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The distribution of xanthophyll cycle pigments (violaxanthin plus
antheraxanthin plus zeaxanthin [VAZ]) among photosynthetic
pigment-protein complexes was examined in Vinca major before,
during, and subsequent to a photoinhibitory treatment at low tem-
perature. Four pigment-protein complexes were isolated: the core
of photosystem (PS) II, the major light-harvesting complex (LHC)
protein of PSII (LHCII), the minor light-harvesting proteins (CPs) of
PSII (CP29, CP26, and CP24), and PSI with its LHC proteins (PSI-
LHCI). In isolated thylakoids 80% of VAZ was bound to protein
independently of the de-epoxidation state and was found in all
complexes. Plants grown outside in natural sunlight had higher
levels of VAZ (expressed per chlorophyll), compared with plants
grown in low light in the laboratory, and the additional VAZ was
mainly bound to the major LHCII complex, apparently in an acid-
labile site. The extent of de-epoxidation of VAZ in high light and the
rate of reconversion of Z plus A to V following 2.5 h of recovery
were greatest in the free-pigment fraction and varied among the
pigment-protein complexes. Photoinhibition caused increases in
VAZ, particularly in low-light-acclimated leaves. The data suggest
that the photoinhibitory treatment caused an enrichment in VAZ
bound to the minor CPs caused by de novo synthesis of the pigments
and/or a redistribution of VAZ from the major LHCII complex.

Photoinhibition refers to a condition in which a persis-
tent decrease in the efficiency of photosynthetic energy
conversion in leaves is observed. Photoinhibition occurs in
the field in plants exposed to conditions of high light in
combination with environmental stress, such as cold tem-
peratures, but can also be induced by exposure of shade-
acclimated leaves to high light (Krause, 1994; Osmond,
1994).

Under various photoinhibitory conditions large quanti-
ties of the xanthophyll cycle pigments Z and A have been
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found to be retained in leaves for extended periods after
darkening (Demmig et al., 1988, Adams et al., 1995; Ver-
hoeven et al., 1996, Demmig-Adams et al., 1998). The xan-
thophyll cycle pigments Z and A are formed from V when
light is excessive, and they are involved in a photoprotec-
tive process whereby excess absorbed excitation energy is
dissipated thermally in the light-harvesting antennae of
PSII (Demmig-Adams and Adams, 1996; Eskling et al.,
1997; Gilmore, 1997). The retention of Z plus A in photo-
inhibited leaves often correlates closely with sustained low
PSII efficiencies measured as the F,, /F,,, (Adams et al., 1995;
Verhoeven et al., 1996; Demmig-Adams et al., 1998, and
refs. therein). Such correlations have led to the suggestion
that Z plus A may be engaged for thermal energy dissipa-
tion under these conditions and may therefore be involved
in the reduced PSII efficiencies observed.

To influence Chl fluorescence yield xanthophylls must
be localized in close proximity to the pigment-protein com-
plexes of the thylakoid membrane, and knowledge of their
precise organization is important to understand the mech-
anism of (Z plus A)-dependent energy dissipation. Several
studies have demonstrated that the xanthophyll cycle pig-
ments (VAZ) are associated with all light-harvesting com-
ponents, including LHCI (Thayer and Bjérkman, 1992; Lee
and Thornber, 1995). Among LHCII components, VAZ has
been reported to be enriched in the minor CPs (CP29, CP26,
and CP24) relative to the major LHC of PSII, LHCII (Bassi
etal., 1993; Ruban et al., 1994; Lee and Thornber, 1995; Goss
etal., 1997), suggesting an important role for the minor CPs
in photoprotection (Bassi et al., 1993; Gilmore, 1997). Upon
illumination, V is apparently converted to Z in all com-
plexes (Ruban et al., 1994; Lee and Thornber, 1995; Phillip
and Young, 1995; Férber et al., 1997; Zhu et al., 1997), with
the degree of epoxidation varying among the different
LHCs (Ruban et al., 1994; Croce et al., 1996a).

Although several studies have been conducted to exam-
ine the distribution of the xanthophyll cycle pigments
among pigment-protein complexes isolated from un-
stressed leaves, very little is know about their distribution

Abbreviations: A, antheraxanthin; Chl, chlorophyll; CP, Chl-
binding protein; ELIP, early-light-inducible protein; F,/F,,, ratio
of variable to maximal Chl fluorescence; GC, growth chamber;
LHCI or II, light-harvesting complex I or II; OD, outdoors; V,
violaxanthin; VAZ, V plus A plus Z; Z, zeaxanthin.
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under photoinhibitory conditions when the rate of Z ep-
oxidation is severely slowed following leaf darkening. The
major goal of this study was to assess whether changes
occur in the levels or distribution of VAZ in the pigment-
protein complexes when plants are treated with such pho-
toinhibitory high light, as well as whether differences exist
in the rate at which Z and A are reconverted to V on the
different pigment-proteins during the slow recovery from
photoinhibition.

MATERIALS AND METHODS
Plant Material and Photoinhibitory Treatments

Vinca major var variegata Loud. plants were acquired at a
local greenhouse in northern Italy on two occasions, result-
ing in plants that were acclimated to two different growth
conditions. One set of plants was grown at a low light
intensity (approximately 50 pwmol photons m 2 s~ ') pro-
vided by a combination of HQE fluorescent tubes and
R80-Natura (Osram, Munich, Germany) incandescent
bulbs. Plants were grown in soil, watered every 2 d, and
received Nitsch’s nutrient solution (Nitsch and Nitsch,
1969) once per week. The temperature was 22°C/28°C,
night/day, with 80% RH. Plants were acclimated to low-
light conditions for at least 6 weeks prior to treatment. A
second set of plants was grown outside in northern Italy in
September 1998, when the maximum light intensity at mid-
day was approximately 1900 pumol photons m 2 s~ '. The
temperature in the last 6 weeks prior to experimentation
was 18°C to 24°C (night)/26°C to 34°C (day). Plants were
watered and received nutrients daily.

For the photoinhibitory treatment, plants were exposed
to continuous light and chilling temperatures (480 umol
photons m ™2 s " at 15°C for the plants grown in GCs and
430 pmol photons m 2 s ' at 10°C for the plants grown
OD in full sunlight) until photoinhibition was observed,
which was measured by moving a leaf into darkness and
measuring F/F,, after 30 min. Very slowly relaxing F/F
was achieved after 48 h of exposure to continuous light in
plants grown in GCs and after 122 h of exposure to con-
tinuous light in plants grown OD.

