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SUMMARY 

I. Photophosphorylation by swiss-chard chloroplasts was rapidly inactivated 
by preincubation of the reaction mixture in light. 50 % inactivation was observed 
after 9 ° sec exposure to 16o,ooo lux. 

2. The presence of phenazine methosulfate during the light preincubation period 
largely prevented the inactivation. 

3. The inactivation was observed under a nitrogen atmosphere, when the pre- 
incubation was carried out under red light, with chloroplasts or chloroplast fragments, 
but not in the dark. 

4-The quantitative requirements for light and phenazine-methosulfate during 
the preincubation and the following reaction periods were found similar to those of 
the photophosphorylative reaction proper. 

5. No bleaching of chlorophyll could be observed during the light inactivation 
period. Addition of non-light-pretreated chloroplasts to pretreated ones did not 
restore their photophosphorylative abilities. 

6. It is suggested that the light inactivation observed was the result of a destruc- 
tive reaction of the normally produced early products in photophosphorylation. 

INTRODUCTION 

Light dependent phosphorylation was shown to be catalysed by swiss-chard chloro- 
plasts at an extremely rapid rate 1. Under optimal conditions rates of 2000/~moles 
of ATP synthesized/mg chlorophyll/h could be demonstrated. I t  was noted, how- 
ever, that the attainment of such rates was dependent, among others, on the presence 
of phenazine methosulfate as cofactor, the use of very high light intensities, and a 
very short reaction time (2 min or less). The unusually high activity of phenazine 
methosulfate, as compared with other cofactors, has been emphasized previously 2. 
It is thought that this high activity might be related to the observations reported 
herewith. 

The investigation of the light inactivation of photophosphorylation was prompted 
by the rapid decrease of photophosphorylative rate with time noted under the 
above mentioned optimal conditionsL Although it is still not possible to prevent 

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; Tris, tris- 
(hydroxymethyl)aminomethane; PMS, phenazine methosulfate. 
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this decrease, it is hoped that the following might offer some clues for future investi- 
gations. 

MATERIALS AND METHODS 

For details of methods see ref. I. 

Preincubation experiments were run by exposing identical volumes of reaction 
mixtures to light for a specified time in the absence of one or more specified compo- 
nents (ADP was absent in all treatments); equal total volumes of materials were 
added in the dark as fast as possible, the flask contents were mixed, and returned 
to the light for a second specified time period. ATP production proceeded, therefore, 
only during the second exposure to light, since ADP was always absent during the 
initial exposure. I t  should be noted that by the second exposure to light all reaction 
mixtures had received the same identical components. The difference between treat- 
ments was limited, therefore, to changes as to which components were added before 
and which after the initial incubation in light. 

Red light was produced by passing the white light through two layers of red 
cellophane paper. The paper had about 9 ° °/o transmittance in the 650-700 m/, 
region, and less than 1% transmittance in the 400-570 mt~ region. Unless otherwise 
indicated, white light was always used. 

RESULTS 

The decrease in the photophosphorylative activity of swiss-chard chloroplasts by 
pretreatment in light is shown in Fig. I. I t  is evident that the high light intensity 
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Fig. I. Effect  of p r e i ncuba t i ng  ch loroplas t s  in  l igh t  for inc reas ing  per iods  in  t h e  presence  or 
absence  of PMS on the i r  pho t ophospho ry l a t i ve  abil i t ies.  Reac t ion  m i x t u r e  con ta ined  du r ing  t h e  
p re incuba t ion  per iod t he  following componen t s ,  in /2moles: Tris,  p H  7.8, 45; NaC1, 60; MgC1 v 
12; s o d i u m  ascorba te ,  30; phospha t e ,  p H  7.8, 12 (conta in ing  2-5" IO 5 coun t s / r a in  of 82p), PMS 
(only in + PMS samples) ,  o.o9, and  once-washed  chloroplas ts  con ta in ing  18/*g chlorophyl l ,  in a 
to ta l  v o l u m e  of 2.8o ml .  Af te r  p r e incuba t ion  in l igh t  of 16o,ooo lux  for the  specified t imes ,  4 /*moles  
of A D P  (and o . o 9 / , m o l e s  of PMS in  t he  s amp l e s  which  did no t  con ta in  PMS dur ing  pre incubat ion)  
were added  in a t o t a l  v o l u m e  of o.20 m h  The  con t en t s  were mixed  and  exposed  to 16o,ooo lux  of 
l igh t  for 2 rain.  Tr ichloroacet ic  acid was  added  to a final concen t ra t ion  of 2 ~o, t he  reac t ion  m i x t u r e s  
centr i fuged,  and  the  s u p e r n a t a n t  ana lysed  for i ts  Es~P]ATP c o n t e n t  as a l ready  described 1. 
T e m p e r a t u r e ,  17 °, Gas  phase :a i r .  IOO on the  o rd ina te  cor responds  to an  ac t iv i ty  of 12oo / ,mo le s  

