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SUMMARY 

Photooxidation of cytochroinefhas  been studied in a number of types of chloro- 
plast preparations from pea leaves. On the basis of the dark reversibility after far-red 
illumination, the effect of 3- (3 ' ,4 ' -d ich loropheny l ) - I , I -d imethy lurea  and other criteria, 
it is possible to distinguish three basic types of response according to the type of 
preparation: (a) high-salt chloroplasts; (b) intact chloroplasts and unswollen chloro- 
plast fragments, and (c) swollen chloroplasts and swollen chloroplast fragments. Types 
a and b were further characterised by relatively high oxidation of cytochrome f in 
red light. 

I t  is suggested that  in type b preparations photooxidation of cytochrome f can 
be explained by (i) a large component of electron flow through an intermediate path- 
way between the two photosystems in which a large redox pool is linked through 
a coupling site to cytochrome f ,  and (ii) a small component of endogenous cyclic 
electron flow involving cytochrome f. In high-salt chloroplasts there may be in ad- 
dition a pool of low molecular weight substance capable of reducing cytochrome f in 
the dark. 

INTRODUCTION 

It  is now well established that  cytochrome f is oxidised in green tissues in the 
lighO. The ability of far-red light to induce oxidation of cytochrome f in algae and 
higher plant chloroplasts 2,3 placed this cytochrome close to photosystem I. Further- 
more, the occurrence of photooxidation at 77°K (ref. 4), indicated that  cytoehrome J 
interacted directly with the pr imary acceptor of Photosystem I, P7oo. Such a position 
became somewhat doubtful with the evidence favouring a position of plastocyanin 
between cytochrome f and P7oo (refs. 5-8), and, with the more recent evidence that  
the photooxidation at 7 7 ° K  can be attr ibuted to cytochrome b-559 (refs. 9 and Io), 
the position and role of cytochrome f have again become open to question. 

Abbreviations: DCMU, 3-(3",4"-dichlorophenyl)-t,I-dimethylurea; HEPES, N-2-hydroxy- 
ethylpipcrazine-N-ethane sulphonic acid; MES, 2-(N-morpholino)ethane sulphonic acid; MOPS, 
morpholinopropane sulphonic acid. 

* Present address: Plant PhysiologyUnit, School of Biological Sciences, University of Sydney, 
N.S.\V. 2oo~, Australia. 

Biochim. Biophys. Acta, 256 (1972) 385-395 



386 A . w . D .  LARKUM, W. 13. BONNER 

The l ight - induced oxida t ion  of cy tochrome f in swollen Class I I  chloroplasts  
has been s tud ied  in some deta i l  by  AVRON aXD CHAXCE a. I t  was concluded tha t  (a) 
e lectron t r anspor t  was l imi ted  in the  basal  sys tem by  the tu rnover  of Pho tosys t em I 
resul t ing in slow oxida t ion  of cy tochrome f in far-red light,  and (b) cy tochrome J 
was connected to Pho tosys t em l I th rough  a pool of in te rmedia tes  and  a coupling site 
with the resul t  t ha t  there  was l i t t le  oxida t ion  of cy tochrome f in red light. No redox 
changes a t t r i bu t ab l e  to cy toehrome b were observed and no evidence was found for 
a cyclic electron t r anspor t  sys tem a round  Pho tosys t em I. However ,  o ther  workers 
have ob ta ined  evidence on both  points  7,s, 11-12 

In the  present  work an a t t e m p t  has been made  to compare  the  cytochrome J 
pho to-ox ida t ion  in a wide va r i e ty  of chloroplast  p repara t ions .  I t  has been confirmed 
tha t  the  t ype  of cy tochrome f and cytochrome b responses found depends  very  much 
on the t ype  of chloroplast  p repara t ion .  In  this  paper  we repor t  only on the cvto-  
chrome f responses and a t t e m p t  to re la te  these to  a working hypothes is  for electron 
t r anspor t  in these various types  of chloroplasts .  A pa r t  of this  work was repor ted  
briefly elsewhere la. 

