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The quantitative relationship between energy-dependent quenching of chlorophyll fluorescence (qE) and trans-thylakoid 
pH difference (dpH, estimated with 9-aminoacridine) was compared in chloroplasts from leaves preilluminated at low 
oxygen in the absence of CO 2 with chloroplasts from leaves darkened under the same conditions. The extent of both 
phenomena was varied by changes in actinic light intensity. Chloroplasts from preilluminated leaves contained high 
levels of zeaxanthin (up to 15% of total carotenoid) and were capable of forming qE at lower ApH values than 
chloroplasts from dark-adapted leaves, which lacked zeaxanthin. Infusion of dithiothreitoi into leaves prior to 
preillumination prevented the light-induced formation of zeaxanthin; chloroplasts prepared from these leaves showed the 
same relationship between qE and ApH observed in chloroplasts fore dark-adapted leaves. The rate of appearance and 
disappearance of the change in relationship between qE and d pH upon leaf preillumination and darkening was closely 
matched by the kinetics of synthesis and degradation of zeaxanthin. The quantitative relationship between qE and 
quenching of the dark-level of fluorescence (F o) was very similar in chloroplasts from preilluminated or dark-adapted 
leaves, containing disparate amounts of zeaxanthin. In both sets of chloroplasts, qE was inhibited by antimycin A. These 
latter observations suggest that the formation of qE involves mechanistically similar features in chloroplasts containing 
or lacking zeaxanthin. Overall, the data are discussed in terms of action of zeaxanthin as a 'quenching amplifier', 
functioning physiologically to allow qE formation in the absence of high ApH potentially prohibitive to high rates of 
CO 2 fixation. 

Abbreviations: DTT, dithiothreitol; DCMU, 3-(3,4-dichlorophenyl)- 
1,1-dimethylurea; Hepes, N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulphonic acid; Mes, (2-[N-morpholino]ethanesulphonic acid); PS I, 
Photosystem I; PS II, Photosystem II; QA, primary stable electron 
acceptor of PS II; F0, Fro, chlorophyll fluorescence level when all PS 
II reaction centres are open, closed; q0, quenching of F 0 fluorescence; 
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energy-dependent quenching of chlorophyll fluorescence; q9-aa, frac- 
tional quenching of 9-aminoacridine fluorescence; Chl, chlorophyll; 
Zea, zeaxanthin; Anth, antheraxanthin; Viol, violaxanthin; HPLC, 
high-performance liquid chromatography; ApH, difference in pH 
between the intrathylakoid space and the external medium; CFx, 
catalytic portion of the chloroplast reversible protonmotive ATPase. 
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Introduction 

Excitation energy can be be dissipated at Photosys-  
tem II  (PS II)  in several ways, as is apparent  f rom 
kinetics of  format ion and relaxation of  non-pho to-  
chemical quenching of  room-tempera ture  chlorophyl l  
fluorescence (qN) in leaves [1,2] and protoplasts  [3]. 
Chief among  these mechanisms under  most  condit ions 
is qN associated with format ion  of  a t rans- thylakoid p H  
difference, or  A p H  [3-6].  This phenomenon  is referred 
to as qE, and forms in the light and relaxes in the dark 
within 2 - 1 0  min [1-3]. I t  has been implicated bo th  in 
protect ion of  the PS I I  appara tus  f rom excess light [7] 
and in dynamic  control  over the rate of  electron trans- 
port  through PS II  [3,8-12]. The mechanist ic  details of  
qE, however, remain obscure. 



Following the discovery of a correlative link in leaves 
between the level of the xanthophyll zeaxanthin and the 
extent of a slowly-reversing component of qN, it was 
suggested that zeaxanthin might act as a quencher of 
excited chlorophyll [13,14]. Zeaxanthin is formed by 
enzymatic de-epoxidation of violaxanthin, via the inter- 
mediate antheraxanthin; an epoxidase catalyses the re- 
verse reaction [15,16]. The epoxidase shows maximum 
activity at neutral pH and is probably located on the 
stromal side of the thylakoid membrane [17]. The de- 
epoxidase has a low pH optimum (pH 5), suggesting 
location on the inside [18]. Illumination and the conse- 
quent drop in lumen pH might therefore be expected to 
promote zeaxanthin formation, with epoxidation preva- 
lent in the dark [15,16]. 

Recently, quantitative correlations between estimated 
total dissipation and zeaxanthin levels have been ob- 
tained in leaves [19-21], indicative of a role for 
zeaxanthin in qE as well as in the slowly reversing 
quenching mentioned above. Rapid formation of qN 
(within 2 rain), consistent with expected kinetics of 
A pH formation, occurred only in leaves containing high 
zeaxanthin levels prior to illumination [19]. In leaves 
initially lacking zeaxanthin quenching formed within 
5-10 rain, with kinetics similar to those of zeaxanthin 
synthesis [19,20]. Additional evidence that zeaxanthin is 
involved in qE has come from experiments with dithio- 
threitol (DTT), an inhibitor of violaxanthin de-epoxi- 
dase [22]. In one study, pre-treatment of leaves with 
DTI" in the dark prevented formation of zeaxanthin 
upon illumination and also prevented formation of that 
component of qN (presumably qE) which relaxes rapidly 
on darkening [23]. In other studies of similar nature, 
however, only partial inhibition of this component has 
been reported [24,25]. 

