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Abstract In vivo the prasinophyceaen alga Mantoniella
squamata Manton et Parke uses an incomplete
violaxanthin (Vx) cycle, leading to a strong accumulation
of antheraxanthin (Ax) under conditions of high light.
Here, we show that this zeaxanthin (Zx)-depleted Vx/Ax
cycle is caused by an extremely slow second de-
epoxidation step from Ax to Zx, and a fast epoxidation
from Ax back to Vx in the light. The rate constant of Ax
epoxidation is 5 to 6 times higher than the rate constant
of Zx formation, implying that Ax is efficiently converted
back to Vx before it can be de-epoxidated to Zx. It is,
however, only half the rate constant of the first de-
epoxidation step from Vx to Ax, thus explaining the
observed net accumulation of Ax during periods of
strong illumination. When comparing the rate constant
of the second de-epoxidation step in M. squamata with
Zx formation in spinach (Spinacia oleracea L.) thylak-
oids, we find a 20-fold reduction in the reaction kinetics
of the former. This extremely slow Ax de-epoxidation,
which is also exhibited by the isolated Mantoniella vio-
laxanthin de-epoxidase (VDE), is due to a reduced sub-
strate affinity of M. squamata VDE for Ax compared
with the VDE of higher plants. Mantoniella VDE, which
has a similar K, value for Vx, shows a substantially in-
creased K, for the substrate Ax in comparison with
spinach VDE. Our results furthermore explain why Zx
formation in Mantoniella cells can only be found at low
pH values that represent the pH optimum of VDE. A pH
of 5 blocks the epoxidation reaction and, consequently,
leads to a slow but appreciable accumulation of Zx.
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Introduction

Xanthophyll cycles play a major role in the short-term
protection of higher plants and algae against an over-
excitation of the photosynthetic apparatus under con-
ditions where the light intensity exceeds photosynthetic
capacity (for recent reviews, see Horton et al. 1996;
Gilmore 1997). Another important function of xantho-
phyll cycles has been recently proposed by Lohr and
Wilhelm (1999), who showed that xanthophyll cycling
optimizes the biosynthesis of light-harvesting pigments
under fluctuating light conditions. Higher plants and
green algae possess a violaxanthin (Vx) cycle in which
Vx is converted to zeaxanthin (Zx) in high light
(Yamamoto et al. 1962). This two-step de-epoxidation
sequence includes antheraxanthin (Ax) as an interme-
diate reaction product and is reversible in low light or
darkness. A two-component xanthophyll cycle consist-
ing of a one-step de-epoxidation from diadinoxanthin to
diatoxanthin, and the respective epoxidation reaction,
can be found in the algal classes Bacillariophyceae,
Crysophyceae, Xanthophyceae, and Dinophyceae
(Stransky and Hager 1970; Hager 1980). Very recently,
Lohr and Wilhelm (1999) have been able to show that
diadinoxanthin-containing algae possess both the dia-
dinoxanthin and the violaxanthin cycle. Another inter-
esting xanthophyll cycle has been reported in the
prasinophyceaen alga Mantoniella squamata (Goss et al.
1998). Although this alga has the potential to convert Vx
to Zx, illumination of intact cells with high light inten-
sities induces only the first de-epoxidation step, from Vx
to Ax.

The de-epoxidation reaction in the Vx cycle of higher
plants is catalyzed by the enzyme violaxanthin de-
epoxidase (VDE), which is localized in the lumen of the



thylakoid membranes (Hager 1969; Hager and Holocher
1994). The VDE with a pH optimum at pH 5.2 (Hager
1969), under in vivo conditions, is activated by the es-
tablishment of a light-driven proton gradient, and is
supposed to bind to the lumenal side of the thylakoid
membrane after activation (Hager and Holocher 1994).
De-epoxidation of Vx does not necessarily rely on a
light-driven pH gradient, but can also be induced by an
incubation of thylakoid membranes or intact algal cells
in reaction buffers adjusted to the pH optimum of VDE
(Hager 1969; Goss et al. 1998). The acidic form of re-
duced ascorbate has been shown to be the co-substrate
of the de-epoxidation reaction (Hager 1969; Bratt et al.
1995). From the studies of Bratt et al. (1995), it has also
become clear that the pH optimum of VDE can be
shifted to lower pH values when the ascorbate concen-
trations in the thylakoid lumen are low.

VDE has been purified from lettuce (Rockholm and
Yamamoto 1996) and from spinach (Arvidsson et al.
1996; Havir et al. 1997; Kuwabara et al. 1999) by con-
ventional protein purification methods. The amino acid
sequence of the protein has been determined in tobacco,
lettuce and Arabidopsis by molecular cloning (Bugos and
Yamamoto 1996; Bugos et al. 1998), the sequence of
spinach VDE is also available in the GenBank (accession
number AJ250433). VDE has been identified as a
member of the lipocalin family of proteins (Bugos et al.
1998). The protein shows three interesting domains, in-
cluding a cysteine-rich domain, a lipocalin signature and
a highly charged region (Bugos and Yamamoto 1996).
The first domain contains 11 of the 13 total cysteines of
the mature protein that probably form more than one
disulfide bond. It is reasonable to believe that the
cysteine-rich region is the site of action of the VDE in-
hibitor dithiothreitol (DTT; Yamamoto and Kamite
1972). The lipocalin signature is typical for a group of
very diverse proteins that bind small hydrophobic mol-
ecules. The lipocalin domain typically contains a barrel-
like structure that, in higher-plant VDE, is supposed to
bind the hydrophobic substrates Vx and Ax. The third
domain typical for VDE contains a high proportion of
glutamic acid residues and is negatively charged. This
domain may play a role in the activation of the enzyme
and its binding to the thylakoid membrane when, under
conditions of high proton concentrations, the negatively
charged side chains of the amino acids become proto-
nated.

The VDE of higher plants is specific for xanthophylls
with a 3-hydroxy-5,6-epoxy group in a 3S, SR, 6S con-
figuration and with a polyene chain in the all-trans
configuration (Yamamoto and Higashi 1978). The en-
zymes substrate affinity is twice as high for Ax as for Vx,
a fact that leads to a much faster conversion of Ax
compared with Vx (Yamamoto and Higashi 1978; Havir
et al. 1997; Grotz et al. 1999).