A T P  f o r m e d / m g  chlorophyl l /h .  
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caused rapid inactivation. 5o Yo inactivation, as compared to non-pretreated controls, 
was attained after only 9 ° sec of light pretreatment. Virtually total inactivation 
required only about 8 min of preincubation in the light. 

Early in the studies of the phenomenon it became clear that PMS, the cofactor 
of the reaction, could largely prevent the inactivation process. Fig. I illustrates the 
inactivation observed in the presence and absence of PMS during the preincubation 
period. In the presence of PMS, 50 % inactivation was attained only after about 
5 min of light pretreatment. The extent of inactivation, and of its prevention induced 
by the presence of PMS during preincubation, has been variable, but both effects 
have always been large and clear cut. In some preparations, the presence of PMS 
during the preincubation period brought about virtually complete protection from 
light inactivation. The data of Fig. I show a typical, rather than an extreme case. 

Several other materials were tested as to their ability to show the same protective 
effect as PMS. The other cofactors tried, ravin mononucleotide, and menadione, 
showed small to no protective action. Ascorbic acid had some protective effect, b u t  
never as large as the one exhibited by PMS. 

Expts. I and 3 in Table I illustrate that the results were totally dependent on 
light, in the presence of PMS. Some inactivation occurred, however, if PMS was 
absent during a dark preincubation. The latter was always small in relation to the 
inactivation caused by preincubation in the light (Expt. 3 in Table I). Although 

T A B L E  I 

EFFECT OF LIGHT AND GAS PHASE ON PHOTOINACTIVATION 

Condi t ions  as  descr ibed u n d e r  Fig. i ,  excep t  for var ia t ion ,  as  ind ica ted :  E x p t .  i ,  once washed  
ch loroplas t s  con t a in ing  31 /~g ch lorophyl l  per  flask. Control  va lue :  53o/*moles  A T P  f o r m e d / m g  
chlorophyl l /h .  Exp t .2 ,  da rknes s  was  ob ta ined  b y  comple t e ly  cover ing  reac t ion  flasks wi th  a lumi -  
n u m  foil. Once  w a s h e d  ch lorop las t s  c o n t a i n i n g  2o/*g chlorophyl l  per  flask. Control  va lue :  6o0 
/ ,moles  A T P  f o r m e d / m g  chlorophyl l /h .  Gas  phase  was  changed  to  n i t rogen  by  bubb l ing  prepurif ied 
n i t rogen  t h r o u g h  a gas  d isperser  in to  a lka l ine  pyrogal lol ,  t h e n  t h r o u g h  wa t e r  and  t h e n  t h r o u g h  
t h e  flasks.  The  n i t rogen  was  pas sed  for 5 m i n  before t he  l i gh t  was  t u r n e d  on, and  con t i nuous ly  
t h r o u g h o u t  t he  reac t ion  period.  E xp t .  3, once washed  ch loroplas t s  con t a in ing  17/*g chlorophyl l  
per  flask. Control  value ,  lOl 5 /*moles  A T P  f o r m e d / m g  chlorophyl l /h .  D a r k n e s s  a t t a ined  as in  
E x p t .  i .  E x p t .  4, once washed  ch loroplas t s  con t a i n i ng  35/*g chlorophyl l  per  flask. Control  va lue  : 
7oo # m o l e s  A T P  f o r m e d / m g  chlorophyl l /h .  R ed  l igh t  was  produced  as  descr ibed unde r  METHODS. 

