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Ab stract

The light-dependent, cy clic changes of xanthophyll pig ments:
violaxanthin, antheraxanthin and zeaxanthin, called the xan -
tho phyll cy cle, have been known for about fifty years. This
pro cess was char ac ter ised for higher plants, sev eral fern and
moss spe cies and in some al gal groups. Two en zymes, vio -
laxanthin de-epoxidase (VDE) and zeaxanthin epoxidase
(ZE), be long ing to the lipocalin pro tein fam ily, are en gaged in
the xantho phyll cy cle. VDE re quires for its ac tiv ity ascor bic
acid and re  versed hex ag o nal struc ture formed by
monogalactosyl di acylglycerol. ZE, pos tu lated to be a
flavoprotein, has not been pu ri fied yet and it is known from its
gene se quence only. Zeaxanthin epoxidation is de pend ent on
the re duc ing power of NADPH and pres ence of ad di tional pro -
teins.

The xanthophyll cy cle is pos tu lated to play a role in many im -
por tant phys i o log i cal pro cesses. Zeaxanthin, formed from
violaxanthin un der high light con di tions, is thought to be a
main photoprotector in autotrophic cells due to its abil ity to
dis si pate ex cess of ab sorbed light en ergy that can be mea sured
as a non-photochemical quench ing. In ad di tion the zeaxanthin
for ma tion is im por tant in pro tec tion of the thylakoid mem -
branes against lipid peroxidation. Other pos tu lated func tions
of the xanthophyll cy cle, which in clude reg u la tion of mem -
brane phys i cal prop er ties, blue light re cep tion and reg u la tion
of abscisic acid syn the sis, are also dis cussed.

List of ab bre vi a tions:

VDE; violaxanthin de-epoxidase
Vx; violaxanthin
MGDG; monogalactosyldiacylglycerol
DGDG; digalactosyldiacylglycerol
PE; phosphatidylethanolamine
Zx; zeaxanthin
Ax; antheraxanthin
Xc; xanthophyll cy cle
ZE; zeaxanthin epoxidase
NPQ; non-photochemical quench ing
ABA; abscisic acid
DTT; dithiothreitol
SCR; short con ser va tive mo tifs
HII; re versed hex ag o nal struc ture

In tro duc tion

Light is one of the most im por tant en vi ron men tal
fac tors in flu enc ing photosynthetic ac tiv ity of green 
plants. The ab sorp tion of light by an tenna pig ments 
and the trans fer of ex ci ta tion en ergy to the re ac tion
cen tres of Photosystems I and II are the pri mary
steps in this pro cess. To achieve high ef fi ciency of
pho to syn the sis, plants have de vel oped reg u la tory
mech a nisms to adapt their photosynthetic ap pa ra -
tus to vari able light con di tions, which can rap idly
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change in both du ra tion and in ten sity dur ing the
day. At low light in ten sity, the sys tem must be able
to con vert as much as pos si ble of the avail able en -
ergy into its use ful form. How ever, un der high light
con di tion, the avail able light en ergy may ex ceed
the plants abil ity to use the photosynthetic sys tems
at an ef fi cient rate (see, for ex am ple, Fryer et al.
2002). To avoid dam age un der such con di tions the
plants have cre ated sev eral adap tive and pro tec tive
mech a nisms. These mech a nisms may op er ate at
var i ous lev els of or gani sa tional com plex ity, e.g., as
a move ment of assimilatory or gans, (leaves), trans -
location of chloroplast within the cell, changes in
dis tri bu tion of pig ment-protein com plexes in the
thylakoid mem brane, and oth ers. One of the mech -
a nisms op ti mis ing the amount of light nec es sary for 
pho to syn the sis is the xanthophyll cy cle, which was
dis cov ered by Sapozhnikov and co work ers in
1957. These re search ers de scribed a de crease in the
con tent of one of xanthophyll pig ments,
violaxanthin (Vx), in plants af ter high light treat -
ment and its sub se quent in crease in low light or
dark ness (Sapo zhnikov et al. 1957). Yamamoto et
al. (1962) showed, that de crease in the Vx con cen -
tra tion in plants in in ten sive light was con nected to
the Vx trans for ma tion into the dif fer ent xantho -
phyll pig ment, zeaxanthin (Zx). 

The following stud ies, mainly by Yamamoto
(Yama mo to and Takeguchi 1972, Yamamoto and
Kamite 1972, Yamamoto et al. 1974, Yamamoto
1979), Siefermann-Harms (1977) and Hager
(1980) al lowed a more ac cu rate de scrip tion of the
light de pend ent trans for ma tion of xanthophyll pig -
ments in plants. How ever, the xanthophyll cy cle is
still the sub ject of in ten sive stud ies con cen trated on 
the ex pla na tion of both mo lec u lar mech a nism of
the cy cle and its di verse func tions in plants.

Forms of the xanthophyll cy cle and their

dis tri bu tion

The light de pend ent changes in the Vx con cen tra -
tion, dis cov ered by Sapozhnikov, are called the
xanthophyll cy cle (Xc) or the violaxanthin cy cle.
This pro cess rep re sents a se quence of two re ac -
tions, both com posed of two steps (Fig. 1). The first
re ac tion is the de pend ent on the light in ten sity
de-epoxidation of Vx to Zx. The sec ond re ac tion of

the cy cle is the epoxidation of Zx to Vx. Both these
pro cesses have one com mon in ter me di ate prod uct,
xanthophyll monoepoxide called antheraxanthin
(Ax). De-epoxidation and epoxidation are cata -
lysed by two dif fer ent en zymes: the violaxanthin
de-epoxidase (VDE) is re spon si ble for the first re -
ac tion and the zeaxanthin epoxidase (ZE) is be -
lieved to me di ate the sec ond re ac tion.

