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lOO mg of glycogen]loo g wet  weight  are synthesized.  Removal  of po ta s s ium ions f rom the med ium 
leads to a loss of 11.6 mequiv.  K f rom the  tissue, and 173 mg of glycogen are synthesized. An 
increase of po t a s s ium ions in the medium to 17.6 mequiv./1 lowers the po ta s s ium loss f rom the 
tissue, bu t  is wi thou t  effect on the  synthes is  of glycogen. The role played by  sodium in glycogen 
synthesis  is discussed, toge ther  wi th  quest ions  connected wi th  the  synthesis  of glycogen and the 
entrance of po ta s s ium into the  celE 
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T H E  I N H I B I T I O N  OF  P H O T O S Y N T H E S I S  BY SODIUM F L U O R I D E  

I.  T H E  SODIUM FLUORIDE-INDUCED CARBON DIOXIDE 

BURST FROM CHLORELLA* 

N O R MA N  I. B I S H O P  A~D HANS G A F F R O N  

Research Institutes (Fels Fund), University o/ Chicago, Chicago, Ill. (U,S.A.) 

Selective inhibition of certain enzymic steps by fluoride-magnesium phosphate com- 
plexing would be a rather obvious means to look for possible differences between tile 
well-known metabolic transformations of phosphoglyceric acid (PGA) in glycolytic 
systems and its photochemical reduction during photosynthesis. As we, and perhaps 
many others, have experienced, fluorides penetrate very slowly into green algae under 
the experimental conditions of approximately neutral media. The results indicated a 
rather complex disturbance of various parts of the general (cell) metabolism. Pub- 
lished experiments 1, 2 have shown that  photosynthesis is indeed sensitive towards the 
presence of fluorides in the cell. We found, for instance, after anaerobic fluoride treat- 
ment, an inhibition of fermentation and a decreased capacity for photoreduction. At 
times the inhibition was displaced by a period of photosynthesis in air; at other times 
such was not the case, ,.e., photosynthesis was completely inhibited 3. 

* W o r k  was  suppor ted  by  the  U. S. Atomic Energy  Commission,  contract  n u m b e r  AT(I 1-i)-239 , 
and the  Fels Fund .  A s u m m a r y  of the  resul ts  in this  paper  was  presented  before the Am. Soc. of 
Biol. Chemists,  1957. (See Federation Proc., 16, No. i, March 1957). 
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The question of a specific inhibi t ion  of some pho tosyn the t i c  react ion b y  sodium 
lhtoride has become more in teres t ing  for two reasons. Fi rs t ,  it  has been c la imed b y  
l<.\.xl)!.Fid tha t  P ( iA  is not the  subs t ra te  for the  photochemica l  reduct ion  s tep in 
photosynthes i s  but  tha t  it is formed as a more or less normal  de r iva t ive  from a (~5 q- Ca 
precursor,  whicl~ would be the t rue in te rmedia te .  Second, W.\RBUR(; et al  5 6 v,s,9 
have succeeded in ob ta in ing  an immedia t e  burs t  of carbon dioxide  upon the add i t ion  
of sodium fluoride to acid-grown Chlore l la  (at pH 4.0). This  work forms pa r t  of a series 
of papers  which appea red  qui te  recen t ly  and deals  wi th  wha t  the  au thors  call  the  
oxygen-capac i ty  and the carbon d iox ide -capac i ty  of Chlore l la .  The q u a n t i t y  of carbon 
dioxide  released under  the ac t ion of fluoride was repor ted  to be re la ted  s to ichiome-  
t r ical lv  to the chlorophyl l  content  of the cells in the  ra t io  I :L 

As a consequence of this,  and  in con t inua t ion  of o ther  work  on the influence of 
fluorides* on the mechanism of photosynthes is ,  we found it  necessary to explore  this  
repor ted  phenomenon.  Our exper imenta l  results  show tha t  there  is no equivalence 
between the q u a n t i t y  of carbon dioxide  expel led b y  sodium fluoride and the chloro- 
phyl l  concent ra t ion  in our own pa r t i cu la r  ac id- to le ran t  algal  s t rain.  Tha t  a burs t  of 
carbon dioxide  does occur has been verified ; but ,  con t r a ry  to V~rARBURG'S findings, the  
amoun t  of carbon dioxide  released can be var ied  at  will according to the  condi t ions  
chosen. The yield when expressed in equivalence to the chlorophyl l  present  in the  
algae m a y  va ry  from values of zero to more than  four. A s imple exper iment  p roved  
tha t  in i ts precursor  form, the carbon dioxide released b y  sodium fluoride is not  a 
subs t ra te  for the photochemica l  reaction.  Ac tua l ly  the  source appears  to be some 
organic acid  whose deca rboxy la t ion  can be inh ib i ted  b y  cyanide,  and  it is more closely 
l inked to respi ra t ion  and fe rmenta t ion  than  to photosynthes is .  The  remain ing  quest ion 
is th'en in which way,  if at all, this  substance might  be connected with the  pho tosyn-  
thet ic  system. An inhibi t ion of photosynthes i s  as such by  sodium fluoride does not  
answer the  quest ion because other  photochemica l  react ions  in l iving cells are also 
suscept ible  to such inhibi t ion ~°. 

