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The electron-transfer pathway on the donor side of Photosystem (PS) II has been examined using 
unfractionated and inside-out thylakoid membrane vesicles. A number of treatments are identified which 
result in the inhibition of light-dependent oxygen evolution. The differential capacities of the exogenous 
donors diphenylcarbazide and NH2OH to restore the PS lI-mediated reduction of 2,6-dichlorophenolin- 
dophenol (DCIP) in the inhibited membranes is discussed in terms of multiple donor sites for the 
electron-transfer pathway on the oxidising side of PS II. We also present data which indicate that the donor 
chains are not isolated from each other but that an individual PS II reaction centre may be able to interact 
with several oxygen-evolving complexes. The implication of such an interaction to the mechanism of oxygen 
evolution is discussed. 

Introduction 

It is known that the photosynthetic generation 
of molecular oxygen in chloroplasts is driven by 
the photo-oxidised P-680 chlorophyll of PS II re- 
action centres [1-3]. Our present incomplete un- 
derstanding of this important reaction is partly 
due to the inner membrane location and to the 
paucity of specific inhibitors of the electron-trans- 
fer reactions taking place on the donor side of PS 
II. The recent introduction of procedures for iso- 
lating inverted thylakoid membranes [4,5] has en- 

Abbreviations: PS, photosystem; P-680, the reaction centre 
chlorophyll of PS ll; Z, the uncharacterised immediate donor 
to P-680; DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; 
DCIP, 2,6-dichlorophenolindophenol; EGTA, ethylene 
bis(oxyethylenenitrilo)tetraacetic acid; Hepes, N-2-hydroxyeth- 
ylpiperazine-N'-2-ethanesulphonic acid; Mes, 2-(N-morpho- 
lino)ethanesulphonic acid; Tricine, N-tris(hydroxymethyl)- 
methylglycine. 

abled new experimental approaches to be adopted. 
Indeed, studies have revealed new treatments which 
irreversibly block oxygen evolution (e.g., monova- 
lent cations [5], EDTA [6] and KCN [7]) only 
when applied to the inverted thylakoid mem- 
branes. 

Much of our detailed knowledge of the reac- 
tions giving rise to oxygen evolution is derived 
from kinetic measurements. The elegant studies of 
Joliot and Kok and colleagues [8-10] led to the 
concept of the S-state cycle of water oxidation in 
which each oxygen-evolving complex is associated 
with a specific reaction centre. Although this model 
has been widely accepted, the interpretation of the 
damping of the flash-induced 02 yields in terms of 
'double hits' and 'misses' has been questioned 
I l l -14] .  For example, the high quantum yields 
observed for photosynthetic reaction centres [15] 
are difficult to reconcile with the proposal that the 
'misses' are due either to a rapid back-reaction 
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within a reaction centre, or to the existence of 
transiently blocked, and thereby, photo-unrecep- 
tive reaction centres. 

In this paper we give evidence that exogenous 
electron donors can differ in their ability to restore 
activity in inhibited PS II centres, which indicate 
that there could be multiple donor sites in the 
electron-transport pathway between the oxygen- 
evolving complex and P-680. Our data also suggest 
that a component in this electron-transport chain 
is able to interact with several PS II reaction 
centres. Such an interaction may account for the 
damping in the observed oscillations of the flash- 
induced oxygen yield experiments and gives sup- 
port for the mathematical analysis by Lavorel 
[16,17] of the mechanism of damping. 

Materials and Methods 

Unfractionated thylakoid membranes were iso- 
lated from Pisum sativum (Feltham First) using 
standard procedures and were routinely suspended 
in a high-salt buffer medium containing 150 mM 
NaCI, 50 mM phosphate buffer, pH 7.4. Chloro- 
phyll concentrations were determined in 80% ace- 
tone [18]. Inside-out and right-side-out thylakoid 
vesicles were prepared from the unfractionated 
membranes by passage through a Yeda Press and 
by phase separation as described by Andersson et 
al. [4]. The various inhibitory treatments on the 
membranes were performed as follows: 

K C N  treatment. This was performed as 
described in detail in Ref. 7. The inside-out 
thylakoid membranes were incubated in 100 mM 
phosphate buffer, pH 7.5, and 10 mM KCN for 15 
min under low light. 

