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ABSTRACT: In this study, we have examined the influence of different lipids on the solubility of the
xanthophyll cycle pigments diadinoxanthin (Ddx) and violaxanthin (Vx) and on the efficiency of Ddx
and Vx de-epoxidation by the enzymes Vx de-epoxidase (VDE) from wheat and Ddx de-epoxidase (DDE)
from the diatomCyclotella meneghinianaespectively. Our results show that the lipids MGDG and PE

are able to solubilize both xanthophyll cycle pigments in an aqueous medium. Substrate solubilization is
essential for de-epoxidase activity, because in the absence of MGDG or PE Ddx and Vx are present in an
aggregated form, with limited accessibility for DDE and VDE. Our results also show that the hexagonal
structure-forming lipids MGDG and PE are able to solubilize Ddx and Vx at much lower lipid
concentrations than bilayer-forming lipids DGDG and PC. We furthermore found that, in the presence of
MGDG or PE, Ddx is much more solubilizable than Vx. This substantial difference in Ddx and Vx solubility
directly affects the respective de-epoxidation reactions. Ddx de-epoxidation by the diatom DDE is saturated
at much lower MGDG or PE concentrations than Vx de-epoxidation by the higher-plant VDE. Another
important result of our study is that bilayer-forming lipids DGDG and PC are not able to induce efficient
xanthophyll de-epoxidation. Even in the presence of high concentrations of DGDG or PC, where Ddx
and Vx are completely solubilized, a strongly inhibited Ddx de-epoxidation is observed, while Vx de-
epoxidation by VDE is completely absent. This indicates that the inverted hexagonal phase domains
provided by lipid MGDG or PE are essential for de-epoxidase activity. We conclude that in the natural
thylakoid membrane MGDG serves to solubilize the xanthophyll cycle pigments and furthermore provides
inverted hexagonal structures associated with the membrane bilayer, which are essential for efficient
xanthophyll de-epoxidase activity.

The violaxanthin cycle of higher plants and green algae higher plants are illuminated with high actinic light intensi-
(1, 2) consists of a forward reaction comprising two ties. Low light intensities or darkness stimulates the backward
de-epoxidation steps, in which the di-epoxy xanthophyll reaction of the violaxanthin cycle, which reverses the reaction
violaxanthin (Vx} is converted to the epoxy-free zeaxanthin sequence of the forward reaction and leads to the conversion
(2x). Both de-epoxidation steps differ greatly in their kinetic of Zx back to Vx. The de-epoxidation sequence of the
parameters3). The intermediate product of this reaction violaxanthin cycle is catalyzed by the enzyme violaxanthin
sequence is antheraxanthin (Ax), which contains one epoxyde-epoxidase (VDE); the epoxidation of Zx to Vx is carried
group. The conversion of Vx to Ax and Zx takes place when out by the enzyme zeaxanthin epoxidage (
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Violaxanthin de-epoxidase (VDE) of higher plants is Preparation of VDE and DDEVDE isolation started with
located in the thylakoid lumerilB). The enzyme requires the preparation of thylakoid membranes from 7-day-old
reduced ascorbate as a cosubstrate to reduce the epoxy groupsheat leaves according to the procedure described ib3ef
which is then eliminated asJ@ (14). The enzyme hasapH DDE was isolated from thylakoid membranes ©f me-
optimum at pH 5.214, 15) and is, under in vivo conditions,  neghiniana For this thylakoid preparation, 56@000 mL
activated by the drop of the lumenal pH caused by the light- of an algal culture was harvested by centrifugation at 3500
driven photosynthetic electron transport. Decreasing pH for 10 min at 4°C (Varifuge, Heraeus, Germany). The pellet
values in the thylakoid lumen induce the binding of the containing the concentrated cells was then resuspended in
enzyme to the lumenal side of the thylakoid membrarg. ( 10 mL of isolation buffer [1 M sorbitol, 2 mM KCI, 2 mM
Besides the decrease in the lumenal pH, VDE activity also MgCl,, 40 mM MES (pH 5.5), and 0.2% BSA] and put on
requires the presence of the galactolipid MGO®)(MGDG a glass fiber filter (GF 6, Schleicher & Sdju The cells
has been proposed to facilitate the solubilization of the were then broken by mechanical disruption in a glass bead
substrate Vx and/or to represent a functional component of homogenizer (MSK, Braun) for 60 s and centrifuged at 2600
the enzyme VDE itself16). Recent studies, employing a for 4 min at 4°C. The pellet containing the algal chloroplasts
lipid bilayer system resembling the natural thylakoid mem- was osmotically shockedyla 2 min incubation in 10 mL of
brane, have shown that the de-epoxidation of Vx preferen- shock medium [2 mM KCI, 2 mM MgGJ and 40 mM MES
tially takes place in inverted hexagonal phase domains (pH 5.5)]. The broken chloroplasts were centrifuged again
associated with the lipid bilayer, which are formed by higher (250Q for 4 min at 4°C), and the pellet containing the
concentrations of MGDGI1(7, 18). High concentrations of  released intact thylakoid membranes was resuspended in 1
MGDG in the liposome system shorten the average distancemL of VDE preparation buffer [5 mM MgGland 20 mM
between violaxanthin molecules localized in the bilayer Tris (pH 7.5)].