The epoxidation reaction of the Vx cycle is catalyzed
by the enzyme Zx epoxidase that is localized on the
stromal side of the thylakoid membrane and has a pH
optimum of pH 7.5 (Hager 1975; Siefermann and
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Yamamoto 1975). Zx epoxidase utilizes oxygen, FAD,
and NAD(P)H as co-substrates (Biich et al. 1995). Zx
epoxidase, originally thought to be identical to light-
harvesting complex (LHC) II (Gruszecki and Krupa
1993), has recently been cloned and sequenced from
tobacco (Marin et al. 1996), pepper (Bouvier et al. 1996),
and tomato (Burbridge et al. 1997). A close comparison
of these epoxidase protein sequences with already pub-
lished sequences of lipocalins has revealed that Zx
epoxidase also belongs to the lipocalin family of proteins
(Bugos et al. 1998).

Epoxidation of Zx can best be observed under low
light conditions or in darkness, but it has also been
shown to occur in periods of high light illumination
(Siefermann and Yamamoto 1975; Gilmore et al. 1994).
Zx epoxidation under high light conditions is, however,
less efficient than the contemporaneous Vx de-
epoxidation, so that a net Zx accumulation can be
observed in illuminated plants or thylakoid membranes.

It is the aim of our present study to demonstrate why,
under high light conditions, the violaxanthin cycle of
M. squamata is restricted to the first de-epoxidation step,
from Vx to Ax. Furthermore, we point out the differ-
ences between the VDE of M. squamata and that of
higher plants. The elucidation of the mechanism of this
incomplete Vx cycle leads us to new insights into a
functional and possible genetic heterogeneity of
xanthophyll de-epoxidases of plants.

Materials and methods

Plant material

Batch cultures of Mantoniella squamata Manton et Parke (isolated
by Desikachary; supplied by the Culture Collection Plymouth,
Cambridge, UK; strain LB 1965/1) were cultivated at a photon flux
density (PFD) of 40 yumol m 2 s~! (photosynthetically active radi-
ation) with a light:dark regime of 14:10 h in artificial seawater
medium, according to Miiller (1962). The temperature of the
growth chamber was held constant at 20 °C. Mantoniella cells were
harvested in the dark-adapted state at a chlorophyll (Chl) content
of 2 mg Chl a/b/c 1. Mantoniella cells used for thylakoid isolation
or preparation of VDE were grown at a PFD of 40 pmol m 2s ! in
air-lift (iultures and harvested at a chlorophyll content of 10 mg Chl
albje 1.

Fresh spinach (Spinacia oleracea L.) leaves were obtained from
the local market.

Isolation of thylakoids

Dark-adapted Mantoniella cells (equivalent to 20 mg total Chl)
were harvested by centrifugation with 2,500 g for 10 min at 4 °C
(Varifuge, Heraeus). The cells were then resuspended in 50 ml
isolation buffer [1 M sorbitol, 2 mM KCI, 2 mM MgCl,, 10 mM
Hepes (pH 7.4), 0.2% BSA] and broken by three 15-s sonication
pulses (Labsonic, Braun, Germany). After a second centrifugation
step at 2,500 g for 4 min at 4 °C that removed remaining cell de-
bris, the chloroplasts were osmotically shocked by a 2-min incu-
bation in 30 ml shock medium [2 mM KCI, 2 mM MgCl,, 10 mM
Hepes (pH 7.4)]. The broken chloroplasts were centrifuged again
(2,500 g, 4 min, 4 °C), and the pellet containing the thylakoid
membranes was resuspended in 1 ml VDE-preparation buffer
(5 mM MgCl,, 20 mM Tris, pH 7.5).
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Dark-adapted spinach leaves (100 g) were homogenized in a
blender (AKA Electric, Suhl, Germany) in 60 ml isolation buffer
[400 mM sorbitol, 50 mM Mes (pH 6.5), 5 mM MgCl,, 10 mM
Nacl, 0.2% BSA]. The homogenate was filtered through a nylon net
and centrifuged for 3 min at 1,500 gat4 °C (Varifuge). The resulting
pellet was washed with 20 ml of isolation buffer and centrifuged
again. Chloroplasts were then osmotically shocked by a 2-min in-
cubation in 20 ml shock medium [5S mM MgCl,, 10 mM NacCl,
10 mM Mes (pH 6.5)], and after the last centrifugation step (2,500 g,
3 min, 4 °C), resuspended in 1 ml VDE-preparation buffer.

Dark incubation of M. squamata cells and spinach
thylakoids at pH 5

Mantoniella cells were harvested by mild centrifugation at 1,000 g
for 5 min at 15 °C (Varifuge), and then resuspended in reaction
medium (RM) pH 5 consisting of 330 mM sorbitol, 10 mM KCl,
5 mM MgCl,, 40 mM Mes and 30 mM ascorbate. After incubation
times of 5, 9, 20, 60, and 120 min in the dark, 20 ml of incubated
Mantoniella cells (equivalent to 40 pg total Chl) was collected on
glass-fiber filters, immediately frozen in liquid nitrogen, and after
freeze-drying, stored at —80 °C.

Spinach thylakoids were diluted in RM pH 5 (composition see
above) to yield a final Chl concentration of 100 ug Chl a/b ml ™.
After 5,9, 20, 60, and 120 min of incubation at pH 5 in the dark,
2 ml of the thylakoid suspension was collected on glass-fiber filters,
frozen, freeze-dried, and stored at —80 °C.

Isolation of VDE (according to Hager and Holocher 1994)

The thylakoid suspensions of M. squamata and spinach (in VDE
preparation buffer) were adjusted to a total Chl content of 2 mg
ml™'. The thylakoids were frozen in liquid nitrogen and then im-
mediately thawed in a water bath adjusted to 29 °C. After the
completion of seven freeze-thaw cycles, the suspensions were cen-
trifuged for 20 min at 38,000 g and 2 °C (Allegra 64R; Beckman
Instruments). The clear, colourless supernatant containing VDE
was then used for the in vitro de-epoxidation assays.

The total protein content of the VDE extracts was determined
according to Bradford (1976).

