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In our previous study (Gruszecki et al., 1995) we have postulated that the mechanism of
cyclic electron transport around photosystem II, active under overexcitation of the photosyn
thetic apparatus by light is under control of the xanthophyll cycle. The combination of dif
ferent light quality and thylakoids having various levels o f xanthophyll cycle pigments were
applied to support this hypothesis. In the present work photosynthetic oxygen evolution from
isolated tobacco chloroplasts was measured by means o f mass spectrometry under conditions
of high or low levels of violaxanthin, being transformed to zeaxanthin during dark incubation
in an ascorbate containing buffer at pH 5.7. Analysis of oxygen evolution and o f light-induced
oxygen uptake indicate that the de-epoxidation o f violaxanthin to zeaxanthin results in an
increased cyclic electron transport around PS II, thus dimishing the vectorial electron flow
from water. An effect similar to de-epoxidation was observed after incubation of thylakoid
membranes with specific antibodies against violaxanthin.

Introduction
The xanthophyll cycle is a process leading to a
strong light-induced accum ulation of zeaxanthin in
thylakoid m em branes due to violaxanthin deepoxidation, which is reversed by lig ht-indepen
dent zeaxanthin epoxidation (Pfündel and Bilger,
1994). B etw een several recently p ro p o sed physio
logical functions of the xanthophyll cycle the m ost
im portant ones seem to be: ( 1 ) regulation of th e r
mal energy dissipation from the photosynthetic
apparatus, indirectly (R u b an et al., 1994; G ru s
zecki et al., 1994) or directly via photophysical in 
teraction of zeaxanthin w ith singlet-excited chlo
rophyll a (D em m ing-A dam s, 1990; Frank et al.,
1994; Owens, 1994); (2) regulation of thylakoid
m em brane fluidity (G ruszecki and Strzalka, 1991;
H avaux and G ruszecki, 1993) and perm eability to
small molecules like oxygen (Subczynski et al.,
1991) a function which plays an im p o rtan t role in
the protection of the lipid core of th e thylakoid
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m em brane against strong light-induced peroxida
tion (H avaux et al., 1991; Sarry et al., 1994). The
la tter function seems to be the direct consequence
of the presence of the xanthophyll pigm ent zeax
anthin in the lipid phase (see G ruszecki and
K rupa, 1993 for a discussion). Relatively new ideas
with respect to the physiological functions of the
xanthophyll cycle see a possible involvem ent of
zeaxanthin in the photoreception of blue light,
having an effect on stom ata opening (Srivastava
and Z eiger, 1993) and the grow th direction of coleoptiles (Q uinones and Zeiger, 1994). Recently,
we have proposed an explanation for a certain
type of blue light-enhanced oxygen evolution in
term s of the xanthophyll cycle-controlled cyclic
electron flow around photosystem II (G ruszecki et
al., 1995). A ccording to the presented m olecular
m odel, the pool of violaxanthin localized in m inor
a n ten n a pigm ent-proteins and being u nder control
of the xanthophyll cycle, is postulated to play a
role in excitation energy transfer from the m ajor
an ten n a to the reaction centre of PS II and is re 
sponsible for an efficient flow of excitation energy
from an ten n a carotenoid pigm ents to the reaction
centre |3-carotene. G round state ß-carotene, ac-
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cording to this m odel an elem ent of the cyclic elec
tro n flow around PSII, is able to transfer electrons
back to P680+ but excited ß-carotene cannot p a r
ticipate in such an electron transfer for energetical
reasons (G ruszecki et al., 1995). In such a m odel
by regulating the excitation of the reaction centre
ß -carotene an epoxidation state of the xanthophyll
cycle has a decisive influence on the o peration of
a cyclic electron flow around PSII. U n d er condi
tions of low light and “high level of violaxanthin”
the cyclic electron flow would not be required and
th erefo re blocked w hereas under the condition of
high light and “low level of violaxanthin” it w ould
be im p o rtan t to have a highly active cyclic electron
flow. In the p resent w ork fu rth er evidence is p re 
sented for the participation of the xanthophyll cy
cle in the regulation of cyclic electron transfer
aro u n d PS II.

