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INTRODUCTION 

Concerning the occurrence of the photosynthetic unit many  discussions have been 
published. Nevertheless, the interpretations of the results as well as the assumptions 
on which the theories are based yield no definite proof as to presence or absence of 
such a unit. In fact, things have become complicated to such a degree that  we are now 
in want of a new definition of the photosynthetic unit. 

With this in mind we may  state tha t  the following s tudy has been star ted from 
the original observation of EMERSON AND ARNOLD 1 who established that,  in flashing 
light experiments with Ch~ordla, maximal ly  one carbon dioxide molecule was reduced 
per about 25oo chlorophyll molecules present. We quote: "The total  chlorophyll content 
of the sample, divided by  the number  of carbon dioxide molecules reduced per flash 
will give the number  of chlorophyll molecules per unit, or per molecule of carbon 
dioxide", and: "We define one unit  arbitrari ly as the mechanism which must  undergo 
the photochemical reaction to reduce one molecule of carbon dioxide". 

ARNOLD AND KOHN 2 obtained nearly the same ratio with six plant species. So 
Chlordla proved to be no exception in this respect. 

However, EMERSON, G R ~ N  AND W~BB 8 stated tha t  the number  of moles of chloro- 
phyll per mole of carbon dioxide reduced per flash in Cl~lorella increases considerably 
with age of the cultures and varies with colour and light condition of the cells. They 
concluded: "Thus the max imum amount  of carbon dioxide reducible per flash is not 
directly related to the amount  of chlorophyll, but  depends on some other internal factor." 

As to this we may  remark that,  e.g. chlorophyll may  occur in excess of the quanti ty 
of this pigment active in a unit. Since, with age, the chlorophyll concentration possibly 
may  increase to a higher rate than the carbon dioxide reduction centres do, the s tatement  
of the lat ter  authors does not exclude that  the ratio of "ac t ive"  chlorophyll molecules 
to carbon dioxide molecules reduced per flash is a constant. 

I t  seemed worthwhile to t ry  to establish the relation between the size of chlorophyll 
containing fragments of grana and their photochemical activity. This paper deals with 
the results of such a study. However, in disintegrated cells no complete photosynthesis 
has been observed with certainty. Recently V~SHNIAC AND OCHOA 4 as well as TOLMACHS, 6 

* This investigation has been made possible by a grant of the Netherlands Organization for 
Pure Research (Z.W.O.). 
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s u c c e e d e d  in  d e m o n s t r a t i n g  m a l a t e  a n d  l a c t a t e  s y n t h e s i s ,  c o u p l e d  w i t h  c a r b o n  d i o x i d e  

u p t a k e ,  i n  i l l u m i n a t e d  c h l o r o p l a s t  s u s p e n s i o n s .  W e  wil l  l e a v e  o u t  of  c o n s i d e r a t i o n  t h e s e  

h i g h l y  i n t e r e s t i n g  r e s u l t s  he re ,  s i n c e - - a s  t h e  a u t h o r s  s t a t e d - - t h e  r e a c t i o n s  o b s e r v e d  

m a y  d i f f e r  c o n s i d e r a b l y  f r o m  t h o s e  o c c u r r i n g  i n  " n o r m a l "  p h o t o s y n t h e s i s .  

F r o m  t h e  d e c r e a s e  of  t h e  o x i d o - r e d u c t i o n  p o t e n t i a l  i n  i l l u m i n a t e d  c h l o r o p l a s t  sus -  

p e n s i o n s  a f t e r  s u p p l y  of  c a r b o n  d i o x i d e  GERRETSEN 7 c o n c l u d e d  t h a t  t h i s  ga s  m a y  b e  

t a k e n  u p  he re ,  b e  i t  t o  a f a r  less  d e g r e e - - 2  to  3 % - - t h a n  in  p h o t o s y n t h e s i s .  
So, in  o u r  e x p e r i m e n t s  w e  u s e d  t h e  o x y g e n  l i b e r a t i o n  in  t h e  HILL r e a c t i o n  as  a 

m e a s u r e  for  t h e  p h o t o c h e m i c a l  a c t i v i t y ,  i n  c o n t r a d i s t i n c t i o n  to  EMERSON AND ARNOLD x 

w h o  s t u d i e d  t h e  c a r b o n  d i o x i d e  u p t a k e  in  p h o t o s y n t h e s i s .  T h u s  i t  m a y  b e  r e m a r k e d  

h e r e  t h a t  t h e  u n i t  d e f i n i t i o n  of  EMERSON AND ARNOLD 1 is b a s e d  o n  e x p e r i m e n t s  con -  

c e r n i n g  o t h e r  r e d u c t i o n  p r o c e s s e s  t h a n  t h o s e  i n v e s t i g a t e d  b y  us.  
As  t o  t h e  l i t e r a t u r e  r e g a r d i n g  t h e  HILL r e a c t i o n  we r e s t r i c t  o u r s e l v e s  in  c i t i n g  r e c e n t  

reviews, such as FRENCH 8, HOLT AND FRENCH 9, GAFFRON AND FAGER 1°, and HILL 11. 

