
Biochimica et Biophysica Acta, 1058 (1991) 187-193 
© 1991 Elsevier Science Publishers B.V. 0005-2728/91/$03.50 
ADONIS 0005272891001503 

187 

BBABIO 43388 

Dissipation of excitation energy by Photosystem II particles 
at low pH 

Jane Crofts and Peter Horton 

Robert Hill Institute, Department of Molecular Biology and Bioteehnology, University of Sheffield, SheffieM (U.K.) 

(Received 25 January 1991) 

Key words: Photosystem I1; Chlorophyll fluorescence; Quantum yield; Photosynthesis 

The effect of decreasing the pH on the properties of Photosystem II particles isolated from pea and spinach has been 
investigated. Between pH 6.5 and 4.0 there was a decrease in quantum efficiency of oxygen evolution that was not 
associated with a proportional dosure of reaction centres, as determined by the fluorescence coefficient, qp. This 
decrease in the quantum yield of Photosystem II appeared to be due to two separate mechanisms. Between pH 6.5 and 
5.0, the decrease in quantum yield was not associated with any change in fluorescence yield or in the ratio of Fv/Fm; the 
decrease was greater at limiting light than in saturating light and may be caused by a cyclic electron transfer that is 
associated with the destabilisation of the oxidised intermediates of the oxygen-evolving complex and an accelerated rate 
of QA oxidation. Below pH 5.0 the decrease in efficiency is correlated with a quenching of chlorophyll fluorescence. 
This quenching was light-dependent and required oxidising conditions; redox titrations indicated that a component with 
a midpoint oxidation reduction potential of + 405 mV at pH 4.0 needed to be oxidised if the low pH-dependent 
quenching was to be observed. The relationship between these effects of low pH and the 'down-regulation' of 
Photosystem II observed under physiological conditions is discussed. 

Introduction 

Photosynthet ic  0 2 evolution has been shown to have 
a quan tum efficiency approaching the theoretical maxi- 
m u m  in vivo [1]. This requires a quan tum efficiency of  

Abbreviations: ADR¥, acceleration of the deactivation reactions of 
Y, 02 evolution; CCCP, carbonyl cyanide m-chlorophenylhydrazone; 
DCMU, 3-(3',4'-dichlorophenyl)-l,l-dimethylurea; Em4, midpoint 
potential as determined by redox titration at pH 4.0; Fo, level of 
chlorophyll fluorescence when PS II reaction centres are open; Fm, 
level of chlorophyll fluorescence when PS II reaction centres are 
closed; Fv, F m minus Fo; PS II, Photosystem II; qE, coefficient of 
non-photochemical quenching due to the high-energy state; qr4, non- 
photochemical quenching coefficient; qp, photochemical quenching 
coefficient; QA, primary quinone acceptor of Photosystem II; Qa, 
secondary quinone acceptor of Photosystem II; Qaoo, fluorescence 
quencher with a midpoint potential of approx. + 400 mV; Z, primary 
tyrosine electron donor to Photosystem II; Cs, quantum efficiency of 
02 evolution; ~#p, potential quantum efficiency (~s divided by qp); 
Cn, quantum efficiency of Photosystem II; ApH, transthylakoid 
proton gradient. 
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near to 1 for Photosys tem II  and results f rom a molecu- 
lar organisat ion which promotes  efficiency in energy 
transfer to the reaction centre, pr imary charge sep- 
arat ion and stabilisation by  electron transfer between 
secondary donors  and acceptors. Al though these fea- 
tures are physiologically impor tant  in achieving high 
quan tum yield at limiting irradiance, it is clear that, in 
vivo, in a natural  environment,  the light intensity is 
often in excess of  that  which can be used with such 
max imum efficiency; indeed, these same features may 
be detr imental  because they would promote  photoin-  
hibi tory damage  [2]. I t  has long been known that as 
light saturat ion is approached  the propor t ion  of  closed 
PS I I  reaction centres increases as the quan tum ef- 
ficiency of  photosynthesis  decreases. More  recently, 
measurements  of  chlorophyll  fluorescence have indi- 
cated that non-photochemica l  thermal dissipation of  
excitation energy can also bring about  a decrease in 
quan tum yield of  PS II  [3-5]. This diversion of  excita- 
tion energy means that, in excess light, PS  II  is actively 
'down-regula ted ' ,  in order  to balance the light and dark 
reactions of  photosynthesis  and to provide protect ion 
f rom photoinhibi t ion [6]. There  is also evidence, ob- 
tained using isolated thylakoids [7-9]  and algal cells 