domains and the associateg #bmains, thereby significantly The subsequent preparation steps followed the VDE
enhancing the kinetics of the first de-epoxidation step from isolation method introduced in ref3. Freshly prepared
Vx to Ax (18). thylakoids fromC. meneghinianand wheat were adjusted

In comparison to the VDE of higher plants, much less is to a total chlorophyll content of 2 mg/mL with the VDE
known about the diadinoxanthin de-epoxidase (DDE), the preparation medium. The thylakoid membranes were then
enzyme catalyzing the forward reaction of the Ddx cycle. frozen in liquid nitrogen and afterward immediately thawed
The DDE of the diatonfPhaeodactylum tricornuturaxhibits in a water bath set to 30C. After the completion of seven
characteristic differences with the higher-plant VDE with freeze-thaw cycles, the broken thylakoid membranes were
respect to the pH-dependent enzyme activatit®). (DDE centrifuged for 20 min at 600@0and 4°C (Allegra 64R,
becomes activated at a significantly higher pH than the Beckman Instruments). If necessary, centrifugation was
higher-plant VDE, which leads to a de-epoxidation of Ddx repeated until a clear, colorless supernatant containing the
in the dark caused by the weak lumen acidification due to VDE or DDE had been obtained. The VDE-containing
chlororespiratory electron flow. With regard to the lipid supernatant was collected and precipitated with ammonium
requirement of Ddx de-epoxidation, there exist, at present, sulfate in the range of 4685% and centrifuged fol h at
no experimental data. 4000Q at 4 °C (K-24, Janetzky). The obtained pellet was

In this study, we address the question of how different resolved in 50 mM HEPES-NaOH buffer (pH 7.1) and
galacto- and phospholipids influence Vx and Ddx de- dialyzed against the same buffer for 24 h. Finally, the extracts
epoxidation by the enzymes VDE and DDE, respectively. enriched in VDE and DDE were frozen in liquid nitrogen
We compare hexagonal structure-forming lipids MGDG and and stored at-80 °C until they were used in the in vitro
PE with bilayer-inducing lipids DGDG and PC with respect de-epoxidation assays.
to their solubilization efficiency for substrates Vx and Ddx Preparation of Pigments/iolaxanthin (Vx) was prepared
and their influence on the Vx and Ddx de-epoxidation from daffodil petals by a method described in &% The
reaction. We also focus on the important question of how total pigments were extracted with acetone, and, after
solubilization of the xanthophyll cycle pigments in general evaporation to dryness, saponified in an ethanol/NaOH
is achieved and if there are differences in the solubilization solution (6%). The saponified pigments were transferred to
efficiency between Vx and Ddx. ether, dried, resuspended in a mixture composed of hexane

and acetone (4:1), and purified on a silica gel column. Purity
EXPERIMENTAL PROCEDURES was controlled spectrophotometrically (Cary UV/Vis Bio50,

Plant Material. Cyclotella meneghinianatrain 1020-1a)  Varian) and by HPLC analysis. Pure Vx was collected, dried,
was obtained from the Sammlung von Algenkultureft-Go and stored for later use in the VDE enzyme assays.
tingen (SAG) and was grown as a batch culture in silica- Diadinoxanthin (Ddx) was isolated from cells @f. me-
enriched ASP medium according to r2® with the modi- neghiniana Batches of algal cells (250 mL) were harvested
fications introduced in re21. The PPFD during cultivation as 50 mL aliquots on glass fiber filters (GF 6, 55 mm
was set to 5umol m2 s~ with a 16 h-8 h light—dark diameter, Schleicher & S¢H) immediately frozen in liquid
regime. The temperature of the growth chamber was adjustednitrogen, and freeze-dried for 24 h. Pigments from several
to 20°C. For the preparation of DDE and Ddx, dark-adapted filters of dried algal cells were then extracted with HPLC
algal cultures with a chlorophyll concentration of 10 mg of extraction medium composed of 90% methanol/0.2 M
Chl a/c L~ were used. ammonium acetate (9:1, v/v) and 10% ethyl acetate by

VDE was prepared from 7-day-old wheaTriticum mechanical disruption in a glass bead homogenizer (MSK,
aestvum) leaves. Vx was prepared from daffodidrcissus Braun) for 20 s. The pigments were then transferred to diethyl
poeticu$ petals, from flowers obtained at the local market. ether, evaporated, and saponified using the same conditions
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as described above. After saponification, carotenoids were ——- 0uMMGDG
separated by HPLC using a Nucleosil ET 250/8/4, 300-5, 005+ A _%“ZMB@
C-18 column (Macherey & Nagel) on a Waters 600-MS 1 !

chromatography system equipped with a Waters 717 au- 0.044
tosampler and a Waters 996 photodiode array detector with l
the eluents and gradient program described in2@fDdx
from several HPLC separations was pooled, dried, and stored
at —80 °C for further use in the DDE enzyme assays.