The Xc, de fined as above, was de scribed in the
thylakoid mem branes of all higher plants, ferns,
mosses and some al gae (Table) (Stransky and Ha -
ger 1970, Adamska 1997). Re cently, light de pend -
ent and re vers ible changes of epoxylutein to lutein
and of lutein to epoxylutein were found in some
higher plants, (Cuscuta reflexa Roxb., Amyema mi -
quelli and in quercus), (Fig. 2; Bungard et al. 1999,
Mat subara et al. 2001, Gar cia-Plazaola et al. 2002,
2003). 

A mod i fi ca tion of the Xc was also de scribed in ma -
rine alga, Mantoniella squamata (Goss et al. 1998). 
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Fig. 1. Re ac tions of the xanthophyll cy cle typ i cal for higher
plants. VDE - violaxanthin de-epoxidase, ZE - zeaxanthin
epoxidase.



The most in trigu ing fea ture of this cy cle is that the
sec ond step of the de-epoxidation i.e. con ver sion of 
Ax to Zx is very slow and, as a con se quence, and
con trary to typ i cal Xc, Ax is ac cu mu lated in place
of Zx . These ob ser va tions lead to the con clu sion,
that VDE from Mantoniella has less af fin ity to Ax
than VDEs from other plants. An other kind of
xanthophyll trans for ma tion was dis cov ered in cells 
of di a toms. In this sys tem atic group, the viola -
xanthin cy cle does not oc cur. How ever, an other
xanthophyll pig ment, diadinoxanthin, is de-epoxi -
dated to diatoxanthin in high light. The re ac tion re -
verses af ter turn ing light down (Stransky and
Hager 1970), (Fig. 3). Re cently, it has been shown
(Lohr and Wil helm 1999) that in Phaeodactylum
tricor nutum, in ad di tion to the diadinoxanthin cy -
cle, the Xc also op er ates. The diadinoxanthin
de-epoxidase from the cells of this alga is char ac -
ter ised by higher pH op ti mum than diadinoxanthin

de-epoxidase and violaxanthin de-epoxidases from 
other or gan isms (Jakob et al. 2001). 

The pos si bil ity of zeaxanthin syn the sis from β-car -
o tene in high light was shown for some repre -
sentantatives of Cyanobacteria (Demmig-Adams
1990), but nei ther Vx nor Ax was found in these or -
gan isms. As it is sum ma rised in Ta ble, ex cept sev -
eral groups of autotrophs where one or two forms of 
the Xc have been de tected, there are also some
other groups, where the Xc has not yet been de -
scribed. Al though, it must be noted that these
groups have not been fully ex plored for the pres -
ence of the xanthophyll cy cle.

En zymes of the xanthophyll cy cle

Violaxanthin de-epoxidase (VDE) and zeaxan -
thin epoxidase (ZE) are two of the six known plant
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Ta ble. Occurence of dif fer ent forms of the xanthophyll cy cle in hotoautotrophic or gan isms

The violaxanthin cy cle The diadinoxanthin cy cle Lack of xanthophyll cy clic changes

Higher plants Bacillariophyceae Cyanobacteria

Ferns Chrysophyceae Photosynthetic bac te ria

Mosses Xanthophyceae Most of Rhodophyta

Phaeophyta Rhaphidophyta Cryptophyta

Chlorophyta Dinophyceae

Some spe cies of Rhodophyta Euglenophyta

Fig. 3. The diadinoxanthin cy cle occuring in di a toms (Lohr
and Wil helm 1999).

Fig. 2. Light de pend ent and re vers ible changes of epoxylutein
to lutein (mod i fied from Bungard et al. 1999, Matsubara et al.
2001).



lipocalin pro teins. Bi o log i cal func tion of lipocalins 
was de scribed only for VDE and ZE (Bugos et al.
1998, Hieber et al. 2000). Lipocalins are widely
char ac ter ised for an i mals (Flower 1996) and Pro -
caryota (Barker and Manning 1997, Bishop 2000).
The main fea tures of these pro teins are, firstly, sim -
i lar ter tiary struc ture, and sec ondly, their func tion
in or gan ism. The char ac ter is tic fea ture of lipocalins 
is the pres ence of eight, antiparallel b-sheets (Fig.
4). Among them, three highly con ser va tive mo tifs,
known as SCR, can be dis tin guished (Flower et al.
2000):

• mo tif I - first of the eight β-sheets, pre ceded by a
short frag ment of α-he lix;
• mo tif II - frag ments of the sixth and the sev enth
β-sheet, to gether with the loop be tween these
sheets;
• mo tif III - part of the eighth β-sheet to gether with 
the frag ment of C-terminal α-he lix and the loop be -
tween this he lix and the eighth β-sheet.