188 

[10], that futile electron transfer pathways may operate 
under conditions of high irradiance to add to the pro- 
tective effect of direct dissipation of excitation energy. 

The experimental rationale that has enabled charac- 
terisation of the regulation of PS II is based on the 
quantitative analysis of chlorophyll fluorescence (for a 
recent review, see Ref. 11). Two levels of fluorescence 
provide the starting point for this analysis: when all PS 
II reaction centres are open a minimum fluorescence 
yield, Fo, is found, and when all centres are closed, a 
maximum yield F m is obtained. The maximum quantum 
yield of PS II photochemistry is then defined in terms 
of the ratio of variable fluorescence (Fv = F m -  Fo) to 
F m. Photosynthetic electron transport to NADP (and 
CO 2 reduction) will keep reaction centres open and so 
quench the fluorescence from the F m level; the utilisa- 
tion of excitation energy to drive photosynthetic elec- 
tron transport is described by the quenching coefficient, 
qp (formerly referred to as qQ), which is a measure of 
the proportion of open PS II reaction centres. However, 
photochemical quenching is not the only quenching 
process that occurs during photosynthesis in vivo; the 
increase in thermal dissipation of excitation energy 
causes non-photochemical quenching of fluorescence, 
described in a variety of ways, including qN, the coeffi- 
cient of non-photochemical quenching. Non-photo- 
chemical quenching brings about a decrease in Fv/Fm, 
this ratio being referred to as F,,'/F" in the quenched 
condition. It has been concluded, therefore, that the 
quantum yield of PS II electron transport (¢Pn) in any 
condition can be quantified by the product of qp and 
Fv'/F,~ [5]. The efficiency of PS II calculated in this way 
can then be compared to the directly measured ef- 
ficiency of photosynthetic electron transport (~s) ob- 
tained from the rate of oxygen evolution or CO 2 uptake 
divided by the right intensity. It has been shown that in 
a range of plant species, under a variety of conditions, 
there is a fixed relationship between ~Ii and ~s which is 
linear except at the highest values of quantum yield 
[5,12]. Deviations from this relationship provide evi- 
dence for other responses of the photosynthetic ap- 
paratus to changing conditions; thus, decreases in ~s 
which are greater than those seen in ~ i  would indicate 
increases in dissipative photochemical processes such 
photorespiration, the Mehler reaction or a futile PS II 
cycle [8]. 

A total estimate of the effect of wasteful dissipative 
processes on photosynthetic quantum efficiency is de- 
rived by dividing ~ by qp, to give a term called the 
'intrinsic yield' of PS II, % [3]. ~p is therefore the 
quantum yield of photosynthesis corrected for the pres- 
ence of closed centres. This parameter is decreased by 
qN because thermal dissipation reduces the proportion 
of absorbed excitation energy that is available to the 
reaction centres. Photochemical dissipation causes a 
decrease in ~p because it increases the proportion of 

charge separations that do not give rise to measured net 
photosynthesis. Measurements made on a range of sys- 
tems (algal cells, plant cell protoplasts, intact chloro- 
plasts, thylakoids and leaves) have provided evidence 
for dissipation by both photochemical processes and qN 
[3--5,7--9,13--15]. Both qN and dissipative electron 
transfer are dependent on the presence of a a p H  [9]. At 
present there is no identification of the mechanism by 
which the ApH can cause these changes in electron 
transfer and right-harvesting in PS II, although it is 
most likely a result of acidification of the thylakoid 
lumen. Indeed, acidification of thylakoid membranes 
has been shown to increase qN [16] and inhibit electron 
donation from the O2-evolving complex to the PS II 
reaction centre [17]. 