In Vitro De-Epoxidation Assay.he in vitro de-epoxidation :
assay is based on a method described id@efThe standard 001
assay mixture contained 04M Vx or Ddx, different ]
concentrations of MGDG, DGDG, PE, or PC (see the Results 0.00 4
for concentrations), 30 mM sodium ascorbate, and 5% 0.05
ethanol (v/v). The enzyme assay was carried out in a reaction | S 2mmene
medium consisting of 10 mM KCI, 5 mM Mggland 40 004 B b GG
mM MES (pH 5.2) A 3 mL enzyme assay typically
contained 10@:L of DDE solution. In the case of the wheat
VDE, 20 uL of the thylakoid lumen extracts was used to 003
achieve similar de-epoxidation activities as with t@e 1
meneghiniandDE suspensions. The reaction mixture was
prepared by mixing the ethanolic pigment solution with lipid, ]
and injecting the pigment/lipid mixture into the reaction 0014
buffer. After addition of the VDE/DDE solution, the reaction
mixture was incubated at 3 for 5 min before a 70@L OOO_M_,‘:{;;;:’ -
control sample (corresponding to time point O of the de- ‘ T
epoxidation kinetics) was taken. De-epoxidation of the
respective pigment was started by addition of ascorbate to
the reaction mixiure, and samples were collected after de-FIGURE 1: (A) Absorption spectra of Ddx in reaction medium at

epoxidation times of 2, 5, and 10 min. In the samples, de- pH 5.2 in the presence of different concentrations of hexagonal

epoxidation was stopped by mixing 7@ of a reaction  structure-forming galactolipid MGDG. The Ddx concentration is
assay with 5QiL of 1 N KOH, thereby increasing the pH of  fixed at 0.4uM. (B) Absorption spectra of Vx in reaction medium

the reaction mixture to neutral pH values and inactivating at pH 5.2 in the presence of different concentrations of MGDG.
the xanthophyll de-epoxidases. The Vx concentration is fixed at 04M.

All samples were centrifuged at 13@Pdor 5 min
(Centrifuge 5417 C, Eppendorf); the supernatant was re-
moved, and the pellet containing the xanthophyll cycle
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ChemicalsMGDG and DGDG were purchased from Lipid
Products. PC was obtained from Sigma-Aldrich and PE from

pigments was stored at80 °C until it was used for pigment T uka.
analysis by HPLC. RESULTS
Pigment Extraction and HPLC AnalysiBigments were
extracted from the frozen pellets by addition of 200 of Solubility of Ddx and Vx in the Hexagonal Structure-

HPLC extraction medium (see above). Pigment recovery by Forming Lipids MGDG and PE.Figure 1 shows the
this method was usually higher than 90% (direct extraction absorption spectra of the xanthophyll cycle pigments Ddx
of pigments with diethyl ether from control samples without and Vx in reaction medium at pH 5.2 in the presence of
prior centrifugation resulted in a substantially lower pigment varying concentrations of the galactolipid MGDG.
recovery, although the stoichiometries of epoxidized and de- In the absence of MGDG, Ddx exhibits an absorption
epoxidized pigments were the same for both methods). Themaximum in the UV region of the spectrum at 385 nm
pigment extracts were analyzed using the Nucleosil ET 250/ (Figure 1A). The three-peak absorption spectrum, which is
8/4, 300-5, C-18 column (Macherey & Nagel) on the Waters characteristic for solubilized carotenoid molecules in organic
HPLC system described above. Pigments were quantifiedsolvents, is not visible. The presence of increasing concentra-
according to the methods of refd and24. The detection  tions of hexagonal structure-forming lipid MGDG in the
wavelength for the xanthophyll cycle pigments was set to aqueous buffer restores the typical Ddx absorption spectrum
480 nm, with the exception of Vx, which was quantified at and shifts the absorption maximum to 458 nm. Already at
a detection wavelength of 440 nm. the lowest MGDG concentration ofidM the Ddx absorption
Determination of Vx and Ddx Solubility by Absorption spectrum shows the typical three-peak structure, although
Spectroscopyx and Ddx (0.4uM each) were mixed with ~ the absorption peak at 385 nm is still visible. MGDG
ethanol and lipid MGDG, DGDG, PE, or PC (for concentra- concentrations of 2M, which correspond to a lipid:pigment
tions, see the Results), respectively. The pigment/lipid ratio of only 5 (given the fixed pigment concentration of
mixture was then injected into the reaction medium at pH 0.4uM), lead to an almost complete restoration of the typical
5.2, which was adjusted to a temperature of@0Absorp- Ddx spectrum. Further increases in the MGDG concentra-
tion spectra of Vx and Ddx were recorded on a Specord M tions improve the spectral fine structure only slightly. It
500 photometer (Zeiss) in a wavelength range between 300should be noted that addition of MGDG after mixing of lipid-
and 750 nm with a band-pass setting of 1 nm. free ethanolic pigment solution with buffer does not result
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in pigment solubilization, since the absorbance spectra remain

unchanged.