On the basis of these data, it was proposed that two 
requirements exist for qE formation, one of which is the 
presence of zeaxanthin, the other being formation of 
ApH [19-21,23,25]. Thus, qE could be controlled kineti- 
cally either by the rate of ApH formation or by the 
kinetics of zeaxanthin synthesis: upon illumination of 
leaves lacking zeaxanthin, the rate of formation of qE 
could be limited by the rate of zeaxanthin synthesis, 
which is expected to be at least as slow as onset of 
ApH. Since a component of qE could be formed in the 
absence of zeaxanthin, it was further suggested that qE 
may proceed by two distinct mechanisms, a zeaxanthin- 
dependent one in the light-harvesting/antenna chloro- 
phylls and a zeaxanthin-independent one in the PS II 
reaction centre [23,25]. 

It is difficult to explore satisfactorily the relation- 
ships between qE, Z~pH and zeaxanthin content in 
leaves, since changes in qE and changes in zeaxanthin 
may not be causally related but may still be coincident 
owing to the dependence of both upon ApH. ApH 
cannot be measured in leaves whereas in isolated 
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chloroplasts one can use 9-aminoacridine (9-aa) fluores- 
cence [26] which, though it may not reflect exactly the 
absolute magnitude of the trans-membrane pH dif- 
ference [27], can be used as a semi-quantitative and 
independent indicator of zlpH [28]. Using this tech: 
nique and chlorophyll fluorescence simultaneously, one 
can titrate A pH against either uncouplers or light inten- 
sity. Since uncouplers and inhibitors may be used to 
quantify qE in chloroplasts [5], it is possible to examine 
the quantitative relationship between qE and quenching 
of 9-aa fluorescence [29,30]. Such titrations have previ- 
ously shown that chloroplasts isolated from leaves pre- 
treated to contain high levels of zeaxanthin are capable 
of qE formation at lower ApH values than chloroplasts 
prepared from dark-adapted leaves, containing negligi- 
ble zeaxanthin [29]. Maximum attainable qE values 
differed only slightly between the two sets of chloro- 
plasts [29], which appears at odds with the proposal that 
the presence of zeaxanthin is an absolute requirement 
for qE formation. 

In this paper, we have extended our initial observa- 
tions [29] to examine further the change in A pH-depen- 
dence of qE and its relationship to zeaxanthin content. 
We have also compared the qE-associated quenching of 
dark-level (F0) fluorescence in chloroplasts pre-treated 
to contain, or lack, high levels of zeaxanthin. The data 
lend further support to the notion that the formation of 
zeaxanthin functions physiologically as a 'quenching 
amplifier', acting to allow greater dissipation at a given 
zipH. The physiological significance of such action is 
considered. 

Materials and Methods 

Spinach plants were grown in a greenhouse under 
supplemented light with a 12 h photoperiod. Plants 
were harvested after 4-6 weeks and were dark-adapted 
for 24 h prior to leaf treatment and chloroplast isola- 
tion. Leaves were cut at the petiole base and floated on 
water in a plastic tray covered with transparent cling- 
film at 25°C with the cut petiole under water. The 
water was bubbled with a CO2-free nitrogen/oxygen 
mixture (composition as indicated in the text) for 10 
min prior to treatment of the leaves. Unless otherwise 
indicated, treatment consisted of either illumination at 
200 #mol m -2 s-1 for 50 min or of darkening under the 
same conditions for 50 min. The appropriate nitrogen/ 
oxygen mixture was passed over the water throughout 
the treatment. For experiments involving infusion of 
dithiothreitol (DTT), leaves were placed overnight up- 
right in a beaker containing 1 mM DTT solution. Air 
was fanned across the leaf surface in order to increase 
transpiration rate and aid uptake of DTT. During preil- 
lumination of leaves on the following morning the leaves 
were floated on water containing DTT at 1 mM. Con- 
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trol leaves for DTT treatment were treated in identical 
fashion except that DTT was omitted. 

Unless stated otherwise, chloroplast isolation was 
performed essentially as in Ref. 31 immediately follow- 
ing treatment. 80 g of deribbed leaves were ground in 
400 ml of medium containing 330 mM sorbitol, 5 mM 
MgClz, 2 mM sodium ascorbate and 10 mM Na4P207 
(pH 6.5). Chloroplasts were washed in 330 mM sorbi- 
to l /10  mM Mes (pH 6.5) and resuspended in RS2 
medium (330  mM sorbitol/1 mM E D T A / 1  mM 
MgC12/50 mM Hepes (pH 7.6)) to a chlorophyll con- 
centration of 1-2  mg ml -a. To ensure a high degree of 
intactness, these chloroplasts were layered over 10 ml 
RS2 medium containing 50% dialysed Percoll and 
centrifuged at 3000 × g for 5 rain. Resulting chloro- 
plasts were resuspended in RS2 at a chlorophyll con- 
centration of 1.7 mg ml-1. This procedure gave chloro- 
plasts which were more than 80% intact according to 
the method of Lilley et al. [32]. 