EDTA treatment. The inside-out vesicles were 
washed with 2 mM EDTA in 0.1 M sucrose, pH 
7.5, for 30 rain on ice, at a concentration of 
approx. 200 #g C h l /ml  [6], and control inside-out 
vesicles were incubated in the presence of 10 mM 
NaC1. The vesicles were recovered, before assay of 
PS II activity, by centrifugation at 35 000 x g for 
30 minutes. 

Trypsin digestion. Thylakoid membranes, sus- 
pended at a concentration of approx. 250/~g Ch l /  
ml were incubated with 50 /tg trypsin (Sigma 
Chemical Co., Poole, U.K.) for 15 min at room 
temperature (18°C). The reaction was stopped by 

the addition of 250 #g trypsin inhibitor (Sigma 
Chemical Co.) and the vesicles were recovered by 
centrifugation. 

Tris inactivation. Unfractionated membranes 
(equivalent to 1 mg Chl) were treated with 40 ml 
of high-salt phosphate buffer supplemented with 
50 mM Tricine (pH 8.3) at 4°C. The amount of 
Tris present was varied between and 0 and 0.8 M. 
After 15 min incubation at 4°C, the membranes 
were recovered by centrifugation. 

p H  inactivation. Unfractionated membranes 
(equivalent to 1 mg Chl) were suspended in 40 ml 
of 150 mM NaC1, containing 10 mM each of 
Hepes, Tricine and glycylglycine at a pH which 
was varied between 7.5 and 9.2. The membranes 
were recovered by centrifugation after a 15 min 
incubation at room temperature. 

The PS II mediated electron-transfer reactions 
were assayed as follows: 

Oxygen evolution. Oygen evolution was mea- 
sured by polargraphy (Rank Brothers Ltd., Bot- 
tisham, Cambridge) in a medium containing 0.3 M 
sorbitol, 100 mM phosphate buffer, pH 7.5, and 
10 mM NaC1. Exciting light was provided by an 
Intralux 150 H light source, filtered through a 
red-transmitting Corning Filter. 100% light inten- 
sity was approx. 10 J .  s - I -  m -2 and, where ap- 
propriate, the intensity was reduced using neutral 
density filters (Balzer Ltd.). 

DCIP reduction. DCIP reduction was moni- 
tored spectrophotometrically [19] using a Perkin- 
Elmer (Model 557) dual-wavelength spectropho- 
tometer. The cuvette routinely contained 1 ml of 
high-salt buffer and membranes corresponding to 
a chlorophyll concentration of between 5 and 40 
/~g with 0.1 mM DCIP. Actinic light was provided 
by an Intralux 150 H light source fitted with a 668 
nm interference filter (Balzer B.40). The 100% light 
intensity was about 10 J - s  - 1 . m  -2, and where 
appropriate the intensity was attenuated by Balzer 
neutral density filters. 

All exogenous electron donors were prepared 
just prior to use; NHzOH was prepared as a 0.5 M 
stock solution dissolved in high-salt buffer to pH 
7.5 and diphenylcarbazide was prepared as a 50 
mM stock solution in DMSO. DCMU was dis- 
solved in methanol. In all the experiments where 
NH2OH was added, the concentrations used were 
sufficient to inactivate fully the oxygen evolution 
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rate. Computed rates of DCIP reduction were 
corrected for any dark reaction rate. 

Results 

The different efficacies of NHeOH and diphenyl- 
carbazide in restoring PS  I I -mediated 
electron-transfer reactions after the inhibition of 
oxygen evolution 

We have previously shown that, under certain 
well defined ionic conditions, photosynthetic 
oxygen evolution in inverted thylakoid vesicles can 
be inhibited by KCN and EDTA [6,7]. Both agents 
specifically affect inside-out thylakoid vesicles, 
indicating that the exposure of an inner membrane 
surface component(s) is necessary for the expres- 
sion of inhibition. In an attempt to identify the 
location of the site of action we have compared the 
effectiveness of the exogenous electron donors 
NH2OH and diphenylcarbazide in restoring PS 
II-mediated reactions. 