Therefore, a possible way to increase our understand- 
ing of the regulation of PS II by ApH is to examine the 
pH-dependency of electron transfer and fluorescence 
quenching in PS II particles. In this paper we describe 
the initial characterisation of the effects of low pH on 
isolated 'BBY' particles and demonstrate the presence 
of two separate effects on photochemical efficiency. 

Materials and Methods 

Photosystem II particles were prepared from either 
peas or spinach (as indicated in the figure legends) 
using a modification of the original 'BBY' preparation, 
as described by Chapman et al. [18]. Electron transport 
rate was determined using dichloro-p-benzoquinone (25 
/~M) in the presence of 3 mM potassium ferricyanide in 
a medium containing 5 mM MgCl 2, 5 mM NaC1, 10% 
glycerol, buffered to the appropriate pH with 20 mM 
Mes (pH 5.0-6.5) or 10 mM sodium citrate (pH 4.0-5.0). 
Actinic light was provided by a 250 W tungsten halogen 
lamp filtered by an Earing 680 nm short-pass filter and 
a heat filter, The intensity ( I )  was adjusted with neutral 
density filters, the stated values referring to those mea- 
sured at the entrance to the Hansatech 02 electrode 
chamber. The quantum efficiency of electron transport, 
0s, was determined by dividing the measured rate of 02 
evolution by I. Chlorophyll fluorescence was measured 
using a Hansatech modulated fluorimeter with ad- 
ditional filters as described previously [8]. The experi- 
mental protocol was, firstly, to record the Fo in the 
presence of the low intensity (approx. 1/~mol quan ta /m  2 
per s) measuring beam. Determination of F m required 
the use of a second halogen lamp which was shutter- 
controlled to deriver a saturating pulse of 1 s duration. 
Actinic right was given, and after 2 min the steady-state 
level of fluorescence was recorded (F0  a n d  another 
flash was applied to record the F ' .  Generally the Fm 
and F~ values were indistinguishable and no quenching 
of the F o was observed, qp was determined from ( F  m- 
Ft)/(Fm-Fo) and ~p by the ratio of eoJqp. Redox 
titration was performed essentially as described earlier 



[19], using the following reagents as redox mediators at 
a concentration of 10 /~M: phenazine methosulphate, 
phenazine ethosulphate, 1 ,2-naphthoquinone and 
N,N,N' ,N ' - te t ramethy l -p-phenylenediamine ,  none of 
which caused any decrease in the F v / F  m ratio. Sodium 
dithionite and potassium ferricyanide were used to ad- 
just the redox potential which was measured using an 
EIL redox electrode calibrated with acidified ferr ic /  
ferrous ammonium sulphate (E h -I-674 mV). Samples 
were allowed to equilibrate for between 1 and 10 rain at 
each redox potential prior to determining the F v / F  m 

ratio. Cytochrome b-559 was assayed using an SLM 
DW2000 dual-wavelength spectrophotometer as de- 
scribed by Horton and Croze [20]. 

Results  

Fig. 1 shows the dependency of the quantum yield of 
oxygen evolution, in the presence of dichlorobenzo- 
quinone, on pH. Below pH 6 there is a steady decline in 
yield, as reported previously [21]. The fight intensity 
was chosen to be approx. 15% of the light-saturated rate 
of oxygen evolution at pH 6.3 in order to make it 
possible to examine accurately the effect of pH on qp. It 
was found that the decrease in qp as the pH was 
lowered was significantly less than the decline in @s 
(Fig. 1). In fact, between pH 6.5 and 5.0, qp was 
constant at approx. 0.65, whereas @s decreased by more 
than 50%. Below pH 4.5 it was impossible to determine 
qp because of severe fluorescence quenching (see below). 
The parameter @p, the intrinsic photochemical yield of 
PS II electron transport was found to decrease steadily 
below pH 6.8, at pH 4.5 declining to a value of approx. 
30% of its maximum. 