All chloroplast preparations were used at a chloro- 
phyll concentration of 35/Lg m1-1. Experiments using 
intact chloroplasts were carried out in RS2. For experi- 
ments using broken chloroplasts, chloroplasts were 
osmotically shocked by incubation for 30 s in 30 mM 
MgC12/0.5 mM E D T A / 1 0  mM Hepes (pH 7.6), after 
which sorbitol and Hepes were added to a final con- 
centration of 330 mM and 55 mM, respectively. Final 
MgClz concentration was 15 mM, which is the optimal 
concentration for qE formation in these broken spinach 
chloroplasts [33]. In addition, all assays, whether with 
broken or intact chloroplasts, contained 0.1 mM methyl 
viologen, 0.1 mM NaN 3 and 1 /zM 9-aminoacridine. 
9-Aminoacridine fluorescence and chlorophyll fluores- 
cence were assayed using equipment described in Ref. 
30 at a temperature of 20°C. 1 min  after addition of 
osmoticum and buffer, the Walz fluorimeter measuring 
beam was turned on. 30 s later a saturating flash or 
pulse was given to determine F~, prior to actinic il- 
lumination, and after a further 30 s red actinic light was 
applied. Application of saturating pulses was begun 
after 30 s actinic light and continued at 1 min intervals 
until 4.5 rain actinic ilumination (see Fig. la). 1 min 
later, unless DCMU was added as in Fig. la, the actinic 
light was switched off. From 10 s before darkening to 2 
s after, low intensity far-red illumination was applied to 
oxidise PS II acceptors and so ensure rapid return to a 
true F 0 level upon darkening (F0'). Chloroplasts were 
given 5 rain in the dark to allow relaxation of ApH-de- 
pendent non-photochemical fluorescence quenching 
(qE): after 5 min, a saturating pulse was given to 
determine maximum fluorescence yield in the absence 
of qE (Fro")" qE was calculated as follows; F " -  F 0, = 
F ' v ~  (maximum variable fluorescence in the light). 
F~" - F0"= F " v  m (maximum variable fluorescence yield 
after 5 rain recovery following actinic illumination). 
qE = ( F " v m  - F ' V m ) / F " v  m. Coefficient for 9-amino- 

acridine fluorescence quenching (q9-aa) was taken as 
the fractional decrease in signal after 4.5 min actinic 
illumination. This experimental procedure was repeated 
at Various actinic light intensities in order to explore the 
relationship between qE and q9-aa. Where used, the 
concentrations of D CMU  and nigericin were 50 /~M 
and 2 #M, respectively. 

Chloroplast samples containing 40 /xg chlorophyll 
were taken at the beginning and end of the experiment 
and frozen in liquid N z prior to extraction of pigments 
for HPLC analysis as in Ref. 34. Carotenoids were 
quantified using a diode-array detector: absorbances at 
peak wavelengths were integrated and concentrations 
calculated using a common extinction coefficient of 
2500 mol-1 c m - 1  Fractional content of pigments were 
calculated from data expressed on a mol : mol basis. 

Results 

In all experiments described below, differences in 
zeaxanthin content of chloroplasts were obtained by 
pre-treatment of leaves prior to chloroplast isolation. In 
chloroplasts, de-epoxidation of violaxanthin requires 
ascorbate [15,16]. Ascorbate was omitted during the 
experiment in order to prevent the formation of 
zeaxanthin in the chloroplasts. Comparison of pigment 
content of chloroplast samples taken prior to and after 
actinic illumination confirmed that no zeaxanthin was 
formed in the chloroplasts under actinic illumination 
(not shown). 

Chlorophyll and 9-aminoacridine fluorescence traces 
for chloroplasts from darkened leaves ( 'dark' chloro- 
plasts, left) or leaves preilluminated at 200 ttmol m -2 
s -a at 2% O 2 in the absence of CO 2 ('light' chloroplasts, 
right) leaves are shown in Fig. la. The initial F m in- 
duced by a saturating flash prior to actinic illumination 
was significantly lower in light chloroplasts, consistent 
with the idea that the higher zeaxanthin content of these 
chloroplasts is associated with long-lived or 'irreversi- 
ble' quenching [13,14]. In this experiment, the actinic 
light intensity was saturating for ApH and qE forma- 
tion in both sets of chloroplasts. After 5.5 min illumina- 
tion, DCMU was added. A biphasic rise in chlorophyll 
fluorescence is observed. The rapid phase corresponds 
to removal of photochemical quenching as DCMU 
binds to the PS II reaction centre and inhibits QA 
reoxidation, while the slower phase reflects the relaxa- 
tion of qE as ApH disappears due to the consequent 
inhibition of electron transport [5]. There is a clear 
difference in kinetics of qE relaxation between the two 
sets of chloroplasts. In dark chloroplasts, qE disappears 
with similar kinetics to ApH (1.5-2 min for total re- 
covery of chlorophyll and 9-aminoacridine fluorescence; 
Fig. la,  left trace). ApH relaxes with similar kinetics in 
light chloroplasts, but here qE is much slower to relax, 
taking 4-5  min (Fig. la,  right trace). Addition of 
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Fig. 1. Traces of chlorophyll and 9-aminoacridine fluorescence for chloroplasts isolated from darkened or preilhiminated spinach leaves. Leaves 
were floated on water for 50 min in an atmosphere of 98% N 2, 2% 02 while being darkened (dark chloroplasts) or preilhiminated (light 
chloroplasts). Complete traces of chlorophyll and 9-aminoacridine fluorescence are shown in (a); actinic illumination was at a light intensity of 300 
#mol m - z  s-1.  In this experiment, 50 #M DCMU was added after 5.5 min actinic illumination in order to check the rate of quenching relaxation. 
In chloroplasts from preilluminated leaves, zeaxanthin accounted for 39% of violaxanthin cycle pigments; no zeaxanthin was detected in 
chloroplasts from dark-adapted leaves. Part (b) shows that a difference in relaxation kinetics is still apparent when relaxation is followed upon 
rapid collapse of ApH with 2 #M nigericin. This concentration of nigericin caused apparently immediate collapse of ApH in both sets of 
chloroplasts and so only one 9-aa fluorescence trace is shown in (b). Note that chlorophyll fluorescence traces are staggered in the interests of 
diagrammatic clarity and that the time-scale changes after addition of nigericin and DCMU. In (b) light chloroplasts contained 35% of violaxanthin 

cycle pigments as zeaxanthin; dark chloroplasts contained no zeaxanthin. 
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Fig. 2. Effect of preillumination of spinach leaves upon the relation- 
ship between qE and ApH (q9-aa) in subsequently isolated chloro- 
plasts. Chloroplasts were either broken immediately before assay by 
incubation in 30 mM MgC12/0.5 mM EDTA/10 mM Hepes (pH 7.6) 
for 30 s (A) or were assayed intact (B). Electron acceptor was methyl 
viologen in both cases, qE and q9-aa were manipulated by changes in 
actinic light intensity. For chloroplasts from pre-darkened leaves, 
zeaxanthin was present at between 0 and 6% of violaxanthin cycle 
pigments (violaxanthin + antheraxanthin + zeaxanthin), while in 
chloroplasts from light-treated leaves zeaxanthin comprised 37-39% 

of these pigments. 