\Vhat  we have observed concerning the effect of sodium fluoride on the ra te  of 
t )hotosynthesis  proper  and on the Hill  react ion - w h i c h  we shall  publ ish in another  
paper  tu rned  out  to be intr icate .  The effects can va ry  from a s t rong inhibi t ion to no 
inhil)it ion at  all, even in cases where a carbon dioxide gush was evident .  

MATERIAL AN1) METHODS 

I11 n los t  e x p e r i m e n t s ,  w e  used  t h e  a c i d - t o l e r a n t  Chlorella pyrenoidosa, s t r a i n  M a r b u r g  St.  S e v e r a l  
o t h e r  a l gae  w e r e  also s t u d i e d .  

T h e  c u l t u r e  m e d i u m  h a d  t h e  fo l l owing  c o m p o s i t i o n :  

"ql 3 led ium 
K N O  a 16._, g 
N a ( ' l  9 4, g 
N a H 2 P ( )  4 8.8 g 
( 'aCl  z 0 .30 g 
Mg,qO4" 7H2 O 4.94 g 
E D T A - N a  2 l .o  g 
Glass -d i s t i l l ed  w a t e r  2o.o 1 

I h(' i~ll {,l t hi> >{Huti~,n wa s  a d j u s t e d  to -t by  a d d i n g  o. i .N ~ l-[2,qO 1. T h i s  m e d i u m  is less c o n c e n t r a t e d  
t h a n  t h a t  emt)h~b'ed b y  \VARBURCfi, a n d  also i n c l u d e s  t h e  c a l c i u m  sa l t  in a d d i t i o n  to ~ inl/l of a 

* N<~ a t t e m p t  will be m a d e  in t h i s  p a p e r  to  d i s t i n g u i s h  b e t w e e n  t h e  a c t i o n s  of H I  e , N a F  or 
1: on t h e  c x t ) c r i m e n t s  u n d e r  c o n s i d e r a t i o n .  

l,'c/c~.c,~c, p. 44. 
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mino r  e l emen t  so lu t ion  h a v i n g  t he  following compos i t i on :  Mn as MnSO 4, 2 p .p .m. ,  I3 as H3BO 3, 
I p .p .m .  ; Zn as  ZnSO a, o.o 5 p . p . m . ;  Cu as CuSO 4, o.oi  p .p .m. ,  and  Mo as MoO 3, o.oi  p .p .m. ,  and  
I ml  of i ron  so lu t ion  c o n t a i n i n g  t he  fol lowing:  o.25 g of Fe  (NH~)2(SO4) 2. 6 H 2 0  dissolved in 5 ° ml  
dist i l led wate r .  

Af te r  au toc lav ing ,  5o0 ml  of t h e  cu l tu re  so lu t ion  were inocu la ted  f rom agar  s l an t s  and  ae ra t ed  
wi th  4% carbon  dioxide  in air. T he  cu l tu res  were g rown  in large ae ra t ing  flasks a t  25-26°C over  
whi te  f luorescent  l a m p s  a t  two  i n t e n s i t i e s - - 3 o o  and  6o0 foot-candles .  As a rule, be t t e r  cu l tu res  
(more u n i f o r m  growth)  were ob ta ined  a t  t he  lower l ight  i n t ens i ty .  

M a t u r e d  algal  cu l tu res  (5-7 d a y s  old) were h a r v e s t e d  by  cen t r i fuga t ion  a t  iooo g. T h e n  t he  
a lgae  were r e s u s p e n d e d  in w h a t  will be t e r m e d  "S 2 m e d i u m " .  Th i s  so lu t ion  was  ident ical  to t he  
cu l tu re  m e d i u m ,  excep t  t h a t  8.56 g/2o 1 of a m m o n i u m  chlor ide  and  11.92 g/2o 1 of p o t a s s i u m  
chlor ide  were s u b s t i t u t e d  for p o t a s s i u m  n i t r a t e  and  s o d i u m  chloride.  The  p H  of th i s  m e d i u m  was  
a d j u s t e d  to 4.o wi th  o . l N  H2SO 4. Minor  e l emen t s  and  i ron  were  no t  included.  

T h e  we t  v o l u m e  of t he  a lgae  was  d e t e r m i n e d  b y  cen t r i fuga t ion  a t  15oo g for 3 ° m in  in cy tocr i t  
tubes .  Chlorophyl l  was  e x t r a c t e d  in boi l ing me thano l .  The  chlorophyl l  m e t h a n o l  so lu t ion  was  
m i x e d  w i th  ace tone  un t i l  t h e  final concen t r a t i on  of ace tone  was  80%.  The  concen t r a t i on  of chloro-  
phy l l  was  d e t e r m i n e d  by  t he  m e t h o d  of ARNON 11. Compar i son  of th i s  m e t h o d  wi th  t h a t  of MAC- 
KINNI/;Y TM did no t  give apprec iab le  va r i a t i on  ( ±  5%).  Also, compa r i son  of t h e  concen t r a t i on  of 
p u r e  ch lo rophyl l  a in 20% methanol -8o° /0  ace tone  a n d  in 80o,/0 a c e t o n e - w a t e r  gave  good a g r e e m e n t .  