gated thylakoids, the pigm ent fraction was ex
tracted with diethyl ether. Individual carotenoids
w ere separated by thin layer chrom atography as
described by G ruszecki and Sielewiesiuk (1990).
The bands of violaxanthin and neoxanthin (in
ternal standard) w ere eluted with ethanol and
th eir am ount determ ined spectrophotom etrically
(G ruszecki and Sielewiesiuk, 1990).
Fluorescence life-tim e kinetics of chlorophyll
w ere m easured and analyzed with photosystem II
particle p rep aratio n s from tobacco thylakoids p re
p ared according to B erthold et al. (1981), using a
K 2-Multifrequency Cross-Correlation Phase and
M odulation Fluorometer (ISS, U SA ) equipped
with a xenon lam p and a Pockels cell light m odula
tor. A diluted solution of glycogen was used as
light scattering reference. For excitation, 440 nm
m onochrom atic light m odulated at frequencies up
to 250 M H z was applied.

Material and M ethods
Chloroplast membranes were isolated from to 
bacco (Nicotiana tabacum) leaves (var. John W il
liam 's B roadleaf) as described earlier (H om ann
and Schmid, 1967). Thylakoid m em branes contain
ing different am ounts of violaxanthin (due to the
action of the enzym e violaxanthin de-epoxidase)
w ere obtain ed by incubation in 50 mM 2-N (m orpholino)ethanesulfonic acid (M E S )-N aO H buffer,
p H 5.7 containing 0.3 m KC1 and 30 m M ascorbate.
Incubation was carried out in darkness at room
tem p eratu re, for various lengths of tim e (from 30
to 60 min.). C ontrol m em branes, containing the
highest level of violaxanthin were incubated in the
sam e buffer which did not contain ascorbate.
Incubation was term in ated by spinning down the
m em branes (5000 rpm , Biofuge 15, H eraeus, Sepatech). The resulting pellet was resuspended in
0.15 m N -tris(hydroxylm ethyl)m ethylglycine (Tricin e)-N aO H buffer, pH 7.5 containing 0.3 m KC1
and 1 m M potassium ferricyanide.
Oxygen evolution from thylakoid m em branes
(300 [tg of chlorophyll), illum inated with co n 
tinuous blue or red light of the sam e quantum flux
density or with series of 50 saturating 5 [.is flashes
of w hite light sep arated by 300 ms intervals, was
m onitored by the mass spectrom etric technique
described earlier (B ader et al., 1992).
Violaxanthin determination. In o rd er to d e te r
m ine the content of violaxanthin in the investi

