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Photoprotection of photosystem II (PSII) is essential to avoid the light-induced damage of the photosynthetic
apparatus due to the formation of reactive oxygen species (= photo-oxidative stress) under excess light.
Carotenoids are known to play a crucial role in these processes based on their property to deactivate triplet
chlorophyll (3Chl*) and singlet oxygen (103‘ ). Xanthophylls are further assumed to be involved either directly
or indirectly in the non-photochemical quenching (NPQ) of excess light energy in the antenna of PSII. This
review gives an overview on recent progress in the understanding of the photoprotective role of the
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Enjérgy dissipation xanthophylls zeaxanthin (which is formed in the light in the so-called xanthophyll cycle) and lutein with
Lutein emphasis on the NPQ processes associated with PSII of higher plants. The current knowledge supports the

view that the photoprotective role of Lut is predominantly restricted to its function in the deactivation of
3ChI™, while zeaxanthin is the major player in the deactivation of excited singlet Chl (‘Chl*) and thus in NPQ
(non-photochemical quenching). Additionally, zeaxanthin serves important functions as an antioxidant in the
lipid phase of the membrane and is likely to act as a key component in the memory of the chloroplast with
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respect to preceding photo-oxidative stress. This article is part of a Special Issue entitled: Photosystem II.
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1. Introduction

Light is the ultimate energy source for photosynthesis and thus
represents the most important environmental factor for all photosyn-
thetic organisms. Under natural conditions, nearly all photosynthetic
organisms are exposed to changing light intensities which may vary
over several orders of magnitude in both the short-term (seconds to
minutes) and the long-term (hours to months). To allow optimal pho-
tosynthesis at low light intensities, the photosystems possess efficient
light harvesting antenna systems. To avoid photo-oxidative damage of
the photosynthetic apparatus due to the formation of reactive oxygen
species (ROS) under excess light, photosynthetic organisms have
developed a number of defense strategies and mechanisms [1], allowing

Abbreviations: ADQ, aggregation dependent quenching; Ax, antheraxanthin; Chl,
chlorophyll; CT, Charge transfer; CTQ, charge transfer quenching; DEPS, de-epoxidation
state; Lut, Lutein; Lx, lutein epoxide; NPQ, non-photochemical quenching; Nx,
neoxanthin; OCP, orange carotenoid protein; PS I, photosystem I; PS II, photosystem
II; qE, energy-dependent quenching; ql, photoinhibitory quenching; qT, state transition
quenching; qZ, zeaxanthin-dependent quenching; RC, reaction center; ROS, reactive
oxygen species; VAZ, sum of violaxanthin, antheraxanthin and zeaxanthin; VX,
violaxanthin; VxDE, violaxanthin de-epoxidase; Zx, zeaxanthin; ZxE, zeaxanthin
epoxidase

" This article is part of a Special Issue entitled: Photosystem II.

* Corresponding author at: Heinrich-Heine-Universitdt Diisseldorf, Biochemie der
Pflanzen, Universitdtsstrasse 1, D-40225 Diisseldorf, Germany. Tel.: +49 211 8113862;
fax: +49 211 8113706.

E-mail address: pjahns@uni-duesseldorf.de (P. Jahns).

0005-2728/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2011.04.012

either a lowering of ROS formation or the detoxification of already
formed ROS. In chloroplasts, two major pathways of ROS formation
exist: (i) electron transfer to molecular oxygen at the acceptor side of
photosystem I (PSI) [2] or at PSII [3], leading to the formation of the
superoxide radical (O3 ) and, in subsequent reactions, hydrogen per-
oxide (H,0;) or hydroxyl radicals (‘OH) [4,5]; and (ii) energy transfer
from triplet chlorophyll (3Chl*) to molecular oxygen, leading to the
formation of singlet oxygen ('05) [6,7]. In PSII, carotenoids play a central
role in the deactivation of 3ChI* and '03, and the reduction of ROS
formation due to the thermal dissipation of excess light energy (=non-
photochemical quenching, NPQ) at the level of 1ChI*. In the PSII reaction
center, the deactivation of '05 is provided by B-carotene [8], while
xanthophylls are involved in the non-photochemical quenching (NPQ)
of excitation energy in light harvesting antenna proteins [ 1,9]. It is worth
mentioning here however that low levels of ROS play an important
role in signaling for several cellular regulation mechanisms and can
thus not simply be considered damaging species [7,10,11]. This review
will focus on the photoprotective role of xanthophylls with emphasis
on the functions of zeaxanthin (Zx) and lutein (Lut) in NPQ processes
associated with PSII of higher plants.

1.1. Antenna proteins, pigment binding sites and xanthophyll cycles in
vascular plants

In higher plants, six different peripheral antenna proteins (Lhcb1-6)
form the light harvesting antenna of PSII and at least four different
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antenna proteins (Lhcal-4) that of PSI [12-15]. The determination of
the structure of the trimeric LHCIl complex (which is composed of
Lhcb1-3 monomers) at a resolution of 2.72 A [16] and 2.5A [17]
identified binding of 14 Chl (8 Chl a and 6 Chl b) and 4 xanthophylls
(2 luteins (Lut), 1 neoxanthin (Nx) and 1 xanthophyll cycle pigment)
(Fig. 1). According to their binding specificity, these latter binding
sites have been termed L1, L2, N1 and V1, respectively. Due to the high
sequence similarity among the different antenna proteins, a similar
protein structure (although with different Chl and xanthophyll bind-
ing patterns) has been predicted for the monomeric Lhcb4-6 and
Lhcal-4 proteins. However, the different antenna proteins show con-
siderable variations with respect to (i) the oligomeric state (Lhcb1-3
are organized as LHCII trimers, Lhcal/4 and Lhca 2/3 as dimers and
Lhcb4-6 as monomers), (ii) Chl binding (14 Chl per monomer for
LHCII and LHCI proteins, but considerably less for the monomeric
Lhcb proteins) and (iii) xanthophyll binding (4 xanthophyll binding
sites in LHCII proteins, and 2-3 xanthophyll binding sites in all other
antenna proteins) [14,16-18]. While only Lut binding to the site
L1 is common to all antenna proteins, the occupancy of the other
xanthophyll binding sites (cf. Fig. 1) differs in each of the other LHC
proteins [14].

Two different xanthophyll cycles have been described for land
plants: The violaxanthin (Vx) cycle, in which Vx is reversibly
converted to Zx via antheraxanthin (Ax) [19-21] and the lutein
epoxide (Lx) cycle, in which Lx is reversibly converted into Lut
[22,23]. Both cycles are involved in the light-regulated switching of
PSII from a light-harvesting state (with epoxidized xanthophylls,
Vx and Lx, present in low light or darkness) to an energy dissipating
state (with de-epoxidized xanthophylls, Ax, Zx and Lut, present in
high light). Therefore, these cycles provide for the short- and long-
term acclimation of plants to varying light conditions. While the Vx
cycle is present in all land plants, the Lx cycle is restricted to some
species only [24]. For the Lx cycle, two different types have been
described: (i) a complete Lx cycle, in which Lut is reconverted to Lx
overnight and (ii) a truncated Lx cycle, in which Lut reconversion is
not observed overnight [23]. Essential photoprotective functions have
been assigned to Lut and the xanthophyll cycle pigments Ax and
Zx, particularly related to the heat dissipation of excess light energy

(NPQ).

1.2. General aspects of NPQ

The thermal dissipation of excess light energy represents a basic
photoprotective principle in photosynthetic eukaryotes. NPQ is gen-
erally based on light-regulated and xanthophyll-dependent processes
in antenna proteins that are mediated by specific proteins that act as
sensors of the lumen pH or the light and thereby activate NPQ through
light-induced conformational changes. Several different NPQ princi-
ples are known in the plant kingdom:

(i) In cyanobacteria and red algae, the quenching located in the
phycobilisomes is triggered by light-activation of the orange
carotenoid protein (OCP) [25-27]. OCP is a water-soluble protein
that binds a single carotenoid (3’hydroxyechinenone) as the
chromophore [28] and acts as a direct photosensor. Absorption
of blue-green light induces structural changes in both the protein
and carotenoid, which triggers NPQ induction through interac-
tion with the phycobilisomes in an unknown manner [29]. The
relaxation of NPQ under low light or in darkness requires the
reconversion of OCP into its inactive state. This process has been
shown to be mediated by another protein (termed fluorescence
recovery protein, FRP) that interacts with the active form of OCP
and accelerates the reconversion of active OCP to the inactive
form [30].

(ii) In brown algae and diatoms, NPQ is mediated by the LHCSR

(also termed LI818) protein and additionally requires the con-

version of diadinoxanthin (Ddx) to diatoxanthin (Dtx) in the

Ddx cycle, or of Vx to Zx in the Vx-cycle [31]. NPQ in the

fucoxanthin chlorophyll proteins (FCPs) seems to be strictly

dependent on Dtx or Zx and is therefore controlled by the
rates of Dtx/Zx formation (during NPQ induction) and Dtx/Zx
reconversion (during NPQ relaxation). Although the formation
of Dtx or Zx (and thus of NPQ induction) requires a low lumen

pH, high NPQ can be maintained even in the absence of a

transmembrane proton gradient, once Dtx/Zx has been formed

[32,33].

In green algae, LHCSR is also essential for NPQ [34]. In contrast

to brown algae and diatoms, however, NPQ in green algae is

essentially controlled by the ApH and further depends on the

(iii

=

Fig. 1. Structure of LHCII (derived from [16]). The protein backbone with the three transmembrane helices (gray) is shown in the background, the pigments are shown in color. For
Chls, only the tetrapyrrole rings are indicated (blue = Chl a and green = Chl b). Four bound xanthophylls were identified in the structure: Two central luteins (Lut, yellow, binding
sites L1 und L2), a xanthophyll cycle pigment (Xanc) on the left (red, V1 site) and neoxanthin (Nx) on the right (orange, N1 site).
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action of xanthophylls [35,36] and additionally requires the
action of a specific antenna protein, Lhcbm1 [37]. In green algae
(as in higher plants) only the Vx cycle is active but not the Ddx
cycle found in diatoms and brown algae [21,31,38]. The in-
volvement of Zx - formed in the VX cycle - in NPQ has been
inferred from xanthophyll cycle mutants of Chlamydomonas
[36]. However, the maximal NPQ was found to be clearly less
dependent on Zx in comparison with higher plants [39] or even
independent of Zx [40]. Other xanthophylls than Zx might
thus be involved in NPQ in green algae [36]. The relaxation of
NPQ in green algae is strictly dependent on the removal of
ApH. It is important to note that genes encoding the PsbS
protein (that acts as a pH sensor and is thus essential for NPQ
in land plants, see below) are present in Chlamydomonas, but
that the PsbS protein is not expressed [41] even under light
stress conditions [42]. However, recent work showed that the
transcript levels of both genes encoding PsbS, PSBS1 and PSBS2,
were strongly increased following nitrogen deprivation [43],
suggesting that PsbS in green algae has either a role unrelated
to photoprotection or is required for more efficient photo-
protection under these specific stress conditions.
(iv) Recent studies on the moss Physcomitrella patens provided
direct evidence that both proteins, PsbS and LHCSR, are active
in NPQ in mosses [44]. The knockout of either LHCSR or PsbS led
to a reduction of overall NPQ, while simultaneous knockout of
both proteins completely abolished the NPQ in Physcomitrella.
Based on these findings it has been concluded that photo-
protective functions of PsbS and LHCSR developed initially in
parallel and that LHCSR was lost during the evolution of land
plants [44].
In vascular plants, LHCSR is missing [45] and NPQ is mediated
by the PsbS protein [46] that acts as a sensor of lumen pH [47]
and may activate NPQ either through inducing conformational
changes in the antenna of PSII [9] or through other interactions
[1]. So far, a direct interaction of PsbS with LHCs has not been
demonstrated, however. NPQ in land plants is furthermore
strongly dependent on the xanthophyll Zx [39,48-50] that
apparently modulates nearly all components of NPQ [51]. The
PsbS dependent gE-component is strictly regulated by the
ApH and some data indicate that all antenna subcomplexes of
PSII may be involved in quenching [52-55]. While studies on
knock-out mutants affected in the different antenna subcom-
plexes revealed a high flexibility of NPQ, a crucial role has been
determined so far for Lhcb6 only [56-58]. Interestingly, Lhcb6
has been shown to be the most recent addition to the PSII
antenna during evolution of land plants and is not present in
green algae [45,59]. Thus, Lhcb6 can be assumed to have a
specific function in NPQ regulation in vascular plants, Studies
on the relaxation of the NPQ in land plants demonstrated that
only the qE component of NPQ is fully deactivated by collapse
of the ApH, while Zx-dependent NPQ processes appear to
remain active even in the absence of a low lumen pH [51].
The overall quenching mechanisms and locations appear to be
more complex, however, than had been assumed until recently.
Applying picosecond Chl fluorescence spectroscopy to intact
leaves, it has been shown that at least two different quenching
sites are active under in vivo conditions in higher plants: A
PsbS-dependent quenching site (Q1), located in the major
light-harvesting complexes, LHCII, which becomes detached
from photosystem II (PSII), and a Zx-dependent quenching site
(Q2), located in the remaining antenna of PSII [60] (Fig. 2).

