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I. I t  is shown tha t  the N r P  level in leaves is increased many t imes upon illumina- 
tion in the presence of p-chloropheny!dimethylurea (CMU), in spite of the fact that  
CMU inhibits  completely 0 2 evoluti<m and COz fixation. 

2. The light effect, in the presence of CMU, is observed under str ict ly anaerobic 
condit ions as well as in air, and is , ,ery rapid. 

3- I t  is concluded tha t  leaves synthesize x r P  in the light bv means of cyclic 
phot  ophc, sphorylat ion.  

INTRODUCTION 

Cyclic photophosphorylat ion can be demonstra ted in chloroplasts isolated from 
higher p lants  only when cofactors of electron t ranspor t  are added in catalyt ic  amounts.  
Among these cofactors, the non-physiological dye PMS promotes the highest rates of 
photophosphoryla t ion t. Other redox substances, e.g. FMN and vi tamins K3 and K5 
(see refs. 2, 3), are efficient cofactors of photophosphorylat ion.  However, it  has been 
reported recently 4,5 tha t  photophosphorylat ion catalyzed by  these last cofactors 
requires the presence of 0 2, and is inhibited by  CMU n, an inhibitor  of the oxygen 
evolution reaction. I t  has been proposed 4-~ tha t  in the presence of these cofactors a 
pseudocyclic process is operative,  in which 0 2 is evolved from water  in the reduction 
of the  cofactor and then uti l ized in its reoxidation.  When no redox cofactors are added, 
the rates of photophosphoryla t ion observed are very low 7, (about 1 %  of the rates ob- 
served with the addi t ion of PMS), and ATP synthesis depends on 02 and is inhibited 
b y  CMU, which indicates tha t  a true cyclic electron t ranspor t  is not operat ing under 
these conditions. The available evidence from studies with chloroplast preparations 
cannot sett le the question whether  a cyclic photophosphorylat ion,  coupled to the 
electron t ranspor t  from the reductant  to the oxidant  photochemically generated 
without  the  par t ic ipat ion of O~, exists in  vivo, in higher plants,  as a physiological 
process. Such a question is of importance not only for the understanding of the 
mec]mnisms of electron t ranspor t  involved in photophosphorylat ion,  but  possibly 

Abbreviations: CMU, p-chlorophenyldimethylurea; PMS, methyl phenazonium methosulfate 
("phenazine methosulfate"). 
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also to permit  a bet ter  evaluation of the quantum.- ~ . m i U m  eLficiencv in photo-  
synthesis. 

The demonstrat ion of cvclic p h o t o p h o s p h o r y l ~ ¢ m i m i m ~  lea.yes was sought by 
means of experiments  in which the l ight-dependem .~3mlth*.:~,0/~-~Pwas studied in the 
presence of CMU, an inhibitor  of photosynthet ic  O , , e v d l m i i 0 m . ~  .~ite of action of this 
inhibi tor  has been clearly established at  the reaeAfi(m(~) Ik~at~mg to ()o ewflution".S: 
indeed, it i.n_h~bi_ts all chleroplast reactions invoh~ing (0½ ~xolh~m.  while it has no 
effect on cyclic photophosphorylat ion ~:atalvzed b r  ~ .  ~0m~t~ e# al. a have recently 
demonst ra ted  tha t  TPN photoreduet ion by  chloroplm~,a~Bikth is-normally associated 
to Oz evolution in a sys tem depending on water  :a~ ~ ~nnmna~i electron donor, can 
be made resis tant  to CMU if an artificial electron ,donner ~-xx~em i.~ subst i tu ted for 
w a t e r  In a previous report  it  was shown tha~t ~C~t- infifl~i~÷ completely photo- 
s~,nthesis even in intact  leaves ~, and nevertheless daa,~n:, _hklI~ ~ accumulation in the 
light. Such results have now" been confirmed and  rflae ,exii~rme. ot~ the occurrence in 
leaves of cyclic photophosphoryla t ion under anaerOhic,eomdi~iim.~ is given. 