The absorption spectrum of Vx in the absence of MGDG
(Figure 1B) is comparable to that of Ddx in MGDG-free
reaction medium. However, the absorption maximum is
located at longer wavelengths and peaks in the blue region
of the spectrum at 405 nm. Besides the main absorption
maximum, the Vx spectrum exhibits three prominent shoul-
ders, which correspond to the main peaks of the Vx spectrum
at higher MGDG concentrations. In contrast to Ddx, much
higher concentrations of MGDG are needed to fully solu-
bilize Vx at the given concentration of Q.M. At an MGDG
concentration of 2«M, which almost completely restores
the characteristic Ddx spectrum, the Vx absorption spectrum
is still dominated by the short wavelength absorption
maximum. Complete restoration of the Vx spectrum, i.e.,
complete solubilization of Vx, is finally achieved with an
addition of MGDG to a final concentration of 116\,
which corresponds to a lipid:pigment ratio of 29. The
absorption maximum of solubilized Vx in reaction medium
at pH 5.2 is found at a wavelength of 452 nm.

To confirm that the spectral shift of both Vx and Ddx in
aqueous buffer in the absence of MGDG is a result of

pigment aggregation, we also recorded absorbance spectra

of pigments in aqueous 33% ethanol. In accordance with
observations described in 125, we were able to mimic the
spectral changes, which occur in the presence of lipid, by

varying the temperature of the ethanolic pigment suspension.

Cooling of the samples to & resulted in absorbance spectra
very similar to pigment spectra in buffer without lipid, while
a temperature increase to 30 almost completely restored
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Ficure 2: (A) Absorption spectra of Ddx in reaction medium at
pH 5.2 in the presence of different concentrations of hexagonal
structure-forming phospholipid PE. The Ddx concentration is fixed
at 0.4uM. (B) Absorption spectra of Vx in reaction medium at pH
5.2 in the presence of different concentrations of PE. The Vx

absorbance spectra which can be observed in lipid-containingconcentration is fixed at 0.4M.

buffer or pure ethanol (data not shown).

When Ddx and Vx are diluted in the aqueous reaction
medium at pH 5.2 in the presence of varying concentrations
of phospholipid PE, a dependence of pigment solubilization
on the lipid concentration similar to that with the galactolipid
MGDG can be observed (Figure 2).

PE, although structurally different from MGDG, forms the
same inverted hexagonal phase domaRg).(Like in the
experiments with MGDG, the characteristic Ddx spectrum
is visible in the presence of PE concentrations 6628 uM
(Figure 2A). However, PE seems to be slightly less efficient
in Ddx solubilization than MGDG, as can be seen from the
lower spectral fine structure at lipid concentrations of 1 and
2 uM PE or MGDG. Higher concentrations of PE are needed
to fully solublize Vx, whose normal spectral fine structure
can be seen at PE concentrations of 1AM (Figure 2B).
This is again comparable to the results obtained with MGDG
and indicates that Vx in general is not as readily solubilizable
as Ddx. The spectral fine structure and the absorption
maxima of Ddx and Vx dissolved in PE are similar to those
of the pigments solubilized in MGDG.

Ddx and Vx De-Epoxidation in the Presence of MGDG
and PE.The different solubility of Ddx and Vx in MGDG
or PE is reflected by respective differences in the de-
epoxidation efficiency (Figures 3 and 4). Ddx de-epoxidation
by theC. meneghinian®DE, which proceeds very slowly
in the absence of MGDG (Figure 3A), is saturated at an
MGDG concentration of ZM. This corresponds well with
the observation that Ddx is almost completely solubilized

in the presence of 2M MGDG. Further increases in MGDG
concentrations do not enhance the Ddx de-epoxidation
kinetics.

An MGDG concentration of 11.&@M, on the contrary,
leads to a slight reduction in the Ddx de-epoxidation rate.
MGDG concentrations of 38/M reduce the de-epoxidation
rate even further (data not shown). This is most probably
due to a decreased concentration of Ddx molecules located
in the periphery of the now larger sized MGDG aggregates.
These Ddx molecules represent the substrate molecules,
which are directly accessible by the DDE, whereas the Ddx
molecules located inside the MGDG aggregates have to
diffuse to the periphery of the aggregates, before they can
be de-epoxidized by the enzyme. However, it has to be noted
that the de-epoxidation rate at 38 MGDG is still very
high and that the enzyme activity is reduced by orB0%
compared to the activity at 58M MGDG.