Gas changes  were  m e a s u r e d  by  conven t iona l  \Va rbu rg  t echn iques .  For  t he  e x p e r i m e n t s  
r epor t ed  in th i s  paper ,  conical  vessels  f i t ted wi th  double  side a r m s  and  centerwel l  were used.  The  
gas  v o l u m e  of t he  vesse ls  r anged  be t ween  x 5 and  16 cm 3. In  general ,  t h e  gas  phase  for all exper i -  
m e n t s  was  e i the r  pre-pur i f ied  t a n k  n i t rogen  or a m i x t u r e  of 2% carbon  d i o x i d e - 9 8 %  ni t rogen .  The  
vesse ls  were  ag i t a t ed  a t  12o s t rokes  per  m i n  wi th  an  a m p l i t u d e  of 3 cm. 

P h o t o s y n t h e t i c  m e a s u r e m e n t s  were pe r fo rmed  by  ut i l iz ing t he  reac t ion  be tween  h y d r o g e n  
a n d  o x y g e n  as ca ta lyzed  by  p a l l a d i u m  13. As a check aga ins t  th i s  m e t h o d  (where 4 0  ca rbon  
d i o x i d e s ) 6 %  h y d r o g e n  was  employed) ,  p h o t o s y n t h e s i s  was  also m e a s u r e d  in 4% carbon  d i o x i d e -  
air. By  u s i n g  t h e  p h o t o s y n t h e t i c  quo t i en t ,  ~ CO2/Oz] = 0.96, p rac t ica l ly  ident ical  resu l t s  were 
o b t a i n e d  b y  t h e  t wo  m e t h o d s  for d e t e r m i n i n g  p h o t o s y n t h e t i c  ra tes .  

I l l u m i n a t i o n  was  p rov ided  e i ther  by  a 500 \V pro jec t ion  bu lb  wh ich  gave  a whi te - l igh t  
i n t e n s i t y  of 700 foot-candles ,  or  by  a b a n k  of four  15o W projector-f lood bu lbs  h a v i n g  a whi te - l igh t  
i n t e n s i t y  of 12oo foot-candles .  

T h e  genera l  r eac t ion  s y s t e m  con ta ined  be tween  lOO and  4o0 m m  3 cells (depend ing  on t he  
d e n s i t y  of t h e  cul ture)  in 2 ml  of S 2 m e d i u m  a t  p H  4.3. One-ha l f  ml  of s o d i u m  fluoride (final con-  
c e n t r a t i o n  = 4 '  lO-3/14) was  placed in one s i dea rm  and  e i ther  a/' 2 cm  3 of a n o t h e r  a d d e n d u m  was  in 
t h e  o the r  s idearm,  or 1/2 cm 3 of S 2 m e d i u m  was  added  to  t he  m a i n  c o m p a r t m e n t  of t he  vessel,  to 
b r ing  t h e  to ta l  v o l u m e  of l iquid in t h e  cell to 3 ml. All m e a s u r e m e n t s  were pe r fo rmed  a t  25.3°C. As 
a genera l  procedure ,  t he  vesse ls  were f lushed for io m in  wi th  t h e  pa r t i cu la r  gas  desired.  E x c e p t i o n s  
to  th i s  genera l  s cheme  will be noted .  

RESULTS AND DISCUSSION 

A. Selection o/ algae /or fluoride studies 

I t  h a s  b e e n  t h e  g e n e r a l  p r o c e d u r e  fo r  r e s e a r c h e r s  i n  t h e  f i e ld  o f  p h o t o s y n t h e s i s  t o  u s e  

a s  t h e i r  e x p e r i m e n t a l  m a t e r i a l  t h e  t w o  m o r p h o l o g i c a l l y  a n d  p h y s i o l o g i c a l l y  s i m i l a r  

g r e e n  a l g a e ,  Seenedesmus obliquus a n d  Chlorella ( e i t h e r  C. pyrenoidosa o r  C. vulgaris). 
A s  a r e s u l t ,  a n  a p p r e c i a b l e  p r o p o r t i o n  o f  t h e  p r e s e n t - d a y  t h e o r i e s  r e s t s  u p o n  e v i d e n c e  

a c c u m u l a t e d  f r o m  s t u d i e s  o n  t h e s e  t w o  o r g a n i s m s .  T h e  c h o i c e  o f  t h e  e x p e r i m e n t a l  

m a t e r i a l  f o r  o u r  w o r k  h a s  b e e n  d i c t a t e d  b y  t h e  f a c t  t h a t  o n l y  Chlorella pyrenoidosa, 
s t r a i n  M a r b u r g  S t . ,  a n d ,  t o  a l e s s e r  e x t e n t ,  Chlorella pyrenoidosa, s t r a i n  B u r k  a n d  

Chlorella variegata, g r o w  w e l l  a t  l o w  p H  a n d  t h e s e ,  so  f a r ,  w e r e  t h e  o n l y  a l g a e  a m o n g  

s e v e r a l  s t u d i e d  t h a t  g a v e  t h e  s o d i u m  f l u o r i d e - i n d u c e d  c a r b o n  d i o x i d e  b u r s t  t o  a n y  

s a t i s f a c t o r y  e x t e n t .  

