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1. I n t r o d u c t i o n

T h e  sy s te m  co n ce rn ed  w ith  th e  a ss im ila tio n  o f  c a rb o n  d io x id e  b y  th e  

g reen  p la n t  h a s , u n d e r  o p tim u m  co n d itio n s , a n  a c t iv i ty  co m p arab le  w ith  

th e  h ig h e s t r a te  o f  c e llu la r  re sp ira t io n  in  a n im a ls . A t th e  m o m e n t th e re  is, 

in  th e  case o f  an im a ls , co n sid e rab le  kn o w led g e  o f  th e  su b ce llu la r*  chem ica l 

m ech an ism s w h ich  c an  b e  c o n n ec te d  w ith  re s p ira to ry  a c tiv ity . I n  th e  

g reen  p la n t , on  th e  o th e r  h a n d , th e re  is s till  no  d ire c t in d ic a tio n  o f  a  single 

chem ica l m e ch a n ism  c o n n ec te d  w ith  c a rb o n  a ss im ila tio n . A s th e  oxygen  

u p ta k e  o f  tis su e  p re p a ra t io n s  a p a r t  fro m  C0 2 e v o lu tio n  is a  gu id e  in  

sea rch in g  fo r sy s te m s  c o n n ec te d  w ith  re sp ira tio n , so m ig h t a n  oxygen  

o u tp u t ,  a p a r t  fro m  C0 2 a b so rp tio n , in d ic a te  m ech an ism s c h a ra c te r is tic  o f 

p h o to s y n th e tic  a c t iv i ty  in  th e  p la n t .  T h e  su b ce llu j^ r e v o lu tio n  o f  oxygen  

u n d e r  i l lu m in a tio n  h a s  b e en  k n o w n  in  th e  case o f  g reen  p la n ts  fo r m a n y  

y e a rs  (S poehr 1926). T h e  effect, ho w ev er, w as a lw ay s in s ig n ifican t com ­

p a re d  w ith  th e  o rig in a l p h o to s y n th e tic  a c t iv i ty  o f  th e  cell. T h e  oxygen  

co u ld  o n ly  b e  d e te c te d  b y  u s in g  c e r ta in  b a c te r ia  w h ich  show  e ith e r  m o tili ty  

o r lu m in escen ce  w ith  tra c e s  o f  th is  gas. B u t  to  th is  m e th o d  we ow e th e  

c lassica l in v e s tig a tio n s  o f  E n g e lm a n n  (S poehr 1926) w ho show ed  t h a t  in  

th e  liv in g  cell o x y g en  a p p e a re d  in  th e  n e ig h b o u rh o o d  o f  th e  illu m in a te d  

c h lo ro p la s t a n d  th e  e x p e r im e n ts  on  th e  iso la ted  ch lo ro p lasts  o f  Funaria 

hygrometrica b y  H a b e r la n d t, w ho  d e m o n s tra te d  th e  p ro d u c tio n  o f  ox y g en  

in  lig h t. E w a r t  (1896) con firm ed  a n d  e x te n d e d  th e se  re su lts  usin g  o th e r  

m osses a n d  Selaginella helvetica; in  a  p h a n e ro g am , Elodea, no  o x y g en  could  

be o b serv ed  to  com e fro m  th e  iso la ted  ch lo ro p lasts .

T h e  sam e p ro b lem  w as a p p ro a c h e d  in  a  so m ew h a t d iffe ren t m a n n e r b y  

M olisch (1925). T h e  leav es  o f  m a n y  p h a n e ro g am s w ere a llow ed  to  d ry

* The term subcellular is used here to imply a degree of organization less than that 

of the whole cell.
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Oxygen produced by isolated 193

slow ly in  a ir  a n d  fin a lly  o v e r a  d e h y d ra tin g  a g en t. T h is  p ro d u c e d  a  s tab le  

p re p a ra tio n  w hich , i f  g ro u n d  u p  in  w a te r , w o u ld  show  a n  ev o lu tio n  o f 

o x ygen  in  lig h t w hich  cou ld  be d e te c te d  b y  th e  b a c te r ia l  m e th o d s . M olisch 

show ed  th a t  th e se  p re p a ra tio n s  w ere  th e rm o la b ile , in d ic a tin g  a n  enzym ic  

process. R ec e n tly , th e  m a t te r  w as ta k e n  u p  b y  In m a n  (1935) w ho co n ­

firm ed  th e  e x p e r im en ts  o f  M olisch a n d  show ed  also  t h a t  fresh  g reen  

e x tra c ts  o f  m a n y  p h a n e ro g am s  w ill ev o lv e  o x y g en  in  lig h t, u sin g  th e  

b a c te r ia l m e th o d . In m a n  b ro u g h t fu r th e r  ev id en ce  as  to  th e  enzym ic  

n a tu re  o f  th e  p rocess , a n d , m o reo v er, d id  n o t co n sid er th e  o x y g en  ev o lv ed  

to  re p re se n t p h o to sy n th e s is  b u t  su g g es ted  t h a t  i t  w as d u e  to  a  lim ite d  

s to re  o f  oxyg en -g iv in g  m a te ria l.

T h is  su b ce llu la r e v o lu tio n  o f  o x y g en  is th e n  th e  o n ly  p ro p e r ty  specific 

fo r g reen  p la n t  tissu e  w h ich  is a t  th e  m o m e n t o p en  to  b io ch em ica l i n ­

v e s tig a tio n . So fa r  th e  o x y g en  h a d  b een  d e te c te d  q u a li ta t iv e ly  b y  tw o  

m e th o d s , b o th  usin g  b a c te r ia . Tw o q u estio n s  th e n  n a tu ra l ly  a rise : can  

m o lecu la r o x ygen  be p ro v e d  b y  a n  in d e p e n d e n t m e th o d , a n d  can  th e  

a c tiv ity  o f  p re p a ra tio n s  from  g reen  tis su e  be  m e asu re d  a n d  c o m p ared  w ith  

th e  a c tiv ity  o f  th e  liv in g  cell ?

I t  h a p p en s  th a t  th e re  is one  re a g e n t w h ich  c an  be u sed  to  d e te c t  a n d  

m easu re  tra c e s  o f  o x y g en  w ith  c e r ta in ty  in  a  liq u id  m ed iu m . T h is  re a g e n t 

is h aem og lob in , a n d  i t  h as  th is  ra re  p ro p e r ty  o f  co m b in in g  w ith  m o lecu la r 

o x ygen  w ith o u t b e in g  o x id ized  b y  it . T h e  a b so rp tio n  s p e c tra  o f  o x y - 

h aem og lob in  a n d  h aem o g lo b in  a re  v e ry  d iffe ren t a n d  o x y h aem o g lo b in  

possesses so s tro n g  a n  a b so rp tio n  o f  lig h t t h a t  i t  can  be u sed  in  a  d ilu tio n  

co rresp o n d in g  to  c o n c e n tra tio n s  o f  o x y g en  fro m  10-5 to  10-4 m . B u t as 

o x y h aem o g lo b in  is a  d issociab le  co m p o u n d , th e  m e th o d  is lim ited  b y  th e  

a ffin ity  o f  th e  h aem o g lo b in  fo r oxygen . H o w ev er, i t  h a s  th is  a d v a n ta g e , 

t h a t  n o t  o n ly  can  th e  a m o u n t o f  o x y g en  ev o lv ed  be d e te rm in e d  b u t  also  

th e  p ressu re  o f  o x y g en  o b ta in in g  in  th e  fluid. H o p p e -S ey le r (1879) 

d e m o n s tra te d  th e  use o f  m a m m a lia n  b lood  in  d e te c tin g  th e  o x y g en  p ro ­

d u ced  b y  th e  g reen  p la n t  in  c a rb o n  a ss im ila tio n . O b se rv a tio n s  on  th e  

affin ity  o f  m uscle  h aem o g lo b in  (H ill 1933; T heore ll 1934) fo r oxygen  

suggested  th a t  th is  su b s ta n c e  cou ld  be u sed  as a  sen sitiv e  m e th o d  b o th  fo r 

d e tec tin g  a n d  m easu rin g  th e  o x y g en  g iv en  off b y  iso la ted  ch lo ro p lasts  

(H ill 1937). T h is  spec troscop ic  m e th o d  is m u ch  less sen sitiv e  th a n  th e  

b a c te ria l m e th o d s. H o w ever, i t  w as show n (H ill 1937) th a t  suspensions o f  

ch lo ro p lasts  o f m a n y  an g io sp erm s can  u n d e r  su ita b le  co n d itio n s  g ive  

m easu rab le  am o u n ts  o f  o x ygen  in  lig h t.

T he  fresh  suspensions o f c h lo ro p la sts  o b ta in e d  b y  c rush in g  leaves in  

sucrose  so lu tio n  w ould  n o t, on  illu m in a tio n , evo lve m easu rab le  a m o u n ts

 D
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194 R . H ill

o f o x y g en  ev en  in  th e  p resen ce  o f  C0 2. B u t  in  th e  p resence  o f a n  aqueous 

e x tr a c t  o f  a c e to n e - tre a te d  leaf, o x y g en  w as ev o lv ed  in  th e  lig h t. These tw o  

find in gs s u b s ta n tia te  th e  o b se rv a tio n s  o f  th e  e a rlie r  w o rk ers  a n d  a t  th e  

sam e tim e  ju s t ify  th e  c o n ten tio n s  o f  K n y  (1897) t h a t  th e  ch lo ro p last w as 

n o t  p e rh a p s  a  co m p le te  p h o to s y n th e tic  sy s te m  in  itse lf.

T h e  p re se n t p a p e r  is d e v o te d  to  a n  e x a m in a tio n  o f  th is  o x y g en -p ro ­

d u c in g  p ro p e r ty  o f  c h lo ro p la sts . T h e  re su lts  o b ta in e d  show  t h a t  fo r th e  

p u rp o se  o f  b io ch em ica l in v e s tig a tio n  th e  a c t iv i ty  o f  ch lo ro p la sts  rem o v ed  

fro m  th e  cell is s ig n ifican t, b e in g  a b o u t o n e - te n th  th e  a c t iv i ty  o f  th e  liv in g  

leaf.

General procedure. T h e  fresh  leav es  o f  a  p la n t  a re  c ru sh ed  w ith  a  p estle  

a n d  m o r ta r  in  sucrose  so lu tio n . T h e  re su ltin g  m ass  is s tra in e d  th ro u g h  

glass-w ool. T h e  su sp en sio n  o f  c h lo ro p la s ts  is th e n  in tro d u c e d  in to  a n  

e v a c u a te d  T h u n b e rg  tu b e  c o n ta in in g  h aem o g lo b in  a n d  d esired  reag en ts . 