Vx de-epoxidation by the wheat VDE is almost completely
suppressed in the absence of MGDG (Figure 3B). Stepwise
increases in the MGDG concentration induce concomitant
increases in the Vx de-epoxidation rates. In the case of VX,
however, 11.uM MGDG is needed to achieve saturation
of the de-epoxidation reaction. This is again in agreement
with the data from Vx solubility, which show that at an
MGDG concentration of 5.8M only a part of the total Vx
is solubilized and that 11.6M MGDG is needed to fully
dissolve Vx. These results clearly indicate that at low
concentrations of MGDG the solubility of the xanthophyll



4032 Biochemistry, Vol. 44, No. 10, 2005

A --m-- OpM MGDG
-@- 2uM MGDG
0.4 A 58uMMGDG
' & 11.6 M MGDG
0.3
E 0.2
X
°
(=]
0.1+
0.0
0.4 Bc ..... . o o
0
0.3 N
E 0.2 Q 4
= .
>
0.1 0 A
...................... o
-0 0 uM MGDG
0.0 o -0 2uMmMGDG
& 5.8uM MGDG
=< 11.6 uM MGDG
T T T T T T T T T T T
0 2 4 6 8 10
time [min]
Ficure 3: (A) Time course of Ddx de-epoxidation by ti@

meneghiniandDE in reaction medium at pH 5.2 in the presence
of different concentrations of MGDG. The Ddx concentration is
0.4uM, and ascorbate (final concentration of 30 mM) is added to
the reaction medium to induce Ddx de-epoxidation. (B) Time course
of Vx de-epoxidation by wheat VDE in reaction medium at pH
5.2 in the presence of different concentrations of MGDG. The Vx
concentration is 0.4M, and ascorbate (final concentration of 30
mM) is added to the reaction medium to induce Vx de-epoxidation.
Mean values of three (A) and five (B) independent experiments
with standard deviations 9% for panel A and<5% for panel B.

cycle pigments limits the efficiency of the respective de-
epoxidation reaction.

Ddx and Vx de-epoxidation in the presence of the other
hexagonal structure-inducing lipid, PE, follows the same

Goss et al.
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Ficure 4: (A) Time course of Ddx de-epoxidation bg. me-
neghinianaDDE in reaction medium at pH 5.2 in the presence of
different concentrations of PE. The Ddx concentration is/0v%

and ascorbate (final concentration of 30 mM) is added to the
reaction medium to induce Ddx de-epoxidation. (B) Time course
of Vx de-epoxidation by wheat VDE in reaction medium at pH
5.2 in the presence of different concentrations of PE. The Vx
concentration is 0.4M, and ascorbate (final concentration of 30
mM) is added to the reaction medium to induce Vx de-epoxidation.
Mean values of three (A) and five (B) independent experiments
with standard deviations 0f£8% for panel A and<3% for panel

B.

confirmed by the complete absence of Vx de-epoxidation in
reaction medium at pH 5.2 where PE has been omitted.
Decreased Solubility of Ddx and Vx in Bilayer-Form-

general pattern as it does in the presence of MGDG. DdXx ingLipids PC and DGDGFigure 5 shows the absorption

de-epoxidation by th€. meneghinian®DE is saturated at
a lipid concentration of 2uM PE (Figure 4A), which
corresponds to the almost complete solubilization of Ddx at

spectra of Ddx and Vx in reaction medium at pH 5.2 in the
presence of varying concentrations of bilayer-forming lipid
PC. Complete solubilization of both xanthophyll cycle

