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Summary 

Antimycin has been used to study the role of  cyclic electron transport  in 
isolated intact chloroplasts maintained under aerobic conditions. 

At all light intensities, antimycin inhibits CO2 fixation when assay conditions 
are optimal. When turnover of  the Calvin cycle is inhibited, antimycin stimu- 
lates bicarbonate-dependent  O2 evolution. Energy-dependent processes such as 
chlorophyll  a and 9-aminoacridine fluorescence quenching, and light-scattering 
(apparent absorption} changes are inhibited by antimycin. The results suggest 
that  cyclic electron transport  contr ibutes  to photophosphoryla t ion  under 
aerobic conditions and is obligatory as a source of  ATP during the most  active 
periods of  CO2 fixation in vivo. 

Cyclic electron transport  can be stimulated either by inhibiting Photosystem 
II activity or increasing the turnover of  Photosystem I relative to Photosystem 
II. These effects are interpreted in terms of the need for correct redox poising 
of  carriers in the pathway in order to sustain maximum rates of  cyclic electron 
flow. 

Binding studies indicate the presence of a high affinity antimycin binding 
site on chloroplast membranes.  The stoichiometry and dissociation constant  of  
the high affinity site are consistent with the idea that  antimycin inhibits cyclic 
electron transport  by binding to  a b-type cy tochrome in the thylakoid mem- 
brane. 

Int roduct ion 

Photosynthet ic  reduction of  CO2 to the level of  sugar phosphates by the 
enzymes of  the Calvin cycle requires ATP and NADPH in the mol ratio 3 : 2. 

A b b r e v i a t i o n s :  DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea~ Tricine, N-tris(hydroxymethyl)rnethyl- 
glycine. 
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However this ratio [1] may be considerably higher if further metabolism (e.g., 
to starch [2]) or prior fixation (e.g., by the C4 pathway [3]) occurs. There 
are varying opinions as to whether photophosphorylation coupled to reduction 
of NADP + by non-cyclic electron transport can supply enough ATP to meet 
these requirements [4 -6 ] .  If non-cyclic electron transport cannot supply 
sufficient ATP, then the deficiency may be offset by photophosphorylation 
associated with either pseudocyclic electron flow [7--9] (reduction of 02 by 
a coupled segment of the linear electron transport chain, also known as Mehler 
reaction), or by ferredoxin-mediated cyclic electron flow around Photosystem I 
[8,10--14]. 

Recent studies have shown that isolated intact chloroplasts capable of high 
rates of CO2 fixation can also sustain relatively high rates of concurrent pseudo- 
cyclic electron flow [15,16]. On the basis of the high apparent affinity of the 
unknown terminal electron transport component for O2, it has been proposed 
that coupled pseudocyclic rather than cyclic electron flow is initiated during 
periods of ATP deficiency [16,17]. On the other hand, isolated intact chloro- 
plasts are capable of maintaining high rates of cyclic electron flow under air 
[18] or deoxygenated conditions [19,20] when non-cyclic electron transport 
is inhibited. The question whether or not cyclic electron transport occurs at 
high rates during CO2 fixation is still unresolved. 

This problem has been studied using antimycin, an inhibitor of ferredoxin- 
catalysed cyclic photophosphorylation [10,14]. Several groups of workers have 
studied the effect of antimycin on CO2 fixation in isolated chloroplasts 
[10--13,19--27] with conflicting results. Both an inhibition [19,20,23] and a 
stimulation [21,22,24--26] of rate have been observed. However, the stimula- 
tion by antimycin invariably occurred when the initial rate of CO2 fixation was 
suboptimal, either because of the presence of inhibitory levels of inorganic 
phosphate [26], omission of ascorbate during chloroplast isolation [21,22,24, 
25], or the use of anaerobic conditions and high light intensity [21,22,27]. In 
this communication we will show that under optimal assay conditions, anti- 
mycin inhibits both the rate of CO: fixation and other energy-dependent 
processes such as slow quenching of chlorophyll a fluorescence. The results 
indicate that turnover of cyclic electron transport is obligatory to maintain the 
highest rates of CO2 fixation. The activity of non-cyclic electron transport also 
may regulate cyclic turnover through 'poising' of carriers common to the two 
pathways. 

