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Summary 

Evolution of oxygen and turnover of cytochromes b-563 and f were mea- 
sured upon illumination of isolated intact spinach chloroplasts with a series of 
flashes. The flash yield of cytochrome f oxidation approximated the sum of the 
yields of cytochrome b-563 reduction and electron transfer through Photo- 
system II, regardless of whether HCOj, 3-phosphoglycerate or 02 served as the 
terminal electron acceptor. No absorbance contribution from cytochrome 
b-559 was discerned within the time range studied. Some pseudocyclic electron 
flow occurred when both HCO~ and 3-phosphoglycerate were omitted, and 
possibly also during induction of photosynthesis; however, the flash yield data 
suggest that O2 is not reduced at a significant rate during steady state photo- 
synthesis. The maximum rate of cytochrome f turnover (1000 #equiv./mg 
chlorophyll per h) was adequate to support the highest rates of photosynthesis 
observed in isolated chloroplasts. 

These results agree with the concept that cytochrome f is a component both 
of the linear and cyclic pathways whereas cytochrome b-563 functions only in 
the cyclic pathway. NH4C1 decreased the half time of cytochrome b-563 oxida- 
tion from 11.6 to 8.2 ms and decreased the half time of cytochrome f reduc- 
tion from 7.2 to 2.8 ms. The cyclic and linear pathways thus seem to be jointly 
regulated by a transthylakoid H ÷ gradient through a common control point on 
the reducing side of cytochrome f. Cyclic turnover also increased during the 
induction phase of photosynthesis, when linear throughput is limited by the 
rate of utilization of NADPH. The slow rise in the P-518 transient correlated 
with increased cyclic activity under the above conditions. 

It is proposed that flexibility in the utilization of  linear and cyclic pathways 

Abbrev ia t ions :  DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; P-700, reaction c e n t e r  for  Photosytem I. 
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allows the chloroplast to generate ATP and NADPH in ratios appropriate to 
varying needs. 

Introduction 

In chloroplasts, cyclic electron transport driven by Photosystem I is coupled 
to phosphorylation and is known to involve ferredoxin [1], cytochrome b-563 
[2], and the sequence of electron carriers between plastoquinone and P-700 
[3]. Recent spectroscopic studies [4] provided kinetic evidence that cyto- 
chrome b-563 and cytochrome f function on the reducing and oxidizing sides 
of a coupling site respectively, and showed that antimycin inhibits cytochrome 
b-563 oxidation. The involvement of cyclic phosphorylation in meeting some 
of the energy demand of photosynthesis was previously demonstrated by the 
sensitivities to antimycin of phosphorylation [ 1], CO2 fixation [ 5,6], the trans- 
thylakoid proton gradient [7], the electrochromic effect [4], and chlorophyll 
fluorescence quenching [7]. 

Earlier studies of the cyclic system in isolated chloroplasts rested on indirect 
measures of electron flow such as phosphorylation [1] or some related param- 
eter [6,8--10] following inhibition of linear and pseudocyclic [44] electron 
flows. The rate of cyclic phosphorylation was shown to depend on redox poise, 
which could be experimentally controlled by varying the oxygen tension 
[1,7,10] or by partially inhibiting Photosystem II activity (with DCMU [1,7] 
or far-red illumination [1,10]). A more physiological mechanism of redox pois- 
ing by the closure of Photosystem II traps with NADPH was suggested from the 
work of Mills et al. [11] and Arnon and Chain [1,45]. However, investigation 
of this mechanism and the interrelationship between linear and cyclic electron 
flow during CO2 fixation has been limited by inability to measure cyclic turn- 
over directly. 

In this study, chloroplasts were illuminated with repetitive flashes, and 
oxygen evolution rates, cytochrome b-563 and cytochrome f turnovers were 
measured during the reduction of 3-phosphoglycerate or CO2. The influence of 
uncouplers and other conditions on cyclic turnover and Photosystem II activity 
was examined. 