S e v e r a l  g r e e n  a l g a e  w e r e  e x a m i n e d  i n  t h i s  r e s p e c t ,  i n c l u d i n g  Chlorella p. E m e r s o n ,  

Scenedesmus obliquus s t r a i n  D 3, A nkistrodesmus brau~zii, a n d  Chlamydomonas moewusii , 
s t r a i n  ( - - ) .  N e i t h e r  w h e n  g r o w n  o n  m e d i a  p r e s c r i b e d  fo r  e a c h  i n d i v i d u a l  a l g a ,  n o r  i n  

a c i d  m e d i a  w h e r e  g r o w t h  w a s  p o o r ,  d i d  a n y  o f  t h e s e  a l g a e  g i v e  a f l u o r i d e - i n d u c e d  

c a r b o n  d i o x i d e  b u r s t .  

Re/erences p. 44. 
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All of the above listed algae were also tested after 5-7 days of normal growth by  
suspension in acid-growing medium used for C. Marburg St. (S 1 medium). After several 
hours (2-24 h) under otherwise normal growing conditions (light + 4% CO2-air), none 
of these algae showed any appreciable carbon dioxide burst. Using younger cultures 
(3-4 days) and treating as above, some experiments gave evidence of a burst. In such 
cases the burst size was always smaller than that  calculated on a chlorophyll-carbon 
dioxide ratio of I :I. I t  was also observed that  a decrease in the chlorophyll content 
occurred when algal samples were resuspended in the acid medium and allowed to 
photosynthesize. This decrease in chlorophyll content did not affect the burst size. In 
a similar pattern,  the acid-tolerant alga, when transferred from its acid growing so- 
lution into less acid media, gradually lost its sensitivity toward sodium fluoride and 
gave less and less carbon dioxide production when treated with the same concentration 
of 'sodium fluoride. Thus, we are  not at all sure whether anaerobic carbon dioxide 
bursts of three to four times the size of a chlorophyll equivalent are the largest ones we 
may  be able to find. Further  experimentation with culture conditions may  result in 
still larger ones. 

B. The relationship between chlorophyll concentration and the amount o/carbon dioxide 
produced 

The amount  of carbon dioxide prouuced by tile addition of sodium fluoride to acid- 
grown cells, under anaerobic conditions, in the experiments of WARBURC et al., is 
seemingly related to the amount of chlorophyll present in the cells. The stoichiometric 
ratio they invariably find is I : I .  With Chlorella Mbg. treated in the way described 
above, we have come across this ratio occasionally, but interspersed between numerous 
other results which deviated appreciably from this value. 

As  is so well known, EMERSON AND ARNOLD 14 showed that  under the most 
favorable conditions the chlorophyll in the living algae is capable of reducing only a 
fraction of the equivalent amount of carbon dioxide at any one time. This makes it 
a priori extremely likely that  in the type of experiment we are discussing here, the 
appearance of a I :I ratio is purely fortuitous. 

In  Table I a tabulation of the results of several experiments is given, showing the 
relationship between the amount of carbon dioxide produced and the quanti ty of 
chlorophyll present for each individual experiment. I t  is quite apparent  from the 
results presented that  the amount of carbon dioxide produced varies anywhere from 
53 % to 493 % on a chlorophyll basis. 

Because of the question of pH and permeabili ty in relation to burst size, it is 
important  that  the amount of gas evolved upon the addition of sodium fluoride can 
also be varied by  other means. Our normal experimental procedure to determine the 
burst size included ten-minute nitrogen flushes prior to closing the manometers. This 
period was followed by a thir ty-minute measurement of the normal fermentation rate. 
Then the sodium fluoride was tipped into the algal suspension in the main compart-  
ment  of the vessel. Thus the algae remained between 30 and 40 min in the dark under 
anaerobic conditions before the poison was added. If, however, the time between 
closing the manometers and the tipping of the sodium fluoride was extended, then the 
burst size did not remain constant but decreased with time. A typical experiment 
illustrating this is shown in Fig. I. The conclusion that  can be drawn from such an 
experiment is evident: choosing the right moment  for adding the fluoride makes it 

Re#rences p. 44. 
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T A B L E  I 