T h e  tu b e  is th e n  i l lu m in a te d  a n d  o x y g en  e s t im a te d  sp ec tro sco p ica lly  as 

o x y h a e m o g lo b in .

2. P r e p a r a t i o n  o f  s u s p e n s i o n s  o f  c h l o r o pl a s t s

AND OF MESOPHYLL CELLS

T h e  tw o  spec ies o f  flow ering  p la n t  u sed  in  th e  p re se n t w o rk  w ere 

Stellaria media a n d  Lamium album. S im ila r re su lts  h o w ev er h av e  been  

o b ta in e d  w ith  a  v a r ie ty  o f  an g io sp erm s. I n  th e  case o f  Stellaria media th e  

le a fy  s tem s w ere  p ic k ed  b e tw ee n  9 a n d  10 a .m ., th e  leaves d e ta c h e d  a n d  

so ak ed  in  ta p  w a te r  fo r 45 m in . in  a  diffuse  lig h t. T h e  ch lo ro p lasts  w ere 

e x tra c te d  b y  g rin d in g  0*5 g. o f  th e  leav es  fo r 1 m in . w ith  2-5 c.c. o f  1 0 %  

sucrose  in  m /30 p h o s p h a te  p H  7*9. T h e  m ass  w as th e n  p o u re d  in to  a  p lu g  

o f  glass-w oo l in  a  fu n n e l; th e  c ru sh ed  tis su e  w as a lm o s t co m p le te ly  r e ­

ta in e d  w hile  th e  g reen  su sp en sio n  c o n ta in in g  m o s t o f  th e  ch lo ro p lasts  w as 

co llected . T h e  susp en sio n , 0 -2 -0 -5  c.c., w as th e n  a t  once in tro d u c e d  in to  

a n  e v a c u a te d  T h u n b e rg  tu b e  c o n ta in in g  5 c.c. o f  a  so lu tio n  o f  th e  h aem o ­

g lo b in  a n d  o th e r  su b s ta n c es  u n d e r  in v e s tig a tio n . A ll th e se  m a n ip u la tio n s  

w ere  p e rfo rm ed  in  diffuse  d a y lig h t. T h e  sm all q u a n t i ty  o f  o x ygen  in tro ­

d u ced  cou ld  e ith e r  b e  rem o v e d  b y  e v a c u a tio n  o r a llow ed  to  rem a in  in  th e  

tu b e  a n d  m e asu re d  a t  th e  b eg in n in g  o f  a n  e x p erim en t. T h e  tu b e  w as th e n  

exp o sed  to  a  s tro n g  lig h t a n d  a n y  o x y g en  m easu red  as  oxy h aem o g lo b in  

w ith  th e  sp ec tro -co lo rim ete r.

I n  th e  case o f  Lamium album, th e  leaves, t r e a te d  as p rev io u s ly  described , 

w ere g ro u n d  w ith  1 0 %  sucrose  c o n ta in in g  0 -5 %  o f sod iu m  p o ta ss iu m  

ta r t r a t e  (R ochelle  sa lt) . T h e  flu id  w as s tra in e d  th ro u g h  glass-w ool an d
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cen trifu g ed  a t  1000 r.p .m . fo r 6 m in . T h e  u n b ro k e n  cells a n d  som e o f th e  

ch lo ro p lasts  th e n  re m a in ed  p a ck e d  a t  th e  b o tto m  o f  th e  c en trifu g e  tu b e . 

T he flu id  w as p o u red  off a n d  c en tr ifu g e d  fo r 5 m in . a t  1800-2000 r .p .m . 

T h is  gave  a  d ep o sit o f  ch lo ro p lasts  on ly . T h e  fluid, w h ich  w as s till g reen , 

w as d isca rd ed  a n d  th e  sed im en t g e n tly  s tir re d  in to  a  su sp en sio n  w ith  a  

l i t t le  fresh  sucrose so lu tio n . I t  w as also possib le  to  rem o v e  th e  u n b ro k e n  

cells co m p le te ly  b y  filte rin g  th e  o rig in a l fluid th ro u g h  a  w ad  o f  a b so rb e n t 

co tton -w oo l p ressed  t ig h t  to  1 cm . th ic k n e ss  w hile  w et. I n  th is  case also  

i t  w as n ecessa ry  to  cen trifu g e  o u t th e  p la s tid s  a n d  re su sp e n d  th e m  in  

fresh  f lu id ; th e  aq u eo u s  e x tr a c t  o f  Lamium album c o n ta in s  ta n n in s  w h ich  

in te rfe re  w ith  su b se q u e n t o p e ra tio n s .

T he  ch lo ro p h y ll c o n te n t o f  a  su sp en sio n  o f  ch lo ro p la sts  o r m eso p h y ll 

cells w as e s tim a te d  b y  a d d in g  4 vol. o f  a ce to n e  a n d  e x tra c tin g  th e  flu id  

w ith  to lu en e . T h e  to lu e n e  so lu tio n  w as th e n  d e te rm in e d  b y  th e  N u tt in g  

sp ec tro p h o to m e te r. T h e  v a lu e  o f log10 I0/I  a t  6750 A  w as ta k e n  to  be 4-8 

fo r a  10-4 m  so lu tio n  o f  ch lo ro p h y ll in  to lu e n e  (16 +  3a) 1 cm . in  th ick n ess . 

T he  v a cu u m  tu b e s  u sed  w ere  T 5 cm . in te rn a l  d ia m e te r  a n d  th e  final 

c o n ce n tra tio n  o f  ch lo ro p lasts , re p re se n te d  as a  c o n c e n tra tio n  o f  c h lo ro ­

p h y ll w as b e tw een  0*2 a n d  0-5 x 10-4 g .m o l./l.
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3. Th e  m e a s u r e m e n t  o p  o x y g e n  e v o l v e d

T he  ch lo ro p lasts  w ere su sp en d ed  in  a  liq u id  m ed iu m  co n ta in in g  a  k n o w n  

q u a n t i ty  o f  h aem o g lo b in  in  a  v a c u u m  tu b e . T h e  re la tiv e  c o n c e n tra tio n s  o f 

h aem og lob in  a n d  o x y h aem o g lo b in  w ere  d e te rm in e d  in  a  sp ec tro -co lo ri- 

m e te r  w hich  h as  b een  d esc rib ed  elsew here  (H ill 1936). T h is  m e th o d  o f 

m easu re m e n t w as u sed  p rev io u s ly  fo r sp ec tro sco p ic  d e te rm in a tio n  o f 

o x ygen  d isso c ia tio n  cu rves. T h e  p resen ce  o f  0-2- 0-5 x 10~4 m  ch lo ro p h y ll, 

w hile show ing a  s tro n g  b a n d  in  th e  red , does n o t in te rfe re  w ith  th e  p a r t  

o f th e  sp ec tru m  used . I f  a  g lass cell co n ta in in g  a  su sp en sio n  o f  ch lo ro ­

p la s ts  o f su ita b le  c o n c e n tra tio n  is p laced  in  th e  lig h t b eam  illu m in a tin g  

th e  s ta n d a rd , tw o  p e rfe c tly  s im ila r s p e c tra  can  be o b ta in e d . T h is  re fin e­

m e n t w as found , how ever, n o t sen sib ly  to  in c rease  th e  accu racy .

T he  m uscle haem o g lo b in  w as o b ta in e d  from  sh in  b ee f b y  a  m e th o d  

b ased  on th a t  o f T heore ll (1932). I t  w as im p o r ta n t  to  h av e  a  p re p a ra tio n  

w hich d id  n o t change re a d ily  to  m e th aem o g lo b in , so th e  p u rif ica tio n  w as 

n o t ca rried  fu r th e r  th a n  th e  a d d itio n  o f  b asic  lead  a c e ta te , rem o v a l o f  th e  

le ad  from  th e  filte red  fluid, a n d  d ia ly sis .

The method was as follows: 4 lb. of shin beef after freeing from fat were cut up 

and rolled in about 100 g. precipitated Ca0O3 and minced. This gave an intimate
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196 R . H ill

m ix tu r e  w i th  t h e  C a C 0 3 . A b o u t  700  c .c . o f  d is t i l le d  w a te r  w e re  a d d e d  a n d  a f t e r  

10 m in . ,  s t i r r in g  a t  in te r v a l s ,  t h e  m a s s  w a s  r a p id ly  s q u e e z e d  in  p o r t io n s  th r o u g h  a  

c lo th .  T h e  f lu id  w a s  m ix e d  w i th  a b o u t  30  g . K ie s e lg u h r  a n d  r a p id ly  f i l te r e d  th r o u g h  

a  l a y e r  o f  K ie s e lg u h r  o n  a  l a r g e  B u c h n e r  f u n n e l .  T h e  f i l t r a te ,  700  c .c .,  w a s  t r e a t e d  a t  

o n c e  w i th  92 c .c . b a s ic  le a d  a c e t a t e  (B . P .  F o r t ) .  A f te r  r e m o v a l  o f  t h e  p r e c ip i t a te  b y  

f i l t r a t io n  t h e  e x c e s s  P b  w a s  r e m o v e d  b y  d is o d iu m  p h o s p h a te  a d d e d  r a p id ly  to  r e a c h  

a  p H  o f  7 -5 -8 .  A f te r  c e n t r i f u g in g ,  t h e  c le a r  f lu id  w a s  d ia ly s e d  a g a in s t  e i th e r  t a p  o r 

d is t i l le d  w a te r  fo r  2 4 -3 6  h r .  T h is  p r e p a r a t io n  h a s  t h e  p r o p e r t y  o f  k e e p in g  f re e  f ro m  

m e th a e m o g lo b in  fo r  s e v e r a l  d a y s  w h e n  k e p t  a t  0° C. I f ,  h o w e v e r ,  t h e  f i r s t  p ro c e s s  is  

c a r r ie d  o u t  to o  s lo w ly  o r  n o t  e n o u g h  le a d  a c e t a t e  a d d e d ,  t h e  p r e p a r a t io n  r a p id ly  

f o r m e d  m e th a e m o g lo b in .

T h e  o x y h aem o g lo b in  so lu tio n  u su a lly  c o n ta in e d  a b o u t 1*8 x 10-4 g .a to m  

o f  h aem o g lo b in  iro n  p e r  litre . T h e  s tre n g th  o f  th is  s to ck  so lu tio n  w as 

m e asu re d  in  th e  sp e c tro p h o to m e te r . T h e  v a lu e  o f  log10 IJI  a t  5810 A 

w as ta k e n  to  be 1-6 fo r a  so lu tio n  c o n ta in in g  10~4 g .a to m  o f  haem o g lo b in  

iro n  p e r  litre .

