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Abstract

Zeaxanthin, an important component in protection against overexcitation in higher plants, is formed from violaxanthin by the enzyme
violaxanthin de-epoxidase.We have investigated factors that may control themaximal degree of conversion in the violaxanthin cycle. The conversion
of violaxanthin to zeaxanthin in isolated spinach thylakoids was followed at different temperatures and in the presence of lipid packingmodifiers. The
maximum degree of conversion was found to be 35%, 70% and 80% at 4 °C, 25 °C and 37 °C respectively. In the presence of membrane modifying
agents, known to promote non-lamellar structures (HII), such as linolenic acid the conversion increased, and the maximal level of violaxanthin de-
epoxidation obtained was close to 100%. In contrast, substances promoting lamellar phases (Lα), such as α-tocopherol and 8-cetylether (C16EO8),
only 55% and 35% of the violaxanthin was converted at 25 °C, respectively. The results are interpreted in light of the lipid composition of the
thylakoid membrane, and we propose a model where a negative curvature elastic stress in the thylakoid lipid bilayer is required for violaxanthin de-
epoxidase activity. In this model zeaxanthin with its longer hydrophobic stretch is proposed to promote lamellar arrangements of the membrane. As a
result, zeaxanthin relieves the curvature elastic stress, which in turn leads to inactivation of violaxanthin de-epoxidase.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The xanthophyll cycle (XC)/violaxanthin cycle in higher
plants is a thylakoid membrane associated photoprotective
mechanism. Under normal, unstressed conditions, the predomi-
nant carotenoid in the cycle is violaxanthin. When overexcited,
the lumenal pH of thylakoids drops to values below 6. This
Abbreviations: C16EOx, Poly(oxyethylene) hexadecyl ethers and x is the
number of oxyethylene units in the polar head groups; C16EO8, octaethylene
glycol monohexadecyl ether; DEPE, 1,2-dielaidoyl-sn-glycero-3-phosphoetha-
nolamine; DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacyl-
glycerol; HII, inverted hexagonal phase; HPLC, high performance liquid
chromatography; Lα, lamellar liquid crystal phase; Lβ, lamellar gel phase; MES,
2-(N-morpholino)ethanesulfonic acid; MOPS, 3-(N-morpholino)propanesulfo-
nic acid; NPQ, non-photochemical quenching; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PSII, photosystem II; VDE, violaxanthin de-
epoxidase; XC, xanthophyll cycle
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causes a conformational change of the enzyme, violaxanthin de-
epoxidase (VDE) presumably through protonation of conserved
histidines [1]. Subsequently, VDE docks to the lumenal side of
the membrane and starts to convert violaxanthin to zeaxanthin
through the intermediate antheraxanthin using ascorbic acid as a
co-substrate. Zeaxanthin plays a key role in harmless dissipation
of excess energy, measured as a component of non-photo-
chemical quenching (NPQ) [2]. The energy dissipation also
requires ΔpH across the thylakoid membrane and PsbS, a PSII
subunit [3,4]. For further information on the XC see reviews by
Demmig-Adams and Adams [5], Eskling et al. [6] and Grzyb
et al. [7].

As expected the degree of violaxanthin to zeaxanthin
conversion varies in response to the stress level, and the level
of zeaxanthin (+antheraxanthin) directly correlates to the degree
of NPQ under restricted conditions [8]. However, the extent of
violaxanthin conversion has in most cases been far from com-
plete, even if the stress level has been increased and prolonged.
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The amount of violaxanthin remaining unconverted normally
ranges between 20 and 50%. The reason to the limitation has not
been clarified, but it has often been assumed that this part of the
violaxanthin pool is ‘inaccessible’ [9,10]. The specific location
of the XC-pigments in the membrane is controversial. Many
studies suggest that XC-pigments are protein-bound as they can
be found in pigment–protein complexes after fractionation or
purification [11–13], and have even been found in the crystal
structure of the major light-harvesting complex [14,15]. It has
also been shown that XC-pigments can occupy the binding site
for lutein and neoxanthin in recombinant light harvesting
complexes [16]. Thus the light-harvesting complexes have the
ability to bind violaxanthin. One view is therefore that the
‘inaccessible’ violaxanthin would be strongly bound to proteins
and not available for conversion by VDE. However, it is well
known that the binding of xanthophylls to light-harvesting
proteins is much weaker than that of other carotenoids and mild
conditions are needed to retain violaxanthin during isolation of
complexes [17].