Isolation of Vx and Ax

Violaxanthin was extracted from dark-adapted spinach thylakoids.
Spinach thylakoids with high contents of Ax were obtained by a
short (15 s) incubation of thylakoid membranes in RM pH 5 at a
reaction temperature of 29 °C. The thylakoid suspensions (3 mg
total Chl) were centrifuged for 1 min at 2,500 g and 4 °C
(Varifuge), and the photosynthetic pigments were extracted by the
addition of 1 ml 100% acetone, and separated by HPLC (see be-
low). Pure Vx and Ax were then dried under nitrogen and stored at
-20 °C.

Enzyme assay at pH 5.2

The in vitro enzyme assay was performed according to Hager and
Holocher (1994) with a modified reaction buffer consisting of
10 mM KCl, 5 mM MgCl,, 40 mM Mes (pH 5.2), and 30 mM
ascorbate. A 1-ml enzyme assay typically contained 25-100 pl of
enzyme solution corresponding to 100 pg of total protein. In vitro
de-epoxidation was started by the addition of purified Vx or Ax,
and the reaction temperature was held constant at 29 °C.

To investigate the time-course of de-epoxidation, 1.2 pmol ' Vx
or 1 umol ! Ax was added to the assay, and samples were collected
after de-epoxidation times of 0, 2.5, 5, 10, 30, 60, and 120 min.

To determine the apparent K, values for Vx and Ax of both
spinach and M. squamata VDE, we held the incubation time constant
and added increasing pigment concentrations (in the range from 0.5
to 3.3 pmol ') to the in vitro assay. We found a reaction time of

10 min useful for the determination of the apparent Km values for Vx
as substrate. The K, determination for spinach VDE and Ax as
substrate should be restricted to shorter incubation times (5 min).

The in vitro de-epoxidation reaction was terminated by the
addition of 500 pl ethyl acetate, and 30 s of stirring transferred the
pigments to the ethyl acetate phase. After a short centrifugation at
13,000 g for 2 min (Z 231 M; Hermle Gosheim, Germany), the
pigments in the ethyl acetate phase were collected, dried under
nitrogen, and stored at —20 °C for HPLC analysis.

The apparent K, values were derived from the use of
Lineweaver-Burk plots.

Pigment analysis by HPLC

Pigments were extracted in a medium consisting of 90% methanol/
0.2 M ammonium acetate (90:10, v/v) and 10% ethyl acetate,
centrifuged for 2 min at 13,000 g (Hermle Z 231 M), and injected
into the HPLC column.

Reversed phase HPLC was performed on a Gynkotec HPLC
system (Gynkotec, Germering, Germany) equipped with a photo-
diode array detector. The detection wavelength for integration was
440 nm. Quantification of pigments was done using calibration
curves calculated from HPLC separations with purified pigment
standards.

Pigments of M. squamata were separated on a Nucleosil column
(ET 250/8/4, 120-3, C-18; Macherey & Nagel, Diiren, Germany).
The elution gradient was run with eluent A (0.1 ammonium acetate
H,O/methanol, 15:85, v/v) and eluent B (methanol/acetonitrile/
acetone, 44:43:13,v/v): 0 min 100% A, 32 min 75% A, 25% B,
47 min 100% B, 70 min 100% B. The flow rate was adjusted to
0.8 ml min", the column temperature to 20 °C.

Pigment extracts of S. oleracea were analysed on a Nucleosil
column (ET 250/8/4, 120-5, C18; Macherey & Nagel). The gradient
was run with eluent A (acetonitrile/25 mM Tris, 97.5:2.5, v/v;
pH 7.5) and eluent B (methanol/ethyl acetate, 75/25, v/v): 0 min
100% A, 18 min 100% A, 20 min 100% B, 35 min 100% B. The
flow rate was 1 ml min ', the column temperature 20 °C.

Pigment extracts from the in vitro VDE assay containing only
the xanthophyll cycle pigments Vx, Ax and Zx were analyzed, using
a short-term HPLC separation on a Nucleosil 125/8/4, 120-5, C18
column (Chromatographie Service, Langerwehe, Germany). The
gradient was run with eluent A (methanol/ 0.1 M ammonium ac-
etate, 90/10, v/v) and eluent B (methanol/ ethyl acetate, 90/10, v/v):
0 min 100% A, 3 min 100% A, 7 min 100% B, 15 min 100% B.
The flow rate was 1.5 ml min!, the column temperature 20 °C.

Illumination of spinach thylakoids and intact cells
of M. squamata

Freshly prepared spinach thylakoids were diluted in RM pH 7.5
consisting of 330 mM sorbitol, 10 mM KCl, 5 mM MgCl,, 40 mM
Hepes (pH 7.5), and 30 mM ascorbate to yield a final Chl a/b
concentration of 100 pg ml™'. Ferricyanide (3 mM) was added as
an artificial electron acceptor, and the thylakoids were illuminated
for 20 min at a PFD of 400 pmol m 2 s . The temperature was
held constant at 20 °C. Directly after the end of the high light
period, 2 ml of thylakoid membranes (equivalent to 200 pg total
Chl) was harvested by filtration, freeze-dried, and stored at —20 °C.
Intact Mantoniella cells were illuminated at a PFD of 250 umol m 2
s! for 20 min or 6 h. The temperature of the algal cells was held
constant at 20 °C. Carbon dioxide limitation was avoided by the
addition of 10 mM KHCOs to the culture medium before the start
of illumination. After the respective illumination times, 20 ml of
Mantoniella cells (40 pg of total Chl) was filtered, freeze-dried, and
stored for HPLC separation.

Epoxidase activity during illumination at high PFD

To investigate the kinetics of Ax epoxidation during actinic illu-
mination, intact cells of M. squamata were exposed to a PFD of



200 pmol m 2 s”!. Carbon dioxide limitation was avoided by the
addition of 10 mM KHCOs to the culture medium before the start
of illumination. After 10 min of the actinic light period, when ap-
preciable amounts of Ax had been formed, VDE was blocked by
the addition of 1 mM DTT. The epoxidation of Ax to Vx was then
followed by taking samples 5, 10, 15, 20, 30 and 50 min after ad-
dition of DTT. A 20-ml sample of Mantoniella cells (equivalent to
40 pg of total Chl) was collected on glass fiber filters, immediately
frozen in liquid nitrogen, freeze-dried, and stored at —20 °C for
HPLC analysis.