S u p p o sin g  a t  th e  b eg in n in g  o f  th e  e x p e r im e n t w e h av e , in  th e  v acu u m  

tu b e , a  su sp en sio n  o f  c h lo ro p la s ts  in  a  flu id  c o n ta in in g  a  k n o w n  q u a n t i ty  

o f  h aem o g lo b in . T h e  o x y g en  h a s  b e en  a lm o s t co m p le te ly  rem o v ed  a n d  th e  

h aem o g lo b in  w ill be  less th a n  5 %  s a tu r a te d  w ith  oxy g en . I f , th e n , m in u te  

a m o u n ts  o f  o x y g en  a re  a d d e d  to  th e  tu b e  (e.g. 0*5 c.c. w a te r  s a tu ra te d  

w ith  a ir), th e  sp e c tru m  o f  o x y h aem o g lo b in  w ill a p p e a r , a n d  th e  in c rease  

in  in te n s i ty  o f  th e  a b so rp tio n  b a n d s  is a  m easu re  o f  th e  o x y g en  a d d ed  to  

th e  liq u id  in  th e  tu b e .

T h e  loss o f  o x y g en  fro m  th e  liq u id  to  th e  v a p o u r  p h a se  in  th e  v acu u m  

tu b e  w as fo u n d  to  b e  n eg lig ib le  u n d e r  th e  c o n d itio n s  o f  th e  ex p erim en ts . 

I f , how ever, th e  tu b e  is sh a k e n  th o ro u g h ly  a n d  co n tin u o u sly , 3 m in . a re  

re q u ire d  to  a t t a in  e q u ilib r iu m  w ith  th e  v a p o u r  p h ase . T h u s  i t  is easy  to  

rem o v e  m o s t o f  th e  o x y g en  fro m  th e  liq u id  d u rin g  a n  e x p e r im e n t w ith o u t 

op en in g  th e  ta p  to  a  v a cu u m .

I f  no  o x y g en  is a d d e d  fro m  o u ts id e , a n  in c rease  in  s a tu ra tio n  o f th e  

h aem o g lo b in  is a  m e asu re  o f  th e  o x y g en  lib e ra te d  fro m  som e source  in  th e  

flu id . T h e  a ffin ity  o f  m uscle  h aem o g lo b in  fo r o x y g en  is so h ig h  t h a t  th e  

c o n c e n tra tio n  o f  free  o x y g en  in  th e  so lu tio n  is neglig ib le  u n d e r  th e  con ­

d itio n s  used . T h e  re su lts  o f  i llu m in a tin g  ch lo ro p lasts  u n d e r  d ifferen t 

e x p e r im e n ta l co n d itio n s  a re  g iv en  g ra p h ic a lly  as th e  p e rc en ta g e  s a tu ra tio n  

o f  th e  h aem o g lo b in  w ith  o x y g en  in  re la tio n  to  th e  tim e  o f  illu m in a tio n . 

T h e  c o n c e n tra tio n  a n d  v a r ie ty  o f  th e  h aem o g lo b in  is s ta te d , also th e  

te m p e ra tu re  a n d  p H . F ro m  th is  n o t  on ly  can  th e  q u a n t i ty  o f oxygen  

lib e ra te d  be c a lc u la te d  b u t  also th e  p re ssu re  o f  o x ygen  in  a p p a re n t eq u ili­

b r iu m  w ith  th e  sy s tem  a t  a n y  m o m e n t. B o th  th e se  q u a n tit ie s  i t  is o f  

im p o rta n c e  to  m easu re .

\
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I n  fig. 1 a re  show n  cu rv es  g iv in g  th e  p e rc en ta g e  s a tu ra tio n  o f  th e  

h aem og lob in  a t  d iffe ren t p ressu res  o f  oxygen . A  so lu tio n  o f  h aem o g lo b in  

co n ta in in g  0-45 x 10~4 g .a to m s  o f  h aem o g lo b in  F e  p e r  l itre  re p re se n ts  

1 c.m m . o f  o x y g en  p e r  c.c. w h en  fu lly  s a tu ra te d . T h e  p re ssu re  o f ox y g en  

fo r h a lf  s a tu ra tio n  o f  m uscle  h aem o g lo b in  a t  20° C, p H  7-9 is 0-6 m m . H g . 

F o r  d ilu te  h u m a n  h aem o g lo b in  fro m  b lo o d  u n d e r  th e  sam e co n d itio n s , th e  

co rresp o n d in g  o x y g en  p re ssu re  is T 7 m m . H g . I t  c an  be seen  from  th e  

g ra p h  t h a t  th e  m uscle  h aem o g lo b in  is su ita b le  fo r d e te c tin g  low  p ressu res  

o f oxygen .
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p r e s s u r e  o f  0 2 in  m m .  H g

F i g . 1. O x y g e n  d is s o c ia t io n  c u r v e s  o f  h a e m o g lo b in s  a t  19° C a n d  p H  8 . C u rv e  1, 

m u s c le  h a e m o g lo b in ;  c u r v e  2, h a e m o g lo b in  f ro m  h u m a n  b lo o d .

I n  o rd e r to  o b ta in  th e  ev o lu tio n  o f  m e asu ra b le  a m o u n ts  o f  o x y g en  a  

s tro n g  source o f  lig h t w as u sed . A  c o n c e n tra te d  b e am  fro m  a  p ro je c tio n  

lens  w as u sed  a n d  th e  illu m in a tio n  w as a p p ro x im a te ly  eq u a l to  t h a t  o b ­

ta in a b le  from  a  1200 c.p. la m p  6 in . fro m  th e  vessel. T h is  l ig h t sou rce  w as 

k e p t c o n s ta n t fo r a ll th e  e x p e r im en ts  d esc rib ed  in  th e  p re se n t p a p e r .

4. P r e p a r a t i o n  o f  e x t r a c t s  f r o m  l e a v e s

T he  ch lo ro p lasts  o f Lamium album o r Stellaria media, w h en  su sp en d ed  

in  so lu tions o f  sucrose , w o u ld  n o t  evo lv e  o x y g en  in  th e  lig h t ev en  in  th e  

p resence o f  C0 2. If , how ever, th e y  w ere su sp en d ed  in  a  flu id  p re p a re d  

from  a n  ace to n e  p o w d er o f  th e  leaves, o x y g en  w as ev o lv ed  in  th e  lig h t a n d  

ra p id ly  ta k e n  u p  in  th e  d a rk . T h e  e x tra c ts  w ere  m ad e  as fo llo w s:

40 g. fresh  leaves o f  Lamium album w ere g ro u n d  in  a  m o r ta r  w ith  

160 c.c. o f ace to n e  u n til  th e  ch lo ro p h y ll w as disso lv ed . T h e  p o w d er w as
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198 R .  H il l

filte red  off a n d  w ash ed  firs t w ith  8 0 %  ace to n e  a n d  fina lly  w ith  p u re  

ace to n e . T h en  th e  p o w d er w as a llow ed  to  d ry . 2 g . o f  th e  p o w d er w ere 

s tir re d  u p  w ith  20 c.c. o f  w a te r  a n d  th e  flu id  f ilte red  off a t  once b y  su c tio n  

th ro u g h  K iese lg u h r. T h is  e x tr a c t  w as b e s t k e p t vacuo to  av o id  b row nin g  

d u e  to  o x id a tio n . T h e  a d d itio n  o f  a  fresh  e x tr a c t  o f  th e  le a f  p re p a re d  in  

th is  w a y  d id  n o t fo rm  m e th a em o g lo b in  w h en  m ix ed  w ith  m uscle  h aem o ­

g lo b in . I n  th e se  e x tra c ts  fro m  leaves, th e  p ro p e r ty  o f p ro d u c in g  oxygen  

w ith  ch lo ro p la sts  w as th e rm o la b ile . I n  m a n y  cases o n ly  tra c e s  o f iro n  w ere 

in itia lly  p re se n t a n d  fe rric  sa lts  (as sh ow n  b y  th e  re a c tio n  w ith  a a '-  

d ip y rid y l a n d  a  re d u c er)  co u ld  b e  re m o v e d  co m p le te ly  w ith o u t loss o f 

a c tiv ity .

I t  w as fo u n d  t h a t  a n  e x tr a c t  o f  a ce to n e  y e a s t  p re p a re d  in  a  s im ila r w ay  

w o u ld  y ie ld  o x y g en  in  th e  p resen ce  o f  ch lo ro p la sts . A lso a n  e x tr a c t  m ad e  

b y  bo ilin g  y e a s t  in  w a te r  fo r a  s h o r t  tim e . I n  a n  a t te m p t  to  f ra c tio n a te  th e  

a c tiv e  p a r t  o f  th e  y e a s t  e x tr a c t ,  i t  a p p e a re d  to  be fe rric  iro n  com pounds o f 

o rg an ic  ac id s . M oreover, a f te r  a  p re lim in a ry  a d so rp tio n  o n  tr ic a lc iu m  

p h o sp h a te , a n d  l ib e ra tio n  b y  o x a la te , th e  o x y g en  o u tp u t  w as n e a r ly  

p ro p o r tio n a l to  th e  fe rric  iro n  c o n te n t  as  e s t im a te d  b y  a a '-d ip y r id y l .  T h en  

i t  w as fo u n d  t h a t  fe rric  p o ta ss iu m  o x a la te  w h en  a d d e d  to  a  su spension  o f 

c h lo ro p la s ts  c au sed  th e  e v o lu tio n  o f  o x y g en  in  a  q u ite  s ta r tl in g  m a n n e r 

o n  illu m in a tio n . I n  th is  case th e  o x y g en  u p ta k e  d u e  to  th e  fe rro u s  o x a la te  

fo rm ed  w as less ra p id  so t h a t  a  m u c h  h ig h e r p a r t ia l  p re ssu re  o f  oxygen  

co u ld  b e  re a c h e d  th a n  w ith  le a f  e x tra c ts .

