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Chlorella pyrenoidoea was grown in  steady-state con- 
tinuous  cultures in either  high or  low  light.  Samples of 
these  cultures  were  incubated  in  darkness  (violaxanthin 
state) or in  saturating  light  (zeaxanthin state). These 
samples  were  kept  in  the  respective  preadapted  states 
throughout  the  entire  photodamage  treatment.  Photo- 
damage  involved  exposure  to  single-turnover  flashes 
fired  at  a  low  (non-actinic)  frequency.  The  damage 
caused by the  light  stress  thus  applied  was  monitored by 
changes  in  photosynthetic  properties  and  pigment  com- 
position.  Cells  preadapted  in  the  light  resisted  photo- 
damage  better  than  those  kept  in  darkness.  The  low 
light grown cells were  more  vulnerable  to  photodamage 
than  the  high  light grown cells. Our experimental  ap- 
proach  permitted  the  equilibria  between  the  compo- 
nents  that  participate  in  the  xanthophyll  cycle to be set 
without  addition of inhibitors.  Regardless of the  total 
amount of violaxanthin  being  present, its conversion  to 
anthera-  and  zeaxanthin is a  prerequisite for protection. 
The protection is most  effective for photosystem 11. It 
appeared  that  antheraxanthin  accumulates  as  a  result 
of photodamaging  flashes  provided  that  these  are  fired 
in  the  presence of background  light, i.e. with  zeaxanthin 
present.  From  this, it is newly  derived  that  the  xantho- 
phyll  cycle  operates  in full in  the  light,  including  epoxi- 
dation of zeaxanthin.  The  latter  conversion  was  also 
demonstrated in  vitro, via  nonenzymatic  oxygen-de- 
pendent  turnover of zeaxanthin  into  violaxanthin. 

Dynamic conversion of violaxanthin,  antheraxanthin,  and 
zeaxanthin  in  the so called xanthophyll cycle has been docu- 
mented  in  higher  plants  and  algae (reviewed by Hager (1981)). 
The  xanthophyll cycle was  first described by Sapozhnikov et al. 
(1957). Its function was originally  suggested to be linked  to 
oxygen evolution (Sapozhnikov, 1972).  Alternatively,  a role in 
the electron transfer  activity of PS 11’ was proposed (reviewed 
by Hager (1981)). Another role for the xanthophyll cycle as a 
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protection mechanism  against photodamage was first sug- 
gested by Krinsky  (1971). Chl  triplet  states  can  relax via triplet 
energy  transfer to zeaxanthin followed by dissipation of the 
excited triplet via the  trans-cis isomerization of zeaxanthin,  the 
latter reaction is exothermic. More recently, another energy 
dissipating process  (non-photochemical  quenching, qNP) con- 
nected with  the  xanthophyll cycle was introduced by Demmig- 
Adams (1990). Contrary  to  the  relaxation of Chl triplet  states  in 
the former process the  qNP  has been proposed to be a  singlet- 
singlet exchange  between chlorophyll and carotenoids  (Owens 
et al., 1992). 

The scheme of reactions  that  take place in  the  light involves 
two de-epoxidation steps  through which violaxanthin via the 
intermediate  antheraxanthin becomes zeaxanthin  (Hager  and 
Stransky, 1970). This way the  latter compound accumulates  in 
the  light.  In  darkness  the  reactions  are reversed  to  violaxan- 
thin. All reaction steps  have been well characterized, except for 
the epoxidizing step from zeaxanthin  to  antheraxanthin  in 
which a “mixed-function oxygenase”  (Hager,  1981) was sug- 
gested to be involved. The different pH  ranges at which the 
respective  enzymes operate give rise  to a scheme in which the 
steady-state  concentrations of the components of the  xantho- 
phyll cycle are  determined by the  pH of the  lumen. The de- 
epoxidation reactions yielding the  final product zeaxanthin rely 
on enzymes that become activated at a thylakoid lumen pH of 
5.2 and  thus  operate  in  the  light.  The backreactions involve 
enzymatically  catalyzed  epoxidation steps  that rely on a higher 
pH of the thylakoid lumen  and by consequence operate  in  dark- 
ness  (Pfundel  and Dilley, 1993; Gilmore and Yamamoto, 1993). 
Thus, according to  these observations, pH transitions between 
light  and  dark effect the differences in  the presence of viola- 
xanthin  and  zeaxanthin  relative  to one another. 

Dithiothreitol has been  applied as a successful inhibitor of 
the  violaxanthin de-epoxidation steps (Yamamoto and  Kamite, 
1972). However, additional effects of dithiothreitol  under  in 
vivo conditions  on several  other thioredoxin-regulated  reac- 
tions,  such  as carbon  metabolism  enzymes (Rowell et al., 1986) 
or  the ATP synthase (Mills, 1986) may obscure the  answer to 
the  question  whether  in  addition  to  the decreased availability 
of zeaxanthin  other  inhibitory effects of dithiothreitol  are re- 
sponsible for the observed increased sensitivity to  photodam- 
age  in  the presence of dithiothreitol. In  addition,  the  use of an  
inhibitor  in  the  study of a cyclic process, excludes the possibil- 
ity  to  retrieve information about  the dynamic properties of such 
a cycle. 