METHODS 

Preparation o/the grana suspensions. After addition of about  an equal volume of eooled- -o  ° C - -  
tapwater,  washed fresh leaves of Spinacia oleracea L. were minced in a precooled Waring blendor 
for I minute.  Then the  brei was filtered rapidly through cotton wool and centrifuged in a precooled 
tube  a t  about  i2oo t imes g for 5 minutes. The precipitated fraction, consisting of cell debr is  was 
discarded and the  superna tan t  was divided into two portions. One of them served as a control 
whilst the  second aliquot was used for disintegration. Next, oxygen was removed from both  sus- 
pensions by  maintaining a flow of pure nitrogen through the  suspensions for 15 minutes. Then the 
containers were closed. 

As much care as possible was taken  in order to keep both  samples under  the same conditions. 
They were bo th  kept  stored over ice in darkness during the t ranspor t  to the  disintegrator and vice 
versa. During the  d i s in tegra t ion- -which  procedure also occurred in da rkness - - the  control portion 
was also removed from the ice, and  allowed to s tand a t  room temperature.  

Depending on the experimental  requirements the disintegrated suspensions were used as such, 
or they were submit ted  to fractional centrifugation in an angle-headed centrifuge which was placed 
in a refrigerator. 

Next, the  chlorophyll concentrat ion of b o t h  samples was determined according to the method 
used by WARBURG AND L U T T G E N S  12 by  measuring the extinction of chlorophyll extracts from the 
suspensions by  methanol  a t  578 m/z. Our thanks  are due to Mr J. G. KOMEN for carrying out  many  
of these measurements.  

Now the  control sample was adequately diluted to the  same chlorophyll concentrat ion as t ha t  
of the  disintegrated one. Then, the  suspensions were made anaerobic as described above. Next, the 
reaction vessels were filled wi th  5.25 ml of the  samples, 1.75 ml phosphate  buffer of pH 6.5 and 
potassium ch lo r ide - -u l t ima te  concentrat ions M]2o and o.o 5 ~o respect ively-- ,  and o.2 ml of a x % 
quinone solution in N/Ioo sulphuric acid--c/ .  WAP.BURG AND LOTTGENS 12 - .  Now the vessels were 
loosely adjusted to the  manometers  in order to  enable the  passing of a flow of n i t rogen- - fo r  I5 
m i n u t e s - - t h r o u g h  the  manometer  systems. Finally the vessels were fixed, the  stopcocks closed, and 
the manometers  mounted  in the thermosta t .  Care was taken t h a t  the l ight absorption of the sus- 
pensions in the  vessels was equal;  i t  amounted  to about  6o ~o in sodium hght.  

We are much indebted to Prof. Dr V. J. KONINGSBERGER for enabling us to obta in  fresh spinach 
leaves from the  Botanical Gardens a t  Utrecht .  

Disintegration procedure. Fragmenta t ion  of the grana occurred b y  means of a magnetostrict ion 
oscillator at  a frequency of 7ooo Hz. The energy delivered to the  magnetostr ict ive tube was about  
3oo watts .  Approximately lO% of the energy was effective. The oscillator c u p - - d i a m e t e r :  3 c m - -  
was filled with the grana suspension to a height  of 3 cm. The diameter  of the  v ibra t ing nickel tube 
amounted  to 8 mm. During operation a cooling spiral kept  the  cup a t  12 ° C. By the courtesy of 
Dr J. A. NIEMEYER these experiments could be carried out  with the  oscillator of the Laboratory  
for Physiological Chemistry a t  Utrecht .  

Measurement ot the photockemical activity. The photochemical  act ivi ty  was determined with the 
aid of the HILL reaction using quinone as a reagent according to WARBURG AND LOTTGENS x~. The 
quinone was freshly prepared and purified by  s team distillation. I t  was stored in the  refrigerator. 

The oxygen liberation was determined in a differential manometer  as shown in Fig. i.  The 
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m a n o m e t e r  b o d y  was moun ted  at  an incl inat ion of 3o ° in order  to  enlarge the  dis tance to be covered 
by  the  m a n o m e t e r  f luid--BRODIE s o l u t i o n - - a t  pressure  variat ions.  Ins tead  of by  shaking, gas ex- 
change in t he  ver t ical ly  ad jus ted  vessels was ensured by  e lect romagnet ic  st i rr ing after  a sl ightly 

al tered device of KoI< xs. The solenoids were 
fed wi th  a periodically in te r rup ted  direct  
cur ren t  of 12 V. The st irrers moved  up and 
down abou t  360 t imes per  minute.  They  con- 

12V sisted of a glass "propel lor" ,  a middle p a r t  of 
p la t inum wire, and an upper  one of glass con- 
ta ining an i ron core. In  th is  way  stirr ing did 
not  need to be in te r rup ted  during the  readings. 