METHODS AND M ~  

Spinach leaves were purchased at  the local rnark~]  aural] ~tmL/ra4ga crass i /oh 'a  w a s  
cul t ivated in an orchard. 

All manometr ic  experinaents were run in an ~ i ,  ih,a~d] ~-arburg  respirometer,  
light intensi ty  being IOOOO lux at  the flask level. ~ar~,t~ommx0t] f l h s ~  were wrapped in 
4 Iayels of a luminum foil. C02 par t ia l  pressure wa_~ ~ o y t t , ~ t ~  ~t  t % bv means of 
PARDEE buffer m present in the center well of the  ~.'&.~. I F o t r ~ 0 ~ , ~ t i o n  experiments ,  
the PARDEE buffer was prepared with KH14C03, anal iit, t~0~  radioact iv i ty  was 
measured. At the end of the experiment ,  the l ea fd i sc .~nr~ .~f imlegra ted  in 2 N HCI, 
and  the homogenate was hydrolyzed for 3 h at  zoo °. ~ h e ~ z ~ , ~ e  was made up to a 
known volume, centrifuged and its radioact iv i ty  ~ mmumm~eL ALl radioac t iv i ty  
measurements  were done on o.oa-ml samples, dried,on mmlmlJl~lhmffmts, by  means of a 
i as-flow counter. For  ATP determinations,  t he  l e~ , e s  ,~r ltva~ ~ s  were incubated,  
in unbuffered disti l led water,  in 3o0 ml flasks ~ r ~ . ~ t l  ina a~ ~a~er ba th  at  2o °. 
The flasks were flushed with the appropr ia te  g a s m a k , ~ u ~ . t ~  rJarough the liquid. 
The i l lumination was provided by  incandescent lamps,~m~IK~n intensi ty  was approx.  
3 ° ooo lux at  flask level. At the end of the e x p e m n e m  ~ a ~ s u ~ k e d  off the flasks 
by  means of a water pump. and liquid air wa~ l~rared,~mtflhvl~t~xes. "~ae frozen leaves 
were then ground in a mor tar  to a fine powder,  ~xv~/idh ~ t m m ~  wi th  one volume of 
7 % perchloric acid. After  a~lowing the mor ta r  c o m e m s  t~0, t l l ta~ in  the cold room, 
addi t ional  comminution was achieved with t h e  a i d  , ~  0gtmlt~ sandL The perchloric 
ex t rac t  combined with three washings of t he  m ~  ~ e ~ 6 ~ g e d  in the cold, 
and  the  precipi ta te  was washed with cold 1 %  ~ c ~ c m i c  aui~. "glxe clear perchloric 
extract ,  containing all the acid-soluble components,t~f~itxetliiva~m~.was then brought to 
p H  7.6-7.8 with  KOH. The KC10, precipi ta te  ~ a s ~ J l ~ m l l  t~0,~trt~ for zo min in an 
ice-bath;  i t  was centrifuged in the  cold and washe~ ~ ¢ott~ ~ ~ Tris buffer of 
p H  7.6. The neutral ized supernatant ,  combined ~ a  ~ ~ of the  perchlorate 
precipi ta te ,  was made up to a known volume a n d a ~ F ~ m m s ~ m ~  as described by  
MARRI~ AND FORT111, except  tha t  the hexo'.-inase-~g~me~me s.x~ltem was used to de- 
phosphoryla te  ATP instead of the  muscle ATPase.l~rexiion-4kx'tmed~. l )npl icate  samples 
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of each ex t rac t  were analyzed,  and alwaYs found to agree within  IO %. The  repro- 
ducible  r e c o v e r v o f  over  9 o % of the ATP a, tded to the  t issues in the mor t a r  proves  the  
re l iabi l i ty  of the  method.  

Yeas t  hexokinase  (type lV) 'was  ~)btained from Sigma, St. Louis,  3Io. (U.S.A.). 