Materials and Methods 

Intact chloroplasts were isolated from spinach (Spinacia oleracea) as 
described previously [27]. Chloroplasts were greater than 70% intact as judged 
by the ferricyanide method [28]. 

Chlorophyll a fluorescence was excited by a weak (0.5 W/m 2) measuring 
beam obtained by filtering the output of a mercury lamp through Coming 
0-53, 4-96 and Balzers DT Blau filters..The beam was modulated at 270 Hz and 
modulated fluorescence (around 685 nm) detected by a Princeton Applied 
Research model 120 lock-in amplifer after transmission through a Bausch and 
Lomb monochromator blocked with a Coming 2-58 cutoff filter. Blue actinic 
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light (100 W/m 2) was provided by a 500 W projector and Coming 4-76 and 
4-96 filters. 9-Aminoacridine fluorescence was measured on the same apparatus 
with the following filter combinations: measuring beam, Coming 7-39; photo- 
multiplier, Coming 4-96 and monochromator at 460 nm; actinic light {100 W/ 
m2), Coming 2-58 filter. Light-induced changes in apparent'absorption were 
measured at 518 nm using a single beam spectrophotometer with vertical 
optics. Actinic illumination (100 W/m 2) was similar to that provided for 
9-aminoacridine measurements. 02 evolution was measured with a Clark-type 
oxygen electrode [27] with illumination conditions similar to those used in 
chlorophyll a or 9-aminoacridine fluorescence experiments. 

For all above experiments, chloroplasts were suspended at 18--22 pg chloro- 
phyll/ml (determined by the method of Arnon [29]) in a medium consisting of 
0.35 M sorbitol/0.25 mM Na2HPOJ50 mM Tricine brought to pH 8.15 with 
10 M NaOH and KOH. 

Antimycin binding experiments were carried out by assaying the concentra- 
tion of antimycin remaining in solution after chloroplasts were removed by 
centrifugation. Antimycin concentration was determined by its fluorescence 
detected with a Perkin-Elmer MPF4 spectrofluorimeter. Calibration was deter- 
mined by adding antimycin to chloroplast supernatant after chloroplast 
removal. The chlorophyll concentration used in these experiments is indicated 
in the figure legend. 

Results 

Involvement of cyclic electron transport in C02 fixation 
Table I shows the effect of 1 pM antimycin on the rate of CO2-dependent 02 

evolution by isolated spinach chloroplasts. Either an inhibition or a stimulation 
of the rate of CO2 fixation was observed depending on the assay conditions. 
Under optimal conditions giving the highest rates of CO2 fixation, antimycin 
was invariably inhibitory. A previous report from this laboratory showed that 
rates of CO2-dependent 02 evolution in excess of 100 pmol/mg chlorophyll per 
h could be obtained under high intensity (500 W/m 2) illumination and that 
antimycin was inhibitory under these conditions [27]. Table I extends these 
observations to intermediate (100 W/m 2) and low (20 W/m 2) light intensities 

T A B L E  I 

E F F E C T  OF A N T I M Y C I N  ON CO 2 F I X A T I O N  IN I S O L A T E D  S P I N A C H  C H L O R O P L A S T S  

Con t ro l  cons is ted  of  ch lorop las t s  (21 pg  c h l o r o p h y l l / m l )  s u s p e n d e d  in r e a c t i o n  m e d i u m  (see Materials  and  
M e t h o d s }  w h i c h  also c o n t a i n e d  8.3 m M  N a H C O  3 and  cata lase ,  1 5 0 0  un i t s /ml .  Light  in tens i ty  was 110 W/ 

m 2 . 

