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SUMMARY 

Under conditions in which the Photosystem II quencher is rapidly reduced upon 
illumination, either after a preillumination or following treatment with dithionite, the 
fluorescence-induction curve of intact spinach chloroplasts (class I type) displays a 
pronounced dip.This dip is probably identical with that observed after prolonged 
anaerobic incubation of whole algal cells ("I-D dip"). It is inhibited by 3(3,4-dichlo- 
rophenyl)-l,l-dimethylurea and occurs in the presence of dithionite, sufficient to 
reduce the plastoquinone pool. It is influenced by far red light, methylviologen, anae- 
robiosis and uncouplers in a manner consistent with the interpretation that it repre- 
sents a photochemical quenching of fluorescence by an electron transport component 
situated between the Photosystem II quencher and plastoquinone. Glutaraldehyde 
inhibition may indicate that protein structural changes are involved. 

INTRODUCTION 

Fluorescence induction transients of chloroplasts in intact algal cells have long 
been known to display a dip immediately following the initial rapid rise. This dip, 
termed the "I-D dip" by Munday and Govindjee [1 ], and more recently dealt with by 
Schreiber et al. [2] and Schreiber and Vidaver [3] is usually observed after prolonged 
incubation of the algae under anaerobic conditions. The consensus is that it represents 
an oxidation of the Photosystem II quencher, Q, during an initial equilibration phase 
and this is driven by Photosytem I oxidation reactions. We have now observed a pro- 
nounced I-D dip in isolated intact spinach chloroplasts. This system is much more 
amenable to biochemical manipulation than the intact algal systems and we present 
data which indicate that the I-D dip represents the oxidation of Q by an electron 
acceptor which is not the plastoquinone pool. 

METHODS 

Class I (intact) spinach chloroplasts were prepared from freshly harvested 
spinach leaves, according to Heldt and Sauer [4]. All reactions were performed in a 

Abbreviations: DCMU, 3 (3,4-dichlorophenyl)-l, l-dimethylurea; Q, photosystem II quencher. 



64 

medium containing 0.33 M sorbitol, l m M  MgC12, 1 m M  MnCI2, 2 m M  ethylene- 
diaminotetraacetic acid, 0.05 M N-2-hydroxyethylpiperazine-N-2-ethanesulphonic 
acid, p H  7.6.Fluorescence induct ion was measured at r o o m  temperature in an in- 
s trument to which an oscilloscope equipped with memory  storage was attached. The 
photomult ipl ier  (EMI  9659Q/B) was situated at 90 o to the exciting beam. Fluo- 
rescence was excited with a Baltzers 638-nm filter. Chlorophyll  was measured accord- 
ing to  A r n o n  [5], and was present at a concentra t ion o f  3 -4 / tg /ml  for  fluorescence 
measurements.  Oxygen was removed by bubbling the reaction mixture with N 2 which 
had been passed th rough  solutions o f  alkaline pyrogallol  and saturated bicarbonate,  
before addit ion o f  the chloroplasts.  Trace amounts  of  oxygen were added with the 
chloroplasts,  but  as the dilution factor  was 150 this was ignored. Ferricyanide (0.8 mM),  
which does not  penetrate intact chloroplasts,  was added where indicated to eliminate 
the variable fluorescence of  broken chloroplasts,  which usually consti tuted about  30 ~o 
of  the chloroplasts. 

RESULTS 

Fluorescence induct ion of  intact spinach chloroplasts maintained for some 
time in the dark  (Fig. la,  curve 1), resembles that  commonly  observed with b roken  
chloroplasts or  chloroplast  f ragment  preparat ions (e.g. Malkin and K o k  [6]). The 

Fig. 1. Fluorescence induction of intact spinach chloroplasts after various treatments. (a) Curve 1, 
initial illumination of dark-adapted chloroplasts; curve 2, same experiments as curve 1, but after 4 s 
light and a subsequent 2 s dark. Ferricyanide (0.8 mM) was present to eliminate the variable fluores- 
cence of broken chloroplasts. (b) Chloroplasts were incubated for 7 min with sodium dithionite 
(10 raM) at room temperature. (c) Curve I, dark-adapted chloroplasts; curve 2, dark-adapted chloro- 
plasts in the presence of dibromothymoquinone (1/tM), reduced by 5 mM sodium ascorbate. 
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i n d u c t i o n  t ime  is m a i n l y  due  to  r e d u c t i o n  o f  t he  e l e c t r o n  a c c e p t o r  p o o l  up  to  a n d  in-  