The control  vessel conta ined an equal 
volume of l iquid as the  exper imenta l  one. The 
t empera tu re  of the  t he rmos t a t  amoun ted  to 
16.5 ° C. In  some exper iments  a somewha t  
higher  t e m p e r a t u r e - - u p  to 17.5 ° C - - w a s  
used. 

( ] ~ ' ~ k ~ - . ' ~  The vessel cons tan ts  were de te rmined  
~ I ~ ' ~ k - ~ ' ~  exper imenta l ly  by  evolving a known quan t i t y  

"-~ ~ ' -  ~ ' % ~ ' ~ ' ~  of oxygen by  a po tass ium pe rmangana te -hy-  
q /  ~ NN~'~K~.~N.~ drogen peroxide reaction.  The reliabil i ty of 
I ] ~ k x _ ~ . ~ .  this  me thod  was checked by de termining  oxy- 

F [ ~ ~  gen evolut ion of ident ical  suspensions in bo th  ) v e s s e l s  
~ J _ ~ ' ~ , ~  Two manome te r  sets were used simul- 

~ g~,_Y'x.'~ ~ taneously.  One of t h e m  conta ined the  dis- 
~" ~)- ~ ' ~  ~'~ in tegra ted  solution, whils t  the  o ther  one was 

~ provided  wi th  the  non- t rea ted  grand. 
As a l ight  source a Phil ips sodium lamp 

was used. B y  means  of d iaphragms the  vessels 
Fig. t .  Differential manometer ,  longi tudinal  sect ion received merely  direct  l ight  from an equal 
of a manome te r  vessel, and s t i r rer  as used in the  region of the  radia t ion  tube.  By means  of 
gas exchange  measurements .  Exp lana t ion  see text .  neut ra l  glass f i l t e r s - -Scho t t  NG 3, 4, 5, 6, 8 

- - t h e  in tens i ty  of the  inc ident  l ight could be 
varied.  

Measurement o~ the parlicle si,e. Prepara t ions  for t he  electron microscope were made  from bo th  
samples.  This  was done in two  ways:  I. a l i t t le drople t  of the  suspensions was moun ted  on the  collodion 
film of the  objec t  bearer,  and,  af ter  evapora t ion  of t he  water ,  the  prepara t ion  was "washed"  by  
gent ly  blowing abou t  0. 5 ml  disti l led wa te r  ou t  of a micropipet te ,  and :  2. the  suspensions were 
adequa te ly  di luted wi th  disti l led water ,  and a l i t t le drople t  was moun ted  wi thout  "wash ing"  after-  
wards.  

The prepara t ions  were shadowed  wi th  a gold-manganin  m i x t u r e - - I : I - - a t  an angle of i :4-5. 
The pic tures  were taken  a t  a magnif icat ion of 25oo × on the  registering f i l m - - I l f o r d  direct  electron 
recording film 5BI i - - a t  8o kV. An opt ical  af ter-magnif icat ion of 13 t imes was used. So, i # corre- 
sponded wi th  32.5 mm.  

The d iamete r  of all part icles  occurring pe r / ,2  was measured wi th  the  aid of a mil l imeter  scale. 
W i t h  each prepara t ion  th is  procedure  was repeated  2 to 6 - - m o s t l y  3 - - t i m e s  a t  different spots  of 
the  micrograph.  The measurements  yielded f requency curves per  d iameter  interval  of i .o  mm, which 
coincided ra the r  well wi thin  each exper iment .  The  mean f requency curve was used for fur ther  
analysis.  F r o m  this  one a second graph  of the  to ta l  volume per  d iamete r  interval  as a funct ion of 
the  d iamete r  was derived. Part icles  wi th  a d iamete r  smaller  t h a n  2o m/, were considered to be 
spherical .  

INFORMATIVE EXPERIMENTS 

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

m u s t  b e  s a t i s f i e d ,  w a s  n e e d e d .  A b r i e f  a c c o u n t  o f  t h e s e  e x p e r i m e n t s  m a y  f o l l o w  h e r e .  