saturating uncoupler simultaneously with DCMU causes 
rapid collapse of the pH gradient and accelerates qE 
relaxation markedly in both sets of chloroplasts (Fig. 
lb). Nevertheless, a difference in rate of relaxation 
between the chloroplasts is still evident (Fig. lb): dark 
chloroplasts show fast relaxation of qE (within 2-5s) 
while qE in light chloroplasts takes 10-20 s for com- 
plete reversal. In the following experiments, qE was 
determined by application of a saturating pulse given 
after 5 min dark subsequent to illumination, a protocol 
which allows measurement of F 0 immediately upon 
darkening (F0'). The traces of Fig. la demonstrate the 
validity of this approach, since in both sets of chloro- 
plasts reversible fluorescence quenching is fully relaxed 
within 5 min following DCMU addition. Values for qE 
were similar whether calculated from data using DCMU 
or saturating pulse following dark recovery. 

Fig. 2 shows titrations of qE against ApH (q9-aa) for 
light and dark chloroplasts, where both parameters were 
manipulated by changes in intensity of actinic illumina- 
tion. In (a) chloroplasts were assayed following osmotic 
shock in 30 mM MgC12 (final concentration during 
assay 15 mM), optimal concentration for qE formation 
in these chloroplasts [33]. A clear difference in the ApH 

profile of qE is evident, particularly at A pH values 
which are subsaturating for qE formation. The shape of 
the curve changes from linear or slightly sigmoidal to 
hyperbolic following preillumination of leaves. It is 
noteworthy that the maximum extent of qE was virtu- 
ally unchanged by leaf preillumination. Fig. 2b shows a 
similar experiment, but here the titration was carried 
out with intact chloroplasts. The same phenomenon is 
observed; preillumination of leaves shifts the ApH pro- 
file of qE in subsequently-isolated chloroplasts such 
that much higher values of qE are formed at low A pH 
values. Control experiments in which saturating uncou- 
pler was added to chloroplasts during actinic illumina- 
tion (as in Fig. lb) showed that no difference existed in 
the 9-aa fluorescence level prior to actinic illumination 
and that following addition of uncoupler. This demon- 
strates that no A pH existed in these chloroplasts pre- 
parations prior to actinic illumination. Violaxanthin 
cycle pigment content of these chloroplasts are given in 
the legend to Fig. 2. Zeaxanthin levels were significant 
only for the light chloroplasts. Zeaxanthin is expressed 
as % of violaxanthin cycle pigments, which together 
generally comprised 20-25% of total carotenoids. Val- 
ues given for pigment contents are the mean of two 
measurements, one from a sample taken at the begin- 
ning of the experiment (within 30-60 rain of chloroplast 
isolation) and one taken 3-4 h later, at the end of the 
experiment. These samples gave values in close agree- 
ment, showing that the pigment content of the chloro- 
plasts did not change during the experiment. Viola° 
xanthin and zeaxanthin were the only pigments which 
showed significant changes as a result of leaf pre-treat- 
ment. Antheraxanthin levels were generally the same in 
chloroplasts from darkened or preilluminated leaves 
(approx. 2-4% of total carotenoid; 8-15% of viola- 
xanthin cycle pigments). Other carotenoids remained 
constant (neoxanthin at about 11-12%, lutein at 35- 
40%, and t-carotene at 28-30%, of total carotenoids). 

The link between zeaxanthin and the shift in A pH 
profile of qE is strengthened by the data of Fig. 3. The 
open symbols again show the dependence of qE upon 
q9-aa for light chloroplasts, in which over half of 
violaxanthin cycle pigments are present as zeaxanthin. 
The closed triangles also describe a curve for chloro- 
plasts from leaves subjected to preillumination, but for 
these leaves light treatment was carried out following 
overnight infusion of DTT. The relationship between qE 
and q9-aa is very similar to the relationship in chloro- 
plasts prepared from darkened leaves. Zeaxanthin 
accounts for only 10% of violaxanthin cycle pigments in 
these chloroplasts, as expected from the known action 
of DTT as an inhibitor of violaxanthin de-epoxidation 
[22]. It is also noteworthy that, for chloroplasts from 
DT£-treated leaves, relaxation rates of qE (Fig. 1) re- 
semble dark chloroplasts more than light chloroplasts 
(not shown). Control experiments showed that the 
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Fig. 3. Effect of dithiothreitol treatment upon the shift in A pH profile 
of qE. Leaves were harvested and incubated overnight with petioles in 
either water (control chloroplasts, open triangles) or 1 m M  dithio- 
threitot (chloroplasts from DTl ' - t reated leaves, closed triangles). On  
the following morning leaves were illuminated as described for Fig. 1, 
prior to chloroplast isolation. Leaves which had been treated over- 
night with DTT were floated on 1 m M  DTT solution during light 
treatment. Chloroplasts were osmotically shocked in 30 m M  MgC12 
prior to fluorescence measurements  during electron transport  to methyl 
viologen. The relationship between qE and q9-aa was explored by 
changes in actinic light intensity. Control chloroplasts contained 51% 
of their violaxanthin cycle pigments as zeaxanthin; for chloroplasts 

from DTT-treated leaves this figure was 10%. 

abolition of the shift in the A pH profile of qE is not 
caused by a direct effect of DTT upon qE formation in 
the isolated chloroplasts: light chloroplasts from leaves 
illuminated in the absence of DTT show the same 
hyperbolic relationship between qE and A pH regardless 
of whether DTT is present or absent during the assay 
(results not shown). 