Fig. 1A shows that the DCMU-sensitive light- 
dependent reduction of DCIP, supported by water 
oxidation, is slowed by the pretreatment of the 
inside-out thylakoid vesicles with 2 mM EDTA. 
The addition of diphenylcarbazide to the inverted 
membranes resulted in an increased rate of DCIP 
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Fig. 1. EDTA-induced inhibition of the light-dependent DCIP 
reduction supported either by H20  or NH2OH oxidation. The 
conditions for the experiments including the EDTA inhibition 
are given in Materials and Methods. The chlorophyll con- 
centration was 7 t tg/ml.  Uncoupled rates of DCIP reduction 
for the untreated membranes (a) and EDTA-washed mem- 
branes (b) are indicated by the slope of absorption decrease. 
The various donor conditions were: (A) H20  to DCIP; (B) 
diphenylcarbazide (0.5 mM) to DCIP; (C) NH2OH (5 mM) to 
DCIP. The maximal rate of DCIP reduction (e.g., as in condi- 
tion B) was 112 #mol DCIP /mg  Chl per h. 

reduction which was unaffected by the EDTA 
pretreatment, indicating that EDTA induces a 
block on the oxidising side and not the acceptor 
side of PS II. A stimulation by diphenylcarbazide 
over the water oxidation rate is not detected in 
unfractionated membranes (data not shown) which 
suggests that the inside-out thylakoid vesicles have 
a reduced water oxidation capacity; a conclusion 
strengthened by the observations of decreased 
oxygen evolution rates from this type of 
fractionated membrane [7]. We have also examined 
the effect of NH2OH in supporting DCIP reduc- 
tion. Unlike diphenylcarbazide, NH2OH is able to 
inhibit water oxidation [I-3], and the observed 
decreased rate of NH2OH donation in EDTA- 
washed membranes (Fig. 1C) indicates that EDTA 
can inhibit both water and NH2OH oxidation 
rates. A slowed DCIP reduction rate supported 
either by water or NH2OH oxidation has also 
been detected in unfractionated membranes treated 
with 2 mM EGTA (data not shown, see Ref. 20), 
and this presumably is due to the ability of the 
chelator, unlike EDTA, to traverse the thylakoid 
membrane. 

A similar distinction between the capacities of 
diphenylcarbazide and NH2OH to donate reduc- 
ing equivalents to inhibited PS II reaction centres 
was detected in inside-out thylakoid vesicles treated 
either with KCN (Fig. 2A and B) or by mild 
trypsin digestion (Table I). As we observed for the 
EDTA inhibition, diphenylcarbazide was the more 
effective donor in restoring the light-dependent 
reduction of DCIP after both treatments had 
inhibited water oxidation. In Fig. 2B it is clear 
that a slow rate of DCIP reduction could neverthe- 
less be maintained by NH2OH, and this may 
reflect the incomplete extent of cyanide inhibition. 

The results of all three inhibitory treatments of 
inside-out thylakoid vesicles suggest that diphenyl- 
carbazide and NHzOH have different sites to 
which they can donate reducing equivalents to the 
PS II reaction centre. It would appear that diphen- 
ylcarbazide donates close to the P-680 chlorophyll 
of the PS II reaction cente while NH2OH donates 
closer to the site of water oxidation. To investigate 
this further we have examined the action of al- 
kaline Tris on the electron-transfer efficacies of 
the two exogenous donors 

In Fig. 3 we show the results of a series of 
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Fig. 2. Differential efficacies of diphenylcarbazide and NH2OH in restoring the light-dependent DCIP reduction in cyanide-treated 
thylakoid membranes.  The assay of DCIP reduction using the various exogenous electron donors to PS II was undertaken as described 
for Fig. 1. Cyanide inhibition was obtained by the pre-illumination of the inside-out thylakoid vesicles in the presence of 10 mM 
KCN, as described in Ref. 7. PS II activity was subsequently assayed in samples containing 25 #g C h l / m l  and at a final cyanide 
concentration of 0.5 mM. (A) Effect of diphenylcarbazide on the rate of DCIP reduction; (B) Efficacy of NH2OH in supporting 
DCIP reduction. (@ @) Control, (O O) + 10 mM KCN. 

experiments in which the H 2 0  to DCIP electron- 
transfer rate was inhibited to varying extents up to 
about 90% by increasing the severity of  the al- 
kaline Tris treatment [21-23]. As can be seen, the 
same treatments had little effect on the diphenyl- 

TABLE I 

COMPARISON OF THE ABILITY OF DIPHENYL-  
CARBAZIDE A N D  NH2OH TO REACTIVATE PS II-SUP- 
PORTED ELECTRON T R A N S F E R  IN TRYPSIN-DI-  
GESTED T H Y L A K O I D  MEMBRANES 

Assay conditions as for Fig. 1. Reduction rates expressed as 
~mol  D C l P / m g  Chl per h. 