Some of lipocalins, thought pre vi ously to con tain
eight β-sheets (Bugos et al. 1998), con sist of six
β-sheets only as de scribed for VDE and retinol
bind ing pro tein. The ker nel lipocalins (e.g. retinol -
-binding pro tein, glycodelin or β-lactoglobulin) are 
con served in all SCRs and out lier lipocalins (VDE,
ZE, lazarillo – a neuronal pro tein in grass hop pers,

and neuthrophil-gelatinase as so ci ated lipocalin)
are con served just in two or only one SCR (Cker -
strom et al. 2000). Crystalographic re search
showed that the char ac ter is tic struc ture of β-sheets
is re spon si ble for cre ation of a deep, con i cal hol -
low, nec es sary for sub strate bind ing. The depth of
the hol low in ex am ined pro teins is about 40 C
(New comer et al. 1984, Holden et al. 1987). The
struc ture like the one shown in Fig. 5 is typ i cal for
lipocalins and is as so ci ated with their func tion. All
pro teins be long ing to this class are able to bind and
carry small hy dro pho bic mol e cules (Pervaiz and
Brew 1985). The pres ence of the hol low in VDE
mol e cules was al ready pre dicted (Yamamoto
1979). The depth of this hol low fits the length of Vx 
mol e cule and this is why VDE is strictly spe cific to
3 OH, 5,6-epoxycarotenoids in con fig u ra tion 3R,
5S, 6R (Yamamoto 1979, Grotz et al. 1999). Ex cept 
for VDE and ZE, there is only one other known
lipocalin with en zy matic ac tiv ity - pros ta glan din D
synthase (Urade and Hayashi 2000). 

VDE is en coded in nu clear DNA. In 1996 cDNA of 
VDE was cloned for the first time and ex pressed in
Esch e richia coli (Bugos and Yamamoto 1996).
These ex per i ments al lowed to de ter mine the num -
ber of amino ac ids (348 res i dues), and to cal cu late
the mo lec u lar mass of VDE as 39.9 kDa, which is
close to 43 kDa re sult ing from its de ter mi na tion us -
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Fig. 4. Scheme of the sec ond ary struc ture of typ i cal lipocalin
do main (mod i fied from Flower et al. 2000). SCR - short con -
ser va tive re gion, A-J - β-sheets of β-bar rel.

Fig. 5. The ter tiary struc ture of model lipocalin, bo vine
β-lactoglobulin, complexed with retinoic acid (Kontopidis et
al. 2002). The pic ture was proceeded in MOLSCRIPT (Kraulis 
1991) and Raster3D (Merritt and Ba con 1997).



ing PAGE (Ckerlund et al. 1995, Arvidsson et al.
1996, Rockholm and Yamamoto 1996, Havir et al.
1997). Cal cu lated isoelectric point amounts 4.57,
as com pared with the 5.4 found ex per i men tally
(Rockholm and Yamamoto 1996). 

Be sides the lipocalin do main, there are also two
other do mains in VDE. The first of them is the
N-ter minal re gion en riched in cystidyl moi eties (11 

from all 13 found in VDE). This
re gion most prob a bly con tains
α-he li ces. Sec ond, C-terminal do -
main is charged and en riched in
glutamyl res i dues and it prob a bly
con tains long α-he li ces. Do mains 
like those have also been found in
VDE of other plants. Com par i son
of amino acid se quence (de duced
from cDNA) in di cates a high de -
gree of homology among VDE
pro teins from dif fer ent plants.
VDEs from Arabidopsis thaliana, 
Nicotia na tabacum and Lactuca
sativa dif fer just in nine amino
acid res i dues (Hieber et al. 2000).
Tran sit pep tides of VDE do not
show such a high homology.
Their struc ture is sim i lar but the
re ported amino acid se quences
agree in eight res i dues only (Bu -
gos et al. 1998). Knowl edge of
the amino acid se quence per mits
to un der stand some spe cific prop -
er ties of VDE. Cysteine en riched
do main is re spon si ble for in hib i -
tory ef fect of dithiothreitol (DTT), 

which re duces the disulphide bonds in the en zyme
mol e cule (Yamamoto and Kamite 1972, Bugos and
Yama mo to 1996). In hi bi tion (at pH 5.2 and 5.7) is
re vers ible, but it is not re vers ible af ter iodoacet -
amide treat ment (Arvidsson et al. 1997). Af ter
treat ment at pH 7.2, the chem i cals do not in flu ence
en zyme ac tiv ity which means that in such con di -
tions disul phide bonds are not ex posed to the en vi -
ron ment. This re sult shows that the pH-depen dent
confor mational changes in the VDE mol e cule are
nec es sary for en zy matic ac tiv ity (Fig. 6). 

VDE was iden ti fied as a wa ter-soluble and lu men
local ised pro tein (Hager 1969). Later, VDE can be
ei ther un bound or bound to the thylakoid mem -
brane de pend ing on the lumenal pH (Fig. 6). Con -
nec tion to the mem brane is im por tant for en zy matic 
ac tiv ity (Hager and Holocher 1994). At pH lower
than 6.0, all VDE mol e cules are as so ci ated with the
mem brane. If pH in creases to 7.0 or more, the VDE
ex ists in an un bound form. In pH 6.6, half of VDE
mol e cules was found to be linked to the mem brane
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Fig. 6. Conformational changes and pH de pend ence of VDE (mod i fied from Eskling
1998). In pH 7 or higher, all VDE mol e cules are in un bound con for ma tion. Af ter pH
de crease, con for ma tion of the en zyme changes, (S-bridge is ex posed to en vi ron ment),
and VDE mol e cules bind to the mem brane. This pro cess can be de tained by re vers ible
in hi bi tion by dithio threitol (DTT) or ir re vers ible in hi bi tion by iodoacet amide. 