Conditions 

Expt. During preincubation During reaction Throughout % of 
No. control 

Time Illumination Time Illumination 
(rain) (lux) A bsem (rain) (lux) gas phase 

I 2o D a r k  A D P  5 45,ooo Air  97 
I 2o D a r k  A D P  + PMS 5 45, ooo Air  87 
2 20 45,000 A D P  5 45,000 Air  38 
2 20 45,ooo A D P  + PMS 5 45,ooo Air  5 
2 20 45,000 A D P  5 45, °00 Ni t rogen  53 
2 20 45,000 A D P  + P M S  5 45,000 Ni t rogen  41 
3 5 D a r k  AD P 5 16o, ooo Air  I oo 
3 5 D a r k  A D P  + PMS 5 16o,ooo Air  72 
3 5 160, ooo A D P  5 160, ooo Air  45 
3 5 i6o,ooo A D P  + PMS 5 16o,ooo Air  15 
4 5 16o,ooo A D P  5 16o,ooo Air  57 
4 5 16o,ooo A D P  + PMS 5 i6o,ooo Air  18 
4 5 Red,  I6O,OOO A D P  5 Red,  i6o,ooo Air  70 
4 5 Red,  16o,ooo A D P  + PMS 5 Red,  16o,ooo Air  44 
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slightly depressed, the same general phenomena appeared when the reaction was 
run anaerobically, under a nitrogen atmosphere (Expt. 2 in Table I), or in red light 
in place of white light (Expt. 4 in Table I). I t  cannot be attributed, therefore, solely 
to photooxidation by free oxygen, or to action of light on pigments which do not 
absorb in the red region of the spectrum. 
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Fig. 2. Effect of light intensity during the pre- 
incubation period. Conditions as described 
under Fig. i, except for the following: the light 
intensity during the preincubation period was 
varied as indicated. The light remained at 
i6o,ooo lux in all cases during the second 
exposure to light. Red light used throughout 
(see METHODS). Preincubation for i omin .  
Reaction (second exposure) for 5 min. Once 
washed chloroplasts containing 36/*g chloro- 
phyll per flask. IOO on the ordinate corresponds 
to an activity of IO5O/~moles ATP formed/mg 

chlorophyll/h. 
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Fig. 3- Effect of light intensity during the 
reaction, after a preincubation period. Condi- 
tions as described under Fig. i, except for the 
following: the light intensity was varied during 
the reaction (second exposure) as indicated. 
The light remained at 16o,ooo lux during the 
preincubation period. Preincubation for 5 min. 
Reaction for 5 min. Once-washed chloroplasts 

containing 32 #g chlorophyll per flask. 

The same results were obtained when chloroplast fragments were used in place 
of whole chloroplasts, and when the chloroplasts were isolated from spinach, in place 
of swiss-chard. 

The light-intensity requirements during the preincubation period are shown in 
Fig. 2. It  can be seen that  high light intensities were required for maximal inactiva- 
tion. As shown previously 1, similar light intensities were necessary for maximal 
photophosphorylation in these chloroplasts. The high light intensity required was, 
however, in contrast with the light requirements for photoinactivation of the enzyme 
photosynthetic pyridine-nucleotide reductase. In the latter case saturation was reached 
at low light intensities ~. 

The requirement for light after the preincubation period is recorded in Fig. 3. 
It  is evident that the rates of the reaction were markedly decreased by the light 
pretreatment, but the amount of light necessary for maximal activity during the 
reaction has not changed markedly. This is interpreted to indicate that the main 
factor damaged during the light-preincubation period is closely associated with the 
initial light absorption reaction and not with later steps. Plotting the same data in 
the manner suggested by LUMRY et al. 4, as shown in the inset of Fig. 3, reemphasizes 
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this conclusion. A change in slope in such a plot  indicates  interference with  the  l ight  
react ion,  while a change in in te rcept  indicates  interference wi th  a da rk  reaction.  