Fig. 4 shows the results of an experiment designed to 
investigate whether the shift in ApH profile of qE 
reverses on cessation of light treatment. Subsequent to 
illumination of leaves at 200 /~mol m - 2  s - 1  in 2% O 2 
for 50 min, the gas mix was changed to air and the light 
intensity reduced to 4 -5  /~mol m -2 s -1. These latter 
conditions were found to favour the net conversion of 
zeaxanthin back to violaxanthin, and for the sake of 
simplicity will be referred to below as 'darkness'. For 
this experiment, three light intensities were chosen and 
assays were carried out at these light intensities for each 
chloroplast preparation. Relatively low light intensities 
were chosen to produce relatively low A pH values, 
where the observed stimulation of qE by leaf preil- 
lumination is greatest. The change in relationship in 
chloroplasts isolated immediately after illumination of 
leaves (compare open squares, light chloroplasts, with 
dosed squares, dark chloroplasts) was much less pro- 
nounced in chloroplasts isolated after darkening for a 
subsequent hour (being intermediate between dark and 
light chloroplasts; inverted triangles). Chloroplasts iso- 
lated after 3 h darkness following illumination (trian- 
gles) showed ApH profile for qE indistinguishable from 
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Fig. 4. Recovery of  the shift in ApH profile of  qE- Closed squares 
show data  obtained with chloroplasts from dark-adapted leaves. Other  
data were obtained for chloroplasts from leaves light-treated for 50 
min at 200 ttmol m -2  s -1 in an atmosphere of 98% N 2, 2% O 2 but  
given the following periods of t ime between the end of l ight-treatment 
and isolation of chloroplasts: open squares, 0 min;  inverted triangles, 
60 min; triangles, 180 min; circles, 360 min. Recovery was allowed to 
take place in air at low light (4-5  /~mol m -2  s - l ) .  Table I shows 
violaxanthin cycle pigment  content  of  these chloroplasts. The inset 
figure shows the recovery of max imum fluorescence yield (determined 
prior to actinic illumination) in the chloroplasts as a function of 
length of time of darkness of leaves (recovery time); each point is the 
mean of three measurements ,  normalised to yield in chloroplasts from 

dark-adapted leaves. 

TABLE I 

Rate of  disappearance of  zeaxanthin in leaves subsequent to light treat- 
ment 

Spinach leaves were floated on water in the dark in an atmosphere of 
98% N2, 2% 02. A sample of leaves was taken for chloroplast isolation 
(dark chloroplasts); the remaining leaves were il luminated at a light 
intensity of 200 #mol  m -2  s -1.  After 50 rain light, leaves were taken 
for chloroplast isolation (light chloroplasts); the gas blowing over the 
remaining leaves was changed to air and the light intensity was 
reduced to 4 -5  # m o l m  -2  s -1. Further  samples were taken for 
preparation of chloroplasts after 1, 3 and 6 h. Chloroplasts were used 
to examine the relationship between qE and q9-aa (Fig. 4) and 
samples were taken for pigment  analysis by HPLC; these da ta  are 
expressed as % of total carotenoids or as % of summed  violaxanthin 
cycle pigments  (violaxanthin ( V i o l ) + a n t h e r a x a n t h i n  ( A n t h ) +  
zeaxanthin (Zea)). All data  are the mean  of two measurements .  

Treatment  of  
leaves 

Pigment content  of chloroplasts 
(% of total carotenoids) 

Viol Anth  Zea Zea : Viol Z e a / Z e a  + 
Anth  + Viol 

Dark chloroplasts 15.6 2.7 0 0 0 
Light chloroplasts 6.8 2.4 13.5 1.99 0.59 
Light + 1 h recovery 15.6 0 4.7 0.30 0.23 
Light+  3 h recovery 16.9 2.8 4.9 0.39 0.20 
L i g h t + 6  h recovery 15.6 2.5 2.7 0.17 0.13 
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dark chloroplasts. Table I gives violaxanthin, anthera- 
xanthin and zeaxanthin contents for these chloroplasts. 
No zeaxanthin was detected in dark chloroplasts, 
whereas it accounted for 13.5% of total carotenoids 
(59% of violaxanthin cycle pigments) in light chloro- 
plasts, with violaxanthin showing a corresponding de- 
crease in these chloroplasts. However, most of this 
zeaxanthin had disappeared within 1 h of darkness 
(Table I). Maximum fluorescence yield of the chloro- 
plasts measured prior to actinic illumination (Fm; Fig.4 
inset) showed complete recovery within 1 h of darkness. 
Leaves given 6 h darkness following illumination pro- 
duced chloroplasts containing zeaxanthin at only 2.7% 
of total carotenoids and gave a qE: q9-aa relationship 
essentially similar to that of dark chloroplasts. 