Materials and Methods 

Chloroplasts were isolated from spinach as previously described [12]; they 
were at least 75% intact and gave light- and HCO~-saturated photosynthesis rates 
of 100--200 ~mol O2/mg chlorophyll per h. Measurements were performed at 
19--20°C with chloroplasts suspended in 0.35 M sorbitol, 50 mM Tricine, and 
0.3 mM K2HPO4 adjusted to pH 8.1. Samples contained 1600 units of catalase 
per ml except during 02 uptake measurements when the catalase was replaced 
by 1.0 mM KCN. Methyl viologen, K3Fe(CN)6, NaHCO3 and 3-phosphoglycer- 
ate additions were 25 pM, 1 mM, 10 mM, and 2 mM respectively. For ferri- 
cyanide reduction, thylakoids were prepared by osmotic rupture of intact 
chloroplasts as described in Ref. 11. Oxygen was measured with a Clark elec- 
trode (Yellow Springs Instruments model 5331) inserted into a stirred sample 
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suspension in a thermally jacketed cuvette. Absorbance (1 cm light path) was 
monitored with a single beam spectrophotometer; rapid changes were measured 
with a transient recorder (Data Laboratories model DL 922) and averaged by a 
PDP 11/34A computer. Signal averaging was also performed with a Fabritek 
1052 averager. Actinic flashes were provided by illuminating the sample cuvette 
from opposing directions, at right angles to the measuring beam, with two 
EG&G FX201 xenon lamps (1.2 kV, 2 #F discharges). Red flashes, obtained 
with Schott RG 665 filters, had a 4 ps pulsewidth at half peak height and gave 
mostly single turnovers. O2 uptake with methyl viologen or oxygen evolution 
with ferricyanide, and the 518 nm absorbance change were linear functions of 
chlorophyll concentration within the range used, and hence were flash-satu- 
rated. 

Results 

Flash-induced electron transport: Relation to flash frequency 
Fig. la  displays the dependence of  electron flow on flash frequency with 

either ferricyanide, 3-phosphoglycerate or CO2 as the terminal electron accep- 
tor. With ferricyanide, the O: evolution rate is a linear function of  flash fre- 
quency and calculation of the flash yields in Fig. lb  gives a relatively constant 
value of  1.55 nequiv./mg chlorophyll or 1 e- /650 chlorophylls. This is slightly 
larger than the photosynthetic unit size of I cytochrome f and 1 P-700 per 500 
chlorophylls determined for spinach chloroplasts by redox titration [13,14]. 
However, the unit size is in good agreement with that determined for Chlorella 
[15] from flash yield data. Such an equivalence of  unit size and flash yield indi- 
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Fig .  1. Flash frequency  dependences  o f  e lectron transport  rates and flash y ie lds  for chloroplasts  in the 
presence o f  various e lectron acceptors .  The  0 2  evo lu t ion  rate (left)  was  measured wi th  either ferricyanide 
(in the presence ( s )  and absence  (D) o f  3 mM NH4C1), or  3 -phosphoglycerate  (~) or  HCO~ (o) present as 
acceptor .  Dashed plots  (m) were obta ined  with  HCO~ and 1 mM NH4CI present.  The  corresponding  flash 
yie lds  (fight) were obta ined  b y  dividing these  rates b y  the number  of  f lashes per hottr. React ion  condi-  
t ions  were as described in Materials and Methods .  Samples  containing HCO~ were e x p o s e d  to  3.5 min  o f  
c o n t i n u o u s  blue light (200  W / m  2) and a l -rain dark per iod  before  measurement  o f  the rates induced b y  
repetit ive f lashes.  
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cates flash saturation and complete  relaxation of  the electron transport system 
between flashes. Additional evidence for relaxation of  the electron carriers 
between flashes is provided by the inability of NH4C1 to accelerate coupled 
ferricyanide or methyl  viologen reduction (data not  shown) at flash frequencies 
below 7 Hz, in contrast  to what is seen at higher flash frequencies and in satu- 
rating continuous light where a larger pH gradient limits the rate of electron 
flow. When methyl  viologen was the acceptor,  the flash yield was 1.2 nequiv./ 
mg chlorophyll  (data not  shown). 