T r e a t m e n t  Rate  of  CO 2 f ixa t ion  
(Dmol  0 2 e v o l v e d / m g  ch lo rophy l l  p e r  h)  

No a n t i m y c i n  Plus 1.0 pM a n t i m y c i n  

Cont ro l  66  
L o w  l ight  (20  W / m  -2 )  10  
Minus catalase 12 
Plus 0.9 m M  Pi 10  

32 
5 

37 
33  
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and shows that an antimycin-sensitive reaction is required to observe the 
highest rates of  CO2 fixation under all intensities of  illumination. Omission of  
catalase, or the presence of  relatively high levels of  inorganic phosphate both 
result in depressed rates of  CO: fixation, which have been explained on the 
basis of  depletion of  Calvin cycle intermediates [26,30].  Under these condi- 
tions, antimycin stimulated the depressed rate of CO:-dependent O2 evolution 
(Table I). However the stimulated rate was not  significantly higher than rates 
observed with control chloroplasts treated with antimycin. These observations 
reconcile our results with those of  others and suggest that earlier reports of  
antimycin stimulation of  CO: fixation resulted from the use of  inhibitory con- 
ditions to assay CO2 fixation [21,22,24--26].  

The effects of  antimycin on CO: fixation may be due to inhibition of  cyclic 
electron transport  by this antibiotic [10--14].  To investigate this possibility, 
we have studied the slow quenching of  chlorophyll a fluorescence that  occurs 
on illumination of  intact chloroplasts [31--33].  Slow fluorescence quenching is 
known to depend on the development  and maintenance of  the proton gradient 
(or high energy state) across the thylakoid membrane.  The quenching probably 
results from membrane conformational  changes that  occur as protons taken up 
in the light become bound to the inner surface of  the thylakoid [31,32,34].  
Since proton pumping is coupled to both cyclic and non-cyclic electron flow, 
slow quenching of  fluorescence may conveniently be used to moni tor  the 
activity of  both types of  electron transport  in the intact organelle. As shown in 
Fig. 1 and reported earlier by Barber and coworkers [31,34] considerable slow 
quenching of  fluorescence is observed even under conditions when O: is the 
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Fig. 1. Effect of 1.0 #M a n t i m y c i n  o n  s l o w  c h l o r o p h y l l  a f l u o r e s c e n c e  q u e n c h i n g  in i so la ted  i n t a c t  ch loro -  
plasts.  T h e  m o d u l a t e d  m e a s u r i n g  beam was s u f f i c i e n t l y  i n t e n s e  to  c a u s e  s o m e  r e d u c t i o n  ( a p p r o x .  25%) 
of Q, the primaxy electron acceptor  of Photosystem II. T h e  rapid  r e s p o n s e s  to  the  u n m o d u l a t e d  ac t in ic  
b e a m  r e p r e s e n t  r e d o x  c h a n g e s  o f  the  r e m a i n i n g  Q pool. B i c a r b o n a t e  and  o x a l o a c e t a t e  c o n c e n t r a t i o n s  w e r e  
8.3 and 1.67 raM, r e s p e c t i v e l y .  T h e  kinetics of slow q u e n c h i n g  d e p e n d  to  s o m e  e x t e n t  o n  the  h i s tory  of 
t h e  s a m p l e .  To minimise th is  e f f e c t ,  e a c h  m e a s u r e m e n t  was  p e r f o r m e d  o n  a fresh,  d a r k - a d a p t e d  s a m p l e .  
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only available terminal electron acceptor for non-cyclic electron transport. 
This quenching has been at tr ibuted to proton pumping associated with endog- 
enous pseudocyclic electron flow [33,34].  However,  1 pM antimycin almost 
completely inhibited the quenching (Fig. ld) .  Addition of  oxaloacetate,  which 
requires NADPH (but  not  ATP) for its reduction greatly increases the rate of  
slow quenching while only slightly increasing the extent  of  quenching [31,34].  
Bicarbonate can partially bring about  the same effects as oxaloacetate.  The 
results have been explained in terms of  increased rates of  coupled non-cyclic 
electron flow and proton pumping in the presence of  these electron acceptors 
[31--35].  Again however, Fig. 1 shows that antimycin greatly inhibited slow 
quenching even in the presence of  oxaloacetate and CO2. In the presence of  
bicarbonate,  antimycin was observed to inhibit quenching under conditions 
where oxygen evolution was either inhibited or stimulated (as in Table I). 
These effects of  antimycin are in some ways similar to those of  an uncoupler,  
but  at the low concentrations used here, antimycin does not  act as a classical 
uncoupler  of  ferricyanide or methyl  viologen-dependent photophosphoryla t ion 
in broken chloroplasts [36].  The action of  antimycin on CO2-dependent 
oxygen evolution and chlorophyll  fluorescence also does not  result from inhibi- 
tion of  non-cyclic electron flow, for Table II shows that uncoupled rates of 
NADP-dependent  oxaloacetate reduction are little affected by antimycin up to 
a concentrat ion of  10 pM. Table II also shows that low concentrations (less 
than 0.33 /am) of  antimycin stimulated coupled oxaloacetate reduction up to 
the uncoupled rate therefore antimycin inhibition of slow quenching cannot be 
related to an increased reduction of  Q (the primary electron acceptor of  Photo- 
system II) since in the presence of  oxaloacetate,  Q would be more oxidized. 
The results suggest that under all conditions thus far discussed, coupled cyclic 
electron transport  occurs at significant rates in illuminated intact chloroplasts 
and it is this process which is inhibited by antimycin. 

