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PsbS plays a major role in activating the photoprotection
mechanism known as “non-photochemical quenching,” which
dissipates chlorophyll excited states exceeding the capacity for
photosynthetic electron transport. PsbS activity is known to be
triggered by low lumenal pH. However, the molecular mecha-
nism by which this subunit regulates light harvesting efficiency
is still unknown. Here we show that PsbS controls the associa-
tion/dissociation of a five-subunit membrane complex, com-
posed of two monomeric Lhcb proteins (CP29 and CP24) and
the trimeric LHCII-M. Dissociation of this supercomplex is
indispensable for the onset of non-photochemical fluorescence
quenching in high light, strongly suggesting that protein sub-
units catalyzing the reaction of heat dissipation are buried into
the complex and thus not available for interaction with PsbS.
Consistently, we showed that knock-out mutants on two sub-
units participating to the B4C complex were strongly affected in
heat dissipation. Direct observation by electron microscopy and
image analysis showed that B4C dissociation leads to the redis-
tribution of PSII within grana membranes. We interpreted these
results to mean that the dissociation of B4C makes quenching
sites, possibly CP29 and CP24, available for the switch to an
energy-quenching conformation. These changes are reversible
and do not require protein synthesis/degradation, thus allowing
for changes in PSII antenna size and adaptation to rapidly
changing environmental conditions.

Photosynthetic reaction centers exploit solar energy to drive
electrons from water to NADP™. This transport is coupled to
H* transfer from chloroplast stroma to thylakoids lumen,
building a proton gradient for ATP synthesis (1). The capacity
for light absorption is increased by pigment-binding proteins
that compose the antenna system. In higher plants, the antenna
is composed of the nuclear-encoded Chl* a/b-binding light-
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harvesting complexes (Lhc). The major constituent of the pho-
tosystem II (PSII) outer antenna is LHCII, a heterotrimer com-
posed by different combinations of Lhcb1, Lheb2, and Lheb3
gene products (2). Three additional monomeric antenna com-
plexes (CP29, CP26, and CP24) encoded by the lhchb4, lhchS,
and lhchb6 genes, respectively, are localized in between the core
complex and LHCII (3). Similarly, PSI has four Lhca antenna
proteins, yielding a total of 10 distinct Lhc isoforms (2). Differ-
ences between the mentioned isoforms have been largely con-
served in all higher plants during at the last 350 million years of
evolution, strongly indicating that each pigment-protein com-
plex has a specific function (4), although the specific role of each
gene product in light harvesting and/or photoprotection is still
under debate (5). Their topological organization into the super-
complex has been analyzed by electron microscopy and bio-
chemical methods (3, 6—8) showing that Lhcb subunits are
organized into two layers around the PSII core. The inner layer
is composed of CP29, CP26, and the S-type LHCII trimer, form-
ing, together with the PSII core, the so-called C,S, particle (9,
10). The outer layer is made of LHCII trimers and CP24, to
build up the larger C,S,M,L, complexes (9) in which the num-
ber of LHCII-L trimers depends on the light intensity during
growth (11, 12).

This structural organization responds to the requirements of
light harvesting regulation; in high light, when absorbed energy
does not limit growth, the PSII antenna loses the components of
the external antenna layer, namely CP24, LHCII-M, and
LHCII-L (12), whereas the internal antenna components, CP26,
CP29, and LHCII-S, are always retained in a 1:1 stoichiometry
with the PSII core complex. This is consistent with the compo-
sition of a mutant exhibiting chronic plastoquinone reduction,
mimicking overexcitation (10). Such an acclimation to con-
trasting light conditions, however, requires days to weeks (12,
13), whereas plants are often exposed to rapid changes in light
intensity, temperature, and water availability. In these condi-
tions, incomplete photochemical quenching leads to an
increased Chl excited state (*Chl*) lifetime and increased prob-
ability of Chl a triplet formation (*Chl*) by intersystem cross-
ing. Chl triplets react with oxygen (*0,) and form harmful reac-
tive oxygen species, responsible for photoinhibition and
oxidative stress (14). These harmful events are counteracted by
photoprotection mechanisms consisting either in the scaveng-
ing of generated reactive oxygen species (15) or in prevention of

tron microscopy; wE, microeinstein; HPLC, high pressure liquid chroma-
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TABLE 1

Pigment-binding properties of light-treated leaves and isolated grana membranes
The pigment composition of leaves during light treatment was analyzed by HPLC. Values (bold numbers) are reported as normalized to 100 total Chl molecules. S.D. is also

indicated.