A relatively constant flash yield for 3-phosphoglycerate reduction at fre- 
quencies above 2.5 Hz agrees with observations on proton gradient formation 
[16].  A significant pH gradient and phosphorylat ion rate must exist at low 
flash frequencies, since 3-phosphoglycerate or HCO~ support  02 evolution. 
Production of  ATP is necessary for the conversion of 3-phosphoglycerate to 
sn-glycerol 1,3-bisphosphate, an electron acceptor which reoxidizes NADPH 
[17] thus permitting electron flow from H20 to NADP ÷. Additional ATP is, of 
course, needed for conversion of  ribulose 5-phosphate to ribulose 1,5-bisphos- 
phate during CO2 fixation. Comparison of  the plots with 3-phosphoglycerate 
and HCO~ in Fig. 1 shows that  increased flash frequencies are needed to sustain 
continuous electron flow when the ATP/NADPH requirements for reduction of  
the acceptor are raised from 1.0 for 3-phosphoglycerate to 1.5 for CO2. A 
higher rate of coupled proton translocation is apparently needed during CO2 
fixation to compensate for the increased utilization of  ATP. The view that ATP 
supply is the limiting factor is also indicated by the need to use higher flash 
frequencies to sustain a given rate of  CO2 reduction when a partially uncoupl- 
ing level of  NH4C1 (1 mM) is present (dashed line). Similar results (not shown) 
were obtained with 3-phosphoglycerate as acceptor. 

Cytochrome turnover during 3-phosphoglycerate reduction 
Fig. 2 shows spectra of  absorbance changes 100 ps and 1.6 ms after a flash, 

in chloroplasts reducing 3-phosphoglycerate (cf. Fig. 1). The electrochromic 
effect,  characterized by  a trough at 480 nm and a peak at 518 nm, is similar to 
that  previously seen in intact chloroplasts under conditions which support  
cyclic electron flow [4]. Cytochrome f oxidation is indicated in the 100 ps 
curve by a bleaching at 554 nm. After 1.6 ms, absorbance differences around 
554 nm and 564 nm are superimposed on the tail of  the collapsing electro- 
chromic effect.  

A more detailed analysis of  the cytochrome a-band region appears in Fig. 3. 
Absorbance changes at 564 nm and 554 nm are presented in part (a) for times 
between 100 ps and 1 ms after the flash. From the spectra displayed in part 
(b), it is evident the changes in this time span correspond mainly to the oxida- 
tion of  cy tochrome f (}~max = 554 nm) and the reduction of  cy tochrome b-563 
(hmax = 563.5 nm). The small rapid absorbance increase at 564 nm that occurs 
between 100 and 300 its is kinetically similar to the reported oxidations of 
cy tochrome f [18,19] and plastocyanin [19,20] and may be ascribed to the 
fractional absorbance increase from these components  as they become oxidized 
(see Refs. 21, 22 and Table I). Likewise, the small apparent shift at 550 nm 
(Fig. 3) suggests some turnover of C-550. Similar spectra, showing the reoxida- 
tion of cy tochrome b-563 and rereduction of  cy tochrome f were obtained 
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Fig. 2. Wave leng th  d e p e n d e n c e  of  f lash- induced ahso rbance  changes  100  #us and  1.6 ms  a f t e r  the  flash. 
Samples  con t a i ned  3 -phosphog lyce ra t e  a nd  52 #g ch lo rophy l l / rn l ;  o the rwise  cond i t ions  were  as in Mate- 
rials and  Methods .  T he  da t a  at  100  /~s (e )  a nd  1.6 m s  (o)  for  each  wave l eng th  r ep re sen t  the  a c c u m u l a t e d  
averages  of  b e t w e e n  128 and  1 0 2 4  flashes given a t  2.2 Hz. 

when time intervals between 1 and 50 ms were analyzed in the above manner. 
Estimation of  the t,/2 for cy tochrome f oxidation gives a value of  130 #s, 

which is close to values reported for chloroplasts [18] ,  leaves [23] and algae 
[19]. The t~/2 of  600 ps for cy tochrome b-563 reduction is lower than the 
value of  1.3 ms measured in broken chloroplasts [ 18]. Clearly, significant turn- 
over of  both cytochromes occurs during flash-driven electron flow to NADP ÷ 
and subsequently 3-phosphoglycerate. 