Calculation of de-epoxidation and epoxidation rates

The rate constants for the first de-epoxidation step from Vx to Ax
were calculated by fitting the Vx consumption to a mono-
exponential decay function. The rate constants for the second
de-epoxidation step from Ax to Zx were calculated assuming a
stoichiometric conversion between the pigments of the xanthophyll
cycle. Epoxidation from Ax to Vx in illuminated Mantoniella cells
was calculated by a fit of the Ax decrease to a mono-exponential
decay function.

Results
Xanthophyll cycling under in vivo conditions

Table 1 shows the differences in the light-induced con-
versions of the Vx cycle pigments in higher plants and in
the prasinophyceaen alga Mantoniella squamata. 1llu-
mination of dark-adapted spinach thylakoids for 20 min
at a PFD of 400 pmol m? s' led to a strong de-
epoxidation of Vx to Zx. The Ax contents that were low
in dark-adapted thylakoid membranes did not change
during the high light exposure and remained low in the
illuminated thylakoids. In M. squamata, illumination
with saturating PFDs (20 min, 250 pmol m 2 s ') also
resulted in a strong decrease in Vx. The product of the
de-epoxidation sequence, however, was found to be ex-
clusively Ax. Zx contents that were low in the dark-
adapted intact Mantoniella cells did not increase during
the 20-min high light treatment, and even prolonged
exposures to saturating light intensities never resulted in

Table 1 Pigment contents [mmol pigment (mol Chl a) '] of the Vx
cycle pigments violaxanthin (Vx), antheraxanthin (Ax), and
zeaxanthin (Zx) of dark-adapted or illuminated Mantoniella squa-
mata cells and Spinacia oleracea thylakoids. Dark-adapted cells and
thylakoids remained in darkness for at least 3 h prior to pigment
determination. Cells of M. squamata were illuminated at a PFD of
250 pmol m 2 s ! for 20 min or 6 h. Spinach thylakoids were illu-
minated at a PFD of 400 umol m s for 20 min in the presence of
30 mM ascorbate and 3 mM ferricyanide. Mean values of three
individual experiments with an SD of <10% are shown

Conditions Vx Ax 7Zx
M. squamata
Dark-adapted 68.2 - 2.2
Light, 20 min 29.5 40.1 2.7
Light, 6 h 354 434 6.5
Spinach thylakoids
Dark-adapted 160.2 10.6 5.4
Light, 20 min 75.6 9.0 97.2
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an accumulation of Zx. This observation is in agreement
with our earlier data on the Vx cycle of M. squamata
(Goss et al. 1998). In this study, we also showed that
Mantoniella cells incubated at pH 5 (the pH optimum of
VDE) were able to form Zx. In the present study, we
extend these findings and show that the Vx/Ax cycle of
Mantoniella in intact cells during illumination is caused
by an atypically slow de-epoxidation step from Ax to Zx
and a fast epoxidation reaction. In cells incubated at
pH 5, where the epoxidation is blocked by the low pH
(pH optimum of the epoxidase is pH 7.5), we conse-
quently expect a slow but appreciable Zx formation.
This, on the other hand, means that incubation of intact
cells at pH 5 is an essential prerequisite for acquiring
information about the kinetics of the second de-
epoxidation step from Ax to Zx in M. squamata.

Xanthophyll cycling at pH 5
Figure la shows the time-course of Vx de-epoxidation in

spinach thylakoids incubated in RM pH 5 in the dark.
Adjusting the pH of the reaction medium to the pH
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Fig. 1 The time course of Vx de-epoxidation (squares) and the
synthesis of Ax (circles) and Zx (triangles) in isolated thylakoid
membranes of Spinacia oleracea (a) and in intact M. squamata cells
(b) in RM pH 5 in the dark. The chlorophyll concentration was
adjusted to 100 pg Chl a/b ml ' (a) and 2 pg Chl a/b/c ml ' (b). The
pigment concentrations are given as mmol pigment (mol Chl a) '.
The figure shows the result of a typical experiment (=3, a;
n=>5,b)
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optimum of VDE led to a rapid decrease of Vx. Vx was
directly converted to Zx, and increases in the Ax con-
centration could only be observed transiently during the
first minutes of the de-epoxidation reaction. The largest
part of the Zx formation was completed after 20 min of
incubation at pH 5. Prolonged incubation times only led
to further minor increases in the Zx concentration.
Xanthophyll cycle pigment conversions proved to be
substantially different in Mantoniella cells incubated at
pH 5 (Fig. 1b). Vx that was de-epoxidized with kinetics
similar to those in spinach thylakoids was not directly
converted to Zx. De-epoxidation of Vx led to a strong
increase in the Ax contents. Zx formation was not
completely inhibited in Mantoniella cells, but Zx accu-
mulated very slowly, and we observed high amounts of
Zx only after long incubation times of 30-60 min. The
kinetic differences in the formation of the de-epoxida-
tion products between spinach and Mantoniella were
most obvious after 10 min of pH-5 incubation. At that
time we found high Zx and almost negligible Ax con-
tents in spinach thylakoids, whereas Mantoniella cells
showed high Ax and only low Zx concentrations. In
contrast to the spinach thylakoids, and to what is known
from other plant species (Siefermann and Yamamoto
1974; Pfiindel and Dilley 1993), in Mantoniella the entire
Vx pigment pool was convertible to Ax and Zx during
the de-epoxidation at low pH.

