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The Kinetics of Zeaxanthin Formation Is Retarded by
Dicyclohexylcarbodiimide’
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The de-epoxidation of violaxanthin to antheraxanthin (Anth) and
zeaxanthin (Zeax) in the xanthophyll cycle of higher plants and the
generation of nonphotochemical fluorescence quenching in the
antenna of photosystem Il (PSIl) are induced by acidification of
the thylakoid lumen. Dicyclohexylcarbodiimide (DCCD) has been
shown (a) to bind to lumen-exposed carboxy groups of antenna
proteins and (b) to inhibit the pH-dependent fluorescence quench-
ing. The possible influence of DCCD on the de-epoxidation reac-
tions has been investigated in isolated pea (Pisum sativum L.) thy-
lakoids. The Zeax formation was found to be slowed down in the
presence of DCCD. The second step (Anth — Zeax) of the reaction
sequence seemed to be more affected than the violaxanthin — Anth
conversion. Comparative studies with antenna-depleted thylakoids
from plants grown under intermittent light and with unstacked
thylakoids were in agreement with the assumption that binding of
DCCD to antenna proteins is probably responsible for the retarded
kinetics. Analyses of the DCCD-induced alterations in different
antenna subcomplexes showed that Zeax formation in the PSII
antenna proteins was predominantly influenced by DCCD, whereas
Zeax formation in photosystem | was nearly unaffected. Our data
support the suggestion that DCCD binding to PSII antenna proteins
is responsible for the observed alterations in xanthophyll conversion.

The light-dependent and reversible decrease of the Viol
content of green leaves was discovered about 40 years ago
(Sapozhnikov et al., 1957). Yamamoto et al. (1962) showed
that these processes are based on the cyclic conversion of
Viol to Zeax via the intermediate Anth. During the last
decade this xanthophyll cycle has become more important
due to the proposed function of the two de-epoxidized
forms, Anth and Zeax, in nonradiative dissipation of excess
excitation energy in the antennae of the photosynthetic
apparatus (for recent reviews, see Pfiindel and Bilger, 1994;
Demmig-Adams and Adams, 1996, Horton et al., 1996;
Yamamoto and Bassi, 1996; Gilmore, 1997).

The light dependence of the Viol de-epoxidation reflects
the light-induced acidification of the thylakoid lumen
(Hager, 1966). Recently, the VDE has been identified
as a nuclear-encoded, lumen-localized 43-kD protein
(Arvidsson et al., 1996; Bugos and Yamamoto, 1996; Rock-
holm and Yamamoto, 1996). The enzyme requires ascor-
bate as a cofactor (Hager, 1966) and shows a pH optimum
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of about 5.2 (Hager, 1969). Activation of the VDE seems to
be accompanied by the binding of the VDE to the mem-
brane (Yamamoto, 1985; Hager and Holocher, 1994; Bratt
et al., 1995).

Thermal dissipation of excess excitation energy is impor-
tant for the protection of plants against photooxidative
damage of the photosynthetic apparatus under light-stress
conditions. Two main mechanisms, the energy or pH-
dependent mechanism, qE (e.g. Horton et al., 1996), and
photoinhibition (Aro et al., 1993; Osmond, 1994), contribute
to these processes. There is a large amount of experimental
evidence that Zeax and Anth are involved in both mecha-
nisms (for review, see Demmig-Adams and Adams, 1992;
Horton et al., 1996, Yamamoto and Bassi, 1996; Gilmore,
1997). This action might originate from the ability of these
two xanthophylls to trap energy from a singlet excited 'Chl
a molecule (Frank et al., 1994), although energy transfer
from Chl a to either Zeax or Anth, along with qE and
photoinhibitory process, has not been proven experimen-
tally.

Like Viol de-epoxidation, the qE component of energy
dissipation is regulated by the lumen pH. The molecular
mechanism by which the lumen pH controls the formation
and relaxation of gE is still unclear. Horton and co-workers
favor the idea that protonation of carboxy groups of PSII
Chl a/b antenna proteins induces conformational changes
in the PSII antenna, which in turn generate energy-
quenching centers (Horton et al., 1991, 1996). One piece of
evidence for this hypothesis was the observation that
DCCD, which is known to bind to carboxy groups that are
involved in proton binding, inhibits the generation of qE
(Ruban et al., 1992). The DCCD-binding carboxy groups in
Lhcb5 and Lhcb4 have thus been proposed to function as a
sensor of the lumenal pH in regulation of the qE quenching
of excitation energy in these proteins (Walters et al., 1994;
Horton et al.,, 1996). DCCD-binding residues have been
identified in Lhcb5 (Walters et al., 1996) and Lhcb4 (Pesa-
resi et al., 1997). According to the model of the folding of
Lhcb1/2 derived from the crystal structure (Kithlbrandt et
al., 1994), the DCCD-binding residues are indeed at posi-
tions that can be expected to have contact with the thyla-
koid lumen. Similar positions have been proposed for