The  aim of the  present  study  was to evaluate  the photopro- 
tective potential of the xanthophyll cycle with different steady- 
state  contents of violaxanthin  and  zeaxanthin  generated  in 
vivo without  disturbance of the cellular  metabolism by external 
additions  other  than  light.  The  data  presented  indicate that 
epoxidation of zeaxanthin  also proceeds in  the  light  as a result 
of the photoprotective (excited oxygen quencher  activity) proc- 
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essing of zeaxanthin.  This observation reveals  that  the dy- 
namic  function of the xanthophyll cycle in vivo is larger  than 
would  be predictable from existing data. Our approach to  as- 
sess photodamage in a constant background of photoprotection, 
established by introducing  continuous  background  illumina- 
tion,  may be useful in  other  areas of photosynthesis  research. 

MATERIALS  AND  METHODS 
Cu1ture"Two types of steady-state continuous cultures of Chlorella 

pyrenoidosa were used, both were grown in 2-liter chemostats in BG-11 
medium (Rippka et aZ., 1979) at  20  "C. One was grown at  30 pE.m-2.s-1 
(low light, LL) the other one at  240 pE.m-2.s-1 (high  light, HL). Circular 
fluorescent tubes (Philips TLE  32W/33) were used for continuous illu- 
mination. The set up of the culture system was as  in Van Liere and Mur 
(1978). Aeration at  60 litedmin provided adequate mixing and COP 
supply. The  cultures were maintained at an A,,, of 0.18-0.20. 

Preaclaptation and  Hash Experiments-Samples from the HL and 
LL cultures were preadapted  during 30 min at  20  "C in either  darkness 
or in  the presence of actinic (background) light. The actinic light  inten- 
sities for the LL and HL samples were 430 and 600 pE.m-2.s-1, respec- 
tively. These light conditions were arrived at  to be saturating from the 
photosynthesis uersus irradiance (Pn) curves (see Fig. 1). Preadaptation 
proceeded directly in  the 12-ml oxygen electrode measuring chamber. 
This device has been described elsewhere (Dubinsky et al., 1987). The 
samples were bubbled with air to ensure a  constant  partial oxygen 
pressure. Next, while maintaining the conditions of preadaptation (i.e. 
background light or darkness), one group of samples was exposed to one 
thousand supersaturating flashes  (see below) in order to incite photo- 
damage. The other group was not exposed to flashes and remained in 
the preincubation conditions during this time. 

A delay between the flashes of 3 s was chosen in  the samples without 
background light. At this frequency, controls demonstrated that  the 
oxygen consumption rate  (dark respiration) remained identical, i.e.  no 
oxygen production was revealed, with or without flashes. The light 
preadapted  samples (which receive the flashes in the continued pres- 
ence of saturating background light), already perform photosynthesis at  
a maximal rate. This allowed a faster flashing regime with 300-ms 
intervals. A General Electric FT 230 flash  tube was used at  a discharge 
voltage of 1.3 kV, which provided flashes of 5 ps half-width with an 
energy output of 2  J/flash in  the forward direction. Calculated by the 
surface of the incubation chamber this amounts  to the  supersaturating 
photonflux of approximately 10,000 pE.m-Vflash. The flash  tube was 
connected directly to the incubation chamber (Le. the one used for the 
oxygen and fluorescence measurements, cf. below). During the flashes 
aeration was continued. The number of flashes was selected to yield 
appreciable photodamage (as judged from changes in the pigment con- 
tent  and physiological activity presented), while avoiding lethality. All 
flash-treated  sampies used for the photosynthesis activity assays were 
allowed  recovery during  15 min in darkness to  equalize the metabolic 
conditions of the various samples. Although the pigment composition 
changes during this 15-min period (especially zea- and antheraxanthin 
disappear, whereas violaxanthin increases, data not shown), the overall 
losses of pigment are not replenished in this short period. Samples for 
pigment analysis were taken immediately after the incubation period 
(with or without flashes) but before the relaxation time introduced in 
the other  assays. 