Fig. 5 shows results of two experiments which in- 
vestigated the rate of appearance of the shift in qE 
profile upon illumination of leaves. Open and closed 
squares represent light (i.e., 50 rain light) and dark 
chloroplasts respectively. Other symbols represent 
chloroplasts prepared from leaves illuminated for vari- 
ous intermediate periods. Levels of violaxanthin cycle 
pigments for all these chloroplast preparations are given 
in Table II. It is clear from Fig. 5 that 15-20 min 
illumination of leaves is sufficient to induce a maximal 
shift in A pH profile of qE, and that 10 rain light 
(bottom figure; circles) produces a profile for qE closer 
to the profile of light chloroplasts than that of dark 
chloroplasts. Zeaxanthin synthesis seems to be complete 
within 20 min of illumination (Table II). After 15 min, 
at which point the shift in the profile of qE has oc- 
curred, zeaxanthin accounted for 9.5% of total 
carotenoid. This figure rises to 13.3% after 20 min light. 
It seems there is increased accumulation of zeaxanthin 
past the point where the maximum effect of illumina- 
tion upon qE has occurred. The inset figures of Fig. 5 
show the maximum fluorescence yield of the chloro- 
plasts (Fm: determined prior to actinic illumination). 
Maximum decrease in Fr, in the chloroplasts seems to 
take 15-20 min preillumination of leaves, similar to the 
increase in zeaxanthin content of the chloroplasts (cf: 
Fig. 5 insets and Table II). Taken together with the 
similarity in rate of recovery of F m (Fig. 4, inset) and 
rate of disappearance of zeaxanthin in the dark (Table 
I), these data support the notion that zeaxanthin is 
involved in long-lived, slowly-reversing quenching 
[13,14]. 

The observation of continued zeaxanthin synthesis 
past the point where maximum shift in A pH profile of 
qE has occurred (cf: Fig. 5 and Table II) suggests that 
the relationship between the two phenomena may not 
be a simple one. Other data further support this conclu- 
sion (not shown). Illumination of leaves in the presence 
of atmospheric oxygen levels does not lead to zeaxanthin 
synthesis as extensive as in leaves illuminated under low 
oxygen conditions (unless higher intensity of illumina- 
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Fig. 5. Time-course for manifestat ion of the shift in ApH  profile for 
qE- Data  in top and bot tom figures are from two separate experi- 
ments. Chloroplasts were isolated from dark-adapted leaves (closed 
squares) or from leaves preilluminated for 5 rain (triangles), 10 n-fin 
(circles), 15 min (diamonds), 20 min (inverted triangles), or 50 min 
(open squares) prior to chloroplast isolation. Preillumination was at 
200 ffmol m -2  s -1 in an atmosphere of 98% N 2, 2% 02. Correspond- 
ing pigment data is given in Table II. Inset figures show m a x i m u m  
fluorescence yield, determined prior to actinic illumination, for each 
chloroplast preparation. In these figures, each point is the mean  of 
three data, except for chloroplasts from leaves given 5 min light which 
is the mean of four. F m is normalised to the yield obtained in 

chloroplasts from dark-adapted leaves. 

tion is used [29]). High zeaxanthin synthesis in low 
oxygen may reflect a decreased rate of epoxidation, for 
which oxygen is a requirement [15]. Chloroplasts iso- 
lated from leaves immediately following illumination 
for 50 min at atmospheric levels of oxygen contained 
only 5.1% of carotenoids as zeaxanthin but nevertheless 
gave the same hyperbolic relationship between qE and 
q9-aa as chloroplasts prepared from leaves illuminated 
under the same conditions at 2% 02 (zeaxanthin 9.2% of 
total carotenoid). 

The extent of qE-associated quenching of the F 0 level 
of fluorescence (q0) is dependent upon the site of action 
of qE F0 can be quenched considerably by high qE if qE 
Occurs primarily in light-harvesting and antenna pig- 
ments of PS II, while equivalent quenching at the PS II 



TABLE II 

Time-course for changes in violaxanthin cycle pigments upon illumina- 
tion 

Spinach leaves were floated on water in an  atmosphere of 98% N 2, 2% 
02 while being illuminated at a light intensity of 200 #mol  m -2  s -1  
for the indicated periods of time immediately prior to chloroplast 
isolation. Chloroplasts were either used to obtain the fluorescence 
quenching data shown in Fig. 5 or were used for analysis of  
carotenoids. Pigment contents are expressed as % of total carotenoids 
or as % of summed violaxanthin cycle pigments (violaxanthin (Viol) + 
antheraxanthin (Anth)+zeaxan th in  (Zea)). Data  are the mean of two 
measurements,  

Time of Pigment content of chloroplasts 
preillumination (% of total carotenoids) 
of leaves (rain) Viol Anth  Zea Zea : Viol Z e a / Z e a  + 

(% of total carotenoids) Anth  + Viol 

0 15.5 2,7 0 0 0 
5 12.6 2,9 3,5 0.28 0.18 

10 10.6 4,3 8,7 0.82 0,37 
15 11.8 4,9 9.5 0.81 0,36 
20 8.5 2,8 13.3 1.56 0,54 
50 6.6 3,4 13,3 2.02 0.57 
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Fig. 6. Relationship between qE and quenching of F 0 fluorescence for 
chloroplasts containing different amounts  of zeaxanthin. All data  for 
chloroplasts broken in 30 m M  MgC12, isolated intact f rom leaves 
subjected to the following treatments:  preilluminated for 50 rain in 
98% N2, 2% 02 (open circles); preilluminated 50 rain in 80% N 2, 20% 
O 2 (triangles); preilluminated 50 rain in 98% N 2, 2% 02 after over- 
night infusion of DTT (squares); darkened 50 rain in 98% N 2, 2% 02 
(closed circles). The percentages of violaxanthin cycle pigments pre- 
sent as zeaxanthin in these chloroplasts were 37-39%, 22-25%, 10%, 

and 0-6% respectively. 