Lineari ty  o / the  relation between light intensity and oxygen evolution by a grand sus- 
pension in weak light. T h i s  l i n e a r i t y  h a s  a l r e a d y  b e e n  e s t a b l i s h e d  b y  HOLT AND FRENCH 9, 

a n d  GORHAM AND CLENDENNING 14. H o w e v e r ,  i t  w a s  n e c e s s a r y  to  c h e c k  w h e t h e r ,  w i t h  

o u r  m a t e r i a l  a n d  u n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n s ,  s u c h  a l i n e a r i t y  o c c u r r e d  t o o ,  
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51 

Since the oxygen evolution per uni t  of t ime of grana  suspensions decreases with 
time, and, moreover,  the rate of this decrease was found to depend on the intensi ty 

2 

5 

7 3=12.o 

o ~ ~ io ,~o ~o 
Time in minutes 

Fig. 2. Influence of ageing and light on the rate 
of the HILL reaction of a grana suspension. Open 
circles: measured values. Dark circles: means cal- 
culated from the three experimentally determined 
graphs. I in arbitrary units. The figures indicate 
the succession of the determinations of the points. 

of the incident light, a correction must  
be applied. This was done as demon- 
s t rated in Fig. 2. The oxygen evolution 
of one suspension was determined at 
three different weak light intensities in 
a succession as indicated by  the figures. 
So, at each light intensi ty three 
readings were performed. After 
plotting, the points were connected 
with a smooth line. F rom these three 
curves an average one was derived by  
comput ing the means of the values 
read from the graphs at various times. 
The ratios:  ordinate value at time 
zero/ordinate value at time t, were used 
as corrections for the experimental ly 
determined values. Here we supposed 
tha t  the photosynthet ic  yield was 
equally affected by  the three light 
intensities used. Check experiments in- 

dicated that ,  within the narrow range of these intensities, we m a y  apply  this sim- 
plification as a first approximat ion.  

The results of this correction are shown in Fig. 3a. In  Fig. 3b the means are plotted. 
They  demonst ra te  that ,  under  the above conditions of bo th  material  and experiments,  
oxygen evolution by  the  suspension is an approximate ly  linear function of light intensity. 

Checking o/harm/ul e~ects resulting/rom the supersonic treatment. When disintegrated 
in the presence of air, the g rana  suspension lost about  30 % of its photochemical  ac t iv i ty  
at  a vibrat ion period of half a minute.  By  doubling this period the ac t iv i ty  was total ly  
lost. If, however, air was replaced by  purified nitrogen, a one minute  supersonic t reat-  
men t  reduced the ac t iv i ty  only about  5 %. 

This proves tha t  the ac t iv i ty  loss in air is due to oxidation--PRUDHOMME AND 
GRABAR15--rather than  to increase of t empera tu re - -DoGNoN AND SIMONDT l e - .  

(~  G o----3 2 

5 10 15 20 5 10 15 20 
,7 in arbitrwy un~ 

Fig. 3. Evidence of a linear relation between oxygen evolution by a grana suspension and weak 
light intensities, a: readings corrected with time factor derived from Fig. 2. b: means of the values 

from Fig. 3 a. Figs. 2 and 3 represent the same experiment. 
Re/emnces p. 340. 
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Moreover, it may be stated that, a l though--relat ively weak--cavi ta t ion occurred, no 
luminescence was observed--PRuDHOMME 17. However, the decrease of activity under 
anaerobic vibration conditions might be due to oxidation by traces of oxygen present 
in the nitrogen or by oxygen molecules adhering to suspension particles and to the 
walls of the cup. This possibility was studied as follows. A grana suspension was divided 
into two portions as usually. One of them was vibrated in purified nitrogen for 16 
minutes, then one half of it was removed from the vibration cup by blowing it out with 
the aid of nitrogen. This portion (a) was stored in the refrigerator. The remaining 
portion (b) was supersonically treated for 16 minutes once more. Next, it was placed 
in the refrigerator. The vibration cup was cleaned and dried, then filled with portion (a), 
and the procedure to remove air was repeated in the usual way. Next, this portion (a) 
was submitted to supersonic vibration for 16 minutes. Finally the HILL activity of the 
control as well as of the portions (a) and (b) was determined. In this way the total 
duration of the disintegration period of both portions (a) and (b) was equal. However, 
effects of eventual traces of oxygen will occur twice in portion (a) and only once in 
portion (b). In fact the activity of both (a) and (b) amounted to three per cent of that of 
the control. This may indicate that oxidation effects due to remaining traces of oxygen 
were absent. 

l 

2C o? 

(:~ :I~2 i .  °. . . . .  . o , ,  

/5 30 45 
Time in minutes 

Fig. 4. Oxygen evotution of a 8rana suspension under axgon--open circles--and under nitrogen 
- - d a r k  circles. The  a r row ind ica tes  t u r n i n g  on of t he  l ight .  

We further investigated whether harmful nitrogen effects occurred during vibration. 
This was done by  comparing the photochemical activity of two portions of the same 
suspension, one of which was treated as usually, whilst in the other one nitrogen was 
replaced by a rgon- -  Philips, spectrically pure. Both samples were supersonically treated 
for 6 minutes. Fig. 4 shows that  no significant difference of the rates of oxygen evolution 
in both suspensions occurred. 