c l u d i n g  the  p l a s t o q u i n o n e  poo l ,  as w h e n  r e d u c e d  d i b r o m o t h y m o q u i n o n e  was  i n c l u d e d  

in t he  r e a c t i o n  the  a r e a  a b o v e  the  i n d u c t i o n  cu rve  was  n o t  subs tan t i a l ly  r e d u c e d  
(Fig .  l c ) ,  as has  a l so  b e e n  o b s e r v e d  in b r o k e n  sp inach  ch lo rop la s t s  [7]. D i b r o m o t h y -  

m o q u i n o n e  is c o n s i d e r e d  to  i nh ib i t  e l ec t ron  t r a n s p o r t  a t  t he  level  o f  p l a s t o q u i n o n e  
r e - o x i d a t i o n  [7, 8]. H o w e v e r ,  the  i n d u c t i o n  p a t t e r n  o f  these  in t ac t  ch lo rop la s t s  differs 

m a r k e d l y  f r o m  b r o k e n  ch lo rop l a s t s  i f  a s e c o n d  i n d u c t i o n  is m e a s u r e d  w i th in  a d a r k  

p e r i o d  o f  less t h a n  20 -30  s f r o m  the  in i t ia l  i l l u m i n a t i o n  (Fig .  l a ,  cu rve  2). T h e  c u r v e  

c lear ly  r e sembles  the  O - I - D  t r a n s i t i o n  c o m m o n l y  o b s e r v e d  in  a n a e r o b i c  i n t ac t  a lgae  

[ 1-3 ], a n d  we shal l  use the  t e r m i n o l o g y  usua l ly  e m p l o y e d  fo r  t h a t  p h e n o m e n o n .  F r o m  

Fig. 2. Fluorescence induction of intact spinach chloroplasts after various treatments. In all cases 
ferricyanide (0.8 mM) was present to eliminate the variable fluorescence of broken chloroplasts. (a) 
Effect of  DCMU (3 • 10 -8 M). Curve 1, dark-adapted chloroplasts; curve 2, same experiment as 
curve 1 but after 4 s light and 2 s dark. (b) Effect of glutaraldehyde treatment (0.033 ~ ,  1 min) at 
room temperature. Curve 1, dark-adapted chloroplasts; curve 2, same experiment as curve 1 but 
after 4 s light and 3 s dark. (c) Effect of  oxygen removal. Chloroplasts were pre-incubated for 1 min 
in an oxygen-free buffer before commencement of the experiment. Curve 1, dark-adapted chloroplasts; 
curve 2, same experiment as curve 1 but after 4 s light and 3 s dark. (d) Effect of far red illumination 
(711 nm, 2000 ergs • cm -2 • s - l ) .  This was made for 0.5 s during the dark interval after the first 
illumination, i.e. after curve 1. Curve 1, dark-adapted chloroplasts; curve 2, same experiment as 
curve 1 after 4 s light and 5 s dark. 
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Fig. lb it can be seen that the initial illumination is not necessary if the chloroplasts 
are previously incubated with dithionite for some time. As is observed with broken 
chloroplasts [9], dithionite reduced the pool of secondary acceptors more readily than 
Q itself, though the subsequent rate of Q reduction by light was greatly increased 
(O-I phase), and the I-D dip occurred. It therefore seems that to observe the I-D dip it 
is necessary for Q to be rapidly reduced. The effect of dithionite is clearly not related 
to lack of oxygen, as the anaerobic situation is much different (Fig. 2c). 

Fig. 2 illustrates a number of treatments which inhibit the I-D dip. It is ex- 
tremely sensitive to 3(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU),  which at the 
very low concentration of  3 • 10- a M very effectively inhibited the dip. Higher con- 
centrations (10 -6 M) completely eliminated it, and the fluorescence rise was ex- 
tremely rapid as is usually observed in broken chloroplast preparations. A similar 
D CMU effect was seen with the dithionite-induced dip. These data are taken to in- 
dicate that the I-D dip represents a true photochemical quenching, whereby reduced 
Q is rapidly re-oxidised after the O-I transition. The data in Figs lb and lc suggest 
that this quenching agent is not identical with the plastoquinone pool as averylarge 
I-D dip was observed when all or most of the plastoquinone pool was reduced by 
dithionite (see Discussion). Quenching was inhibited by low concentrations of glu- 
taraldehyde (Fig. 2b), as is the dithionite-induced response. A brief illumination with 
711 nm light during the dark period also eliminated the dip (Fig. 2d), and this can be 
correlated with the oxidation of the pool of Photosystem II acceptors, including Q, 
which therefore eliminates the O-I rise. Similar data has been obtained with anaerobic 
cells of Chlorella by Munday and Govindjee [10]. 