5. Ch l o r o p l a s t s  a n d  f e r r i c  s a l t s

W h en  fe rric  p o ta ss iu m  o x a la te  w as a d d e d  to  m uscle  o x y h aem o g lo b in  

a t  p H  8, no  re a c tio n  to o k  p lace . I f  now  th e  m ix tu re  w as e v a c u a te d , as 

th e  o x y g en  w as rem o v ed , som e m e th a em o g lo b in  w as fo rm ed  a lo ng  w ith  

th e  re d u c ed  h aem o g lo b in . I f  a ll th e  o x y g en  w as rem o v ed  a n d  th e  fluid  

ex p o sed  to  w h ite  l ig h t no  fu r th e r  change  to o k  p lace.

O n th e  o th e r  h a n d , i f  a  la rg e  excess o f  fe rric  p o ta ss iu m  o x a la te  w as 

a d d e d  to  m e th a em o g lo b in  in  th e  p resence  o f  o x y g en  a n d  th e  m ix tu re  

ex p o sed  to  w h ite  lig h t, th e  sp e c tru m  o f  o x y h aem o g lo b in  g ra d u a lly  a p ­

p ea red . As th e  fe rric  iro n  becam e  re d u c ed  p h o to ch em ica lly  a t  th e  expense 

o f  som e o f  th e  o rg an ic  su b s ta n c es , th e  fe rro u s  iro n  fo rm ed  w ould  th e n  

red u ce  th e  m e th aem o g lo b in  to  h aem o g lo b in  w hich  th e n  becam e o x y g en a ted .

T h e  p resence  o f  o x y g en  th e re fo re  sh ifts  th e  e q u ilib riu m  o f  th e  iron  

o x a la te -h aem o g lo b in  sy s tem  to w a rd s  m o re  re d u c tio n  o f  th e  haem oglo b in , 

ow ing  to  th e  o x y g e n a tio n  o f  th e  la t te r .  T h is  w as show n c learly  b y  ad d in g  a
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tra c e  o f fe rrous p o ta ss iu m  o x a la te  to  m e th a em o g lo b in  in  th e  p resence  o f 

a ir ;  ox y h aem o g lo b in  w as p ro d u c e d  a t  once. I f , how ever, th e  e x p e r im en t 

w as p e rfo rm ed  in vacuo, v e ry  li t t le  re d u c tio n  to  h aem o g lo b in  o ccu rred . 

I t  also follows t h a t  fe rro u s  p o ta ss iu m  o x a la te  is ox id ized  m ore  q u ick ly  b y  

m e th aem o g lo b in  th a n  b y  oxy g en . H en ce  th e  fo rm a tio n  o f  m e th a e m o ­

g lo b in  w hen  ferric  o x a la te  is p re se n t vacuo does n o t in te rfe re  w ith  

m e asu rem en t o f m o lecu la r o x y g en  su b se q u e n tly  p re se n t. W ith  h a e m o ­

g lobin  o f blood , how ever, th e re  is no  fo rm a tio n  o f  m e th aem o g lo b in .

I f  a  m ix tu re  o f fe rric  p o ta ss iu m  o x a la te  a n d  m uscle  h aem o g lo b in  w as 

co m p le te ly  d e p riv e d  o f  o x y g en  in  th e  p resen ce  o f  ch lo ro p la sts , ex p o su re  

to  lig h t ra p id ly  p ro d u c e d  o x y h aem o g lo b in . I n  th e  d a rk  th e  o x y g en  w as 

slow ly ab so rb ed , th e  sy s tem  te n d in g  to  a p p ro a c h  th e  s ta te  befo re  i llu m in a ­

tio n . I f  a a '-d ip y r id y l  w as a d d e d  a f te r  illu m in a tio n , th e  re d  co lo u r w as 

im m e d ia te ly  p ro d u ced  in d ic a tin g  re d u c tio n  o f  th e  iro n  to  th e  fe rro u s  

s ta te .

T he p e rcen tag e  o f  th e  s a tu ra t io n  o f th e  h aem o g lo b in  w as m e asu re d  a n d  

p lo tte d  a g a in s t tim e .

T he  flu id  in  th e  v a c u u m  tu b e  c o n ta in e d : 1 c.c. o f  m /2 p o ta ss iu m  o x a la te , 

0*7 c.c. o f  w a te r  c o n ta in in g  th e  n e c e ssa ry  a m o u n t o f  fe rric  p o ta ss iu m  

o x a la te , 1 c.c. o f  m /15 p h o sp h a te  b u ffe r p H  7-9 a n d  2 c.c. o f  a  s to ck  so lu tio n  

o f o x y h aem o g lo b in . T h e  o x y g en  w as f irs t rem o v ed  co m p le te ly  a n d  th e n  

0-3 c.c. o f a  ch lo ro p la st su sp en sio n  a d d e d  th ro u g h  th e  s ide  tu b e .

O xygen  ev o lu tio n s  w ith  d iffe ren t a m o u n ts  o f  iro n  a re  show n  in  fig. 2 a . 

I n  T ab le  I  som e figures a re  g iv en  show ing  th e  to ta l  a m o u n ts  o f  o x y g en  

evo lv ed  u n d e r  v a rio u s  co n d itio n s . T h e  e v o lu tio n  o f  o x y g en  is seen  to  be 

p ro p o r tio n a l to  th e  fe rric  iro n  a d d e d  a n d  co rresp o n d s a lm o s t to  1 m ol. o f  

o x ygen  fo r 4 ferric  iro n  a to m s . I f  th e  a m o u n t o f  ch lo ro p la sts  w as v a rie d  

th e  to ta l  e v o lu tio n  is n o t  g re a tly  a ffected , b u t  th e  r a te  w as a lte re d  (fig. 26 

a n d  T ab le  I I ) .  T h e  a m o u n t o f  fe rric  iro n  a d d e d  does n o t g re a tly  a l te r  th e  

in itia l r a te  ab o v e  0-5 x 10~4. B elow  th is  th e  r a te  fell off (T ab le  I I I ) .  T h e  

in itia l r a te  w ith  fe rric  o x a la te  is v e ry  n e a r ly  th e  sam e as w ith  th e  c h lo ro ­

p la s ts  in  p resence  o f le a f  e x tra c ts  w hich  c o n ta in  no  o x a la te  a n d  v e ry  l i t t le  

fe rric  iro n ; th is  is show n  in  fig. 3. I n  T ab le  I I  th e  in itia l r a te  o f  oxygen  

p ro d u c tio n  is ex p ressed  in  te rm s  o f m olecules o f  o x y g en  p ro d u c e d  p e r  h o u r 

p e r m olecu le  o f ch lo ro p h y ll p re sen t. T h is  a g a in  is c o n v e rted  b y  th e  fa c to r  

44/900 to  th e  e q u iv a le n t v a lu e  o f th e  p h o to sy n th e tic  n u m b e r  o f  W ill- 

s ta t te r ,  re p re se n te d  h e re  as Pc (S poehr 1926).

T he  effect o f in te n s ity  o f  i llu m in a tio n  w as n o t s tu d ie d  in  d e ta il because  

th e  e x p erim en ta l co n d itio n s  w ere n o t su itab le . T he  th ick n ess  o f  th e  vessel 

being  1-5 cm ., a c o n ce n tra tio n  g re a te r  th a n  0-5 x  10~4 m  ch lo ro p h y ll could

Oxygen produced by isolated chloroplasts 199
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2 00 R .  H ill

t im e  (sec .)

t im e  (sec .)

\  excess of fe

t im e  (sec .)

F ig . 2. C h lo ro p la s ts  o f  Stellaria media in  fe r r ic  o x a la te  a n d  m u s c le  h a e m o g lo b in . 

20° C , p H  8 .

T h e  c ro sse s  r e p r e s e n t  t h e  t h e o r e t i c a l  s a t u r a t i o n  o f  t h e  h a e m o g lo b in  fo r  e q u a t io n  (2) 

in  t e x t ,  (a) T h r e e  c u rv e s  c o r r e s p o n d in g  to  f e r r ic  i r o n  c o n c e n t r a t io n s  o f  0*76 x 10-4 , 

1-O x 10~4 a n d  2-O x  1 0 -4  g .a to m s /1 .;  h a e m o g lo b in  0-6 x  1 0 -4 . (b) T w o  c u rv e s  c o r re ­

s p o n d in g  r e s p e c t iv e ly  to  tw o  c h lo r o p la s t  c o n c e n t r a t io n s  0-17 x  10~4 a n d  0-35  x 1 0 -4 m  

c h lo ro p h y l l ;  f e r r ic  i r o n  4 x  10~4, h a e m o g lo b in  1 x  1 0 -4 . (c) T w o  c u rv e s  c o r re s p o n d in g  

r e s p e c t iv e ly  t o  tw o  c h lo r o p la s t  c o n c e n t r a t io n s  0-15  x  10~4, 0-5 x 1 0~4m  c h lo ro p h y l l ;  

f e r r ic  i r o n  1 x 10~4, h a e m o g lo b in  0-7 x 10-4 . C u rv e  2 sh o w s  th e  e f fe c t o f  re m o v in g  

o x y g e n  b y  e v a c u a t io n  a n d  t h e n  a d d in g  a n  e x c e ss  o f  f e r r ic  o x a la te .
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Oxygen produced by isolated chloroplasts 201

Ta b l e  I .  E f f e c t  o f  f e r r i c  o x a l a t e  a n d  c h l o r o pl a s t  c o n ­

c e n t r a t i o n  ON TOTAL OXYGEN PRODUCED
I

T o ta l  in c re a s e

C o n c e n t r a t io n  in  g .a to m s C h lo ro p la s ts in  %  s a t u r a ­

o f  i ro n  p e r  l i t r e c o r r e s p o n d in g t io n  o f  t h e

r ^---------------- s to  m o le c u la r h a e m o g lo b in

M u sc le F e r r ic c o n c e n t r a t io n d u r in g  e x - E q u iv a l e n t s  O

E x p .  h a e m o g lo b in o x a la te o f  c h lo r o p h y l l  p o s u r e  t o  l ig h t  E q u iv a l e n t s  F e

/1 - O x  1 0 - 4 2-0 x  1 0 - 4 0-2 x  1 0 - 4f 46 0-92

P- 257 ( i - O x l O - 4 4-0 x  1 0 - 4 0-2 x 1 0 - 4f 75 0-75

r o - 6 x  i o - “ 0-76  x  1 0 - 4 0-3 x 1 0 - 4 22 0-69

p . 255  -! 0-6 x  10~ 4 1-0 x  1 0 - 4 0-3 x  1 0 - 4 32 0-76

|o - 6  x  1 0 - 4 2-0 x  1 0 - 4
/

0-3 x  1 0 - 4 65 0-78

/ 1 - O x l O - 4 4-0 x  1 0 - 4 0-17  x  1 0 - 4 75 0-75

P - 256 ( i - O x l O - 4 4-0 x  1 0 - 4 0-35  x  1 0 - 4 76 0-76

/ 0 - 7 x l 0 - 4 1-0 x  10~4 0-3 x  1 0 - 4 45 1-2

p * 276  (0 -7  x 1 0 - 4 2-0 x l O - 4 0-3 x  1 0 - 4 80 1-1

p . 271 1-0* x  1 0 - 4 4-0 x  1 0 - 4 0-3 x 1 0 - 4 82 0-82

* B lo o d  h a e m o g lo b in . f  L. album.