YIELDS* OF CARBON DIOXIDE PRODUCED BY THE ADDITION OF SODIUM FLUORIDE TO 

ACID-GROWN Chlorella CELLS 

Calculated A aual** pmoles % of 
chlorophyll CO~ volume CO~ volume (#0 (#0 calculated 

4.88 I19.o 63.0 53 
4.6 io7.o ilO.O lO2 
4.43 99.2 I57.o 158 
4-43 99.2 17o.o 171 
4.1 93.o I34.o 144 
3.3 74.o 123.0 i66 
3.04 68.o i i i . o  163 
3.03 67.8 I39,o 205 
2.37 53.o 66.0 124 
2.22 49.7 95 .0 191 
I. 34 3o.o 148.o 493 
1.15 28.o 89.0 317 
0.8 17.o 64.0 376 
o.58 13.o 32.0 246 

* Yields calculated on the a s sumpt ion  of a z :I rat io be tween chlorophyll  and carbon dioxide, 
All exper iments  included in this  table are for algae kept  3 ° rain under  ni t rogen pr ior  to the ad- 
di t ion of sodium fluoride. Wide var iabi l i ty  in yields is due to difference in age of cultures.  Bet te r  
yields were obtained wi th  younger  cul tures (3-4 days). Poorest  yield is for 7-day-old culture. 

** The carbon dioxide volumes were obtained by  subt rac t ing  the a m o u n t  of CO s produced via 
f e rmen ta t ion  f rom the  m a x i m u m  gas volume produced during the  burs t .  This was  necessary, for 
f e rmen ta t ion  was  not  inhibited completely,  or in some cases, not  at  all. 

280i~J~ ~ I I I I I I I I r | LChU=4.1~M _ . _ y 
| C02=4.1p.M or 93ram 3 _i,e-.-e ' ' ' ' ~  - - I 

2401- -  ~ _ 

~ ° I -  l V 1-30mln TIl:)-,34ram 3 CO 2 f l  

/ I 
40~ Z llT-9Omin Tip-  58ram 3 CO; -'t 

,11" , , , , , j , I I ,-t 
0 40 80 120 160 200 

Time (rain) 

Fig. I. Curves i l lustrat ing the  decrease in size of the  sodium fluoride-induced carbon dioxide bur s t  
as a funct ion of t ime under  anaerobic conditions. The exper imental  sys t em contained 34 ° /zl of 
cells (4.1 / ,moles of chlorophyll)  in the  S 2 medium at  p H  4.3. Sodium fluoride concentra t ion  (final) 

was  4" Io-3M. Tempera tu re  25.3°C. Gas phase = N v 

possible to obtain--within l imits--any desired relationship between carbon dioxide 
and chlorophyll, or whatever one wishes to relate with the quanti ty of carbon dioxide 
expelled. 

Closer inspection of Fig. I indicates that the size of the burst does not decrease in 
a I :I ratio with the amount of fermentation during a given interval. From the values 
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presented in Table II ,  the averaged ratio, was 1.6, ind ica t ing  tha t  for every two mole- 
cules of carbon dioxide produced dur ing  the gush, approximate ly  3 molecules of the 
substance responsible for the gush are used up. In  Table  I I  the results of several 
exper iments  s imilar  to the one presented in Fig. I (and including data  from Fig. I) are 
tabula ted ,  showing the relat ionship between t ime of addi t ion  of the poison and the 
amoun t  of carbon dioxide evolved. Although the ratios given are only approximate ,  
since the actual  size of the burs t  due to the method of de te rmin ing  its magn i tude  is 
somewhat arbi t rary ,  it is apparen t  tha t  the value is closer to 2 t h a n  to I. 

TABLE II 
TIME OF ANAEROBIOSIS AN[) YIELD OF CARBON DIOXIDE 

1;'erment t l i o n  Time* o/ B u r ~ t  l ) i [ / e r e n c e  lCatio *~ 
a t h h h ' o n  ( / d }  • ( I d  lo ra in)  

3 ° min 134 38 24 1.57 
0o min 96 

I .  

60 min 06 38 21 1.7 
9o rain 58 

2. 

3° min I7 ° 33 19 1.7 
0o min 137 

3- 
o rain I17 54 35 1.5 

3 ° rain 04 
4. 

o rain i 15 33 22 I. 5 
3<) min 82 

.\verage ratio: 1.6 .L O.I 

* Zero time is the ch)sing of the vessels after a 5-min nitrogen flush. 
Difference in burst sizes 

** Ratio . . . . . . . . . . . .  
Fermentation 

The failure of the burst  to remain  constant  is one of the ma in  points  brought  out 
in Fig. I. If one assumes a priori tha t  the CO 2 produced comes from a chlorophyl l -  
carbon dioxide complex, then such data  as presented in Table I I  wotfld prove that  
such a complex is quite uns table  and decomposes rapidly.  Such decomposit ion would 
be noted as carbon dioxide produced as a result of " fe rmenta t ion"  of algal suspensions, 
i.e., an increased rate of fermenta t ion  unt i l  the CO2-chlorophyll complex is depleted. 
The addi t ion of sodium fluoride only serves to hasten the decomposition, which we 
may  call a decarboxylat ion.  However, it appears more likely tha t  the source of the 
carbon dioxide is one (or more) compounds appearing and disappearing dur ing the 
general metabol ism of the cell. All tha t  sodium fluoride does is to induce its immedia te  
decarboxylat ion.  The fairly rapid decrease in the burs t  size with t ime is then due to 
further  t ransformat ions  of this substance dur ing fermentat ion.  