MATERIALS AND METHODS 

Chloroplasts  were i sola ted  from pea  leaves (Pisum sativum var.  Alaska) from 
p lan ts  grown in growth  chambers ,  or from spinach (spi~aceac oleracva vat.  Virofly) 
collected from a marke t  garden in New Jersey.  The peas were grown under  h~w light 
in tens i ty  ( ioo ft candles;  tungs ten  lamps) at  a t e m p e r a t u r e  of 20 ° in damp  vernliculi te.  

The isolat ion procedure  was s imilar  to tha t  of HARVEY AND BROWN 1"t using 
nledia  s imilar  to those  of \~:ALKER et al) ~. Abou t  Ioo  g of chilled leaves were placed 
in a Braun  Blender  toge ther  with 2o0 ml of 330 mM sorbitol,  5 mM MgC12, I In.~i 
Na4P2Ov I mM ascorbic acid, IO 11131 morpho l inopropane  sulphonic acid (,MOPS) 
(pH 6.5) and  o.I  % bovine serum a lbumin (Grade A), and  b lended for 5-7 sec at  
full speed. The resu l tan t  s lurry  was passed quickly  through 8 layers  of cheesecloth. 
The suspension was run on to the  top  of a sucrose grad ien t  consist ing of 2 layers,  
each of 5o ml, of o.75 and I.O M sucrose plus 5 mM MOPS (pH 7.2), and centr i fuged 
for 5 rain at  2oo × g and IO min at  5oo × g. The chloroplast  p rec ip i t a te  was gent ly  
resuspended  in 2 nfl of a react ion med ium combining 33o mSI sorbitol ,  o .oi  ?o bovine 
se rum a lbumin and IO mM N-2 -hydroxye thy lp ipe raz ine -N-e thane  sulphonic acid 
(HEPES)  (pH 7.5, ad jus t ed  with KOH).  These chloroplasts  were in tac t  and of the 
Class I t ype  16. 

High-sa l t  chloroplasts  were ob ta ined  b y  adding  a th i rd  layer  of L 5 M sucrose 
to the  dens i ty  grad ien t  and  harves t ing  the chloroplasts  at  the  interface between the 
I.O- and 1.5-M layers  and  adding  approx.  5o % by  volume a solut ion conta ining o.8 M 
sorbitol ,  IO mM H E P E S  (pH 7.5) and  o .oi  °.. o bovine se rum albumin,  which was also 
used as the  reac t ion  med ium for these  chloroplasts .  

The high-sal t  med ium used to resuspend chloroplasts  and  subchloroplas t  par-  
ticles in s~mle t r ea tmen t s  conta ined  (raM) : sorbitol ,  ioo  ; KC1, IOO ; NaC1, 2o ; 3lgC12, 5 ; 
CaC12, IO; KH2PO 4, I ;  H E P E S  (pH 7.5), 5 ° and in addi t ion  o.4o rag/nil  bovine 
serum albumin.  

Chloroplast  f ragments  were p repared  from in tac t  chloroplasts  by  osmotic  shock° 
The chloroplasts  were suspended in IO ml undi lu ted  cold glycerol  for 15 rain and then 
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PHOTOOXIDAT1ON OF CYTOCHROME f IN CHLOROPLASTS 387 

were passed th rough  a gauge-22 hypodermic  needle into z l of r ap id ly  s t i r red  di lu te  
buffer (z mM MOPS, p H  7.2). The resu l tan t  chloroplas t  f ragments  were collected by  
cent r i fugat ion  at  8ooo rev . /min  for 2o rain (6 × 25o ml angle head, Servall  RC 2 cen- 
trifuge).  The prec ip i ta te  was resuspended  in a small  amount  of supe rna t an t  and  placed 
on top  of a sucrose g rad ien t  with concentra t ions  of sucrose, in o.z M steps, from z.I  
to  1.6 M sucrose (buffered with 5 mM MOPS, p H  7.2) as shown in Fig. i .  The grad ien t  
was centr i fuged with  an SW 25/I  swinging bucke t  ro tor  in a Spinco Model L centr ifuge 
at  25oo0 rev. /min for 2.5 h. Par t ic les  and membranes  were found main ly  in layers  
a, b and  c wi th  much less ma te r i a l  in a l  and c 1 (see Fig. I). The ra t io  of chlorophyll  a/b 
was found to be the same in all fractions.  The fract ions were resuspended  in the  
normal  react ion medium.  
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Fig. 1. The sucrose density gradient used in separat ing chloroplast  fragments.  The layers of sucrose 
indicated (in molar concentration) were buffered with 5.o mM MOPS (pH 7.2). a and al, particles; 
b, small vesicles; c, large vesicles; c a, large vesicles and lamellar sheets. 

