r ,  b e l o w  
t h e  o b s e r v a t i o n  l i m i t  of  t he  COULTER c o u n t e r ,  a n d  t h e  f l a t t e n i n g  effect  cou ld  n o t  be  
a p p l i e d  for  t h e  d e t c r m i n a t i o n  b e c a u s e  of  t h e  t r a n s f o r m a t i o n  of  b a n d s .  U l t r a c e n t r i f u g a l  
a n a l y s i s  m a d e  for  t h e  s u s p e n s i o n s  w i t h  6 - 9  5- xo -4 M D B S  s h o w e d  no  s e d i m e n t a t i o n  
p e a k .  T h e  p a r t i c l e s  a p p e a r  to  be  t o o  l a rge  t o  be  o b s e r v e d  b y  t h e  Sch l i e r en  o p t i c a l  
s y s t e m ,  s ince  a c l e a r l y  de f ined  p e a k  of  3.5 S is o b s e r v e d  w h e n  t he  c o n c e n t r a t i o n  is 
r a i s ed  to  2. 9- lO -8 M. T h e  s e d i m e n t a t i o n  coeff ic ient  of t h i s  p e a k  d e c r e a s e s  g r a d u a l l y  
f r o m  3-5 S to  9. 9 S as  t h e  c o n c e n t r a t i o n  i n c r e a s e s  f r o m  2. 9 . 1 o  -a t o  2 . 0 - I o  -~ M as  
s h o w n  in T , b ! e  H I .  D u r i n g  c e n t r i f u g a t i o n ,  t h e  p e a k  m o v e d  w i t h  a y e l l o w i s h  g r e e n  
b o u n d a r y  a n d  t he  su , e r n a t a n t  wa s  color less ,  so t h a t  t h i s  c o m p o n e n t  is i n f e r r e d  t o  
c a r r y  p i g m e i , t s .  T h e  coeff ic ient ,  2 . 9 - 3 .5  S is s l i g h t l y  l a r g e r  t h a n  b u t  is  c lose t o  2.6 S 
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of a co lo red  c o m p o n e n t  o b s e r v e d  b y  SMITH °6 a n d  S M I T H  A N D  P I C K E L S  27 w i t h  0.25 o, 
s o d i u m  d o d e c y l  s u l f a t e  as  t h e  so lub i l i z ing  r e a g e n t .  T h e  coeff ic ient  is, h o w e v e r ,  s m a l l e r  
t h a n  I 3 . 5 - I 3 . 8  S of  t h e  c o m p o n e n t  o b t a i n e d  w i t h  d i g i t o n i n ,  s o d i u m  d e o x v c h o l a t e  a n d  
bile sa l t s  zn-~, a n d  5.4--5-5 S of  t h e  c o m p o n e n t  o b s e r v e d  w i t h  Nacc (ma l  N R S F  as or  
a m i x t u r e  of D u p o n o l  C a l ld  S p a n  80 ~s. 

T A B L E  l [ i  

. S E O I . ~ I E N T A T I C ,  N C O E F F I C I E N T S  I N  S V E D B E R G  U N I T S  

F O R  T H E  C O M P O N E N T S  I N  T H E  M I X T U R E S  O F  C H L O R O P L A S T S  A N D  ] ) } { %  

D8.S  co~ic,'ntratioJ'. Letrgt'r Smal l t ' r  
(.1I - i ,~) t ompcment compoJt~mt 

2 . 8 0  3 . 5  

5 . 7 z  3 . 3  
S . 5 S  3 . 2  

I 1. 4 3 .  z 
I 4 . 3  3 .1  
Y 7 , 2  3 . 0  
2 0 . 0  2 . 9  
2 2 . 9  2 . 6  t . I  
2 5 .  7 2. I I .  4 
2 8 . 6  I . o  