Cytochrome turnover during C02 fixation 
Determination of  flash yields for the cytochromes necessitates correction for 

absorbance changes from other pigments having overlapping absorbance in the 
a-band region. The differential extinction coefficients of  these components  and 
their estimated absorbance changes during CO2 fixation in 7 Hz flashes are 
presented in Table I for the wavelengths 554, 564 and 570 nm. Calculations 
assumed a turnover of  0.75 nequiv./mg chlorophyll  per flash, as indicated by 
the O5 flash yield data in Fig. lb .  During repetitive flash excitation no turnover 
of  cy tochrome b-559 was observed (Fig. 3) and the predicted C-550 change 
(Table I, in brackets) was also small owing to the low extinction coefficient at 
554 nm [24]; consequently,  the electrochromic effect  [4,18] and the oxida- 



500 

(0) (b) 

0.5 - -  564  nm " " 

0 
% 

-0.5 

0 200 400 600 800 I000 550 560 570  

/~ I ), ( nm)  

Fig, 3. Spectra of  the absorbance changes occurring between 100 ~s and 1.6 ms after the flash, Condit ions 
as in Fig. 2. In part (a) the relative absorbance change between 100 /~s and 1.0 ms is given for  the wave- 
lengths 564 (e) and 554 nm (o). Absorbance spectra, in part (b), are plot ted for  t ime intervals correspond- 
iag to 100 to 300/~s ($), 100 to 600 ps (o), 100 to 1000 ps (=) and 100 to 1600 ps (~). 

tions of P-700 [25] and plastocyanin [22] must account for most of the non- 
cytochrome absorbance changes at these wavelengths. From the 1 : 1 stoichi- 
ometry between P-700 ÷ reduction and plastocyanin oxidation [20], and the 
kinetics (70--80% reduction of  P-700 ÷ after I to 2 ms [20]) can be computed 
their absorbance contributions for the 1 to 2 ms interval after the flash 
(Table I). The electrochromic effect can be estimated from responses measured 

T A B L E  I 

E X T I N C T I O N  C O E F F I C I E N T S  A N D  E S T I M A T E D  A B S O R B A N C E  C H A N G E S  

E x t i n c t i o n  c o e f f i c i e n t s  (e = m M  -1 • c m  -1 ) w e r e  d e r i v e d  f r o m  t h e  s p e c t r a  r e f e r e n c e d .  A b s o r b a n c e  c o n t r i b u -  
t i o n s  ((AI/I) X 105 ) w e r e  e s t i m a t e d  as  d e s c r i b e d  in  t h e  t e x t ,  f o r  C O  2 f i x a t i o n  in  7 H z  f l a s h e s  ( 5 1  ~ g  

c h l o r o p h y n / m l )  a n d  a p p e a r  i n  b r a c k e t s .  

C o m p o n e n t  W a v e l e n g t h  R e f .  

5 5 4  n m  5 6 4  n m  5 7 0  n m  

e A e A e A 

C y t o c h r o m e  b - 5 5 9  r e d - o x  6 . 6  [ 0 ]  6 . 6  [ 0 ]  - - 1 . 0  [ 0 ]  3 9 , 4 0 , 4 3  

C - 5 5 0  r e d - o x  - - 1 . 7  [ - - 1 5 ]  0 . 0  [ 0 ]  0 . 0  [ 0 ]  24  
P - 7 0 0  o x - r e d  3 . 2  [ 9 ]  2 .6  [ 7 ]  1 .8  [ 4 ]  2 5  
P l a s t o c y a n i n  o x - r e d  2 .9  [ 1 8 ]  3 . 4  [ 2 1 ]  3 . 8  [ 2 4 ]  1 9 , 2 0 , 2 2  