=

In summary, several NPQ principles have evolved within the plant
kingdom, differing with respect to the light stress sensor, the NPQ
quenching site, and possibly also the quenching mechanism. While
the direct sensing of light by the photoreceptor OCP is a unique

feature of cyanobacteria and red algae, the control of NPQ through a
pH sensing protein (LHCSR or PsbS), that transfers the pH signal to
(specific) PSII antenna proteins, is common to plants and algae.
During evolution, LHCSR-related and PsbS-related NPQ developed in
parallel, and the ancestral LHCSR-based mechanism (found in green
algae and mosses) was functionally replaced by PsbS only during
the evolution of land plants. Furthermore, NPQ in land plants shows
unique features with respect to the role of Lhcb6 and the strong
modification of energy dissipation by Zx.

2. The role of Lut in photoprotection of PSII

Lutein (Lut) is the most abundant xanthophyll in higher plants
and is bound to the L1 (in all antenna subcomplexes) and L2 (in some
of the antenna subcomplexes) binding sites of the antenna proteins.
Lut serves several important functions: (i) structural stabilization of
antenna proteins, (ii) light harvesting (= transfer of excitation energy
to Chl) and (iii) quenching of 3Chl states. Furthermore, Lut has been
proposed to also be involved in the quenching of 'Chl (=NPQ).

2.1. Lut and stabilization of antenna proteins

It is known from reconstitution of antenna proteins that xan-
thophyll binding is required for the correct folding of antenna proteins
[61,62]. Although the replacement of Lut by Vx or Zx during recon-
stitution of recombinant antenna proteins in the absence of Lut yields
functional proteins with respect to Chl binding and light harvesting,
the stability of such complexes is often reduced [63,64]. This implies a
crucial role of Lut for the stability of antenna proteins, most likely at
the binding site L1 that is occupied in all native antenna complexes by
Lut. Studying recombinant LHCII, the formation of stable LHC trimers
was found to be reduced or completely abolished in absence of Lut
[63]. The same conclusion can be drawn from studies with Lut
deficient mutants (lut1 or [ut2) from Arabidopsis[65]. Analyses of the
pigment composition of the different antenna subcomplexes in these
mutants showed that Lut is replaced by Vx cycle pigments and that
the trimerization of LHCII is strongly reduced [66,67] implying an
essential role of Lut for trimerization of LHCII as well [67]. These latter
effects were even more pronounced when Lut was replaced by Zx
[68]. Since the absence of trimers can be observed even in low-light-
grown Lut-deficient plants as well as in reconstituted recombinant
proteins, the destabilization is unlikely to be related to light-induced
photo-damage, but rather reflects specific properties of Lut in protein
stabilization.

2.2. Lut and light harvesting

Lutein is known to contribute to light harvesting by transferring
excitation energy to Chl [69], with high efficiency at both Lut binding
sites, L1 and L2 [70-72]. The light-harvesting function of Lut, however,
seems to be fully replaced by other xanthophylls (in particular Vx),
as can be derived from the unchanged growth of [ut2npql mutants
in comparison with the WT [65,73] and the only slightly reduced
energy-transfer properties [67]. A stimulating effect on light harvest-
ing efficiency has been attributed to Lx [74]. Strong accumulation of Lx
has been shown to occur particularly in deeply shaded leaves of
tropical trees [23,75] in agreement with the proposed function of Lx as
an efficient light-harvesting xanthophyll. Lx has been shown to be co-
located with Vx, implying that Lx binds to the V1 and L2 sites of
antenna proteins [76]. More detailed biochemical and spectroscopic
studies on isolated and recombinant antenna proteins demonstrated a
higher light-harvesting efficiency of Lx at the V1 and L2 binding site of
Lhcb5 [74].
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Fig. 2. Schematic view of proposed quenching locations (adapted from [60]). Arrangement and composition of the supramolecular PS II complex in wild-type plants under dark-
acclimated (left-hand side) and light-adapted (right-hand side) conditions (adapted from [15]). Binding of Vx to trimeric LHC Il and minor LHCs in the dark is indicated by green and
yellow color, Zx-containing LHC Il and minor LHCs in the light by red color. The formation of quenching site Q1 requires PsbS, while the formation of the quenching site Q2 requires
Zx only. We propose that interaction with PsbS causes detachment, migration and aggregation/deaggregation of LHC II (possibly associated with some minor antenna component)
depending on the lumen pH. From its dependence on PsbS, the Q1 site is assigned to the fast-forming and fast-reversible qE component of NPQ. L, M and S denote loosely coupled,

moderately coupled and strongly coupled trimers of LHC II.

2.3. Lut as quencher of >Chl

The most important photoprotective function of Lut is the
quenching of Chl, which requires a close proximity of Lut and Chl a
[77-79]. Based on the high-resolution crystal structure of LHCII
[16,17] suitable Chl a molecules have been identified as possible
candidates for triplet energy transfer to Lut at both sites, L1 and L2
[17]. Efficient quenching of 3Chl by carotenoids has been proven in
studies on isolated and recombinant LHCII [67,80-82] and minor PSII
antenna complexes [82]. These latter studies confirmed that efficient
3Chl quenching is related to the action of Lut at binding sites L1 and L2,
and that Vx and Nx are much less efficient or not involved in these
processes. Replacement of Lut at L1 and/or at L2 by Vx resulted in less
efficient 3Chl quenching [67], strongly increased photoinhibition (i.e.
long-lasting depression of the PSII efficiency) and degradation of
LHCII under light stress [73] underlining the important specific role of
Lut in photoprotection via®Chl quenching. Consequently, the high
light-induced conversion of Lx to Lut in plants with an active Lx cycle
has been interpreted as a photoprotective mechanism that leads to a
more efficient 3Chl quenching at L2 or possibly also at V1 [76].

2.4. Lut as quencher of 'Chl

Apart from its role in 3Chl quenching, Lut has also been proposed
to act as quencher of excited 'Chl™ in the pH-regulated and PsbS-
dependent qE mechanism of NPQ. The reduction of NPQ and the
retardation of NPQ induction kinetics in Lut-deficient mutants had
originally been interpreted as evidence for a role of Lut in NPQ [83].
Later work on the same mutants showed, however, that the
retardation of NPQ induction is due to a slower Zx formation, and it
was concluded that Lut plays no direct role in qE [66]. On the other
hand, accumulation of Lut in the absence of Zx in the szl1npq1 mutant
was shown to restore a large portion of NPQ that is absent in npq1, and
the accumulation of Lut in presence of a functional VXDE in szl1 led
to a lower Vx (and Nx) content and strongly reduced Zx formation,
suggesting that additional Lut may be able to functionally replace Zx
with respect to qE [84]. Apparently, xanthophylls are able to replace
each other for different functions, so that the use of mutants deficient
in single xanthophylls actually may provide information about the
role of specific xanthophyll binding sites rather than about the role of
specific xanthophylls.

On the basis of resonance Raman and transient absorption spec-
troscopy applied to isolated LHCII complexes in their oligomerized
form, it was proposed that qE is based on energy transfer from Chl a
to Lut bound in the site L1, and that this mechanism represents
the principle mechanism of photoprotection in plants [85]. The
proposed mechanism is assumed to be regulated by the lumen pH,
which controls the aggregation of LHCII in a PsbS dependent manner.

This quenching may be further modulated by Vx to Zx conversion
[9,86-88]. However, the function of Lut in qE and in particular the
energy quenching mechanism by the Lut S1 state is still a matter
of debate, considering that different quenching mechanisms and
quenching sites have been proposed in several studies recently. Recent
femtosecond transient absorption studies on isolated LHCII showed,
however, that quenching of 'Chl* under in vitro conditions in LHCII
oligomers is neither dependent on Zx nor on energy transfer to any
other carotenoid, such as Lut at L1 [89]. Instead, the latter experi-
mental data provided strong evidence that quenching of 'Chl™ in LHCII
is solely based on Chl-Chl interactions, most likely related to the
formation of a fluorescent Chl-Chl CT (charge transfer) state [89].
Strikingly, the spectroscopic signature of the proposed Chl-Chl CT
state has also been observed upon induction of NPQ under in vivo
conditions [60,90,91] (see also Fig. 2). Thus the involvement of
xanthophylls, and in particular of Lut, in aggregation dependent
quenching (ADQ) of 'Chl™ seems very unlikely.

The comparison of ADQ in the different PSII antenna complexes
indicated that ADQ is much more efficient in minor complexes
(Lhcb4-6) than in LHCII [55]. This may, on one hand, put into question
the central role of ADQ in LHCII as the major photoprotective
mechanism. On the other hand, this question can only be answered
definitively once the detailed mechanism of ADQ quenching has
been revealed. In addition to ADQ, a PsbS-dependent charge transfer
quenching (CTQ), involving the formation of Chl~/ Zx " radical pairs,
has been suggested to be active in isolated thylakoid membranes
[92]. Later work provided support for the view that Chl/Zx CTQ is
also active in isolated (recombinant) minor antenna proteins [53,54],
but not in LHCII [93]. An additional role of Lut as a partner in CTQ
quenching has been proposed for Lhcb5 [54].

In summary, the photoprotective role of Lut is likely to be predom-
inantly related to its function as quencher of 2Chl, while quenching
of 'ChI* seems to be achieved more or less independently of Lut.

3. The role of the xanthophyll cycle in the photoprotection of PSII

Although the existence of the light-dependent and reversible
formation of Zx in the Vx cycle was established in the early 1960s [20]
and biochemically well characterized in the pioneering work by the
groups of Yamamoto and Hager [94-102], it took about 25 years
before an essential photoprotective role of Zx in energy dissipation
was postulated [103]. Demmig and co-workers demonstrated in
numerous studies the correlation of NPQ and the de-epoxidation state
(DEPS) of the Vx cycle pigments (VAZ) under various experimental
conditions (reviewed in [48,49,104,105]). The proposed function of
Zx in NPQ was finally proven by the identification and characteriza-
tion of xanthophyll cycle mutants of Arabidopsis, deficient either in
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Vx de-epoxidase (VXDE) (npql mutant) or Zx epoxidase (Zx) (npq2
mutant) activity [39].

3.1. General aspects of the function and regulation of the Vx cycle

The function of the Vx cycle is based on the photoprotective role
of Zx that is formed in the light. At least two different basic functions
have been described for Zx: (i) a central role in the deactivation of
excited 'Chl* in the antenna of PSII (NPQ, see Section 3.3) [39] and
(ii) an antioxidant function as non-protein bound xanthophyll in
the lipid phase of the thylakoid membrane (see Section 3.2) [106].
These two different functions imply the presence of different VAZ
pools in the thylakoid membrane. In fact, the non-protein-bound Vx
fraction in dark-adapted Arabidopsis plants grown under moderate
light intensities of 120 pmol photons m~2 s~ ! was found to amount
to approximately 10% of the total VAZ pool [107], but higher values
may be expected for plants acclimated to higher growth light in-
tensities [21].

Strict regulation of the VXDE by the lumen pH [100] ensures that
Zx typically accumulates only under conditions where electron trans-
port is saturated, in order to avoid undesirable dissipation of excita-
tion energy under light-limiting conditions [73]. Upon illumination
of dark-adapted plants with saturating light intensities, maximal de-
epoxidation states (DEPS) can be reached within 15 to 30 min
[51,95,108,109]. The maximal DEPS in higher plants is rather variable
(typically 60-90%) and differs not only among species (e.g. seasonal
and evergreen species) but particularly depends also on the growth
light conditions (e.g. sun and shade acclimation) [21,104,110,111].
The limitation of Vx convertibility has been attributed to the binding of
a fraction of Vx to binding sites in antenna proteins (presumably L2)
that are not accessible for de-epoxidation [63,64,108,112]. By contrast,
non-protein bound Vx is known to be completely and rapidly con-
vertible to Zx [63,108,109]. Arecent study on the convertibility of Vx in
isolated spinach LHCII provided further evidence that the thylakoid
membrane lipid monogalactosyldiacylglycerol (MGDG) also plays a
crucial role for the convertibility of Vx [113].