reaction centre is expected to exert a smaller effect upon 
the F 0 level [35,36]. Failure to observe F 0 quenching 
associated with qE in the absence of zeaxanthin has 
prompted proposals that under these conditions quen- 
ching proceeds at the reaction centre [23,25]. Fig. 6 
shows the relationship between qe and q0 for four sets 
of chloroplasts, isolated from leaves treated as described 
in the legend. These treatments produced chloroplasts 
showing the relationship between qE and q9-aa previ- 
ously described (i.e., light treatment at low or high 02 
concentration gave a hyperbolic relationship; darkening 
or light treatment in the presence of DTT gave linear 
relationships (Fig. 2a and 3)). Despite the variation in 
zeaxanthin content in these chloroplasts from 0% to 
39% of violaxanthin cycle pigments, an identical rela- 
tionship between qE and q0 is obtained (Fig. 6). Some 
similarity of mechanism for qE in light and dark chloro- 
plasts, containing disparate amounts of zeaxanthin, is 

also supported by the susceptibility of the quenching in 
both types of chloroplast to antimycin A (Table III), a 
known inhibitor of qE in chloroplasts [37]. 

Discussion 

The extent of light-dependent quenching of 9- 
aminoacridine fluorescence is assumed to reflect the 
extent of the drop in intrathylakoid "bulk-phase' pH on 
illumination [28]. Briantais et al. [6] obtained a linear 
relationship between qE and q9-aa in pea chloroplasts, 
but more recently there have been several reports of  
flexible relationships between the two parameters 
[10,37-40]. These effects have been observed as a result 
of changes in conditions in isolated chloroplasts, and 
have been attributed to influence on qE formation by 
the redox state of the electron transport chain [37] or 

TABLE III 

Antimycin a inhibits A pH-dependent quenching in chloroplasts from both dark-adapted leaves and preilluminated leaves 

Spinach leaves were dark-adapted for 24 h before being either light-treated or darkened for 50 rain as described in the legend to Fig. 1. Intact  
chloroplasts were isolated and samples were taken for analysis of  carotenoids. 9-Aminoacridine fluorescence and chlorophyll fluorescence were 
measured in freshly shocked chloroplasts with methyl viologen as electron acceptor at a light intensity of 300 #mo l  m - 2  s -1 .  Illumination was for 
5,5 rain; a subsequent dark period of 5 rain aUowed relaxation of ApH and associated quenching of chlorophyll fluorescence and so enabled 

estimation of qE" 

Treatment  Zeaxanthin Z e a /  Control + 1 g M  antimycin A 

of leaves (% total Zea + Anth  q9-aa qE q9-aa qE 
carotenoid) + Viol 

Dark 4.6 0.14 0,56 0.65 0.53 0.06 
Light 12.0 0.51 0,40 0,70 0.42 0.11 
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dependence of qE on localised proton domains not in 
equilibrium with the measured bulk-phase pH [39,40]. 
Data presented here show that the relationship can be 
changed in chloroplasts by pre-treatment of the parent 
tissue. Pre-illumination of leaves allows qE formation at 
significantly lower A pH in isolated chloroplasts assayed 
under identical conditions and so induces an 'amplifica- 
tion' of qE- This is true whether the relationship is 
examined by means of titration against uncoupler [29] 
or by changes in light intensity (results shown here). 
Here, high zeaxanthin levels were induced by preil- 
lumination of leaves at comparatively low light intensi- 
ties in low 02 and in the absence of CO 2. Equivalent 
levels of zeaxanthin can be induced by preillumination 
of leaves at high light intensity in air [29]; such treat- 
ment of leaves produces a similar effect on the A pH 
profile of qE in subsequently-isolated chloroplasts to 
that shown here [29]. Under conditions used here, this 
effect is complete within 15-20 min illumination of 
leaves (Fig. 5) and reverses in the dark within 1-3 h 
(Fig. 4), suggesting that it could represent physiological 
regulation of energy dissipation. 

The similarity of the kinetics of induction and rever- 
sal of this effect (Figs. 4 and 5) to those of zeaxanthin 
synthesis and degradation (Tables I and II), together 
with the prevention of the effect by DTT (Fig. 3), 
provide evidence that zeaxanthin is involved in some 
way in qE formation [19-21,23-25]. It is also worth 
noting that zeaxanthin levels were stable in isolated 
chloroplasts for a period of at least 3 -4  h, as was the 
shift in the ApH profile of qE" Our data, however, differ 
from those of Demmig-Adams et al. [19-21] in that we 
do not find a simple quantitative correlation between 
zeaxanthin content and total dissipation. At high ApH, 
qE reaches the same values in chloroplasts containing or 
lacking zeaxanthin. Calculation of the parameter k D (a 
rate constant for energy dissipation in the PS II pigment 
bed) from our chlorophyll fluorescence data as in Refs. 
19-21 also shows that chloroplasts lacking zeaxanthin 
can dissipate energy to the same extent as chloroplasts 
with high zeaxanthin levels, if ApH is high enough (not 
shown). The equivalent effects of qE in both sets of 
chloroplasts upon the F 0 level of fluorescence (Fig. 6) 
and their common susceptibility to inhibition by anti- 
mycin A (Table III) suggest some mechanistic features 
common to qE formation in chloroplasts containing and 
lacking zeaxanthin. On the other hand, the different 
rates of relaxation of qE, even upon immediate collapse 
of ApH with uncoupler (Fig. lb), is suggestive of some 
difference in qE mechanism between these chloroplasts. 
The relationship derived between qE and q0 is most 
compatible with energy dissipation occurring among the 
antenna and light-harvesting chlorophylls associated 
with PS II [35], irrespective of zeaxanthin content of the 
chloroplasts (Fig. 6). Such a site would be expected if 
zeaxanthin were involved in qE and is in agreement 