Three sets of leaves were harvested for thylakoid isola-
tion: controls harvested after 12 h of darkness before each
treatment, leaves harvested directly following high-light
treatment, and leaves harvested after an additional 2.5 h of
recovery in darkness at room temperature. In each case, all
of the plant leaves were harvested for thylakoid isolation.

Thylakoid Isolation

Thylakoid membranes were isolated as described previ-
ously by Bassi et al. (1988) except the grinding buffer
consisted of 0.1 M Tricine, pH 7.8, 0.4 M sorbitol, 0.5%
nonfat dried milk, 0.2 mm PMSF, 5 mM e-amino-n-caproic
acid, and 1 mM benzamidine; the washing buffer consisted
of 25 mm Hepes/KOH, pH 7.5, and 10 mMm EDTA; and the
resuspension buffer consisted of 10 mm Hepes/KOH, pH
7.5, 1 mm EDTA, and 50% (v/v) glycerol.
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Chl Fluorescence

Fluorescence measurements were performed on intact
leaves under the respective growth PPFD conditions with a
portable fluorometer (PAM-2000, Walz, Effeltrich, Germa-
ny). Fluorescence measurements and calculations were
performed as described previously (Demmig-Adams and
Adams, 1996; Demmig-Adams et al., 1996).

Solubilization and Fractionation of Thylakoids and
Identification of Pigment-Protein Complexes

Thylakoids were resuspended in 2 mg Chl/mL and sol-
ubilized by adding an equal volume of 2.8% dodecyl mal-
toside in water. The sample was then vortexed for 20 s and
put on ice for 1 min. The solubilized sample was spun for
2 min at 15,000 and 4°C and rapidly loaded onto a 0.1 to
1 M Suc gradient containing 10 mm Hepes, pH 7.6, and
0.06% dodecyl maltoside. The gradient was spun in a Beck-
man SW41 rotor at 39,000 rpm for 27 h at 4°C. Individual
green fractions were harvested with a syringe. Pigment-
protein complexes were identified using analytical SDS-
PAGE, spectroscopy, and pigment analysis, as described
previously for several different species (Di Paolo et al.,
1990; Santini et al., 1994; Kilian et al., 1997).

Electrophoresis and Inmunoblotting

Analytical SDS-PAGE was performed with gradient gels
(10%-16% acrylamide) using the Tris/Tricine buffer sys-
tem of Schigger and von Jagow (1987). Alternatively, a
Tris-sulfate buffer system was used (Bassi et al., 1985a).
Preparative IEF was performed as previously described
(Dainese et al., 1990). Nondenaturing green gel electro-
phoresis was done according to the method of Knoetzel
and Simpson (1991). For immunoblot assays, samples were
separated by the Tris-sulfate gel system and transferred to
a nitrocellulose filter (Millipore). The filters were incubated
with antibodies and detected with alkaline phosphatase
coupled to anti-rabbit IgG (Sigma).

Analysis of Pigments

Total pigments were extracted with 80% acetone. Anal-
ysis of the extracts by HPLC was as described previously
(Gilmore and Yamamoto, 1991). In this study the determi-
nation of the Chl-to-carotenoid ratio in pigment proteins
was of crucial importance. The results of HPLC analysis
were therefore verified by fitting the absorption spectra of
ethanolic extracts of pigment proteins with the spectra of
pure pigments in ethanol (Connelly et al., 1997). Spectra
(350-750 nm) were recorded using a DW2000 spectropho-
tometer in the split-beam mode (Aminco, Silver Spring,
MD). Individual pigments were purified by HPLC, dried
under a vacuum, and resuspended in 96% ethanol. Curve
fitting was obtained by using a nonlinear least-squares
fitting code (Origin, MicroCal Software, Northampton, MA).

Verification of Specificity of Pigment Binding

To verify the specificity of xanthophyll binding to the
different pigment-protein complexes, an experiment was
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undertaken in which excess xanthophylls were added to
solubilized thylakoids before their fractionation. No
change in pigment composition of the protein complexes
was observed after fractionation, suggesting that no non-
specific binding of the xanthophylls was caused by the
solubilization conditions.

DEAE Chromatography of the PSII Core

The Suc-gradient fraction containing the PSII core was
purified using DEAE chromatography as described previ-
ously (Giuffra et al., 1996).

RESULTS

Characterization of Pigment Content and
Distribution prior to Photoinhibitory Treatment

The pigment content of V. major var variegata Loud. was
examined in control conditions from both isolated thyla-
koids and whole-leaf extracts (Table I). In control condi-
tions the differences in carotenoid levels, relative to Chl a,
from plants grown in the GC relative to those grown OD
involved predominantly the fraction of VAZ (Table I). In
both isolated thylakoids and leaf extracts from plants
grown OD, the content of V and VAZ was approximately
twice that of the plants grown in GCs. A comparison of the
pigment composition of whole-leaf extracts versus isolated
thylakoids demonstrates that the ratios of total carotenoid
and of VAZ to Chl were not significantly changed follow-
ing thylakoid isolation.

Distribution of VAZ among Pigment Proteins

In a first approach to examining the location of pigments
within the protein complexes, thylakoid membranes were
solubilized with dodecyl maltoside, and Suc-gradient frac-
tionation was performed, followed by analysis of the pig-
ment and protein content of the fractions (Fig. 1; Tables II
and III). Five major fractions were obtained.

Near the top of the gradient a distinct yellow band was
evident (fraction 1). This fraction contained free pigments,

T F2F3 F4 F5

Figure 1. Fully denaturing Tris-sulfate SDS-PAGE of the fractions
obtained from Suc-gradient ultracentrifugation of V. major thylakoids
collected from dark-adapted (at least 12 h) leaves of GC plants.
Fractions from stressed and recovered thylakoids, as well as the
fractions obtained from plants grown OD, were very similar and are
therefore not depicted. Whole thylakoids (T) were loaded onto the
gel in addition to the four fractions (F2-F5) collected; fraction 2
contained the LHCII monomer (B), the minor Chl proteins CP29 (A),
CP26 (comigrating with LHCII; B), and CP24 (C); fraction 3 contained
the LHCII trimer (D); fraction 4 contained the PSIl core with the
D1/D2 heterodimer (E), CP47 (F), CP43 (G), and D1/D2 monomer
(H); fraction 5 contained the PSI core (I) and LHCI (J). Fraction 1
contained the free pigments (Table Ill) and is not depicted here.

and V was the major component; only very low levels of
Chl were present (Table II). Quantification of pigments in
this fraction, relative to the fractions containing protein,
showed that 80% to 88% of V in isolated thylakoids was
bound to proteins (Table II). This fraction was not exam-
ined for proteins using SDS-PAGE; however, in a parallel
experiment solubilized thylakoids from all treatments were
applied to a nondenaturing deriphat gel and then to SDS-
PAGE gels in the second dimension. No proteins were
visible in the free-pigment fraction in any of the treatments
when the gels were stained with Coomassie Blue.