Chla/b Neoxanthin Violaxanthin Anteraxanthin Lutein Zeaxanthin B-Carotene
Grana
WT dark 2.19 4.9 3.1 0.0 12.1 0.0 6.5
S.D. 0.04 0.4 0.2 0.3 0.4
WT light (30 min) 2.16 5.3 1.6 0.5 12.0 0.9 6.0
S.D. 0.03 0.5 0.2 0.1 0.3 0.1 0.6
WT light (90 min) 2.33 4.8 1.4 0.4 11.2 1.1 59
S.D. 0.03 0.3 0.1 0.1 0.2 0.1 0.2
WT recovery (90 min) 2.42 4.8 1.9 0.8 10.9 0.7 6.2
S.D. 0.07 0.4 0.1 0.1 0.5 0.1 0.1
N4 dark 2.37 5.2 2.4 0.0 12.0 0.0 6.6
S.D. 0.02 0.7 0.1 0.1 0.1
N4 light (30 min) 2.31 5.7 1.5 0.3 12.2 0.6 6.1
S.D. 0.04 1.1 0.2 0.1 0.1 0.1 0.3
N4 light (90 min) 2.22 6.2 1.5 0.3 12.5 0.8 5.5
S.D. 0.04 1.3 0.2 0.1 0.4 0.1 0.3
Leaves
WT dark 3.12 4.5 4.3 0.0 12.7 0.0 7.1
S.D. 0.26 0.4 0.3 1.1 0.1
WT light (30 min) 3.31 4.9 1.5 0.9 11.5 2.3 7.6
S.D. 0.02 0.4 0.1 0.1 0.1 0.1 0.3
WT light (90 min) 3.20 4.3 1.2 0.6 12.3 2.4 6.5
S.D. 0.07 0.3 0.1 0.1 1.0 0.2 15
WT recovery (90 min) 3.20 4.3 2.9 14 12.5 1.1 6.7
S.D. 0.03 0.1 0.4 0.3 1.1 0.1 0.3

their production through dissipation of the 'Chl* in excess (16,
17). This latter process is known as non-photochemical
quenching (NPQ) and is observed as light-dependent quench-
ing of Chl fluorescence. NPQ has been shown to be composed
by at least two components with different activation time
scales. The first, feedback de-excitation quenching (g;), is rap-
idly activated upon increasing light intensity, whereas a second
component (g,) is slower. Full NPQ activation requires zeaxan-
thin synthesis (18, 19) and the PsbS protein (20) that senses low
lumenal pH through two lumen-exposed protonatable residues
(21, 22). Mutants lacking Chl b, and thus lacking Lhc proteins,
or exhibiting alterations in the topological organization of PSII
antenna also undergo a strong reduction in NPQ, demonstrat-
ing the involvement of antenna proteins in its activation
(23-25).

In this work we analyzed the changes in the organization of
the PSII antenna during exposure to strong light and NPQ
development. We found that a supramolecular complex, named
B4C, composed of CP29, CP24, and LHCII-M, connects the inner
and outer antenna moieties, dissociates during light exposure, and
reassociates during subsequent dark recovery. Dissociation of the
B4C complex appears necessary for the establishment of non-pho-
tochemical fluorescence quenching. Upon illumination, PSII dis-
tribution within grana membranes was also affected, and we
observed a shorter distance between PSII reaction centers, imply-
ing enrichment in C,S, complexes and depletion in the outer
LHCII components. These results suggest that the NPQ process
includes a rapid and reversible change in the organization of grana
membranes with disconnection of a subset of Lhcb proteins from
the PSII reaction center.