P - 5 1 8  % A A 5 1 8 n  m 6 . 8 %  [ 2 6 ]  5 . 3 %  [ 2 0 ]  4 . 6 %  [ 1 7 ]  4 A 8  
C y t o c h r o m e  b - 5 6 3  r e d - o x  0 . 5  - -  1 9 . 0  - -  5 .0  - -  3 9 , 4 1 - - 4 3  
C y t o c h r o m e  f o x - r e d  - - 1 7 . 7  - -  2 .0  - -  2 .5  - -  2 1 , 3 9 , 4 3  
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at 518 nm [4,18], such as those shown in Fig. 4; calculated absorbance contri- 
butions from P-518 are shown in Table I for the steady state phase of CO2- 
fixation (see Fig. 4b). The sums of the absorbance changes of P-700÷/P-700, 
oxidized/reduced plastocyanin, and P-518 are nearly the same at all three wave- 
lengths; thus, absorbance changes at 554 nm and 564 nm may be corrected for 
contributions from these pigments by subtraction of the absorbance change at 
570 nm. 

Flash-induced cytochrome turnovers and the O2 evolution curve for chloro- 
plasts preilluminated with added HCO~ are presented in Fig. 5. Fig. 5a illus- 
trates the absorbance transients observed at 564 nm and 554 nm and, in the 
bottom trace, 02 evolution measured under identical conditions. In Fig. 5b, 
traces are shown of cytochrome b-563 and cytochrome f turnovers after sub- 
traction of the change at 570 nm. For comparison, traces are also shown in part 
(c) for chloroplasts in the presence of 1 mM NH4C1, which depressed the rate of 
02 evolution (cf. Fig. 1). This effect can be attributed to a partial uncoupling 
of electron flow from phosphorylation, as evidenced by the more rapid rates of 
cytochrome f reduction and cytochrome b-563 oxidation. 

Calculations of the flash yields from Fig. 5b, using the differential extinction 
coefficients relative to 570 nm for cytochromes b-563 and f gave values of 0.30 
and 0.79 nequiv./mg chlorophyll, respectively. Alternatively, the observed 
changes at 554 and 564 nm in Fig. 51 could be corrected by subtraction of the 
absorbances listed in Table I. This procedure gives flash yields of 0.24 and 0.82 
for cytochromes b-563 and f, respectively. Such agreement between the results 
of the two correction procedures suggests that either can be employed with 
reasonable accuracy. 

The significant cytochrome b-563 turnover and the inability to account for 
cytochrome f turnover by Photosystem II activity alone provide strong evi- 
dence for cyclic electron flow during CO2 fixation. From the flash yield and 
the relaxation time given in Fig. 5b, a maximum turnover rate through cyto- 
chrome f of about 400 pequiv./mg chlorophyll per h can be estimated, which 
corresponds well with 02 evolution rates of 100 pmol/mg chlorophyll per h ob- 
served in continuous light. A similar estimate of cytochrome b-563 turnover 
gives a value of 96 ~equiv./mg chlorophyll per h and corresponds to a phos- 
phorylation rate of 32 pmol ATP/mg chlorophyll per h if an efficiency of 