There are two possible explanations for the decline in 
@p at low pH. Firstly, there may be non-radiative dis- 
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Fig. 1. Effect of pH on qp (triangles), q~s (open circles) and % (closed 
circles). Light intensity was 1500 / tmo l /m 2 per s at the entrance to 
the chamber. Assays were performed on pea PS II particles in the 
presence of 3 mM ferricyanide and 0.25 mM dichlorobenzoquinone as 
described in the text. qp was determined by the addition of a 
saturating pulse (30000 # m o l / m  2 per s) at the end of a 2 rain 
illumination. The linear rates of O 2 evolution were determined during 
the first 2 min of illumination period, q~ values are given in arbitrary 
units. Each point is an average of four separate measurements. Stan- 
dard deviations are shown where they are greater than the size of the 
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sipation of excitation energy, observed as qN, which 
would decrease the energy available to drive photo- 
chemistry. Alternatively, there may be wasteful photo- 
chemistry resulting in QA being kept oxidised by 
processes that do not lead to 0 2 evolution; processes 
that might result in this comprise a cyclic flow of 
electrons around PS II and electron transport to 0 2. 

In order to determine the contribution of non-photo- 
chemical dissipation to the decrease in @p, the depend- 
ency of chlorophyll fluorescence yield on pH was in- 
vestigated. The F v / F  m ratio was constant, at around 0.7, 
between pH 6.5 and 5.5, but fell markedly below pH 
5.0. The F 0 level was largely independent of pH, whereas 
F m showed a marked drop (Fig. 2). Two points were 
noted about the pH dependency of the decrease in 
F v / F  m. Firstly, there was little change between pH 6.5 
and pH 5.0, a region where there was a significant 
decrease in @p. Secondly, the decrease in Fm was found 
to be light-dependent. For  instance, at pH 4.0, illumina- 
tion caused the F m to decrease below the F 0 level, hence 
giving rise to a negative value for the "Fv /F  m ratio (not 
shown). The fluorescence quenching at low pH was 
further investigated and was found to be very depen- 
dent on the redox conditions. It was found that, even at 
pH 4.0, no quenching occurred if ferricyanide was 
omitted from the assay medium. The striking redox 
dependency of this reversible quenching is clearly il- 
lustrated in Fig. 3. Actinic light, given in the absence of 
oxidant, caused a rise to F m, but addition of ferri- 
cyanide caused an immediate drop in fluorescence; this 
quenching could not be restored by imposition of a 
saturating light pulse or DCMU (data not shown). 
Illumination at pH 4.0 causes severe quenching, below 
the F o level (Fig. 3b), but the quenching was reversed if 
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Fig. 3. Effects of redox conditions on chlorophyll fluorescence of pea 
PS II particles at pH 4.0. (a) Effect of 3 mM potassium ferricyanide 
adidtion to particles illuminated with saturating light (30000/t mol/m 2 
per s); (b) effect of addition of 10 mM ascorbate to particles il- 
luminated in the presence of 3 mM potassium ferricyanide. T, turning 

on measuring beam. 

ascorhate or dithionite (not shown) was added. Clearly, 
oxidising conditions are required for the observation of 
this quenching. 