Fig. 7. Monogalactosyldiacylglycerol and in verted hex ag o nal
struc ture it forms in wa ter. 



(Bratt et al. 1995). These prop er ties of VDE are
use ful for its pu ri fi ca tion (Yamamoto and Higashi
1978, Havir et al. 1997). Mem brane join ing oc curs
by the C-terminal, a charged do main of the en zyme. 
At low pH, glutamic acid res i dues are protonated
which can fa cil i tate their as so ci a tion with the mem -
brane (Bugos and Yamamoto 1996, Hieber et al.
2000).The op ti mum pH for VDE ac tiv ity in vivo is
4.8 and it in creases to 5.2 af ter iso la tion (Hager
1969).

Ac tiv ity of an iso lated en zyme can be mea sured
spec tro pho to met ri cally. The re ac tion mix ture ex -
cept Vx has to con tain ad di tional com po nents -
monogalactosyldiacylglycerol (MGDG, Fig. 7)
and ascor bic acid (Hager 1969, Siefermann and
Yamamoto 1975b, Yamamoto and Higashi 1978,
Latowski et al. 2000, Mul ler-Moule et al. 2002).
MGDG is the main lipid com po nent of the thyla -
koid mem brane (about 50 % of to tal thylakoid
lipids). Ac cord ing to Yamamoto, MGDG forms in
vi tro mi celles con tain ing Vx mol e cules, which are

ex posed in this way to VDE (Yamamoto and Higa -
shi 1978). Ascor bic acid (Asc) is thought to be an
en dog e nous elec tron do nor for de-epoxidation and
reg u la tor of the VDE ac tiv ity (Sokolove and
Marscho 1976, Yamamoto 1979, Neubauer and
Yamamoto 1994, Bratt et al. 1995). The mech a -
nism of the trans port of Asc through the thylakoid
mem brane has not been elu ci dated yet. Dif fer ent
re searches showed that Asc trans port ers can be
found in the cell and outer chloroplast mem branes
but not in the thylakoid mem brane. Con se quently,
it has to be as sumed that Asc mol e cules dif fuse
across the thylakoid mem brane (Foyer and Le lan -
dis 1996). How ever, con cen tra tion of the protona -
ted form of Asc in creases as a func tion of a de crease 
of the lumenal pH dur ing pho to syn the sis (Fig. 8).
Proto nated form of Asc can in flu ence VDE ac tiv ity
sim ply as a sub strate (Bratt et al. 1995, Eskling et
al. 1997). Asc is con verted into dehydroascorbate
(DHA) dur ing Ax for ma tion. On the other hand, no
mech a nism en gaged in rereduction of DHA into
Asc in thylakoid lu men is known. Such pro cess,
how ever, is be lieved to oc cur in the stroma. This is
why the pres ence of the DHA trans porter in the
thylakoid mem brane is pos tu lated with the as sump -
tion that Asc can freely dif fuse across mem branes
(Bratt et al. 1995, Foyer and Lelandis 1996,
Eskling et al. 1997).

Zeaxanthin epoxidase (ZE) is the sec ond iden ti -
fied plant lipocalin. Its cDNA was first char ac ter -
ized for Nicotiana plumbaginifolia (Marin et al.
1996), later for Cap si cum an num (Bovier et al.
1996), Lycopersicon esculentum (Burbidge et al.
1997), Arabidopsis thaliana and Pru nus armenia -
ca (Hieber et al. 2000). ZE also con tains ter tiary
struc ture char ac ter is tic for lipocalin (Fig. 4). Dif -
fer ences be tween ZE and VDE are in the num ber of
amino ac ids be tween mo tifs I and II. In the case of
ZE from Nicotiana there are 103 res i dues, but 65 to
73 res i dues were found in VDEs from dif fer ent
sources. The in crease in amino acid num ber gives
ev i dence about lon ger loop, or about the ex is tence
of ad di tional β-form in that re gion of the pro tein
(Bugos et al. 1998). The level of homology be -
tween mo tif II and III of ZE and those mo tifs of
other lipocalins seems to be rather low (Flower et
al. 1993, Flower 1996). The homology to VDE is
also low (Hieber et al. 2000). However, it should be 
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Fig. 8. Pos tu lated mech a nism of ZE catalysed rection (Bouvier 
et al. 1996). Flox -oxi dised flavine, Fd - ferredoxin, FNR -
ferredoxin:NADP+ oxidoreductase. Flavine (co fac tor of zea -
xanthin epoxidase) is re duced by Fd. Elec trons to Fd re duc -
tions came from NADPH, through FNR. Re duced flavin binds
ox y gen mol e cule, then the OH- group is transfered to zeaxan -
thin, to cre ate the un sta ble carbocation. In the fol low ing
reaction H+ ion is re moved and antheraxanthin mol e cule is
formed.