INDUCTION STEADY STATE } +METHYL VIOLOGEN 

A I / I  X103 I~ 50 ms Jl +NH4CI ~ ~lli~L +NH4CI 

Fig.  4.  Kinetic traces for  the flash induced  absorbance  change at 518  n m  du~ing and fo l lowing  induct ion  
of  photosynthes i s .  Traces were  the  accumulated  averages o f  128  flashes. Samples  conta ined  51 # g  chloro-  
p h y l l / m l  a n d  1 0  m M  N a H C O  3 in  'react ion buffer' .  Other cond i t ions  were:  (a),  dark adapted  then f lashed 
at 2.5 Hz;  (b) ,  pre inuminated  then f lashed at 7 Hz;  (c) ,  as  (b)  but  wi th  1 m M  N H 4 C I  p r e s e n t .  In  t r a c e  (d)  
H C O 3  was replaced b y  25  #M m e t h y l  v io logen  and 3 m M  N H 4 C I ;  the flash frequency  was  7 Hz.  
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Fig.  5.  F l a s h - i n d u c e d  c y t o c h r o m e  t u r n o v e r  a n d  0 2  e v o l u t i o n  in  c h l o r o p l a s t s  d u r i n g  CO 2 - f i x a t i o n .  S a m p l e s  
c o n t a i n i n g  10  m M  H C O ~  were  i l l u m i n a t e d  b e f o r e  r epe t i t i ve  f lashes  we re  g iven  a t  7 .0  Hz as in  Fig .  1. 
C h l o r o p h y l l  c o n c e n t r a t i o n s  we re  4 0  p g / m l  a n d  51  pg/ml f o r  0 2  a n d  a b s o r b a n c e  m e a s u r e m e n t s ,  r e spec -  
t ive ly .  A b s o r b a n c e  t r a c e s  in  p a r t  (a)  r e p r e s e n t  t h e  a c c u m u l a t e d  averages  o f  5 1 2  f lashes;  0 2  e v o l u t i o n  was  
r e c o r d e d  d u r i n g  a 4 - ra in  p e r i o d  o f  r epe t i t i ve  f lashes .  In  p a r t s  (b)  a n d  (c) t he  c y t o c h r o m e  r e s p o n s e s  we re  
o b t a i n e d  b y  s u b t r a c t i n g  t h e  5 7 0  n m  a b s o r b a n c e  a v e r a g e d  over  5 1 2  sweeps  f r o m  t h a t  m e a s u r e d  a f t e r  5 1 2  
s w e e p s  a t  5 6 4  o r  5 5 4  rim. The  5 7 0  n m  a b s o r b a n c e  c h a n g e  is s h o w n  in  the  b o t t o m  t races .  A r r o w s  i n d i c a t e  
t he  o n s e t  o f  a f lash in  t he  case o f  a b s o r b a n c e  c h a n g e s  a n d  the  o n s e t  o r  t e r m i n a t i o n  o f  f l ashes  fo r  0 2  
e v o l u t i o n .  N u m b e r s  in  p a r e n t h e s e s  give t h e  c o m p u t e d  f i rs t  o r d e r  ha l f - t imes ,  in  ms ,  f o r  c y t o c h r o m e  b - 5 6 3  
o x i d a t i o n  a n d  c y t o c h r o m e  f r e d u c t i o n .  The  r a t e  o f  0 2  e v o l u t i o n  in  # m o l / m g  c h l o r o p h y l l  p e r  h is g iven in  
s q u a r e  b r a c k e t s .  NH4C1 (1 m M )  w a s  p r e s e n t  in  p a r t  (c).  

I H+/e - or 0.66 ATP/2e- [26] is assumed for the coupling site located between 
plastoquinone and cytochrome f [3]. Such a rate could provide the ATP 
needed to supplement that  arising from coupled (ATP/2e- = 1.33) linear elec- 
tron flow [27] in chloroplasts fixing CO2. If the recently discovered additional 
slow charge separation across the thylakoid [4,28,29] results in a total trans- 
location of 2 H+/e - in the cyclic pathway, the true phosphorylation rate would 
be twice that  estimated above. 