A redox titration of the F v / F  m ratio was performed 
to establish the nature of the oxidant (Fig. 4). At 
potentials below 280 mV, a decline in F v / F  ~ was 
observed that was only associated with an increase in 
F0; this is presumably a titration of QA/QA,  which at 
p H  4.0 would be expected to have an E m value approx. 
180 mV more positive than at p H  7.0. Maximum F v / F  m 

values, around 0.6, were recorded between 280 mV and 
320 mV. At higher redox potential, the F v / F  m declined 
in a way that was fitted by an n = 1 transition, with 
E m + 405 inV. The decrease in F v / F  m was reversed if 
the redox potential was returned to 300 mV, unless the 
potential had been previously taken to a value greater 
than 500 mV; in that case the quenching became in- 
creasingly irreversible. Thus, the fluorescence quenching 
at p H  6.3, shown in Fig. 4, which was observed only at 
very high redox potentials, was irreversible. 

There are two PS II  components that have been 
described in the literature as having midpoint  oxida- 
tion-reduction potentials in this range. The first is the 
component  Q40o, which has been associated with the Fe 
a tom located in the QA-QB region of the reaction centre 
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Fig. 4. Redox titration of the F v / F  m ratio in spinach PS II particles at 
pH 4.0 (closed circles) and pH 6.3 (open circles). Chlorophyll fluores- 

cence was determined as described for Fig. 2. 
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[22]. However, although its midpoint potential has been 
measured as + 370 mV at p H  7.5, its reported pH-de-  
pendency would suggest a value of much greater than 
400 mV at p H  4.0 [23]. The second is cytochrome b-559. 
The redox properties of cytochrome b-559 were there- 
fore assessed in the PS II  particles. At pH 6.3, high- 
potential cytochrome b-559 accounted for approx. 50% 
of the cytochrome. Ferrocyanide is an appropriate re- 
ductant for high-potential cytochrome b-559, since it 
has a pH-independent  redox potential; it has previously 
been used as an indicator of cytochrome b-559 at low 
p H  in chloroplast thylakoids [24]. Fig. 5 shows that 
between p H  6.5 and 4.0 there is a continuous loss of 
high-potential cytochrome b-559. The total cytochrome 
content, as determined by reduction with dithionite, 
was unchanged between p H  6.5 and 4.5, below which 
some loss of amplitude occurred. Therefore, at p H  4.0, 
where the fluorescence quencher has an E m of +405 
mV, there is no high-potential cytochrome b-559 detec- 
table. It  is therefore highly unlikely that quenching is 
associated with this cytochrome. 

It  is notable that the loss of high-potential cyto- 
chrome b-559 was detected throughout the p H  range 
examined, and that the profile was similar to that 
observed for the decline in Cp (Fig. 1). It is therefore 
possible that the loss of this cytochrome form, though 
not related to non-photochemical fluorescence, was in- 
volved in the process by which Cp is decreased photo- 
chemically. I t  has previously been suggested that cyto- 
chrome b-559 is involved in a cyclic flow around PS II  
[25-27]. In the presence of A D R Y  reagents (e.g., CCCP), 
it is possible to observe cytochrome b-559 participating 
in a cyclic pathway; indeed, it was suggested that this 
effect of an A D R Y  reagent, observed at low irradiance, 
was a simulation of the effect of the low lumen p H  
occurring in high light [25]. Recent work has, in fact, 



TABLE I 

Effect of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) on quan- 
tum efficiency of pea PS 11 particles 

Assays were performed as described in Fig. 1. Actinic light intensity 
was 8 0 0 / z m o l / m  2 per s. 

[CCCPI qr  ~s ~p F,/Fm 
( ~ M )  

0 0.72 91 13 0.69 
0.25 0.68 93 14 0.70 
0.50 0.62 60 10 0.71 
5.00 0.62 53 9 0.70 

25.00 0.56 18 3 0.67 

clearly shown that ADRY reagents can elicit large in- 
creases in qp when added to isolated thylakoids in the 
absence of an electron acceptor [28]. The effect of 
CCCP on PS II particles carrying out electron transport 
was therefore compared to the effect of low pH. As 
shown in Table I, addition of CCCP decreased the 
quantum efficiency of 0 2 evolution but caused a smaller 
change in qp. For example, 5 /~M CCCP decreased @s 
by 42% but qp by only 14%. Thus, there was a marked 
decline in ~p, similar to that observed when the pH is 
lowered. As with the change in ~p resulting from a 
decrease to pH 5.0, the change brought about by CCCP 
occurred without any alteration of the F v / F  m ratio. 