PII Curves and Fluorescence  Measurements-After the preadapta- 
tion, flash and recovery periods were terminated, the cuvette was 
closed, and PII curves were recorded according to standard procedures 
(Dubinsky et al., 1987). Fluorescence measurements included two types 
of experiments. A, photochemical quenching was monitored with a 
pulse-amplitude-modulated chlorophyll fluorescence measuring system 
(Walz, Germany) as described by Schreiber et at. (1986). During the 
measurements the fiber optic light guide was directly placed against 
one side of the oxygen measuring chamber. This way,  oxygen production 
and photochemical quenching (qP) could  be estimated simultaneously. 
qP was estimated every  120 s by firing saturating pulses of 500-ms 
duration (Schott KL-1500 light source, 12,000 pE.m-2.s-1). 
E, relative energy transfer efficiency  from carotenoids to Chl was 

measured by comparing the fluorescence yield after excitation with 
broad blue and orange light. The former excites both carotenoids and 
chlorophyll, the  latter chlorophyll only. Data were normalized on the 
emission resulting from the chlorophyll excitation in  the orange. These 
measurements were done with a  Perkin-Elmer 1000 spectrofluorom- 
eter, emission wavelength 685 nm, slit width "M." Before the measure- 
ments the samples were preadapted  to  light or dark conditions as de- 
scribed above. Samples were treated with 3-(3,4-dichlorophenyl)-l,l- 

dimethylurea (10 p ~ )  during 1 min, either in  the  dark or light analogous 
the preadaptation conditions, immediately before the assay. Excitation 
was done with orange light  through  a 628-nm interference filter 
(Schott) and with blue light through  a 2-mm BG28  cut-off filter (Schott). 

Data shown are  the average of three  separate experiments. Differ- 
ences between comparable data points in  the  three experiments were 
below 10% of each of the numeric values given. 

PS I and PS II Actiuity  Measurements-Cells were harvested  and 
resuspended in a buffer containing: 0.33 M sorbitol, 2 m~ EDTA, 1 m~ 
Mg&, 1 m~ MnCI,, 50 m~ Hepes-KOH, pH 7.6.  Cells were broken by 
one passage through  a  French  press (Aminco) at  8,000 megapascals. 
Oxygen uptake was measured  with  a  Clark oxygen electrode (Yellow 
Spring Instruments)  in a  thermostated 1-ml laboratory built oxygen 
electrode cuvette. Saturating white light was supplied with a Schott 
1500 light source, equipped with a  light guide. Full chain (PS I1 and PS 
I) electron transfer capacity was estimated in  the presence of 100 p~ 
methylviologen and 1 m~ sodium azide, following the recommendations 
ofAllen and Holmes (1986a). PS I electron transfer was measured with 
2 m~ ascorbate and 50 p~ dichlorophenolindophenol as electron donor 
system and 100 p~ methylviologen as electron acceptor. The PS I assay 
was done in  the presence of 3-(3,4-dichlorophenyl)-1,l-dimethylurea (10 
p ~ )  and 1 m~ sodium azide (Allen and Holmes, 1986b). 

Pigment Analysis and Zeaxanthin Conversion-HPLC analysis was 
done as  in Mantoura and Llewellyn (1983), as specified in Van der Staay 
et al. (1992). Detection wavelengths were chosen at  440 and 480 nm. 
This way, zeaxanthin  and lutein contents (which have very similar 
retention  times in  the HPLC procedure used) could be estimated sepa- 
rately. The specific extinction coefficients were taken from Mantoura 
and Llewellyn (1983). At the end of the flash periods samples were 
immediately removed from the reaction chamber and processed  for 
pigment content estimation. This involved immediate centrifugation 
during precisely 1 min and mixing of the pellet with ice-cold acetone. 
Before the actual HPLC analysis, the samples were stored at -18 "C 
until used. The zeaxanthin  samples used in  the in vitro degradation 
studies (cf, Fig. 2) were from Chlorella and were purified by HPLC. 

A,, and Chl Estimation-A,,o was measured on a  Pharmacia No- 
vaspec I1 photometer. Chlorophyll was measured in acetone extracts 
(Jeffrey and Humphrey 1975). 

RESULTS 

Changes  in photosynthetic  activity (02 production) and pho- 
tochemical quenching (qP) after exposure of C. pyrenoidosa 
cells to control or photodamaging conditions are shown in Fig. 
1. Control samples of  LL and HL Chlorella cells behave differ- 
ently. The LL cells have a lower maximal  photosynthesis 
activityXh1 than  the HL ones. The LL cells show a stronger  qP 
decrease than  the  HL cells. The rate of O2 evolution decreases 
at higher  irradiance of the LL cells. Using preadaptation  in  the 
light or darkness did not  induce  major  changes,  both  HL and 
LL cells retain comparable  activities. Following exposure to the 
photodamaging flash  treatment  in  the continued  presence of 
actinic background light gave rise  to relatively  minor losses of 
activity through photodamage,  both in  the LL and HL cells. In 
contrast, clear  photodamage is obvious in  the  samples  that 
were kept  in  darkness  during  preadaptation  and while being 
exposed to  the photodamaging  flashes. Especially the LL cells 
show an  appreciable loss of oxygen evolution and  qP at increas- 
ing actinic light  intensities over the course of the P/I curve 
determination. 