Abbreviations: Anth, antheraxanthin; Chl, chlorophyll; DCCD,
dicyclohexylcarbodiimide; HS, high-salt; IML, intermittent-light;
LS, low-salt; qE, pH-dependent Chl fluorescence quenching; VDE,
violaxanthin de-epoxidase; Viol, violaxanthin; Zeax, zeaxanthin.
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DCCD-binding residues in other antenna proteins (Jahns
and Junge, 1990).

The xanthophyll-cycle pigments are bound by Chl a/b
antenna proteins of both photosystems (Bassi et al., 1993;
Ruban et al., 1994; Lee and Thornber, 1995). Because of the
close relation of the generation of qE and the de-
epoxidation of Viol, it might be expected that DCCD bind-
ing to antenna proteins might also interfere with the xan-
thophyll conversion. We tested this possibility by
investigating the influence of DCCD on the de-epoxidation
reactions of the xanthophyll cycle.

MATERIALS AND METHODS

Pea (Pisum sativum L. cv Kleine Rheinldnderin) plants
were grown in a climate chamber in a 14-h light/10-h dark
cycle (control plants) or in a 2-min light/118-min dark
cycle (IML plants). Illumination was performed with white
light at a photon flux density of 100 umol m~* s~ '. Leaves
of 12- to 14-d-old control plants and 12-d-old IML plants
were used for all experiments. Control plants were har-
vested at the end of the dark period.

Thylakoid Preparation

Preparation of thylakoids was based on the method of
Jensen and Bassham (1966) with the modifications de-
scribed by Krause et al. (1985). Unstacked thylakoids were
prepared under LS conditions according to the method of
Polle and Junge (1986).

Incubation with DCCD

Incubation of thylakoids with DCCD was carried out at
room temperature in the dark. Thylakoids equivalent to 50
wng/mL Chl were suspended in a medium containing 0.33
M sorbitol, 5 mm MgCl,, 5 mm NaCl, 1 mm KH,PO,, and 40
mwM Hepes/NaOH, pH 7.8. For unstacked, LS thylakoids,
MgCl, was omitted from the medium. DCCD was added
from an ethanolic stock solution (100 mm) to give a final
concentration of 100 um. For controls, the same amount of
ethanol was added to the samples. After 10 min of incuba-
tion, thylakoids were spun down by centrifugation for 5
min at 2000¢ and used immediately for the de-epoxidation
experiments.

De-Epoxidation Conditions

For de-epoxidation, control thylakoids (40 ug Chl/mL)
or IML thylakoids (20 ug Chl/mL) were suspended in 0.33
M sorbitol, 5 mm MgCl,, 5 mm NaCl, and 50 mm Mes/
NaOH, pH 5.2. De-epoxidation was started by addition of
20 mm ascorbate from a 1 M stock solution. All experiments
were carried out in the dark at room temperature under
gentle stirring of the samples. At different times 1-mL
aliquots were taken, centrifuged for 2 min at 2000g, and
prepared for pigment analyses.
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IEF

Nondenaturing IEF was carried out following the proto-
col of Ruban et al. (1994) with the modifications for the use
of thylakoids as starting material as described in Farber et
al. (1997). The procedure resulted in formation of 11 dis-
tinct green bands. Each band was carefully collected using
a spatula. The pigment-protein complexes were eluted
from the gel in a PEGG Elution column (Pharmacia) using
a buffer containing 10 mm Hepes, pH 7.6, and 0.06% (w/v)
n-dodecyl-B-p-maltoside. Bands 1 to 4 contained the major
component of the PSII antenna, Lhcb1-3, and were col-
lected together as fraction I. Fraction II was composed of
band 5 and contained a mixture of Lhcb5 and Lheb6. Band
6 contained Lhcb4 and PSII reaction-center core proteins
and was isolated as fraction III. The final five bands, 7 to 11,
contained the PSI antenna proteins, Lhcal-4, together with
the PSI reaction center core, and were again collected to-
gether as fraction IV (Férber et al., 1997).