R E S U L T S  

The comple te  inhibi t ion  of pho tosyn the t i c  O, a ew)lut ion by CMU has been shown to 
occur  in in tac t  pea  and Elodea  leaves u at the  same concent ra t ion  of the  inhibi tor  

requi red  for IOO % inhibi t ion in clfioroplast prepara t ions  ~ "r ,  is finding has been 
conf i rmed tor spinach leaf discs. When  the expe r imen t  is run in o.o 5 M phosphate  
buffer (pH 5.9) ins tead  of the ca rbona te - -b ica rbona te  buffer l ' .  and in the presence of 
I ° o C O  2, the  resul ts  shown in Table  I are obta ined.  As can be seen, CMU inhibi ts  
comple te ly  bo th  O., evolu t ion  and ~*C()~ fixation at a concent ra t ion  of 6 . IO :' M. 
The  inh ib i tor  has no significant effect on respirat ion in the dark. 

T.\ [;I.E I 
E F F E C T  OF C 3 [ U  ON P H O T O S Y N T H E S I S  IN S P I N A C H  L E A F  DISCS 

Each flask contained S discs (-,oo nag of frvsh weight) in phosphate buffer 0.o5 M (pH 5-')), t %, 
CO., in the gas phase, provided by t'ARl~I':tg buffer containing -'. to e' counts,'min of H(- tempera- 

ture, 25°C. 

Net photo- 
CMU c,mcentratz,,n ( )o., (I onoles) synthesis CO., ligature ('ondition~ (M) • " (mnoh.s 0..) (codnts/mint 

Dark None --6.35 -- i ()~ 
Dark I 0 t --6. 4- - i S 5 
Light None -.oo S.35 ()67 o 
Light 3" to-:' --2.95 3.4 ° 279o 
Light 0" l o-:' --5.90 0.4.5 35 ° 
IAght IO -~  - - 6 . 0 0  0 . 3 5  2SO 

Effect  o f  l ight and  C M U  on A T P  level iu leaves 

As p r e v i o ,  Ay repor ted  9, i l luminat ion of spinach leaves causes an increase of ATP 
in the  t issues in the  presence of CMU. Table  I I  shows the  t ime-course  of this effect;  
i t  can be seen tha t  the  A T P  increase is a lmost  comple te  af ter  2 min i l luminat ion,  
wherea f t e r  the  A T P  concen t ra t ion  remains  cons tan t  a t  a level considerably  higher  
t han  in the  dark  controls.  On the  o ther  hand,  CMU has no effect on the  A T P  concen- 
t ra t ion  in the  leaves  kept  in the  dark  9. In  the  expe r imen t  of Table  I I ,  the  leaf discs 
were  used immed ia t e ly  af ter  the i r  prepara t ion .  I t  has  been  previous ly  shown 9 tha t  the 
A T P  level  falls to v e r y  low va lues  if the  leaves are kep t  in darkness  for several  hours. 
This  effect can be ob ta ined  more  rapid ly  and reproduc ib ly  on incubat ion  of the  leaf 
discs in the  dark  in an  a tmosphere  of ni t rogen.  Af te r  I h in these condit ions,  air was 
d rawn th rough  the  flasks con ta in ing  the leaf  discs in the  presence of CMU, and  the  
t ime-course  of A T P  changes  was followed, wi th  and  wi thou t  i l luminat ion (Table I I I ) .  
As can be seen f rom the  resul ts  of the  two exper imen t s  reported,  A T P  concen t ra t ion  
increases v e r y  rap id ly  in the  l ight  and  dowly  in darkness.  The pr~eo.ce of 8 -xo  -5 M 
CMU rules out  the  possibi l i ty  t ha t  l ight ac ts  by  increasing rapidly  the  concen t ra t ion  
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,~g ~ 4 = z h e  cells, oxygen  evolut ion  being comple te ly  inh ib i t ed  u n d e r  these  condi t ions .  
[ T ~ A T P  increase  is a lmos t  max ima l  a f t e r  2 min  i l lumina t ion  (Exp t .  I),  while a t  th is  
rmm,,n~, A T P  ~.ncrease can be observed  in t he  dark .  In  E x p t .  II  (Table I I I ) ,  t he  A T P  

i ~ r e a s e  in: da rkness  ( i . e .  A T P  fo rmat ion  by  ox ida t ive  phosphory la t ion )  is cons iderab ly  