Reconversion of Zx to VX is catalyzed by Zx epoxidase (ZxE) and
occurs under low light or in the dark. The activity of ZxE, and thus
the rate of Zx reconversion, are strongly modified by the light stress
experienced by plants [114]. While complete Zx epoxidation can be
achieved within about 20-40 min after short pre-illumination with
moderate light intensities [51,108,109,115], ZXE activity was found to
be gradually retarded after increasing light stress [114]. In extreme
cases of severe stress under in vivo conditions, such as in over-
wintering evergreen plants during cold stress, Zx epoxidation might
be completely blocked for several weeks [116,117]. The retardation of
Zx epoxidation was found to correlate with the down-regulation of
PSII activity [114,116,117] implying that Zx has a crucial function in
long-lasting quenching states of PSII (see Section 3.3. for further
details).

3.2. The role of Zx in the lipid phase of the membrane

The comparison of light stress sensitivity and ROS formation in
mutants affected either in qE (npg4), Zx synthesis (npq1), or both
(npqinpg4), provided the first evidence that Zx has an important
photoprotective function independent from its role in qE [118]. This
photoprotective action of Zx has been related to the action of Zx in
the lipid phase of the thylakoid membrane [68,119,120] and was
furthermore found to be additive to the photoprotective function of
tocopherol [106,121]. Since singlet oxygen ('0,) has been shown to
be the most important ROS involved in photo-oxidative damage in
chloroplasts under high light stress [122], any Zx-related enhance-
ment of photoprotection can be expected to be based either on
the reduction of 0, formation or the removal of '0, or 0,-related
oxidation products. While reduction of '0, formation is efficiently

provided by NPQ processes (see below), the function of non-protein
bound Zx is likely due to removal of the '0, or '0,-related oxidation
products. In fact, the synergistic function of Zx and tocopherol in
the protection of membrane lipids against peroxidation has been
shown under in vitro[123,124] and in vivo conditions [106,107]. The
redundant and synergistic effect of Zx and tocopherol is further
supported by the increase in the VAZ pool size in tocopherol-deficient
plants and the more pronounced sensitivity to high light stress in the
tocopherol- and Zx-deficient vteInpq1 mutant in comparison with the
single mutants vtel and npq1[121], which leads to a reduction of lipid
peroxidation under in vivo conditions independent from the binding
of Zx to antenna proteins [106,107]. Finally, the general physico-
chemical properties of Zx presumably exert a further photoprotective
effect related to the stabilization of thylakoid membrane lipids
[125], and a unique function of Zx among the carotenoids found in
thylakoid membranes has also been supported in several in vitro
studies [126-128].

In conclusion, the role of Zx as an antioxidant in the lipid phase
of the membrane, particularly under extreme high light stress, is
essentially important for plants to minimize photo-oxidative damage
of membrane lipids.

3.3. The role of Zx in NPQ

The best-studied photoprotective mechanism against high-light
stress is the non-photochemical quenching (NPQ) of excitation energy,
which is mostly due to thermal deactivation of excited states of pig-
ments in the antenna of PSII [129]. It is well-established that NPQ is a
very complex and finely regulated process, in which the major players
are (i) the proton gradient across the thylakoid membrane [130], (ii) the
xanthophyll Zx [39,103] and (iii) the PsbS protein [46,47,131]. Based on
the induction and relaxation kinetics of NPQ under in vivo and in vitro
conditions [51,90,132-134] at least four different NPQ components
have been defined which are likely to be based on different molecular
mechanisms: (1) qE, energy- or pH-dependent quenching [132], (2) qT,
state transition quenching [135], (3) qZ, Zx-dependent quenching [51]
and (4) ql, photoinhibitory quenching [136]. In higher plants, state
transitions do not significantly contribute to NPQ [51], in contrast to
the situation in green algae [137]. For all other components, however, a
significant role of Zx, either as direct quencher or modulator, has been
proposed [51] (Fig. 3). In general, the relative contribution of the
different NPQ processes to the overall light-inducible NPQ in Arabidopsis
varies strongly in dependence on light intensity and light-exposure
time. The pH-regulated qE dominates the total NPQ under short (up to
10 min) illumination times at moderate light intensities, while qZ
develops (also at moderate light intensities) in the time range from 10
to 30 min and ql at longer illumination time (>30 min) at high light
intensities, as has been derived from the induction and relaxation
kinetics of NPQ in dark-adapted Arabidopsis wild type leaves [51,90]
(Fig. 3).

A comparative analysis of NPQ dynamics and Zx formation/recon-
version in Arabidopsis indicated that the conversion of the major pool
of Zx does not match with the dynamics of gE, but rather with the
formation and relaxation kinetics of qZ and possibly also qlI [51]. As
an example, the onset of NPQ and xanthophyll conversion upon
illumination of dark-adapted Arabidopsis leaves at two different light
intensities is shown in Fig. 4. It is obvious that rapid induction of
NPQ (related to the build-up of the ApH) is similar under both light
conditions, while prolonged illumination at high light intensities
induces much more slowly developing NPQ states than at the lower
light intensity. As a rough estimate, illumination at 900 pE (for sim-
plicity uE will be used instead of ‘umol photons m~2 s~ !) induces
mainly qE and qZ, while pronounced induction of ql occurs at 1800 pE
(Fig. 4A). The latter can be deduced from the large portion of NPQ that
is irreversible within the chosen time. It also follows that Zx synthesis
is quite similar at both intensities, but the Zx reconversion in the
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Fig. 3. Model for the different NPQ states in Arabidopsis (adapted from [51]). Starting from the dark-adapted state, illumination of leaves with saturating light intensities leads to the
activation of qE within 10-200 s. This process is dependent on ApH and PsbS, and further modified by Zx. The formation of qE-active Zx is the time-limiting step for the generation of
maximum gE upon illumination of dark-adapted leaves. Relaxation of qE is strictly controlled by the breakdown of the transthylakoid ApH. Prolonged illumination activates another
Zx-dependent NPQ state (qZ) within 10 to 30 min and requires the conversion of more slowly convertible Vx. Relaxation of qZ is controlled by the reconversion of Zx to Vx. At longer
illumination time (typically >30 min) a photoinhibitory state (ql) is generated which requires D1 turnover for relaxation.

dark is clearly retarded after illumination at the higher light intensity
(Fig. 4B). One should have in mind, however, that the general NPQ
capacity and the dynamics of NPQ and xanthophyll conversion shown
here for Arabidopsis may be highly variable and flexible among
different species and under field conditions, particularly when short-
lived species are compared with perennial evergreens [138].

In the following, the role of Zx and the proposed molecular
mechanisms of the different NPQ processes will be discussed in detail.

3.3.1. The role of Zx in qE

The qE component of NPQ is defined as the NPQ process that is
strictly dependent on the pH in the thylakoid lumen [132] and the
activation of PsbS that acts as a sensor of the lumen pH [46,47,131]. qE
has also been shown to be modulated by Zx [139,140]. Consequently,
qE can be activated and deactivated very quickly (1-2 min) in re-
sponse to rapidly changing light intensities under lab conditions
[140-142,145] and in the field [143,144]. The detailed processes
giving rise to gE, including the actual quenching site and the under-
lying molecular mechanism, and the role of Zx in qE are still under
intense debate. It was originally proposed that gE is based on pH-
induced conformational changes leading to the aggregation of the
major LHCII [88,146-148]. Later studies on isolated antenna com-
plexes and on plants with altered composition of the PSII antenna
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Fig. 4. Dynamics of NPQ and xanthophyll conversion. Dark-adapted Arabidopsis WT plants
were illuminated for 90 min at light intensities of 900 LE (green) or 1800 pE (maroon) and
subsequently transferred to darkness for 120 min. Fluorescence quenching was analyzed
using a PAM 101 device (Walz, Effeltrich, Germany), and NPQ was calculated as (F;,,/Fn'-1).
The Zx content was determined from HPLC analyses of the pigment content.

proteins suggested that the minor antenna complexes might also
contribute to qE [55,56,149-151]. According to the current view, pH-
induced conformational changes or changes in the protein/protein
interaction in the PSII antenna proteins are essentially required for gE,
and these changes are controlled by PsbS and modulated by Zx. Two
different roles of Zx have been proposed: (i) an indirect role as an
allosteric modulator of qE, controlling the efficiency, kinetics and
the apparent pK of qE [140,152-154] and (ii) a direct role of Zx in
the quenching process either due to energy transfer from Chl to Zx
[155,156] or due to electron transfer to a neighboring Chl forming
a Zx"/Chl~ CT state [53,54,92,93]. The recent identification of two
different NPQ-active quenching sites [60,90] provides a consistent
explanation for the two models (see also Fig. 2). However, the latter
data put into question whether there always is a dominant combined
action of PsbS and Zx.

PsbS-dependent formation of quenching site Q1, i.e. detachment
and oligomerization of parts of the PSII antenna complexes — mostly
LHCII [60] and likely also some CP24 [57], can explain the proposed
LHC II oligomerization model put forward by Horton, Ruban and
coworkers [9]. The activation of Q1 in vivo has been shown to be
characterized by the formation of a far-red fluorescing component,
which can be assigned to an oligomeric state of detached LHCII [60].
This assignment was particularly supported by its spectral character-
istics, resembling closely the properties of the far-red fluorescence of
isolated aggregated LHCII [157]. Using a multiwavelength spectrom-
eter that allows time-dependent measurement of fluorescence
spectra in intact leaves, it was furthermore shown that the far-red
fluorescing component has essentially the same characteristics as
qE (i.e. it is strictly dependent on PsbS, but not strongly so on Zx, and
it is rapidly inducible and rapidly relaxing upon illumination and
redarkening, respectively) [90]. Strikingly, a PsbS-dependent disso-
ciation/reassociation of PSII antenna proteins (composed of LHCII,
CP29 and CP24) from the PSII-LHCII supercomplex under NPQ
conditions has also been demonstrated by biochemical analyses and
electron microscopy [57]. Although energy transfer to Lut was
proposed to provide the basis of qE in a study of oligomeric LHCII in
vitro[85], recent femtosecond transient absorption studies on such
samples did not find any evidence for energy transfer to carotenoids,
including Zx. Instead, these latter studies supported a model where
quenching of 'Chl* in LHCII is based on the formation of a fluorescent
Chl-Chl CT state [89,91]. Irrespective of the exact molecular mech-
anism of quenching in LHCII in vitro, Zx seems to play an indirect,
albeit important, role in the modulation of PsbS-dependent qE. High
levels of Zx accelerate or enhance the formation of qE, and retard
its relaxation [39,51,140]. Zx has further been shown to shift the
apparent pK of qE to a more alkaline pH [158]. The fluorescence
lifetimes associated with the quenched state in chloroplasts have been
shown to be significantly shorter in presence of Zx [153] indicating
a more efficient energy dissipation, and thus better photoprotection,
in the presence of Zx. Interestingly, similar characteristics have been
observed for the lifetimes of the far-red fluorescent quenching
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component Q1, that was found to be somewhat shortened when Zx
was present (ca. 400 ps vs. ca. 600 ps), although the main quenching
effect (from about 4 ns for trimeric LHCII to about 600 ps for the Q1
component) was independent of Zx [60]. Finally, it was concluded
from spectroscopic analyses of isolated LHCII that Zx promotes the
oligomerization of LHCII [159], which can possibly explain the above-
mentioned characteristics of Q1.

Upon illumination of dark-adapted leaves, the generation of maxi-
mum ¢E is rate-limited by the formation of qE-active Zx [51]. Since
only a small fraction of the overall VAZ pool is converted to Zx in the
time range of full activation of qE (within <3 min), only a rapidly
convertible pool of Vx could be responsible for the enhancing effect
of Zx on qE under these experimental conditions in Arabidopsis. The
required rapid conversion kinetics have been determined for non-
protein-bound Vx and Vx bound to the V1 site of LHCII [64]. Thus,
rapidly convertible VAZ pigments in the close vicinity of LHCII are
most likely involved in the modulation of qE by Zx.