EXPERIMENTAL PROCEDURES

Plant Growth, Light Treatment, and Thylakoid Isolation—
WT plants of Arabidopsis thaliana ecotype Columbia and
mutants npql, npq2, npq4, koLhcb3, koCP24, and koCP26 were
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obtained from the Arabidopsis Biological Resource Center; the
complemented npg4 mutant with PsbS WT and E122Q,
E226Q, and double E122Q/E226Q mutants were obtained as
described previously (21); the npg2/npg4 double mutant was
obtained by crossing npq2 and npg4 mutants; the koCP29 triple
mutant was obtained by crossing the single mutants Lhcb4.1,
Lhcb4.2, and Lhcb4.3 obtained from the Arabidopsis Biological
Resource Center. WT plants and mutants were grown for 4—6
weeks at 100 pmol of photons m™? s~ ", 21 °C, 90% humidity,
and 8 h of daylight. Leaves detached from plants grown for 3
weeks were adapted to 1 h in the dark and eventually treated for
30 min at 1500 wmol of photons m ™2 s~ ! or for different times
as indicated under “Results.” Unstacked thylakoids were iso-
lated from dark-adapted or light-treated leaves as described
previously (26). Membranes corresponding to 150 mg of chlo-
rophyll were washed with 5 mm EDTA and then solubilized
with 0.6% a-DM. Solubilized samples were then fractionated by
ultracentrifugation in a 0.1-1 M sucrose gradient containing
0.03% a-DM and 20 mm HEPES, pH 7.5 (SW60ti rotor, 5 h 30
min at 60,000 rpm, 4 °C).

Grana Membrane Isolation—Grana membranes were iso-
lated from dark- and light-adapted samples using a-DM solu-
bilization of stacked thylakoids as described elsewhere (10).

Quantification of B4C Dissociation—The image of each
sucrose gradient fractionation was analyzed by using Gel-Pro
Analyzer®© software to determine the integrated optical density
(IOD) of the different bands. B4C was quantified as the ratio
between the IOD of the corresponding band and the sum of all
bands corresponding to antenna proteins (band 2, 3, and 4).

Pigment Analyses—Pigments were extracted from leaf discs
or grana membranes (see below and Table 1) with 80% acetone
(v/v) and then separated and quantified by HPLC (27).

In Vivo Fluorescence Analysis—Non-photochemical quench-
ing of Chl fluorescence was measured on whole leaves at room
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temperature with a PAM 101 fluorimeter (Walz, Effeltrich,
Germany). Minimum fluorescence (F,) was measured with a
0.15 umol m ™~ ?s~ ! beam, and maximum fluorescence (F, ) was
determined with a 0.6-s light pulse (4500 wmol m 25~ ). White
continuous light (100 -2000 wmol m™~ 2 s~ ') was supplied by a
KL1500 halogen lamp (Schott, Mainz, Germany). NPQ was cal-
culated according to the following equation (28): NPQ = (F,,, —
F')IF,., where F, is the maximum Chl fluorescence from
dark-adapted leaves and F’,, the maximum Chl fluorescence
under actinic light exposition. For photoinhibition analyses,
F /F,, was determined after 5 or 15 h of dark incubation follow-
ing light treatment with equivalent results.

Electron Microscopy and Image Analysis—Electron micros-
copy (EM) on isolated grana membranes was conducted using
an FEI Tecnai T12 electron microscope operating at 100 kV
accelerating voltage. Samples were applied to glow-discharged
carbon-coated grids and stained with 2% uranyl acetate. Images
were recorded using a charge-coupled device camera. Best
stained grana patches were analyzed and PSII core positions
were identified using Boxer software, manually edited in case of
uncertain attributions. Distribution of PSII cores within the
image distribution was analyzed by a homemade procedure
written in MATLAB® (available upon request), which deter-
mines the distance between each core and the closest (or n
closest) neighbor. In total around 1000 points, resulting from at
least three independent biological replications, were consid-
ered for the analysis for each sample.