Light - induced  absorbance  changes were recorded in a dual -wavelength  differ- 
ence spec t ropho tomete r  of the  t ype  descr ibed by  CHAYCE ~7 using a cuve t te  held at  
a cons tant  t e m p e r a t u r e  of xo or 25 °. Side i l luminat ion  from a tungs ten  l amp was 
screened by  2o cm water ,  a b road -band  red filter and  an interference filter (Baird 
Atomic  interference fil ters:  Tmax at  68o nm and 72o nm and a 95 % t ransmiss ion  
between _-L: 5 nm). The l ight  in tens i ty  at  the cuve t te  was 4" i O  ergs/cm 2 per  sec at  
68o nm and 2" xo ~ ergs/cm 2 per  sec at  7zo nm. A combinat ion  of a glass filter (Corning 
CS 4-96) and a K o d a k  \Vra t t en  filter screened the photomult i t ) t ier  from red light.  
The rest)onse t ime of the in tegra t ing  circuit  was set a t  Io  msec. R a p i d  responses were 
recorded on a Te t ron ix  s torage oscilloscope. The act inic l ight was switched on and off 
by  a hand  opera ted  shut te r .  

Chlorophyll  was de t e rmined  by  the me thod  of MAcKINxEY TM. Cation content  
was de te rmined  using an a tomic  absorp t ion  spec t ropho tomete r  (Techtron Pry. ,  
Melbourne). 
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3 - ( 3 ' , 4 ' - D i c h l o r o p h e n y l ) - x , x - d i m e t h y l u r e a  (DCMU) was a gi f t  of Dr.  P. G. 
H e y t l e r  of E . I .  D u P o n t  N e m o u r s  a n d  Co., E x p e r i m e n t a l  S ta t ion ,  W i l m i n g t o n ,  

D e l a w a r e  I9898.  I t  was  used  in an  e t h a n o l  so lu t ion ,  to give a final  c o n c e n t r a t i o n  ot 

e t h a n o l  of less t h a n  o . 1 % .  H E P E S ,  z - ( N - m o r p h o l i n o ) e t l l a n e  su lphonic  acid  (MES) 

a n d  M O P S  buffers  and  b o v i n e  s e r u m  a lbumin ,  Grade  A, were  o b t a i n e d  f rom Cal- 
b i o c h e m  Co., Los Angeles ,  Calif. V a l i n o m v c i n  was a gif t  of Dr.  B. C. P re s sman .  

RESULTS 

h#act  chloroplasts 
The  l i gh t -da rk  di f ference spec t ra  of i n t a c t  ch lo rop las t s  a re  shown in Fig.  2. 

A peak  of c y t o c h r o m e  f o x i d a t i o n  occur red  a t  554 nm,  for b o t h  w a v e l e n g t h s  of ac t in ic  
l igh t  (red l ight  was used  to a c t i v a t e  bo th  p h o t o s y s t e m s  I and  I I  and  fa r - red  l ight  

was  used  to  a c t i v a t e  P h o t o s y s t e m  I alonea, n). A subs id ia ry  peak  or  shou lde r  at 

548-55o  n m  was  o f ten  o b s e r v e d  (as in Fig.  2) which  m a y  be r e l a t ed  to  t he  P55o com- 

p o n e n t  r e c e n t l y  desc r ibed  ~9. A fu r t he r  large peak  was a lways  found  a t  approx .  572 nm 
(refs. 2o, 2[) which  obscu red  t h e  c y t o c h r o m e  b region.  
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Fig. 2. Light dark difference spectra of (;lass [ chloroplasts for far red light and for red light. 
The solid curve is the final light-on response, and the dashed curve is the rapid light-on response 
( <2 sec). The reference wavelength was 54 ° n m  in each case. Chlorophyll concentration. 55/Ig/ml, 
Temperature, io . Actinic far-red light 72o nm of 2. ~o 4 ergs/cm ~ per sec; red light 68o nm ot 
4" I°4 ergs/cm2 per sec. Chloroplasts suspended in routine sorbitol inedium. Temperature, ~o :. 
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PHOTOOXIDATION OF CYTOCtIROME f IN CHLOROPLASTS 389 