A characteristic of the ADRY effect is that the 
inhibition of 0 2 evolution is more marked at low light 
intensity (or low flash frequency in the original work of 
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Renger and co-workers [29]). Fig. 6 shows the effect of 
light intensity on the quantum efficiency of 0 2 evolu- 
tion at pH 6.3 and pH 5.0. At pH 6.3, ~s and qp both 
declined in parallel as the light intensity was increased, 
and ~p was therefore constant. This is the theoretically 
predicted relationship between @s and qp when the 
electron transport rate is altered by light intensity and 
when there are no changes in the proportion of wasteful 
photochemistry or non-photochemical dissipation. In 
contrast, at pH 5.0, ep s was low in low light, and rose to 
a peak before declining as saturation was approached. 
This pattern was not shown by qp, and therefore qJp was 
not constant with light intensity. Instead, there was a 
steady increase in ~pp upon increasing intensity up to a 
saturating level. Thus, comparing pH 6.3 and 5.0, at low 
light, a epp decrease of 80% was observed compared to 
only 30% at saturating light. 

D i s c u s s i o n  

It is now well established that the quantum efficiency 
of PS II is under feedback control by the products of 
photosynthetic electron transport that accumulate in 
saturating light. It has further been suggested that this 
decrease in yield is associated with the build-up of the 
A pH [6]. In this paper it has been shown, to our 
knowledge, for the first time, that the intrinsic quantum 
yield of PS II can be decreased by lowering of the pH. 
Moreover, the change in @p resembles, in magnitude, 
that observed in both isolated thylakoids [7-9] and in 
vivo [3,4,13] in the presence of a ApH. The data suggest 
that a decrease in lumen pH is the factor responsible for 
feed-back control over PS II. The exact degree of lumen 
acidification in vivo is hard to establish. In isolated 
thylakoids, ApH values over 3.0 units have been esti- 
mated [30], suggesting a lumen pH in the range of 4.5, 
with an external pH of 7.5. In vivo, the stromal pH 
probably rises to nearly 8.0 [31] and lumen acidification 
may, therefore, be less than in vitro. In fact, on the 
basis of the observed kinetics of reduction of PT00, it 
was suggested that in vivo, at light saturation, the lumen 
pH does not decrease sufficiently to inhibit plastoquinol 
oxidation and exert classical 'photosynthetic control'  
[6]; in vivo, lumen pH may therefore not fall below 5.0. 

The decline in @p observed here is dearly not totally 
dependent upon non-photochemical dissipation. Signifi- 
cant changes in @p were shown to occur between pH 6.3 
and 5.0 without any decrease in F v / F  m. The depen- 
dence of this phenomenon on light intensity suggests 
that the change in ffp was caused by an effect of pH on 
the stabilisation of 'S' states, similar to the ADRY 
effect. At low light intensity the average conversion-time 
from S 2 to S 3 and S 3 to S 4 will increase, increasing the 
probability of wasteful reductive decay [29]. In the 
presence of an ADRY reagent the rate of this decay is 
enhanced [29] in a process that leads to Q2 oxidation. 
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A similar back-reaction from Q~ to the oxygen-evolving 
complex is, therefore, suggested as the explanation for 
the decrease in ¢p at low pH. This phenomenon can be 
observed at pH values as high as 5.0 and is distinct 
from the increased PS II back-reaction observed in 
thylakoids at pH levels less than 5.0 that caused an 
increase in luminescence and a decrease in F m [28]. In 
isolated thylakoids a decline in ~p has been observed 
which is additional to that due to non-photochemical 
quenching [7-9]. It was found that this photochemical 
component of the decrease in ¢p occurred at a smaller 
ApH than that needed to cause qN, consistent with a 
requirement for only a modest decrease in pH shown 
here. Therefore, it is suggested that the effect of ApH 
on isolated thylakoids, and of pH on PS II particles, are 
due to the same phenomenon. However, the physio- 
logical significance of the photochemical regulation of 
PS II electron transfer is still to be established. In vivo, 
changes in q¥ are often small and can be completely 
accounted for by changes in qN [5]. However, there are 
several reports of larger changes in q¥ [3,10,13,32], and 
here, photochemical dissipation within PS II could be 
involved. It has also been shown that changes in Cp 
occurred without a change in qr~ immediately following 
the onset of illumination of isolated protoplasts [33]. 
However, in each of these cases it has not been possible 
to eliminate dissipative electron transfer to O 2 as the 
explanation for the decrease in q¥. 