The differences in the formation of the de-epoxida-
tion products are also reflected by the rate constants
calculated for both de-epoxidation steps in spinach and
Mantoniella (Table 2). Similar rate constants were de-
termined for the first de-epoxidation step, from Vx to
Ax, for both spinach thylakoids and Mantoniella cells.
Appreciable differences, however, became obvious for
the second de-epoxidation reaction, from Ax to Zx. The
rate constant for Zx formation was found to be very
high for spinach thylakoids, whereas Mantoniella cells
exhibited a drastically lowered rate constant for the
second de-epoxidation step (17-times lower than in
spinach). Taking into account the drastic differences in
the rate constants of the Ax/Zx conversion, one can

Table 2 Rate constants of Vx/Ax de-epoxidation and Ax epoxi-
dation in intact cells of M. squamata, and de-epoxidation of Vx/Ax
by the isolated M. squamata VDE. De-epoxidation of Vx/Ax in
spinach thylakoid membranes and by the isolated spinach VDE.
For experimental conditions see Figs. 1, 2, 3, 4, and Materials and
methods section. The calculated rate constants of a typical experi-
ment are shown (n=3)

Conditions pH De-epoxidation Epoxidation
Vx - Ax Ax > Zx Ax—> Vx
k(min) &k (@min') k (min")

Spinach thylakoids 5 0.14 0.5

M. squamata cells 5 0.23 0.03

Spinach VDE 52  0.163 0.691

M. squamata VDE 5.2 0.176 0.021

M. squamata cells, 7.8 0.119

light

easily explain the differences in the formation of the de-
epoxidation products in spinach and Mantoniella. Ax
that is formed very efficiently in both spinach and
Mantoniella is directly and very rapidly converted to Zx
in spinach, whereas in Mantoniella, the strongly reduced
ability to de-epoxidize Ax to Zx leads to the observed
accumulation of Ax.

As will become evident from the in vitro experiments
presented below, the differences in the de-epoxidation
kinetics between Mantoniella and spinach were not due
to the fact that intact cells (of Mantoniella) were com-
pared with isolated thylakoid membranes (of spinach).
The drastically different de-epoxidation rates could
clearly be related to intrinsic differences between the
VDEs of M. squamata and spinach.

In vitro de-epoxidation of Vx by isolated VDE
of spinach and Mantoniella

In in vitro assays employing isolated VDE of spinach
or Mantoniella and purified Vx, we found a pattern of
Vx de-epoxidation similar to that in spinach thylakoid
membranes and intact Mantoniella cells. De-epoxida-
tion of Vx started directly after Vx addition to the RM
pH 5.2 containing spinach VDE (Fig. 2a). As in the
de-epoxidation reaction in isolated thylakoids, Vx was
directly converted to Zx, and Ax accumulation was
never observed in in vitro assays with isolated spinach
VDE. Conversion of Vx was slightly faster than in the
intact thylakoid membranes, but the magnitudes of the
rate constants of the first de-epoxidation step (Table 2)
were found to be similar for both purified spinach VDE
and thylakoids. Mantoniella VDE also showed a fast
de-epoxidation of Vx (Fig. 2b). Zx, however, was
formed very slowly, thus leading to the same de-
epoxidation pattern as in intact Mantoniella cells with
high Ax concentrations arising during the first minutes
of the pH-5.2 incubation. In contrast to the de-epoxi-
dation reaction in M. squamata cells, Ax was not
completely converted to Zx during the later stages of
the de-epoxidation. This observation can be explained
if one considers that the epoxidized xanthophyll cycle
pigments, Vx and Ax, are susceptible to pigment
degradation, i.e. an isomerization to the furanoid-5,8-
epoxides during the pH-5.2 incubation, whereas the
de-epoxidized Zx remains stable under these mildly
acidic conditions. This means that in the enzyme assay
employing the M. squamata VDE, where especially Ax
is converted to Zx with slow reaction kinetics, high Ax
concentrations are present for relatively long time pe-
riods and can be converted to the respective furanoid,
antherachrome. This isomerization product is then no
longer accessible for de-epoxidation. Similar problems
do not occur in enzyme assays with spinach VDE,
where Vx and Ax are rapidly converted to the stable
Zx. The complete conversion of Ax to Zx in the pH-5
treatment of intact Mantoniella cells can then be
explained if one considers that the surrounding lipid



matrix, provided by the native thylakoid membrane,
prevents the degradation of Vx and Ax.

The rate constants of the first de-epoxidation step
from Vx to Ax (Table 2) were similar for both spinach
and Mantoniella VDE, implying that Vx is a similarly
well-suited substrate for both de-epoxidases, whereas
Ax is not (see below for the estimation of the apparent
K, values of both enzymes). Spinach VDE exhibited a
high rate constant for Zx formation, i.e. a very fast
conversion of Ax to Zx, whereas Mantoniella VDE
was characterized by a very low rate constant and slow
kinetics of Ax de-epoxidation. It is noteworthy that,
compared with the intact cells and thylakoid mem-
branes, the rate constants for both de-epoxidation
steps were only slightly enhanced in the in vitro assays
with the isolated enzymes. This is a good indication
that the kinetics of xanthophyll de-epoxidation in the
thylakoid membrane reflect de-epoxidation kinetics of
the respective enzyme, and are not substantially influ-
enced by pigment accessibility or the existence of dif-
ferent Vx pigment pools in the thylakoid membrane
(Siefermann and Yamamoto 1974, 1975; Pfiindel and
Dilley 1993).
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Fig. 2 Kinetics of the in vitro enzymic de-epoxidation of Vx
(squares) to Ax (circles) and Zx (triangles) by spinach VDE (a) and
M. squamata VDE (b). The reaction mixture (pH 5.2) contained
isolated VDE (100 pg total protein), 30 mM ascorbate, and
1.17 pumol ' Vx. The temperature of the in vitro assay was adjusted
to 29 °C. Pigment concentrations are depicted as nmol pigment.
The figure shows the result of a typical experiment (n=3)
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In vitro de-epoxidation of Ax by isolated VDE
of spinach and Mantoniella

The differences in the Ax de-epoxidation kinetics of the
VDEs from spinach and Mantoniella were best seen
when Ax was used as substrate for the isolated enzymes
in the in vitro de-epoxidation assays (Fig. 3a, b). Spin-
ach VDE showed a very fast de-epoxidation of Ax to Zx,
with typical half-times of the de-epoxidation reaction of
about 1 min, whereas for Mantoniella VDE, 30 min of
reaction time was needed to convert half of the added
Ax to Zx. This easily explains how the overall de-
epoxidation process in thylakoid membranes is influ-
enced by the drastically different de-epoxidation kinetics
of the Ax-to-Zx conversion. For spinach thylakoids, this
implies that as soon as Vx is converted to Ax, Ax is
further de-epoxidized to Zx, and one will never observe
an appreciable accumulation of Ax during the process of
Vx de-epoxidation. The accumulation of Ax observed in
Mantoniella cells or thylakoids is, on the other hand,
caused by the interaction of a fast initial de-epoxidation
step and the drastically lowered kinetics of the Ax-to-Zx
conversion. Ax is formed very efficiently from Vx, but
cannot be converted to Zx with the same efficiency. This,
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Fig. 3 Kinetics of the in vitro enzymic de-epoxidation of Ax
(circles) to Zx (triangles) by spinach VDE (a) and M. squamata
VDE (b). The reaction mixture (pH 5.2) contained isolated VDE
(100 pg total proteln), 30 mM ascorbate, and 1.03 pmol ' Ax. The
temperature of the in vitro assay was adjusted to 29 °C. Pigment
concentrations are depicted as nmol pigment. The figure shows the
result of a typical experiment (1= 3)
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consequently, leads to the observed accumulation of the
intermediate product of the violaxanthin cycle, Ax.