The pat tern of cytochrome f photooxidation is shown in Fig. 3 A. This differed 
from the pattern previously described for swollen, Class I I  chloroplasts a, n principally 
in the fast responses to both red and far-red light, the partial reversibility of tlle 
far-red light response and the high degree of oxidation in red light. 

Cytochrome ]( (554 - 540nm) 
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Fig. 3. L igh t - induced  responses  of cy toch rome  f. A, Class I chloroplas ts ;  B, swollen, Class l I  
ch loroplas ts ;  C, Class I chloroplasts ,  reference wave leng th  564 n m  ins tead  of 54 ° rim; D, chloro- 
p las t  f r agmen t s ,  Band  a; E, chloroplas t  f r agmen t s ,  B a n d  c; F, chloroplas t  f r agmen t s  f rom Band  a 
su spended  in a h igh-sa l t  med ium.  Chlorophyl l  concen t ra t ions  (ffg/ml) : A, 6z ; 13, 70; C, 61 ; D, 98 ; 
E, 5 o ; F, 98. Apa r t  f rom cy toch rome  f, t he  chloroplas ts  were suspended  in rou t ine  sorbitol med ium.  
Condi t ions  as in Fig. 2. 

Increasing light intensity increased tile rate of both tile red and far-red responses 
and increased the reversibility of the far-red responses (Fig. 4). From measurements 
of the rates of the rapid responses it appeared that  in red light saturation was reached 
before the highest intensity (the half-time at saturation approx. 2oo nlsec) and that  
far-red light was near to saturation at the highest intensity (half-time, approx. 
5oo msec). The routine light intensity for other experiments was the highest intensity 
used in these experiments. The increased reversibility of the far-red response with 
increased intensity may indicate that  some Photosystenl I I  activity occurred e v e n  

in far-red light n, 12. 
To test the possibility that  the characteristic rapid response of intact chloro- 

plasts was an artifact caused by the long tail of the accompanying P518 response 22, 2a 
the reference wavelength was changed from 54 ° to 564 nm in one experiment (Fig. 3C). 
Although there was much interference from other spectral responses in this region 
(see Fig. 2) it is clear that  the results were qualitatively similar to those for the normal 
reference wavelength. An artifactual origin of these fast responses is also excluded 
by tile evidence that  (a) the responses to both red and far-red light were found to 
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have peaks at 554 nm in difference spectra (not shown) and (b) the responses were 
inhibited by DCMU, valinomycin and other inhibitors e°, 24. The fast responses there- 
fore appear  to be an integral part  of the cytochrome f responses of intact chloroplasts. 
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Fig. 4. The effect of light intensity on the cytochrome f response in Class [ chloroplasts. The 
light intensity,  as a percentage of the highest intensi ty used (far-red light of 2.1 o 4 ergs/cm ~ per sec 
and red light of 4'  lOa ergs/cm2 per sec) was: A, 2.5; B, IO; C, 2.5; D, 5o; E, 63; F, 1oo. The light 
intensity was altered using neutral  density filters. Chlorophyll concentration, 47 tlg/ml. 

Fig. 5. Induct ion  effects in the responses of cytochrome f. A and B, same preparat ion of Class I 
chloroplasts (chlorophyll concentration, 59/ tg/ml) ;  C and D, separate preparat ions  of Class [ 
chloroplasts (chlorophyll concentration, C 54/*g/ml; D 57 /tg/ml); E, Class I chloroplasts sus 
pended in high-salt  medium (see MATERIALS AND METHODS). Chlorophyll concentration, 45/~g/lnl. 
Chloroplasts of A-D were suspended in routine sorbitol medium. Experimental  conditions as 
in l:i~. 2. 