The other main view regarding the location of ‘inaccessible’
violaxanthin is that at least a substantial part of XC-pigments are
free in the lipid matrix of the thylakoid membrane. This
assumption is based on the following findings, that (i) higher
amount of XC-pigments were found in plants grown at high light
although the amount of pigment–protein complexes remained
constant or even reduced [18], (ii) violaxanthin can be converted
to the same extent from both sides of the thylakoid membrane
[19], (iii) fractionation of thylakoid membranes in the absence of
detergents revealed that XC-pigments were almost equally
distributed between different regions of the membrane, in strong
contrast to other pigments and proteins [19], and (iv) restricted
conversion of violaxanthin by VDE was obtained in pure lipid
systems in the absence of any pigment–protein complexes [20].

Less likely explanations to the restricted conversion of
violaxanthin have been, direct product feed-back inhibition of
VDE by zeaxanthin [20,21], and that some of the violaxanthin is
in the cis-form [20] rather than the all-trans form required by
VDE for active de-epoxidation reaction.

An interesting finding is that VDE has a specific lipid
requirement and prefer monogalactosyldiacylglycerol (MGDG)
over digalactosyldiacylglycerol (DGDG) for activity [22,23],
although recent data [24] indicate that even DGDG may support
activity under some conditions. In a comparative study, Latowski
et al. [23] found that phosphatidylethanolamine (PE) was as
efficient as MGDG to support the de-epoxidation of violaxanthin
while no conversion was observed with either DGDG or
phosphatidylcholine. Notably, neither pure MGDG nor pure PE
can form lamellar structures when dispersed in aqueous media but
instead forms inverted hexagonal phases (HII) [25]. The authors
concluded that the structure formed by the lipids determines the
activity of VDE, rather than interactions with the lipid head
groups [23]. The head group of MGDG and DGDG is polar but
unchargedwhile PE and PC have zwitter-ionic head groups. Since
both MGDG and PE have been shown to be sufficient for VDE
[23], it is reasonable to assume that VDE docks to the membrane
through hydrophobic interactions between lipid head groups
rather than through ionic interactions.
MGDG is the dominant lipid of the thylakoid membrane
accounting for 50 mol% of the total polar lipids. The other major
component is DGDG comprising about 30 mol% [26]. As
mentioned above, pure MGDG cannot form lamellar mem-
branes. This is because the ratio between the areas occupied by
the head group of MGDG relative to the area occupied by the
polyunsaturated fatty acid side chains is below unity. In the
presence of DGDG and proteins the overall lamellar structure of
thylakoids is formed even at such high non-lamellar lipid
content. However, the high amount of MGDG in the membrane
is expected to make the membrane less tightly packed at the
water–membrane interface and to impose negative intrinsic
curvature stress to the membrane.

The group of Brown found that non-lamellar prone lipids
affect the photochemical activity of rhodopsin and proposed a
flexible surface model involving intrinsic membrane curvature
[27,28]. More recently, intrinsic curvature stress of biological
membranes has been shown to affect the activity of a number of
enzymes [29–31]. It was therefore of interest to investigate
specifically what effect intrinsic curvature stress has on the
conversion of violaxanthin to zeaxanthin.

In this study, we show that the degree of conversion from
violaxanthin to zeaxanthin can be altered by change of
temperature and by addition of lipid packing modifiers such as
linolenic acid, α-tocopherol and specific cetylethers, which all
are expected to affect the intrinsic curvature stress. Nearly 100%
violaxanthin de-epoxidation was observed in the presence of
linolenic acid, while α-tocopherol and specific cethylethers
restricted the conversion of violaxanthin. Amodel is proposed in
which the intrinsic membrane curvature stress controls the
activity of VDE and thus the conversion of violaxanthin to
zeaxanthin in the violaxanthin cycle.