From Fig. 3 it is clear that the fast initial reduction of Q, manifest as the O-I 
rise, is not the only necessary prerequisite for observation of the I-D dip. In the aer- 
obic sample two phases can be observed, depending on the time of dark incubation 
between illumination periods. During the first 5 s of dark, the extent of I-D quenching 
increased, despite the decreased levels of reduced Q, represented in Fig. 3b as the 
decline in O-I. Only after 5 s did the extent of the quenching decline. This may indicate 
that during the first 5 s dark, the I-D quencher was itself re-oxidising, and only after 
its oxidation was substantially complete was the inhibitory effect of lower initial 
levels of reduced Q observed, i.e. after 5 s. 

This interpretation is supported by the observation that oxygen removal 
lengthened the dark phase required to attain the maximal quenching. Oxygen is 
known to act as a terminal electron acceptor in intact spinach chloroplasts [11 ], at 
least for the first few minutes of illumination (during the photosynthetic lag). Thus, 
oxygen removal is expected to lead to higher levels of reduction in the Photosystem II 
electron acceptor pool, and this is clearly evidenced in Fig. 3b where the O-I rise was 
greater under anaerobic conditions, which in turn would prevent the I-D quencher 
from becoming re-oxidised as rapidly as when oxygen is present. 

The data presented in Fig. 3 may also indicate that the I-D quencher is a com- 
ponent of the electron transport chain operating between Photosystem II and Photo- 
system I. This conclusion arises from the faster attainment of maximal I-D quenching 
in the presence of oxygen, when Photosystem I is expected to be operating at a greater 
rate than in its absence, due to a Photosystem 1-driven Mehler reaction [I 1 ]. However, 
it may be argued that the effect of oxygen is more direct and the I-D quencher is di- 
rectly oxidised by oxygen during the dark period, or via such known slowly auto- 
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Fig. 3. Extent of  (a) the I-D dip and (b) the O-I rise seen upon the second illumination after various 
dark incubation times in the presence and absence of oxygen. The initial illumination of  dark-adapted 
chloroplasts was for 4 s. Ferricyanide (0.8 mM)  was always present. 

oxidisable intermediates as plastoquinone. This argument could suggest that the I-D 
quencher is not necessarily oxidised by Photosystem I at all. To test this we have ex- 
amined the effect of low-intensity, far red light (711 nm) on the development of I-D 
quenching in the dark (Fig. 4). Here it can be seen that the extent of quenching was 
greatly reduced in the presence of the weak far red beam, for reasons concerned with 
Q re-oxidation as has already been mentioned with reference to Fig. 2d; but more 
significant for our purpose is the fact that the time required to attain maximal I-D 
quenching was less in the presence of far red light. Similar data has been obtained in 
other experiments with very low concentrations of methyl viologen, sufficiently low as 
to not maintain the electron carrier pool in a highly oxidised state. This hastening of 
the time required for maximal quenching by far red light and methyl viologen is con- 
sistent with the hypothesis that this period represents the re-oxidation of the quencher, 
and indicates that re-oxidation is achieved by photosystem I activity. 

From Fig. 5 it can be seen that the uncoupler desaspidin greatly stimulated the 
I-D dip, and very similar effects have also been observed with carbonylcyanide m- 
chlorophenylhydrazone. This stimulation is seen for both light and dithionite-in- 
duced responses. The reduced I-D quenching seen in the presence of dithionite alone 
(Fig. 5b) upon the second illumination is probably due to the slow rate of quencher 
reoxidation. The apparent reversal of this by desaspidin seems to indicate that the 
uncoupler effect was to increase the rate of dark re-oxidation of the I-D quencher, 
and this hypothesis is supported by the data presented in Fig. 6 where desaspidin sub- 
stantially decreased the dark time required to reach maximal quenching. The con- 
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Fig. 4. Extent of the I-D dip seen upon the second illumination after various dark times in the pre- 
ence or absence of a weak far red beam (711 nm, 200-300 ergs • cm-  2 . s -  1). The far red light was 
switched on 10 s before the iaitial illumination with actinic light and remained on for the duration 
of the experiment. The initial actinic illumination was 4s. Ferricyanide (0.8 mM) was always present. 