It is probable that the further declines in ¢v at pH 
levels towards 4.0 are related to the light-induced de- 
crease in F v / F  m. A number of reports exist of decreased 
donor-side activity at this pH; not only H20  oxidation 
[17,21] but also donation by Z to P6~0 is inhibited [34]. 
Reversible quenching of chlorophyll fluorescence at low 
pH has been reported previously for thylakoids [16], 
although this quenching may be related to gross changes 
in thylakoid organisation that result from neutralisation 
of surface negative charges and occur between pH 6.0 
and 5.0 [35]. In a PS II particle it is unlikely that such 
changes can take place. The quenching reported here 
has two distinctive characteristics: firstly, it is light-de- 
pendent; secondly, it requires prior oxidation of a com- 
ponent with Em4 = + 405 mV. The first of these makes 
the quenching dissimilar to energy-dependent qr~ (qE), 
which has been shown to quench the F 0 level in dark- 
ness [36]. Although there are measurements which indi- 
cate that qE is enhanced under oxidising conditions in 
isolated thylakoids [7], there is no evidence for the tight 
redox dependency described here. These characteristics 
all suggest that the low pH-induced decrease in F , , / F  m 

observed in PS II particles may not relate to the in vivo 
qE- However, in recent work, Denlmig-Adams and co- 
workers [37] have suggested that qE in vivo may consist 
of two components, one depending on the presence of 
the carotenoid zeaxanthin in the chlorophyll antenna, 
and the other being an effect of A pH on the PS II 

reaction centre. Although the data leading to this pro- 
posal can be interpreted by a different model [38], 
implicit in both models is the idea that a larger A pH is 
required for the effect on the reaction centre than that 
needed to cause quenching in the antenna. The particles 
used here do not contain zeaxanthin (Young, A., unpub- 
lished data), and it is therefore consistent with the 
Demmig-Adams model that low pH should induce only 
a reaction-centre-dependent quenching. 

The identity of the + 405 mV component that must 
be oxidised in order to observe the low pH-dependent 
quenching is unknown. Since the oxidation of this com- 
ponent does not cause any quenching prior to illumina- 
tion, it is not, itself, a quencher. Instead, its oxidation 
may follow the formation of a light-induced quencher in 
the PS II reaction centre. The +405 mV component 
may be a donor to PS II that becomes significant only 
at pH 4.0, when other donors such as Z and cytochrome 
b-559 are inoperative. Alternatively, ferricyanide, itself, 
may be merely acting as an electron acceptor, draining 
electrons faster than either donation to the reaction 
centre or charge recombination within it, thereby pro- 
moting accumulation of the quenching species, P6~0; 
ferro/ferr icyanide has an E m of +430 mV which is 
pH-independent [39]. 
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Note added in proof (Received 3 April 1991) 

If PS II particles are prepared from zeaxanthin-con- 
taining leaves, then an additional, redox-insensitive, 
non-photochemical quenching is observed at low pH. 
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