2. Materials and methods

2.1. Isolation of thylakoids

Thylakoids were isolated from spinach (Spinacia oleracea) mainly according
to Yamamoto and Higashi [22]. Prior to isolation, leaves were dark-adapted for
12 h so that all zeaxanthin was converted to violaxanthin. Plant material was
homogenized in 100-g portions in a blender with 200 mL medium A (400 mM
sorbitol, 50mMMOPS–NaOH, pH 7.0, and 10mMNaCl). The homogenatewas
filtered through four layers of 20-μm nylon cloth and the filtrate was centrifuged
at 2500×g for 7 min. The pellet was re-suspended in the same medium,
centrifuged at 5000×g for 5 min, resuspended in 50 mL distilled water per 100 g
plant material, followed by centrifugation at 37,000×g for 10 min. Finally, the
thylakoid pellet was resuspended in medium B (400 mM sucrose, 50 mMMES–
NaOH, pH 6.5, 15 mM NaCl). The chlorophyll content was determined
according to Porra [32]. Dimethyl sulfoxide (DMSO) was added to a final
concentration of 5% (v/v), and samples were stored at −80 °C until further use.

2.2. Violaxanthin to zeaxanthin conversion at different temperatures
(including temperature-shift and jump experiments)

The de-epoxidation reaction was monitored at 4, 25 and 37 °C, including the
shift from low to high temperatures, at 0.08 mg chlorophyll mL−1 in 50 mM
MES–NaOH, pH 5.1, in darkness with gentle stirring. A time-range of 0–
180 min was used. The reaction was initiated by the addition of ascorbate to a
final concentration of 30 mM. In the shift experiments (Fig. 1), after 50 min
reaction at 4 °C, the reaction mixtures were transferred to 25 °C or 37 °C for
another 130 min reaction. In the case of temperature-jump experiment (Fig. 7),



Fig. 1. Time-course of violaxanthin conversion at different temperatures. (a)
Isolated spinach thylakoids were incubated at 4 °C (open square), at 25 °C (open
triangle) and a shift (open circle) from the low temperature to 25°C. (b) Incu-
bation at 4 °C (open square) and at 37 °C (open triangle), as well as a shift (open
circle) from the low temperature to 37 °C. The reactions were performed as
described in Materials and methods. The amount of violaxanthin (V) was
measured as mol% of the total XC-pool pigments (VAZ). Data are shown as
average±standard error for 3 independent sets of experiments, shift experiments
were run once.
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the 2-h reaction at 4 °C with active VDE was followed by 20 min incubation at
37 °C either (a) at high pH (VDE inactive) or (b) after removal of ascorbate by
two consecutive sedimentations and resuspensions in ascorbate free medium at
pH 5.1. Finally, the conditions were changed back to the low temperature
combinedwith (a) low pH (5.1) or (b) addition of ascorbate. Then, the conversion
was continued at 4 °C for 2 h. For pigment analysis samples of 1 mL were
withdrawn after each time point of the curves.

2.3. Treatment with lipid packing modifiers

Thylakoids at a concentration of 0.08mg chlorophyllmL−1, in 50mMMES–
NaOH, pH 5.1, were treated with either fatty acids such as oleic acid, linoleic acid
and linolenic acid; or α-tocopherol, or cethylether derivatives (poly (oxyethy-
lene) hexadecyl ethers, C16EOx). The number of oxyethylene units (x) was: 2, 6, 8
and 10. All chemicals were obtained from Sigma. Freshly prepared 0.05 g mL−1

stock solutions in ethanol were used in all experiments. The effect of ethanol
(0.5%, v/v) in the system was negligible and had no effect on the violaxanthin to
zeaxanthin conversion. The de-epoxidation reaction was initiated by the addition
of ascorbate (30 mM). Violaxanthin conversion was monitored at 25 °C for
180 min in the kinetic experiments. At each time point, 1 mL mixture was
withdrawn for pigment analysis and the reaction was terminated by pH
adjustment to above 7.0. In concentration dependency studies, samples of 1 mL
were run for 90 min. Prior to HPLC analysis carotenoids and chlorophylls were
extracted as described below.