In contrast to Q1, the activation of Q2 was found to be independent
of PsbS, but strongly dependent on Zx, implying an important role of
Zx in the associated quenching process [60]. Although the mechanistic
basis of the quenching process in Q2 has not been determined
unequivocally, it is possible that the reported formation of Zx-Chl CT
states [92] is involved in this type of quenching. Since Zx-Chl CT states
have been shown to occur predominantly in the minor antenna
proteins (Lhcb4-6), but not in LHCII trimers [93], it can be speculated
that the minor LHCs represent the Q2 site of quenching. Such an
interpretation would be consistent with the described PsbS- and pH-
independent type of quenching found in the minor antenna complex
Lhcb5 [160]. Due to missing information on the kinetics of formation
and relaxation of quenching at Q2, however, it cannot yet be decided,
whether the quenching at Q2 represents strictly pH-controlled
processes, and thus a Zx-dependent component of qE quenching, or
possibly a more slowly developing and relaxing component of NPQ
related to qZ [51] or even gl [57,160]. Irrespective of these remaining
questions, however, it is clear that quenching at Q2 is caused by,
and identifies, a Zx-dependent NPQ component in the PSlI-attached
antenna.

It is worth to point out here, that the details of the qE char-
acteristics and the role of Zx in qE described above have been derived
mainly from investigations performed with Arabidopsis (wild-type
and mutant) plants. It will be important to determine in future work
whether these characteristics may vary or be different in species
with generally other properties (e.g. long-lived slow growing species,
perennial evergreens or sun and shade plants).

3.3.2. The role of Zx in qZ

Based on detailed studies on the dynamics of NPQ and xanthophyll
conversion, the qZ component of NPQ has been identified as a slowly-
developing (10-30 min) and slowly-relaxing (10-60 min) compo-
nent of NPQ [51] (Fig. 3). Due to its dependence on Zx, the formation
and relaxation of qZ are also indirectly dependent on the lumen pH,
since Zx formation requires a low lumen pH and Zx epoxidation
occurs only in the absence of a high ApH. However, once established,
gZ contributes to NPQ even in the absence of a ApH, thus allowing a
sustained dissipation of energy after longer periods of high light
illumination, similar to ql (see Section 3.3.3). In physiological terms,
such a mechanism can be understood as a kind of ‘memory state’ of
high light stress, allowing a rapid reactivation of highly efficient
quenching of plants in case of re-illumination with higher light
intensities. It has been speculated that such a ‘memory state’ may be
attributed to the gl component of NPQ [9]. However, the appearance
of a more slowly relaxing NPQ component (with similar character-
istics as qZ) under prolonged illumination at saturating light inten-
sities was shown not to be associated with a further reduction of the
PSII quantum yield and hence not related to the photoinhibitory gl
quenching [57]. It is thus very likely that qZ is identical to the NPQ

component that was originally related to a Zx-dependent portion of ql
[161-165], but which can now better be interpreted as a qE- and ql-
independent, but Zx-dependent NPQ component generated in the
antenna of PSII [51,57,160]. The Zx-accumulating npg2 mutant can
thus be expected to be arrested in the gZ state. In fact, the reduced
F,/Fp, ratio found in unstressed dark-adapted npq2 plants (0.73-0.75)
in comparison with wild-type plants (0.82-0.84) is indicative of a
permanent NPQ, which is likely to reflect qZ (and not any gl state).
Strikingly, the reduction of the F,/F, from about 0.83 to 0.74
corresponds to an NPQ value of about 0.5, which is close to the
amplitude of qZ determined in Arabidopsis wild-type plants [51].

These characteristics of qZ hint at a possible connection between
gZ and photoinhibitory quenching ql, and might thereby promote
the proposed transition from the qE to the gl state [166,167]. Such
a connection is further supported by the notion that both NPQ
components, qZ and ql, show a retardation of the relaxation kinetics
under increasing light stress conditions concomitant with the re-
tardation of Zx epoxidation. As shown in the example in Fig. 5, both
Zx formation (during illumination) and reconversion (upon re-
darkening) correlate kinetically with the formation and relaxation,
respectively, of the more slowly developing NPQ components qZ and
ql, but not with the dynamics of qE. Strikingly, the pronounced
slowing of NPQ relaxation after illumination at 1800 pE (relative to
illumination at 900 LE) was paralleled by a very similar reduction of
the Zx epoxidation kinetics. Moreover, the increase of the portion of
irreversible (i.e. lifetime >2 h) NPQ (ql) was paralleled by an increase
of the portion of non-convertible (ie. lifetime >2h) Zx (Fig. 5).
Although this correlation is likely to reflect a pronounced role of Zx in
gZ and ql, no conclusions can be drawn from such correlations about
the mechanistic basis of such a function. In particular, it remains to be
clarified whether Zx has a direct or indirect function in these two
photoprotective mechanisms. As already discussed above, qZ may
constitute a contribution to quenching at the Zx-dependent site Q2
located at antenna proteins that remain associated with PSII [60]
(Fig. 2) and may possibly be attributed to the formation of a Chl-Zea
CT state in the minor antenna complexes Lhcb4-6 [53,93], while a part
of qI may rather be located in the reaction center (RC) of PSIIL Taking
all available data together it becomes evident that a substantial part
of the slow quenching traditionally assigned to the gl component
does not represent genuine photoinhibition (in the sense of impaired
photochemistry), but rather a slowly reversible genuine NPQ com-
ponent that is Zx-dependent.

3.3.3. The role of Zx in ql

It becomes increasingly clear that the term ql is rather ill-defined
and comprises all NPQ states that relax more slowly than qE and qZ.
Traditionally, gl has been defined rather technically as the very slow
or non-relaxing quenching component. Due to this unclear definition,
ql reflects all processes that contribute to long-lasting down-
regulation, inactivation or damaging of PSIL In the classical sense,
photoinhibition is defined as the light-induced reduction of the
quantum yield of photosynthetic carbon fixation [168], irrespective of
the underlying mechanism. Due to the complexity of the high-light-
induced inactivation of PSII in the long-term, however, it is likely that
several different processes contribute to this traditional ql term [169],
such as the actual irreversible inactivation of PSII due to acceptor side
inhibition [170,171], donor side inhibition [172,173] or UV-B related
inactivation of PSII [174,175]. While these types of PSII photoinhibi-
tion are associated, in a broad sense, with the inactivation of the D1
protein which has to be replaced after degradation by newly syn-
thesized D1, also sustained down-regulation of PSII by maintenance of
a ApH in the dark due to ATP hydrolysis [176] or by maintenance of
sequestered protons in the thylakoid membrane [177] will give rise to
ql [178,179].

Independent of the underlying photophysical mechanisms of ql, Zx
seems to play a crucial function in all of these processes. This
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Fig. 5. Comparison of the kinetics of NPQ induction/relaxation with the kinetics of Zx formation/epoxidation. Dark-adapted Arabidopsis WT plants were illuminated for 180 min at
light intensities of 900 pE (A) or 1800 LE (B) and subsequently transferred to darkness for 120 min (C, D). For direct comparison of the dynamics of NPQ (circles) and Zx conversion
(triangles), the amplitudes of the pigment data were fitted to match the amplitudes of the more slowly developing (>2 min) and relaxing (>2 min) NPQ components, qZ and ql, only.

assumption can be derived from the fact that any sustained down-
regulation or inactivation of PSII is accompanied by the retention of Zx
under in vivo conditions. In Arabidopsis, increasing photo-oxidative
stress in the short-term (i.e. during illumination for up to 8 h) induced
either by prolonged illumination, increasing light intensities or
illumination at low temperature, has been shown to induce a gradual
down-regulation of ZxE activity [114], leading to nearly full
inactivation of Zx epoxidation after the harshest treatments, as can
be found under natural conditions e.g. in evergreen plants during
winter acclimation [116,117]. The sustained retention of Zx in
evergreen species during winter has been found to correlate not
only with the decrease of PSII efficiency but also with the
phosphorylation of D1 and an increase of PsbS [180-183]. The
differential retention of Zx in response to different photo-oxidative
stress conditions thus suggests that the rate of Zx epoxidation
represents a long-term memory (i.e. many hours) of the chloroplast
with respect to preceding photo-oxidative stress and strongly
supports the outstanding importance of Zx as a crucial photoprotec-
tive xanthophyll. Although the molecular basis for the repression of Zx
epoxidation has not been elucidated so far, it can be speculated that
this phenomenon is related to a direct inactivation of the ZXE, since
the reduction of the ZxE activity has been shown to be maintained in
thylakoids isolated from high-light-treated plants [114]. Such a high-
light-induced inactivation of the ZxE might be established e.g. by ROS-
induced modifications or by phosphorylation.

The exact role of Zx in ql is still unclear. This uncertainty is related
primarily to the lack of sufficient differentiation of the processes
summarized traditionally under the gl term and also in part to a
contradictory use of this term in the literature. Since at least parts of
the processes that contribute to ql are clearly related to the light-
induced inactivation of the D1 protein and thus require D1 degra-
dation and resynthesis, any direct effect of Zx might be expected to
serve the protection of inactivated PSII RCs. Whether such protective

mechanisms involve a direct interaction of Zx with the RC of PSII
or are restricted to the protection of the PSII antenna proteins,
remains to be clarified. Alternatively, such a photoprotective function
of Zx in gl might also be simply related only to the antioxidative
function of Zx in the lipid phase of the membrane (see Section 3.2). In
this context, it should be recalled that slowly reversible quenching
states, traditionally summarized under the term ql, generally develop
more strongly (and relax more slowly) in the absence of Zx (as in
the npq1 mutant) and are clearly reduced upon permanent accumula-
tion of high levels of Zx (as e.g. in the npg2 mutant) [51]. Accordingly,
Zx deficient plants show increased photo-oxidative stress and Zx-
accumulating plants decreased photo-oxidative stress even in the
absence of antenna proteins as also judged from the formation of ROS
[106]. The nearly complete and sustained depression of F,/Fy, to values
near zero concomitant with the reduction of the photosynthetic
capacity in strongly Zx-accumulating over-wintering evergreens dem-
onstrates, however, that a strong reduction of the PSII efficiency is not
under all conditions an indicator of undesirable photoinhibition, but
may also represent a powerful photoprotective mechanism to reduce
ROS formation [144]. These findings underline the important photo-
protective role of Zx under a large variety of photooxidative and
photoinhibitory conditions.

4. NPQ and photoprotection

Typically, the NPQ response and maximal NPQ capacity of photo-
synthetic organisms are determined via the PAM pulse fluorometer
method that compares the maximal PSII fluorescence intensity of
the system under high light stress (F,’) to the maximal fluorescence
intensity emitted from the system after dark adaptation (F,,), each
measured after a short strong light pulse has been applied to close all
PSII centers [184]. This type of measurement yields the so-called “NPQ
parameter”, defined as qNsy = F,/Fi’~1 based on the assumption of
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Stern-Volmer quenching [185]. In general, it is assumed that an
increase of qNgy results in a corresponding more or less linear increase
of the actual photoprotection to the photosystems, in particular of
PSIL This means that gNsy is actually implicitly taken as a proxy for
the degree of photoprotection. Typically, the maximal qNsy measured
in higher plants at saturating light is up to 5-6 [186,187] but much
higher values can sometimes be observed, e.g. in diatom algae [188]. It
is worthwhile to point out that the quantitative relationship between
qNsy and the actual photoprotection of PSII - the actual effect of
interest for plant survival - has thus far not been demonstrated nor
has a quantitative relationship been derived that would support
that notion. In order to judge the physiological importance of the
different NPQ processes and their photoprotection effects, it will thus
be important to understand the quantitative relationship between a
given level of qNsy and the actual level of photoprotection on the
photosystems under a given set of physiological conditions. Recent
estimates from our laboratories (P. Lambrev, Y. Miloslavina, P. Jahns
and A.R. Holzwarth, unpublished) indicate that one can by no
means assume that the relationship between relative fluorescence
quenching - as measured by the gNsy parameter - and actual
photoprotection should be linear. Detailed future work will have to
explore this relationship in detail. Until such detailed insight is
available it will be difficult, if not impossible, to judge and
differentiate the actual impact and relevance of the various xantho-
phylls on physiological photoprotection.