Apparent K, values of Mantoniella and spinach
VDEs for Vx and Ax as substrate

From our determination of the apparent K, values of
both spinach and Mantoniella VDE for Vx and Ax
(Table 3), it becomes clear that the differences in the de-
epoxidation kinetics were due to the different substrate
affinities of spinach and Mantoniella VDEs for the
substrate Ax. As expected from the similar rate con-
stants of the first de-epoxidation step, from Vx to Ax,
both enzymes exhibited similar K, values for Vx. The
fact that spinach VDE showed a lower apparent K., i.e.
a higher substrate affinity for Ax than for Vx, is also in
good agreement with the observed high rate constant of
the second de-epoxidation step, from Ax to Zx in spin-
ach thylakoid membranes. The apparent K, values of
spinach VDE, for both Vx and Ax, are in good agree-
ment with those published by Hager (1980), Havir et al.
(1997), and Grotz et al. (1999). The slow conversion rate
of Ax to Zx in Mantoniella cells was reflected by a high
apparent K, value of Mantoniella VDE for the substrate
Ax. Compared with spinach VDE, we observed a 5- to 6-
fold higher K, value for Ax, implying that Ax is a rather
poor substrate for Mantoniella VDE and cannot be
converted to Zx as efficiently as in spinach thylakoids.
Although the high apparent K, value of Mantoniella
VDE for Ax was in good agreement with the low rate
constant of the Ax-to-Zx conversion, it still seems to be
underestimated (the apparent K, value was found to be
about 5 to 6 times higher in Mantoniella than in spinach,
the rate constant of the second de-epoxidation step was
estimated to be about 20 times lower). An explanation
for this discrepancy could be that the relation between
K., and the rate constants of enzyme reactions only
holds for substrate concentrations well below the K.
The pigment concentrations (about 1 pmol™' per assay)
used in our enzyme assays were, on the one hand, nec-
essary for an accurate quantification of the pigment
conversions but may, on the other hand, have not been

Table 3 Apparent K,, values of the isolated VDEs from
M. squamata and spinach for their substrates Vx and Ax. The
apparent K, values for Vx were determined after incubation at
pH 5.2 for 10 min. For the determination of the apparent K, of
spinach VDE for Ax, the incubation time of the in vitro enzymic
assay was restricted to 5 min. The apparent K., of M. squamata
VDE for Ax was determined after an incubation time of 10 min,
and confirmed by independent measurements employing longer
incubation times. The enzymic assay contained isolated VDE
(100 pg total protein) and varying concentrations of Vx and Ax
(0.3-3.3 pmol ™" pigment). The mean values of three independent
K., determinations with an SD of <10% are shown

Vx (umol ') Ax (pmol 1Y)
Spinach VDE 3.3 1.6
M. squamata VDE 33 6

ideally suited to determine the exact correlation between
K., and rate constant.

Epoxidation of Ax under high light conditions

To test our hypothesis that the Vx/Ax cycle of
M. squamata is caused by the interaction of a slow de-
epoxidation of Ax to Zx and a rather strong epoxidation
reaction in the light, we illuminated Mantoniella cells at
a PFD of 200 pmol m 2 s ! (Fig. 4). After high amounts
of Ax had accumulated (corresponding to 10 min of
high light), we added 1 mM DTT to block a further
de-epoxidation from Vx to Ax. Pigment analysis of the
xanthophyll cycle pigments during the 60 min after the
addition of DTT clearly showed that the accumulated
Ax was converted back to Vx, even under high light
conditions. The rate constant of Ax epoxidation (Ta-
ble 2) showed two important features. (i) It was lower
than the rate constant of the first de-epoxidation step,
from Vx to Ax. This means that de-epoxidation from Vx
to Ax was favoured compared with the epoxidation
from Ax to Vx and could induce the observed accumu-
lation of Ax in the light. (ii) The rate constant of Ax
epoxidation was higher than the rate constant of the
second de-epoxidation step, from Ax to Zx. This means
that under high light conditions two reactions with very
different reaction kinetics were competing with each
other for the substrate Ax, and that Ax was more effi-
ciently converted back to Vx than in the forward reac-
tion to Zx. Nevertheless, with high concentrations of Ax
present, we would expect that a part of the Ax pool
be converted to Zx. The total absence of Zx under
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Fig. 4 The time course of Ax epoxidation (circles) and Vx
formation (squares) in intact illuminated M. squamata cells. After
10 min of illumination at a PFD of 200 pmol m> s when
substantial amounts of Ax had been formed (corresponding to the
starting point of the figure), | mM DTT was added to block VDE.

The PFD of 200 pmol m 2 s ! remained constant during the whole
measuring period. The chlorophyll concentration of the cells was
2 ug Chl a/b/c mI""; 10 mM KHCO; was added to avoid carbon
dioxide limitation. The pigment concentrations are depicted as
mmol pigment (mol Chl ) !. The figure shows the result of a
typical experiment (n=3)



conditions of high light, however, implies that the first
step of the epoxidation reaction, from Zx to Ax, also
was taking place with a high rate constant and that any
Zx formed was rapidly converted back to Ax. Table 2
lists the values of the different rate constants and shows
that the rate constant of Ax epoxidation (k=0.119 min~
") was lower than the rate constant of the first de-ep-
oxidation step from Vx to Ax (k=0.230 min '), but, on
the other hand, was substantially higher than that of the
second de-epoxidation step, from Ax to Zx
(k=0.030 min ') in Mantoniella cells at pH 5.