Fig. 5. Effect of desaspidin (13/tM) on fluorescence induction in intact spinach chloroplasts in the 
presence and absence of  sodium dithionite. (a) Curve 1, dark-adapted chloroplasts; curve 2, same 
experiment as curve 1 but after 4 s light and 2 s dark. Ferricyanide was present. (b) Chloroplasts 
were pre-incubated with sodium dithionite (10 raM) for 5 min at room temperature in the dark. 
Curve 1, dark-adapted chloroplasts; curve 2, same experiment as curve 1 but after 4 s light and 
1.5 s dark. 

c l u s ion  t h a t  t he  u n c o u p l e r  ef fect  is e x e r t e d  d u r i n g  the  d a r k  p e r i o d  is a l so  s u p p o r t e d  b y  

e x p e r i m e n t s  in  w h i c h  the  l igh t  i n t e n s i t y  was  var ied .  W e  h a v e  n o t i c e d  t h a t  t h e  r a t i o  o f  

t he  u n c o u p l e r  s t i m u l a t i o n  o f  I - D  q u e n c h i n g  was  very  s imi l a r  a t  exc i t i ng  in tens i t i e s  o f  
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Fig. 6. Extent  o f  the  I-D dip seen upon  the second i l luminat ion  after  var ious  dark  t imes  in the  pres- 
ence and  absence o f  desaspidin (3/~M). The  initial i l luminat ion  o f  dark-adapted  chloroplasts  was 
for 4 s. Ferr icyanide was always present.  

870 and 13000 ergs. cm -2 .  s -1 of 638nm light and 160000 ergs-cm -2 .s  -1 of 
mainly blue light from a Corning 4-96 filter. 

D I S C U S S I O N  

The data presented in this paper indicate that when the primary electron ac- 
ceptor to Photosystem II is reduced rapidly in intact spinach chloroplasts there is a 
subsequent quenching of fluorescence (I-D dip). This observation is similar to those 
made by Munday and Govindjee [1 ], Schreiber et al. [2], and Schreiber and Vidaver 
[3 ] with intact algal cells exposed to lengthy periods of anaerobiosis, and by Mohanty 
et al. [12] with aerobic Porphyridium cells. This I-D quenching is certainly a photo- 
chemical quenching rather than a change in fluorescence yield, as it is inhibited by 
DCMU, and this observation moreover indicates that the phenomenon is brought 
about by the rapid re-oxidation of Q. Glutaraldehyde is very effective at low concen- 
trations in inhibiting the I-D dip, and this may indicate that a protein structural change 
is involved. This could account for the fact that the quenching is not observed in the 
broken chloroplasts conventionally used for studies on fluorescence induction, after 
preillumination or dithionite treatment [6]. 

After preillumination, a period of between 3 and 6 s dark was required, in differ- 
ent experiments, for maximal I-D quenching. This dark time was reduced by treat- 
ments expected to stimulate Photosystem I activity, such as methyl viologen added 
before preillumination, and weak far red light shone during the dark period following 
pre-illumination. It is lengthened by treatments expected to slow Photosystem I activ- 
ity, such as oxygen deprivation or treatment with relatively low concentrations of 
dithionite (data not shown here). These observations indicate that the dark period 
required for maximal I-D quenching is due to the requirement for re-oxidation of the 
I-D quencher. Thus, it would appear that the I-D quencher must be in an oxidised 
state upon the commencement of illumination for the phenomenon to be observed. 
This argues against the idea that I-D quenching is caused by a transient increase in 
Photosystem I activity during illumination, as has been previously suggested with 
algae [1, 3]. 
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In the presence of sodium dithionite, shown to penetrate these chloroplasts by its 
reduction of  most of the pool of Photosystem II electron acceptors (considered to be 
mainly the plastoquinone pool due to experiments with dibromothymoquinone),  
substantial I-D quenching was observed. This was often not less than that seen in a 
"light-dark-light" experiment. As Photosystem I activity would be extremely low or 
non-existent in these chloroplasts in the presence of dithionite due to oxygen removal 
[11 ], and due to the reduction by dithionite of ferredoxin-NADP reductase [13] and 
the soluble and probably also the bound ferredoxin [14], it is difficult to escape the 
conclusion that I-D quenching is due to a rapid re-oxidation of Q by a compound 
which is not part of the plastoquinone pool, and which is not readily reduced by 
dithionite. We cannot exclude the possibility that the I-D quencher is a special form 
of plastoquinone, i.e. plastoquinone in a different environment from the plastoqui- 
none pool. The recent suggestion by Schreiber and Vidaver [3] that I-D quenching in 
Scenedesmus may be related to the oxygen gush, whereby the oxygen produced upon 
illumination is either directly reduced or operates as a positive controlling factor on 
Photosystem I activity, is not supported by these data, as dithionite is expected to 
reduce all oxygen evolved. 