C. The i,.fluence o/ prior illumination upon the carbon dioxide burst 

According to WARBURO, a stable chlorophyl l -carbon dioxide complex is formed with 
the aid of the much-discussed extra  respirat ion in the l ight la. This, supposedly, is the 
substrate  of the photochemical  reaction in photosynthesis ,  and the fluoride experi- 
ments  are presented as proof of its existence. I t  is hard to unde r s t and  why the following 
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s imple  expe r imen t  has  not  been made  to check a hypo thes i s  which  so f lagran t ly  con- 
t r ad i c t s  most  of the  expe r imen ta l  knowledge ava i lab le  at  the  presen t  t ime  : assuming 
such a complex  does exist ,  i t  should  be decomposed  in the  l ight ,  b u t  not  rebui l t  if 
bo th  carbon d iox ide  and  oxygen  are absent .  Ins tead ,  the  amoun t  of carbon d ioxide  
t i ed  up  in such a complex  should  have  been t r ans fo rmed  into  an equ iva len t  a m o u n t  of 
oxygen  i m m e d i a t e l y  upon  i l lumina t ion .  Consequent ly ,  the  a d d i t i o n  of fluoride to 
a lgae  af ter  i l lumina t ion  under  n i t rogen should  produce  l i t t le  if a n y  carbon d ioxide  
burs t .  The  resul ts  of expe r imen t s  of this  k ind,  made  to test  these assumpt ions ,  are 
shown in Table  I I I .  

TABLE III  
I N S E N S I T I V I T Y  OF T H E  S O D I U M  F L U O R I D E - I N D U C E D  C O  2 B U R S T  TO L I G H T  

200 mm 3 algae in ammonium solution; Fluoride = 4' IO aM (final concentration) 

Size o] C02 burst (ltl) after addition o! NaF Jollowing pretreatment in 

Incre~tse o~ 
a) dark, No b) light, N, z light over dark 

Number o[ experiment zD 2D 3 D xL 2L 3L 

Time when NaF added 
o min 92 117 14I 114 148 177 

I5min  51 7 ° 
3 omin  - -  64 73 - -  84 ioo 

24 _6/o 

Loss of burst size by fermentation 

41 53 68 44 64 77 7-20% 

The  controls  were t r ea t ed  as in Fig.  I.  Af te r  an in i t ia l  anaerobic  incuba t ion  in the 
d a r k  to insure anaerobic  condi t ions,  one of the samples  received fluoride imme d ia t e ly ,  
the  o the r  two 15 or 30 min  later .  F o r  the  exper iments  in the  l ight,  the  samples  
were first exposed  to 7oo foot-candles  of whi te  l ight  while being flushed wi th  a s t ream 
of c a r b o n  dioxide-f ree  n i t rogen to remove a n y  oxygen  re leased b y  pho tosyn thes i s  
(which, according  to WARBURG et al., could be used to " r e b u i l d "  the  c h lo rophy l l -  
carbon d iox ide  complex) .  At  the  end of this  i l lumina t ion  period,  the  vessels were 
closed and  the l ight  t u rned  off. The  procedure  was then  ident ica l  for the  da rk  controls.  

Besides showing t ha t  the  subs t r a t e  for the  carbon d iox ide  gush does not  dissociate  
in a carbon dioxide-free  n i t rogen a tmosphere ,  these exper imen t s  also i l lus t ra te  t ha t  
l ight  has  no power  to decompose,  reduce or a l te r  it. Ac tua l ly ,  there  was a lways  more  
of i t  p resent  af ter  pre i l luminat ion ,  judging  from ti le s l ight ly  larger  carbon d iox ide  
burs ts ,  t han  in the  da rk  controls.  Bu t  this  can easi ly  be unde r s tood  consider ing the  
fact  t ha t  dur ing  the anaerobic  incuba t ion  in the  da rk  the  burs t  s lowly decreases in size. 
W e  need only  to make  the r a the r  obvious a s sumpt ion  t ha t  reduc t ion  in the  l ight  
coun te rac t s  a t  least  pa r t  of this  fe rmenta t ion .  

The  f e rmen ta t ion  of our  algae is re la t ive ly  high (see Fig.  I) ,  thus  feeding wi th  
glucose d id  not  p roduce  a significant s t imula t ion .  But  we observed  t h a t  the  presence 
of glucose in the  med ium preserved the burs t  size, jus t  as p re i l lumina t ion  did.  