Pigment Analysis

Pigment analysis was carried out by HPLC as described
elsewhere (Farber et al., 1997). For thylakoid samples,
membranes were collected by a 5-min centrifugation at
2000g and pigments were extracted with acetone, yielding
a final acetone concentration of about 80%. Proteins were
spun down by centrifugation. Pigment extracts were either
used directly for HPLC analysis or stored for up to 2 d
at —20°C.

For IEF samples, pigments were extracted with diethyl
ether by mixing 0.5 mL of sample, 0.5 mL of ethanol, 1 mL
of diethyl ether, and 0.25 mL of water in a tube. The upper
phase was collected, whereas the lower phase was washed
again with 1 mL of ether. The collected upper phases were
dried under N, and stored at —20°C until resuspension in
acetone for HPLC analysis.

RESULTS
Influence of DCCD on the De-Epoxidation Kinetics

The effect of DCCD on the de-epoxidation reactions in
pea thylakoids is shown in Figure 1. According to former
studies (Jahns et al., 1988; Ruban et al., 1992), a molar ratio
of DCCD:Chl (2:1) was chosen for the incubation, which is
known to cause minimal inhibition of electron transport,
but significant effects on proton release from water oxida-
tion (Jahns et al., 1988) and on qE (Ruban et al., 1992). A
possible uncoupling effect of DCCD (Jahns et al., 1988;
Ruban et al., 1992) was not critical for these experiments,
since no transmembrane pH gradient was present when
de-epoxidation was induced in the dark by low pH and
addition of ascorbate.

In the absence of DCCD (Fig. 1A), the well-known kinet-
ics of de-epoxidation reported in other in vitro and in vivo
studies (Hager, 1967; Siefermann and Yamamoto, 1974;
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Figure 1. Time course of de-epoxidation in isolated control thyla-
koids. Thylakoids (50 ug Chl/mL) were incubated for 10 min in the
dark and at room temperature in the absence (A) or in the presence
(B) of 100 um DCCD. The relative portions (mol%) of the
xanthophyll-cycle pigments Viol (O), Anth (C]), and Zeax (@) are
plotted. The sum of the three pigments remained constant during the
time course of the experiments. The data represent the mean value of
three independent experiments. sb was in the range of 5 to 7% of the
respective values for Viol and Zeax, and up to 20% of the respective
values for Anth.

Pfiindel and Dilley, 1993; Jahns, 1995; Hartel et al., 1996)
were confirmed. In agreement with the data of Pfiindel and
Dilley (1993), the formation of Zeax followed biphasic ki-
netics, with about one-third of the Zeax being formed with
the slower kinetics.

After incubation of the thylakoids with DCCD, the de-
epoxidation was significantly slowed down (Fig. 1B). How-
ever, the final extent of de-epoxidation (i.e. the maximum
de-epoxidation state) and thus the Viol availability were
not affected by this treatment. Also, the total amount of
xanthophyll-cycle pigments remained constant throughout
the time course of the experiment. DCCD seemed to influ-
ence mainly the kinetics of the second step of the reaction
sequence, Anth — Zeax. This can be concluded from Figure
1 because the reduction of the rapidly formed Zeax (from
about 40% to less than 20%) was more than twice as high as
the reduction of the rapidly converted Viol (from 50 to
about 40%). The somewhat slowed-down Viol — Anth
de-epoxidation may be sufficiently explained by the tran-
sient accumulation of Anth (attributable to the retarded
Anth — Zeax conversion). Fitting the sum of two exponen-
tials to the data (Table I) indicated that DCCD altered the
proportion of the two phases of the Anth — Zeax reaction,
but not the rate constants of each. Thus, the fast phase of
Anth — Zeax de-epoxidation seems to be converted into
the slow one in the presence of DCCD.

DCCD has been shown to bind to nearly all Chl a/b
antenna proteins of both photosystems (Jahns and Junge,
1990; Walters et al., 1994). In addition, only binding of
DCCD to subunits ¢ (Sigrist-Nelson et al., 1978) and 3
(Shoshan and Selman, 1980) of the coupling factor,/cou-
pling factor,; ATPase has been reported so far for thylakoid
membranes. Since antenna proteins also contain the
xanthophyll-binding sites, it is reasonable to assume that
the effect of DCCD on the de-epoxidation kinetics is attrib-
utable to binding to antenna proteins. We tested this hy-
pothesis with IML thylakoids, which are known to have
drastically reduced amounts of antenna proteins.