Ta b l e  I I . E f f e c t  o f  c h l o r o pl a s t  c o n c e n t r a t i o n  o n

INITIAL RATE OF OXYGEN EVOLUTION

C o n c e n t r a t io n T im e  in

C o n c e n t r a t io n  in  g .a to m s o f  c h lo r o p la s ts se c . fo r

o f  i r o n  p e r  l i t r e a s  c h lo r o p h y l l  s a t u r a t i o n

---------------, in  g .m o l. o f  H b ;  M ol. 0 2 p e r  h r .

E x p .  H b F e r r ic  o x a la te p e r  l i t r e  in i t i a l  r a t e  M ol. c h lo ro p h y l l  P .c .

n  256 / 1 - O x l O - 4 4-O x  1 0 - 4 0-17 x  1 0 - 4 610 35 1-5
P - 256 \ i - 0 x l 0 - 4 4-0 x  10~4 0-35 x 1 0 -4 290 35 1-5

n  278 I 0 ' 7 * 10" 4
l - 0 x  1 0 -4 0-15 x  1 0 -4 43 0 40 1-8

P * 278 \ 0 - 7 x l 0 ~ 4 l - 0 x  1 0 - 4 0-5 x  10 -4 310 16 0-7

Ta b l e  I I I .  E f f e c t  o f  f e r r i c  o x a l a t e  c o n c e n t r a t i o n  o n  i n i t i a l

RATE OF 0 2 EVOLUTION WITH CHLOROPLASTS OF MEDIA

C o n c e n tr a t io n  o f  F e  in  g .a to m s  p e r  l i t r e I n i t i a l  r a t e .

T im e  in  se c . fo r

E x p . H b F e r r ic  o x a la te s a t u r a t i o n  o f  H b

p .  276
/0 - 7  x 1 0 -4 l - 0 x  1 0 - 4 290

\0 -7  x  1 0 -4 2-O x 1 0 - 4 200

r o-7 x 1 0 - 4 0-5 x  1 0 -4 740
p . 275 - 0-7 x 1 0 - 4 2-O x 1 0 - 4 250

(o-7  x 10 - 4 6 -0 x  1 0 - 4 320
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202 R . H ill

n o t be  u sed . A t th e  lo w er c o n c e n tra tio n , 0-3 x 10~4, i t  w as fo u n d  th a t  

c u ttin g  off a ll w a v e-len g th s  s h o r te r  th a n  6000 A w ith  re d  glass filter, 

p ro d u c e d  no  ap p re c ia b le  effect on  th e  re a c tio n . U n d e r th e  cond itio n s  o f 

th e se  e x p e r im en ts  th e  re a c tio n  goes as fa s t  in  re d  as in  w h ite  lig h t. T h is  

show s t h a t  ch lo ro p h y ll is a c tin g  as p a r t  o f  th e  lig h t-se n s itiv e  sy stem  a n d  

n o t th e  fe rric  o x a la te .

t im e  (sec .)

F i g . 3. C h lo ro p la s ts  in  l e a f  e x t r a c t s  a n d  m u s c le  h a e m o g lo b in .  (1) Stellaria media 

p l a s t i d s  in  e x t r a c t  f r o m  Lam ium  album  H b ,  0-9 x 10~4. (2) Lam ium  album  p la s t id s  

in  e x t r a c t  f r o m  Anthriscus sylvestris H b ,  0-9 x 10 4. T h e  c ro sse s  r e p r e s e n t  th e  s a m e  

p l a s t i d s  in  f e r r ic  o x a la te  4 x 10-4. (3) Stellaria media p la s t id s  in  e x t r a c t  f ro m  Alliaria  

officinalis H b ,  0-44 x 10~4.

T h e  p ro d u c tio n  o f  o x y g en  fro m  C0 2 in  th e  liv in g  g reen  p la n t  is in h ib ite d  

b y  m o d e ra te  c o n c e n tra tio n s  o f  cy an id e  a n d  h y d ro x y la m in e . I t  h a d  been  

su g g es ted  t h a t  c a ta la se  (p re se n t in  a lm o s t a ll p la n t  cells) w as concern ed  

in  th e  l ib e ra tio n  o f  o x y g en , a lth o u g h  m o re  re c e n tly  in d irec t ev id ence  

a g a in s t c a ta la se  h a s  a c c u m u la te d  (E m erso n  1936). H en ce  th e  effect o f 

su b s ta n c e s  lik e  az id e , c y an id e  a n d  h y d ro x y la m in e  m u s t be  d e te rm in ed . 

H e re , h o w ev er, w as a  d if f ic u l ty ; th e  fe rric  o x a la te , as h as  been  m en tio n ed  

ea rlie r , re a c ts  w ith  m uscle  h aem o g lo b in  to  fo rm  m e th aem o g lo b in . T he 

m e th a em o g lo b in  com bin es w ith  az id e , e tc ., to  g iv e  com p o u n d s w hich  are  

n o t eas ily  re d u c e d ; th u s  th e  w hole  m e th o d  o f  d e te c tin g  a n d  m easu rin g  

o x y g en  w o u ld  b re a k  dow n . I t  w as fo u n d , how ever, t h a t  fresh  d ilu ted  

h u m a n  b lo o d  a b o u t 1/ 50 , cou ld  be m ix e d  w ith  d ilu te  h y d ro cy an ic  acid  

a n d  fe rric  o x a la te  a t  p H  8 in  a  v a c u u m  w ith o u t a n y  im m ed ia te  reac tio n  

ta k in g  p lace . W hile  th e  a ffin ity  fo r o x y g en  o f  h u m a n  b lood  haem og lob in  

is m u ch  less th a n  t h a t  o f  m uscle  haem o g lo b in , th e  r a te  o f  re o x id a tio n  o f 

th e  fe rro u s  o x a la te  d id  n o t  m a k e  i t  im possib le  to  m easu re  th e  oxygen  

ev o lv ed  in  lig h t. F ig . 4 show s th e  effect o f  cy an id e  a n d  azid e  a n d  h y d ro x y l-
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am in e  on th e  ev o lu tio n  o f  oxygen . I n  th e  case o f h y d ro x y la m in e  a  c e r ta in  

a m o u n t o f  co m b in a tio n  w ith  m e th aem o g lo b in  o ccu rred — if  th is  is a llow ed  

for, th e  oxygen  o u tp u t  does n o t a p p e a r  to  be  in fluenced . T h e  sam e effect 

o ccu rred  w ith  cy an id e , b u t  th e  e x p e rim en ts  show  a  re la tiv e ly  sm all ox y g en  

deficiency w ith  tw o  w id e ly  d ifferin g  cy an id e  c o n ce n tra tio n s .

Oxygen produced by isolated 203

t im e  (sec .)

t im e  (sec .)t im e  (sec .)

Fi g . 4. E ffe c t  of c e r ta in  in h ib i to r s .  C h lo ro p la s ts  o f  Stellaria media in  f e r r ic  o x a la te ,  

4 x  10 -4 , a n d  h a e m o g lo b in  f ro m  h u m a n  b lo o d , 1 x  10~4. 20° C, p H  8. a. C u rv e , n o  

in h ib i to r .  C ro sse s , s o d iu m  a z id e ,  4 x  10 4 m . C irc le s , s o d iu m  f lu o r id e , 4 x  1 0 -4 m .

b. C u rv e , n o  in h ib i to r .  S q u a re s ,  H C N , 3 x 10-4 m . D ia m o n d s , H C N , 60 x 10-4 m .

c. C u rv e , n o  in h ib i to r .  C ro sse s , h y d r o x y la m in e ,  0-2 x 10-4 m .

T h u s  th e  o x ygen  o u tp u t  does n o t seem  to  be in fluenced  b y  su b stan ces  

w hich  h av e  a n  effect on  m a n y  o x id a tio n s  a n d  w hich  also com bin e w ith  

ca ta la se  a n d  w ith  m e th aem o g lo b in . T h e  c o m b in a tio n  w ith  th e  la s t  m e n ­

tio n ed  we use as ev idence, t h a t  w h en  th e  o x ygen  o u tp u t  is m easu red  

from  illu m in a ted  c h lo ro p la sts , th e  effect is n o t d u e  to  som e p ro p e r ty  o f 

th e  haem og lobin .

Vol. CXXVII. B.
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204 R . H ill

T h a t  h y d ro g e n  p e ro x id e  is n o t  d ire c tly  in v o lv ed  in  th e  re a c tio n  p ro ­

d u c in g  m o lecu la r o x y g en  i t  seem s safe to  conclu de  fro m  th e  ab o v e  fac ts . 

A n  a d d itio n a l p o in t o f  ev id en ce  is t h a t  a  re la tiv e ly  h ig h  c o n ce n tra tio n  

(a b o u t 10-5 m ) o f p e ro x id ase  w ith  th e  ch lo ro p la sts  w as w ith o u t in fluence 

on  th e  e v o lu tio n  o f  oxy g en . (I am  g ra te fu l to  P ro fesso r K e ilin  a n d  D r 

M an n  fo r a  p re p a ra t io n  o f  h o rse rad ish  p e ro x id ase .)

H o w ev er, i t  is possib le  t h a t  o th e r  p e ro x id es  m a y  be in v o lv ed . T h is  is 

m a d e  u n lik e ly  b y  th e  fa c t  t h a t  w e co u ld  h a v e  a  m o d e ra te  c o n ce n tra tio n  

(m /20) o f th io g ly co llic  a c id  p re se n t w ith  ch lo ro p la sts  a n d  y e t  h av e  no 

in fluence  on  th e  p ro d u c tio n  o f  ox y g en .

W h en  a  m ix tu re  o f  fe rric  o x a la te , ch lo ro p la sts , h aem o g lo b in  a n d  th io ­

g lycollic  a c id  w as illu m in a te d , th e  o rig in a l d eep  p u rp le  co lo u r o f  th e  fe rric  

— S H  com plex  is g ra d u a lly  b leach ed  as th e  o x y h aem o g lo b in  a p p ea red , 

show ing  th e  re d u c tio n  o f  th e  iro n , s im u lta n e o u s ly  w ith  th e  a p p ea ra n ce  o f 

o x y g e n ; a t  th e  en d  o f  th e  e x p e r im e n t th e  s tro n g  S H  re a c tio n  w as s till 

o b ta in e d .