no ticed that the first mo tif of dif fer ent ZEs (ex cept
ZE of Pru nus) aligns well with other lipocalins. In
this re gion, af ter triptofan and ty ro sine res i dues,
fol lows an un usual cysteine moi ety. This po si tion is 
con served in ev ery known lipocalin (Hieber et al.
2000). Be sides the sim i lar ity in the ter tiary struc -
ture, there are no similiarities be tween ZE and VDE 
in the amino acid se quence. Con trary to VDE, ZE is 
pro posed to be local ised on the stromal side of the
thylakoid mem brane. ZE is thought to be a mono -
oxygenase, catalysing re ac tion of epoxidation in
po si tions 5 and 6 of xanthophyll rings (Hieber et al.
2000). In plants, this pro cess oc curs in the dark or in 
weak light. Some data in di cate, that it can be ob -
served even in high light epoxidation (Siefermann
and Yamamoto 1975a, Gilmore et al. 1994, From -
molt et al. 2001). Op ti mum pH for ZE ac tiv ity is 7.5 
(Bouvier et al. 1996). Un til now, in spite of many
at tempts, an ac tive form of this en zyme has not
been iso lated, how ever Marin et al. (1996) were
able to ex press this pro tein in Esch e richia coli.

Mo lec u lar mech a nism of the xantophyll cy -

cle and its reg u la tion

Since Sapozhnikov’s dis cov ery of light de pend ent
Vx trans for ma tion, the mech a nism of this re ac tion
is in ten sively ex plored. How ever, af ter al most 50
years of re search on that sub ject, the mo lec u lar
mech a nism of xan tho phylls trans for ma tion is still
far from be ing com pletely un der stood. In ac cor -
dance with re quire ment of the MGDG for the in vi -
tro re ac tion, it has al ready been pro posed that Vx is
lo cated in the mi celles of that galactolipid (Yama -
moto et al. 1974). In such struc tures, be lieved to
con sist on av er age of 28 MGDG mol e cules, Vx can
os cil late and fi nally come in con tact with sub strate
bind ing site of the VDE. Then, one of the two ep -
oxy groups of  the ionone r ings  can be
de-epoxidated and Vx changed into
antheraxanthin. This part of the re ac tion mech a -
nism is rather easy to ex plain, but it is not clear how
the sec ond step, the trans for ma tion of Ax to Zx, oc -
curs. Yamamoto sug gested that dur ing os cil la tion
in mi celles Ax can make a full turn and the sec ond
ionone ring may be come accesible to the en zyme
(Yamamoto and Higashi 1978). Some re search ers
sug gested that in vivo Vx de-epoxidation oc curs
within thylakoid pro tein -pigment com plexes

(Thayer and Björkman 1992) but a great num ber of
ex per i ments dem on strated that the re ac tion takes
place in the lipid part of the mem brane. Vx was
proven to bind to thylakoid mem brane pro teins
weaker than other ca rot en oids. Re sults ob tained re -
cently by Ruban et al. (2002) sug gest, that the Xc
pig ments are not freely lo cated in thylakoid mem -
branes, but are bound by pro teins of light har vest -
ing com plexes. How ever, the same data shows, that
these pig ments can eas ily dis so ci ate from their loci. 
Per pen dic u lar lo ca tion of Vx in the thylakoid mem -
brane was con firmed by ex per i ments with VDE
added from the stromal side of the thylakoids
(Ckerlund et al. 1995). In ad di tion, Gru szecki
(1995) showed, that this pig ment lo cates per pen -
dic u larly to the mem brane sur face in model lipid
bilayers.

The main prob lem of the mo lec u lar mech a nism of
Xc is de-epoxidation of the ionone ring lo cated on
the stromal side of the thylakoid mem brane, i.e. on
the op po site side to the en zyme lo ca tion. An as -
sump tion of flip-flop of Ax, cre ated by Vx de-ep -
oxi dation has to be made to ex plain the Ax ep oxide
group re moval. This hy poth e sis was never fully
clar i fied and Ax flip-flop was hard to imag ine in
mem brane bilayer for thermodynamical rea sons.
We have pro posed a new mech a nism for Vx con -
ver sion to Ax and Zx, which also takes into ac count
in dis pens abil ity of MGDG for de-epoxidation
(Latowski et al. 2002). In ac cor dance with the
MGDG prop er ties – hydratation de gree of about 5
wa ter mol e cules per one mol e cule of MGDG, in
com par i son to about 50 and 35 in the case of
DGDG and PC, re spec tively (Sen and Hui 1988,
Newman and Huang 1975, Finer and Drake 1974,
Lis et al. 1982) and value of crit i cal pack ing pa ram -
e ter (Israelachvili and Mitch ell 1975) it has been
shown that this lipid does not cre ate mi celles in wa -
ter, but it forms re versed hex ag o nal struc tures (HII)
(Sen et al. 1981, Shipley et al. 1973) . The new
model of Xc func tion ing is based on the in vi tro ex -
per i ments, con sist ing of PC liposomes en riched in
MGDG and Vx, i.e. the sys tem which re sem bles
more the thylakoid mem brane that the com monly
used sys tem com posed of MGDG ag gre gates. The
pres ence of the HII do mains in side na tive thylakoid
mem branes and the liposomes com posed of PC and 
MGDG has been de scribed by sev eral au thors (De
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Kruijff et al. 1979, Gounaris et al. 1983a, b, Harań -
czyk et al. 1995, Sprague and Staehelin 1984,
Quinn and Wiliams 1983, van Venetië and Verkleij
1981, Walde et al. 1990, Latowski et al. 2002). In
liposomes com posed of PC and MGDG, the de-ep -
oxidation rate of Vx de pends on the MGDG/Vx ra -
tio. In or der to be de-epoxidated into Ax, Vx has to
reach the MGDG do main by lat eral dif fu sion and
the rate of de-epoxidation de pends on the rate of the 
lat eral dif fu sion of Vx to these struc tures (Latowski 
et al. 2002). Due to the pres ence of HII phase in the
MGDG do main, Ax can eas ily turn in the mem -
brane, per form ing the flip-flop type of move ment.
The role of HII struc tures in Vx and Ax de-epoxi -
dation has been con firmed in ex per i ments with an -
other non-bilayer-forming lipid, phosphati dyl etha -
nol amine (PE). Ac tive Vx de-epoxidation was ob -
served when MGDG was re placed by this lipid
(Latowski et al. 2004).