RESULTS

A Pentameric Lhcb Complex (B4C) Is Dissociated upon Light
Treatment—PSII antenna organization has been shown to be
fundamental for the full establishment of NPQ, which, in fact, is
significantly impaired in plants depleted of antenna proteins or
where the antenna organization is affected (23-25). To test
whether a reorganization of grana membranes is involved in
NPQ, we analyzed the interactions between the PSII-LHCII
supercomplex subunits using sucrose gradient ultracentrifuga-
tion upon mild solubilization of thylakoid membranes. To this
aim, Arabidopsis plants were either dark-adapted or illumi-
nated with saturating light for 30 min. Upon illumination,
leaves were cooled in ice water slurry, and thylakoids were iso-
lated, solubilized with a-DM, and fractionated by ultracentrif-
ugation. Different pigment-protein complexes migrated as
green bands depending on their sizes, as shown in Fig. 1A. Light
treatment affected the band pattern, and sucrose band 4 (B4)
disappeared. This band is made of a Lhc supercomplex com-
posed of monomeric CP24, CP29, and a LHCII trimer (6). Here-
after we will refer to this pentameric Lhc complex as B4C. The
distribution of individual Lhcb proteins among different green
bands was analyzed in detail by using specific antibodies. As
shown in Fig. 1B, alarge fraction of the CP24-and CP29 subunits
is present in the B4C from the dark-adapted sample, whereas
the rest, in monomeric form, is found in fraction 2 (B2). After
light treatment, CP24 and CP29 were barely detectable in the
gradient fraction corresponding to B4C, whereas they
increased in the B2 fraction. These results show that the reduc-
tion of B4C in the gradients is indeed due to the dissociation of
this oligomeric antenna complex. Among the other polypep-
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FIGURE 1. Light-dependent dissociation of B4C protein complex in
A. thaliana. A, sucrose gradient fractionations of mildly solubilized thyla-
koids membranes purified from dark- and light-adapted (30 min at 1500 wE)
leaves. In the dark thylakoid pigment-binding complexes separate into seven
distinct bands, the fourth one (B4C) being depleted in light-treated sample.
B, distribution of monomeric antenna proteins in sucrose gradients between
bands 2, 3, and 4 from dark- and light-adapted samples. Western blotting
analysis was carried out using specific antibodies against CP24, CP26, CP29,
Lhcb1-2, and Lhcb3, respectively. Samples from different bands were loaded
in amounts proportional to their abundance in the sucrose gradient. In
Lhcb1-2 blotting, each band was loaded with five times less protein to avoid
antibody signal saturation. C, Coomassie-stained SDS-PAGE loading of equal
Chl amounts (2 ng) from sucrose gradient bands 2, 3, and 4 from dark-
adapted samples. Bands corresponding to CP29, CP26, Lhcb1/2, Lhcb3, and
CP24, as identified by Western blotting, are indicated. Only the gel region
where antenna polypeptides are migrating is shown.

tides analyzed, it was very interesting to observe that Lhcb3 is
an enriched component of B4C in the dark. Upon light treat-
ment, Lhcb3 was instead found in the monomeric fraction, con-
firming that this subunit participates in light-dependent disso-
ciation of the B4C supercomplex. Lhcb1-2, the major
components of LHCII trimers, are found mostly in B3, as
expected, and in the monomeric B2 fraction. A fraction of
Lhcb1-2 is also detected in B4C; their relative abundance
appears to be rather low. However, this is only because of their
high enrichment in B2 and B3 fractions. In fact, by loading equal
Chl amounts of B2, B3, and B4 in a Coomassie-stained gel (Fig.
1C), it is clear that Lhcb1-2 are indeed present in significant
amounts in B4C, in agreement with to a previous report (6). To
further confirm that Lhcb1-2 are genuine B4C components, we
observed that their content in B4C was reduced upon light
treatment, just as all of the other previously mentioned compo-
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nents of this complex (Fig. 1B). CP26, instead, is not involved in
B4C formation, as shown by the fact that it is found in B2, in a
monomeric state, irrespective of the treatment.

Thereafter we analyzed the dependence of B4C dissocia-
tion on light intensities; dissociation increased with the level
of illumination, reaching saturation above 1500 nE (Fig. 24).
State transitions are known to involve dissociation of LHCII
subunits from PSII reaction centers (29) and cannot be
excluded as the cause of B4C complex dissociation. However,
state transitions are saturated at low light (200 wE) and are
inhibited by high light, in agreement with their role in balancing
PSI versus PSII photon trapping under limiting light conditions
(30, 31) and thus are unlikely to be correlated with B4C
dissociation.