5. Conclusions

Two xanthophylls, Lut and Zx, have been shown to serve essential
photoprotective functions in PSII. While the role of Lut is mainly
restricted to its unique function in the deactivation of excited triplet
Chl (3ChI™) states, Zx is a major player in the deactivation of excited
singlet Chl ('ChI*) state and thus in NPQ. Although the exact role of
Zx in NPQ is not completely understood, overwhelming evidence
supports that Zx contributes - at least partly - to all NPQ mechanisms
except qT (state transitions). It is assumed that Zx is - either directly
or indirectly - involved in the activation of NPQ states, first in the
peripheral LHCII antenna (qE), and at the longer time scale in the
minor antenna complexes (qZ), and finally probably also in the re-
action center (ql). In addition to its role in NPQ processes, Zx serves
further important functions as antioxidant in the lipid phase of the
membrane. The central role of Zx in these photoprotective processes
is reflected by the differential down-regulation of Zx epoxidation in
response to photo-oxidative stress, which allows the rapid reactiva-
tion of the pH-dependent qE state and the differential retention of
pH-independent NPQ states (qZ and ql) as well as of more general
antioxidative properties of Zx. According to these central photo-
protective functions, Zx can be suggested to act as a key component
in the memory of the chloroplast with respect to preceding photo-
oxidative stress.

Acknowledgments

This work was supported by the Deutsche Forschungsgemeinschaft
(JA 665/8-1) (P.J.) and by the European Union (Marie Curie Research
and Training Network "Harvest") (A.R.H.).

References

[1] ZR.Li, S. Wakao, B.B. Fischer, K.K. Niyogi, Sensing and responding to excess light,
Annu Rev Plant Biol 60 (2009) 239-260.

[2] A.H. Mehler, Studies on reactions of illuminated chloroplasts. 1. Mechanism of
the reduction of oxygen and other Hill reagents, Arch Biochem Biophys 33
(1951) 65-77.

[3] G.Ananyev, G. Renger, U. Wacker, V. Klimov, The photoproduction of superoxide
radicals and the superoxide-dismutase activity of Photosystem Il — the possible
involvement of cytochrome b559, Photosynth Res 41 (1994) 327-338.

[4] B. Halliwell, ].M.C. Gutteridge, Free Radicals in Biology and Medicine, Press,
Oxford, Oxford Univ., 2007

[5] K.Apel, H. Hirt, Reactive oxygen species: Metabolism, oxidative stress, and signal
transduction, Annu Rev Plant Biol 55 (2004) 373-399.

[6] A. Krieger-Liszkay, Singlet oxygen production in photosynthesis, ] Exp Bot 56
(2005) 337-346.

[7] C.Triantaphylides, M. Havaux, Singlet oxygen in plants: production, detoxifica-
tion and signaling, Trends Plant Sci 14 (2009) 219-228.

[8] A.Telfer, What is beta-carotene doing in the photosystem Il reaction centre? Phil

Trans R Soc London, Ser B 357 (2002) 1431-1439.

P. Horton, M. Wentworth, A. Ruban, Control of the light harvesting function of

chloroplast membranes: the LHCII-aggregation model for non-photochemical

quenching, FEBS Lett 579 (2005) 4201-4206.

[10] C.H. Foyer, G. Noctor, Ascorbate and glutathione: the heart of the redox hub,
Plant Physiol 155 (2011) 2-18.

[11] CH. Foyer, G. Noctor, Oxidant and antioxidant signalling in plants: a re-
evaluation of the concept of oxidative stress in a physiological context, Plant Cell
Environ 28 (2005) 1056-1071.

[12] S.]Jansson, The light-harvesting chlorophyll a/b-binding proteins, Biochim Biophys
Acta 1184 (1994) 1-19.

[13] S. Jansson, A guide to the Lhc genes and their relatives in Arabidopsis, Trends
Plant Sci 4 (1999) 236-240.

[14] T. Morosinotto, S. Caffarri, L. Dall'Osto, R. Bassi, Mechanistic aspects of the
xanthophyll dynamics in higher plant thylakoids, Physiol Plant 119 (2003) 347-354.

[15] J.P. Dekker, E.J. Boekema, Supramolecular organization of thylakoid membrane
proteins in green plants, Biochim Biophys Acta 1706 (2005) 12-39.

[16] ZF.Liu, H.C. Yan, K.B. Wang, T.Y. Kuang, ].P. Zhang, L.L. Gui, X.M. An, W.R. Chang,
Crystal structure of spinach major light-harvesting complex at 2.72 angstrom
resolution, Nature 428 (2004) 287-292.

[17] ]. Standfuss, A.C.T. van Scheltinga, M. Lamborghini, W. Kiithlbrandt, Mechanisms
of photoprotection and nonphotochemical quenching in pea light-harvesting
complex at 2.5 A resolution, EMBO ] 24 (2005) 919-928.

[18] A. Amunts, O. Drory, N. Nelson, The structure of a plant photosystem I
supercomplex at 3.4 Angstrom resolution, Nature 447 (2007) 58-63.

[19] D.I. Sapozhnikov, T.A. Krasovskaya, A.N. Maevskaya, Change in the interrela-
tionship of the basic carotenoids of the plastids of green leaves under the action
of light, Dokl Akad Nauk USSR 113 (1957) 465-467.

[20] H.Y. Yamamoto, T.0.M. Nakayama, C.O. Chichester, Studies on the light and
dark interconversions of leaf xanthophylls, Arch Biochem Biophys 97 (1962)
168-173.

[21] P.]Jahns, D. Latowski, K. Strzalka, Mechanism and regulation of the violaxanthin
cycle: the role of antenna proteins and membrane lipids, Biochim Biophys Acta
1787 (2009) 3-14.

[22] R.A. Bungard, A.V. Ruban, .M. Hibberd, M.C. Press, P. Horton, J.D. Scholes,
Unusual carotenoid composition and a new type of xanthophyll cycle in plants,
Proc Natl Acad Sci U S A 96 (1999) 1135-1139.

[23] ]I Garcia-Plazaola, S. Matsubara, C.B. Osmond, The lutein epoxide cycle in higher
plants: its relationships to other xanthophyll cycles and possible functions, Funct
Plant Biol 34 (2007) 759-773.

[24] R. Esteban, ].M. Olano, ]. Castresana, B. Fernandez-Marin, A. Hernandez, .M.
Becerril, J.I. Garcia-Plazaola, Distribution and evolutionary trends of photo-
protective isoprenoids (xanthophylls and tocopherols) within the plant
kingdom, Physiol Plant 135 (2009) 379-389.

[25] M.G. Rakhimberdieva, LN. Stadnichuk, T.V. Elanskaya, N.V. Karapetyan, Carot-
enoid-induced quenching of the phycobilisome fluorescence in photosystem II-
deficient mutant of Synechocystis sp, FEBS Lett 574 (2004) 85-88.

[26] A. Wilson, G. Ajlani, .M. Verbavatz, 1. Vass, C.A. Kerfeld, D. Kirilovsky, A soluble
carotenoid protein involved in phycobilisome-related energy dissipation in
cyanobacteria, Plant Cell 18 (2006) 992-1007.

[27] D. Kirilovsky, Photoprotection in cyanobacteria: the orange carotenoid protein
(OCP)-related non-photochemical-quenching mechanism, Photosynth Res 93
(2007) 7-16.

[28] C.A. Kerfeld, M.R. Sawaya, V. Brahmandam, D. Cascio, K.K. Ho, C.C. Trevithick-
Sutton, D.W. Krogmann, T.O. Yeates, The crystal structure of a cyanobacterial
water-soluble carotenoid binding protein, Structure 11 (2003) 55-65.

[29] A. Wilson, C. Punginelli, A. Gall, C. Bonetti, M. Alexandre, ].M. Routaboul, C.A.
Kerfeld, R. van Grondelle, B. Robert, ].T.M. Kennis, D. Kirilovsky, A photoactive
carotenoid protein acting as light intensity sensor, Proc Natl Acad Sci U S A 105
(2008) 12075-12080.

[30] C.Boulay, A. Wilson, S. D'Haene, D. Kirilovsky, Identification of a protein required
for recovery of full antenna capacity in OCP-related photoprotective mechanism
in cyanobacteria, Proc Natl Acad Sci U S A 107 (2010) 11620-11625.

[31] R. Goss, T. Jakob, Regulation and function of xanthophyll cycle-dependent
photoprotection in algae, Photosynth Res 106 (2010) 103-122.

[32] R. Goss, E.A. Pinto, C. Wilhelm, M. Richter, The importance of a highly active and
Delta pH-regulated diatoxanthin epoxidase for the regulation of the PSII antenna
function in diadinoxanthin cycle containing algae, ] Plant Physiol 163 (2006)
1008-1021.

[33] E. Garcia-Mendoza, M.F. Colombo-Pallotta, The giant kelp Macrocystis pyrifera
presents a different nonphotochemical quenching control than higher plants,
New Phytol 173 (2007) 526-536.

[34] G. Peers, T.B. Truong, E. Ostendorf, A. Busch, D. Elrad, A.R. Grossman, M. Hippler,
K.K. Niyogi, An ancient light-harvesting protein is critical for the regulation of
algal photosynthesis, Nature 462 (2009) 518-521.

[35] K.K. Niyogi, O. Bjorkman, A.R. Grossman, The roles of specific xanthophylls in
photoprotection, Proc Natl Acad Sci U S A 94 (1997) 14162-14167.

[9



(36]

(371

(38]

(39]

[40]

P. Jahns, A.R. Holzwarth / Biochimica et Biophysica Acta 1817 (2012) 182-193 191

K.K. Niyogi, O. Bjorkman, A.R. Grossman, Chlamydomonas xanthophyll cycle
mutants identified by video imaging of chlorophyll fluorescence quenching,
Plant Cell 9 (1997) 1369-1380.

D. Elrad, KK. Niyogi, AR. Grossman, A major light-harvesting polypeptide
of photosystem II functions in thermal dissipation, Plant Cell 14 (2002)
1801-1816.

H. Stransky, A. Hager, Carotenoid pattern and occurrence of light induced
xanthophyll cycle in various classes of algae. 6. Chemosystematic study, Arch
Mikrobiol 73 (1970) 315-323.

K.K. Niyogi, A.R. Grossman, O. Bjérkman, Arabidopsis mutants define a central
role for the xanthophyll cycle in the regulation of photosynthetic energy
conversion, Plant Cell 10 (1998) 1121-1134.

G. Bonente, M. Ballottari, T.B. Truong, T. Morosinotto, T.K. Ahn, G.R. Fleming, K.K.
Niyogi, R. Bassi, Analysis of LhcSR3, a protein essential for feedback de-excitation
in the green alga Chlamydomonas reinhardtii, PLoS Biol 9 (2011).

[41] J. Allmer, B. Naumann, C. Markert, M. Zhang, M. Hippler, Mass spectrometric

[42]

[43]

[44]

[45]

(46]

[47]

(48]
[49]

(50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

(60]

(61]

(62]

genomic data mining: Novel insights into bioenergetic pathways in Chlamydo-
monas reinhardtii, Proteomics 6 (2006) 6207-6220.

G. Bonente, F. Passarini, S. Cazzaniga, C. Mancone, M.C. Buia, M. Tripodi, R. Bassi,
S. Caffarri, The occurrence of the PsbS gene product in Chlamydomonas
reinhardtii and in other photosynthetic organisms and its correlation with
energy quenching, Photochem Photobiol 84 (2008) 1359-1370.

R. Miller, G. Wu, R.R. Deshpande, A. Vieler, K. Gartner, X. Li, E.R. Moellering, S.
Zauner, AJ. Cornish, B. Liu, B. Bullard, B.B. Sears, M.H. Kuo, E.L. Hegg, Y. Shachar-
Hill, S.H. Shiu, C. Benning, Changes in transcript abundance in Chlamydomonas
reinhardtii following nitrogen deprivation predict diversion of metabolism, Plant
Physiol 154 (2010) 1737-1752.

A. Alboresi, C. Gerotto, G.M. Giacometti, R. Bassi, T. Morosinotto, Physcomitrella
patens mutants affected on heat dissipation clarify the evolution of photo-
protection mechanisms upon land colonization, Proc Natl Acad Sci U S A 107
(2010) 11128-11133.

A.G. Koziol, T. Borza, KI. Ishida, P. Keeling, RW. Lee, D.G. Durnford, Tracing
the evolution of the light-harvesting antennae in chlorophyll a/b-containing
organisms, Plant Physiol 143 (2007) 1802-1816.