2.4. Pigment extraction

In all cases, the de-epoxidation reaction in the 1-mL samples were terminated
by addition of 50 μL 1 M NaOH to give a pH above 7.0 where VDE is inactive.
Thylakoids were then sedimented by full-speed centrifugation in an Eppendorf
bench top centrifuge for 4 min, resuspended in 130 μL 100mMphosphate buffer,
pH 7.0, ice cold 100% acetone (430 μL) was added to extract XC-pigments; the
mixture was incubated on ice for 4 min in darkness and centrifuged as above. The
obtained supernatant was withdrawn and further diluted with water to get 50%
(v/v) acetone and directly subjected to HPLC analysis as described below.

2.5. HPLC determination of the XC-pigments

XC-pigments were analyzed by reversed-phase HPLC (Waters 600E)
essentially according to Thayer and Björkman [33]. Pigment extracts (150 μL)
were subjected to a ZorbaxODS 4.6×250mmnon-end capped cartridge column,
where xanthophylls were separated in a methanol/acetonitrile mixture (15%/
85%, v/v) run isocratically for 6 min, followed by a rapid elution of other
pigments in methanol/ethyl acetate mixture (50%/50%, v/v) for 6 min. All
solvents were HPLC grade. The flow rate was constant at 1 mL min−1. Pigments
were detected at 445 nm and quantified by peak area integration using data
acquisition software.
3. Results

When isolated thylakoids were provided with ascorbic acid at
low pH a typical conversion of violaxanthin to zeaxanthin was
seen (Fig. 1, cf. [19]). Within 10–30 min more than half of the
convertible violaxanthin, at the respective temperatures, was de-
epoxidised. However, even after 3 h of enzyme reaction a large
proportion of violaxanthin (65%, 30% and 20% at 4 °C, 25 °C
and 37 °C, respectively) remained in the samples. The initial rate
of conversion was much higher at 25 and 37 °C compared to at
4 °C. The crucial observation is, however, that the final level of
conversion obtained was strongly temperature-dependent. In
order to exclude the possibility that the enzyme, VDE had
become irreversibly inactivated during the long incubation time,
temperature-shift experiments were carried out. Samples run at
4 °C for 50 min, where the reaction had almost stopped, was
shifted to 25 °C (Fig. 1a) or 37 °C (Fig. 1b). Active conversion
was rapidly resumed and the final level of violaxanthin
conversion was the same as for the samples only exposed to
the higher temperatures. Thus, the amount of ‘inaccessible’
violaxanthin was strongly affected by the temperature, in good
agreement with earlier findings [19].

To test the possibility that lipid packing may modulate VDE
activity, experiments with addition of membrane modifying
agents to thylakoid membranes were carried out. Prades and co-
workers [34] demonstrated that membrane lipid composition in
model DEPE (1,2-dielaidoyl-sn-glycero-3-phosphoethanola-
mine) membranes could be modulated by the addition of free
fatty acids. Incorporation of C-18 unsaturated fatty acids was
shown to affect the packing parameters and facilitate Lα–HII

phase transition. Linolenic acid was the most efficient and was
therefore used here to increase intrinsic membrane curvature
stress.