that lipid concentration. The importance of lipids capable pigments requires significantly higher lipid concentrations
of forming inverted hexagonal phases for xanthophyll de- compared with those of hexagonal structure-forming lipids
epoxidation is confirmed by an almost complete suppressionMGDG and PE. The typical Ddx absorption spectrum
of Ddx conversion in the absence of PE. In contrast to DdX appears at a PC concentration of 118l (Figure 5A),
de-epoxidation in reaction medium containing higher con- ajthough the spectral fine structure is still slightly distorted
centrations of MGDG, small decreases in the de-epoxidationdue to an increased contribution of the short wavelength
rate at PE concentrations of 1181 are not visible. absorption to the overall absorption spectrum. A PC con-
Again, Vx de-epoxidation by wheat VDE (Figure 4B) is centration of 38.7%M is needed to completely solubilize Ddx
saturated at significantly higher PE concentrations than Ddx and to fully restore the characteristic Ddx absorption
de-epoxidation. PE concentrations of 5BL.6 uM are spectrum. This PC concentration corresponds to a lipid:
needed to achieve reasonably fast de-epoxidation rates. Thipigment ratio of almost 100 taking into account the fixed
is again in good agreement with the lower solublization pigment concentration of 0.4M. This means that the PC
efficiency in the case of Vx, where a PE concentration of concentrations needed for a complete solubilization of Ddx
11.6uM is needed to completely solublize the xanthophyll are more than 10 times higher than the respective MGDG
cycle pigment of the higher plants. The importance of the or PE concentrations. A similar conclusion can be derived
hexagonal structure-forming lipids for Vx de-epoxidation is from the shape of the Vx absorption spectra at the different
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Ficure 5: (A) Absorption spectra of Ddx in reaction medium at FGURE 6: (A) Absorption spectra of Ddx in reaction medium at
pH 5.2 in the presence of different concentrations of bilayer-forming pH 5.2 in the presence of different concentrations of bilayer-forming
phospholipid PC. The Ddx concentration is fixed to @M. (B) galactolipid DGDG. The Ddx concentration is fixed at Q.M.
Absorption spectra of Vx in reaction medium at pH 5.2 in the (B) Absorption spectra of VX in reaction medium at pH 5.2 in the
presence of different concentrations of PC. The Vx concentration presence of different concentrations of DGDG. The Vx concentra-
is fixed to 0.4uM. tion is fixed at 0.4uM.

PC concentrations (Figure 5B). At PC concentrations below it is not the molecular structure of the lipid itself but the
38.7uM, the Vx spectra are substantially distorted, showing higher-order structure, which is formed by the respective
the most prominent absorption maxima in the blue region lipid, that determines xanthophyll solubility.

of_ the spectrum. The ch_aracteristic Vx absorption spectrum  xanthophyll De-Epoxidation Is Not Only Determined by
with an absorption maximum at 452 nm and a pronounced xanthophyll SolubilityThe experiments with the hexagonal
long-wave peak around 480 nm can only be seen at thestrycture-forming lipids show that the solubilization of the
highest PC concentration that was employed. In the case ofxanthophyll cycle pigments at lower lipid concentrations is
VX, the PC concentrations needed for a full solubilization one of the key factors determining the de_epoxidation
are ~4 times higher than the respective concentrations of activity, i.e., that enhanced solubilization of Vx and Ddx
the hexagonal structure-forming lipids. leads to increased rates of de-epoxidation. Ddx and Vx de-
The decreased efficiency of PC in the process of xantho- epoxidation in the presence of bilayer-forming lipids PC and
phyll solubilization is not restricted to this special lipid but DGDG (Figure 7) indicates that solubilization is not the only
occurs in a very similar way when another bilayer-forming factor which controls de-epoxidation. Even in the presence
lipid, DGDG, is utilized (Figure 6). of high concentrations of PC and DGDG, where both

The dependence of both the Ddx (Figure 6A) and Vx Xanthophyll cycle pigments are completely solubilized, Ddx
spectra (Figure 6B) on the DGDG concentrations is com- de-epoxidation and Vx de-epoxidation are significantly
parable to the results obtained with PC. In either case, 38.7restricted. Ddx de-epoxidation proceeds slowly in the pres-
uM lipid is needed to completely solubilize Ddx and Vx, €nce of both PC and DGDG (Figure 7A), and after 10 min
and the shapes of the absorption spectra at the different lowerof the in vitro de-epoxidation assay, onh25% of Ddx has
lipid concentrations are also very similar for both lipids. Peen converted to Dtx (compared with the almost complete
However, a direct comparison of the Vx absorption spectra Ddx de-epoxidation after 2 min in the presence ofM
at 5.8uM DGDG and PC (compare Figures 5B and 6B) MGDG). Notaply, the Ddx de.-epOX|dgt|on rate at DGDG or
indicates a slightly higher solubilization efficiency of Vxin PC concentrations of 38/M is ~10 times lower than the
PC. In general, one can conclude that the bilayer-forming de-epoxidation rate in the presence of 38\ MGDG (data
lipids are significantly less efficient in the solubilization of ~Nnot shown).
the xanthophyll cycle pigments than the hexagonal structure- Vx de-epoxidation in the presence of PC is even more
forming lipids. The use of lipids that are structurally related inefficient, and the reaction is almost completely suppressed
(MGDG vs DGDG and PE vs PC) furthermore indicates that in the presence of DGDG (Figure 7B). It has to be noted
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Ficure 7: (A) Time course of Ddx de-epoxidation by th&
meneghinian®DE in reaction medium at pH 5.2 in the presence
of DGDG and PC. The Ddx concentration is @M, and ascorbate
(final concentration of 30 mM) is added to the reaction medium to
induce Ddx de-epoxidation. (B) Time course of Vx de-epoxidation
by wheat VDE in reaction medium at pH 5.2 in the presence of
DGDG and PC. The Vx concentration is Q:M, and ascorbate
(final concentration of 30 mM) is added to the reaction medium to
induce Vx de-epoxidation. Mean values of three (A) and five (B)
independent experiments with standard deviationss#o for both
panels A and B.