X.-P. Li, O. Bjérkman, C. Shih, AR. Grossman, M. Rosenquist, S. Jansson, K.K.
Niyogi, A pigment-binding protein essential for regulation of photosynthetic
light harvesting, Nature 403 (2000) 391-395.

X.P. Li, AM. Gilmore, S. Caffarri, R. Bassi, T. Golan, D. Kramer, K.K. Niyogi,
Regulation of photosynthetic light harvesting involves intrathylakoid lumen pH
sensing by the PsbS protein, ] Biol Chem 279 (2004) 22866-22874.

B. Demmig-Adams, Carotenoids and photoprotection in plants: a role for the
xanthophyll zeaxanthin, Biochim Biophys Acta 1020 (1990) 1-24.

B. Demmig-Adams, W.W. Adams, The role of xanthophyll cycle carotenoids in
the protection of photosynthesis, Trends Plant Sci 1 (1996) 21-26.

L. Kalituho, K.C. Beran, P. Jahns, The transiently generated nonphotochemical
quenching of excitation energy in Arabidopsis leaves is modulated by zeaxanthin,
Plant Physiol 143 (2007) 1861-1870.

M. Nilkens, E. Kress, P.H. Lambrev, Y. Miloslavina, M. Miiller, A.R. Holzwarth, P. Jahns,
Identification of a slowly inducible zeaxanthin-dependent component of non-
photochemical quenching of chlorophyll fluorescence generated under steady state
conditions in Arabidopsis, Biochim Biophys Acta (2010) 466-475.

A.A. Pascal, ZF. Liu, K. Broess, B. van Oort, H. van Amerongen, C. Wang, P. Horton,
B. Robert, W.R. Chang, A. Ruban, Molecular basis of photoprotection and control
of photosynthetic light-harvesting, Nature 436 (2005) 134-137.

T.K. Ahn, T.J. Avenson, M. Ballottari, Y.C. Cheng, K.K. Niyogi, R. Bassi, G.R. Fleming,
Architecture of a charge-transfer state regulating light harvesting in a plant
antenna protein, Science 320 (2008) 794-797.

T.J. Avenson, T.K. Ahn, K.K. Niyogi, M. Ballottari, R. Bassi, G.R. Fleming, Lutein
can act as a switchable charge transfer quencher in the CP26 light-harvesting
complex, ] Biol Chem 284 (2009) 2830-2835.

M. Ballottari, J. Girardon, N. Betterle, T. Morosinotto, R. Bassi, Identification of
the chromophores involved in aggregation-dependent energy quenching of the
monomeric photosystem Il antenna protein Lhcb5, ] Biol Chem 285 (2010)
28309-28321.

L. Kovacs, J. Damkjaer, S. Kereiche, C. Ilioaia, A.V. Ruban, E,J. Boekema, S. Jansson, P.
Horton, Lack of the light-harvesting complex CP24 affects the structure and function
of the grana membranes of higher plant chloroplasts, Plant Cell 18 (2006) 3106-3120.
N. Betterle, M. Ballottari, S. Zorzan, S. de Bianchi, S. Cazzaniga, L. Dall'Osto, T.
Morosinotto, R. Bassi, Light-induced dissociation of an antenna hetero-oligomer
Is needed for non-photochemical quenching induction, ] Biol Chem 284 (2009)
15255-15266.

S. de Bianchi, L. Dall'Osto, G. Tognon, T. Morosinotto, R. Bassi, Minor antenna
proteins CP24 and CP26 affect the interactions between photosystem Il subunits
and the electron transport rate in grana membranes of Arabidopsis, Plant Cell 20
(2008) 1012-1028.

D. Elrad, AR. Grossman, A genome's-eye view of the light-harvesting poly-
peptides of Chlamydomonas reinhardtii, Curr Genetics 45 (2004) 61-75.

AR Holzwarth, Y. Miloslavina, M. Nilkens, P. Jahns, Identification of two quenching
sites active in the regulation of photosynthetic light-harvesting studied by time-
resolved fluorescence, Chem Phys Lett 483 (2009) 262-267.

F.G. Plumley, G.W. Schmidt, Reconstitution of chlorophyll a/b light-harvesting
complexes: xanthophyll-dependent assembly and energy transfer, Proc Natl
Acad Sci U S A 84 (1987) 146-150.

H. Paulsen, U. Riimler, W. Ridiger, Reconstitution of pigment-containing
complexes from light-harvesting chlorophyll a/b-binding protein overexpressed
in Escherichia coli, Planta 181 (1990) 204-211.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]
[79]

[80]

[81]

[82]

[83]

(84]

[85]

(86]

[87]

[88]

[89]

[90]

P. Jahns, A. Wehner, H. Paulsen, S. Hobe, De-epoxidation of violaxanthin after
reconstitution into different carotenoid binding sites of light-harvesting complex
11, ] Biol Chem 276 (2001) 22154-22159.

A. Wehner, T. Grasses, P. Jahns, De-epoxidation of violaxanthin in the minor
antenna proteins of photosystem II, LHCB4, LHCB5, and LHCBS, ] Biol Chem 281
(2006) 21924-21933.

B. Pogson, K.A. McDonald, M. Truong, G. Britton, D. DellaPenna, Arabidopsis
carotenoid mutants demonstrate that lutein is not essential for photosynthesis
in higher plants, Plant Cell 8 (1996) 1627-1639.

H. Lokstein, L. Tian, J.E.W. Polle, D. DellaPenna, Xanthophyll biosynthetic mutants
of Arabidopsis thaliana: altered nonphotochemical quenching of chlorophyll
fluorescence is due to changes in photosystem II antenna size and stability,
Biochim Biophys Acta 1553 (2002) 309-319.

L. Dall'Osto, C. Lico, J. Alric, G. Giuliano, M. Havaux, R. Bassi, Lutein is needed for
efficient chlorophyll triplet quenching in the major LHCII antenna complex of
higher plants and effective photoprotection in vivo under strong light, BMC Plant
Biol 6 (2006).

M. Havaux, L. Dall'Osto, S. Cuine, G. Giuliano, R. Bassi, The effect of zeaxanthin as
the only xanthophyll on the structure and function of the photosynthetic
apparatus in Arabidopsis thaliana, ] Biol Chem 279 (2004) 13878-13888.

D. Siefermann-Harms, Carotenoids in photosynthesis. I. Location in photosynthetic
membranes and light-harvesting function, Biochim Biophys Acta 811 (1985)
325-335.

EJ.G. Peterman, R. Monshouwer, LH.M. van Stokkum, R. van Grondelle, H. van
Amerongen, Ultrafast singlet excitation transfer from carotenoids to chloro-
phylls via different pathways in light-harvesting complex II of higher plants,
Chem Phys Lett 264 (1997) 279-284.

E. Formaggio, G. Cinque, R. Bassi, Functional architecture of the major light-
harvesting complex from higher plants, ] Mol Biol 314 (2001) 1157-1166.

R. Croce, M.G. Miiller, R. Bassi, A.R. Holzwarth, Carotenoid-to-chlorophyll energy
transfer in recombinant major light-harvesting complex (LHCII) of higher plants. I.
Femtosecond transient absorption measurements, Biophys ] 80 (2001) 901-915.
L. Kalituho, J. Rech, P. Jahns, The role of specific xanthophylls in light utilization,
Planta 225 (2007) 423-439.

S. Matsubara, T. Morosinotto, C.B. Osmond, R. Bassi, Short- and long-term
operation of the lutein-epoxide cycle in light-harvesting antenna complexes,
Plant Physiol 144 (2007) 926-941.

S. Matsubara, G.H. Krause, J. Aranda, A. Virgo, K.G. Beisel, P. Jahns, K. Winter, Sun-
shade patterns of leaf carotenoid composition in 86 species of neotropical forest
plants, Funct Plant Biol 36 (2009) 20-36.

S. Matsubara, M. Naumann, R. Martin, C. Nichol, U. Rascher, T. Morosinotto, R.
Bassi, B. Osmond, Slowly reversible de-epoxidation of lutein-epoxide in deep
shade leaves of a tropical tree legume may ‘lock-in’ lutein-based photoprotec-
tion during acclimation to strong light, ] Exp Bot 56 (2005) 461-468.

P. Mathis, W.L. Butler, K. Satoh, Carotenoid triplet-state and chlorophyll
fluorescence quenching in chloroplasts and sub-chloroplast particles, Photo-
chem Photobiol 30 (1979) 603-614.

D. Siefermann-Harms, The light-harvesting and protective functions of caroten-
oids in photosynthetic membranes, Physiol Plant 69 (1987) 561-568.

W. Kiihlbrandt, D.N. Wang, Y. Fujiyoshi, Atomic model of plant light-harvesting
complex by electron crystallography, Nature 367 (1994) 614-621.

EJ.G. Peterman, F.M. Dukker, R. Van Grondelle, H. van Amerongen, Chlorophyll a
and carotenoid triplet states in light-harvesting complex II of higher plants,
Biophys ] 69 (1995) 2670-2678.

EJ.G. Peterman, C.C. Gradinaru, F. Calkoen, J.C. Borst, R. van Grondelle, H. van
Amerongen, Xanthophylls in light-harvesting complex II of higher plants: light
harvesting and triplet quenching, Biochemistry 36 (1997) 12208-12215.

M. Mozzo, L. Dall'Osto, R. Hienerwadel, R. Bassi, R. Croce, Photoprotection in the
antenna complexes of photosystem Il — role of individual xanthophylls in
chlorophyll triplet quenching, ] Biol Chem 283 (2008) 6184-6192.

BJ. Pogson, KK. Niyogi, O. Bjorkman, D. DellaPenna, Altered xanthophyll
compositions adversely affect chlorophyll accumulation and nonphotochemical
quenching in Arabidopsis mutants, Proc Natl Acad SciUS A95 (1998) 13324-13329.
ZR.Li, TK. Ahn, TJ. Avenson, M. Ballottari, J.A. Cruz, D.M. Kramer, R. Bassi, G.R.
Fleming, ].D. Keasling, KK. Niyogi, Lutein accumulation in the absence of
zeaxanthin restores nonphotochemical quenching in the Arabidopsis thaliana
npql1 mutant, Plant Cell 21 (2009) 1798-1812.

AV.Ruban, R. Berera, C. Ilioaia, I.H.M. van Stokkum, J.T.M. Kennis, A.A. Pascal, H.
van Amerongen, B. Robert, P. Horton, R. van Grondelle, Identification of a
mechanism of photoprotective energy dissipation in higher plants, Nature 450
(2007) 575-578.

A.V. Ruban, M.P. Johnson, Xanthophylls as modulators of membrane protein
function, Arch Biochem Biophys 504 (2010) 78-85.

A.A. Pascal, Z. Liu, K. Broess, B. van Oort, H. van Amerongen, C. Wang, P. Horton, B.
Robert, W. Chang, A.V. Ruban, Molecular basis of photoprotection and control of
photosynthetic light-harvesting, Nature 436 (2005) 134-137.

P. Horton, A.V. Ruban, D. Rees, A.A. Pascal, G. Noctor, AJ. Young, Control of the
light-harvesting function of chloroplast membranes by aggregation of the LHCII
chlorophyll protein complex, FEBS Lett 292 (1991) 1-4.

M.G. Miiller, P. Lambrev, M. Reus, E. Wientjes, R. Croce, A.R. Holzwarth,
Singlet energy dissipation in the photosystem II light-harvesting complex does
not involve energy transfer to carotenoids, Chemphyschem 11 (2010)
1289-1296.

P.H. Lambrev, M. Nilkens, Y. Miloslavina, P. Jahns, A.R. Holzwarth, Kinetic and
spectral resolution of multiple non-photochemical quenching components in
Arabidopsis leaves, Plant Physiol 152 (2010) 1611-1624.



192

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

(112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

P. Jahns, A.R. Holzwarth / Biochimica et Biophysica Acta 1817 (2012) 182-193

Y. Miloslavina, A. Wehner, P.H. Lambrev, E. Wientjes, M. Reus, G. Garab, R. Croce,
AR. Holzwarth, Far-red fluorescence: a direct spectroscopic marker for LHCII
oligomer formation in non-photochemical quenching, FEBS Lett 582 (2008)
3625-3631.

N.E. Holt, D. Zigmantas, L. Valkunas, X.P. Li, K.K. Niyogi, G.R. Fleming, Carotenoid
cation formation and the regulation of photosynthetic light harvesting, Science
307 (2005) 433-436.