Discussion

An explanation for the Vx/Ax cycle
in Mantoniella squamata

In a previous paper (Goss et al. 1998), we were able to
show that in vivo the prasinophyceaen alga M. squamata
uses an incomplete Vx cycle. Illumination of intact
Mantoniella cells with high light intensities led to a
strong accumulation of Ax, whereas the product of the
second de-epoxidation step Zx could never be observed,
irrespective of the light intensity or the duration of the
light period. We furthermore presented evidence that Ax
was as efficient in photoprotection as Zx in higher
plants. We also pointed out that VDE from Mantoniella
possesses the ability to perform both de-epoxidation
steps, and that incubation of M. squamata cells in a re-
action buffer at pH 5 (the pH optimum of VDE, Hager
1969; Pfiindel and Dilley 1993) induced appreciable
concentrations of Zx. The results presented in our pre-
sent study explain why illumination of intact cells leads
to the observed accumulation of Ax, and also resolve the
contradiction between the observed Zx formation at
pH 5 and the missing Zx synthesis in the light. From our
data, it is clear that the Vx/Ax cycle of Mantoniella is
caused by the interaction of a slow, second de-epoxida-
tion step from Ax to Zx and a strong epoxidation re-
action in the light. For illuminated M. squamata cells
this means that as soon as Vx is converted to Ax we find
two reactions competing for the substrate Ax, namely
the second de-epoxidation step, from Ax to Zx, and the
epoxidation from Ax back to Vx. From the calculation
of the rate constants of these two reactions it becomes
clear that the epoxidation of Ax is more strongly fa-
voured than the formation of Zx (rate constant is about
5 to 6 times higher). This implies that Ax is very effi-
ciently converted back to Vx. Nevertheless, with high
concentrations of Ax being present in high light, one
should expect that a part of the Ax pool be converted to
Zx. The total absence of Zx under conditions of high
light illumination then implies that not only the epoxi-
dation of Ax to Vx, but also the first epoxidation step
from Zx to Ax exhibits very fast reaction kinetics and
that any Zx formed will be rapidly converted back to Ax.

The rate constant of Ax epoxidation, however, is
found to be lower than the rate constant of the first de-
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epoxidation step, from Vx to Ax, a fact that explains
why we observe a net accumulation of Ax when illumi-
nating the intact cells. Zx formation in intact cells at
pH 5 can now easily be explained if one takes into ac-
count that the enzyme catalyzing the epoxidation reac-
tion (Zx epoxidase) has a pH optimum at pH 7.5 (Hager
1975; Siefermann and Yamamoto 1975). Adjusting the
pH of the incubation medium to pH 5 blocks the
epoxidation reaction that normally competes with the
second de-epoxidation step for their common substrate
Ax and also inhibits the otherwise possible conversion of
newly synthesized Zx back to Ax. Under conditions of
low pH, Zx formation is the only process consuming Ax,
and, consequently, we observe a slow but appreciable
accumulation of Zx when M. squamamta cells are
incubated at pH 5.

The slow de-epoxidation step from Ax to Zx
in Mantoniella

It is a surprising result of our present study that, in
Mantoniella, Ax is converted to Zx with extremely low
reaction Kkinetics, especially if one takes into account
the data on the second de-epoxidation step in higher
plants. In spinach thylakoids, we find the Ax de-
epoxidation to be almost 4 times faster than the Vx
conversion, a result that is in accordance with data
presented by Yamamoto and Higashi (1978), who used
the 505-nm absorbance change to determine the veloc-
ity of the two de-epoxidation steps of the Vx cycle. This
leads to the assumption that the Vx cycle of higher
plants is optimized with regard to a complete conver-
sion of Vx to Zx, and that an accumulation of the
intermediate Ax is not a desirable condition for the
higher-plant thylakoid membrane. While determining
the apparent K, values of spinach and Mantoniella
VDEs for their substrates Vx and Ax does not explain
why the Mantoniella xanthophyll cycle is not optimized
in a similar way, it can, nevertheless, explain the dif-
ferent reaction kinetics for spinach thylakoids and
Mantoniella cells. In spinach, we find the apparent K,
for Ax to be half of that for Vx. This is in good
agreement with results published by Hager (1980) and
Havir et al. (1997), and shows that Ax is a better
substrate than Vx for spinach VDE. The higher sub-
strate affinity of spinach VDE for the substrate Ax re-
sults in a faster second de-epoxidation step. Mantoniella
VDE, on the other hand, shows a higher apparent K,
for Ax than for Vx. This means that Ax is not a good
substrate for Mantoniella VDE and cannot be rapidly
converted to Zx. Although the reduced substrate affin-
ity of Mantoniella VDE for the substrate Ax can serve
as an explanation for the low rate constant of the sec-
ond de-epoxidation step and the observed Ax accu-
mulation, the question of why Zx formation is strongly
favoured in higher plants has to remain open.

The comparable rate constants of the de-epoxidation
reactions in the in vitro assays and in the thylakoid
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membranes or the intact cells show that the kinetics of
the pigment conversions of the xanthophyll cycle pig-
ments are not substantially influenced by xanthophyll
availability in the thylakoid membrane (Siefermann and
Yamamoto 1975; Pfiindel et al. 1994) or by the existence
of different Vx pools in the membrane (Siefermann and
Yamamoto 1974; Demmig et al. 1987; Thayer and
Bjorkman 1990; Pfiindel and Dilley 1993). According to
our results, it seems more likely that the overall de-
epoxidation process in the thylakoid membrane can be
attributed to the characteristic properties of the respec-
tive VDEs. We, nevertheless, find that a part of Vx is not
convertible to Zx in the spinach thylakoid membranes,
and might, therefore, represent Vx not available for
de-epoxidation, as has been proposed by various au-
thors (Siefermann and Yamamoto 1974, 1975; Pfiindel
and Dilley 1993). The fact that the Vx pool is completely
convertible to Ax and Zx in Mantoniella can be related
to the different structure of the M. squamata light-
harvesting antenna, which contains only one light-
harvesting complex (LHC) that serves as the antenna for
both photosystems (Schmitt et al. 1993). This LHC is in
some ways comparable to LHC IIb (Rhiel et al. 1993;
Goss and Garab 2000), shown to exhibit the highest
extent of de-epoxidation among the different light-har-
vesting proteins of higher plants (Ruban et al. 1994;
Firber et al. 1997). Minor Chl «/b-binding proteins that
show reduced Vx de-epoxidation (Ruban et al. 1994) are
not present in the light-harvesting system of Mantoni-
ella, and therefore cannot negatively influence the
overall extent of de-epoxidation. The finding that Vx is
bound to the LHC of Mantoniella squamata (Goss and
Wilhelm 1998), but exhibits a weak pigment-protein
binding, probably also contributes to the complete
conversion of Vx. The weak pigment-protein coupling
implies that during de-epoxidation, Vx is easily removed
from the light-harvesting protein and may be completely
accessible to VDE.