This conclusion is qualitatively supported by studies of 9-aminoacridine 
fluorescence quenching by illuminated intact chloroplasts. Quenching of 
9-aminoacridine fluorescence has been related to the magnitude of  the light- 
induced pH gradient developed across the thylakoid membrane [37].  Quantita- 
tive interpretation of  such experiments using intact chloroplasts must, however, 

T A B L E  II 

E F F E C T  OF A N T I M Y C I N  ON O X A L O A C E T A T E  R E D U C T I O N  IN C O U P L E D  AND U N C O U P L E D  

S P I N A C H  C H L O R O P L A S T S  

Condi t ions  as in Table  I excep t  m e d i u m  c on t a ine d  5 mM oxa loace t a t e  in place of b i ca rbona te .  

A n t i m y c i n  Ra te  of  oxa loace ta t e  r e d u c t i o n  
(pM)  ( ~ m o l  0 2  e v o l v e d / m g  ch lo rophy l l  pe r  h) 

No NH4C1 Plus 3.3 mM NH4C1 

None  30 44 
0 .33  45  45  
1.0 43 42  
2.0 39 39 
5.0 40  40  

10.0 40  40  
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be made with care (see discussion). Table III shows that considerable quenching 
of  9-aminoacridine fluorescence does occur on illumination of  intact organelles. 
The quenching is stimulated by oxaloacetate (but  not  bicarbonate) and is 
almost completely abolished by monensin (which facilitates Na%H + exchange 
across thylakoids).  As expected,  antimycin inhibits the quenching under all 
conditions, but  this inhibition is much smaller than that of  chlorophyll fluores- 
cence quenching and is less affected by bicarbonate or oxaloacetate.  

Poising of cyclic electron flow 
It has now become apparent that optimal conditions for cyclic electron 

transport  activity include correct redox 'poising' of  the carriers in the pathway 
[12--14,18,19].  The inhibitor of  non-cyclic electron transport,  DCMU, has 
often been shown to stimulate cyclic electron transport presumably by 
preventing 'overreduction'  by Photosystem II of  key electron carriers common 
to both cyclic and non-cyclic pathways [10,12--14,18].  

A similar st imulatory effect  of  DCMU on cyclic electron transport,  as moni- 
tored by chlorophyll  a fluorescence quenching, can be observed. Fig. 2 shows 
that in the presence of  a low concentration of  DCMU (0.1 pM), the rate of  
fluorescence quenching was greatly increased (see Fig. 1) independent  of the 
presence or absence of  bicarbonate. The quenching was very sensitive to inhibi- 
tion by antimycin. Since this concentrat ion of  DCMU greatly inhibits non- 
cyclic electron transport  (as seen by the considerable reduction of  Q elicited by 
the measuring beam), the increased rate of  quenching can only be ascribed to 
an increased rate of  cyclic electron transport. 