D. Fluoride e~ect under aerobic conditions 

Because  we found t ha t  the  ac t ion  of sodium fluoride in p roduc ing  a carbon d ioxide  
burs t  is not  d i rec t ly  influenced ei ther  b y  l ight  or carbon  d iox ide  pa r t i a l  pressure,  we 
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wondered whether aerobic conditions would greatly alter it. Fig. 2 shows such an 
experiment. Addition of sodium fluoride to respiring algae produces gushes of the same 
kind. Sometimes, however, these carbon dioxide gushes are initially small, but respira- 
tion in the dark helps to increase the effect. This is quite the opposite of the effect of 
fermentation. 

L 

o 

% 
E 

Fig. 2. Curves  showing  t h e  d e p e n d e n c y  
of b u r s t  size u p o n  t h e  l eng t h  of t h e  
aerobic  d a r k  per iod  pr ior  to  t h e  add i t ion  
of N a F .  The  e x p e r i m e n t a l  s y s t e m  con- 
t a i n e d  3o0/~l  of cel ls /vessel  ( con ta in ing  
3.84 /~moles of  chlorophyl l )  in t h e  S 2 
m e d i u m ,  p H  = 4.3. T he  s o d i u m  fluoride 
c o n c e n t r a t i o n  (final) was  4" Io -3M.  T e m -  

p e r a t u r e  25.3°C. Gas p h a s e  = air. 
0 20 40 60 

Time (in minutes) 
80 

f 
100 

E. The effect o/sodium fluoride on photosynthesis 

After the algae have been treated in a way that  gives a good burst  of carbon dioxide, 
photosynthesis was found to be inhibited in some experiments. In others, although the 
usual burst was observed, no inhibition occurred. Also it was observed at times tha t  
sodium fluoride when added to acid-grown algal cells produced neither a carbon 
dioxide gush nor an inhibition of photosynthesis. And, to complete the possibilities, it 
was also observed that  complete inhibition of photosynthesis could be obtained without 
the occurrence of a carbon dioxide burst. A more detailed account of such results will 
be presented in another paper. 

The above indicated exceptions to the rule that  an accomplished carbon dioxide 
burs t - - the  sign that  sodium fluoride has penetrated into the cell--means automati-  
cally a complete inhibition of photosynthesis suffice to show that  the metabolic 
circumstances are much more complex than a simple relationship between carbon 
dioxide available for a gush and carbon dioxide available for  photosynthesis. 

The original contention of WILLSTATTER AND STOLL (1918) concerning the par- 
ticipation of a chlorophyll-carbon dioxide complex in photosynthesis was based upon 
the experimental evidence that  colloidal chlorophyll Suspensions were able to absorb 
carbon dioxide (0.25 mole COs/mole chlorophyll) reversibly. This has not been con- 
firmed in more recent years; RABINOWITCH 16 and SMITH 17 found that  chlorophyll and 
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its various derivatives have some reversible affinity for small amounts of carbon di- 
oxide, but  also' an approximately equal affinity for other gases. 

WARBURG'S revival of WILLST;iTTER AND STOLL'S hypothesis (for which no further 
evidence has been presented in the intervening forty years) in the special form of an 
energy-rich chlorophyll-carbon dioxide complex which is transformed into the end 
products of photosynthesis by  the absorption of one single light quantum, completely 
contradicts essential features of the photochemical system as it is known at the present 
time. The experiments described above do not support  the notion of a chlorophyll- 
carbon dioxide complex. Not only was an exact stoichiometry on such a basis seldom 
realized, but  the yield was often several times greater than the amount of chlorophyll 
present. I t  is difficult to imagine, then, that  any portion of the chlorophyll was photo- 
chemically inactive. Furthermore,  the manifestation of the sodium fluoride effect 
depends upon specific growing conditions as well as upon the suspension of the algae in 
acid media. A particular form of metabolism may  be necessary to produce an in- 
creased permeabili ty to sodium fluoride. Such a metabolism might result in the ac- 
cumulation of compounds which, under the influence of fluorides, might be drained 
away in a spontaneous decarboxylation reaction. 

The literature on carboxylation reactions and the enzymic fixation of CO 2 would 
not be so extensive as it is after only twenty years of research, if these reactions were 
simple. A reaction between ribulose diphosphate and carbon dioxide resulting in the 
formation of phosphoglyceric acid (PGA) is generally assumed to be the particular 
carboxylation which provides the substrate for the photochemical step in photo- 
synthesis. We can expect that  this carboxylation, like others, involves more than one 
reaction on the surface of an enzyme. Therefore, FAGER et al. TM, 19, in i95o , when the 
favorite proposal was to insert a typical  C a + C1 step into the scheme of photosynthesis 
pointed out tha t  not only would the regeneration of the carbon dioxide acceptor have 
to be accomplished in a cycle of transformations among carbohydrates, but  that  the 
extractable product of the carboxylation, PGA, probably had a labile precursor. 
Interest  in these matters  has suddenly been revived by  the observations of GIBBS AND 
KANDLER 20 on the distribution of tracer carbon along the carbon chain of freshly 
synthesized hexoses and by  KANDLER'S discovery 4 of hamamelonic acid as a carboxy- 
lation and reduction product in photosynthesis. 