If, as ind ica ted  above,  the  damage  is caused mos t ly  wi th in  the  ini t ia l  reactions,  
associa ted wi th  l ight  absorpt ion ,  the  effect should be re la t ive ly  independen t  of 
t empera tu re .  Table  I I  describes an exper iment  in which the pre incuba t ion  was 
carr ied  out  a t  two different t empera tu res  while the  react ion was a t  the  same tempera-  
ture.  W h e n  the chloroplasts  were p re t r ea t ed  a t  2 °, in the  absence of A D P  and  PMS, 
the  inh ib i to ry  act ion was decreased as compared  with  p r e t r e a t m e n t  a t  17 °, bu t  was 
never theless  unques t ionab ly  present .  When  PMS was present  dur ing  the pre-  
incuba t ion  per iod  the damage  was largely  p reven ted  at  I7 °, bu t  not  a t  all a t  2 °. I t  
seems, therefore,  t ha t  l ight  inac t iva t ion  was indeed mos t ly  a photoreac t ion  not  in- 
volving chemical  or enzymic  reactions.  The prevent ion  of inac t iva t ion  b y  PMS, 
on the  o ther  hand,  mus t  have involved  such chemical  or enzymic  reactions.  

TABLE II 

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

Conditions as described under Fig. i, except for the following variations: All four flasks were 
exposed to 2 ° for io min, but only those marked 2 ° were illuminated at I6O,OOO lux (the other 
two being completely covered with aluminum foil). The temperature of the bath was now raised 
to 17 ° in the dark, the flasks marked 2 ° covered completely with aluminum foil, and the flasks 
marked 17 ° exposed to i6o,ooo lux for IO min. ADP, or ADP + PMS, as indicated, was now 
added, the contents mixed, and all flasks exposed to i6o,ooo lux for a reaction period of 5 min. 
Once washed chloroplasts containing 32/*g chlorophyll per flask. Control value: I5oo/,moles 

ATP formed[mg chlorophyll]h. 

Temperature during 
preillumination A bsent during preincubalion % of control 

17 ° ADP 75 
17 ° ADP + PMS 9 
2 ° ADP 3 ° 
2 ° ADP + PMS 41 

The effect of several  concent ra t ions  of PMS in the  prevent ion  of pho to inac t iva t ion  
is compared  in Fig. 4 wi th  the  effect of the  same concent ra t ions  on the photophos-  
phory la t ive  react ion proper.  I t  can be seen t ha t  increasing concent ra t ions  of PMS 
reac ted  in a ve ry  s imilar  fashion in the  two functions,  especial ly in the  low concentra-  
t ion range.  This would seem to indicate  t ha t  PMS is reac t ing  in bo th  cases wi th  the  
same in t e rmed ia t e  wi th in  the  chloroplasts ,  and  t h a t  the  two act ions  observed are 
essent ia l ly  two different mani fes ta t ions  of the  same basic  in teract ion.  

The effect of high in tens i ty  l ight  in bleaching chlorophyl l  is well known 5. How- 
ever, the  chlorophyl l  conten t  of a react ion mixture ,  before and  af ter  a l ight  incubat ion  
per iod which caused 76 % inac t iva t ion  of pho tophosphory la t ion ,  showed no decrease 
whatsoever .  Chlorophyll  content  was measured  b y  the me thod  of ARNON s. The l ight  
effect which was responsible for the  inac t iva t ion  of pho tophosphory la t ion  was 
therefore not  ident ica l  wi th  t h a t  causing the bleaching reaction.  I t  could, of course, 
be an ini t ia l  phase in the  bleaching process. 

The poss ib i l i ty  t h a t  l ight  i nac t iva ted  a component  which could be a d d e d  back ,  
has also been tested.  The results  p resented  in Table  III ,  indicate  t ha t  the  addi t ion  
of non-p re t r ea t ed  chloroplasts ,  to p r e t r ea t ed  (i.e. photo inac t iva ted)  ones, d id  not  

Biochim. Biophys. Acla, 44 (196o) 4I-48 



4 6 i .  AVRON 

increase the photophosphorylative ability of the light pretreated chloroplasts. The 
amount of ATP formed in the reaction in which both types of chloroplasts were 
present (3rd line) was approximately equal to the sum of that formed by each type 
of chloroplasts by itself (Ist and 2nd line). It  did not approach the amount of ATP 
formed by the same amount of non-preincubated chloroplasts (4th line). The compo- 
nent which was inactivated could not, therefore, be restored by the addition of 
non-preincubated chloroplasts. 