The observed differences of the photosynthetic  activities 
were related  to  changes  in  the pigment composition of the 
samples. Table I depicts the pigment analysis of the HL and LL 
cultured cells. The  data reflect that  in  the LL cells the  total Chl 
to carotenoid ratio is at least twice that of the HL cells, the Chl 
to  summed xanthophyll cycle components ratio is 3-fold higher. 
Differences produced by the  dark or light  preadaptation condi- 
tions  are mainly restricted  to  the  three xanthophyll cycle  pig- 
ments.  The violaxanthin  content  decreases in  the  light  and  the 
zeaxanthin content  increases. This way, variable pool sizes of 
the xanthophyll cycle components were established before ex- 
posure to potentially  photodamaging conditions. 

The exposure to photodamaging  flashes  induced  extensive 
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20- 
FIG. 1. Samples of cells from the HL 

( l e f i )  and LL (right) cultures were 
monitomd for oxygen  production ac- - 
tivity and  photochemical  quenching 3 5 
in  a  range of actinic  light  intensities. 6 1 0 .  
The two top frames (A and B )  display oxy- 5 E A A 
gen production versus light  intensity pro- 
files (PD curves). n e  two lower frames $% 5 
show the changes in  the  relative photo- 5 
chemical quenching.  Details on these 0 

dures  are provided under “Materials and 
measurements  and preadaptation proce- 

Methods.” Activities are expressed as mil- 
ligrams of oxygedmg of Chl and  hour or 
relative units for qP. Four different  incu- 
bation conditions were chosen: +, control 
cells incubated in  the presence of actinic 
background light; ( 0 ,  control cells prein- 
cubated in  darkness; A, light-preadapted 
cells exposed to flashes  with background 
light present; W, dark  preadapted cells ex- 
posed to flashes  without background light 
(lowest  line). 

n - 
0 

OO so a0 750 1m 1250 0 m ~ m 1 o m  
photon flux density bE m-’ - s-’) 

TABLE I 
Pigment content of Chlorella cells from LL and HL cultures prior to 

exposure to photodamage  in the presence or absence 
of background light 

The different  incubation conditions are equivalent to  the ones  used in 
Fig. 1. Pigment contents were estimated by HPLC. Results are ex- 
pressed in mol % of Chl a .  Details are given under “Materials and 
Methods” and  in  the  text. Chl a content  (used as 100% values  in Tables 
I and 11) were: 1.08 dd and 1.21 d m l ,  for LL and HL cells respec- 
tively. 

TABLE I1 
Pigment content of Chlorella cells from LL and HL cultures, 
preadapted as in Table I after exposure to photodamaging 

strong light flashes 
Results are expressed in mol % of Chl a of the controls in Table I. 

Preadaptation conditions 

High light grown cells Low light grown cells 

flashed fk%d flashed flaged 
Dark Dark Li ht 

Preadaptation conditions 

High light grown Low light grown 

Darkness Light Darkness Light 

Neoxanthin 18.2  17.1  8.4  7.8 
Violaxanthin 34.4  17.5  12.9  7.6 
Antheraxanthin 2.6  4.2  4.0  1.9 
Zeaxanthin 6.3  21.2  2.1  6.1 
Lutein 
Chl b 
Chl a 
p-Carotene 

37.5 38.1 23.2 22.9 
34.2 33.9 63.2 62.7 
100.0 100.0 100.0 100.0 
23.1 22.8 21.2 20.9 

Calculated ratios  and sums 
Chl a/Chl b 2.92 2.95 1.58 1.59 
Z Xanthophyll cycle 43.3 42.9 19.0 15.6 

C Carotenoids 122.1 120.9 68.2 67.2 
CWcarotenoids 1.10 1.11 2.39 2.42 
ChVxanthophyIl cycle 3.10 3.12 11.64 10.43 

pigments 

pigments 

changes  in  the pigment composition (Table 11). Fklative to  the 
data displayed in Table I, the overall picture depicts photodam- 
age of most  pigments,  including  Chl a, lutein,  and p-carotene, 
with the  marked exception of the  antheraxanthin  content  in 
the  light  preadapted samples. The neoxanthin content de- 
creases  in  the LL cells only. In  general,  the  damage  is  small  in 
the  light-preadapted HL cells and somewhat more pronounced 
in  the  dark-preadapted HL cells. Noticeable damage  is induced 
in  the  dark  preadapted cells of the LL culture. As opposed to  the 
HL grown cells in which the  total of xanthophyll cycle  compo- 
nents becomes reduced by 17% in  the  dark-flashed group, the 
loss in  the analogous LL experiment amounts to 66% (Table 11). 
Zeaxanthin  is  the predominantly disappearing compound in 
the dark-flashed HL cells with  reference to the  just dark-incu- 
bated HL control cells. In  the absence of zeaxanthin, p-carotene 
is a target for breakdown, as can be seen most  clearly in a 
comparison of the LL dark-adapted  and  dark-flashed samples. 
Lutein  appears  to be relatively little involved in  the protection. 