As seen in Fig. 2, addition of linolenic acid to thylakoids had a
strong stimulatory effect on the final degree of violaxanthin to
zeaxanthin conversion at all temperatures, despite a slightly
reduced initial rate of conversion. The effect was more pro-
nounced at elevated temperatures (Fig. 2 bV, bA and bZ).
Almost the entire violaxanthin pool was converted to zeaxanthin
at 37 °C. Even at the lowest temperature used (4 °C) a significant



Fig. 2. Time-course of violaxanthin (V) to antheraxanthin (A) and zeaxanthin (Z) conversion in the absence (open squares) and presence of 1.2 mM linolenic acid
(filled squares). The reaction was monitored at (a) 4 °C (aV, aA, aZ), (b) 25 °C (bV, bA, bZ) and (c) 37 °C (cV, cA, cZ). Each point represents an individual sample. The
amount of violaxanthin (V), antheraxanthin (A) and zeaxanthin (Z) were measured as mol% of the total XC-pool pigments (VAZ). Error bars denote standard error for
2–3 independent sets of experiments.

Fig. 3. Effect of fatty acids on the amount of violaxanthin in the thylakoid
membrane. C-18 fatty acids such as oleic (filled bars), linoleic (hatched bars) and
linolenic acid (open bars) were added at various concentrations as indicated in the
figure. The thylakoid samples were incubated at 25 °C for 90 min in the presence
of fatty acids and ascorbate (30 mM). The amount of violaxanthin (V) remaining
after the conversion was measured as mol% of the total XC-pool pigments
(VAZ). The dashed line indicates the value of the control sample (36.5 mol%).
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stimulatory effect of linolenic acid was observed (Fig. 2 aV, aA
and aZ). Antheraxanthin accumulated to somewhat higher extent
at 25 and 37 °C, as compared to the control, but it was finally
converted to zeaxanthin. The increase in antheraxanthin could
indicate that linolenic acid affect the required flip-flop of
antheraxanthin [35].

Linoleic acid (18:2ccΔ9,12) also increased the final degree of
conversion of violaxanthin (Fig. 3) although to a less extent than
linolenic acid. Oleic acid (18:1cΔ9), with only one double bond in
the acyl chain, and stearic acid showed no significant effect on the
violaxanthin conversion. The stimulatory effect was dependent on
the fatty acid concentration andwas detected already at 0.4mM for
linolenic acid (Fig. 3). It is worth noting that even at the two
highest fatty acid concentrations used, thylakoids could be
sedimented by low speed centrifugation. This means that the
membrane was not solubilised. The amount of linolenic acid
compared to total membrane lipids would be 1:1 on a weight basis
at 1.2mM linolenic acid. Thiswas calculatedwith the assumptions
that linolenic acid partitions completely to the thylakoid
membrane, that the pigments constitute about 26% of the total
lipids [36] and that chlorophyll constitute about 90% of the
pigment weight [19]. Thus, the amount of linolenic acid in our
experimentswould be sufficiently high to affect the structure of the
lipid bilayer. Taken together, the results show that the ‘accessi-
bility’ of violaxanthin can be increased by linolenic and linoleic
acids but not with the more saturated oleic and stearic acids.

Another substance known to promote lipid packing is
8-cetylether (C16EO8), a poly(oxyethylene) alkyl ether with a
hexadecyl chain and eight oxyethylene units in the head group
region. This has been shown nicely in experiments on growing
mycoplasma [37]. The mycoplasma easily incorporates hydro-
phobic substances into the membrane and adjusts lipid head



Fig. 5. The effect of different cethylethers (C16EOx) with increasing head group
size (x=2, 6, 8 and 10) on violaxanthin de-epoxidation. Thylakoid membranes
were treated with the same amount of additions (on a weight-base). The amount
of violaxanthin (V) remaining after the 90-min conversion was measured as mol
% of the total XC-pool pigments (VAZ). The value of the control sample
(36.5 mol% V) is indicated as a dashed line. Data are shown as average±
standard error for 3 independent sets of experiments.
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groups to restore membrane integrity and function. Addition of
8-cetylether leads to a compensatory reaction by the bacteria
leading to an increased monoglucosyldiglyceride/diglucosyldi-
glycerade ratio [37].