.i~v, er: p r o b a b l y  as a consequence  of t he  d a m a g e  suffered by  the  leaves dur ing  the  
, hSzt'J,aw~.~robic per iod,  a n d  still p h o t o p h o s p h o r y l a t i o n  induces  a rap id  rise of A T P  level 
~m~tz_m~. or  tess. In  "all cases observed ,  t he  s t e a d y  s t a t e  c o n c e n t r a t i o n  of ATP a t t a i n e d  
~ r,mla~k~.~ss a f t e r  a more  or less long t ime  is cons iderabh-  lower t h a n  t h a t  r eached  in the  

i i ~ i n T  :t f ew  minu te s .  

TABI.E 11 

1-FFECT OF LIGHT AND CMU ON ATP LEVEL IN SPINACH LEAF DISCS 

~-~atat imak contained 2o discs of z2 mm diameter (4.5 g fresh weightL |ncubation at zo , in 
3" lO-g M CMU. Illumination : 2oooo lux at flask level. 

A T P  
Time of in- (mpmol~'s/g fresh u'tlght) 

cubation 
(rain) Dark Light 

. . . . . . . . . . . . . . . . . . . . .  

o 5 ¢ ~  - 

- -  75 
1o --- 71~ 
3 ° 58 S2 

TABLE Iii  

I E.~I~t'OURSE OF THE .XT]'-LF;VEL INCREASE IN SPINACH LEAVES IN LIGHT AND DARK 

~naeh :aea i  discs (see Table II) preincubated 6o min at -o ~, under N~, in CMU t.7.5" IO-S M). 
x~mae o~ air was bubbled into the flasks at a rate of 5 ° l/h, and light was supplied (30 ooo lux) 

where indicated. 

re#moles ol A TPlg 
Incubation oJ leaves (lrtsh 

time weight) 
(rain) 

Dark Light 

Ex~,t. 

. . . .  

I o o - -  
-' 4 4 b 

to 45 52 
3 ° 43 60 

o o.o - -  
- o.o 36 

Io o.o 37 
3 ° 47.0 63 

~ i m d e p e n d e n c e  of l igh t - induced  A T P  syn thes i s  on 0 2 has  been  d e m o n s t r a t e d  

i ~ m s  in wh ich  leaves  were  i n c u b a t e d  u n d e r  n i t rogen ,  in t he  p resence  of CMU, 

i ' ~ ~ d a r k .  Tab le  IV shows t h a t  w h e n  Sax i f raga  leaf discs con ta in ing  v e r y  l i t t le  

.¥~l~*a~m~im~bated u n d e r  N 2 in da rkness ,  t h e  A T P  c o n c e n t r a t i o n  r ema ins  e x t r e m e l y  
!d~- . I~J tke .  l ight ,  however ,  t he  ATP level inerea~e-s drmmatical ly,  a n d  on ly  u n d e r  
~ a~merobiosis it  t e n d s  to  decrease .  Here  again,  t h e  p resence  of  CMU eom-  

B i o c h i m .  B i o p h y s .  A c t a ,  7 x (x963) i -6 
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pletely inhibits any oxygen ewflution, so that ATP generation by oxidative phosphor- 
ylation call he excluded. 