T hese  fa c ts  m a k e  i t  seem  im p ro b a b le  th a t ,  in  th is  fo rm a tio n  o f  m o lecu la r 

o x y g en  b y  th e  c h lo ro p la s ts , p e ro x id es  p la y  a n y  s ig n ifican t p a r t— a t  le a s t 

we c a n n o t d e m o n s tra te  a n y  p e ro x id e  s tag e , a t  p re sen t.

W h en  cy to ch ro m e  c w as a d d e d  i t  w as a lm o s t co m p le te ly  red u ced  w hile 

th e  o x y g en  w as b e in g  ev o lv ed  in  p resen ce  o f  fe rric  o x a la te , a n d  th e re  w as 

no  effect o n  th e  o x y g en  o u tp u t .  O n th e  o th e r  h a n d , free h a e m a tin  g re a tly  

d im in ish ed  th e  o u tp u t  o f  o x y g en , b ecau se  i t  is a u to x id iz a b le  w hen  reduced .

O n ly  a  lim ite d  n u m b e r  o f  fe rric  c o m p o u n d s  cou ld  be u sed  as a  source o f 

p h o to ly tic  o x y g en  in  th e  e x p e r im e n ts . C itra te  a n d  t a r t r a te  cou ld  be used  

in s te a d  o f  o x a la te , b u t  th e  e v o lu tio n  o f  o x y g en  w as m u ch  less ra p id  in  

th e se  tw o  cases, a n d  i t  w as n e ce ssa ry  to  a d d  a  la rg e  excess o f  fe rric  iron . 

F e rr ic  p y ro p h o s p h a te  o r m a la te  show ed  no re a c tio n  w ith  ch lo rop la sts. 

I n  m a n y  o th e r  cases, ho w ev er, th e  iro n  w as n o t in  t ru e  so lu tio n  as a  com plex  

io n  a n d  in  th e se  cases th e re  w as no  re a c tio n  w ith  th e  ch lo ro p lasts . T h u s  i t  

seem s p ro b a b le  t h a t  th e  re a g e n t, su ch  as  fe rric  o x a la te , u sed  fo r p ro d u c in g  

a n  o x y g en  o u tp u t ,  m u s t  h a v e  free  access to  th e  su rface  o f th e  ch lo ro p lasts. 

T h is  a ssu m p tio n  is su p p o r te d  b y  th e  fa c t  t h a t  a  g re a t d ilu tio n  o f  th e  fluid  

u sed  w h en  th e  ch lo ro p la sts  a re  rem o v ed  fro m  th e  cells p roduces no in ­

fluence on  th e  r a te  o f  re a c tio n  w ith  fe rric  o x a la te . If , how ever, ferric 

p o ta ss iu m  o x a la te  is u sed  in  th e  ab sen ce  o f  excess o f  o x a la te  no reac tio n  

occurs w ith  ch lo ro p lasts . T h e re  m u s t a lw ay s be a n  excess o f th e  o x a la te  

io n  as c o m p ared  w ith  th e  iro n  p re sen t.

A  p e rfe c tly  fresh  susp en sio n  o f  ch lo ro p lasts  w hich  is free  from  o th e r  

m a t te r  h a s  a  c h a ra c te r is tic  s ilk y  a p p ea ra n ce  w hen  a g ita te d , s im ila r to  a
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Oxygen produced by isolated 205

susp ension  o f re d  b lo od  corpuscles . A t th is  s tag e  th e  ch lo ro p la sts  a p p e a r  on 

e x am in a tio n  to  be s im ila r to  th o se  in  th e  cells. O n k eep in g  th e  su sp en sio n  

a t  20 o r a t  0° C in  th e  d a rk  th e  a p p e a ra n c e  o f  th e  su sp en sio n  soon  changes, 

i t  becom es d a rk e r  in  co lo ur a n d  less s ilk y  o n  a g ita tio n . A t th e  sam e tim e  

th e  ch lo ro p lasts  a re  seen to  be losing  th e ir  c lea r re g u la r  ou tlin es , a lth o u g h  

th e y  do n o t a p p e a r  to  be a c tu a lly  b re a k in g  u p . B efore  th is  v is ib le  a l te r a ­

tio n  is reach ed  th e  su sp en sio n  w ill be fo u n d  to  be in c ap a b le  o f  p ro d u c in g  

0 2 in  th e  lig h t u n d e r  a n y  o f  th e  e x p e r im e n ta l co n d itio n s . B u t  i t  m u s t  be 

em p h asized  t h a t  th e  p ro p e r ty  o f  ev o lv in g  o x y g en  in  lig h t is n o t  p ro v e d  to  

be due  o n ly  to  u n in ju re d  ch lo ro p la sts  fo r th e  follow ing  reaso n s. A fte r  

d ry in g  th e  le a f  (follow ing M olisch) a  s lig h t o x y g en  ev o lu tio n  u p  to  0*6 m m . 

p ressu re  o f  0 2 is d e te c ta b le  b y  th e  h aem o g lo b in  m e th o d . O w ing  to  th e  

la rg e a m o u n t o f  o p aq u e  m a te r ia l  n ecessa ry  fo r th is  e x p e r im e n t no a c tu a l 

m e asu rem en ts  a re  g iv en  a t  p re sen t. A gain , a f te r  c ru sh in g  a  liv in g  le a f  in  

d is tilled  w a te r , w h en  m o s t o f  th e  p la s tid s  a re  b ro k en , th is  fluid, w h en  th e  

cells a re  rem o v ed , w ill b eh av e  fo r a  sh o r t tim e  (2 m in .) like  a  su sp en sio n  

o f in ta c t  ch lo ro p lasts .

6. E v o l u t i o n  o f  o x y g e n  b y  m e s o ph y l l  c e l l s  o f  a l b u m

T h e  cell su sp en sio n  o b ta in e d  from  th e  le a f  b y  c en tr ifu g in g  (see § 1) 

c o n ta in ed  also free  ch lo ro p lasts . I t  w as in tro d u c e d  in to  a  tu b e  c o n ta in in g  

h aem o g lo b in  a n d  all th e  o x y g en  rem o v ed  b y  e v a c u a tio n . I n  o rd e r to  

p ro d u ce  a  m easu rab le  o u tp u t  o f o x y g en  i t  w as n ecessa ry  to  a d d  som e C0 2. 

0-2 c.c. o f a  s a tu r a te d  so lu tio n  o f  C0 2 in  a ir-free  w a te r  w as a d d e d  to  th e  

tu b e  th ro u g h  th e  side  a rm . T h e  ra te  o f  0 2 p ro d u c tio n  p e r  u n i t  o f  c h lo ro ­

p h y ll o b ta in e d  b y  th e se  p re p a ra tio n s  w as o n ly  h a lf  t h a t  o b ta in e d  fro m  th e  

ch lo ro p lasts  in  ferric  o x a la te  u n d e r  s im ila r co n d itio n s . A llow ing  fo r th e  

p resence o f in a c tiv e  ch lo ro p la sts  o u ts id e  th e  cells, th e  a c tiv e  c h lo ro p la sts  

in sid e  th e  cells d id  n o t g re a tly  exceed  th e  r a te  o f  0 2 p ro d u c tio n  o f  th e  

iso la ted  ch lo ro p lasts  in  th e  fe rric  o x a la te . M oreover, th e  C0 2 rem a in in g  

in  th e  fluid a f te r  e v a c u a tio n  is sh ow n  to  be v e ry  sm all in  a m o u n t. H en ce  

th e  oxygen  ev o lv ed  b y  th e  iso la ted  c h lo ro p la sts  in  ferric  o x a la te  m u s t all 

com e from  th e  change fro m  ferric  to  fe rro u s  iro n  a n d  n o t from  C0 2—  

as in d eed  is show n b y  th e  re la tio n  o f th e  o rig in a l ferric  iro n  c o n ce n tra tio n  

a n d  th e  o x ygen  evo lv ed . To  rem o v e  w ith  c e r ta in ty  a ll th e  C0 2 from  a  

suspension  o f ch lo ro p lasts  befo re  th e y  h a v e  becom e in a c tiv e  is a t  p re sen t 

im possible , b u t  th is  is a t  th e  m o m e n t a n  e ssen tia l s tep  in  e lu c id a tin g  th e  

m echan ism  o f th e  fo rm a tio n  o f oxygen . T h e  p ro b a b ility  is, how ever, t h a t  

C0 2 does n o t ta k e  p a r t  in  th e  p ro d u c tio n  o f  o x ygen  from  ferric  sa lts  as n o

1 4 - 2
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206 R . H ill

difference w as fo u n d  a f te r  a t te m p t in g  to  rem o v e  a ll th e  C0 2 a t  p H  6-8 

b y  e v a c u a tio n , a n d  a f te r  th e  a d d itio n  o f  C0 2.

D i s c u s s i o n

T h e  firs t q u e s tio n  to  decid e  is w h e th e r  th e  iso la ted  ch lo ro p lasts  a re  

a c tin g  in  a  c a ta ly tic  c a p a c ity  o r w h e th e r  th e y  possess som e s to re  o f oxygen  

w h ich  is o n ly  l ib e ra te d  in  lig h t. In m a n  (1935) co n sid e red  t h a t  th e  oxygen  

h e  h a d  d e te c te d  cam e  fro m  a  s to re  o f  o x y g en -p ro d u c in g  su b stan ce . 

K a u ts k y  (1938) p o in ts  o u t  t h a t  fe rric  o x a la te  causes d eco m p o sitio n  o f 

p e ro x id es  in  lig h t. T h is  la t t e r  effect w o u ld  be fa r  th e  s im p le st q u a lita tiv e  

e x p la n a tio n  o f  th e  e x p e r im e n ts  w h ere  fe rric  o x a la te  is concern ed .

T h e  re a c tio n  w o u ld  b e  o f  th e  ty p e

2 F e " ' * +  I?<^^ +  2H 20 -> 2F e ' * +  I 2(0 H )2 +  0 2 +  2 H ‘. ( 1 )

I n  th e  p re s e n t e x p e r im e n ts  o n ly  h a lf  th e  o x y g en  fo r th is  re a c tio n  is o b ­

ta in e d . I t  is p o ssib le  t h a t  som e o x y g en  is lo s t b y  o th e r  o x id a tio n s ; y e t 

th is  is im p ro b a b le  b ecau se  th e  o x y g e n /iro n  ra t io  is c o n s ta n t  fo r a  series of 

e x p e r im en ts  w ith  d iffe ren t in i t ia l  c o n c e n tra tio n s  o f  fe rric  iron .