Results and Discussion
Blue light absorbed by carotenoid pigm ents was
d em o n strated to have a pronounced effect in en
hancing photosynthetic oxygen evolution. This was
in terp reted in term s of a blockage of cyclic elec
tro n flow around PS II (G ruszecki et al., 1995).
Fig. 1 shows the effect of blue light on mass spectro m etry-m onitored photosynthetic oxygen evolu
tion from tobacco chloroplasts containing higher
or low er levels of the xanthophyll pigm ent violax
anthin. The effect of red light absorbed exclusively
by chlorophylls was m easured as a standard in
each investigated sample. As expected, due to the
transform ation to zeaxanthin (H avaux and G rus
zecki, 1993), the violaxanthin content in chloro
plasts expressed as violaxanthin to neoxanthin ra 
tio (V/N, neoxanthin being the n ot convertable
xanthophyll pigm ent) dropped by a factor of 1.55
during a prolonged incubation of chloroplasts in
the acidic buffer (pH 5.7) which contained 30 m M
ascorbate. A s m ay be seen from Fig. 1, the violax
anthin content clearly correlates with the am pli
tudes of blue light-induced photosynthetic oxygen
evolution, w hen com pared to those induced by red
light of the sam e fluence rate (B /R ). Fig. 2 rep re
sents the sum m ary of several sim ilar experim ents,
each point being the average from three to five
m easurem ents. As may be seen in Fig. 2, the b e
ginning of de-epoxidation of violaxanthin corre-
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Fig. 1. Original mass spectrometric recording of photo
synthetic oxygen evolution from tobacco chloroplasts il
luminated with blue light (BL) or red light (RL) of the
same fluence rate of 20 ^iE n r 2 s"1. Before transfer to
the Tricine N aO H buffer, pH 7.5, for the oxygen mea
surement, chloroplast membranes were (a) incubated for
45 min, (b) for 15 min in 2-(N-morpholino)ethane sul
fonic acid (M ES)-NaOH buffer, pH 7.5, containing 30
mM ascorbate (see Materials and Methods). The start
and the end of the 30 s illumination period are indicated
by arrows. Ratios of violaxanthin to neoxanthin (V/N)
in the m easured membranes are indicated.
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Fig. 2. D ependence of the ratio of photosynthetic oxygen
evolution am plitudes obtained by illumination with blue
light and red light (B/R) on the violaxanthin to neoxan
thin ratio in each sample (V/N). The first four points
correspond to the incubation time in the “pH 5.7 buffer”
containing 30 mM ascorbate of 60, 45, 30 and 15 min,
respectively. The last point corresponds to 30 min incu
bation in the “pH 5.7 buffer" but without ascorbate.
O ther conditions as in Figure 1.
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lates with the decrease of the B /R ratio. This indi
cates that the cyclic electron flow around PS II is
not linearly dep en d en t on violaxanthin de-epoxidation with tim e but m ay be ra th e r considered as
being related to the detaching of violaxanthin
m olecules from an ten n a proteins, a process which
would change the availability of the pigm ent to
de-epoxidation (G ruszecki et al., 1994b; G ruszecki
and K rupa, 1993).
A dditional support m ay com e from our recent
study on the light induced oxygen uptake observed
during photosynthetic oxygen evolution in tobacco
chloroplasts (G ruszecki et al., 1994a). This uptake
clearly depends on vectorial electron flow, as d e
m onstrated by the use of several electron accep
tors and is satu rated at relatively low rates of
photosynthetic oxygen evolution (see Fig. 5 in
G ruszecki et al., 1994a). Since photosynthetic oxy
gen evolution obviously depends on the operation
of the cyclic electron flow (com petition for reduc
tion of P680+) one m ay design an experim ent in
which both processes nam ely light-induced oxygen
evolution and oxygen uptake will be observed with
conjunction to the epoxidation state of the xanthophyll cycle pigm ents. In o rd er to carry out such an
experim ent exogenous electron acceptors were
not present in the assay and chloroplasts w ere illu
m inated with flashes (G ruszecki et al., 1994a). The
relatively high num ber of 50 w hite light flashes
was applied in ord er to be sure th at light-induced
m olecular oxygen uptake is satu rated with respect
to a light d o se-dependent oxygen evolution (G ru s
zecki et al., 1994a). A s it is seen in Fig. 3, differ
ences in the violaxanthin content do not co rre
spond to the am plitudes of light-induced oxygen
uptake p roportional to vectorial electron flow, but
are ra th e r related to photosynthetic oxygen evolu
tion. A s expected, a high violaxanthin content cor
responds to an increase in oxygen evolution, an
effect which again m ight be explained in term s of
a blockage of the cyclic flow aro u n d PS II.
Inhibition of photosynthetic electron transport
on the do n o r side of photosystem II by an antise
rum to violaxanthin rep o rted by Lehm ann et al.
(1979) can reasonably only be discussed within the
newly proposed m odel of cyclic electron flow
around photosystem II m ediated by ß-carotene
(G ruszecki et al., 1995). A s already discussed
earlier (L ehm ann et al., 1979), it was difficult to
conceive that violaxanthin directly participated in
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gas exchange in tobacco chloroplasts upon illumination
with 50 short (5 |is) saturating flashes of white light
spaced 300 ms apart. Photosynthetic oxygen evolution
from H 2160 was detected at m/e = 32. In order to monitor
oxygen uptake processes at m/e = 36 the assay was sup
plemented with 2 0 ml 180 2 to the gas phase brought to
equilibrium between the aqueous and gas phase. Arrows
indicate the start and the end of the train of 50 flashes.

photosynthetic electron tran sp o rt. The explana
tion given at th at tim e, how ever, is still valid and
was th at antibody binding to violaxanthin affected
the m olecular structure of photosystem II, nam ely
m olecular distances in the an ten n a system , thus af
fecting photosynthetic electron tran sp o rt in the re-

Wavelength (nm)

Fig. 4. Fluorescence emission spectrum of photosystem
II particle preparations from N. tabacum var. Su/su in
the presence of the antiserum to violaxanthin. Excitation
wavelength 440 nm.