Possible molecular basis for the reduced substrate
affinity of Mantoniella VDE for Ax

Our observation that the slow second de-epoxidation in
Mantoniella is an intrinsic property of the Mantoniella
VDE and is due to its decreased substrate affinity for Ax
is an indication that Mantoniella VDE might show some
modifications on the level of the protein structure
compared with the VDE of higher plants. We propose
that changes in region I, the cysteine-rich region of the
protein, or in region II, the lipocalin signature (Bugos
and Yamamoto 1996), could be responsible for the ob-
served reduced ability of Ax conversion by Mantoniella
VDE. Changes in the lipocalin region, which contains
the hydrophobic binding pocket for the xanthophyll
cycle pigments (Bugos et al. 1998), could reduce the
binding efficiency of Ax to the enzyme VDE. This
modification of the fS-barrel structure has to be highly
specific for Ax because from our data it can clearly be

seen that the substrate affinity of Mantoniella VDE for
Vx is not reduced compared with the VDE of higher
plants. Therefore, we believe that a modification of the
cysteine-rich region of the protein can serve as a more
plausible explanation for the slow de-epoxidation of Ax
to Zx. We were able to show (unpublished results) that
low concentrations of DTT, which only partially inhib-
ited spinach VDE, mainly affected the second de-
epoxidation step and decreased the kinetics of the Ax/Zx
conversion. This is in agreement with results published
by Gilmore and Yamamoto (1993), who used low DTT
concentrations to accumulate Ax in chloroplasts of
Pisum sativum and Lactuca sativa. From the elucidation
of the amino acid sequence of lettuce VDE (Bugos and
Yamamoto 1996), it has become obvious that the
cysteine-rich region of the protein contains 11 cysteine
residues. As it is most likely that these cysteines form
more than one disulfide bond, a partial inhibition of
VDE by low DTT concentrations might be the result of
the reduction of only a part of these linkages. Ax ac-
cumulation in partially inhibited higher-plant VDE gives
rise to the speculation that Mantoniella VDE contains a
cysteine-rich region with a lower amount of cysteine
residues and disulfide linkages, resulting in the observed
slow Ax-to-Zx conversion.

Xanthophyll epoxidation in periods of high light

Our present study clearly shows that the Vx/Ax cycle in
Mantoniella is caused by the interaction of the slow
second de-epoxidation step and the relatively fast
epoxidation of Ax to Vx in high light. Epoxidation of Zx
or Ax to Vx is normally described as taking place in low
light or periods of darkness that follow illumination
phases with high light intensities (Hager 1966, 1967).
Epoxidation of Zx to Vx in high light is difficult to de-
termine because the forward reaction of the xanthophyll
cycle, i.e. Vx de-epoxidation is strongly favoured under
these illumination conditions. By blocking Vx conver-
sion with the VDE inhibitor DTT, various authors have
been able to demonstrate Zx epoxidation under high
light conditions in higher plants (Hager 1975;
Siefermann and Yamamoto 1975; Gilmore et al. 1994)
and in microalgae (Goss et al. 1998). It is another
important characteristic of the epoxidation reaction that
the reaction kinetics of Zx epoxidation depend on the
light intensity used for Vx de-epoxidation and the length
of the illumination period. High actinic light intensities
and long periods of high light that lead to an over-
excitation of PSII have been shown to reduce the
epoxidation kinetics in higher plants (Demmig-Adams
et al. 1998). Lohr and Wilhelm (1999) have also reported
rate constants for diatoxanthin and Zx epoxidation in
the diatom Phaeodactylum tricornutum that are lower
than the rate constant for Ax epoxidation presented in
our study. These differences might again be due to the
differences in the illumination conditions used in these
two studies, 6 h of 1,000 pmol m 2s!in the experiments



of Lohr and Wilhelm and 10 min of 250 pmol m 2 s ™' in
our study, respectively. Although the length of the high
light period seems to reduce the kinetics of xanthophyll
epoxidation, we have to stress that even 6 h of high light
never led to an accumulation of Zx in Mantoniella. This
means that in Mantoniella, even after long high-light
incubations, the rate constant of Ax epoxidation has to
be higher than that of the second de-epoxidation step
from Ax to Zx.

Functional heterogeneity of xanthophyll
de-epoxidases

Mantoniella VDE is the second xanthophyll de-epoxi-
dase from algal cells we have characterized and which
differs functionally from higher-plant VDE. For
Phaeodactylum tricornutum diadinoxanthin de-epoxi-
dase (DDE), these differences are not related to a
different affinity for the substrates Vx and Ax, as in
Mantoniella, but to alterations in the pH optimum of the
enzyme (Jakob et al. 2001). We were able to show that
activation of Phaeodactylum DDE is significantly shifted
to higher pH values compared with the VDE of higher
plants. In Phaeodactylum thylakoids that contained the
pigments of both the Vx cycle and the diadinoxanthin
cycle (see also Lohr and Wilhelm 1999), we demon-
strated that Vx and Ax are de-epoxidized in a way
similar to that in higher plants, i.e. that conversion of Vx
directly leads to the formation of Zx. On the other hand,
we found that Mantoniella VDE, which exhibits a dif-
ferent substrate affinity for Vx and Ax, has a similar
pattern of pH activation as the VDE of higher plants
(data not shown). Our finding that different algal groups
and higher plants contain functionally different xan-
thophyll de-epoxidases could also reflect a phylogenetic
heterogeneity of these de-epoxidases. Future experi-
ments are necessary to reveal whether or not these bio-
chemical differences result from alterations of the
protein and/or the gene structure. Determination of the
amino acid sequence of the different xanthophyll de-
epoxidases will provide new information about the
protein domains responsible for pH activation and
substrate binding and affinity.
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