that both Ddx de-epoxidation and Vx de-epoxidation at lower
concentrations of PC and DGDG, where complete solubili-
zation has not been achieved, proceed even more slowly thal
the de-epoxidation at a lipid concentration of 38M (data

not shown). Further increases in the lipid concentrations are

also not able to enhance the Ddx and Vx de-epoxidation rates
above the rate shown here. These results indicate that, beside

the solubilization of the xanthophyll cycle pigments, the
provision of the inverted hexagonal structures is the second
key feature which determines efficient xanthophyll de-
epoxidation. Although PC and DGDG are able to solubilize
Ddx and Vx, albeit at higher lipid concentrations compared
with MGDG and PE, they do not provide the hexagonal
structures needed for a high xanthophyll de-epoxidase
activity.
DISCUSSION

Importance of Substrate Solubilization for Xanthophyll De-

Goss et al.

carotenoid absorption spectrum dominated by a broad
absorption maximum in the UV or blue region of the
spectrum. The formation of this maximum is caused by an
aggregation of the lipophilic pigment molecules in the
aqueous environmer®). The aggregated xanthophyll cycle
pigments are characterized by an altered distribution of the
electrons in the chromophore system, which leads to the
observed changes in the light absorption of the molecules.
Ddx and Vx in the aggregated form cannot be used as
substrates by enzymes VDE and DDE, as can be seen by
the complete suppression of Vx de-epoxidation by VDE in
the absence of lipids. Ddx de-epoxidation by DDE without
addition of supplementary lipids is also strongly inhibited,;
the minor Ddx de-epoxidation we observed is most probably
caused by very low concentrations of residual MGDG still
present in the DDE enzyme preparation. Aggregation of the
xanthophyll cycle pigments in the aqueous environment is
prevented by the presence of solubilizing lipids. Solubiliza-
tion of Ddx and Vx, which is indicated by a complete
restoration of the characteristic three-peak absorption spec-
trum, is a prerequisite for their efficient de-epoxidation and
depends on the nature and the concentration of the lipids
employed. MGDG, the most abundant thylakoid membrane
lipid, is very effective in substrate solubilization. Only low
concentrations of the hexagonal structure-forming lipid are
needed to fully dissolve the pigments and saturate xantho-
phyll de-epoxidation. This observation is in agreement with
results published in rel6, where the first evidence that
MGDG activates Vx de-epoxidation through substrate solu-
bilization was presented. Our data extend this finding and
show that other lipids are also able to solubilize the
xanthophyll cycle pigments. However, we observed a
substantial difference in the efficiency of Ddx and Vx
solubilization exerted by different lipids. PE, another hex-
agonal structure-forming lipid, exhibited an efficiency in
pigment solubilization similar to that of MGDG. Low lipid
concentrations led to the complete solubilization of Ddx and
VX, thereby saturating the de-epoxidase reaction. Bilayer-
forming lipids such as DGDG and PC were also able to
solubilize Ddx and Vx, albeit at significantly higher con-

Tentrations. The differences in substrate solubilization are

not related to the intrinsic structures of the different lipids,
as MGDG and DGDG, on one hand, and PE and PC, on the
ther hand, possess virtually the same molecular structure.
Solubilization, therefore, seems to depend on the higher-
order structure that the different lipids provide, i.e., the
hexagonal structure in the case of MGDG and PE and the
bilayer structure in the case of DGDG and PC. Bilayer-
forming lipids, although capable of solubilizing the xantho-
phyll cycle pigments, were, however, not able to activate
efficient xanthophyll de-epoxidation (see below). The sig-
nificant differences in the solubility of the xanthophyll cycle
pigments in the hexagonal phases or bilayer-forming lipids
may have consequences for the distribution of the xantho-
phyll cycle pigments in the natural thylakoid membrane,

0

Epoxidation.Our data show that one of the key functions of which consists to a large extent of galactolipids MGDG and
the lipids in xanthophyll de-epoxidation is to solubilize the DGDG. On the basis of our results, we can conclude that
xanthophyll cycle pigments, i.e., to provide the substrates the xanthophyll cycle pigments, after their release from the
Ddx and Vx in a form that is accessible for VDE or DDE. light-harvesting proteins, are preferentially located in the
Injection of xanthophyll cycle pigments into an aqueous MGDGe-rich domains of the membrane, where the actual de-
reaction medium buffered to pH 5.2, which simulates the epoxidation reaction is taking place (réf8and26; see also
properties of the thylakoid lumen, leads to an uncharacteristic discussion below).