The second fraction from the top (fraction 2) was heter-
ogeneous, containing LHCII monomer and the minor Chl
proteins (CP24, CP26, and CP29) of PSII; the fraction mi-

Table 1. Pigment composition from both thylakoids and leaves of V. major grown either in GCs or OD under natural sunlight

Leaves were collected following 12 h of darkness (control), at the end of the photoinhibitory treatment (stress), or following 2.5 h of recovery
at low light (recovery). The leaf data are in parentheses, except B-carotene for which the leaf data are not available. See “Materials and Methods”

for growth conditions and stress treatments.

V. major from GCs

V. major from OD

Pigment
Control Stress Recovery Control Stress Recovery
mol/100 mol Chl a

Chl b 39.8 (38.5) 39.1 (38.9) 37.1(38.4) 39.1 (34.4) 40.1 (42.0) 38.4 (35.2)
Neoxanthin 5.5 (5.6) 5.0 (4.8) 5.3 (5.7) 5.9(5.9) 6.3 (5.9) 6.1 (5.6)
Lutein 18.0 (18.3) 21.0 (23.6) 19.4 (19.6) 18.8 (18.8) 21.8 (21.7) 20.1 (19.6)
B-Carotene 6.2 5.8 5.8 6.4 6.8 6.4
\% 4.5 (4.4) 1.8 (2.4) 2.2 (2.3) 9.1 (9.6) 2.9 (3.5) 4.3 (4.6)
A 0 (0) 1.2(1.4) 1.3 (1.3) 0(0) 2.6 (2.9) 2.5(3.2)
A 0 (0) 4.2 (5.2) 3.5(3.6) 0(0) 5.4 (5.3) 3.2 (3.8)
VAZ 4.5 (4.4) 7.2 (9.0) 7.0(7.2) 9.1 (9.6) 10.9(11.8) 10.1 (11.7)
(Z+A)/(VAZ) 0 (0) 0.75 (0.73) 0.69 (0.68) 0(0) 0.74 (0.70) 0.56 (0.60)
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Table II. Pigment composition of the free-pigment fractions (fraction 1) after Suc-gradient ultracen-

trifugation of solubilized thylakoid membranes

V. major from GCs

V. major from OD

Pigment
Control Stress Recovery Control Stress Recovery
% in free pigment band % in free pigment band
Chl a 1.4 1.4 1.1 0.7 1.3 1.4
Chl b 0.8 0.6 0.4 0.3 0.4 0.5
Neoxanthin 4.2 2.2 2.0 4.4 2.5 2.9
Lutein 9.3 11.9 8.7 5.2 8.6 9.2
B-Carotene 0 0 0 4.7 4.0 6.5
\Y 19.5 6.9 8.7 12.4 8.0 13.0
A 16.6 24.8 20.8 0 18.3 18.7
A 1.3 23.3 16.3 0 16.3 13.4
VAZ 18.4 19.0 14.6 12.4 14.4 14.5
(Z+A)/(VAZ) 0.02 0.90 0.81 0.00 0.82 0.59

grating below it (fraction 3) contained pure LHCII trimer.
The higher LHCII content in fraction 2 (derived from mo-
nomerization of trimeric LHCII) compared with findings
from previous reports (Bassi and Dainese, 1992) was due to
the relatively high detergent concentration used here to
ensure fractionation of relatively pure PSI-LHCI and PSII
core complexes. The composition of the xanthophyll cycle
pigments in fractions 2 and 3 were strikingly different in
fractions isolated from plants grown OD in the sun versus
low-light GCs: the V content was 3 times higher in the
LHCII trimer fraction (fraction 3) from plants grown OD

(Table IIT). Although a 40% increase in V content was also
observed in fraction 2 (minor CPs), this increase was pos-
sibly due entirely to the LHCII monomers present in this
fraction (Fig. 1; Table III).

The PSII core fraction (fraction 4), migrating below
LHCII, was also relatively pure (the Chl a/b ratio was >20).
The bottom fraction (fraction 5) contained pure PSI-LHCI
with a Chl a/b ratio of about 9 and was the only gradient
fraction that contained PSI-LHCI components.

VAZ was present in all of the pigment-protein fractions,
although in very different amounts. The major V-binding

Table Ill. Pigment composition of the fractions collected from Suc-gradient ultracentrifugation of solubilized thylakoids from V. major grown

in GCs or OD under natural sunlight

The pigments Chl b, neoxanthin, lutein, and B-carotene are means = sp of the control, stress (48 h of continuous light at 15°C for leaves from
GC plants and 122 h of continuous light at 10°C for leaves from plants grown OD), and recovery (2.5 h in low light at 22°C) treatments.

Minor CPs + LHCII Monomer

LHCII Trimer (Fraction 3)

PSII Core (Fraction 4) PSI-LHCI (Fraction 5)