As shown in Fig. 4 addition of C16EO8 to thylakoids caused a
severe inhibition of violaxanthin conversion, both with respect
to rate of conversion and in the degree of conversion reached
after 3 h. Thus, the effect of C16EO8 was opposite to that of the
fatty acids. The degree of inhibition, seen as the amount of
violaxanthin remaining after 90 min of reaction, was dependent
on the number of oxyethylene units in the head group of the
cetylether added (Fig. 5). The inhibition was more pronounced
with larger head group area in the molecules. These results are in
agreement with the ability of cetylethers to change the intrinsic
membrane curvature stress and the equilibrium between lamellar
and non-lamellar phases in the membrane [37]. Thus, cetylethers
with larger head groups are able to increase the proportion of
‘inaccessible’ violaxanthin.

α-Tocopherol is a naturally occurring lipid-soluble compo-
nent of the thylakoid membrane that has been suggested to
modulate lipid packing, analogous to cholesterol in eukaryotic
membranes [38]. α-Tocopherol is expected to orient in the
membrane with the bulky hydrophobic group close to the lipid–
water interface in such a way that the negative curvature stress is
relieved. In this context, it is interesting that high levels ofα- and
γ-tocopherol accumulation was observed in the Arabidopsis
mutant (npq1) lacking functional VDE, and thus unable to
convert violaxanthin to zeaxanthin [39]. It was therefore of
interest to see if addition of α-tocopherol could affect the degree
of violaxanthin conversion.

Indeed, addition of α-tocopherol to the thylakoids caused a
decrease both in the rate and in the final amount of violaxanthin
that could be converted (Fig. 4). The effect of α-tocopherol was
also concentration-dependent and already at 0.23 mM, the
Fig. 4. Time-course of violaxanthin de-epoxidation at 25 °C (open square), the
effect of 0.2 mM 8-cethylether (octaethylene glycol monohexadecyl ether,
C16EO8) (open circle) and 2.2 mM α-tocopherol (open triangle). The amount of
violaxanthin (V) was measured as mol% of the total XC-pool pigments (VAZ).
Data are shown as average±standard error for 2 (in the case of 8-cethylether and
α-tocopherol) and 3 (control) independent sets of experiments.
lowest concentration used, a reduction in violaxanthin conver-
sion was seen (Fig. 6). Thus, also α-tocopherol increased the
proportion of ‘inaccessible’ violaxanthin.

Taken together, the effect of temperature and the addition of
membrane modifiers point to the role of the lipid matrix in the
restriction of violaxanthin conversion. One possibility is that the
membrane is divided into fluid, liquid-disordered (Lα) and less
Fig. 6. The effect of α-tocopherol on the amount of violaxanthin in the XC. The
concentration of α-tocopherol ranged between 0.23 and 2.2 mM in the course of
violaxanthin conversion. The amount of violaxanthin (V) was measured as mol
% of the total XC-pool pigments (VAZ).The dashed line indicates the value of
the control sample (36.5 mol%) after 90 min de-epoxidation reaction at 25 °C.
Data are shown as average±standard error for 3 independent sets of
experiments.
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fluid, liquid-ordered (Lβ) regions (with or without light har-
vesting proteins involved). In this model, violaxanthin would be
converted in the fluid region [40], but violaxanthin present in
the liquid-ordered regions or bound to light-harvesting proteins
would be ‘inaccessible’. It is therefore reasonable that
temperature and modifiers affect the proportion between fluid
and liquid crystalline regions, and hence the maximum degree
of conversion. To test this possibility, thylakoids were subjected
to a temperature-jump experiment (Fig. 7).