3 4 . 3  1.2 
4 0 . 0  1 . z  

S M I T H  m a d e  a r u n  of  ~ e d i m e n t a t i o n  e x p e r i m e n t s  w i t h  a m o r e  c o n c e n t r a t e d  s o d i u m  
d o d e c y l  su l f a t e  of 9. 5 % a n d  obse r ' aed  a p e a k  of  a lower  coeff ic ient  of I.  7 S, wh ich  
s u g g e s t e d  t h e  p o s s i b i l i t y  of d i s s o c i a t i o n  or  s p l i t t i n g  of t h e  2 .6-S c o m p o n e n t  i n t o  t h e  
s m a l l e r  u n i t s .  W i t h  D B S  as t h e  r e a g e n t ,  t h e  d i s s o c i a t i o n  occu r s  in t h e  c o n c e n t r a t i o n  
r a n g e  of  2.3--2.6-xo -~ M as  seen f rom t h e  d a t a  in T a b l e  I I I .  T h e  s e d i m e n t a t i o n  
p a t t e r n s  in t h e  r a n g e  s h o w e d  t w o  p e a k s ;  one  c o r r e s p o n d i n g  to  t h e  2 .9 -3 .5 -S  c o m p o n e n t  
a n d  t h e  o t h e r  h a v i n g  an  a v e r a g e  coeff icient  of I.Z S. A b o v e  2.6" IO -2 M, o n l y  t he  I . z - S  
c o m p o n e n t  was  o b s e r v e d .  A b o u n d a r y  d u e  to  ye l l owi sh  g reen  co lor  m o v e d  w i t h  t h i s  
p e a k ,  a n d  t h e  s u p e r n a t a n t  w a s  f a in t  g r e e n i s h  ye l low.  

] D I S C U S S I O N  

T h e  v o l u m e ,  23 /,a, of  t h e  n a t i v e  s p i n a c h  c h l o r o p l a s t s  d e t e r m i n e d  w i t h  t h e  COULTER 
c o u n t e r  co inc ides  w i t h  t h e  m e a n  v o l u m e ,  22.5 t~ a, of  Z e a  m a y s  c h l o r o p l a s t s  m e a s u r e d  
b y  OnTrI  AND CORNWELL I° w i t h  t he  s a m e  i n s t r u m e n t .  T h e  c o m p l e t e  a g r e e m e n t  is, of  
c o u n e ,  f o r t u i t o u s  b e c a u s e  o u r  v a l u e  is t h e  v o l u m e  a t  t h e  d i s t r i b u t i o n  m a x i m u m  a n d  
t h e i r  v a l u e  is t h e  m e a n  v o l u m e .  T h e  v o l u m e  is a l so  s i m i l a r  t o  2 o - 5 o  t~ a e s t i m a t e d  b y  
R A B I N O W I T C H  s a n d  o t h e r  d a t a  c a l c u l a t e d  f r o m  p a r t i c l e  d i m e n s i o n s  z~-a4. A t t e m p t s  to  
e s t i m a t e  t h e  m e a n  v o l u m e  f r o m  t h e  d i s t r i b u t i o n  c u r v e  were  unsuccess fu l .  T h i s  is 
b e c a u s e  t h e  r e s u l t  d e p e n d s  u p o n  t h e  v o l u m e  r a n g e  w h e r e  t h e  v o l u m e s  a re  to  be  
a v e r a g e d .  T h e  f r a c t i o n a l  e r r o r  in n u m b e r  in t h e  p lo t  of  n u m b e r  v e r s u s  v o l u m e  va r i e s  
c o n s i d e r a b l y  a l o n g  t h e  a x i s  of  v o l u m e ,  w h e r e a s  t h e  e r r o r  in t h e  p l o t  of n u m b e r  v e r s u s  

log. g is n e a r l y  c o n s t a n t  Mong  t h e  ax is  of log. V. T h e r e f o r e ,  t h e  a v e r a g e  of  t h e  v a l u e s  
o f  log. g w o u l d  be  m o r e  r e l i ab le  t h a n  t h e  a v e r a g e  of  t h e  v o l u m e s .  T h e  a v e r a g e  of 
log.  g a p p e a r s  t o  be  close to  t h e  v a l u e  of log. V a t  t h e  d i s t r i b u t i o n  m a x i m u m ,  s ince  t h e  
d i s t r i b u t i o n  c u r v e  is a p p r o x i m a t e l y  s y m m e t ~  ~cal. 

l d i o c h i m .  B i o p h y s .  A c t a ,  ~'9 ( I 9 6 3 )  x 3 o - t 4 - "  



DISINTEGRATION OF .CHLOROPLASTS WITH DBS i 4 i  

The electron micrograph of aged chloroplast  in Fig. 2A shows g rana  wi th  a disk 
shape approx, o.3 ~ in d iameter  and  o.z ~ in height.  The volume of the g rana  is, 
therefore, calculated to be o.o 7 ~3 which is smaller t h a n  the volume of the  swollen 
grana  (o.I7 #~) at  the dis t r ibut ion maximum.  If we can assume t h a t  the  g rana  are 
swollen by the same factor of 76[23 as observed for chloroplasts,  the  volume of na t ive  
grana  is to be o.o5 #3 beil~g in rough agreement  with the  volume es t imated  from the 
electron micrograph. RA~XNOWlTCH 3 es t imated  the  average volume of the  g rana  of 
higher p lants  from a number  of electron-microscopic da ta ,  and  found i t  to  be about  
o.o5 tz 3, which agrees with the  value es t imated  above. Since the  sample spinach 
chloroplast  contains x4 o grana,  the  to ta l  volume of  the  grana  in one chloroplast  
amounts  to 7 #3. This volume is 3o % of the volume of the  nat ive  chloroplast ,  which is 
in the range between I5 and 5o % es t imated  by  RABmOWITCH 3 and  FREY-WYSSLING 
AND MUHLETHALER ss for varieties~of chloroplasts.  