Membrane H 2 0  --, NH2OH ~ Diphenyl 
fraction DCIP DCIP carbazide/  

NH2OH --. 
DCIP 

Inside-out 
thylakoids: 
(a) Untreated 56 70 126 
(b) Trypsin- 

treated 0 4 53 

Right-side-out 
thylakoids 
(a) Untreated 120 72 124 
(b) Trypsin- 

treated 36 21 56 
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Fig. 3. Inactivation of water oxidation by alkaline Tris: effect 
of exogenous donor oxidation. Unfractionated thylakoid mem- 
branes were treated with Tris at pH 8.3 as described in Materi- 
als and Methods. The degree of inhibition caused by Tris 
treatment was determined from the attenuation of the rate of 
DCIP reduction supported by water oxidation. Assay condi- 
tions as for Fig. 1, except for a chlorophyll concentration of 50 
~ g / m l .  For each inhibited sample the rate of DCIP reduction 
supported by diphenylcarbazide (0.5 mM) and NH2OH (5 
mM) was measured and plotted against the DCIP reduction 
rate supported by H 2 0  oxidation. 100% control values were: 
132 and 122 p.mol D C I P / m g  Chl per h for the H 2 0  and 
NH2OH oxidation rates, respectively. Addition of diphenyl- 
carbazide to the control sample did not stimulate the rate of 
DCIP reduction. (@ @) N H 2OH oxidation, (O O) 
diphenylcarbazide oxidation. 
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Fig. 4. Inhibition of PS II activity by alkaline pH. Unfractionated thylakoid membranes were treated with alkaline pH as described in 
Materials and Methods. The assay of DCIP reduction was undertaken at pH 7.5 as described for Fig. 3. (" A) NH2OH 
oxidation, (zx ,a) diphenylcarbazide oxidation. 

carbazide to DCIP electron-transfer rate but in- 
hibited the NH2OH-supported reduction of DCIP. 
It should be noted, however, that with mild treat- 
ments of Tris the extent of inhibition of the 
NH2OH to DCIP electron-transport rate does not 
correlate with the significant loss of the water 
oxidation, suggesting that the artificial electron 
donor system has a different sensitivity to Tris 

inactivation. Similar results have been obtained 
using inverted thylakoid membranes. 

The Tris inactivation experiments were per- 
formed at a constant pH of 8.3, close to the pK for 
the Tris buffer. It has been reported that unfrac- 
tionated thylakoid membranes incubated at high 
pH in the absence of Tris also show decreased 
rates of water oxidation [24,25] and this result is 
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Fig. 5. Comparison of the DCIP reduction rates supported by H20 or diphenylcarbazide oxidation in inside-out thylakoid vesicles: 
effect of light intensity. Assay conditions as for Fig. 1. The light intensity was attenuated by neutral density filters. 100% actinic light 
intensity determined to be 10 J. s - L  m-2.  (A) Light intensity saturation curves for H 20 to DCIP (e  O) and diphenylcarbazide 
to DCIP (O O) electron transfer. 100% rate determined to be 95/xmol DC IP / mg  Chl per h. (B) Plot of the apparent extent of 
inhibition of the H20-supported DCIP reduction rate. The extent of inhibition was computed from the subtraction of the light 
intensity curve for H20  oxidation from the curve obtained for diphenylcarbazide oxidation, and expressed as a percentage. The points 
represent the manipulation of the data, indicating the degree of error. 
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Fig. 6. The effect of EDTA on the light intensity saturation curves. Assay of DCIP reduction obtained following the pro~,edure 
described in Fig. 1. (A) Comparison of the rates of H20 to DCIP electron transfer in untreated thylakoid membranes (curve A) and in 
EDTA-washed membranes (curve B). The open circles (O O) and triangles (A ZX) refer to the rates of DCIP reduction 
with the addition of diphenylcabazide in the control and EDTA-washed membranes, respectively. (B) plot of the apparent extent of 
inhibition of the H20 to DCIP electron-transfer rates, compared to the diphenylcarbazide to DCIP rates, in control membranes 
(curve A) and EDTA-treated membranes (curve B). 

s h o w n  in Fig.  4A  for  the  H 2 0  to  D C I P  reac t ion .  