Violaxanthin de-epoxidation was first run at 4 °C for 120min,
to reach essentially full conversion at that temperature. The
enzyme reaction was reversibly stopped by either increasing the
pH in the reaction medium (Fig. 7a) or by removing ascorbate
(Fig. 7b). The temperature was then raised to 37 °C where more
violaxanthin should be available. Here violaxanthin and
zeaxanthin should have the possibility to exchange with
‘inaccessible’ violaxanthin whether it was present in the liquid
Fig. 7. Effect of temperature-jump on the amount of zeaxanthin formed in the
XC. VDE was active at pH 5.1 (4 °C) for 120 min then the formation of
zeaxanthin (Z) was stopped for 20 min either (a) by adjusting the pH in the
medium to 7.0 or (b) removal of ascorbate. At the same time the temperature was
raised to 37 °C to allow pigment-exchange between the liquid-ordered (Lα) and
the liquid-disordered (Lβ) regions. Afterwards, violaxanthin conversion was
resumed at 4 °C by lowering the pH to 5.1. The amount of zeaxanthin was
measured as mol% of the total XC-pool pigments (VAZ). Error bars denote
standard error for two individual sample sets.
crystalline regions of the membrane or bound to proteins (cf.
Fig. 1). Finally, the temperature was again lowered and the
conditions were changed back to low pH (Fig. 7a) or by addition
of ascorbate (Fig. 7b) to resume VDE activity. Remarkably, no
further conversion was observed. If it were just a question of
availability a significant increase in the amount of zeaxanthin
would be expected. In this respect, the thylakoids appear to
behave like a state function. Our interpretation is that the in-
trinsic parameters of the membrane at the specified temperature
are the determining factor for VDE activity and not the history of
the system.

4. Discussion

The results presented in this paper show that in the isolated
spinach thylakoid system lipid packing modifiers and tempera-
ture had a strong effect on the degree of violaxanthin conversion.
The question, however, remains why conversion became
restricted at a specific level. The temperature-jump experiments
(Fig. 7) show that the restricted conversion of violaxanthin was
not due to accessibility limitations. Instead, we suggest that the
activity of VDE is controlled by the intrinsic curvature stress of
the membrane and that zeaxanthin affects membrane packing
and thus indirectly inhibit VDE (Fig. 8).

It is known that violaxanthin de-epoxidase requires lipids that
form inverted hexagonal phase [22] regardless of their chemical
nature [23]. Physical properties of membrane lipids are greatly
affected by temperature. At low temperatures hydrocarbon
chains in the lipid molecules are highly ordered and the overall
structure is lamellar. By increasing the temperature, the motional
freedom of hydrocarbon tails is facilitated; the membrane
becomes more fluid, liquid-like lamellar phase and less tightly
packed. At even higher temperatures lipids can give rise to non-
lamellar structures such as the HII phase [26]. In the thylakoid
membrane both lamellar and non-lamellar structure-forming
lipids exist, mainly DGDG (30%) and MGDG (50%) [26]. Fatty
acyl chains in both galactolipids are mostly unsaturated but the
lipids are heterogeneous and consist of 10% with a high melting
temperature [26]. Therefore, the thylakoid membrane does not
give a specific melting point. MGDG, with a small polar head
group and a bulky tail, is a conically shaped molecule. It forms
inverted hexagonal phase (HII) upon hydration at physiological
temperatures. DGDG with a larger head group and a tail area
equal to the head group is more cylindrical in shape and therefore
form lamellar phase (Lα) structure under the same conditions. As
mentioned in Introduction, the high amount of MGDG in the
thylakoid membrane is expected to impose negative intrinsic
curvature stress to the membrane and the existence of inverted
hexagonal phases in the thylakoid membranes has even been
indicated by various methods [41,42].

Goss et al. [43] suggested that the presence of inverted
hexagonal phase forming lipids is crucial for both pigment
solubilisation and VDE activity [43]. Moreover, they hypothe-
sised that lateral segregation ofMGDG into proper HII structures
within the plane of the membrane occurs upon high light
providing a preferred docking site for the pH-activated VDE.
Also, violaxanthin would migrate preferentially into these