Pigment and (Fraction 2)
Treatment
GC OD GC OD GC OD GC OD
mol/100 mol Chl a
Chl b 68.0 = 1.4 67.8 = 0.3 78.8 = 2.0 74.8 = 2.7 55+1.3 2.8 +0.8 11.5 £ 0.5 11.5 0.2
Neoxanthin 10.6 £ 0.7 10.0 £ 0.7 12.7 £ 0.6 11.3 £0.9 0.6 £0.5 0.7 £0.3 0 0.3 £0.1
Lutein 28.8 = 0.4 27.6 1.3 34.8 £ 0.5 31.4 +1.7 4.7 £ 0.5 3.1 04 6.5+ 0.3 5.7+ 0.6
B-Carotene 0 0.4 +0.3 0 0 17.0 = 0.1 12.0 2.9 9.9 + 0.7 13.6 = 0.5
V
Control 4.8 9.1 3.4 10.4 1.7 1.4 3.2 3.6
Stress 2.1 3.2 0.6 2.0 1.3 0.3 2.0 1.9
Recovery 2.5 5.0 1.0 33 1.0 0.7 2.3 2.4
A
Control 0.2 0 0 0 0 0 0 0
Stress 1.1 2.1 0.9 1.9 0.7 0.6 0.5 0.8
Recovery 1 3.0 1.0 1.9 0.9 0.8 0.6 0.8
Z
Control 0.7 0 0 0 0 0 0 0
Stress 5.2 5.9 2.8 4.8 1.2 1.2 1.3 1.3
Recovery 4.8 4.3 2.7 2.5 1.0 0.9 1.3 1.7
VAZ
Control 5.7 9.1 3.4 10.4 1.7 1.4 3.2 3.6
Stress 8.5 11.2 4.3 8.8 3.2 2.2 3.8 4.0
Recovery 8.7 12.3 4.7 7.6 2.8 2.4 4.2 4.8
(Z+A)(VAZ)
Control 0.15 0 0 0 0 0 0 0
Stress 0.75 0.68 0.86 0.74 0.61 0.82 0.48 0.47
Recovery 0.72 0.55 0.78 0.53 0.66 0.69 0.44 0.46
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Table IV. PSIl efficiency of V. major grown in GCs or OD under
natural sunlight

Measurements were taken after 12 h of darkness (control), at the
end of the high-light treatment (stress), and during recovery in dark-
ness at room temperature. PSII efficiency is either that of open PSII
units in darkness (F,/F,,; D) or that at the actual degree of closure in
the light ([F,," — FI/F,’, where F' is the maximal fluorescence
measured in the light and F is the actual fluorescence measured in
the light; L). The number of leaves sampled at each time is indicated
in parentheses. Data are means = sD.

V. major Efficiency of PSII Units

GCs

Control (5) 0.72 = 0.03 (D)

Stress (7) 0.04 = 0.04 (L)

1.5 h of recovery (12) 0.33 £ 0.12 (D)

2.5 h of recovery (19) 0.37 = 0.12 (D)
oD

Control (11) 0.77 = 0.02 (D)

Stress (13) 0.15 = 0.08 (L)

1 h of recovery (14) 0.38 = 0.08 (D)

2.5 h of recovery (22) 0.47 = 0.13 (D)

complexes were PSI-LHCI, which bound 40% of Chl a, 12%
to 15% of Chl b, and 24% to 26% of V in both sets of control
plants, and PSII LHCs (minor CPs plus LHCII), which
together bound 50% of Chl a, 86% of Chl b, and 49% of V in
GC plants; the corresponding values in plants grown OD
were 39%, 83%, and 59%.

Effect of Photoinhibitory Treatment

V. major plants were subjected to treatments of continu-
ous light (48 or 122 h for plants grown in GCs and OD,
respectively) and chilling temperatures (15°C and 10°C for
plants grown in GCs and OD, respectively) to induce pho-
toinhibition, after which plants were allowed to recover at
room temperature in darkness for 2.5 h. Plants were mon-
itored during the treatment to ensure that photoinhibitory
conditions (i.e. persistent reductions in F,/F.,) were
achieved. The different treatment conditions reflect differ-
ent requirements necessary to photoinhibit the plants, with
the plants acclimated to the lower-light environment be-
coming photoinhibited much more rapidly than the plants
grown in full sunlight.

Fluorescence parameters ascertained at different times
during the experimental treatment are depicted in Table
IV. At the end of the stress treatment (after continuous high
light and chilling temperatures) PSII efficiency at the actual
degree of reaction center closure was quite low in both sets
of plants. Increases in the efficiency of open PSII units
(F,/F,,) upon leaf darkening were very slow (Table IV), i.e.
sustained decreases in PSII efficiency (photoinhibition)
were present.

The photoinhibitory (stress) treatment induced changes
in pigment composition measured in extracts from both
isolated thylakoids and whole leaves (Table I). At the end
of the high-light treatment VAZ content (expressed per
total Chl a) had increased in both sets of plants, with the
increase being more pronounced in the plants grown in
GCs (an increase of 53% versus 20%, calculated from the

thylakoid data). A comparison of the pigment content mea-
sured from isolated thylakoids versus leaf extracts in the
stressed plants showed that the ratios of carotenoids to Chl
a were fairly consistent in both sets of data. A possible
exception is the VAZ content of the GC plants subjected to
photoinhibitory treatment, in which an approximate 20%
decrease in VAZ occurred following thylakoid isolation.
The de-epoxidation state of VAZ at the end of the stress
treatment was high in both sets of thylakoids. The recon-
version of Z plus A to V was somewhat less in the thyla-
koids from GC plants versus the plants grown OD after
2.5 h in darkness (the change in [Z plus A]/[VAZ] upon
recovery was —0.06 versus —0.18 in thylakoids from the
GC versus OD, respectively), which correlated with a
slower increase in F,/F, in the GC plants (Table IV).

Thylakoids from leaves collected before and after the
photoinhibitory treatment were analyzed for the presence
of ELIPs. A possible role of ELIPs as xanthophyll-binding
proteins, expressed when leaves were exposed to excessive
irradiance, has been discussed (Adamska, 1997). Western
blots, using double labeling with an antibody raised
against fully denatured LHCII (which also weakly recog-
nizes ELIPs) and the maize anti-ELIPs, indicated no induc-
tion of ELIPs following the photoinhibitory treatment. A
faint band at approximately 17 kD (recognized by both
antibodies) was apparent both before and after photoin-
hibition. In a control experiment with maize, cold stress
induced the appearance of a 17-kD band reactive to
polyclonal antibodies directed against an ELIPs epitope.
However, because of the unusually high degree of species
specificity of the ELIP antibody (especially the lack of
cross-reactivity between monocot and dicot antibody to
ELIP; B. Andersson, I. Adamska, and K. Kloppstech,
unpublished observations and personal communication),
it is likely that the maize antibody did not cross-react
in V. major.