T h e  second  in fe ren ce  fro m  th e  e x p e r im e n ts  is t h a t  i f  th e re  is a  s to re  o f 

a  p e ro x id e  i t  m u s t  be  a t  le a s t 1/10 m  in  th e  c h lo ro p la sts , because  a t  le as t 

5 m ol. o f  0 2 c an  b e  l ib e ra te d  p e r  m olecu le  o f  ch lo ro p h y ll. T h is  la rge  

q u a n t i ty  o f  a  p e ro x id e  w o u ld  be o f  g re a t  in te re s t  i f  i t  cou ld  be d e te c te d  b y  

a  d ire c t m e th o d , b u t  so fa r  th e re  is no  ev id en ce  fo r it .

T h e  th i r d  in fe ren ce  fro m  th e  e x p e r im e n ts  is t h a t  th e re  is so m eth in g  

w h ich  c an  be e x tr a c te d  fro m  leav es  w h ich  c o n ta in s  n e ith e r  F e  ‘ ‘ n o r 

o x a la te ;  th is  h o w ev er b eh av es  to w a rd s  ch lo ro p la sts  v e ry  m u ch  like  fe rric  

o x a la te . W e w ill th e re fo re  leav e  asid e  th e  q u e s tio n  o f  th e  s to re  o f  o x y g en ­

g iv in g  su b s ta n c e  a n d  co n sid e r th e  c h lo ro p la s t as a  c a ta ly tic  sy stem .

T h e  conclusion , th e n , to  b e  d ra w n  fro m  th e  p re se n t in v e s tig a tio n  is th a t  

lig h t en e rg y  can  be u tiliz e d  b y  a  su b ce llu la r  sy stem  c o n ta in in g  c h lo ro p h y ll; 

th e  w o rk  d o n e  can  be m e asu re d  in  te rm s  o f  th e  p ro d u c tio n  o f  m o lecu la r 

o x y g en  a n d  re d u c tio n  o f  a  ferric  com plex  sa lt.

W ith  p o ta ss iu m  fe rric  o x a la te  th e  p h o to ch em ica l re a c tio n  in  presence  

o f  ch lo ro p lasts  g ives n e a r ly  th e  th e o re tic a l y ie ld  o f  m o lecu la r o x ygen  fo r 

th e  re a c tio n

4K 3F e(C 20 4)3 +  2 H aO +  4K ‘ =  4K 4F e(C 20 4)3 +  4H ‘ +  0 2. 

I n  th e  d a rk  th e  re a c tio n  w ill p roceed  in  th e  rev erse  d irec tio n .

(2)
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Oxygen produced by isolated chloroplasts 207

T he o x id a tio n -red u c tio n  p o te n tia l  o f  th e  iro n  o x a la te  sy s te m  is =  zero

a t  p H  8 (M ichaelis a n d  F re id h e im  1931), w hile th e  p o te n tia l  o f  th e  oxygen  

e lec tro d e  a t  a  p ressu re  o f  1 m m . o f  o x y g en  a t  p H  8 w o u ld  be EH = 0-1 V. 

T he re d u c tio n  o f  th e  iron  goes n e a r ly  to  co m p le tio n , b u t  ev en  i f  99 %  o f 

th e  iro n  w ere red u ced  th e  ch an g e  in  free  en e rg y  w o u ld  be less th a n  h a lf  

th a t  re q u ire d  fo r a  d ire c t re d u c tio n  o f c a rb o n  d iox id e . H o w ev er, th e  

m ax im u m  en erg y  h as  n o t b een  m easu re d  as no  d e fin ite  e q u ilib r iu m  cou ld  

be show n w ith  fe rro u s  a n d  ferric  iro n  in  th e  sy stem .

A suspension  o f  ch lo ro p la sts  w ill also  evo lv e  o x y g en  u n d e r  illu m in a tio n  

w hen  in  p resence  o f  o th e r  ferric  com plex  s a lts  w ith  o rg an ic  acids, a n d  also 

from  e x tra c ts  o f  le aves t h a t  c o n ta in  ca lc iu m  ions a n d  do n o t g iv e  re a c tio n s  

fo r iro n  sa lts . T h u s  th e  ch lo ro p la sts  a re  n o t  specific fo r fe rric  o x a la te . T h e  

fe rric  o x a la te  cou ld  th e n  be re g a rd e d  s im p ly  as  a  re a g e n t to  d e m o n s tra te  

a  p ro p e r ty  o f  th e  ch lo ro p la st. T h is  m ig h t be  co m p ared  to  th e  use  o f 

in d o p h en o l re a g e n t b y  K e ilin  (1929) in  m e asu rin g  th e  a c t iv i ty  o f  th e  ox id ase  

cy to ch ro m e  sy s tem  in  th e  re s p ira t io n  o f  cells. T h e re  m u s t th e re fo re  be 

som e p r im a ry  su b s ta n c e  w h ich  is red u ced , w hile  a t  th e  sam e  tim e  g iv in g  

oxygen . I f  th is  p r im a ry  su b s ta n c e  is A ,*  a n d  th e  re a g e n t B, su ch  as fe rric  

o x a la te , re p re se n te d  in  te rm s  o f  h y d ro g e n  t ra n s p o r t ,  w e h a v e  th e  follow ing  

reac tio n s .

2 A  +  2H 20 -*-2A H 2 +  0 2, (3)

H H 2 +  H -> jB H 2 +  A .  (4 )

These tw o  re a c tio n s  to g e th e r  w ill re p re se n t th e  ty p e  o f  re a c tio n  (2). I t  

m u s t be conclu ded  t h a t  th e  su b s ta n c e  A is n o t  easily  rem o v ed  from  th e  

ch lo ro p lasts  because  g re a t  d ilu tio n  o f th e  su sp en d in g  flu id  d id  n o t d im in ish  

th e  ra te  o f  re a c tio n  w ith  ferric  o x a la te .

W ith  ch lo ro p lasts  a lo ne we o b ta in  no o x y g en  e ith e r  because  A is p re se n t 

in  sm all a m o u n t o r t h a t  a  c a ta ly s t  is n eed ed  to  ox id ize  AH2. B u t  i f  a  

re a g en t is a d d e d  w h ich  w ill reo x id ize  i H 2 su ffic ien tly  fa s t, 0 2 can  a c c u m u ­

la te , b u t  th is  is o n ly  possible  i f  th e  re d u c tio n  o f  th e  re a g e n t B is m ore  ra p id  

th a n  th e  o x id a tio n  b y  m o lecu la r oxygen . T h u s  th e  co n d itio n s  a re  lim ited  

in  w hich  i t  is possib le  to  p ro d u ce  a  m e asu ra b le  o x y g en  o u tp u t  w ith  th e  

p re p a ra tio n s  o f iso la ted  ch lo ro p lasts .

I n  th e  absence  o f a  re a g e n t B, no  o x y g en  ev o lu tio n  cou ld  be d e tec te d , 

t h a t  is, i t  w ou ld  be less th a n  1/10 m m . o f  m e rc u ry  p ressu re . C0 2 w as also 

fo u n d  to  e x e r t no in fluence on  th e  ev o lu tio n  o f o x y g en  in  th e  case o f 

su b stan ces  w hich  cou ld  be red u ced . T h e  n e x t m o s t im p o r ta n t  s tep  w ou ld  

be to  a sc e rta in  w h e th e r  C0 2 is a c tu a lly  th e  p r im a ry  su b s ta n c e  A,  g iv in g

* T h is  is n o t  n e c e s s a r i ly  th e  s u b s ta n c e  A  in  K a u t s k y ’s ( 1 9 3 7 ) sc h e m e .
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208 R . H ill

o x y g en  in  th e  e x p e rim en ts . T h is  c a n n o t be  d ec id ed  d ire c tly  from  th e  

re su lts  o f  th e  p re s e n t w o rk . If , how ever, C0 2 is th e  p r im a ry  su b stan ce  

co n cern ed  w ith  o x y g en  o u tp u t  b y  iso la ted  ch lo ro p lasts , i t  follows d ire c tly  

from  th e  e x p e r im e n ts  t h a t  th e  f irs t p ro d u c t o f  re d u c tio n  o f  th e  C0 2 m u s t 

be  as ra p id ly  o x id ized  as i t  is fo rm ed , a n d  h en ce  it. cou ld  n o t  be  n o rm al 

c a rb o h y d ra te . A lso i t  m u s t  re a c t  w ith  fe rric  o x a la te  a t  g re a t  speed . 

A gain , i f  C0 2 is th e  p r im a ry  su b s ta n c e  u n d e rg o in g  red u c tio n , th e  ch lo ro ­

p la s ts  m u s t  h a v e  th e  g re a te r  p a r t  o f  th e  p h o to s y n th e tic  m ech an ism  in ta c t. 

T h is  la s t  a ssu m p tio n  is re n d e re d  u n lik e ly  b y  th e  b e h a v io u r w ith  cyan id e  

a n d  o th e r  po isons. T h u s  w hile  i t  is n o t  possib le  to  show  d ire c tly  t h a t  C0 2 

p la y s  a  p a r t  in  th is  sy s te m  g iv in g  o x y g en , th e re  is c irc u m s ta n tia l ev id ence  

a g a in s t th is  a ssu m p tio n .

I t  seem s th e n , t h a t  th e  iso la te d  ch lo ro p la s ts  h a v e  v e ry  defin ite  a n d  

p e cu lia r  c a ta ly tic  p ro p e r t ie s ; i t  is th e re fo re  o f  use  to  b rin g  th e  conclusions 

in to  re la tio n  w ith  th e  liv in g  cell. T h is  is done , n o t  in  o rd e r  to  a d d  y e t 

a n o th e r  th e o ry  o f  c a rb o n  a ss im ila tio n  to  th e  m a n y  ex istin g , b u t  in  o rd e r 

to  p re p a re  g ro u n d  fo r fu tu re  e x p e r im e n ts , co n cern ed  w ith  th e  ev o lu tio n  

o f  oxygen .