The final steady state of  quenching depends on the concentration of  DCMU 
and the presence of  bicarbonate.  As shown in Fig. 3, the extent  of  quenching is 
not  maximal in the absence of  bicarbonate bu t  is stimulated to the maximum 
by adding DCMU up to a concentrat ion of  0.1 pM. This concentration of  
DCMU presumably optimally poises the cycle by preventing overreduction of  
cycle intermediates. Above 0.1 pM, chlorophyll  fluorescence quenching 
becomes inhibited presumably because now the cycle carriers are 'overoxi- 
dised'. In the presence of  bicarbonate,  the extent  of  quenching is already 
maximal and is more sensitive to inhibition on increasing the concentrat ion of  
DCMU. These latter results are predictable if bicarbonate stimulates the 
quenching by increasing non-cyclic electron flow. On the other hand, the great 
sensitivity of  quenching to antimycin suggests that  bicarbonate might indirectly 

T A B L E  II I  

E F F E C T  OF A N T I M Y C I N  ON 9 - A M I N O A C R I D I N E  Q U E N C H I N G  O B S E R V E D  IN I S O L A T E D  I N T A C T  
C H L O R O P L A S T S  

A d d i t i o n  P e r c e n t  o f  9 - a m i n o a c r i d i n e  f l u o r e s c e n c e  q u e n c h e d  

No a n t i m y c i n  Plus 1.0 pM antimycin 

N o n e  50 
8.3 m M  HCO~ 48 
1.67 m M  o x a l o a c e t a t e  64 
0.5 /~M m o n e n s i n  2 

43 
42 
54 
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Fig. 2. E f f e c t  o f  1.O # M  a n t i m y c i n  on  s l o w  c h l o r o p h y l l  f l u o r e s c e n c e  changes  in the  presence  o f  0 .1  p M  

D C M U .  Bicarbonate  c o n c e n t r a t i o n  was  8 .3  m M .  

affect cyclic electron transport. If bicarbonate oxidizes the cyclic carriers 
through the reoxidation of NADPH, then stimulation of cyclic electron trans- 
port would occur when the cycle is normally overreduced (--DCMU). Likewise 
the oxidizing effect of  bicarbonate would be inhibitory when the cycle is 
optimally poised or overoxidised. This would explain the effect of  bicarbonate 
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Fig. 3.  E f f e c t  o f  D C M U  on s l o w  c h l o r o p h y l l  a q u e n c h in g  in the  presence  o f  (sol id c irc les)  and absence  
(open  circles)  o f  8 .3  m M  b icarbonate .  Insert  s h o w s  a n t i m y c i n  inhib i t ion  o f  m a x i m a l  quench ing  obta ined  
(no  b icarbonate ,  0 .1  /IM D C M U ) .  



305 

on the DCMU inhibition curve (Fig. 3). Furthermore,  the antagonistic effect  of  
Photosystem II and the Calvin cycle on the redox state of  Photosystem I might 
give rise to biphasic kinetics of  the type  shown in Fig. 2c. 

The results presented above suggest that  the rate of  non-cyclic electron trans- 
port  might influence cyclic electron transport  through the redox state of 
electron carriers common to both  pathways.  This idea is supported by the 
results shown in Fig. 4 which depicts the effect  of  oxaloacetate and antimycin 
on energy-dependent membrane structural changes which can be observed as a 
slow increase in apparent absorption at 518 nm [38]. Clearly the slow 518 nm 
response is small in the absence of  electron acceptors but  is increased by adding 
oxaloacetate which stimulates non-cyclic electron transport. However, the slow 
structural change is greatly inhibited by antimycin indicating that it is mainly 
energized by the activity of  cyclic rather than non-cyclic electron flow. It 
seems clear in this case that  oxaloacetate-stimulated non-cyclic electron flow 
can also activate coupled cyclic electron transport. 