Table 1. Kinetic parameters of the second step (Anth — Zeax) of
de-epoxidation

Rate constants (k;, k,) and amplitudes (A;, A,) of the two phases of
Zeax formation were determined by fitting the data from Figure 1
(control plants) and Figure 2 (IML plants) as the sum of two expo-
nentials. The total degree of Zeax formation (in percent of the total
pool of xanthophyll-cycle pigments) is given by the sum of the ampli-
tudes of both phases, A Zeax (t = ). Although ignoring the influence
of the first step (Viol — Anth) of de-epoxidation on the kinetics of the
second step, this procedure is a reliable approximation for the quan-
titative description of our data (compare also Hartel et al., 1996).

Control Plants IML Plants
Parameter
— DCCD + DCCD — DCCD + DCCD
k; (min™") 1.36 1.32 0.94 1.05
A; (%) 38.3 15.6 62.5 38.1
k, (min~") 0.05 0.03 0.06 0.06
A, (%) 26.1 50.6 30.5 52.9
A Zeax (t = ») 64.4 66.2 93.0 91.0

Influence of DCCD on the De-Epoxidation in
IML Thylakoids

The influence of DCCD on the time course of pigment
conversion in IML thylakoids is shown in Figure 2. The
increased Viol to Zeax conversion (i.e. the much higher
maximum de-epoxidation state) in IML thylakoids in com-
parison with control thylakoids corroborates the findings
of former in vivo studies with IML plants (Jahns, 1995;
Hartel et al.,, 1996). Apart from this point, however, the
de-epoxidation reactions in the absence of DCCD (Fig. 2A)
were similar to control thylakoids. Incubation with DCCD
(Fig. 2B) showed a qualitatively similar but less-
pronounced effect, as shown in Figure 1B. The relative
portion of the fast phase of Zeax formation was only re-
duced from about 65% in the absence of DCCD to about
40% in the presence of DCCD (in comparison to 20% in
control thylakoids). Again, the rate constants for both
phases of the Anth — Zeax step were not altered remark-
ably by incubation with DCCD (Table I).

The reduced influence of DCCD in IML thylakoids is
therefore in agreement with the assumption that binding of

— 100 100

R
X% 80 80 J
o3 b
NN 60 60 _
c + 4
' £
< E 40 40 i
< 4
o + -
= 5 20 20 i

>

= 0 0

0 20 40 60 [¢] 20 40 60
Time of de-epoxidation [min]

Figure 2. Time course of de-epoxidation in isolated IML thylakoids.
Thylakoids (50 ug Chl/mL) were incubated for 10 min in the dark and
at room temperature in the absence (A) or in the presence (B) of 100
M DCCD. The relative portions of the xanthophyll-cycle pigments
Viol (O), Anth ([J), and Zeax (@) are plotted. The sum of the three
pigments remained constant during the time course of the experi-
ments. The data represent the mean value of three independent
experiments. sD was in the range of 2 to 10% of the respective values
for Viol and Zeax, and up to 30% of the respective values for Anth.
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DCCD to antenna proteins is responsible for the altered
de-epoxidation kinetics. The remaining effect that was ob-
servable with IML thylakoids might result from binding of
DCCD to Lhcb5, the only Chl a/b-binding protein, which is
present to a normal extent in IML thylakoids (Jahns and
Krause, 1994; Krdl et al., 1995).

It is worth mentioning that any effects of DCCD on
proton release from water oxidation or uncoupling can be
neglected, since the de-epoxidation is induced in the dark
by low pH/ascorbate and, thus, neither water-splitting
activity nor a transmembrane pH gradient occur with our
experimental setup.

DCCD Incubation in LS Media

Earlier flash spectrophotometrical studies have shown
that DCCD inhibits proton release into the thylakoid lumen
at the donor side of PSII (Jahns et al., 1988). It is interesting
that incubation with DCCD in the absence of divalent
cations (LS conditions) abolished this effect (Jahns et al.,
1988) and also reduced the binding of DCCD to antenna
proteins (Jahns and Junge, 1990). This was used in the
following to test whether DCCD binding to antenna pro-
teins might be responsible for the observed alterations of
the de-epoxidation reactions.