Neoxanthin 
Violaxanthin 
Antheraxanthin 
Zeaxanthin 
Lutein 
Chl b 
Chl a 
p-Carotene 

19.2 17.0 
32.1 16.8 
0.5 5.9 
3.2 18.2 
36.7 34.3 
32.2 32.9 
93.2 
19.2  21.8 

98.8 

7.2  7.1 
6.3  4.9 
n.f. 2.8 
0.2 
20.7  22.2 

3.1 

53.8 58.7 
87.4 94.3 
14.7 17.8 

Calculated ratios  and sums 
Chl a/Chl b 2.89 3.00 1.62  1.61 
B Xanthophyll cycle 35.8 40.9 6.5  10.8 

P Carotenoids 110.9  114.0  49.1  57.9 
Chlkarotenoids 1.13  1.15  2.88  2.64 
ChL’xanthophyll  cycle 3.50  3.22  21.72  14.17 

pigments 

pigments 

To define the  site where the  actual photodamaging process 
occurs and especially to locate the  site a t  which the xanthophyll 
cycle provides protection against photodamage, the electron 
transfer capacity of the  total electron transfer  chain (PS I1 and 
PS 1) was compared to  the capacity of PS I alone (Table 111). 
Full  chain electron transfer rates in  the  samples  that  had re- 
ceived the  strong flashes in  the presence of background light 
appeared  to  remain  nearly  unaltered.  The samples that were 
exposed to  the  flashes  in  the absence of background light dis- 
played more than 20% photodamage  (both  HL and LL), com- 
parable  to  the  data given in Fig. 1. As opposed to  the full chain 
data, PS I capacity appeared  to diminish  even when the  strong 
flashes were administered  in  the presence of background light. 
The inhibition  was stronger  in  the LL samples. However, in  the 
dark-flashed samples  and  in comparison to  the full  chain, the 
damage to PS I appeared relatively low. Compared to  the full 
chain electron transfer  rate  numbers,  the PS I change in  the 
light-flashed samples is already big. The increased damage 
observed for the full chain rates in  the dark-flashed sample 
does not correspond to a similar decrease  in the PS I sample. 
The protective function of the xanthophyll cycle therefore ap- 
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The  effect of phofodamaging  conditions on the electron transfer 
capacity of PS II plus PS I and of PS I measured separately 

Results are given in m o l  of oxygen per mg of Chl a and hour.  Assay 
conditions are given under  “Materials  and Methods.” The control cells 
were preadapted in light, otherwise sample  preparation  and exposure to 
photodamaging conditions were as  in Fig. 1. Experiments were per- 
formed three times with independently flashed samples, standard de- 
viations are indicated by *. 

Growth PS I + PS I1 PS I 

Control 
HL 11.6 k 0.9 
LL 

25.5 2 1.9 
9.6 k 0.7  20.1 * 1.2 

Light flashed 
HL 11.5 e 0.5  (99.2) 24.2 +. 0.9  (94.9) 
LL 9.5 e 0.5 (98.6) 17.7 2 1.2 (88.1) 

Dark flashed 
HL 9.2 f 0.5  (79.3) 
LL 

23.1 -c 0.5 (90.6) 
7.1 f 0.8 (73.9)  16.1 -c 2.6 (80.1) 

pears to be predominantly  effective for PS 11. 
The  observed  changes in the relative abundance of the caro- 

tenoids may exert effects on the light energy transfer efficiency 
of PS 11. If so, a lower light energy  conductance would  give rise 
to a lesser fluorescence output from PS I1 in the presence of 
3-(3,4-dichlorophenyl)-l,l-dimethylurea. To eliminate effects of 
sample geometry,  fluorescence excitation was  done with broad 
blue as well as 628-nm orange light. The latter excites  chloro- 
phylls  only, the former  both  chlorophylls and carotenoids. Nor- 
malizing on fluorescence  yield in  the orange by using ratio’s 
equalizes any  changes in fluorescence  yield of Chl related, for 
example, to qNP. In HL and LL cultures, the lower  fluorescence 
ratio observed in the dark-preadapted samples indicates that 
the light energy transfer efficiency  from carotenoids to  chloro- 
phyll remains higher in darkness than following preadaptation 
in  the light (Table IV). The difference in the efficiency of energy 
transfer carotenoids + chlorophyll  between the  dark and light 
adapted samples is more  pronounced in  the HL  cells. 