Stoichiometry of antimycin binding to the chloroplast 
Antimycin possesses a well defined and relatively intense fluorescence which 

can be used to assay its concentrat ion in dilute solutions [39,40].  We have 
utilised this proper ty  to study the binding of  antimycin to intact chloroplasts. 
Fig. 5a shows that under the conditions used so far, chloroplasts take up a 
constant  proport ion of  the antimycin initially added to the medium. At a 
higher chloroplast concentrat ion (133 pg chlorophyll/ml) very little antimycin 
remains 'free' in solution after removal of  membranes by centrifugation. The 
insert of  Fig. 5a shows that antimycin uptake by chloroplasts is a linear func- 
tion of the concentrat ion of  inhibitor added. The results are consistent with a 
high partitioning of  antimycin from the medium to the lipid phase of  the 
chloroplast rather than any specific binding to high affinity sites. In order to 
detect  any high affinity sites present in low concentrations,  it is necessary to 

! 

? 

(a) NO (b)+OAA (c)+OAA +ANTIMYCIN 
ADDfTION 

F i g .  4 .  E f f e c t  o f  o x a l o a c e t a t e  o n  s l o w  c h a n g e s  in a p p a r e n t  a b s o r p t i o n  a t  5 1 8  n m .  S a m p l e s  w e r e  f lu shed  
w i t h  N 2 to  r e d u c e  t h e  0 2 c o n t e n t  as d e s c r i b e d  p r e v i o u s l y  [ 2 6 ] .  O x a l o a c e t a t e  c o n c e n t r a t i o n  w a s  3 . 0  m M  
and  a n t i m y c i n  w a s  4 . 5  ~ M .  N o t e  t h a t  o x a l o a c e t a t e  s t i m u l a t e s  the  s l o w  P - 5 1 S  increase  and  t h i s  is  great ly  
i n h i b i t e d  b y  a n t i m y c i n .  O x a l o a e e t a t e  a l s o  s t i m u l a t e s  t h e  rapid P - 5 1 8  r e s p o n s e  ( w h i c h  m a y  r e f l e c t  a m e m -  
b r a n e  p o t e n t i a l )  b u t  t h e  rapid  phase  is n o t  sens i t ive  to  a n t i m y c i n .  In  al l  c a s e s ,  m e a s u r e m e n t s  w e r e  t a k e n  
a f t e r  s e v e r a l  l i g h t / d a r k  c y c l e s  w h e n  the  a b s o r p t i o n  r e s p o n s e  was  c o m p l e t e l y  revers ible  and  r e p r o d u c i b l e .  
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increase the concentration of  chloroplasts and decrease non-specific antimycin 
uptake. This can be achieved by including bovine serum albumin in the 
medium. Albumin has been shown to bind antimycin reversibly with an 
apparent dissociation constant of  0.12 pM [39].  In the presence of  albumin, 
non-specific antimycin uptake is greatly reduced (Fig. 5b) as is the case with 
mitochondrial particles [ 39,40 ]. 

Fig. 5b shows that in the presence of  albumin, low concentratons of  anti- 
mycin become specifically bound to chloroplasts. Since some non-specific 
uptake persists under these conditions, apparent binding of  antimycin to 
chloroplasts is a biphasic function of  inhibitor added (insert, Fig. 5b). This fact, 
together with the binding to albumin itself, makes estimation of  the kinetic 
parameters of  the chloroplast high affinity site difficult. For example, a 
Scatchard plot of  the data in Fig. 5b shows considerable curvature due to non- 
specific antimycin uptake {results not shown). However one can estimate that 
the number of  sites is approx. 1.4 nmol/mg chlorophyll (or 1 mol per 800 mol 

I I I I I 
(o)  NO ALBUMIN 

140 - -  60 / T ~ ~ , f /  

~ 6 o ~  
~c 4 0 - -  

2 0 -  

0 i 2 3 4 5 
iJJ 
(~ I I ] I I 

1 6 0 -  ( b ) + I m g / m l  ALBUMIN 

>- 120 2.0 

i I 0 0  

80 

60 

40  

2O 

~T ~- I I l L t 
~ 0  I 2 3 4 5 

ANTIMYCIN CONCENTRATI ON(/.~M ) 