The result for both types of thylakoids is illustrated in
Figure 3. For a better comparison, only the changes of the
Zeax content are shown. Obviously, the effect of DCCD on
the de-epoxidation kinetics was suppressed when thyla-
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Figure 3. Time course of de-epoxidation in control (A and C) and
IML (B and D) thylakoids. Thylakoids (50 wg Chl/mL) were incubated
for 10 min in the dark and at room temperature in the absence (O) or
in the presence (@) of 100 um DCCD. Incubation with DCCD was
performed either under HS (A and B) or LS (C and D) conditions.
Only the relative portion of Zeax is plotted. The data represent the
mean value of three independent experiments. sD was in the range of
3 to 10% of the respective values.
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Figure 4. Zeax content in different antenna subcomplexes. Thyla-
koids (50 pg Chl/mL) were incubated for 10 min in the dark and at
room temperature in the absence (white columns) or in the presence
(gray and black columns) of 100 um DCCD. Incubation with DCCD
was performed either under LS (gray columns) or HS (black columns)
conditions. Different antenna subcomplexes were separated by IEF.
The distinct antenna proteins were assigned to the different fractions
as in Farber et al. (1997). Only the relative Zeax content of each
fraction is plotted. The data represent the mean value of three to five
independent experiments. sp is indicated by the respective bars.

koids of either type were incubated with DCCD under LS
conditions. Similar to the generally reduced effect of DCCD
in antenna-depleted IML thylakoids, this result supports
the suggestion that DCCD binding to antenna proteins is
responsible for the retarded de-epoxidation in DCCD-
treated control HS thylakoids.

Unstacking of thylakoid membranes has been shown to
influence de-epoxidation kinetics and Viol availability
(Farber and Jahns, 1998). Therefore, it should be noted that
for both incubation conditions (LS and HS) the respective
de-epoxidation experiment has been performed under HS
conditions. This procedure excludes that unstacking of the
membranes or the different surface charge of the thylakoid
membrane distorts the DDCD-induced alterations.

Xanthophyll Conversion in Different
Antenna Subcomplexes

The xanthophyll-cycle pigments are distributed hetero-
geneously among the different antenna subcomplexes, and
the degree of pigment conversion is variable in different
antenna proteins (Bassi et al., 1993; Ruban et al., 1994; Lee
and Thornber, 1995; Féarber et al., 1997). Under the assump-
tion that DCCD binding to antenna proteins caused the
reduced de-epoxidation, one might expect that this action
is possibly restricted to distinct antenna subcomplexes.

We analyzed the Zeax content of antenna subcomplexes
that were separated by IEF after 10 min of de-epoxidation
in the absence or in the presence (LS and HS incubation) of
DCCD (Fig. 4). At this incubation time, a high de-
epoxidation state should already be established along with
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maximal differences between DCCD-treated and control
thylakoids (compare with Fig. 3A).

The data obtained with control thylakoids (Fig. 4, white
columns) confirmed the recently described differences in
the Zeax content of the four fractions Lhcb1-3, Lhcb5/6,
Lhcb4, and Lhcal-4 (Farber et al.,, 1997). The effect of
DCCD on the de-epoxidation kinetics under LS and HS
conditions (Fig. 3, A and C), however, was restricted to
xanthophylls that are associated with PSII antenna pro-
teins. In the fraction containing the PSI antenna only mar-
ginal differences in the Zeax content were detectable in the
absence and in the presence of DCCD (Fig. 4). This implies
that DCCD binding specifically to PSII antenna proteins is
responsible for the altered de-epoxidation kinetics shown
in Figure 1B.

DISCUSSION

Our experiments show that DCCD slows down the de-
epoxidation kinetics of the xanthophyll cycle. This action
did not have a general effect on VDE activity, but was more
pronounced in the second step of the reaction, the Anth —
Zeax conversion, and restricted to the xanthophylls that are
associated with the PSII antenna proteins, Lhcb1-6. It is
tempting to speculate that DCCD binding to these proteins
is responsible for the observed alterations, particularly be-
cause any other possibly unspecific effect of DCCD can be
expected to affect both steps (Viol — Anth and Anth —
Zeax) of de-epoxidation to a similar extent and also the
conversion of pigments that are associated with PSI an-
tenna proteins. These interesting features may provide new
insight into the reaction mechanism of the pigment conver-
sion in the xanthophyll cycle.

So far it is unknown to what extent the pigments are
bound to proteins during the de-epoxidation reaction. Al-
though after isolation of pigment-protein complexes under
nondenaturing conditions most of the xanthophylls were
found to be associated with proteins (Bassi et al., 1993;
Ruban et al., 1994; Lee and Thornber, 1995; Farber et al.,
1997), it cannot be ruled out that conversion of free pig-
ment occurs in the surrounding lipid phase (as discussed
by Rockholm and Yamamoto, 1996). For the latter case, it
would not be easy to explain why DCCD binding to an-
tenna proteins influences pigment conversion, therefore,
our data support the hypothesis of protein-bound pigment
conversion.