Un til zeaxanthin epoxidase is not iso lated and stu -
d ied in vi tro, the mo lec u lar mech a nism of epoxi -
dation of Zx to Vx can not be fully elu ci dated.
How ever, it is known that for its ac tiv ity ZE re -
quires NADPH, FAD, ferredoxin and ox y gen
(Hager 1975, Siefermann and Yamamoto 1975c,
Büch et al. 1996, Bouvier et al. 1996). Other known 
epoxi dases also need ad di tional pro teins for their
ac tiv i ty. For ex am ple, squalen epoxidase needs
flavo protein oxidase and NADPH-cytochrome
P450 oxidase (Ono et al. 1982, Bouvier et al.
1996). Similiar de pend ence is pro posed for ZE.
Bouvier et al. (1996) sug gest that elec trons from
NADPH are  t rans  ferred through
ferredoxin:NADP+ oxido re duc tase to ferredoxin,
then to FAD. Re duced FAD is able to bind ox y gen
mol e cule and to form hydro peroxyl moi ety. Part of
this moi ety is transfered to Zx, as a hydroxyl rad i -
cal. Zeaxanthin forms un sta ble carbocation and
then pro ton from Zx is trans ferred through FAD to
ox y gen and fi nally wa ter mol e cule is formed. Af ter
loss of pro ton Zx be comes antheraxanthin (Fig. 8).
Ax un der goes an an a log i cal re ac tion of trans for ma -
tion to Vx. In ac cor dance with the data of
zeaxanthin pref er ence to mem brane pro tein com -
plexes, it is pro posed that trans for ma tion Zx - Ax
oc curs in that place (Grusze c ki and Krupa 1993,
Jahns and Schweig 1995, Härtel et al. 1996, Hager
1966, Arvidsson et al. 1993, Bouvier et al. 1996,

Bassi et al. 1993, Ruban et al. 1994, Lee and
Thornber 1995, Färber and Jahns 1998). Sim i larly
to de-epoxidation re ac tion, Ax has to per form a
flip-flop type move ment to be fur ther epoxidated to 
Vx. How ever, un til now there is no knowl edge how
sec ond ionone ring can be ex posed to ZE. Two
mech a nisms are pos si ble: (i) Ax mol e cule turns in
pre cincts of pro tein com plex, (ii) it leaves the com -
plex and translocates to lipid do mains, con tain ing
re versed hex ag o nal struc tures where the flip-flop
takes place. It is also pos si ble, that both pro teins
and lipids are en gaged in the Ax flip-flop. 

Func tions of the xanthophyll cy cle

Quenching of ex cess en ergy in PSII

Thor ough and de tailed stud ies by dif fer ent re -
search groups showed the de pend ence be tween the
con tent of Zx and non-photochemical quench ing
(NPQ) in chloroplasts (Demmig et al. 1987 a, b,
Krause 1988, Demmig-Adams et al. 1990, Dem -
mig -Adams 1990, Krause and Weis 1991, Dem -
mig -Adams and Ad ams 1992, Pfundel et al. 1994,
Demmig-Adams et al. 1995, Jin et al. 2001, Ma et
al. 2003). Even better cor re la tion was found be -
tween NPQ and the to tal amount of Zx + Ax (Gil -
more and Yamamoto 1993, Ad ams et al. 1995). An
in crease in NPQ af ter light treat ment and its cor re -
la tion to Vx de-epoxidation in spin ach (Spinacia
oleracea) leaves, iso lated chloroplasts and pu ri fied
LHC com plexes were also ob served (Ruban and
Hor ton 1999). In di a toms, the NPQ level is well
cor re lated with the diatoxanthin amount, which
was cre ated dur ing de-epoxidation of diadin -
oxanthin (Lavaud et al. 2002 a, b). In other ex per i -
ments, photoprotection of diatoxanthin dur ing pro -
longed UV-A and UV-B ilumination of di a toms
(Thalassiosira weissflogii) has been dem on strated
(Zudaire and Roy 2001). These UV-insensitive di a -
toms have in creased ac tiv ity of the diatoxanthin cy -
cle as an an swer to light stress. 