The results presented in Table  I1 indicate that the formation 
of the monoepoxide antheraxanthin can only in part be  ac- 
counted for  by  conversion of violaxanthin, in addition, the dis- 
appearance of zeaxanthin appears to add to antheraxanthin 
formation as well. The apparent two reactions by  which anther- 
axanthin can be  formed addresses the question on the  nature of 
the molecular  conversions of zeaxanthin that happen as a  part 
of the protective  function. In order to investigate the involve- 
ment of nonenzymatic  processes, the breakdown of zeaxanthin 
under in  vitro conditions  was  examined.  The HPLC chromato- 
grams shown in Fig. 2 indicate that when isolated zeaxanthin 
(retention time 13.4 min) was exposed to damaging conditions 
(10,000 pE.m-2.s-1 white light, 50 “C, air) degradation oc- 
curred. With  oxygen present, formation of violaxanthin (reten- 
tion time of 8.6 min) became evident. The identity of the other 
“breakdown  products” with retention times between 16 and 17 
min has not yet been  extensively determined. The cis peak in 
the UV region in  the absorbance spectra (data not shown) in- 
dicated that these may  be the different cis-isomers of zeaxan- 
thin. A similar experiment with zeaxanthin was  performed in 
the presence of the singlet oxygen-generating agent eosine, in 
just room light and at room temperature. Violaxanthin  was 
formed, other zeaxanthin conversion products were nearly ab- 
sent  (data not  shown).  The in  vitro conversion reactions of 
zeaxanthin support our view  on the actual process of singlet 
oxygen quenching as  part of a dynamic  xanthophyll cycle in the 
light: zeaxanthin is recycled into violaxanthin in the light. Zn 
vivo, antheraxanthin  is formed this way as well, either by  mo- 
noepoxidation of zeaxanthin or by the normal viola- to anther- 

TMLE IV 
Light energy transfer  eficiency 

HL and LL cells were preadapted in light or in darkness. DCMU (10 
w) was added 1 min prior the fluorescence measurements. Maximal 
fluorescence emission at  685 nm was measured after excitation with 
broad blue or orange light (cf. “Materials and Methods”). The Table 
depicts the ratios of the emission from orange excited samples divided 
by blue emission of the same sample. Experiments were performed 14 
times with independent samples, numbers in parentheses are  standard 
deviations. 

High  light grown Low light grown 

Light incubated 0.96 (20.07) 
Dark incubated 

1.06  (+0.06) 
0.62  (e0.04) 

Difference lighvdark 
0.78 k0.05) 

34.8%  26.5% 

4 6 8 10 12 14 16 18 20 
time (min) 

HPLC purified and collected samples of zeaxanthin were: A, exposed to 
FIG. 2. Effects of in vitro damaging treatments on zeaxanthin. 

light (10,000 pE.m-2.s-1) during 20 min at  50 “C in  the presence of air; 
B ,  as A but  in  the presence of nitrogen gas instead of air, and C ,  
rechromatograped after storage on  ice in  the  dark  in  the presence of air. 
Other  details are given under  “Materials and Methods.” 

axanthin enzymatically  catalyzed reactions of the xanthophyll 
cycle in the light. 

DISCUSSION 

The two different types of cultures (i.e. LL and HL grown) 
allowed assays with different contents of xanthophyll cycle  pig- 
ments present, i.e. relatively abundant  in HL  cells and low in 
LL cells as in Thayer and Bjorkman (1990). Applying or omit- 
ting actinic background light appeared to be a useful  approach 
to allow or avoid the conversion of violaxanthin to zeaxanthin 
(Blass et al. (1959) and Yamamoto et al. (1962)). 

In earlier studies dithiothreitol was  used to study the role of 
zeaxanthin in the prevention of photodamage.  Those  experi- 
ments precluded the possibility of studies on a dynamically 
operating cycle. Our approach involved preadaptation of the 
cells in either darkness or light to install a stable pH in  the 
thylakoid lumen. To this end, the light intensity was  chosen to 
just reach the P,, condition (Fig. l), while  avoiding the occur- 
rence of appreciable  photodamage  (Table I). The lumen pH has 
been associated with the equilibria of the xanthophyll cycle 
(Rees et al., 1989 Pfundel and Dilley, 1993). By the preadap- 
tation step, the  ratio of the xanthophyll cycle pigments was 
fmed in a given status before the photodamaging flashes were 
given.  The flashes were administered at a low frequency in 
order to prevent the built up of a proton gradient for the  dark- 
preadapted cells as much as possible.  Obviously,  if there had 
been a  substantial acidification of the thylakoid  lumen  analogy 
with the samples prepared in  the presence of actinic  back- 
ground light would have given a diminished  breakdown of pig- 
ments through the installment of the xanthophyll cycle in the 
protective mode. 