Suc-Gradient Fractionation of Thylakoid Membranes upon
Stress and Recovery

During photoinhibitory stress the relative percentage of
VAZ in the free-pigment fraction increased only slightly in
thylakoids isolated from both sets of plants (Table II).
However, the percentage of total Z plus A present in the
free-pigment fraction (after stress) was higher than that of
V under nonstressed conditions, indicating a relative en-
richment of Z plus A in the free-pigment fraction following
the stress treatment. Increases in bound VAZ (relative to
Chl a) following high-light treatment were apparent in all
of the fractions, except the LHCII trimer in high-light-
acclimated samples in which some decrease in bound VAZ
was observed (Table III). The de-epoxidation of bound
VAZ was generally higher in samples from GC plants
compared with plants grown OD, except in the PSII core
fraction and the fraction bound to PSI-LHCI. Within a
treatment, (Z plus A)/(VAZ) was generally similar in all
fractions except PSI-LHCI, which had a lower conversion
state (approximately 0.46 in PSI-LHCI compared with the
0.61-0.86 in the other fractions; Table III). The free-pigment
fraction had the highest degree of de-epoxidation following
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Table V. Analysis of pigments in the fraction containing the PSII core (fraction 4)

Comparison of the core fraction after Suc-gradient ultracentrifugation with values calculated based on previously published results for pure
PSII core and core contaminated with 7% LHCII, in addition to pigment content after purification with DEAE-Fractogel chromatography. The data
are means * sp of the three treatments. Calculations were based on data presented by Yamamoto and Bassi (1996), except the VAZ content per

LCHII was based on data from Table III.

PSIl Core Suc Gradient Calculated Value if

Calculated Values if 7%

Repurified Core

Pigment (Fraction 4) 100% PSII Core Contamination with LHCII Actual/Calculated with DEAE
mol/100 mol Chl a
Chl b 2.7 £0.8 0 2.8 0.92 1.7 £0.3
Neoxanthin 0.8 0.3 0 0.5 1.53 0
Lutein 3.1 0.4 2.5 3.55 0.86 1.0+ 0.4
B-Carotene 12.1 =29 8.9 8.55 1.41 13.4 0.9
VAZ 2.0+ 0.5 0 0.18 11.17 0.3 +0.2

photoinhibitory stress (0.90 in the GC plants and 0.82 in the
leaves of plants grown OD; Table II).

The extent of reconversion of bound Z plus A to V
following 2.5 h of darkness was consistently less in GC
plants relative to plants grown OD, but the relative differ-
ences among proteins in the extent of reconversion were
the same. The greatest extent of reconversion was in the
free-pigment fraction (A[Z plus A]/[VAZ] of —0.09 and
—0.23 in fractions from the GC and OD plants, respective-
ly], with the LHCII trimer fraction exhibiting only slightly
less reconversion (A[Z plus A]/[VAZ] of —0.08 and —0.21).
The fractions containing the PSII core and the LHCII mono-
mer/minor CPs showed approximately one-half the extent
of reconversion (A[Z plus A]/[VAZ] of —0.05 and —0.03 in
the core and minor CPs of the GC leaves and of —0.13 in
both the core and minor CPs of the leaves of plants grown
OD). The PSI-LHCI fraction showed the least reconversion
in the plants grown OD (—0.01), whereas in the GC plants
the reconversion was similar to the core and minor CPs

(—0.04).

Analysis of the PSIl Core-Containing Fraction

Immunoblot analysis of the PSII core-containing fraction,
isolated from the plants grown OD, indicated that LHCII
was the principal contaminant and that minor CPs or PSI-
LHCI were not present. To quantify the level of contami-
nation high amounts of the core fraction (protein equiva-
lent to 10 ug of Chl) in addition to known amounts of pure
LHCII trimer were subjected to SDS-PAGE. Densitometric
analysis of the Coomassie Blue-stained gels revealed the
level of contamination at a maximum of 7% LHCII. Calcu-
lations of expected pigment content (moles per 100 moles
of Chl a) assuming pure PSII core and 7% contamination
with LHCII were compared with the actual data in Table V.
Although LHCII contamination accounted for all of the Chl
b, neoxanthin, and lutein present, there was a greater con-
centration of VAZ in the core than could be accounted for
by LHCII contamination, suggesting that some VAZ may
be bound to the PSII core.

The PSII core fraction was subjected to further purifica-
tion using DEAE-Fractogel (EM Science, Gibbstown, NJ)
chromatography (Table V). Immunoblot analysis of the
purified core verified that after purification only trace

amounts of LHCII were present (data not shown). After the
core was repurified with DEAE, there were decreases in all
of the xanthophylls in addition to Chl b (Table V). The only
small amount of VAZ still present (0.3 mol/100 mol Chl a)
may indicate that VAZ was bound loosely to the core, be-
cause it was largely removed upon DEAE chromatography.
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Figure 2. Fully denaturing Tris-Tricine SDS-PAGE of the bands
(bands 1-8) collected following glycerol gradients of IEF fractions
from separation of LHCIl monomer and the minor Chl proteins of
samples obtained from V. major plants grown OD. The three gels
depict samples from the control, stress, and recovery sets of experi-
ments, as indicated. Thylakoids were loaded as a standard (CT, ST,
and RT). CP29 (A), CP26 (B), LHCII (C), and CP24 (D) are indicated.
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Table VI. Average pigment composition of combined fractions (=sp) from flat-bed IEF of the Suc-gradient fraction containing LHCII and the

minor Chl proteins from the plants grown OD

The fractions combined are indicated below each treatment and correspond to lanes from the Tris-Tricine gels depicted in Figure 3. ND, The

fraction is not depicted in Figure 3.