Apart from the possible disturbances studied, there may be harmful vibration 
effects whatsoever. As to this we obtained information in the following way. Suspensions 
of grana fragments of the same mean size were prepared in two ways: I. by a super- 
sonic treatment for 27 minutes followed by short-lastening centrifugation, and 2. by 
removing "large" particles by repeated fractional centrifugation from a suspension which 
had been vibrated for IO minutes. The composition of the "long time vibrated" sus- 
pension is shown in Fig. 6 by graph a, that  of the "short time vibrated" one by  graph b. 
As it may be expected, the optimum of the latter one is narrower than that of graph a. 
The photochemical activity of both samples proved to be equal; in fact it amounted 
to about 2o% for both the "long time vibrated" and the "short  time vibrated" ones. 

The above may demonstrate that  the described supersonic technique is suitable 
for our purpose. MIL~ER, LAWRE~CCE A~D FRENCH ls described a method to obtain dis- 
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integrated chloroplasts by pressing them through a steel needle valve. In this way 
vibration effects do not enter into the picture. Since, however, the supersonic procedure 
enables the use of relatively large quantities, we preferred the latter procedure after 
checking its reliability. 

Checking o/the method/or particle size measurement. The applied procedure is based 
on two postulates. I. The fraction of chlorophyll-bearing particles present in the vibrated 
suspension is independent of the particle size. 2. This fraction remains the same at 
concentrating due to evaporation, or at diluting when mounted on the collodion film. 

Since chlorophyll-bearing particles cannot be recognised as such under the electron 
microscope, we were not able to check the fulfilment of the first postulate in a direct 
way. As described previously we measured the diameter of all particles occurring 
in a square /z. However, the single peaks of the distribution graphs of Fig. 6 suggest 
that  this requirement is met. 

In order to check whether the second postulate was fulfilled, electron microscopical 
preparations were made in the two described ways: either by mounting a droplet of 
the suspension and washing the residue after drying, or by diluting the suspension and 
mounting it without washing afterwards. In both cases the distribution of the particle 
size in the suspension was found to be the same. Moreover, the same results were 
obtained on measuring different particle concentrations. So it seems justified to conclude 
that  both postulates are fulfilled. 

Three remarks remain to be made. First, the accuracy of the measurement of 
particles with a diameter of about 3 m/z is decreased by the fact that particles beyond 
the resolving power - -abou t  2.5 m ~ - - o f  the electron microscope may be seen as spots 
on the micrographs, and may be measured too. This means that the value of the smallest 
mean particle size may be determined somewhat too high. 

Second, the determination of the size of relatively large part ic les--diameter  sur- 
passing 15 m/~--is troubled by the fact that, when preparing such-like suspensions, 
centrifugation could not be rendered sufficiently selective without extending its duration 
too much with regard to the activity loss of the preparations. So, we applied a correction 
based on the following reasoning. The combined volume of the grana and the intact 
lamellae occurring per square /~ was calculated as the percentage of the total volume 
of the material present in this area. This percentage (a) may be considered to be fully 
active, in other words, to show activity I.OO, equal to that of the control. Now the 
activity (A) of the remaining portion (b), which we wanted to determine, can be com- 
puted from the observed HILL activity (Aobs) according to the equation: 

A = Aobs-- a 
b 

We are well aware that  this calculation yields an approximation only. For, in this 
way, a presumably small fraction of minute particles originating from the colourless 
stroma are taken into account too. So we present the corrected activity of the weakly 
disintegrated suspension with some reserve. 

The third remark concerns the occurrence of precipitates of soluble proteins in the 
electron microscopical preparations. They are formed during the evaporation of the 
suspension droplet. These particles originate after supersonic treatment. So, their mutual 
size relations will be found the same in both non-vibrated and vibrated suspensions. 
Especially in micrographs off highly disintegrated material these structures may become 
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evident; in fact, the graphs representing the relation between number and diameter of 
the particles show a second weak optimum between about I2 and 30 mt~. Their number, 

t0 
15 

:e 5 

IU, treatea 

/ . .  77/7=,  
i 

0.5 1.0 15 20 2.5 
O~meter in ,4 X J~5 

Fig. 5. E v i d e n c e  of the  occurr ing  of pa r t i c les  unaffec ted  b y  supersonic  t r e a t m e n t .  Open circles:  
pa r t i c l e s  formed dur ing  d ry ing  of a p ro t e in  solut ion,  ob t a ined  b y  cen t r i fug ing  a v i b r a t e d  g r a n a  
suspens ion  in the  SV~DBERG centr i fuge .  B lack  circles:  pa r t i c l e s  occurr ing  in  non -v i b r a t ed  cont ro l  

suspens ions  of grana.  

however, is only a small fraction of that  of the disintegrated particles. In order to check 
the above, a nearly chlorophyll-free clear solution of a weak yellow-greenish colour 
- -conta in ing only soluble prote ins--was  prepared with the aid of a Svedberg ultra- 
centrifuge. In this respect our thanks are due to Dr H. REERINK. 