gion of photosystem II. In view of the m odel of
cyclic electron transport around photosystem II
(Fig. 4 in G ruszecki et al., 1995), the antibody to
violaxanthin decreases the efficiency of tran sfer of
excitation energy tow ards the reaction centre on
the energetic level of carotenoids, feeding less e n 
ergy into the ß-carotene of the reaction cen tre of
photosystem II. This in turn inhibits vectorial elec
tron flow as it increases the cyclic one. The analy
sis of the effect of the antiserum to violaxanthin
on the fluorescence behaviour of photosystem II
particle preparations clearly speaks in favour of
the proposed m odulation of the excitation state of
the reaction centre ß-carotene via the xanthophyll
cycle. The antiserum to violaxanthin increases in
photosystem II particles the chlorophyll fluores
cence em ission (Fig. 4). The analysis of the fluores
cence em itting chlorophyll species reveals two
m ain com ponents as expected from Figure 4. It
appears that the antiserum affects the fluorescence
life tim e of these. A s seen from Table I the increase
in fluorescence which reflects the observed inhibi
tion of photosynthetic electron transport, re p o rte d
by L ehm ann et al. (1979) and G ruszecki et al.
(1995), corresponds to an increase of the flu o res
cence life tim e of only one fluorescing com p o n en t
nam ely the m inor one of the two m ain com ponents
detected. This com ponent is thought to belong to
the distal part of the antenna system, i.e. the light
harvesting pigm ent com plex II. This experim ent is
taken as further evidence for the aspect th at the a n 
tiserum affects the efficiency of the transfer of exci
tation energy tow ards the reaction centre.
Sum m arizing, several experim ents are p resen ted
here which support our hypothesis th at excitons
absorbed by antenna carotenoid pigm ents and
transferred to the reaction centre ß-carotene are,
in dependence on the state of the xanthophyll cy
cle pigm ents (violaxanthin being a p ro m o to r of
such a transfer), able to block cyclic electron
transfer around photosystem II. Such a m ech a
nism m ay be considered as an additional aspect of
an overall protecting activity of the xanthophyll
cycle, being essentially active under the condition
of overexcitation by light and other stress situ a
tions (Pfiindel and Bilger, 1994).
The violaxanthin-controlled effect of the cyclic
electron flow on photosynthetic oxygen evolution
might explain several phenom ena rep o rted in the
literature:
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Table I. Effect of the antiserum to violaxanthin on the fluorescence behaviour of photosystem II-particles from
N. tabacum.
Component I

Com ponent II

Component III

Fluorescence
life time
[ns]

Portion of the Fluorescence
comp, in the
life time
normalized
[ns]
system

Portion of the
comp, in the
normalized
system

Fluorescence
life time
[ns]

Portion of the
comp, in the
normalized
system

A ntiserum to
violaxanthin

0.214

0.813

1.959

0.166

37.044

0.020

Control serum

0.209

0.822

2.206

0.163

139.06

0.015

Fluorescence life-times were determined with the K-2 Model Fluorimeter from ISS in a three component fit. M ea
surements were carried out with 200 measuring cycles on each sample. The square of the mean deviation in per
cent (x2) was 5.49 for the life-time values measured in the presence of control serum and 6.13 for those in the
presence of the antiserum. It is seen that three fluorescing com ponents occur in the system, one of them (component
III) being negligible. PS II-particles from N. tabacum var. Su/su corresponding to 20 ^g chlorophyll and 70 |il
antiserum or control serum were used in 2 ml assay containing 0.15 m Tricine and 0.3 m KC1, pH 7.5. Excitation
wavelength was 440 nm.

1. T he carotenoid-dependent efficiency of p h o 
tosynthetic oxygen evolution (Sandm ann et al.,
1993).
2. The q u antum yield of photosynthetic oxygen
evolution as d ependent on the epoxidation state
of the xanthophyll cycle pigm ents (T hayer and
B jörkm ann, 1990).
3. The effect of antisera to carotenoids on p h o 
tosynthetic oxygen evolution (L ehm ann-K irk
eta l., 1979).
4. The correlation of the state of the xanthophyll
cycle pigm ents with the degree of reduction of the
plastoquin o n e pool (G rum bach, 1983).
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