W h e n  the  ab i l i ty  of  N H 2 O H  a n d  d i p h e n y l c a r b a -  

z ide  to res to re  the  l i g h t - d e p e n d e n t  D C I P  r e d u c t i o n  

w a s  e x a m i n e d ,  we  n o t e d  a s imi la r  p H - d e p e n d e n t  

i nh ib i t i on  for  b o t h  d o n o r s  (see Fig.  4B). Th is  

resul t  con t r a s t s  w i th  the  d i f fe ren t i a l  ac t ion  o f  the 

two  d o n o r s  o b s e r v e d  wi th  the  o the r  i nh ib i t o ry  

t r ea tmen t s .  I t  is w o r t h  not ing ,  however ,  tha t  the  

p H  sensi t iv i ty  curves  for  the  ar t i f ic ia l  d o n o r s  and  

for  wa te r  o x i d a t i o n  d i f fe r  in tha t  the  la t te r  does  

n o t  fo l low a c lass ical  H e n d e r s o n - H a s s e l b a c h  rela-  

t ionsh ip  for  a w e a k  base.  

The differential ability of 1-120 and diphenylcarba- 
zide to reduce DCIP at varying light intensities 

W e  h a v e  rou t ine ly  o b s e r v e d  that  the  ra te  of  

l i gh t - i nduced  o x y g e n  e v o l u t i o n  f r o m  ins ide -ou t  

t hy l ako id  vesic les  is l ower  ( typica l  va lues  exh ib i t  a 
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Fig. 7. The effect of DCMU of the light intensity saturation curves. Assay of the light-dependent oxygen evolution was undertaken as 
described in Materials and Methods. Unfractionated membranes (50/~g Chl/ml) were suspended in the high-salt buffer with 0.1 mM 
benzoquinone as the electron acceptor and 5 mM NH4Cl as uncoupler. DCMU added as a methanol solution. (A) Comparison of the 
rates of oxygen evolution is untreated and DCMU-inhibited membranes. 100% rate equivalent to 94 #mol 02 /mg  Chl per h. (B) Plot 
of the extent of inhibition of oxygen evolution caused by DCMU at varying light intensities. ( I  I )  Control, (zx A) 
10 -7 M DCMU, (A A) 5.10 - 7  M DCMU. 



30-50% attenuation) than the corresponding rate 
with unfractionated membranes. This inhibition is 
most probably introduced during the Yeda press 
fractionation of the thylakoid membrane, and since 
the addition of diphenylcarbazide restores fully 
the light-induced rate of DCIP reduction we can 
assume that only the donor pathway of PS II is 
affected. The relative efficiency of H20 and 
diphenylcarbazide to donate to PS II reaction 
centres of inverted thylakoid membranes was 
examined at differing light intensities. In Fig. 5A it 
can seen that at high light intensities diphenyl- 
carbazide causes a stimulation in the DCIP reduc- 
tion rate above that due to water oxidation. The 
extent of the stimulation in rate was found to vary 