Electron microscopical preparations of this solution were made in the usual way. 
The results of the measurement of the particle diameter are shown by the open circles 
in Fig. 5. In the same figure the black circles denote means of analogous determinations 
at small particles of four non-vibrated grana suspensions. The location of the broad 
optimum of both graphs coincides rather well. This suggests that  the above-mentioned 
particles are chlorophyll-free and, consequently, must be left out of consideration. So, 
the graphs represented in Fig. 6 are corrected in this respect. 

RESULTS 

The composition of the studied 
suspensions with regard to particle 
size is shown in Fig. 6. Here the 

T A B L E  I 

RELATION BETWEEN PHOTOCHEMICAL 
ACTIVITY AND PARTICLE SIZE 

Mean volume ¥ 
Exp. No. particles in A ~ Activity in % 

4 ° 2.5" lO 5 6 
39 3.8" lO 5 17 
36 4.2" lO 5 17 
38 4.2" Io  5 - -  5 
37 4 .6. I°5 o 
35 5 .I" IO5 37 
43 6.6. Io  5 3 ° 
42 9.0" 105 44 
4 1  I .  I" 106 55 
45 1.3" 107 6 6  

C 7.I  • IO 9 IOO 

References  p.  240.  

171 " exp35 I 
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0 

0 0 15 18 ~ 24 .2"/ 30 33 
Fig. 6. Compos i t ion  of the  s tud ied  v i b r a t e d  suspens ions  

w i t h  regard  to  pa r t i c l e  size. 

a = exp.  39; b = exp.  36. 



V O L .  1 0  ( 1 9 5 3 )  P H O T O C H E M I C A L  A C T I V I T Y  O F  S P I N A C H  G R A N A  2 3 7  

total volume of the grana fragments per diameter interval as a function of the 
diameter is plotted. From these graphs we derived the size of the particles which 
occupied the largest volume in each suspension. Together with the corresponding 
photochemical activities these sizes are represented in Table I. 

These data  are plotted in Fig. 7. I t  is evident that  a rapid activity decrease occurs 
when the particle size is diminished below IO e A s. The activity is lost in fragments 
smaller than about 2. IO 5 A s. 

~gC 

"S 
Fig. 7. Relation between oxygen evolution and particle size. 

The observed activity decrease may be due to two causes. First, reduction of the 
fragment size below the critical v o l u m e - - i o  6 AS--may cause a total activity loss of 
the particle. Second, diminishing of the particle size below the critical one only reduces 
the photochemical rate. Moreover both phenomena may occur simultaneously. 

This problem can be solved by determining the activity percentage of a vibrated 
suspension at low light in tens i ty - -a t  which the oxygen evolution of both control and 
the disintegrated suspension depends on light intensity in a linear w a y - - a s  well as at 
high intensity, in which in both samples light saturation occurs. 

In these experiments a high power projection l a m p 1 3 o  V, 9oo watt, Philips E 4 o - -  
with an infrared absorbing f i l t e r I S c h o t t  BGIT, 2 m m ~ p l a c e d  in front of it, was used 
as a light source. The results are represented in Table II. 

TABLE II 
RELATIVE PHOTOCHEMICAL ACTIVITY OF DISINT E G RA T E D  GRANA SUSPENSIONS 

AT LOW AND HIGH LIGHT I N T E N S I T I E S  

Light intensity in  
ergs~]cml/sec z .7o" zo  a 2.07 • zo  5 

Photochemical  act ivi ty  o 38 
of vibrated grana  sus- 15 37 
pensions in per  cents x 5 46 
of t ha t  o f t h e  controls 2I 85* 

* Inaccurate value  

If particles of the critical volume were totally inactivated by removing part of their 
chlorophyll the activity percentages must remain unchanged in strong light. Since only 
the number of active particles is decreased, the HILL reaction of the vibrated suspension 
will become saturated at the same light intensity as that, at which the control shows 
saturation. 

Re]erences p. 240. 
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However, if the particle act ivi ty  is only reduced by a partial  loss of chlorophyll 
the saturation of the vibrated suspension is shifted to higher intensities. This means 
tha t  the act ivi ty  percentage will increase with increasing light intensity. I t  is obvious 
from Table I I  that  a marked rise of the relative photochemical act ivi ty in strong light 
occurs. 

So we conclude that,  at least part  of the fragments are not inactivated by a partial  
loss of their chlorophyll molecules. 

DISCUSSION 

From the flashing light experiments on the photosynthesis of Chlorella, originally 
carried out by  EM~-RSON AND ARNOLD 1, as well as from those done by  CLENDENNING 
AND EHRMANTRAUT 19 on the photochemical reduction of both ca rbon  dioxide and 
quinone, it follows tha t  an enzyme, present in a small amount  as compared with the 
chlorophyll concentration, limits the dark reaction. The equality of the periods needed 
for the completion of the limiting dark reaction in both photosynthesis and quinone 
reduction strongly suggests that  the same enzyme is active in both processes. 