with our previous study of the relationship between qE 
and q0 [36] and with other recent data [11]. Gilmore 
and Yamamoto [41] have suggested that in the absence 
of zeaxanthin lutein, an isomer of zeaxanthin, which is 
the main carotenoid found in the PS II pigment bed, 
may be the quencher responsible for qE- If qE Occurs 
principally in the pigment bed, one may view its re- 
quirement for low intra-thylakoid pH as a requirement 
for binding of protons by pigment-protein complexes 
exposed to the intra-thylakoid space [6,38]. It is then 
possible to construct hypotheses attempting to explain 
the zeaxanthin-associated change in relationship be- 
tween qE and internal pH in terms of conformational 
changes which alter the affinity of these complexes for 
protons. Such hypotheses, however, are at present nec- 
essarily vague and would involve speculation to a de- 
gree unjustifiable by the present data. Whether the 
qE:q9-aa  relationship in the presence of zeaxanthin 
describes a true hyperbola or is rather the result of 
several quenching processes with differing dependence 
upon A pH is not unequivocally discernible from these 
data. Nevertheless, an apparently sigmoidal relationship 
between qE and internal pH is consistent with the 
occurrence of co-operative conformational alterations 
associated with proton binding; a hyperbolic relation- 
ship suggests that this requirement for cooperative bind- 
ing of protons disappears in the presence of zeaxanthin. 

Some variability was observed in pigment content of 
leaves. Light chloroplasts used in the experiment of Fig. 
2 contained zeaxanthin at 8-10% of total carotenoid 
whereas in the data of Tables I and II, zeaxanthin 
accounted for 13-14% of total carotenoid in light 
chloroplasts. Such variation in the zeaxanthin content 
of control chloroplasts means that conclusions regard- 
ing any quantitative relationships between zeaxanthin 
and the extent of amplification of qE must be drawn 
with caution. Nevertheless, comparison of the rate of 
onset of amplification with that of zeaxanthin synthesis 
showed that maximal amplification was manifest before 
zeaxanthin content reached its maximum (cf: Fig. 5 and 
Table II). Maximal amplification was also observed for 
chloroplasts from leaves preilluminated in 2% or 20% 
02 , treatments which produced different amounts of 
zeaxanthin (results not shown). These data suggest that 
the relationship between zeaxanthin content and the 
extent of shift in A pH profile of qE is not a simple one, 
and perhaps allows three interpretations. If the effect 
can be related to an action of zeaxanthin as a quencher 
of excited chlorophyll, it may indicate that amplifica- 
tion of qE displays saturation kinetics with regard to 
zeaxanthin, such that the effect is maximal at less than 
maximal zeaxanthin content. Secondly, it could indicate 
that the link between increased zeaxanthin levels and 
the extent of quenching amplification is an indirect one. 
Both may be qualitatively coincident phenomena aris- 
ing, perhaps, from conformational changes in the an- 
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tenna and light-harvesting chlorophylls. Lastly, it might 
reflect the fact that only a fraction of synthesized 
zeaxanthin is formed within PS II. On electrophoretic 
analysis of extracted native pigment-protein complexes, 
about half of complex-associated zeaxanthin is found 
within PS I complexes (Ref. 42; authors' unpublished 
results). A significant fraction of zeaxanthin may also 
be formed in the chloroplast envelope [43]. Clearly, 
zeaxanthin formed within P S I  and the envelope is not 
expected to contribute to energy dissipation at PS II. 

Some speculation concerning the physiological sig- 
nificance of the changed dependence of qE upon ApH 
is warranted. Such light-induced amplification of qE 
means that large qE values are possible in the absence 
of a large pH gradient across the membrane. This is 
important since there is a potential conflict of interests 
in photosynthesis with regard to the magnitude of the 
light-induced ZlpH [44]. Electron transport rates to ex- 
ogenous acceptors in isolated chloroplasts only ap- 
proach rates of O z evolution commonly observed in vivo 
if uncoupler is included to lower A pH and the accom- 
panying restriction over electron flow [30,33,44]. On the 
other hand, high qE can only be observed in chloro- 
plasts in the absence of uncoupler. Maximal rates of 
ATP synthesis might also be expected to require rela- 
tively high A pH. Such potentially paradoxical require- 
ments can be reconciled as far as ATP synthesis is 
concerned by recourse to the fact that reduction of CF 1 
allows this enzyme to remain active and able to catalyse 
high rates of ATP synthesis at lower ApH than that 
required by the oxidised enzyme [45,46]. Such reduction 
occurs upon illumination of leaves [47] or intact algae 
[48] and is thought to be due to the in vivo reductant 
thioredoxin. We propose that illumination of leaves 
allows a physiologically analogous mechanism to oper- 
ate for energy dissipation, such that high qE can be 
formed in the steady state without the need for ApH of 
a magnitude prohibitive to the operation of high rates 
of electron transport. Recent data in leaves is consistent 
with the saturation of steady-state A pH at low light 
intensities [49], whereas the steady-state level of 
rapidly-relaxing fluorescence quenching (qE) only be- 
comes saturated in leaves at higher light intensities [1,2]. 
If this is so, the extent of qE must be controlled by a 
factor or factors additional to the magnitude of ZlpH. 
If, as suggested here, the primary physiological function 
of zeaxanthin is to act as a 'quenching amplifier', such 
additional control would be exerted by the zeaxanthin 
content of the leaf PS II pigment bed. Also, for chloro- 
plasts containing a constant amount of zeaxanthin in 
the steady-state, the steeper relationship between qE 
and ApH observed in light chloroplasts containing 
zeaxanthin will allow finer control over qE by ApH. In 
the presence of zeaxanthin, large changes in qE can be 
produced by smaller changes in zapH than in the ab- 
sence of zeaxanthin. 
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