LHCII Combined Fractions

Minor CP Combined Fractions

Pigment Control Stress Recovery Control Stress Recovery
(C1, C3, C5) (S1, S4, ND) (R1, R4, ND) (Ce, C7) (S6, S8, S9) (R6, R8, R9)
mol/100 mol Chl a
Chl b 80.4 * 2.6 82.8 £ 5.2 80.1 * 6.7 54.4 54.5 4.5 53.4*4.0
Neoxanthin 11.9 £ 0.1 11.8 £ 1.1 11.8 = 1.1 11.25 924+ 1.2 9.29 + 1.8
Lutein 27.1 1.6 27.5 %23 28.1£2.0 25.5 222 4.1 20.9 = 3.1
V 2.8 £0.6 1.2 £0.6 1.8 0.3 11.1 8.3 £2.1 8.2 £ 1.1
A 0 1.0 £0.4 1.4 *0.6 0 3514 3.1 04
Z 0 22 *0.7 2.1*0.3 0 8.3 *2.38 59 *0.8
VAZ 2.8 0.6 4.3 +1.7 54*+09 11.1 20.1 5.9 17.2 £0.9
(Z+A)/(VAZ) 0 0.70 = 0.06 0.62 = 0.07 0 0.54 = 0.07 0.48 = 0.04

Flat-Bed IEF Fractionation of the LHCII Monomer and
Minor CP-Containing Fraction from High-Light-
Acclimated Leaves

The Suc-gradient fraction from the high-light OD sam-
ples containing LHCII monomer and the minor Chl pro-
teins was subjected to flat-bed IEF. Fractions from IEF were
applied to glycerol gradients (15%—40% glycerol) and ul-
tracentrifuged, and two bands were collected in each case.
Bands were analyzed by SDS-PAGE, and pigment analysis
was performed (Fig. 2; Table VI). Although fully purified
minor CPs were not obtained, the minor CPs were sepa-
rated from LHCII, except for some contamination of the
minor CPs by LHCII in the control sample (Fig. 2).

The content of VAZ bound to LHCII following IEF (Table
VI) was significantly lower than that bound to the LHCII
trimer following Suc-gradient fractionation (Table II),
which suggests that a portion of the VAZ bound to LHCII
was stripped off during IEF (possibly due to the acidic pI of
the LHCII bands that migrated between pH 3.5 and 4.5).
The amount of VAZ bound to the LHCII fraction obtained
after IEF was similar to that in the Suc-gradient fraction of
the LHCII trimer from the GC plants (2.8-5.4 versus 3.4—4.7
mol VAZ/100 mol Chl a in the IEF fraction versus the
LHCII trimer fraction of GC plants, respectively).

The photoinhibitory treatment induced a considerable
increase in VAZ bound to the minor CPs (11-20 mol VAZ/
100 mol Chl g; Table VI), as well as an increase in the VAZ
still bound to LHCII (2.8-4.3 mol VAZ/100 mol Chl 4), in
contrast to the apparent decrease in total (tightly plus
loosely bound) VAZ associated with LHCII trimers from
plants grown OD (Table II). At the end of the stress treat-
ment the conversion state of the xanthophyll cycle was
higher in the LHCII versus the minor CP fraction (Table
VI), whereas the extent of reconversion of Z plus A to V
upon 2.5-h recovery was similar in both fractions (—0.08
versus —0.06 in LHCII and the minor CPs, respectively).

When the VAZ pool that was apparently loosely bound
to LHCII (present in the LHCII trimer fraction following
Suc-gradient fractionation but not present in the LHCII
monomer following IEF) was examined, the quantity of
loosely bound VAZ had decreased after photoinhibitory

treatment (7.6-4.3 mol VAZ /100 mol Chl a), whereas there
was a corresponding increase in the VAZ bound to the
minor CPs (Tables II and VI). This may indicate a redistri-
bution of loosely bound VAZ (particularly the Z plus A
formed) from LHCII to the minor CPs during the photoin-
hibitory treatment. The presumably loosely bound VAZ
had a higher degree of de-epoxidation relative to VAZ that
was more tightly bound to LHCII (0.82 versus 0.70, respec-
tively) and reconverted to a greater extent following recov-
ery (—0.45 versus —0.08, respectively), suggesting that this
loosely bound VAZ was more accessible to the xanthophyll
cycle enzymes than the more tightly bound VAZ.

Nondenaturing Green Gel of the Minor
CP-Containing Fraction

IEF fractions containing the minor CPs were solubilized
with 1.9% dodecyl maltoside and run on a nondenaturing
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Figure 3. A, Densitometric analysis of Coomassie Blue-stained gels
of bands from nondenaturing green gels of the minor CPs and LHCII
monomer from samples obtained from plants grown OD (two bands
were apparent in each lane). A, Relative percentages of CP29, LHCII,
and CP26 in each band. B, The contents of the xanthophyll cycle
pigments analyzed for each band.
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Table VII. Xanthophyll content of LHCII as calculated on the basis of 12 Chl (a+b) per polypeptide
Values in parentheses refer to xanthophyll content following acid treatment during IEF. Values are

from V. major grown in GCs versus OD.

Control Stress Recovery
Pigment
GC OD GC oD GC OD
mol/mol polypeptide

Chl a+b 12 12 12 12 12 12
Neoxanthin 0.85 0.78 (0.79) 0.85 0.78 (0.78) 0.85 0.78 (0.78)
Lutein 2.3 2.2(1.8) 2.3 2.2(1.8) 2.3 2.2(1.9)
VAZ 0.23 0.71(0.18) 0.28 0.60 (0.28) 0.31 0.52 (0.36)
Total xanthophylls 3.38 3.64 (2.77) 3.43 3.58 (2.86) 3.46 3.50 (3.04)

green gel. Each of the fractions resulted in two green bands,
which were excised, eluted from the gel, and analyzed.
Although pure CPs were not obtained, SDS-PAGE analysis
indicated that there was significant enrichment in CP26 or
CP29 in two of the bands excised from both the stress
samples and the recovery samples. Results of the densito-
metric analysis of the Coomassie Blue-stained gels, indicat-
ing the relative quantities of the proteins, in addition to the
xanthophyll cycle pigment content for each fraction, is
presented in Figure 3. A relative enrichment in V correlated
with CP29, whereas enrichment with Z correlated with
CP26. This suggests that the conversion state of the xan-
thophyll cycle was not uniform among the minor CPs and
that the pigments bound to CP29 de-epoxidized to a lesser
extent compared with either CP26 or the LHCIIs.

DISCUSSION

The results of this study demonstrate that at least 80% of
the xanthophyll cycle pigments (VAZ) that were present in
isolated thylakoids were bound to protein independently
of the de-epoxidation state (Table II). These data are con-
sistent with those of Thayer and Bjorkman (1992) who
found that 14% to 24% of the VAZ pool was in the pigment
front following nondenaturing deriphat electrophoresis of
solubilized thylakoids. The comparison of pigment content
of extracts from both whole leaves and isolated thylakoids
demonstrates a high degree of pigment conservation dur-
ing the thylakoid isolation procedure (Table I). Of the VAZ
found in the free-pigment fractions, the de-epoxidation
state was higher in the samples collected during the stress
treatment than for protein-bound VAZ, and upon 2.5 h of
recovery this portion was reconverted to V to a greater
extent than the bound VAZ. These data may indicate that
loosely bound and/or free VAZ is the most accessible to
the enzymes responsible for their interconversions. In ad-
dition, because the leaf VAZ content increased during
stress treatment (Table I), there may be relatively more Z in
this fraction because of the presence of newly synthesized
pigment.