TJ. Avenson, T.K. Ahn, D. Zigmantas, K.K. Niyogi, Z. Li, M. Ballottari, R. Bassi, G.R.
Fleming, Zeaxanthin radical cation formation in minor light-harvesting
complexes of higher plant antenna, ] Biol Chem 283 (2008) 3550-3558.

HY. Yamamoto, Y. Wang, L. Kamite, Chloroplast absorbance change from
violaxanthin de-epoxidation. A possible component of 515 nm changes, Biochem
Biophys Res Commun 42 (1971) 37-42.

D. Siefermann, H.Y. Yamamoto, Light-induced de-epoxidation of violaxanthin in
lettuce chloroplasts. IIl. Reaction kinetics and effect of light intensity on de-
epoxidase activity and substrate availability, Biochim Biophys Acta 357 (1974)
144-150.

D. Siefermann, H.Y. Yamamoto, Properties of NADPH and oxygen-dependent
zeaxanthin epoxidation in isolated chloroplasts, Arch Biochem Biophys 171
(1975) 70-77.

D.C. Rockholm, H.Y. Yamamoto, Violaxanthin de-epoxidase: purification of a 43-
kilodalton lumenal protein from lettuce by lipid-affinity precipitation with
monogalactosyldiacylglyceride, Plant Physiol 110 (1996) 697-703.

R.C. Bugos, A.D. Hieber, H.Y. Yamamoto, Xanthophyll cycle enzymes are members
of the lipocalin family, the first identified from plants, ] Biol Chem 273 (1998)
15321-15324.

A. Hager, Die Zusammenhdnge zwischen lichtinduzierten Xanthophyll- Umwan-
dlungen und der Hill-Reaktion, Ber Dtsch Bot Ges 79 (1966) 94-107.

A. Hager, Lichtbedingte pH-Erniedrigung in einem Chloroplastenkompartiment
als Ursache der enzymatischen Violaxanthin- Zeaxanthin-Umwandlung; Bezie-
hungen zur Photophosphorylierung, Planta 89 (1969) 224-243.

A. Hager, K. Holocher, Localization of the xanthophyll-cycle enzyme violaxanthin
de-epoxidase within the thylakoid lumen and abolition of its mobility by a
(light-dependent) pH decrease, Planta 192 (1994) 581-589.

K. Biich, H. Stranky, A. Hager, FAD is a further essential cofactor of the NAD(P)H
and O,-dependent zeaxanthin-epoxidase, FEBS Lett 376 (1995) 45-48.

B. Demmig, K. Winter, A. Kriiger, F.-C. Czygan, Photoinhibition and zeaxanthin
formation in intact leaves. A possible role of the xanthophyll cycle in the
dissipation of excess light, Plant Physiol 84 (1987) 218-224.

B. Demmig-Adams, W.W. Adams, Photoprotection in an ecological context:
the remarkable complexity of thermal energy dissipation, New Phytol 172
(2006) 11-21.

B. Demmig-Adams, W.W. Adams III, Photoprotection and other responses
of plants to high light stress, Ann Rev Plant Physiol Plant Mol Biol 43 (1992)
599-626.

M. Havaux, L. Dall'Osto, R. Bassi, Zeaxanthin has enhanced antioxidant
capacity with respect to all other xanthophylls in Arabidopsis leaves and
functions independent of binding to PSII antennae, Plant Physiol 145 (2007)
1506-1520.

L. Dall'Osto, S. Cazzaniga, M. Havaux, R. Bassi, Enhanced photoprotection by
protein-bound vs free xanthophyll pools: a comparative analysis of chlorophyll b
and xanthophyll biosynthesis mutants, Mol Plant 3 (2010) 576-593.

P. Jahns, The xanthophyll cycle in intermittent light grown pea plants: possible
functions of chlorophyll a/b binding proteins, Plant Physiol 108 (1995) 149-156.
H. Hartel, H. Lokstein, B. Grimm, B. Rank, Kinetic studies on the xanthophyll cycle
in barley leaves. Influence of antenna size and relations to nonphotochemical
chlorophyll fluorescence quenching, Plant Physiol 110 (1996) 471-482.

B. Demmig-Adams, V. Ebbert, D.L. Mellman, K.E. Mueh, L. Schaffer, C. Funk, C.R.
Zarter, I. Adamska, S. Jansson, W.W. Adams, Modulation of PsbS and flexible vs
sustained energy dissipation by light environment in different species, Physiol
Plant 127 (2006) 670-680.

W.W. Adams, B. Demmig-Adams, Operation of the xanthophyll cycle in higher
plants in response to diurnal changes in incident sunlight, Planta 186 (1992)
390-398.

A. Wehner, S. Storf, P. Jahns, V.H.R. Schmid, De-epoxidation of violaxanthin in
light-harvesting complex I proteins, ] Biol Chem 279 (2004) 26823-26829.

S. Schaller, D. Latowski, M. Jemiola-Rzeminska, C. Wilhelm, K. Strzalka, R. Goss, The
main thylakoid membrane lipid monogalactosyldiacylglycerol (MGDG) promotes
the de-epoxidation of violaxanthin associated with the light-harvesting complex of
photosystem II (LHCII), Biochim Biophys Acta 1797 (2010) 414-424.

C. Reinhold, S. Niczyporuk, K.C. Beran, P. Jahns, Short-term down-regulation of
zeaxanthin epoxidation in Arabidopsis thaliana in response to photo-oxidative
stress conditions, Biochim Biophys Acta 1777 (2008) 462-469.

D. Siefermann, H.Y. Yamamoto, NADPH and oxygen-dependent epoxidation of
zeaxanthin in isolated chloroplasts, Biochem Biophys Res Commun 62 (1975)
456-461.

G. Oquist, N.P.A. Huner, Photosynthesis of overwintering evergreen plants, Annu
Rev Plant Biol 54 (2003) 329-355.

W.W. Adams, B. Demmig-Adams, T.N. Rosenstiel, AK. Brightwell, V. Ebbert,
Photosynthesis and photoprotection in overwintering plants, Plant Biol 4 (2002)
545-557.

M. Havaux, K.K. Niyogi, The violaxanthin cycle protects plants from photoox-
idative damage by more than one mechanism, Proc Natl Acad Sci U S A 96 (1999)
8762-8767.

P.A. Davison, C.N. Hunter, P. Horton, Overexpression of beta-carotene hydrox-
ylase enhances stress tolerance in Arabidopsis, Nature 418 (2002) 203-206.

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

M.P. Johnson, M. Havaux, C. Triantaohyllides, B. Ksas, A.A. Pascal, B. Robert, P.A.
Davison, A.V. Ruban, P. Horton, Elevated zeaxanthin bound to oligomeric LHCII
enhances the resistance of Arabidopsis to photooxidative stress by a lipid-
protective, antioxidant mechanism, ] Biol Chem 282 (2007) 22605-22618.

M. Havaux, F. Eymery, S. Porfirova, P. Rey, P. Dormann, Vitamin E protects against
photoinhibition and photooxidative stress in Arabidopsis thaliana, Plant Cell 17
(2005) 3451-3469.

C. Triantaphylides, M. Krischke, F.A. Hoeberichts, B. Ksas, G. Gresser, M. Havaux, F. Van
Breusegem, M.J. Mueller, Singlet oxygen is the major reactive oxygen species
involved in photooxidative damage to plants, Plant Physiol 148 (2008) 960-968.

F. Bohm, R. Edge, EJ. Land, D.J. McGarvey, T.G. Truscott, Carotenoids enhance
vitamin E antioxidant efficiency, ] Amer Chem Soc 119 (1997) 621-622.

M. Wrona, M. Rozanowska, T. Sarna, Zeaxanthin in combination with ascorbic
acid or alpha-tocopherol protects ARPE-19 cells against photosensitized
peroxidation of lipids, Free Radical Biol Med 36 (2004) 1094-1101.

W.I. Gruszecki, K. Strzalka, Carotenoids as modulators of lipid membrane
physical properties, Biochim Biophys Acta 1740 (2005) 108-115.

A.A. Woodall, SW.M. Lee, RJ. Weesie, MJ. Jackson, G. Britton, Oxidation of
carotenoids by free radicals: relationship between structure and reactivity,
Biochim Biophys Acta 1336 (1997) 33-42.

A.A. Woodall, G. Britton, M. Jackson, Carotenoids and protection of phospholipids
in solution or in liposomes against oxidation by peroxyl radicals: relationship
between carotenoid structure and protective ability, Biochim Biophys Acta 1336
(1997) 575-586.

H.P. McNulty, J. Byun, S.F. Lockwood, R.F. Jacob, R.P. Mason, Differential effects of
carotenoids on lipid peroxidation due to membrane interactions: X-ray
diffraction analysis, Biochim Biophys Acta 1768 (2007) 167-174.

P. Horton, A.V. Ruban, R.G. Walters, Regulation of light harvesting in green
plants, Annu Rev Plant Physiol Plant Mol Biol 47 (1996) 655-684.

[130] J.-M. Briantais, C. Vernotte, M. Picaud, G.H. Krause, A quantitative study of the

[131]

[132]

[133]

[134]

slow decline of chlorophyll a fluorescence in isolated chloroplasts, Biochim
Biophys Acta 548 (1979) 128-138.

X.P. Li, P. Muiiler-Moule, A.M. Gilmore, K.K. Niyogi, PsbS-dependent enhance-
ment of feedback de-excitation protects photosystem II from photoinhibition,
Proc Natl Acad Sci U S A 99 (2002) 15222-15227.

G.H. Krause, C. Vernotte, ].-M. Briantais, Photoinduced quenching of chlorophyll
fluorescence in intact chloroplasts and algae. Resolution into two components,
Biochim Biophys Acta 679 (1982) 116-124.

W.P. Quick, M. Stitt, An examination of factors contributing to non-photochem-
ical quenching of chlorophyll fluorescence in barley leaves, Biochim Biophys
Acta 977 (1989) 287-296.

R.G. Walters, P. Horton, Resolution of components of non-photochemical
chlorophyll fluorescence quenching in barley leaves, Photosynth Res 27 (1991)
121-133.

[135] J.F. Allen, ]. Bennett, K.E. Steinback, C.J. Arntzen, Chloroplast protein phosphor-

[136]
[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

ylation couples plastoquinone redox state to distribution of excitation energy
between photosystems, Nature 291 (1981) 25-29.

G.H. Krause, Photoinhibition of photosynthesis. An evaluation of damaging and
protective mechanisms, Physiol Plant 74 (1988) 566-574.

S. Eberhard, G. Finazzi, F.A. Wollman, The dynamics of photosynthesis, Annu Rev
Genet 42 (2008) 463-515.

B. Demmig-Adams, V. Ebbert, C.R. Zarter, W.W. Adams, Characteristics and
species-dependent employment of flexible versus sustained thermal dissipation
and photoinhibition, in: B. Demmig-Adams, W.W. Adams, A.K. Mattoo (Eds.),
Photoprotection, Photoinhibition, Gene Regulation, and Environment, Springer,
2006, pp. 39-48.

B. Demmig-Adams, W.W. Adams, U. Heber, S. Neimanis, K. Winter, A. Kriiger, F.-
C. Czygan, W. Bilger, O. Bjorkman, Inhibition of zeaxanthin formation and of
rapid changes in radiationless energy dissipation by dithiothreitol in spinach
leaves and chloroplasts, Plant Physiol 92 (1990) 293-301.

M.P. Johnson, P.A. Davison, A.V. Ruban, P. Horton, The xanthophyll cycle pool size
controls the kinetics of non-photochemical quenching in Arabidopsis thaliana,
FEBS Lett 582 (2008) 259-263.

B. Demmig-Adams, K. Winter, A. Kriiger, F.C. Czygan, Zeaxanthin and the
induction and relaxation kinetics of the dissipation of excess excitation energy in
leaves in 2% O,, 0% CO,, Plant Physiol 90 (1989) 887-893.

M.P. Johnson, A. Zia, P. Horton, A.V. Ruban, Effect of xanthophyll composition on
the chlorophyll excited state lifetime in plant leaves and isolated LHCII, Chem
Phys 373 (2010) 23-32.

W.W. Adams, B. Demmig-Adams, B.A. Logan, D.H. Barker, C.B. Osmond, Rapid
changes in xanthophyll cycle-dependent energy dissipation and photosystem II
efficiency in two vines, Stephania japonica and Smilax australis, growing in the
understory of an open Eucalyptus forest, Plant Cell Environ 22 (1999) 125-136.
W.W. Adams, CR. Zarter, KE. Mueh, V. Amiard, B. Demmig-Adams, Energy
dissipation and photoinhibition: a continuum of photoprotection, in: B.
Demmig-Adams, W.W. Adams, A.K. Mattoo (Eds.), Photoprotection, Photoinhi-
bition, Gene Regulation, and Environment, Springer, 2006, pp. 49-64.