Our interest in the action of fluoride on photosynthesis dates back to the question 
concerning the production of alanine, which is formed as one of the earliest products of 
photosynthesis. How it arises from PGA as its substrate when the lat ter  is constantly 
removed by  the action of light is of interest to us. Supposedly alanine is always formed 
in living cells via pyruvate, .which in turn is the product of the action of the enzyme 
enolase upon PGA. Could there be a by-pass from the above mentioned precursor, 
going directly to pyruvate? Since sodium fluoride (as well as other fluorides) is a 
specific inhibitor of enolase, the experiments which ought to be done are obvious. But  
here we run into trouble because normally fluorides do not penetrate readily into the 
algal cells. We noted a long time ago that  photosynthesis became poisoned by  fluoride 
if the cells were left in contact with it for a longer time under anaerobic conditions 3. 
But  this was not a satisfactory procedure. In experiments of the kind indicated above, 
one would like to have a certain and immediate inhibitory action. 

I t  is very likely that  further experiments with fluoride, which the discovery by  
WARBURG of the effectiveness of acid t reatment  made so much more convenient, may  
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give us better insight into the relationship between substrate and intermediate  of 
fermentat ion and respiration on the one side and of the Benson-Calvin cycle  on the 
o t h e r - - p a r t i c u l a r l y  s i n c e  KANDLER'S d i s c o v e r y  h a s  r e o p e n e d  a c h a p t e r  w h i c h  f o r  a 

w h i l e  s e e m e d  n e a r l y  f i n i s h e d .  

S U M M A R Y  

I. Using the  ac id - to l e ran t  alga,  Chlorella Marburg  St., i t  was  obse rved  t h a t  the  s o d i u m  
f luor ide- induced carbon d iox ide  bu r s t  was  present .  However ,  a 1:I  r a t io  b e t w e e n  ch lo rophy l l  and  
ca rbon  d iox ide  evolved  dur ing  th is  burs t  was  se ldom realized.  Yields  u p w a r d s  of 4oo% (on a 
ch lorophyl l  basis) were obta ined .  

2. I t  was found t h a t  the  size of the  ca rbon  d iox ide  burs t  was  not  s t ab le  and  dec reased  if 
longer  per iods of a n a e r o b i s i t y  were m a in t a ine d ,  and  t h a t  i t  increased  if the  t h i c k  a lgal  suspens ions  
were a l lowed to respire.  The source of the  ca rbon  d iox ide  seems to be closer  to  the  i n t e r m e d i a r y  
m e t a b o l i s m  of r e sp i r a t ion  and  f e r m e n t a t i o n  t h a n  to pho tosyn thes i s .  

3. The source of the  ca rbon  d iox ide  gush  could not  be r emoved  by  p r e i l l u m i n a t i o n  of a lga l  
suspens ions  under  a n i t rogen  a tmosphere .  Such t r e a t m e n t ,  on the  con t ra ry ,  he lped  to s t ab i l i ze  t he  
size of the  burs t ,  as did the  a d d i t i o n  of glucose in the  dark .  Such resul t s  are i n c o m p a t i b l e  w i t h  t h e  
idea of a c h h ) r o p h y l l  carbon d ioxide  complex  as t h e s u b s t r a t e  for the  p h o t o c h e m i c a l  process.  

4. The effect of s~)dium flnoride on p h o t o s y n t h e s i s  of green a lgae  was  found to  be complex .  
In some ins tances  comple te  inh ib i t ion  occurred,  whereas  in o ther  e x p e r i m e n t s  no inh ib i t i on  
occurred a l t hough  a ca rbon  d iox ide  gush was evident .  
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Note added in proo/: 
In  the Oct. 1957 issue of Z. Natur/orsch. ,  WARBURG and co-workers  pub l i shed  ano t he r  pape r  

on the  f luoride effect conf i rming  our h y p o t h e s i s  t h a t  the  ca rbon  d iox ide  gush is indeed  a fluoride- 
induced  d e c a r b o x y l a t i o n  of an  organic  acid. They  ident i f ied  the  acid as g l u t a m i c  acid, which is 
known  to occur  in a lgae  in r e l a t i v e l y  large a m o u n t s .  Nowhere  dc t h e y  discuss  or even men t i on  the  
resul t s  of the i r  p r ev ious  paper ,  dea l ing  wi th  t he  d i scovery  of the  CO 2 c a p a c i t y  of Chlorella and  i ts  
s to i ch iomet r i c  r e l a t i onsh ip  to  chlorophyl l .  \Ve can  assume,  therefore ,  t h a t  th i s  con t rovers ia l  
c h a p t e r  is now closed and  t h a t  the  X¥i l l s ta t te r -Sto l l  idea  of a c h l o r o p h y l l - c a r b o n  d iox ide  complex  
will  be she lved  p e r m a n e n t l y .  