The problem therefore arises as to why the I-D quenching is not observed in 
broken chloroplasts which display high rates of elctron transport, coupled to phos- 
phorylation. We have no definitive answer to this question though it may be con- 
cerned with relative rates of electron transfer processes during fluorescence induction 
being modified by breakage itself, or by the replacement of a stromal environment for 
the thylakoids with an artificial one. In this respect it is interesting to note that Velt- 
huys and Amesz [9, 15] and Bouges-Bouquet [16] have recently proposed the ex- 
istence of an electron carrier located between Q and plastoquinone in broken spinach 
chloroplasts. The electron carrier postulated by Velthuys and Amesz [9, 15], based 
largely on studies of the kinetics ofdithionite reduction of the Photosystem II electron 
acceptor pool, is considered to be reduced only partly by dithionite. This is consistent 
with our observation on the I-D quencher. Furthermore, the pool size estimated by 
Velthuys and Amesz [9], where the postulated secondary electron acceptor was con- 
sidered to be present at about 2 to 3 times the concentration of Q in terms of electron 
equivalents, is not inconsistent with some preliminary measurements we have made 
based on the area above the I-D dip, compared with the area attributed to Q reduction 
alone, in the presence of DCMU. These measurements suggest that the I-D quencher 
may be present at a concentration of roughly 2 equivalents per Q, though it should be 
emphasised that this figure is very approximate. Common to the models of both 
Velthuys and Amesz [9, 15] and Bouges-Bouquet [16] is the idea that electrons are 
transferred in pairs from this intermediate to the plastoquinone pool. We have no 
evidence on this point for I-D quenching at the moment. 

The observation that uncouplers of electron transport stimulate the 1-D 
quenching is also consistent with the idea that the quencher is on the normal electron 
transport chain. The specific mode of action of the uncouplers in this case is a little 
unclear, though they seem to stimulate quenching only after a previous illumination, 
as was demonstrated by experiments with dithionite. This observation, coupled with 
the fact that, as with far red light and methyl viologen treatment, the dark time re- 
quired to attain maximal quenching was decreased, indicates that they accelerate the 
dark rate of I-D quencher re-oxidation. Experiments performed with 5 mM hydroxy- 
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lamine (not reported here, see also ref. 12) which rapidly reduces the positive charges 
accumulated on the water-oxidising side of Photosystem II [17], indicate that the I-D 
quencher is not oxidised by these positive charges. Thus, we may conclude that the 
uncoupler stimulation of quenching is via the electron transport chain and may be 
mediated at the well known coupling site located between plastoquinone and cyto- 
chrome f. 

The question arises as to whether the necessity for a rapid Q reduction is only 
photochemical, i.e. Q needs to be reduced before its re-oxidation can be seen, or 
whether some other factor involved in the quenching, such as the putative glutaral- 
dehyde-sensitive structural change, is dependent on reduced Q. The latter situation 
seems operative in the well known Mg 2÷ stimulation of fluorescence [18, 19], and 
may also apply here though we have no definite evidence. The reason that it is pos- 
sible to observe I-D quenching during the early phase of fluorescence induction is 
probably related to the fact that the rise curve here is slow, the time of I-D quenching 
coinciding with the first plateau phase. We may assume, however, that electron 
transport to the I-D quencher is a continuous process, operative during normal elec- 
tron transport in intact chloroplasts. 
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