Both the biphasic oxidation in far-red light and the spike of the cytochrome,/  
response in red light (Figs. 3-5) are indicative of complex reactions of cytochrome j 
in intact  chloroplasts. As shown in Fig. 6A the fast phase of the far-red response was 
conlpletely reversible if illumination was stopped at this stage. However, the re- 
versible part  of the s teady-state  response was not found to be equal in extent to the 
fast phase. The spike of the red response, following a cycle of far-red light and dark- 
ness, was also related to the mechanism of reversibility; as shown in Fig. 5 B, if the 
light is cut off before tile end of the spike, the red light response is not fully reversible. 
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Swolh:lz Class I I  chloroplasts and chloroplast fragments 
Swollen, Class II  chloroplasts were found to have a similar pattern of cyto- 

chromefresponse (Figs. 3 B and 6) to that described elsewhere a, n. It therefore seemed 
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Fig. (). Light-dark difference spectra of (;lass I chloroplasts suspended in high-salt medium (see 
I~IATERIALS AND METHODS). The solid curves represent the steady-state redox level elicited by 
far-red (72o nln) or red (68o nm) light, with reference to the dark state, following red illumination. 
The hatched curve represents the change elicited by red light, with reference to the dark state 
following far-red illumination (i.e. although red light causes a reduction of cytochrome f, the 
redox state remains oxidised relative to the final dark state). Experimental conditions as in Fig. 2. 
Chlorophyll concentration, 59 t~g/m 1. 

possible tha t  the differences between tile responses of in tact  and swollen chloreplasts  
were due to changes in tile in tegr i ty  of the chloroplasts. However ,  fur ther  invest igat ion 

showed tha t  similar differences could be obta ined between unswollen and swollen 
chh)roplast f ragments  (Figs. 3 D and 3E). 

The unswollen and swollen chloroplast f ragments  were prepared by osmotic 

shock, as described in MATERIALS AND METHODS. Unswollen f ragments  (rods or par- 

ticles of o.2 0. 4 /ml) were collected in Band a (Fig. I) after densi ty  gradient  sepa- 

ration. Swollen fragments  (large vesicles or membrane  aggregates of up to 5/~m) were 
collected in Band e and to a lesser ex ten t  in Band b. 

As shown in Table I the unswotlen fragments  contained higher levels of cations 

than swollen f ragments  on a chlorophyll  basis and in terms of concentrat ion the 
differences would lye much greater.  This indicated tha t  permeabi l i ty  changes, occurring 

upon swelling, could be the critical factor behind tim different responses of the in tact  
chloroplasts and unswollen fragments  on the one hand and the swollen chloroplasts 
and swollen fragments  on the other  (cf. ref. 25). In support  of this it was found tha t  
preparat ions  of Class II  chloroplasts, which were not del iberately swollen by dilution 
or addit ion of NaC1 but which probably contained some swollen chloroplasts, showed 
a response in termedia te  between the in tact  chloroplast response and the swollen, 
(;lass II  response. Fur thermore ,  unswollen particles resnspended in a high-salt medium 
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TABLE I 

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

The high-salt  chloroplasts were centrifuged at low speed (2oo-5oo X g) on a two-layered sucrose 
density gradient and collected as the precipitate. The suhchloroptast  f ragments  and vesicles were 
prepared from high-sal t  chloroplasts by  osmotic shock and were fractionated on a sucrose density 
gradient by centrifugation at high speed (ioo 000 5(g).  Cation content  was deterniined by atomic 
absorpt ion spectroscopy. The s tandard  error of the mean is given for high-salt chloroplasts (l~ 6). 
The values for the chloroplast  f ragments  and vesicles (as described in MATERIALS AND METHODS} 
are the means of two preparat ions.  The contr ibut ion of chlorophyll Mg 2+ has been deducted from 
the ~IR 2+ values. 