t500 

= ~ 3 0 0  

o 
~ I 1 0 0  

o 

o~ 9 0 0  
E 

e 700 
S 

a. 500 

300 

=t. I O01 

° 7  o o .=¢ iv= o. o 

?, 

I I I 
i 2 3 

PMS Concentration- M x 10 5 

Fig. 4. Effect  of PMS concen t ra t ion  on photo-  
i nac t i va t i on  and  pho tophosph0ry l a t i on .  I n  t h e  
p h o t o i n a c t i v a t i o n  e x p e r i m e n t s  condi t ions  were 
as  descr ibed unde r  Fig. I, excep t  for t he  PMS 
concen t r a t i on  du r ing  t he  p re incuba t ion  period,  
wh ich  was  var ied  as  described.  Af ter  the  pre-  
incuba t ion ,  add i t iona l  PMS was  added  so t h a t  
all  f lasks con ta ined  the  ident ica l  op t ima l  
a m o u n t  of PMS (o.09 ~umoles per  flask) du r ing  
t he  following reac t ion  period. P re incuba t ion  
for 5 min .  Reac t ion  for 2 min .  I n  t he  pho to -  
phospho ry l a t i on  expe r imen t s  the  [3~P]ATP 
fo rmed  af te r  2 m in  of reac t ion  wi th  t he  concen-  
t r a t i on  of PMS indica ted  was  measured .  No  
p re incuba t ion  was done in th is  case. Light ,  
I6O,OOO lux.  Once  washed  chloroplas ts  con- 

t a in ing  25 p g  chlorophyl l  per  flask. 

In other experiments, the addition of an extract from swiss-chard leaves which 
had photosynthetic pyridine-nucleotide reductase 3 activity, was also ineffective in 
reversing the light inactivation. 

T A B L E  I I I  

L A C K  O F  R E V E R S A L  O F  P H O T O I N A C T I V A T I O N  B Y  A D D I T I O N A L  C H L O R O P L A S T S  

Condi t ions  as descr ibed u n d e r  Fig. i ,  excep t  for the  indica ted  var ia t ions .  Once  washed  ch lorop las t s  
con t a in ing  27/~g chlorophyl l /o . I  ml  in the  5 -min  p r e i ncuba t i on  expe r imen t .  Chloroplas t  f r a g m e n t s  
con t a in ing  22/zg  chlorophyl l /o . i  ml  ill t he  IO m i n  p re incuba t ion  expe r imen t .  P re incuba t ion  a t  

I6O,OOO lux  for t he  t i m e s  indica ted .  R e a c t i o n  a t  the  s a m e  l igh t  i n t e n s i t y  for 5 min .  

Added before #reincubation Added after pr eincubat ion 
pmoles A T P  [ormeg 

5 rain preincubation zo rain preincubation 

o.I ml  ch lorop las t s  A D P  + PMS o.77 o.37 
none  A D P  + P M S  + o.I ml  ch lo rop las t s  2.61 2.o 7 

o.I m l  ch loroplas t s  A D P  + PMS + o.I m l  ch loroplas t s  3.54 2.74 
none  A D P  + PMS + o.2 ml  ch lo rop las t s  4.22 4.22 

DISCUSSION 

The observations reported herewith emphasize the double role played by light in 
photophosphorylation. I t  is, of course, a necessary component of the reaction, but 
at the same time it causes a rapid and as yet irreversible inactivation of the chloro- 
plasts. The two effects can be measured independent of each other, as was done 
throughout this presentation. It  could be shown, however, that the same inactivation 
occurred during the progress of photophosphorylation. This can be clearly seen in 
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Fig, 5, where four simultaneous reactions were run, each receiving its ADP at a 
different time. When the rate of the reactions which received their ADP at later 
than zero-time was replotted on the control curve, it was evident that they conformed 
well with its shape. I t  is thus apparent that the inactivation was not dependent 
upon whether or not phosphorylation proceeded simultaneously with it. 