I 
Fig. 5. Binding of antimycin to chloroplasts. Experiments were performed as follows. Antimycin at con- 

centrations indicated by the horizontal axis was added to chloroplasts and incubated in a shaking water 

bath for 20 rain. The chloroplasts and any bound antimycin were removed by centrifugation and the fluo- 

rescence of antimycin remaining in solution recorded (vertical axis). Control curves (o) were performed 

by incubating chloroplasts without antimycin, spinning down the membranes, then adding antimycin to 

the supernatant. The difference between the experimental and control curves represents antimycln bound 

to chloroplasts during incubation. From this difference, the antimycin bound to the chloroplast (in nmol/ 
mg chlorophyll) can be calculated and this is shown in the insert (vertical axis) as a function of antimycin 
concentration originally added. (a) No albumin present, o, chloroplasts: 27 /~g chlorophyll/ml; o, chloro- 
plasts: 133 ~g chlorophyll/ml. (b) In the presence of 1 mg/ml albumin. Chloroplasts were 460 #g chloro- 
ph yll /ml,  
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chlorophyll).  The apparent dissociation constant  is approx.  5 • 10-7M which, 
when corrected for binding to albumin yields a ' true'  dissociation constant  (Ko) 
of  approx. 4 • 10 -9 M. If this K d is indeed Correct, then higher concentrations of  
albumin should succesfully compete  with the chloroplast sites for antimycin 
and thereby reduce the high affinity binding observed in Fig. 5b. We did in fact 
see no antimycin binding to chloroplasts in the presence of  5 mg/ml albumin in 
agreement with this prediction. At the latter concentration of  albumin (approx. 
70 pM), the concentrat ion of  'free' antimycin is reduced to less than 1.0 nM. 
This result provides confidence that the Ko value of  4 • 10 -9 M for the chloro- 
plast high affinity site is correct to within an order of  magnitude. The above 
estimate of the number  of  high affinity sites (n) should be regarded as a lower 
limit, since it is by no means certain if they were fully saturated under the con- 
ditions used. However, it is also possible to estimate an upper limit for n from 
the data of  Fig. 5a. Since no specific binding was detectable in the latter case at 
the lowest concentrat ion of  antimycin used, an upper limit of  n = 7.5 nmol/mg 
chlorophyll  (1 mol per 150 mol chlorophyll) can be inferred. 

Discussion 

It has been clearly shown in this paper that antimycin inhibits aerobic CO2 
fixation under optimal conditions, bu t  stimulates the rate under sub-optimal 
assay conditions. It seems likely that both these effects are due to an inhibition 
by antimycin of  cyclic electron transport in the intact organelle. At the con- 
centration used, antimycin has been shown to be a po ten t  inhibitor of  cyclic 
phosphorylat ion in broken chloroplasts [10--14].  It has also been concluded 
that antimycin exerts a similar effect  in intact chloroplasts as judged directly 
by measurements of  adenine nucleotide pools [24,25,36] and indirectly from 
changes in Calvin cycle intermediates [22--25].  On this basis, inhibition by 
antimycin of  maximal rates of  CO2 fixation are simply ascribed to the 
decreased supply of  ATP normally provided by cyclic phosphorylation.  How- 
ever, it is harder to explain why under some circumstances (no catalase present, 
inhibitory phosphate),  such a diminution in ATP should stimulate an inhibited 
rate of  CO2 fixation. It is pertinent that  under the conditions where antimycin 
has a st imulatory effect,  CO2 fixation is already limited not  by ATP but  by 
decreased turnover of the Calvin cycle probably caused by depletion of  cycle 
intermediates [26,30].  It is possible that decreased utilisation of  ATP causes 
further inhibition of  non-cyclic electron transport  by the resulting back pres- 
sure of the proton gradient. Antimycin inhibition of  coupled cyclic electron 
transport  would decrease the high energy state back pressure and stimulate non- 
cyclic electron flow. Such a mechanism was proposed to explain similar effects of  
antimycin under anaerobic conditions and high light intensity [27] but  the pro- 
posal was not  supported by subsequent  experiments [36].  An alternative 
explanation is that  CO2 fixation is particularly sensitive to changes in enzyme 
activity when the Calvin cycle is rate limiting. It is possible that  antimycin may 
increase the pool of  reduced ferredoxin by inhibiting cyclic electron flow and 
thereby activate certain key enzymes via the recently documented  ferredoxin/ 
thioredoxin system [41,42].  Experiments are currently in progress to test these 
possibilities. 
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Although it is stressed here that  cyclic electron transport  occurs under 
aerobic conditions, it has previously been concluded that 02 inhibits cyclic 
electron flow in vivo [17].  In fact, experiments reported elsewhere [36] show 
that in isolated chloroplasts, 02 stimulates both pseudocyclic and cyclic elec- 
tron flow. This effect  appears to be related to the need for correct 'poising' of 
the redox carriers in the cyclic electron transport  pathway.  In the absence of 
02 and an acceptor of  non-cyclic electron flow, Photosystem II activity causes 
key electron transport  carriers common to both cyclic and non-cyclic pathways 
to be 'overreduced'.  Treatment  such as addition of  02 or oxaloacetate,  (and 
to some extent  HCO~} to restore turnover of Photosystem I, or addition of 
DCMU to inhibit photosys tem II, will increase cyclic electron transport. This 
presumably results from partial oxidation of  a key carrier which becomes 
bet ter  poised for the operation of  cyclic electron transport  under these condi- 
tions. 