Role of Lipids in Xanthophyll De-Epoxidation

Significant Differences in the Lipid Solubility of Ddx and
Vx. Another important result of our study is the observation
that Ddx and Vx exhibit prominent differences with respect
to their lipid solubility. For a complete solubilization of DdX,
concentrations of MGDG and PE significantly lower than
for the solubilization of Vx are needed. If the importance of
substrate solubilization for efficient de-epoxidation outlined

Biochemistry, Vol. 44, No. 10, 20051035

complete substrate solubilization, inverted hexagonal struc-
tures are provided by MGDG or PE. The presence of such
H, phases associated with natural thylakoid membranes has
already been reporte83, 34). The question of whether these
hexagonal phases reside within the natural membrane bilayer
(18) or are associated with, for example, the lumenal side
of the thylakoid membrane, however, is still open (for a

above is taken into account, it becomes clear why we observediscussion of the possible ways of bilayer and nonbilayer
much higher rates of Ddx de-epoxidation at lower concentra- coexistence, see réfl).

tions of MGDG and PE compared with Vx de-epoxidation.  Besides the formation of inverted hexagonal structures,
At present, it is not clear why Ddx shows a better lipid nonbilayer lipids such as MGDG and PE exert other
solubility than Vx. One can only speculate that either the characteristics which are in favor of an efficient xanthophyll
asymmetry of the Ddx molecule or the difference in polarity de-epoxidation. According to the data published in32f

of the two xanthophylls is responsible for this, but further \here the effect of nonbilayer lipids on membrane binding
experiments are needed to clarify this question. However, and insertion of the catalytic domain of leader peptidase was
the saturation of Ddx de-epoxidation at a significantly lower studied, the smaller headgroup sizes of the non-bilayer-
lipid:pigment ratio may be related to the natural situation in forming lipids reduce the packing density at the membrane
the diatom photosynthetic apparatus. Various studizs7, water interface. The nonbilayer lipids thereby create hydro-
28) have shown that the Ddx cycle pool size can be phobic insertion sites, which foster the insertion of membrane-
significantly larger than the respective Vx cycle pool size associated proteins. With regard to VDE and DDE, this
in vascular plants and green algae. This means, that inwould mean that insertion of the catalytic site of the enzyme
diatoms, which are illuminated with actinic high light, @ s strongly facilitated in membrane domains enriched in
larger amount of Ddx molecules can be released from the MGDG. This would allow the enzyme to reach the epoxy-

light-harvesting proteins to the free lipid phase of the jonon ring of Ddx and Vx, which is located at the lumenal
membrane. Complete solubilization of a large number of DdXx sjde of the thylakoid membrane.

molecules can only be achieved under the assumption thata \ye conclude that the role of the naturally occurring

low lipid:pigment ratio is sufficient for solubilization. The thylakoid lipid MGDG is twofold. MGDG is, on one hand
increased solubility of the Ddx molecules_ co_mpared with perfectly suited to solubilize the xanthophyll cycle pigments,
Vx would then enable an efficient de-epoxidation of alarge oyen at low concentrations. On the other hand. it forms
number of Ddx molecules within a short time period, thereby j,erted hexagonal structures associated with the membrane
providing rapid photoprotection to the photosynthetic ap- bilayer, thereby providing the higher-order structure essential
paratus. The higher solubility of Ddx compared with VX iS¢, efficient xanthophyll de-epoxidase membrane insertion

in line with other results on the Ddx cyle of diatoms, which
show that the Ddx cycle is optimized in several ways
compared with the Vx cycle of higher plants. Among these
are the important observations that DDE activity starts at
higher pH values than the respective VDE activity in higher
plants (9), that Ddx in vivo is de-epoxidized by DDE much
faster than Vx 29), and that Dtx epoxidation is completely

and activity. It is interesting to note that the minor Giib
binding antenna proteins of higher plants, which have been
shown to contain the majority of the Vx cycle pigmeri§,(

36), are also enriched in MGDG3{). We propose that
MGDG, located in the vicinity of these proteins, solubilizes
Vx after its detachment from the LHC protein and provides
the suitable structure for Vx de-epoxidation. MGDG also

suppressed by the transmembrane pH gradient under highy,pjes the binding of the formerly inactive and water-soluble

light illumination (28, 30).

Importance of Hexagonal Structures for Xanthophyll De-
Epoxidation. The second key function of the lipids in
xanthophyll de-epoxidation is the provision of a structural
environment suitable for efficient conversion of Ddx and Vx.
Our data corroborate the findings presented in f&fand

VDE to the thylakoid membrand.8, 38), thereby targeting
the enzyme to the site now enriched in free Vx. We believe
that such a localized Vx de-epoxidation would be advanta-
geous for a fast and efficient rebinding of Zx to the LHC
protein, once Zx has been formed from Vx.
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