DCCD is known to bind to carboxy groups that are
involved in proton binding or translocation (Azzi et al.,
1984). In antenna proteins, carboxy groups that are located
near the thylakoid lumen surface have been proposed
(Jahns and Junge, 1990) or identified (Walters et al., 1996;
Pesaresi et al., 1997) as DCCD-binding sites. The fact that
only those pigments that are associated with PSII antenna
proteins were affected by DCCD (Fig. 4) implies that the
DCCD-binding sites in these proteins are in close contact
with either the pigment-binding sites of the antenna pro-
teins or the active site of the VDE.

The restriction of the DCCD effect to xanthophylls asso-
ciated with PSII antenna proteins does not necessarily in-
dicate a specific function of the DCCD-binding carboxy

groups for the de-epoxidation, but could simply be due to
the high-protein (and high-pigment) concentration in the
grana region of the membranes. The altered kinetics could
then originate from a higher DCCD:lipid ratio in the grana
stacks that might disturb the interaction of the pigments
with the VDE. This explanation would also explain the
diminished or abolished DCCD effect in unstacked IML
thylakoids and (also unstacked) LS thylakoids, respec-
tively, and would therefore be in agreement with pigment
conversion in the lipid phase. In this case, however, one
would expect that both steps of the de-epoxidation (Viol —
Anth and Anth — Zeax) are affected to a similar extent.

One of the most intriguing mechanistic problems of the
de-epoxidation reaction is how the two epoxy groups of
Viol (which are most likely arranged at opposite sides of
the membrane) are enzymatically converted by an enzyme
that is located exclusively at the lumen side. In principle,
this may be achieved by a flip-flop of the pigment molecule
or by a membrane arm of the VDE that has access to both
epoxy groups of the carotenoid (see also Gilmore, 1997). In
either case, conformational changes (of the pigment or the
protein) have to be postulated to allow for an interaction of
the second epoxy group of the carotenoid with the active
site of the protein. The more-pronounced retardation by
DCCD of the Anth — Zeax step of the de-epoxidation
might indicate that these conformational changes are ham-
pered by DCCD and could be an argument for a role of the
DCCD-binding amino acids in pigment conversion.

Assuming a flip-flop of the pigment molecule during
conversion of both epoxy groups, it seems more likely that
this turn of the molecule is catalyzed by a protein rather
than occurring spontaneously in the lipid phase of the
membrane. For de-epoxidation, binding of xanthophylls to
antenna proteins seems to be dispensable, since de-
epoxidation in IML plants (and also from other Chl
b-deficient or Chl b-less plants) is nearly unchanged com-
pared with normally developed plants (Jahns, 1995; Hartel
et al., 1996). Thus, any protein-mediated flip-flop of Anth
should then be facilitated by the VDE. The ability of the
isolated (or partially purified) VDE to convert Viol to Zeax
in the absence of thylakoid membranes and, thus, of any
integral membrane protein (Hager and Perz, 1970;
Yamamoto and Higashi, 1978; Arvidsson et al., 1996; Rock-
holm and Yamamoto, 1996) further supports this point of
view. However, these features are also fully compatible
with the assumption that a membrane arm of the VDE
provides access to the two epoxy groups of Viol and that no
flip-flop of the carotenoid is required.

The slower kinetics to which the Anth — Zeax conver-
sion was apparently switched by DCCD was already visi-
ble in untreated thylakoids, although this slower portion
was much less pronounced in this case (Fig. 1). The slow
kinetics of the Anth — Zeax conversion has also been
described by Pfiindel and Dilley (1993), but was not de-
tected in the work by Siefermann and Yamamoto (1974),
perhaps due to the relatively short-time interval of 15 min
used in the latter study. Pftindel and Dilley (1993) ex-
plained the two phases of Zeax formation by two different
Viol pools. However, the relative increase of the slower
portion at a higher pH shown by these authors might
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alternatively indicate that the slow conversion rate is based
on another pH-dependent process. This could be the bind-
ing of the VDE to the membrane, which is thought to be a
pH-dependent process (Hager and Holocher, 1994; Bratt et
al., 1995). Thus, the DCCD-induced changes might then
simply be understood as an altered binding behavior of the
VDE to the membrane, induced by the presence of DCCD.
This could point to an interaction of the DCCD-binding
carboxy group and the VDE along with binding to the
membrane, and may reflect the importance of a protonable
residue (which is blocked by binding of DCCD) for VDE
binding to the membrane.
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