An important, novel finding of the present study is that,
unlike any other pigment component, the levels of VAZ
associated with a given PSII protein fraction are variable
and can be altered by environmental factors such as growth
conditions (e.g. sun-exposed plants grown OD versus GC
plants grown at low PPFD) and/or photoinhibitory treat-

ment. Our data suggest that an increasing demand for
thermal energy dissipation results in increased levels of Z
plus A bound to additional sites on, or associated with, PSII
proteins. It is an attractive possibility that these additional
sites may be additional, loose binding sites on given PSII
proteins. But it cannot be excluded at this time that stress-
induced additional proteins with binding sites for Z plus A
may become associated with PSII proteins. Whereas such a
possibility has been suggested for ELIPs (that can bind Chl
and lutein; Adamska, 1997), no actual evidence has been
obtained that ELIPs can in fact bind Z plus A. Moreover,
the possibility that, at least in isolated extracts, ELIPs may
associate with other proteins particularly easily should also
be considered (V. Ebbert, B. Demmig-Adams, and W.
Adams, unpublished observations).

The distribution of the VAZ that was bound to protein
was as follows.

LHCII

In leaves acclimated to different environmental condi-
tions, the fraction containing LHCII exhibited an altered
VAZ content. In Table VII the xanthophyll content per
LHCII polypeptide was computed assuming 12 Chl a+b
bound (Dainese and Bassi, 1991; Kiihlbrandt et al., 1994)
and using the data from Table III and VI. Thus, VAZ per
polypeptide was greater in plants grown OD versus V.
major grown in GCs. The additional VAZ found in the
plants grown OD was mostly loosely bound, because it was
removed upon IEF. In addition, there were 2 luteins and 0.8
neoxanthin per LHCII polypeptide, both of which were not

Table VIII. Distribution of Chl and VAZ in the Chl-binding
complexes

Values are expressed as the percentages of total pigment found in
each complex.

V. major from OD V. major from GCs

Complex
Chl VAZ Chl VAZ
%

Free pigment 0.6 12.4 1.2 17.6
PSIl minor CPs 12.1 11 10.2 27.3
LHClI 37.3 48 43.6 22.6
PSII core 16 4.6 13 7.5
PSI-LHCI 34 24 32 25
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altered by growth conditions or stress treatment (Tables II,
VI, and VII). These data therefore indicate approximately
3.5 carotenoids per LHCII monomer in the bands from Suc
gradients (Table II) and close to 3 carotenoids per LHCII
following IEF (Tables VI and VII), which is in agreement
with the value of 3 xanthophylls per LHCII polypeptide
consistently found for highly purified LHCII (Bassi et al.,
1993; Ruban et al., 1994). We propose that LHCII possesses
an additional xanthophyll-binding site (in addition to the
three usually found) that binds additional VAZ in leaves
acclimated to high light. Since loosely bound VAZ was
found to be associated with the LHCII complex, it could be
hypothesized that the VAZ found in the free-pigment frac-
tion actually derives from LHCII, which would account for
0.2 mol VAZ per mol LHCII in the case of the sample from
the plants grown OD. With this complement each LHCII
would bind 3.7 xanthophyll molecules of which approxi-
mately 1 would bind to the new binding site postulated
above.

These data have important implications with regard to
the distribution of xanthophyll cycle pigments among CPs.
It was previously proposed that most of the VAZ was
bound to the minor CPs, whereas a minor fraction was
LHCII bound in maize and spinach (Bassi et al., 1993;
Ruban et al., 1994). On the basis of Suc-gradient ultracen-
trifugation data (Table II), VAZ can be attributed to the
different CPs (Table VIII), with the conclusion that a sig-
nificant portion of VAZ is actually bound to the LHCII
fraction, although in a low-affinity site. Moreover, upon
acclimation to different environmental conditions, the dis-
tribution of V undergoes a dramatic change. In GC-grown
plants, 28% of VAZ was bound to the minor CP fraction
and 24% was bound to the LHCII fraction, whereas in
thylakoids from plants grown OD only 11% of VAZ was
bound to minor CPs and 48% was bound to LHCIL. If it is
assumed that the VAZ in the free-pigment band was
stripped off of LHCII (see above), then LHCII would bind
60% of VAZ in the plants grown OD and 42% in V. major
grown in GCs at low PPFD.

Upon photoinhibitory treatment, the loosely bound frac-
tion of VAZ decreased (0.53-0.30 VAZ per polypeptide),
whereas the more tightly bound fraction increased slightly
(0.2-0.3 VAZ per polypeptide). This may be indicative of a
redistribution of xanthophyll cycle pigments under light
stress, which differs from their localization in darkened
leaves. It is possible that the V-binding site of LHCII has a
low affinity for Z. The presence of such a V-binding but not
Z-binding site is supported by the recent finding that the
aba-3 mutant of Arabidopsis, lacking epoxy-xanthophylls,
contained one less xanthophyll molecule per LHCII
polypeptide (Connelly et al., 1997). It has previously been
proposed that upon de-epoxidation Z and A are released
from LHCII and become free in the membrane lipids
(Krupa et al., 1987; Tardy and Havaux, 1997), where they
may modify membrane fluidity (Gruszecky and Strzalka,
1991; Tardy and Havaux, 1997). Although our findings are
consistent with some release of VAZ from LHCII, the
amount of VAZ recovered in the free-pigment band does
not change significantly following de-epoxidation (Table
II). The constancy of free VAZ in spite of its apparent

release from LHCII suggests that newly formed Z becomes
bound to one or more pigment-binding protein(s). Minor
CPs are the best candidate, since (a) their VAZ content
increased upon de-epoxidation and (b) their degree of de-
epoxidation was less than that of the free-pigment fraction,
which is consistent with the hypothesis that they bind Z
that has been de-epoxidized in the free-lipid phase. Con-
sistent with this, high degrees of de-epoxidation have been
found in chlorina mutants of barley (Dainese et al., 1992),
which are enriched in xanthophylls found in the free-
pigment fraction (Bassi et al., 1985a).