Determination of  relative electron transport activities from flash yields 
Estimations of the relative electron transport activities can be made from 

Table II where the flash yields for cytochrome turnovers are compared with 
measurements of Photosystem II activity under various conditions. With 
3-phosphoglycerate, the sum of the flash yields for cytochrome b-563 and 
Photosystem II more than adequately accounts for cytochrome f turnover. This 
is consistent with earlier studies [30] showing that  3-phosphoglycerate reduc- 
tion is not  accompanied by pseudocyclic electron flow. As a check on the abil- 
ity of these preparations to support pseudocyclic flow, 02 uptake was mea- 
sured in the presence of uncoupler and KCN. The pseudocyclic flash yield of 
0.22 nequiv./mg chlorophyll (Table II) contributes almost half of the overall 
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T A B L E  II 

F L A S H  Y I E L D  F O R  P H O T O S Y S T E M  II ,  CYCLIC,  P H O T O S Y S T E M  I A N D  P S E U D O C Y C L I C  A C T I V -  
IT IES  

Flash yields (+0 .05)  are given in n e q u i v . / m g  ch lo rophy l l  for  0 2  evo lu t ion ,  c y t o c h r o m e  b-563 reduc-  
t ion ,  c y t o c h r o m e  f ox ida t ion ,  0 2 u p t a k e  and  the  e x t e n t  of  the  slow rise in P-518,  observed  in repe t i t ive  
flashes. Bracke ted  values:  c o r r e c t e d  using response  a t  570 nm.  P-518  units :  ( A / / I )  X 103.  

Condi t ions  Act iv i ty :  PS II Cyclic P S I  Pseudo cyclic Cyclic 
Flash yield:  0 2  Cyt  b-563 Cyt  f O 2 Slow 

evo lu t ion  u p t a k e  P-518 

+3 -phosphog lyce ra t e ,  2.5 Hz 0 .90  0 .20  0 .96  - -  0.9 
+KCN,  +NH4C1 (3 raM),  7 Hz - -  0 .25 0.51 0 .22  0.9 
+HCO~,  2.5 Hz ( induc t ion)  0 .25  0 .40  0 .74  - -  1.2 
+HCO~,  7 Hz (s teady s ta te)  0 .75  0 .24  [0 .30 ]  0 .82  [0 .79 ]  - -  0.8 
+HCO~,  +NH4C1 (1 raM) 0 .44  0 .39  [0 .45 ]  0 .78  [0 ,76 ]  - -  1.7 

flow through cytochrome f, which is otherwise attributable to cycled electrons. 
In all other cases presented in Table II, the sum of the flash yields suggests that 
pseudocyclic flow does not  contr ibute significantly to cy tochrome f turnover. 
Pseudocyclic f low is not  directly measurable in these cases owing to the pres- 
ence of  catalase. 

There is a large demand for ATP during the induction phase of  photosynthe-  
sis [ 31 ] to supply the Calvin cycle with phosphorylated intermediates, and high 
rates of  cyclic turnover might be predicted. When dark adapted chloroplasts 
were exposed to low frequency flashes (2.5 Hz) in the presence of  HCO~, a low 
flash yield for oxygen evolution of  0.25 nequiv./mg chlorophyll  was recorded 
and this remained constant  for up to 15 min. The flash yield for cy tochrome 
b-563 was high as predicted, at 0.40 nequiv/mg chlorophyll.  Pseudocyclic flow 
was not  directly measurable during photosynthet ic  induction; however, the 
flash yield for pseudocyclic flow must be low as shown by the additivity of  
linear and cyclic turnovers to give almost the entire cy tochrome f turnover 
(Table II). An additional feature of  the induction phase is a pronounced slow 
absorbance rise during relaxation of  the 518 nm ~ransient (cf. Fig. 4a) which 
has previously been correlated with rapid cyclic turnover in intact chloroplasts 
[4,28].  To estimate the amplitude of  this change, the decay rate of  the 518 nm 
absorbance was recorded under conditions strongly favouring linear electron 
flow (with methyl  viologen and 3 mM NH4C1 added). The result, shown in Fig. 
4d, was normalized at 1 ms after the flash and subtracted from Fig. 4a, b, and 
c, to give the amplitudes (Table II). Following elimination of  the induction 
phase by preillumination, the cy tochrome b-563 flash yield was a smaller but  
significant fraction of  that  recorded for cy tochrome f, and the slow rise in the 
electrochromic effect was decreased by 33%. Subsequent  addition of  NH4C1 
increased the rates of  both  cytochrome b-563 oxidation and cy tochrome f 
reduction as seen in Fig. 5; moreover, the extent  of  cy tochrome b-563 reduc- 
tion and the slow rise at 518 nm were also increased. Similar effects were noted 
under conditions supporting only cyclic flow [4,28].  The above data show 
that cyclic electron transfer involving cytochromes b-563 and f is increased 
when the demand for ATP relative to NADPH rises, or when the coupling 
efficiency is lowered. 
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Conclusions 