The radius of aged or swollen chloroplasts determined from the  f lat tening effect 
at  437 m~ agrees well wi th  the  radius of the  same chloroplasts  de termined a t  675- 
678 m#. The cons tancy  of the es t imated  radius  is an indicat ion t h a t  the  equat ions  
derived above are applicable for the  analysis of the f la t tening effect. The radii ,  
2.4-~.6 and  3-3-3.5 t ~ of aged and  swollen chloroplasts  are, however,  appreciably  
larger t han  the corresponding radii, 2.2 and 2.6 #, es t imated from the d is t r ibut ion  
maxima.  This difference m a y  be accounted for a t  least pa r t ly  by  the difference 
between the observed quant i t ies ;  the radius  averaged optically in the  f la t tening effect 
and the radius  at  the  d is t r ibut ion  max imum.  

Similarly, the radii of aged g rana  de termined a t  the two wavelengths  agree wi th  
each other. On the other  hand,  the  radius  of the  swollen g rana  de termined a t  675-678 
m #  differs considerably from t h a t  determined a t  437 m#. The  smaller value of o.2z # 
is, probably,  erroneous because it is even smaller t h a n  the  value obta ined  for the  
aged grana.  The erroneous value would arise from the  low value (I.23) of Eg for the  
swollen grana,  the "¢alue being smaller t han  1.25 for aged grana.  Repea ted  measure-  
ments  gave similar iow values of Eg, which m a y  be due to the effect of band  t rans-  
formation occurring before the dis integrat ion into g rana  is completed. The  effect would 
be appreciable at  675-678 m~ and m a y  be small a t  437 m~  as judged from the  shapes 
of the curves in Fig. 5. The larger value of o.~8 # is, probably,  the  correct average 
radius for the  swollen grana.  This value is, however,  smaller t han  the radius (0.34 ~) 
es t imated from the  dis t r ibut ion maximum.  This suggests the presence of a considerable 
number  of particles carrying pigments,  which could not  be observed by  the  COULTER 
counter  bu t  were observed optically as the f lat tening effect. 

I t  may  be concluded from these results  t h a t  the  f lat tening effect is a useful tool to 
determine the  average radius of particles, and  tha t  the  COULTER counter  is invaluable  
for de termining the size a t  the dis t r ibut ion max imum.  The f la t tening effect records 
the particles carrying pigments,  whereas the counter  scans all the  colored and  colorless 
particles in a suspension. These character is t ics  are advantageous  or d isadvantageous ,  
depending upon the purpose of the experiment .  

The process of dis integrat ion and solubilization of chloroplasts wi th  DBS m a y  be 
summarized by  the following scheme: 

Native chloroplast N a C t  _~ aged chloroplast DBS ) swollen chloroplast DBS > swollen grana --~ 

D B S  ~ particles of unknown size ~ 2.9-3.5-S component D___~..~ I.e-S compo¢eut 
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The  d i s in t eg ra t ion  f rom n a t i v e  ch lorop las t s  to  swollen g r a n a  could  be followed qu ick ly  
a n d  r ep roduc ib ly  b y  thc  f l a t t en ing  effect a n d  by  the  electric m e a s u r e m e n t  wi th  the  
COULTER counte r .  T h e  swollen g r a n a  were found  to  be  d i s in t eg ra t ed  in to  par t ic les  of 
u n k n o w n  size, a n d  t h e n  t r a n s f o r m e d  in to  the  2.9-3.5-S c o m p o n e n t .  Appl ica t ion  of 
o the r  t e chn iques  such as d e n s i t y - g r a d i e n t  c en t r i fuga t i on  or  exp lo ra t i on  of new tech-  
n iques  is needed to  de tec t  these  par t ic!es  a n d  to  de t e rmine  the i r  size. The  2.9-3.5-S 
c o m p o n e n t  was  found  to  dissociate  f u r t h e r  in to  smal le r  c o m p o n e n t s  of 1.2 S. T h e  
d e t e r m i n a t i o n  of t h e  molecu la r  we igh t  a n d  o the r  phys ico-chemica l  a n d  chemica l  
p rope r t i e s  of th is  c o m p o n e n t  as the  smal les t  un i t  de r ived  f rom ch lorop las t s  m a y  be of 
g r e a t  in te res t .  
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