It is gen er ally thought that the xanthophyll cy cle is
one of the main photoprotection mech a nisms in
autotrophic cells. In duc tion of en ergy trans fer from 
chlo ro phyll to Ax and Zx, in con nec tion with struc -
tural trans for ma tions make pos si ble en ergy dis si -
pa tion by Ax and Zx in LHC (Hor ton et al. 1991,
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Frank et al. 1994, Gilmore et al. 1995, Yamamoto
and Bassi 1996, Gilmore and Yamamoto 2001, Li et 
al. 2002, Polivka et al. 2002). On the other hand, it
has been shown that ac cu mu la tion of Zx is not the
main cause of chlo ro phyll flu o res cence quench ing
(Leipner et al. 2000). More over, anal y sis of Arabi -
dopsis mu tants and its wild form proved that Zx is
not re spon si ble for the dis si pa tion of en ergy ex cess
in PSII, and that photoprotection mech a nisms of
the xantophyll cy cle are not sim ply as so ci ated with
the re place ment of Vx by Ax or Zx (Tardy and
Havaux 1996, Pe ter son and Havir 2000). In Ara -
bidopsis npq1 mu tant with out ac tive VDE, the ex -
tent of photoinhibition was com pa ra ble to that in
the wild form of the plant af ter light stress (Havaux
and Niyogi 1999). Külheim et al. (2002) showed,
that in npq1 mu tant the fit ness de creased rather in
fluctuanting light con di tions, than in a re sponse to
high light. It has been dem on strated that there is no
dif fer ence be tween Vx and Zx in flu o res cence
quen ch ing from pu ri fied LHCII, which was in cor -
po rated into liposome, (Gruszecki et al. 1997). Ex -
per i ments with Arabidopsis mu tant aba-1 and
aba-2 con tain ing only Zx and lutein showed that
the pres ence of Zx is not suf fi cient for flu o res cence
quench ing, both in vivo and in iso lated pro tein -
-pigment com plexes (Pesaresi et al. 1995).

Pro tec tion against lipid peroxidation

Deg ra da tion of lipids in pea leaves was ob served
af ter light stress (Havaux et al. 1991). In in ten sive
light, the con tent of lipids in leaf cells de creased
and the sat u rated/un sat u rated lipid ra tio in creased.
The lipid deg ra da tion was more sig nif i cant when
Zx for ma tion was in hib ited by DTT (Havaux et al.
1991). Similiar re sults came from the ex per i ments
in which the lipid con tents were mea sured in re -
sponse to high il lu mi na tion in npq1 mu tant (Ha -
vaux and Niyogi 1999). In com par i son to the wild
Arabidopsis form, npq1 mu tant had sig nif i cantly
higher level of lipid photooxidation. In ter e st ingly,
in to mato leaves, Zx level and lipid deg ra da tion
(mea sured as eth yl ene for ma tion) were also cor re -
lated. In 3 °C and high light con di tion (low level of
cre ated Zx), eth yl ene pro duc tion was in ten sive.
But in 23 °C and high light con di tion, eth yl ene se -
cre tion was lower and the Zx con tent in creased
(Sarry et al. 1994). 

It is also pos si ble that Xc and Zx play a role in se -
nes cence, as a photoprotectant against lipid photo -
oxidation (Munne-Bosch and Alegre 2002). 

Re gard less the dif fer ences among the au thors, the
Xc is rec og nized as one of the main ad ap ta tion
mech a nisms re spon si ble for a fast re sponse to
peroxidation and cre ation of an ti ox i dant sub -
s tances in  thylakoid mem branes .  This
photoprotectant is Zx, which can quench sin glet
ox y gen (Krinsky 1979) and other free rad i cals
(Bur ton and Ingold 1984, Lim et al. 1992).

Blue light re cep tion

Another pos tu lated func tion of the xanthophyll cy -
cle is blue light re cep tion. Some re search ers sug -
gested that Zx is re spon si ble for the blue-light -
-dependent stomata open ing (Srivastava and
Zeiger 1995, Qui nones et al. 1996, Talbott et al.
2002), chloroplast move ment (Tlałka et al. 1999),
and phototrophism (Qui nones and Zeiger 1994).
HPLC mea sure ment of Zx level as a func tion of
chloro plast move ment in strong and weak light in
Lemma trisulca proved a good cor re la tion be tween
these two vari ables (Tlałka et al. 1999). Be cause of
this find ing, Zx is sup posed to be a photoreceptor in 
blue-light stim u lated chloroplast move ment.
More over, Zea mais col eop tiles, grown in dark -
ness,  did not show blue-light de pend ent
phototrophism. In ter est ingly, these col eop tiles did
not con tain Zx. The de gree of in crease in Zx level
(reg u lated by red light, dark ness pe ri ods, and use of 
DTT) cor re lated well with the blue-light stim u lated 
phototrophism of maize col eop tiles (Qui nones and
Zeiger 1994). The DTT-related in hi bi tion of Zx
syn the  s is  con se quent ly  in  hib  i ted
blue-light-dependent stomata open ing in Vicia faba
epi der mis, what was thought to be a proof of the
photoreceptor func tion of Zx (Srivastava and
Zeiger 1995). Sim i lar con clu sions came from anal -
y sis of blue-light phototrophism or stomata open -
ing ac tiv ity spec trum and ab sorp tion spec trum of
Zx (Qui nones et al. 1996). How ever, Palmer et al.
(1996) showed, in ex per i ments cor re lat ing the level 
of pro tein phosphorylation and blue-light in duced
phototropism, that there is no con nec tion be tween
Zx, or any other carotenoid, and phototropism.
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Reg u la tion of mem brane phys i cal prop er ties

Modulatory ef fects of ca rot en oids on phys i cal pro -
p er ties of model and nat u ral mem branes have been
known since the 70-ties. Soon af ter Xc char ac teri -
sa tion, there was a sug ges tion that this pro cess may
reg u late phys i cal prop er ties of thylakoid mem bra -
nes (Siefermann and Yamamoto 1975a, Yamamoto
1979). This hy poth e sis has been con firmed by
other stud ies (Gruszecki and Strzałka 1991, Tardy
and Havaux 1997).