EMERSON AND ARNOLD 1 demonstrated tha t  at flash saturation of photosynthesis 
one carbon dioxide molecule is reduced per 25o0 chlorophyll molecules present. If  we 
assume that  the above-mentioned limiting enzyme is able to allow the reduction of one 
carbon dioxide molecule during its working period, it follows that  this enzyme occurs 
in a concentration 1/25oo of tha t  of chlorophyll. 

If  we furthermore assume tha t  the carbon dioxide reduction as measured by  
EMERSON AND ARNOLD ~ is a ten-quanta reaction, it means tha t  the absorption of ten 
quanta  is required for blocking the enzyme. 

However, it follows from the results of CLENDENNING AND EHRMANTRAUT 19 that  
this enzyme is not directly involved in carbon dioxide reduction. This makes it ra ther  
improbable tha t  the blocking is the result of a ten-quanta reaction. So, let it be a 
n-quanta  reaction. Consequently, the number  (N) of chlorophyll molecules, present 
per one enzyme molecule amounts to 

N = n / I 0 " 2 5 0 0 .  (I) 

The value of n may  be derived from our results by  the following reasoning. 
If  such an enzyme occurs in a small amount  as compared with tha t  of the chloro- 

phyll, it must  be expected that,  when decreasing the size of grana fragments below 
a critical volume, chlorophyll molecules able to receive quanta  to the benefit of the 
photochemical reactions are removed. From such a withdrawal a decline of the photo- 
chemical rate must  result. This phenomenon was actually demonstrated to occur in our 
experiments. The critical volume proved to amount  to about  lO s A 8. 

When accepting with RABINOWlTCH ~° tha t  chlorophyll occurs in the grana in the 
mean concentration of o.06 to 0.2 M - - t h e  computat ion of these figures was based on 
data of various a u t h o r s N a n d  assuming tha t  this mean concentration does not ap- 
preciably deviate from the real one, it follows tha t  particles of the critical size contain 
40 to i2o chlorophyll molecules. This means tha t  these numbers indicate the order of  
magnitude of the amount  of chlorophyll molecules cooperating with one enzyme 
molecule in intact chloroplasts. In other words the amount  of chlorophyll molecules, 
present per enzyme molecule numbers about  IOO. 

Re/erences p. 240. 
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Consequen t ly  the  n u m b e r  (n) of q u a n t a  requi red  for the  b locking  of th is  enzyme 
can be c o m p u t e d  f rom equa t ion  (I) b y  subs t i t u t i ng  IOO for N.  So n amoun t s  to  a b o u t  ~ .  
However ,  since the  quan t i t i e s  used for the  ca lcula t ion  of n are  app rox ima t ions ,  we on ly  
m a y  s t a t e  t h a t  t he  va lue  of n is in the  order  of magn i tude  of un i ty .  This  ind ica tes  t h a t  
the  process  in which  th is  enzyme acts  in pho tosyn thes i s  is a o n e - q u a n t u m  react ion.  

A few words  m a y  be sa id  w i th  r ega rd  to the  Occurrence of a pho tosyn the t i c  uni t .  
A p a r t  f rom var ious  reasons  discussed b y  FRANK AND HERZFELD21--and also FRANCK 22 
- - t h e  above  resul ts  ind ica te  t h a t  the  concept ion  of a uni t  of a b o u t  i ooo  ch lo rophy l l  
molecules  as p roposed  b y  GAFFRON AND WOHL 28 and  b y  WOHL ~4 does not  hold.  T h e y  
i n t e r p r e t e d  the  resul ts  of EMERSON AND ARNOLD 1 in a much  more  de ta i led  w a y  t h a n  
the  l a t t e r  au thors  d id  themselves .  

In  discussing the  r a t i o :  molecules carbon d iox ide  r educed  per  f lash /chlorophyl l  
molecules  present ,  EMERSO~ 25 sugges ted  t h a t  a subs tance  in smal l  amoun t  as c o m p a r e d  
wi th  the  ch lorophyl l  concen t ra t ion  m a y  in ter fere  in the  pho tochemica l  process  in such  
a way,  t h a t  i t s  a c t i v i t y  de t e rmines  the  r a t io  in  ques t ion .  

FRANCK a n d  co-workers  a rgued  in favour  of the  exis tence  of an  enzyme which  
s tabi l i ses  uns t ab le  i n t e rmed ia t e s  in the  pho tochemica l  reac t ion  chain.  This  enzyme i s  

cons idered  to  be p resen t  in a smal l  a m o u n t  t o o . T h e s e  au thors  re jec t  a n y  hypo thes i s  
concerning  the  exis tence  of a p h o t o s y n t h e t i c  uni t .  

The  expe r imen t s  o f  CLENDENNING AND EHRMANTRAUT 19 i nd ica te  t h a t  such an  
enzyme acts  in the  reduc t ion  of bo th  carbon  d iox ide  a n d  quinone.  