T h e  a c t iv i ty  o f  th e  iso la te d  c h lo ro p la s ts  m e asu re d  as  r a te  o f  oxygen  

o u tp u t  p e r  u n i t  o f  ch lo ro p h y ll is o n ly  a b o u t 1 /10 th e  a c t iv i ty  o f  th e  le a f  

u n d e r  o p tim u m  co n d itio n s . W h en , h o w ev er, th e  o x y g en  p ro d u c tio n  from  

C0 2 o f  iso la te d  m eso p h y ll cells o f  Lamium album is c o m p ared  w ith  th e  

o x y g en  p ro d u c tio n  fro m  fe rric  o x a la te  o r le a f  e x tr a c t  w ith  iso la ted  ch lo ro ­

p la s ts  o f  th e  sam e  p la n t ,  th e  a c t iv i ty  is n e a r ly  th e  sam e. W e m a y  th e re fo re  

be ju s tif ie d  in  a ssu m in g  t h a t  as m o le c u la r o x y g en  is a  p h o to ch em ica l 

p ro d u c t in  each  case, so is th e  iso la te d  c h lo ro p la s t b eh av in g  in  p a r t  as i t  

does in  th e  in ta c t  cell. I n  c ru sh ed  le a f  tis su e  w h en  all cells a re  b ro k e n  i t  

can  be in fe rre d  t h a t  o x y g en  is a c tu a lly  ev o lv ed  b y  ch lo ro p lasts  in  lig h t 

b u t  p ra c tic a lly  as re a d ily  a b so rb e d  ag a in . F o r  i t  is a  m a t te r  o f  com m on 

ex p erien ce  t h a t  c ru sh ed  g reen  tis su e  w ill n o t  a ss im ila te  to  a n y  m easu rab le  

e x te n t , ev en  th o u g h  i t  m a y  show  re sp ira tio n . O nce a n  a ss im ila tin g  cell is 

d e s tro y e d  a n d  a  fa lse  b a lan c e  o f  th e  sy s tem s  e s tab lish ed , ev en  i f  th e y  m ay  

n o t be  in a c t iv a te d , a n y  n e t  effect o f  a  com plex  chem ical re a c tio n  is like ly  

to  be sm all. W h en  o x y g en  p ro d u c tio n  b y  iso la ted  ch lo ro p lasts  is m easu red  

in  th e  p resence  o f  le a f  e x tra c ts  th e  p re ssu re  o f  o x y g en  o b ta in a b le  is on ly  

1 m m . o f  m e rc u ry . I n  th e  liv in g  p la n t  th e  p re ssu re  o f  o x y g en  reach ed  is 

sev e ra l h u n d re d  m m . o f  m e rc u ry . I n  th e  d a rk  i t  h as  been  show n th a t  th e  

o x y g en  is ta k e n  u p  ag a in  w h en  ch lo ro p la sts  a re  su sp en d ed  in  le a f  e x tra c t . 

T h e  speed  o f  re o x id a tio n  ra p id ly  increases w ith  in crease  in  oxygen  p re s su re ; 

th u s  th e  b a lan ce  is re a ch e d  u n d e r  th e  p re se n t ex p e rim en ta l cond itio ns a t
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Oxygen produced by isolated chloroplasts 209

1 m m . p ressu re . B u t  in  th e  liv in g  cell th e  fina l p ro d u c t o f re d u c tio n  a p p ea rs  

as c a rb o h y d ra te  w hich  is b u t  slow ly  b ro k e n  dow n in  re sp ira tio n , hence  a  

high  p ressu re  o f  oxygen  can  a cc u m u la te .

T h is  su b ce llu la r e v o lu tio n  o f  oxy g en , th e n , does n o t re p re se n t n o rm a l 

a ss im ila tio n  a n d  v e ry  p ro b a b ly  h a s  no d ire c t co n n ex io n  w ith  ca rb o n  

d iox ide. Y e t th e  a c tiv ity  o f  th e  sy s tem  is re la tiv e ly  h ig h  a n d  o x y g en  as a  

p h o to ch em ica l p ro d u c t is a  c h a ra c te r is tic  o f  p h o to sy n th e s is  in  g reen  

p lan ts .

T he  m o st su g g estiv e  v iew  is to  re g a rd  th e  c h lo ro p la s t as c o n ta in in g  a  

m echan ism , th e  a c t iv i ty  o f  w h ich  c an  be m easu re d  a p a r t  fro m  th e  liv in g  

cell, w h ich  u n d e r  i l lu m in a tio n  s im u lta n eo u s ly  evo lv es o x y g en  a n d  red u ces  

som e u n k n o w n  su b s ta n c e  w h ich  is n o t  c a rb o n  d iox id e . T h is  su b s ta n c e  is 

cap ab le  o f  ra p id  re o x id a tio n , b e in g  th e  converse  o f  re a c tio n  (3)

2 H H 2 +  0 2-> 2H 20  +  2H . (5)

O rg an ism s a re  k n o w n  w h ich  can  a ss im ila te  C0 2 in  th e  d a rk  w hile  o x id iz in g  

in o rg an ic  co m p o u n d s, t h a t  is, d u rin g  th e  p ro g ress  o f  a  re a c tio n  o f  th e  ty p e  

o f (5 ). T h u s  i t  is p ro v e d  t h a t  C0 2 can  be re d u c ed  b y  liv in g  cells w h en  free  

o x ygen  is p re se n t q u ite  in d e p e n d e n tly  o f  lig h t a n d  ch lo ro p h y ll d e riv a tiv e s . 

So t h a t  re a c tio n s  (3 ) a n d  (5 ) p ro v id e , q u a lita tiv e ly  a t  le a s t, a  m ean s  o f 

ca rb o n  a s s im ila tio n ; th e  n e t  p ro d u c tio n  o f  o x y g en  in  th e  p ro cess w ill th e n  

b e  a  fu n c tio n  o f th e  C0 2 red u ced . T h is  ty p e  o f  p ro cess w ill o b v io u sly  h a v e  

a  low  efficiency. T h e  su b s ta n c e  A in  th e  c h lo ro p la s t is, how ever, a ssu m ed  

to  be o f th e  ty p e  o f  a  re s p ira to ry  c a ta ly s t.  T h is  m ode  o f  lin k in g  a ss im ila ­

tio n  w ith  a  p a r t  o f  re sp ira tio n  m a y  g iv e  a  h ig h  efficiency a t  low  lig h t 

in ten s itie s . T h e  a u to tro p h ic  an ae ro b es , w h ich  h a v e  no  p o ssib ility  o f  c a r ry ­

ing  o u t re a c tio n  (5 ) d ire c tly , o b ta in  th e ir  en erg y  b y  a  sy s tem  s im ila r to  th e  

g reen  p la n t .  T h e  oxygen , how ever, n e v e r a p p e a rs  as su ch  b ecau se  i t  is 

rem o v ed  b y  h y d ro g en  d o n a to rs  in  th e  g ro w th  m ed iu m , a n d  w h en  th e se  a re  

fu lly  ox id ized  ass im ila tio n  ceases.

T h is  h y p o th esis  acknow ledges th e  re d u c tio n  o f  C0 2 as be in g  a  r a th e r  

g eneral p h en o m en o n  in  o rg an ism s in d e p e n d e n tly  o f  p h o to sy n th e s is , a n d  

y e t  i t  can  ex p la in  th e  n a tu re  o f  a  s im ila r ty p e  o f  p ig m e n t sy stem  in  th e  

g reen  p la n t  a n d  in  a u to tro p h ic  an ae ro b es  fo r u tiliz in g  ra d ia n t  energy .

P a r t  o f th is  w o rk  w as ca rried  o u t d u rin g  th e  te n u re  o f  a  B e it M em orial 

F ellow ship . I  w ish to  th a n k  S ir F red e ric k  H o p k in s , O .M ., P ro fesso r D . 

K eilin  an d  M r G. E . B riggs fo r th e ir  k in d  help  a n d  c ritic ism  d u rin g  th e  

w riting  o f th is  p ap er .
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210 R . H ill

Su m m a r y

1. H aem o g lo b in  h a s  b een  u sed  in  a  sp ec tro sco p ic  m e th o d  o f  m easu rin g  

b o th  th e  a p p e a ra n c e  a n d  d isap p e a ra n ce  o f  sm all q u a n tit ie s  o f oxygen .

2. C ell-free suspen sio n s  o f  ch lo ro p la sts  h a v e  b een  o b ta in e d  from  th e  

leav es  o f  v a rio u s  an g io sp erm s b y  g rin d in g  in  iso to n ic  sucrose  so lu tions.

3 . T h e  o b se rv a tio n s  o f  e a r lie r  w o rk ers , t h a t  ch lo ro p la sts  w ill p ro d u ce  

m o lecu la r o x y g en  a p a r t  fro m  th e  liv in g  cell, h a v e  b een  confirm ed  b y  a n  

in d e p e n d e n t m e th o d , a n d  th e  q u a n tit ie s  o f  o x y g en  ev o lv ed  u n d e r  d ifferen t 

co n d itio n s  h a v e  b een  m easu red .

4 . T h e  c h lo ro p la s ts  a f te r  re m o v a l fro m  th e  cells o n ly  evo lv e  o x ygen  in  

lig h t w h en  in  th e  p resen ce  o f  e x tra c ts  o f  leav es  o r c e r ta in  fe rric  sa lts , an d  

do  n o t evo lv e  o x y g en  fro m  c a rb o n  d io x id e .

5 . I n  p a r t ic u la r  th e  c h lo ro p la s ts  w ill cause  a  p h o to re d u c tio n  o f fe rric  

o x a la te  to  fe rro u s  o x a la te  a n d  o x y g e n ; th e  o x y g en  o b ta in e d  co rresponds to  

th e  iro n  red u ced .

6. T h e  il lu m in a te d  c h lo ro p la s ts  in  th e  p resen ce  o f  le a f  e x tra c ts  evo lv ed  

o x y g en  u p  to  a  p re ssu re  o f  1 m m . m e r c u r y ; in  th e  p resen ce  o f  ferric  o x a la te  

a  p re ssu re  o f  4 m m . o f  m e rc u ry  c an  be reach ed .

7 . I t  is co n c lu d ed  t h a t  a  sy s te m  c an  be re m o v e d  fro m  th e  cell o f a  g reen  

p la n t  w h ich  w ill c o n v e r t l ig h t e n e rg y  in to  a  m e asu ra b le  a m o u n t o f chem ica l 

w ork . T h a t  m o lecu la r o x y g en  is p ro d u c e d  in  th e se  c ircu m stan ces , places 

th e  sy s te m  in  a  c a te g o ry  u n iq u e  am o n g  o th e r  chem ica l system s.
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