T.kBI.E IV 

PHO'rOPHOSPHORYLATION I'NI)I.;R NITROGEN IN SA.X~IFRAGA LEAVES 

Saxifraga leaf discs (20 discs, t~ g fresh weight) were preincubated a few minutes in C.'~IU '7-5" 
lo-S3IL in air..Xt o timo, nitrogen was bul~bled irto the flasks at a rate of 3 l'mJn at 3,C. 

mltrmdes A TP[g 
I m ubati.n time fresh weight 

m N...(min) . . . . . . . . . . . . .  
Dark Light 

__ 

o 5 " 

~o G. 5 2 9 

DISCUSSION 

The results reported here demonstr~tte that the light-dependent synthesLs of ATP in 
leave.q occurs, in air as well as in nitrogen, in the pre~ence of CMU at a concentration 
such as to inhibi t  completely photosynthetic 0 2 evolution and CO~ fixation {Table I). 
and therefore is similar to the cyclic process .bserved with chloroplast preparations in 
the presence of the redox dye PMS~, 6. It  appears thus reasonable to assmne that  the 
CMU-insensitive, oxygen-independent photophosphorylation demonstrated in leaves 
must  be coupled to a cyclic electron transport  from tbe reductant to the oxidant 
photochemically generated. As an alternative mechanism, the possibility could be 
suggested tha t  some reductant  p:csent in the cells could substi tute for water as an 
electron donor to the photo-oxidant, thus making the electron transport system 
insensitive to CMU. This possibility, however, is in contrast .~ith the observation that 
CMU inhibits to the same extent both ()2 evolution and l~CO2 fixation by leaves 
(Table I) ; indeed, if a by-pass of the CMU-sensitive 0 2 evolution from water existed, 
a CMU-insensitive fixation of l*COz should be observed, independent of oxygen evolu- 
tion. This is clearly not the case. Furthermore, CMU not only does not prevent light- 
induced ATP-increase in leaves, but actually enhances i t ;  and when health,.', freshly 
prepared leaf discs are used, CMU is required for the light-dependent increase of ATP 
leveP. This finding was tentat ively interpreted as indicating that  ATP generated in 
cyclic photophosphorylalion can accumu!ate to a much larger extent if its utilization 
for CO 2 assimilation is prevented, as is the case in the presence of CMU. Accordingly, 
one would expect the ATP increase in the light to be larger, in the absence of CMU. 
in a CO,-free atmosphere, while the presence of CMU should render irnmate~al the 
simultaneous presence or absence of CO 2. This was indeed found to be the case in a 
number  of experiments la, but  the results are scarcely reproducible and their inter- 
pretation is complicated by variable and often very large effect of CO~ on the A T P  

level in darkness. These effects, probably related to various metabolic reactions, are 
unexplained at this moment.  

The data  reported in Table I I I  permit a comparison of the efficiencies of o~dat ive  
phosphorylation and of cyclic photophosphorylation in leaves. I t  can be seen that  cy- 
clic photophosphorylation can operate much more promptly and probably at  a higher 
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ra te ,  t h a n  ox ida t ive  phosphory la t ion .  This  m i g h t  be due  to  the  fact  t h a t  t he  pho to -  
phospho ry l a t i on  ra te  depends  only on the  A D P  and  p h o s p h a t e  supp ly  a t  one  par t i cu la r  
s i te  in t he  chloroplas t ,  l ight be ing con t inuous ly  p rov ided  in ve ry  large excess,  while  

the  ox ida t ive  phosphory l a t i on  ra tes  are  cont ro l led  b y  a very  large n u m b e r  of m e t a -  

bolic react ions ,  all of t h e m  con t r i bu t ing  to  t he  over-al l  process.  The  high capac i t~  for 

conve r t i ng  l ight ene rgy  in to  p h o s p h a t e  t r an s f e r  po ten t ia l  wi th  which  green cells a re  
e n d o w e d  enables  t i lem,  on the  otl~er hand ,  to  pe r fo rm metabo l ic  work  o the r  t h a n  CO 2 
ass imi la t ion  a t  t he  expense  of th i s  energy.  I t  has  been r e p o r t e d  e lsewhere  ~4 t h a t  
ac t ive  t r a n s p o r t  as well as po lysacchar ide  syn thes i s  are s t i m u l a t e d  by  l ight in t he  

presence  of CMIr;  these  f indings are bes t  exp la ined  in t e r m s  of ava i lab i l i ty  of ATP,  

a l t hough  more  complex  effects  of l ight  c a n n o t  be excluded.  
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