Regardless of the growth  conditions and the preincubations, 
the flashed light induces general photodamage of nearly all 
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FIG. 3. Ascheme  depicting  the  inter- 
actions  between  the various singlet 
and  triplet  states of chlorophyll, oxy- 
gen,  and  carotenoids  and  the  role of 
the  xanthophyll  cycle  in  these  pro- 
cesses. Reactions  indicated with num- 
bers are: 1 ,  excitation of ground state 
chlorophyll; 2, direct singlet ground state 
relaxation of excited  chlorophyll by pho- 
tosynthesis,  radiationless transfer, fluo- 
rescence, heat release or singlet  quench- 
ing via zeaxanthin (Demmig-Adams, 
1990 Owens et al., 1992); 3, chlorophyll 
triplet quenching by ground state oxygen 
which  produces (via spin  reversal)  singlet 
excited  oxygen or by ground state carote- 
noid which produces triplet excited carot- 
enoid; 4,  reaction of singlet excited  oxygen 
with ground state non- or monoepoxy 
carotenoids  resulting in the epoxidated 
compounds; 5, singlet energy transfer of 
violaxanthin-absorbed light to  chloro- 
phyll; 6 and 7, enzymatic  conversions  op- 
erating in the xanthophyll  cycle. Further 
details are presented  in  the  text. 

pigments, be it  to different extents. A clear exception is the 
increase for antheraxanthin  in  the  samples  that were flashed 
in the presence of actinic background  light. This  increase  is of 
great  interest for the understanding of the physiological func- 
tion of the  xanthophyll cycle. Comparison of the pigment  dis- 
tribution  in between HL  with background light only (Table I) 
and  HL  flashed  with background light  present (Table II), shows 
that the decrease of the  violaxanthin  content  is  less  than  the 
actual  increase of antheraxanthin.  The only feasible explana- 
tion for this observation is epoxidation of zeaxanthin. We con- 
clude that epoxidation of zeaxanthin  under photodamaging 
conditions in  the  light also contributes  to  antheraxanthin for- 
mation.  Interestingly,  earlier work (Hager, 1981; Pfiindel and 
Dilley, 1993)  established  the  regulatory function of the light- 
dependent proton gradient formation  for the  xanthophyll cycle. 
From that work can be concluded that epoxidation  occurs only 
after  relaxation of the proton gradient, i.e. in  darkness. Given 
the conditions in our experiment,  changes of the  content of 
antheraxanthin,  other  than  at  the expense of violaxanthin, 
would not be expected (see above). It  is concluded that  in  ad- 
dition  to  the “mixed oxidase”  function operating  in  high  lumen 
pH, i.e. darkness  (Hager, 1981), a nonenzymatic  epoxidation 
reaction occurs in  the  light as well, in accordance with Fig. 2. 

Control experiments  in which purified zeaxanthin  was 
treated  with  light  plus  heat  in  the presence of air indeed  gave 
rise  to  the formation of the (di-)epoxy compound violaxanthin. 
This is comparable  to  the  earlier  report on the oxidative deg- 
radation of antheraxanthin for which in  vitro treatment  with 
heat and oxygen has been  shown to  facilitate the formation of 
violaxanthin  (Thomas  and Goodwin, 1965). A recent  report de- 
scribes that oxidative degradation of p-carotene  yields mono- 
and diepoxides  (Liebler and Kennedy, 1992). This  explains  our 
observation that,  regardless of the continued  presence of a 
stable proton gradient,  formation of antheraxanthin  in  the 
light  is possible via a nonenzymatic  epoxidation of zeaxanthin, 
The nonenzymatic  epoxidation of zeaxanthin  results from its 
function as a photoprotective pigment, i.e. in  quenching of sin- 
glet oxygen in  this  particular case. Thus  in  the  light a complete 
cycle is active. This  includes  enzymatic  reutilization of nonen- 
zymatically epoxidized zeaxanthin (i.e. recycled violaxanthin). 

Our work shows that the  quenching of excited oxygen by 
zeaxanthin involves an epoxidation reaction which effectively 
results in recycling to antheraxanthin  and probably violaxan- 
thin as made likely in  the in  vitro assay. This  means  that  after 
reaction of zeaxanthin  with  singlet oxygen, the  zeaxanthin  is 

not lost from the cycle but is actually converted into  the epoxy 
compounds antheraxanthin  and  violaxanthin,  through which 
in  the  presence of the  appropriate acidification of the  lumen  in 
the  light  zeaxanthin  can be made  again. Table I11 showed that 
the xanthophyll cycle was most effective in  relation  to PS 11, the 
site at which singlet oxygen generation is most  likely to occur. 

The position of the  steady  state of all  the processes involved 
determine  the  actual  distribution of viola-, anthera-,  and zea- 
xanthin  in a given sample. This way, the xanthophyll cycle has 
a real dynamic  function in  the photoprotective process (Fig. 3). 