The  resul ts  of our  expe r imen t s  po in t  to the  occurrence of one enzyme molecule  
per  a b o u t  xoo ch lorophyl l  molecules.  Fo rma l ly ,  a such- l ike  combina t ion  m a y  be ca l led  
a p h o t o s y n t h e t i c  uni t .  In  th is  sense even FRANCK'S concept ion  answers t h e  def ini t ion 
of a uni t .  Since, however ,  th is  k ind  of defini t ion does not  ind ica te  the  s l ightes t  ev idence  
e i ther  of some defini te  s t ruc tu re  or of the  w a y  in  which the  ch lorophyl l  molecules  
cor respond  wi th  an ac t ive  centre,  we prefer  to ref ra in  f rom the  use of the  t e rm  " u n i t " .  

SUMMARY 

I. The relation between the size of fragments of disintegrated spinach grana and their photo- 
chemical activity in the HILL reaction was investigated. 

2. Reduction of the fragment size below lO 6 A 3 caused a pronounced decrease of the photo- 
chemical activity. Particles of this "critical" volume presumably contain 4o to 12o chlorophyll 
molecules. 

3. The inactivation of these particles by reduction of their volume proceeds gradually. 
4. I t  was argued that the conception of the photosynthetic unit seems to be inopportune a t  

the present; the evidence obtained up to now only indicates the occurrence of a rate limiting enzyme 
in a quantity small compared with that of the chlorophyll. 

5. The data presented seem to indicate that the process in which this enzyme is involved in 
photosynthesis is linked to a one-quantum reaction. 

IRI~SUM~ 

I. Nous avons 4tudi~ le rapport entre la dimension des particules des grains des chloroplastes 
amoindrites d'6pinards et leur activit6 photochimique dans la r6action d'apr~s HILL. 

2.  D i m i n u t i o n  d e  la  d i m e n s i o n  des particules a u - d e s s o u s  d e  lO 6 A 8 c a u s a i t  u n  d4clin prononc6 
de l'activit4 photochimique. Particules de cette dimension contiennent probablement 4o-i2o mole- 
cules de chlorophyUe. 

3. L'inactivation des particules, caus4e par la diminution de leur dimensions proc~de graduelle- 
ment. 

Relevences p. 240. 
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4 - N o u s  I r o n s  d iscut6  que  la concep t ion  de l 'un i t~  de p h o t o s y n t h 6 s e  es t  s ans  s ignif icat ion 
a c t u e l l e m e n t ;  j u s q u ' a l o r s  les exp6 r i men t s  on t  indiqu6 s eu l emen t  la pr6sence d ' u n e  e n z y m e  l im i t an t e  
la  r6act ion p h o t o s y n t h ~ t i q u e  e t  qu i  se t r ouve  en concen t r a t i on  tr~s basse  compar~e  A celle de la  
chloropliylle.  

5. Nos  r~su l t a t s  r e n d e n t  probable  que  la r6action,  d i n s  laquelle ce t te  e n z y m e  fonc t ionne  en 
pho tosyn th~se ,  es t  bas6e su r  l ' absorp t ion  d ' u n  seul  q u a n t u m .  

Z U S A M M E N F A S S U N G  

1. Die Bez i ehung  zwischen  der  Gr6sse  der  Te i lchen  zerkle iner ter  S p i n a t g r a n e n  u n d  ihrer  pho to -  
chemi schen  A k t i v i t ~ t  w u r d e  u n t e r s u c h t .  

2. R e d u k t i o n  der  Tef lchengr6sse  u n t e r h a l b  lO s A s v e r u r s a c h t e  eine deut l iche  H e r a b s e t z u n g  de r  
p h o t o c h e m i s c h e n  Akt iv i t~ t .  Tei lchen yon  dieser  Gr6sse  e n t h a l t e n  wahrsche in l i ch  4o-12 o Chlorophyl l -  
molekii len.  

3. Die I n a k t i v i e r u n g  dieser Tei lchen du rch  Zerk le inerung  ver l~uf t  al lm:ihlich.  
4. Es  wurde  a x g u m e n t i e r t  dass  der  Begriff  e iner  P h o t o s y n t h e s e - e i n h e i t  m o m e n t a n  n i ch t  o13. 

p o r t u n  sei, d a  die Ver suche  n u r  au f  eine q u a n t i t a t i v e  Re la t ion  zwischen  ein F e r m e n t ,  d i s  die P h o t o -  
s y n t h e s e  l imit ier t ,  u n d  das  Chlorophyl l  h i ndeu t en .  

5. Die Ergebn i s se  d e u t e n  daxauf  hin,  dass  der  p h o t o s y n t h e t i s c h e  Prozess,  a n  we lchem dieses 
F e r m e n t  bete i l ig t  ist, n u r  e ines  Q u a n t u m  erfordert .  
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