High-salt  chloroplasts 
Chloroplast f ragments  (Band a) 
Chloroplast vesicles (Band c) 

Content  (ltmOles/mg chlorophyll)  

K N a  = Ca ",-~ 5Q42- 

4. [  ~ 0.2 o .o l  ± o.oo~ ° .03  • ° - °05  J.55 ° . ° 7  
2.17 0.00 O. 1o I). I S 
I .OC) O .O  5 O, I O  I ) .  I ] 

were observed to swell and exhibited cytochrome f responses similar to swollen, 
Class I I  chloroplasts (Fig. 3F). 

High-salt chloroplasts 
Chloroplasts in vivo have a high salt content 2~ and recently it has beconie pos- 

sible to isolate high-salt chloroplasts in vitro 14. The cation content of a typical prepa- 
ration of high-salt chloroplasts is shown in Table I. (The major anion is probably CI- 
(refs. 26 and 27). ) These chloroplasts, resuspended in the 0.8 M sorbitol reaction 
medium described in MATERIALS AND METHODS exhibited responses which differed 
markedly from those described tor intact chloroplasts (Fig. 7C). The far-red light 
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Fig. 7. The effect of DCMU (I #M) on the light-induced responses of cytochronle f ill A, swollen, 
Class I I  ; B, Class I ; C, high-salt chloroplasts. The experimental  conditions were the same in Fig. 2. 
Chlorophyll concentrat ions (/,g/ml): A, 7~; B, 45; C, I io. The three types of chloroplasts were 
suspended in the same media as indicated in Figs. 3 and 4. 
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response was fully reversible and the responses generally were similar to those of 
intact algae 2, 2s, 29. Attempts at resuspending the chloroplasts in the normal 33o-mM 
sorbitol reaction medium were not successful in retaining this pattern of response. 
Resuspension in a high-,gait medium, similar to the concentration of salts inside the 
chloroplasts (see MATERIALS AND METHODS) gave rise to responses characteristic of 
swollen chloroplasts. In fact, it was found that low levels of Na~ (concn. IO raM), 
Mg 2+ (concn. 5o mM) and Ca 2+ (concn. 5o raM) can cause such a changeover 2t. 

IJzhibilioTz by D C 3 I U  
In Fig. 7 are shown the effects ef DCMU (2 #M) which was used to inhibit 

electron flow front Photosystein II. DCMU was added in the dark with cytochrome J 
in the reduced state. In swollen Class II  chloroplasts (Fig. 7 B) and swollen chloroplast 
fragments far-red light induced an oxidation of greater extent and at a faster rate 
compared with the control. However, a subsequent illumination caused almost no 
change at all. In intact chloroplasts (Fig. 7 A) and unswollen chloroplast fragments, 
DCMU resulted in similar photooxidation in far-red light. However, there was some 
reduction in the dark and subsequently illumination produced a small amount of 
reversible oxidation. In high-salt chloroplasts the reversible light-induced component 
was much larger (Fig. 7C) amounting to approx. 5o °o of the control response. 

DISCUSSION 

The results described deal with chloroplasts from pea leaves. However, similar 
re.~:ults were obtained with spinach chloroplasts. Perhaps the most striking result to 
emerge from the present investigation is the very different pattern of response of 
cytochrome f to red and far-red light in intact chloroplasts and unswollen fragments 
to that in swollen chloroplasts or fragments. This difference is clearly related to the 
state of the photosynthetic membranes, which is not necessarily linked to the integrity 
of the chloroplasts although integrity does seem to have some influence on the light- 
induced cytochrome f response. 

Many of the observations on the swollen, Class II, the intact and the high-salt 
chloroplasts can be explained by the scheme presented in Fig. 8. 

2 

Chl .  a =  ~ R 1 m, cyt. f . ~ C h l ,  oi • F R S . F d  

3 

Fig. 8. t l ypo the t i ca l  scheme of e lectron media t ion  be tween  cy toch rome  f ,  P h o t o s y s t e m  [ and  
P h o t o s y s t e m  lI.  Fd,  ferredoxin;  FRS,  ferredoxin reduc ing  subs t ance ;  cyt .  f ,  cy toch rome  f ;  R, 
in ter inedia te  redox pool; Chl. ai, chlorophyl l  al of P h o t o s y s t e m  I: Chl. all,  chlorophyll  aii of 
P h o t o s y s t e m  I I. 