Fig. 8. Schematic model of the effect of curvature stress on XC. The thylakoid membrane is composed of 50 mol% MGDG (HII lipid) and 30 mol% DGDG (Lα).
MGDG has a high propensity for interfacial curvature. Upon high light, the formation of the MGDG-rich regions gives rise to curvature stress in the bilayer. MGDG
serves as an efficient host for violaxanthin (hatched hexagon) and is also required by the enzyme, VDE (truncated cone). (1) The enzyme docks to the membrane and
converts violaxanthin to zeaxanthin (filled hexagon). (2) As the conversion proceeds more hydrophobic and stretched zeaxanthin is formed, (3) the membrane expands
and brings about a release of curvature stress leading to a less favoured lipid environment for VDE (cylinder). Elevated temperature and the presence of linolenic acid
facilitate zeaxanthin formation, whereas low temperature, the presence of other membrane modifiers such as 8-cethylether and α-tocopherol during the conversion
retarded the formation of zeaxanthin.
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MGDG-enriched regions. Our results corroborate the model of
Goss et al. [43]. However, we prefer to interpret our findings in
terms of intrinsic curvature stress in the membrane, as this is
more compatible with the rapid response of violaxanthin
conversion to temperature-shift and membrane modifiers.

Zeaxanthin has a crucial role in our model. It has a longer
hydrophobic stretch (11 double bonds instead of 9 in violaxan-
thin), and should therefore govern a stretching of the structure
of the membrane lipids. This would lead to a more densely
packed and a slightly thicker membrane relieving the intrinsic
curvature stress caused by MGDG. The reduction in curvature
stress is then thought to inactivate VDE. This could explain
why the level of zeaxanthin remained unchanged even when
VDE was active again at 4 °C. This resembles the flexible
surface model on rhodopsin function [27,28] including the
effects of lipid polymorphism and membrane curvature
stress.

Our results are most easily explained if XC-pigments are
located in the lipid part of the membrane. However, the locali-
zation of these pigments is controversial. In one view, XC-
pigments are free in the membrane. The most important ob-
servation supporting this view is the lack of correlation between
the XC-pigments and pigment-protein complexes. Numerous
studies have shown that light stress within days lead to a drastic
increase in the XC-pigments (e.g. [18], and references therein).
At the same time the amount of light harvesting complexes
decrease or stay constant. Also, fractionation of mechanically
fragmented thylakoids in the absence of detergents shows an
almost random distribution of XC-pigments despite drastic
differences in the type of light-harvesting complexes found in
the different fractions [19]. All other pigments showed clear
preferences for different membrane regions.

The other view is that the XC-pigments are bound to the light-
harvesting complexes, although the binding is generally thought
to be weak. The strongest argument for proteins binding XC-
pigments is the presence of violaxanthin in the crystal structure
of LHCII [14,15]. Another argument is that the process of NPQ
occurs in the antenna system and requires zeaxanthin. If all XC-
pigments, or just the strongly bound pigments are bound to
proteins we have to explain how the treatments made in our work
could affect the binding.

Changes in temperature could change the equilibrium
between free and bound violaxanthin. However, the change by
temperature should be gradual and still the bound violaxanthin
should be so strongly bound that it does not exchange within
hours with free xanthophylls. Another possibility would be that
there are many different binding sites with different temperature
thresholds for release of pigments, but we are not aware of any
results that point in that direction.

The effect of additives (fatty acids, cetylethers and α-
tocopherol) might be argued to directly affect the binding site of
violaxanthin in the light-harvesting complex. For linolenic acid
and linoleic acid the increase in violaxanthin conversion could
be explained by a direct competition for the binding site.
However, oleic acid and stearic acid, although similar in
structure, could not increase the conversion of violaxanthin
(Fig. 3). It is even more difficult to explain how cetylethers and
α-tocopherol could increase binding of violaxanthin through a
direct effect on the binding site.We suggest a compromise where
most observations can be accommodated. In this model, a
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significant part of the XC-pigments are free in the membrane at
any particular moment but at the same time in rapid equilibration
with all XC-pigments bound to the light-harvesting complexes.
The final level of conversion would be reached because VDE
becomes inactivated when the intrinsic curvature stress of the
membrane is relieved through zeaxanthin formation. Additives
would just change the amount of zeaxanthin required to relieve
the curvature stress.

Interesting questions for future research would be to
determine the membrane thickness of thylakoids in the
violaxanthin and zeaxanthin form, respectively, and to study
how the binding properties of VDE to thylakoid membranes are
controlled by different levels of curvature stress.
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