The light inactivation reaction explains the necessity of running the reaction 
for short periods of time in order to realize the very high rates of photophosphoryla- 
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o_ ~o Fig. 5. Comparison of photoinact ivat ion during 
ao photophosphory la t ion  and after  l ight-prein- 

~ cubation. Conditions as described under  Fig. I, 
I o I except  for ADP addit ion at  the t imes  marked.  

I ~ i I ~ ' ~ - ' 7 - i  " Light, IOO,OOO lux. Chloroplast  f ragments  con- 
Io ao 30 40 so so zo taining 15/zg chlorophyll  per  flask. 

Time in minutes 

tion previously reported 1. At the high intensities of light necessary to attain those 
rates, inactivation by light must have been extremely rapid, causing a sharp decline 
in the rate as time progressed. 

The light inactivation of photophosphorylation studied may well be the initial 
reaction damaged during the "induction phase" in the experiments reported by 
KANDLER AND SIRONVAL 5J. The earliest effect which they could detect was a decrease 
of the photosynthetic rate after IO min illumination of chlorella cells, at IOO,OOO lux. 
They also observed a large decrease in the phosphorylative rate of whole chlorella 
cells after preincubation in the light for 2.5 h (shorter preincubation times were not 
reported). The latter decrease was not related to a decrease in the oxygen absorption 
capacity of the cells and it was therefore suggested that "oxidative phosphorylation 
is very likely a main site of action of photooxidation during the induction phase". In 
view of the results presented here, it would seem more likely to regard photophos- 
phorylation, rather than oxidative phosphorylation, as the phosphorylative step 
damaged early in the photoinactivation process. The low rate of phosphorylation 
which remained in their experiments, after 2. 5 h of illumination at IOO,OOO lux, 
could indeed be due to oxidative-phosphorylation which was not damaged by the 
preillumination period. 

The ability of PMS to partially prevent the inactivation might well be related 
to its outstanding ability as a cofactor in photophosphorylation. The similarity in 
its concentration requirements in both processes (Fig. 4) indicates that  it might 
interact with the same components in the chloroplasts in performing both functions. 
The ability of PMS to prevent the slow inactivation of the chloroplasts in the dark 
(Table I), is also of interest in view of the difficulties encountered in maintaining 
chloroplasts of high phosphorylative capacity for long periods of time. 

In this connection, it is of interest to compare the action of PMS with that  of 
carotenoids in photosynthetic bacteria. FULLER AND ANDERSON 8 observed a large 
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photoinactivation of the photophosphorylative reaction in chromatophores prepared 
from carotenoidless bacteria. The normal bacteria were not nearly as sensitive. I t  
would seem, therefore, that the carotenoids serve a function similar to that exhibited 
by PMS in this communication. Although added carotene did not have any protective 
effect similar to PMS in our chloroplast system, it could, of course, have such a pro- 
tective function in vivo. In that case, the light inactivation studied here will essenti- 
ally be similar in mechanism to that studied in photosynthetic bacteriaS, 9. 

The characteristics of the photo-inactivation reaction suggest that the light is 
acting through the chlorophyll molecule in a manner similar to its effect in promoting 
photophosphorylation. Such a conclusion is in agreement with the observations 
that  (a) red light inactivated the chloroplasts, (b) inactivation was present under 
nitrogen, as was photophosphorylation, and (c) the light intensity requirements 
for the inactivation reaction were similar to those necessary for photophosphorylation. 

The data at hand do not permit one to more than speculate on the mechanism 
through which light depresses the ability of chloroplasts to phosphorylate. I t  is, 
however, reasonable to assume that some of the reducing and/or oxidizing agents 
generated very early in the photoreaction of the chlorophyll molecule, are here acting 
in a destructive manner on the chlorophyll molecule itself, or on some components 
closely associated with it. Such an hypothesis would agree with the ability of phena- 
zine methosulfate to prevent the inactivation, since it is most likely capable of 
reacting with these reducing or oxidizing agents. 

Finally, it should be pointed out, that light inactivated chloroplasts could serve 
as a very convenient source of the enzymic complex of chloroplasts devoid of its  
ability to catalyse light dependent reactions. Such preparations may prove useful 
in the further study of the properties of the non-light-dependent enzymic processes 
of chloroplasts. 
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