The swollen chloroplast responses suggest a simple pathway of electron flow 
involving Pathway I of the scheme in Fig. 8 but not Pathways 2 or 3- This simple 
scheme is very similar to that envisaged by AvRox- AND CHANCE a. The action of DCMU 
in increasing the photo-oxidation rate and its extent in far-red light clearly demon- 
strates a contribution of Photosystem II  in the control treatment. The lack of any 
dark reduction of the cytochrome f, photo-oxidised by far-red light, indicates that 
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the size of the reducing pool, R, is small, possibly much smaller than in unswollen 
chh)roplasts. The poor rate of far-red photo-oxidation indicates a slow flux of electrons 
out of the cytochrome f pool, which is probably due to a restricted flow of electrons 
to NADP + or to 02, through a pseudocyclic pathway, since the rate of photooxidation 
is greatly enhanced by the addition of I,I '-ethylene-2,2'-bipyridylium dibromide 
(diquat)21, an autoxidisable electron acceptor. 

In intact chloroplasts and unswollen fragments explanations are required for 
tile biphasic and partially' reversible oxidation in far-red light, the spike in red light 
and the subsequent high level of steady-state oxidation and a more complex scheme 
involving at least two of the pathways of Fig. 8 seems necessary. The resistance to 
DCMU inhibition by the reversible far-red component also indicates a role for Pathway 
2 or 3. Moreover, since this component has been found to be sensitive to inhibitors 
of cytochrome b reactions 2a a cyclic electron transport around Photosystenl I (Path- 
way 2) is favoured. Similar evidence 2a suggests that a cyclic pathway is also important 
iI1 high-salt chloroplasts. 

Many of the differences between intact and swollen chloroplasts can therefore 
be explained in terms of intact chloroplasts having (a) a cyclic electron transport 
system; (b) a greater flux of electrons from cytochrome f to Photosystem I and (c) 
a larger reducing pool, R. It is also possible that the coupling site acts as a greater 
resistance to electron flow in intact chloroplasts, which together with the increased 
flux of electrons to Photosystem I, would explain the high level of red photo-oxidation. 
Tim action of uncouplers, such as carbonyl cyanide p-trifluoromethoxyphenyl hy- 
drazone (FCCP) and nigericin plus valinomycin is consistent with this explanation"L 

The major difference between cytochrome f photooxidation in intact and lfigh- 
salt chloroplasts was the degree of reversibility following far-red illumination. Since 
the most obvious difference between the two types of chloroplasts is their abilit\" to 
retain ions, it seems possible that the greater degree of reversibility in high-salt 
chloroplasts is due to the presence of a low molecular weight substance which reduces 
cytochrome f in the dark and which is leached out during the preparation of intact 
chloroplasts. An alternative explanation is that in the special ionic environment of 
high-salt chloroplasts a cyclic electron pathway around Photosystem I is activated. 
However, the attempts to simulate this by resuspension in similar salt concentrations 
were not successful (see also ref. 2o). 

We assume that the high-salt chloroplast response which is very similar to the 
response found in algal cells 2,28,2'9, may be ch)se to the i~z vivo response. However, 
it has recently been shown that in intact pea leaves the level of cytochromef oxidation 
in red light is nmch less than in far-red light a°. Thus there are probably still differences 
between the high-salt and i,z vi'co chloroplasts and their cytochrome f responses, and 
this is not surprising since the experiments with high-salt chloroplasts were carried out 
in solutions of high osmolarity (o.8-1.o M). 

Further work is clearly necessary to investigate the photosyilthetic electron 
transport pathways more fully and especially to correlate the findings with the ('O.,. 
fixation and phosphorylative capacity in the various types of chloroplasts. At present 
it is only possible to say that conditions conducive to CO 2 fixation, e.g. the presence 
of bicarbonate, 3-phosphoglyceric acid, ADP or even ATP, did not alter the pattern 
of the light-induced cytochrome f responses in intact chloroplasts. 

Finally, the work described here and in the succeeding papers 2°,'1,'2~ lends no 
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support to the presence of any, cytochrome on the intermediate pathway other than 
cytochrome f which is considered to be separated by a coupling site from a large 
reducing pool on the Photosystem II side. 
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