The large cytochrome f turnover observed here is consistent with cyto- 
chrome f participating in both linear and cyclic electron transfer chains. 
Estimation of the cytochrome f turnover in Fig. 5 gives a value (400 ~equiv./ 
mg chlorophyll/h) sufficient for electron flow in chloroplasts fixing CO2 at a 
substantial rate. With uncoupler (Table II and Fig. 5c) a turnover of 1000 
~equiv./mg chlorophyll per h is indicated, which is comparable to maximum 
rates of linear electron flow in uncoupled chloroplasts [32]. These are minimal 
estimates since the observed cytochrome f yield per flash is only 43% of the 
maximum determined by redox titration [13,14]. Measurements elsewhere of a 
low flash yield of cytochrome f suggested its functioning in parallel with plasto- 
cyanin [20]. However, more recent data show that the observed low yield per 
flash may be due to a combination of an equilibration with plastocyanin [19] 
and a rapid reduction by the Rieske iron-sulfur center [33]. When such effects 
are taken into consideration, the flash yields reported in the present work are 
close to the theoretical limit. 

The cyclic contribution to photosynthesis is evident from the flash yield 
stoichiometries of 0.75 (from Photosystem II): 0.24 cytochrome b-563:0.82 
cytochrome f. At a flash frequency of 7 Hz (approximating the low light levels 
used in quantum yield measurements), this would correspond to the quantum 
requirements of 11--12 determined for 02 evolution or CO2 fixation [30,34]. 

Uptake of 02 was also measured in this study but the flash yield was con- 
siderably less than the yields for linear and cyclic electron transfers through 
cytochrome f. Early mass spectroscopic observations of concurrent 02 evolu- 
tion and uptake suggested that pseudocyclic electron flow might be an impor- 
tant source of ATP [30]; however, recent measurements [35,46] have shown 
that pseudocyclic activity is quite low during steady state photosynthesis in 
chloroplasts. Furthermore, much of the 02 uptake has been attributed to 
glycollate formation by the oxygenase activity of ribulose 1,5-bisphosphate 
carboxylase [36]. 

Electron flow in thylak.oids is well known to be regulated by the magnitude 
of the transmembrane proton gradient, which affects the rate of reoxidation of 
plastoquinone and hence the rate of rereduction of cytochrome f [2,3]. The 
accelerations in the rates of cytochrome b-563 oxidation and cytochrome f 
reduction, which occur with uncoupler or low ATP/ADP ratios, indicate that 
such a control point exists in intact chloroplasts and is demonstrable during 
assimilation of COs. 

The relative activities of linear and cyclic electron flow appear to be deter- 
mined by the redox state of a common (plastoquinone?) pool. Table II and 
Fig. 5 show that increased cyclic turnover accompanies the decline in Photo- 
system II activity that results from poor regeneration of NADP ÷, with conse- 
quent closure of Photosystem II traps. High imposed NADPH/NADP ÷ ratios 
can also partially close Photosystem II  traps via reduction of the plastoquinone 
pool through part of the cycle involving ferredoxin and cytochrome b-563 
[11]. Photosystem I will remain active under these conditions as the midpoint 
potential of its acceptor [37] is lower than that of the Photosystem II acceptor 
complex [38]. One would thus expect cyclic electron flow to persist or even be 
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enhanced as Photosystem II is progressively shut off. Such a competitive inter- 
action between cyclic and linear pathways might be responsible for maintai- 
nance of an ATP/NADPH production stoichiometry appropriate to the needs 
of  the chloroplast. 
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