It therefore seems likely that  the relative activity of  both non-cyclic and 
pseudocyclic electron flow may partially determine the rate of  cyclic turnover 
under aerobic conditions. Presently, it is difficult to evaluate this idea because 
of  the problems of  quantitatively estimating the contr ibution of  cyclic electron 
flow to phosphorylat ion when both pseudocyclic and non-cyclic electron 
flows occur together with ATP-consuming reactions such as CO: fixation. 
Measurements of  O~ evolution, chlorophyll  a fluorescence and apparent absorp- 
tion changes at 518 nm all suggest that cyclic activity contributes considerably 
to the high energy state under conditions where non-cyclic electron flow rates 
are high (see also ref. 35). Experiments with 9-aminoacridine revealed only 
small effects of antimycin suggesting that cyclic electron flow contributes little 
to the transthylakoid pH gradient. However, it is worth pointing out  here that 
9-aminoacridine fluorescence may not  be an ideal probe for ApH in the intact 
organelle. 9-Aminoacridine quenching is presumed to result from its accumula- 
tion in the intrathylakoid space in response to the lowered intrathylakoid pH 
in the light [37].  However,  according to Heldt and colleagues [43,44],  the in 
vivo pH gradient is contr ibuted in part by alkalinisation of  the stroma. As 
pointed out  also by Tillberg et al. [45],  9-aminoacridine fluorescence would 
not  respond to a rise in stromal pH but  would signal the difference in pH 
between the thylakoid and the outside suspending medium. Based on this idea 
and using the data of Werdan et al. [44] with the equations of  Schuldiner et al. 
[37] it is easy to calculate that quenching of  9-aminoacridine in intact chloro- 
plasts in the presence of bicarbonate should be approx. 1% when the pH of the 
medium is 7.6 and approx. 3% when the external pH is 8.15. However the 
experimentally observed quenching under these conditions is much larger than 
that calculated 20--40% at pH 7.6 [45] and nearly 50% at pH 8.15). Clearly, 
therefore, pH as measured by Heldt and colleagues using [14C]methylamine 
does not  agree with that  using 9-aminoacridine. Until the discrepancies 
are adequately accounted for, the quantitative aspects of both methods should 
be regarded with caution. 

The inhibitory action of antimycin on mitochondrial electron transport has 
been related to high affinity binding of  the inhibitor to b-type cytochromes 
[39,40].  We have demonstrated that  chloroplasts also possess a high affinity 
binding site for antimycin which exists at approximately the same concentra- 
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tion (1 mol per 150--800 mol chlorophyll) as do b-type cytochromes in intact 
organelles [46]. We are currently investigating the possibility that antimycin 
inhibition of cyclic electron flow is also brought about through its interaction 
with a b-type cytochrome. 
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