The  net decrease of xanthophyll cycle components over the 
course of exposure to photodamaging  conditions is  due  to  the 
limited  number of times  that  zeaxanthin,  in  its function as 
quencher of excited chlorophyll triplet  states, is able  to with- 
stand  trans-cis-trans  transitions.  In  this, according to Krinsky 
(1971), zeaxanthin  has t o  become damaged  during the quench- 
ing at a statistical  rate of 1000 quenching  events  per  degrada- 
tion. 

In  addition  to  the chemical modifications associated with  the 
operation of the  xanthophyll cycle, a change of the  energy 
transfer efficiency in  the carotenoid  absorbance region related 
to the  state of the xanthophyll cycle and  the  amount of the 
xanthophyll cycle pigments  as well, was observed (Table IV). 
The difference in  the molecular  absorbance coefficient between 
zeaxanthin  and  violaxanthin  cannot be the only reason for this 
appreciable  change. This  points to differences in  the  transfer 
efficiency between violaxanthin  and  zeaxanthin  to Chl. An ex- 
planation for these differences is the  number of conjugated 
double bonds: 9 in  violaxanthin  and 11 in  zeaxanthin. With an 
increasing  number of conjugated  double  bonds the  energy level 
of the excited states becomes lower, i.e. the  zeaxanthin excited 
states (‘4, ‘BU) lies below that of violaxanthin by which the 
possibility of an  energy  transfer to the S1 of Chl a from zea- 
xanthin becomes increasingly  unfavorable  (Owens et al., 
19921.’ Violaxanthin has been  shown to  act  as  light-harvesting 
pigment  (Owens et al., 1987). This implies that  the  energy level 
of the  first excited state of violaxanthin  is  higher  than  the one 
of the  final  Chl acceptor. 

The  three ways in which the xanthophyll cycle provides pro- 
tection against photodamage are  qNP  (singlet  transfer), de- 
creased light  harvesting capacity (singlet  transfer),  and photo- 
sensitizer-quenching  reactions  (triplet  related).  These 
processes are cooperative: if a carotenoid has a protective  func- 

* A. Friedman and H. Schubert,  unpublished results, 
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tion it also has a shadowing effect in  the blue region of Chl 
absorbance and  the possibility to quench excited chlorophylls 
(both singlet  and  triplet).  This effect is important, not only with 
reference to  the mole % numbers  presented  in Tables I and 11, 
but more so because of the  about 3.5 times  higher molar  absor- 
bance coefficient of a carotenoid in comparison to Chl. In  other 
words, in cases of excessive irradiation  the shadowing effect is 
useful, but it should be reversed at less than optimal irradi- 
ance, which indeed occurs through  the enzymatic epoxidation 
steps  in  darkness. 

The  advantages of the xanthophyll cycle are clear, its dy- 
namically adjustable surdshade  function excludes the need for 
a constantly present shadowing pool  of carotenoids, the chemi- 
cal trans-cis-trans  heat  release involved in  triplet  Chl a photo- 
sensitizer quenching  strongly  reduces the need for de nouo 
synthesis  to replace  photodamaged molecules. To this,  the ob- 
servation  in  the  present  study  that  singlet oxygen quenching 
provides a means for recycling of zeaxanthin to violaxanthin in 
the  light  further  extends  the functional role of the xanthophyll 
cycle. The equilibria of the system  can  rapidly  switch from a 
protective (shadowing, chl triplet,  and  singlet quenching (Dem- 
mig-Adams, 1990)) to a light  harvesting (singlet transfer from 
violaxanthin to Chl) function. 

As stated by Hager (1981), the xanthophyll cycle is present  in 
higher  plants  and  green  algae  but is absent  in phycobilisome 
containing  organisms. This  remarkable difference may be re- 
lated  to  another way of discarding excess excitation  energy in 
cyanobacteria  via decoupling of the phycobilisome antennae 
(Mullineaux et al., 1990). Otherwise, the  spectral region of light 
harvesting  in phycobiliprotein containing  organisms is largely 
shifted  outside the carotenoid region. This way, light  harvest- 
ing  in cyanobacteria in  the blue spectral region is circumvented 
through which the capacity  losses by shadowing  carotenoids 
are  in principle negligible in comparision to Chl a and b con- 
taining organisms.  Cyanobacteria  indeed  contain a high  carot- 
enoid over Chl ratio,  to provide for a shading  and a photosen- 
sitizer quenching function. Likely, these two functions are 
confined to  the cytoplasmic and thylakoid membranes, respec- 
tively. The  apparent need for an  appreciably higher poolsize of 
carotenoids acting as photosensitizer  quenching  pigments  may 
be explained by the lack of a recycling system. 

In conclusion, the xanthophyll cycle provides a dynamic tool 
for Chl a and b containing organisms  and possibly also for 
brown algae  with  the diatoxanthiddiadinoxanthin conversion: 
tailor made photosensitizer  quenching without loss of light  har- 
vesting efficiency under changing light conditions. 
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