A. NON-INTERACTIVE CHAINS 

I OEC 

l OEC 
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H20 
N H2OH 
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I °EC Iz 
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Fig. 8. Model of the donor electron-transport pathway of PS II. 
The oxygen-evolving complexes (OEC) and the PS II reaction 
centres (containing Z and the P-680 chlorophyll) are envisaged 
either as being spatially inseparate (A, non-interactive chains) 
or spatially distinct (B, interactive chains). It is presumed that 
diphenylcarbazide is able to feed electrons directly to the 
intemediary carrier Z, whereas H20  and NH2OH donate elec- 
trons somewhere on the OEC itself. See text for further details. 
DPC, diphenylcarbazide. 
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with the light intensity; H20  becomes a less effec- 
tive donor at lower light intensities. This result is 
expressed in Fig. 5B where the ratio of the two 
rates at different light intensities has been plotted. 
Parenthetically, in a study of the rate of DCIP 
reduction in unfractionated membranes we could 
not detect an affect of diphenylcarbazide on the 
normal uninhibited rate due to water oxidation at 
any light intensity. This result indicates that for 
fully functional unfractionated membranes the 
quantum efficiency of H 2 0  oxidation when com- 
pared to that of diphenylcarbazide oxidation is not 
varying with light intensity. Therefore, the result 
of Fig. 5 indicates that with inside-out thylakoid 
vesicles the donor electron-transfer chains have 
been altered so as to reduce the efficiency of water 
oxidation, relative to diphenylcarbazide oxidation, 
and this inhibition is more pronounced at the 
lower light intensities. 

In Fig. 6 we show that the apparent extent of 
inhibition of H20  oxidation, relative to diphenyl- 
carbazide oxidation, caused by EDTA treatment 
of inside-out thylakoid vesicles also increases at 
the lower actinic light intensities. We have observed 
similar results with unfractionated membranes in 
which the water oxidation rate was partially 
inhibited by treatment with either EGTA or Tris 
(data not shown). In contrast to these results ob- 
tained with agents which affect the donor electron 
transfer of PS II, the extent of inhibition of the 
acceptor reactions of PS II caused by the addition 
of DCMU was observed to be constant over a 
wide range of light intensities (Fig. 7). 

Discussion 

The results presented in this paper suggest that 
specific regions of the donor electron-transport 
pathway of PS II can be probed by a comparison 
of the effect of the exogenous donors NH2OH and 
diphenylcarbazide. We have observed that several 
treatments of inverted thylakoid membranes which 
cause the inhibition of H 2 0  oxidation (e.g., EDTA, 
KCN and trypsin) will also affect the ability of 
NH2OH to restore the PS II-mediated reduction 
of DCIP. On the other hand, these same treat- 
ments had little or no effect on the diphenyl- 
carbazide to DCIP electron-transfer process. Thus, 
it can be concluded that diphenylcarbazide is able 
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to feed electrons either to a component of the 
electron-transfer chain between oxygen-evolving 
complex and P-680 which is closer to the reaction 
centre than the site of NH2OH donation, or that 
diphenylcarbazide by-passes the normal chain and 
donates by an alternative pathway to P-680. The 
former possibility is more likely because earlier 
work has indicated that diphenylcarbazide can 
reduce the light-oxidised intermediate Z, as shown 
by an increased relaxation rate of this EPR-detec- 
table species in Tris-washed chloroplasts [26]. The 
site of electron donation by NH2OH is unknown, 
but could be at the oxygen-evolving complex itself, 
since the donor is isoelectronic with water [27]. 
However, the action of low concentrations of Tris 
indicates that the NH2OH electron donation is 
more resistant to inhibition by this compound 
than the H20  oxidation process (see Fig. 3). Our 
observation that the efficacy of NH2OH to donate 
electrons to PS II is lost at severest Tris treatments 
agrees with the earlier finding [28] that NH2OH 
donation in manganese-depleted membranes varies 
with the extent of manganese deficiency. Our ob- 
servations that both NH2OH and diphenylcarba- 
zide fail to restore DCIP reduction at high pH 
suggests that alkaline conditions impair electron 
flow close to the PS II reaction centre and beyond 
that of the diphenylcarbazide donation site; a re- 
sult which is consistent with the finding that Z 
oxidation is impeded at pH values above 8.0 [29]. 

The light intensity curves of DCIP reduction 
supported by either H20  or diphenylcarbazide 
have yielded results which can be interpreted as 
indicating a degree of interaction between the 
electron-transfer chains on the donor side of PS II. 
At low light intensities, the H20-supported elec- 
tron flow was apparently less efficient than the 
diphenylcarbazide to DCIP rate. This effect was 
detected with either unfractionated membranes 
with 02 evolution rates partially inhibited by treat- 
ment with EGTA or Tris, or with inside-out 
thylakoid vesicles which possess a reduced capac- 
ity to oxidise water relative to rates of diphenyl- 
carbazide oxidation (see Figs. 5 and 6). No change 
in the efficiency of water oxidation could be de- 
tected, however, when the number of active PS II 
centres was partially reduced by DCMU (Fig. 7). 
It therefore seems that the observed phenomenon 
is due to the partial inhibition of that region of the 