Minor Chl Proteins

The pigment-binding properties of the minor Chl pro-
teins (CP29, CP26, and CP24) were relatively constant dur-
ing purification, and total VAZ content of the minor CP
fraction from darkened control leaves did not seem to
differ in response to the acclimation to low- versus high-
growth PPFD. Assuming approximately equal proportions
of the three minor CPs (CP29, CP26, and CP24), the pig-
ment composition indicated by these data are in close
agreement with data from highly purified proteins (Bassi et
al.,, 1993; Ruban et al., 1994). Considering 6 Chl a per
polypeptide, there were an average of 3.2 Chl b, 1.3 lutein,
0.5 neoxanthin, and between 0.7 and 1.2 VAZ per polypep-
tide. There were 2.5 carotenoids per polypeptide in the
control leaves and a considerable increase in the VAZ
bound to the minor CP fraction during stress, resulting in
3.2 carotenoids per polypeptide during stress. It is there-
fore possible that 3 carotenoid-binding sites are present in
the minor CPs, one-third of which is only partially occu-
pied in control leaves. Whereas the existence of a variably
occupied site was also postulated for LHCII (in control GC
plants versus those grown OD in full sun), in the case of
minor CPs bound VAZ increased only during stress treat-
ment rather than as an acclimation response, thus implying
that the CP site has a higher affinity for Z than for V. Thus,
affinities for Z versus V appear to be opposite for these
newly postulated sites on the minor CPs versus LHCIL

The present results confirm that the degree of de-
epoxidation is not the same among the different minor CPs.
Although CP29 bound considerable amounts of V (Bassi et
al., 1993; Giuffra et al., 1996), this pigment could be de-
epoxidized to a much lower extent compared with CP26
(Fig. 3; it was not possible to assess the de-epoxidation state
of CP24). Low xanthophyll de-epoxidation in CP29 follow-
ing high-light treatment was previously reported (Ruban et
al., 1994; Croce et al., 1996a).

These results are in contrast to those of Férber et al.
(1997), who found that, when spinach was treated with 3 h
of photoinhibition, there was no increased binding of VAZ
to any of the pigment-protein complexes and no redistri-
bution of pigments. This difference may be due to the very
different experimental conditions used: a 3-h photoinhibi-
tory treatment versus a 48- or 122-h treatment used in this
study.
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PSII Core

Suc-gradient fractionation yielded PSII core fractions
with a maximum of 7% contamination by LHCII. Assum-
ing 56 Chls per PSII core, between 1 and 1.8 xanthophylls
per PSII core were detected in samples from GC plants and
0.8 to 1.3 xanthophylls per PSII core were detected in
samples from plants grown OD in full sunlight. The LHCII
contamination accounted for less than 0.1 xanthophyll mol-
ecule per PSII core (Table V), suggesting that 1 to 2 VAZ
molecules may be bound to the PSII core. This was not
previously recognized in a study of maize leaves (Bassi et
al., 1993) in which a multistep purification procedure was
used, which would remove any loosely bound pigment. A
loose binding site for VAZ in the PSII core is suggested by
the results of ion-exchange chromatography; when the
complex was bound to the column and the column was
washed extensively, the xanthophyll content decreased to
0.17 per PSII core. The presence of VAZ in PSII core frac-
tions has also been reported in barley (Lee and Thornber,
1995) and lettuce (Phillip and Young, 1995).

There was some increase in VAZ present in the PSII core
fraction following the stress treatment (Table III). Binding
of Z to the PSII core upon photoinhibition was postulated
previously (Jahns and Miehe, 1996; Farber et al., 1997).
When expressed per polypeptide, the increase in apparent
VAZ content was actually similar in magnitude for the PSII
cores and minor CPs (an increase of 0.8 or 0.5 VAZ per PSII
core complex in leaves from GCs or OD, respectively,
versus an increase of 0.5 VAZ per minor CP in leaves from
plants grown OD). However, it should be noted that the
absolute content of VAZ detected in the PSII core was very
small (Table II), thus precluding any firm conclusions.
Again, the association of stress-induced proteins with the
PSII core fraction, leading to the binding of additional
VAZ, cannot be excluded.

PSI-LHCI

We confirm the presence of VAZ in PSI-LHCI (Thayer
and Bjorkman, 1992; Lee and Thornber, 1995; Zhu et al.,
1997). However, the VAZ bound to PSI-LHCI was de-
epoxidized to a lesser extent upon photoinhibitory treat-
ment than that bound to the PSII complexes, and the extent
of reconversion following 2.5 h recovery was also lower in
PSI-LHCI. The presence of photoconvertible VAZ in PSI-
LHCI raises the question of whether thermal energy-
dissipation mechanisms similar to those observed in PSII
take place in PSI. This seemed unlikely previously, since
PSI was believed to be a deep trap, which would make
energy dissipation in LHCI inefficient (in decreasing Chl a
excited state concentrations at the level of the PSI reaction
center). More recently, however, it was recognized that PSI,
like PSII, is a shallow trap and that, therefore, PSI and its
antenna are essentially equilibrated (Croce et al., 1996b),
implying that thermal dissipation in the LHCI antenna
could be an efficient regulatory mechanism for Chl a exci-
tation in PSI. This could provide protection from the ad-
verse effects of excess excitation on PSI as well (Terashima
et al., 1994; Tjus et al., 1998).

Plant Physiol. Vol. 120, 1999

CONCLUSIONS

In this study we have shown that xanthophyll cycle
pigments undergo dynamic changes not only in their ep-
oxidation state but also in their association with CPs. Upon
acclimation to growth OD in full sunlight, the V content of
control thylakoids was greatly increased. This additional V
was bound to the major LHCII fraction. Following photo-
inhibitory treatment, the VAZ content of the LHCII fraction
decreased and the minor CP fraction of PSII (CP29, CP26,
and CP24), and to a lesser extent the PSII core complex
fraction, bound increased amounts of Z plus A. This is
interpreted in terms of the presence of an additional, low-
affinity V-binding site in LHCII, in equilibrium with V free
in the lipid phase, and of an additional high-affinity
Z-binding site in the minor CPs. The higher degree of
de-epoxidation in the free-pigment fraction suggests that
the preferred substrate for V de-epoxidase is the pigment
free in the lipid phase, which, upon conversion, becomes
bound to minor CPs and PSII core CPs.
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