In nat u ral and model mem branes, zeaxanthin ap -
pears to have the stron gest in flu ence on such mem -
brane prop er ties as tem per a ture of phase tran si tion,
mo lec u lar dy nam ics, per me abil ity and po lar ity gra -
di ent (Lazrak et al. 1987, Gruszecki and Strzałka
1991, Subczyński et al. 1991, Subczyński et al.
1992, Havaux and Gruszecki 1993, Strzałka and
Gruszecki 1997, Tardy et al. 1997, Jagannadham et
al. 2000, Socaciu et al. 2000, Kostecka-Gugała et
al. 2003). It was shown for two ant arc tic bac te rial
spe cies, Sphingobacterium antarcticus and Sphin -
go bacterium multivorum, that mem brane flu id ity is 
reg u lated mainly by Zx (Jagannadham et al. 2000).
Zx is able to stiffen the mem brane in liq uid -
-crystalline phase and this pro cess is con nected to
ori en ta tion of this xanthophyll in the mem brane.
Long axis of Zx mol e cule is ori ented per pen dic u -
larly to the mem brane sur face and ionone rings are
an chored in pe riph eral, po lar zones of the mem -
brane (Lazrak et al. 1987, Gruszecki and Sielewie -
siuk 1991, Subczyń ski et al. 1992). In ad di tion, Zx
de creased mo lec u lar dy nam ics of lipids, lim it ing
heat-induced lipid mo bil ity and pre vent ing mem -
brane desorga ni sation (Gruszecki and Strzałka
1991, Havaux and Gruszecki 1993, Tardy and
Havaux 1997). 

Reg u la tion of abscisic acid syn the sis

One of the pos tu lated Xc func tion is its in volve ment
in abscisic acid (ABA) syn the sis. It has been shown
(Marin et al. 1996, Pogson et al. 1996, Audran et al.
1998) that Vx is one of the in ter me di ate prod ucts in
that pro cess. One could sup pose that con di tions
caus ing an in crease in VDE ac tiv ity, would cause
de crease in ABA pro duc tion. Ex og e nously added
ABA, which in hib its its syn the sis, re sulted in higher

con cen tra tion of Zx and greater photoprotection of
PSII (Ivanov et al. 1995). 

The ex is tence of a re la tion ship be tween Xc pig ments
and ABA syn the sis was proven for Nicotiana
tabacum. Af ter ozone treat ment, Vx level in leaves
strongly de creased, but Ax and Zx con tents chan ged
in sig nif i cantly. This changed was ac com pa nied by a
pro nounced in crease in ABA (Pasqualini et al. 1999).

Other pos tu lated func tions of the xantophyll cy cle

Krinsky (1966) sug gested that for ma tion of Vx
through the in cor po ra tion of ox y gen to Ax and Zx
plays a role in photoprotection by low er ing the ox -
y gen level in chloroplasts. Ox y gen, to gether with
high light con di tions, lead to the de struc tion of the
photosynthetic ap pa ra tus. How ever, ac cord ing to
re cent stud ies, it is known that photoprotection is
as so ci ated with the re verse pro cess, i.e., con ver sion 
of Vx to Ax and Zx (Demmig-Adams 1990). On the 
other hand, Sapozhnikov and Cal vin pos tu lated
that Xc takes part in the ox y gen evo lu tion dur ing
pho to syn the sis (Sapozhnikov et al. 1957, Sapo -
zhnikov 1967 1973), how ever this pro posal turned
out not to be cor rect (Vrettos et al. 2001)

The xanthophyll cy cle – still a lot of ques tions

The xanthophyll cy cle has been in ves ti gated for
about 50 years but func tions and mo lec u lar mech a -
nism of this pro cess are still not com pletely known.
Some hy poth e ses were dis proved, some other were
cre ated. Re cently, some new as pects of mo lec u lar
mech a nism of Xc ac tion have been elu ci dated. A
new model sys tem to study VDE ac tiv ity in vi tro
has been worked out. The reg u la tory role of the mo -
lec u lar dy nam ics and struc ture of the mem brane in
de-epoxidation re ac tion were dem on strated in
model and nat u ral sys tems. Also the im por tance of
MGDG and HII in the mo lec u lar mech a nism of the
xanthophyll cy cle has been de scribed. 

Pres ently, the xanthophyll cy cle is thought to play
a role in quench ing of ex cess en ergy in PSII, pro -
tec tion against lipid peroxidation, blue light re cep -
tion, reg u la tion of phys i cal mem brane prop er ties,
and reg u la tion of abscisic acid syn the sis. There are, 
how ever, re main ing im por tant ques tions, e.g. Xc
reg u la tion in dif fer ent plant spe cies, Xc reg u la tion
dur ing plant growth and se nes cence, lipid de pend -
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ence of VDE ac tiv ity, and an al most to tally un -
known mo lec u lar mech a nism of zeaxanthin epoxi -
dation to antheraxanthin and zeaxanthin.
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