H20 to P-680 chain which does not support di- 
phenylcarbazide oxidation. Such a result would be 
unexpected for non-interactive electron-transfer 
chains (see Fig. 8A), since the difference between 
the H20  and diphenylcarbazide-supported reduc- 
tion rates of DCIP would be anticipated to be 
constant as the light intensity is lowered. If there is 
a possibility, however, of an interaction between 
electron-transfer chains on the donor side of PS II 
which involves a diffusional step (of the type shown 
in Fig. 8B), then the observed changes between the 
H 2 0  to DCIP and diphenylcarbazide to DCIP 
rates at varying light intensities can be explained. 
At all intensities, diphenylcarbazide oxidation can 
maintain a light-dependent maximum rate of elec- 
tron flow through its more direct access to the 
photo-oxidised P-680. At high light intensities the 
partial inhibition of the electron-transfer rate for 
HzO to DCIP will reflect the degree of inhibition 
of the donor chains close to the oxygen-evolving 
complexes. At low light intensities, where the pho- 
tochemical turnover of the reaction centres is 
limited, the proposed diffusional step will intro- 
duce a further attenuation in the electron-transfer 
rate. This is due to the increased relative spatial 
separation between the photooxidised reaction 
centres and the functionally active oxygen-evolv- 
ing complexes. Such a model assumes that individ- 
ual PS II reaction centres can interact with more 
than one oxygen-evolving complex. 

The idea of a diffusion-controlled interaction 
between the donor chains of PS II is not new, and 
has been implied in the theoretical work of Lavorel 
[16,17] and more recently by protein isolation 
studies using inside-out thylakoid vesicles [5,6]. 
This latter work indicates the existence of extrinsic 
proteins on the inner surface of the thylakoid 
membrane, which could be envisaged as mobile 
electron carriers between spatially distinct 
oxygen-evolving complexes and PS II reaction 
centres. The postulated interaction is not readily 
detected when diphenylcarbazide does not stimu- 
late the rate of DCPIP reduction above that of 
water oxidation, and where all the oxygen-evolving 
complexes seem to be fully functional. Thus, for a 
fully functional system the rate of water oxidation 
is not limited by the postulated diffusional pro- 
cess. 

At first sight it may appear that the concepts of 



in teract ion between donor  electron-transfer chains 
of PS II is inconsis tent  with the tenets of the Kok 
S-state hypothesis of oxygen evolution. But if we 
accept the assumpt ion that individual  oxygen- 
evolving complexes require four oxidising equiva- 
lents before releasing oxygen, then our proposal of 
a limited interact ion between donor  chains of PS 

II may provide a mechanism to account  for the 
damping  of the f lash-induced oxygen yields. The 

damping  will arise from the statistical dis t r ibut ion 

of photo-oxidised PS II centres associated with an 
oxygen-evolving complex at any given time. In 

those PS II centres with no oxygen-evolving com- 
plex closely associated, electron flow from water 

oxidat ion is slowed and may compete unfavorable  
against  a back-react ion from the reduced accep- 
tors. The net result for these decoupled centres is 
an  apparent  photochemical  miss and a re tardat ion 
of the S-state transit ion.  From the work presented 

in this paper, it is expected that condit ions which 
evoke a partial  inh ib i t ion  of the oxygen-evolving 
complexes will affect the degree of damping  in the 
oxygen yield. In a numerical  analysis of a similar 
interactive model, Lavorel [17] has shown that the 

damping  in oxygen yield upon  repetitive flashes is 
inf luenced by both  the degree of interact ion be- 
tween donor  chains and the flash frequency. 

The results presented in this paper suggest that 

the path of electrons from the site of water oxida- 
t ion to the P-680 reaction centre chlorophyll  of PS 
II may involve the interact ion of more than one 
protein complex. We might expect that an altera- 

t ion in the spatial separation between the com- 
plexes, by the manipu la t ion  of the parameters  

which govern protein-protein  and  protein-l ipid in- 
teractions will have pronounced  effects on the 
water oxidat ion rate especially at low light inten- 
sities. 
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