AV. Ruban, P. Horton, The xanthophyll cycle modulates the kinetics of
nonphotochemical energy dissipation in isolated light-harvesting complexes,
intact chloroplasts, and leaves of spinach, Plant Physiol 119 (1999) 531-542.
AV. Ruban, D. Rees, A.A. Pascal, P. Horton, Mechanism of delta pH-dependent
dissipation of absorbed excitation energy by photosynthetic membranes. 2. The
relationship between LHCII aggregation in vitro and qE in isolated thylakoids,
Biochim Biophys Acta 1102 (1992) 39-44.

AV. Ruban, AJ. Young, P. Horton, Induction of nonphotochemical energy
dissipation and absorbance changes in leaves: evidence for changes in the state



[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

P. Jahns, A.R. Holzwarth / Biochimica et Biophysica Acta 1817 (2012) 182-193

of light-harvesting system of photosystem II in vivo, Plant Physiol 102 (1993)
741-750.

A.V.Ruban, A. Young, P. Horton, Modulation of chlorophyll fluorescence quenching
in isolated light harvesting complex of photosystem II, Biochim Biophys Acta 1186
(1994) 123-127.

P. Jahns, G.H. Krause, Xanthophyll cycle and energy-dependent fluorescence
quenching in leaves from pea plants grown under intermittent light, Planta 192
(1994) 176-182.

P. Jahns, S. Schweig, Energy-dependent fluorescence quenching in thylakoids
from intermittent light grown pea plants: evidence for an interaction of
zeaxanthin and the chlorophyll a/b binding protein CP26, Plant Physiol Biochem
33 (1995) 683-687.

AV. Ruban, AJ. Young, P. Horton, Dynamic properties of the minor chlorophyll
a/b binding proteins of photosystem II, an in vitro model for photoprotective
energy dissipation in the photosynthetic membrane of green plants, Biochem-
istry 35 (1996) 674-678.

M.P. Johnson, M.L. Perez-Bueno, A. Zia, P. Horton, A.V. Ruban, The zeaxanthin-
independent and zeaxanthin-dependent qe components of nonphotochemical
quenching involve common conformational changes within the photosystem II
antenna in Arabidopsis, Plant Physiol 149 (2009) 1061-1075.

M.P. Johnson, A.\V. Ruban, Photoprotective energy dissipation in higher
plants involves alteration of the excited state energy of the emitting
chlorophyll(s) in the light harvesting antenna II (LHCII), ] Biol Chem 284
(2009) 23592-23601.

S. Crouchman, A. Ruban, P. Horton, PsbS enhances nonphotochemical
fluorescence quenching in the absence of zeaxanthin, FEBS Lett 580 (2006)
2053-2058.

T.G. Owens, Excitation energy transfer between chlorophylls and carotenoids. A
proposed molecular mechanism for non-photochemical quenching, in: N.R.
Baker, J.R. Bowyer (Eds.), Photoinhibition of Photosynthesis: From Molecular
Mechanisms to the Field, BIOS Scientific Publishers, London, 1994, pp. 95-107.
H.A. Frank, J.A. Bautista, ].S. Josue, AJ. Young, Mechanism of nonphotochemical
quenching in green plants: energies of the lowest excited singlet states of
violaxanthin and zeaxanthin, Biochemistry 39 (2000) 2831-2837.

Y. Miloslavina, I. Grouneva, PH. Lambrev, B. Lepetit, R. Goss, C. Wilhelm, AR.
Holzwarth, Ultrafast fluorescence study on the location and mechanism of non--
photochemical quenching in diatoms, Biochim Biophys Acta 1787 (2009) 1189-1197.
M.L. Perez-Bueno, M.P. Johnson, A. Zia, A.V. Ruban, P. Horton, The Lhcb protein
and xanthophyll composition of the light harvesting antenna controls the delta
pH-dependency of non-photochemical quenching in Arabidopsis thaliana, FEBS
Lett 582 (2008) 1477-1482.

W.L Gruszecki, M. Zubik, R. Luchowski, E. Janik, W. Grudzinski, M. Gospodarek, ].
Goc, L. Fiedor, Z. Gryczynski, I. Gryczynski, Photoprotective role of the xanthophyll
cycle studied by means of modeling of xanthophyll-LHCII interactions, Chem Phys
373 (2010) 122-128.

L. Dall'Osto, S. Caffarri, R. Bassi, A mechanism of nonphotochemical energy
dissipation, independent from PsbS, revealed by a conformational change in the
antenna protein CP26, Plant Cell 17 (2005) 1217-1232.

A.S.Verhoeven, W.W. Adams, B. Demmig-Adams, Close relationship between the
state of the xanthophyll cycle pigments and photosystem II efficiency during
recovery from winter stress, Physiol Plant 96 (1996) 567-576.

P. Jahns, B. Miehe, Kinetic correlation of recovery from photoinhibition and
zeaxanthin epoxidation, Planta 198 (1996) 202-210.

A. Thiele, G.H. Krause, K. Winter, In situ study of photoinhibition of
photosynthesis and xanthophyll cycle activity in plants growing in natural
gaps of the tropical forest, Aust ] Plant Physiol 25 (1998) 189-195.

A. Thiele, K. Schirwitz, K. Winter, G.H. Krause, Increased xanthophyll cycle
activity and reduced D1 protein inactivation related to photoinhibition in two
plant systems acclimated to excess light, Plant Sci 115 (1996) 237-250.

[165] J. Leitsch, B. Schnettger, C. Critchley, G.H. Krause, Two mechanisms of recovery

[166]

from photoinhibition in vivo: reactivation of photosystem Il related and unrelated
to D1 protein turnover, Planta 194 (1994) 15-21.

K.J. van Wijk, P.R. van Hasselt, Photoinhibition of photosystem Il in vivo is preceded
by down-regulation through light-induced acidification of the lumen: consequences
for the mechanism of photoinhibition in vivo, Planta 189 (1993) 359-368.

[167]

[168]

[169]

193

G. Oquist, W.S. Chow, .M. Anderson, Photoinhibition of photosynthesis
represents a mechanism for the long-term regulation of photosystem II, Planta
186 (1992) 450-460.

C.B. Osmond, What Is photoinhibition? Some insights from comparisons of shade
and sun plants, in: N.R. Baker, ]J.R. Bowyer (Eds.), Photoinhibition of Photosyn-
thesis: From Molecular Mechanisms to the Field, 1994, pp. 1-24, Oxford.

G.H. Krause, P. Jahns, Non-photochemical energy dissipation determined by
chlorophyll fluorescence quenching: characterization and function, in: G.C. Papa-
georgiou, Govindjee (Eds.), Chlorophyll a Fluorescence: A Signature of Photosynthe-
sis, Springer, Dordrecht, 2004, pp. 463-495.

[170] J.Barber, B. Andersson, Too much of a good thing: light can be bad for photosynthesis,

[171]

Trends Biochem Sci 17 (1992) 61-65.
A. Melis, Photosystem-II damage and repair cycle in chloroplasts: what
modulates the rate of photodamage in vivo? Trends Plant Sci 4 (1999) 130-135.

[172] J. Barber, Molecular basis of the vulnerability of photosystem Il to damage by

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]
[187]

[188]

light, Aust ] Plant Physiol 22 (1995) 201-208.

A. Krieger, E. Weis, The role of calcium in the pH-dependent control of
photosystem II, Photosynth Res 37 (1993) 117-130.

B.M. Greenberg, V. Gaba, O. Canaani, S. Malkin, A.K. Mattoo, M. Edelman,
Separate photosensitizers mediate degradation of the 32-kDa photosystem II
reaction center protein in the visible and UV spectral regions, Proc Natl Acad Sci
U S A (1989) 6617-6620.

G. Friso, 1. Vass, C. Spetea, ]. Barber, R. Barbato, UV-B induced degradation of the
D1 protein in isolated reaction centers of photosystem II, Biochim Biophys Acta
1231 (1995) 41-46.

AM. Gilmore, Mechanistic aspects of xanthophyll cycle-dependent photopro-
tection in higher plant chloroplasts and leaves, Physiol Plant 99 (1997) 197-209.
N. Mohanty, H.Y. Yamamoto, Mechanism of non-photochemical chlorophyll
fluorescence quenching. I. The role of de-epoxidised xanthophylls and seques-
tered thylakoid membrane protons as probed by dibucaine, Aust ] Plant Physiol
22 (1995) 231-238.

RS. Pan, RA. Dilley, Influence of Ca®* on the thylakoid lumen violaxanthin de-
epoxidase activity through Ca?* gating of H flux at the CF, H channel, Photosynth
Res 65 (2000) 141-154.

AV. Ruban, P. Horton, An investigation of the sustained component of
nonphotochemical quenching of chlorophyll fluorescence in isolated chloro-
plasts and leaves of spinach, Plant Physiol 108 (1995) 721-726.

C.R. Zarter, W.W. Adams, V. Ebbert, I. Adamska, S. Jansson, B. Demmig-Adams,
Winter acclimation of PsbS and related proteins in the evergreen Arctostaphylos
uva-ursi as influenced by altitude and light environment, Plant Cell Environ 29
(2006) 869-878.

C.R. Zarter, W.W. Adams, V. Ebbert, D.J. Cuthbertson, I. Adamska, B. Demmig-
Adams, Winter down-regulation of intrinsic photosynthetic capacity coupled
with up-regulation of Elip-like proteins and persistent energy dissipation in a
subalpine forest, New Phytol 172 (2006) 272-282.

V. Ebbert, W.W. Adams, A.K. Mattoo, A. Sokolenko, B. Demmig-Adams, Up-
regulation of a photosystem II core protein phosphatase inhibitor and sustained
D1 phosphorylation in zeaxanthin-retaining, photoinhibited needles of over-
wintering Douglas fir, Plant Cell Environ 28 (2005) 232-240.

V. Ebbert, B. Demmig-Adams, W.W. Adams, K.E. Mueh, L.A. Staehelin, Correlation
between persistent forms of zexanthin-dependent energy dissipation and
thylakoid protein phosphorylation, Photosynth Res 67 (2001) 63-78.

G.H. Krause, P. Jahns, Pulse amplitude modulated chlorophyll fluorometry and its
application in plant science, in: B.R. Green, W.W. Parson (Eds.), Light-harvesting
Antennas in Photosynthesis, Springer, Dordrecht, 2003, pp. 373-399.

AM. Gilmore, H.Y. Yamamoto, Zeaxanthin formation and energy-dependent
fluorescence quenching in pea chloroplasts under artificially mediated linear
and cyclic electron transport, Plant Physiol 96 (1991) 635-643.

G.N. Johnson, AJ. Young, ]J.D. Scholes, P. Horton, The dissipation of excess
excitation energy in British plant species, Plant Cell Environ 16 (1993) 673-679.
B. Demmig-Adams, Survey of thermal energy dissipation and pigment
composition in sun and shade leaves, Plant Cell Physiol 39 (1998) 474-482.

J. Lavaud, B. Rousseau, H.J. Van Gorkom, A.L. Etienne, Influence of the
diadinoxanthin pool size on photoprotection in the marine planktonic diatom
Phaeodactylum tricornutum, Plant Physiol 129 (2002) 1398-1406.



	The role of the xanthophyll cycle and of lutein in photoprotection of photosystem II
	1. Introduction
	1.1. Antenna proteins, pigment binding sites and xanthophyll cycles in vascular plants
	1.2. General aspects of NPQ

	2. The role of Lut in photoprotection of PSII
	2.1. Lut and stabilization of antenna proteins
	2.2. Lut and light harvesting
	2.3. Lut as quencher of 3Chl
	2.4. Lut as quencher of 1Chl

	3. The role of the xanthophyll cycle in the photoprotection of PSII
	3.1. General aspects of the function and regulation of the Vx cycle
	3.2. The role of Zx in the lipid phase of the membrane
	3.3. The role of Zx in NPQ
	3.3.1. The role of Zx in qE
	3.3.2. The role of Zx in qZ
	3.3.3. The role of Zx in qI


	4. NPQ and photoprotection
	5. Conclusions
	Acknowledgments
	References