Also, we did not observe any increase in phosphorylated
CP29 in light-treated samples, consistent with previous results
(30). This is an indication that this phenomenon is also unre-
lated to B4C dissociation.

At least two processes can be active under high light con-
ditions leading to B4C dissociation: one is photoinhibition,
meaning light-induced damages in PSII, and the other is
non-photochemical quenching. To test whether one of these
processes (or both) is involved in B4C dissociation, we meas-
ured the recovery of variable fluorescence, a marker of pho-
toinhibition, upon illumination with different intensities
(1500 pE; Fig. 2A). It clearly appears that F, /F,, is signifi-
cantly affected only with the highest light intensity, whereas
B4C dissociation, instead, occurs with weaker levels of illu-
mination, suggesting that the two phenomena are not corre-
lated. Instead, the level of B4C dissociation at different light
intensities closely matches the amplitude of NPQ obtained
under the same light conditions (Fig. 2A4); in fact, both NPQ
and B4C show activation with increasing illumination. This
correlation is evidenced in Fig. 2B, where it can be appreciated
how B4C dissociation and NPQ have a similar dependence on
light intensity, different from F,/F,, (Fig. 2C). We thus tenta-
tively concluded that B4C dissociation correlates with NPQ
rather than with photoinhibition.

We analyzed the time dependence on light of B4C disso-
ciation; as shown in Fig. 34, dissociation increases with time.
This process is reversible, and following dark incubation,
B4C slowly reassociates. Upon a lag phase of 15 min, B4C can
be detected again at 30 min, and the dark control level is
reached upon 45 min of dark adaptation (Fig. 3B). We also
verified that these results were not due to the thylakoid frac-
tionation technique used, by analyzing the kinetics of
B4C dissociation by nondenaturing Deriphat-PAGE. We
obtained results fully consistent with sucrose gradient anal-
ysis (data not shown).

Pharmacologic and Genetic Analysis of B4 Complex
Dissociation—To investigate in more detail the correlation
between NPQ and B4C dissociation, light treatment was per-
formed on leaves treated with nigericin, a NPQ inhibitor
through its uncoupling effect on the trans-membrane pH gra-
dient (Fig. S1A). As shown in Fig. 4A4, in nigericin-treated
leaves, the B4C complex is stable, implying that its light-de-
pendent dissociation requires the presence of a trans-mem-
brane pH gradient.
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activity in B4C dissociation and in
NPQ is mediated by the same mech-
anism, i.e. the protonation of Glu-
122 and Glu-226 residues. To this
aim, we analyzed npg4 mutants
complemented with PsbS-encoding
sequences carrying either WT,
E122Q, E226Q or the double
E122QQ/E226QQ mutant sequence
(21, 22). The data in Fig. 4C show
that the double mutant is unable to
dissociate B4C, whereas each of the
single glutamate mutants under-
goes ~40% B4C dissociation. The

T T T T T T T T
0 5 10 15 20 25

— complementation with the WT

0 PsbS sequence instead fully restored

lllumination Time (min) the capacity for light-dependent

B4C dissociation. Thus, the extent

B Dark 30’ Recovery of B4C dissociation was completely
Adapted  Light 15 correlated with the NPQ activity of

4 -
CP29 - CP24 - LHCII
5 ——

6 ——

30, 45, and 60 min after a 30-min-long illumination at 1500 wE.

To dissect the components of the relation between B4C and
NPQ, we analyzed a series of mutants that are affected in NPQ
at different levels, namely npg4 impaired in g, the fastest NPQ
component due to the absence of PsbS (20); npgl (no zeaxan-
thin and reduced NPQ (32)); and npq2 with constitutive zea-
xanthin and accelerated NPQ (32); as well as the double npg2/
npq4 mutant. The NPQ kinetics of these genotypes have been
reported in earlier work and are shown here in supplemental
Fig. S1 (20, 32, 33). The results from Fig. 4, A and B, show that
the npg4 mutation completely abolishes the light-dependent
B4C dissociation, even in the presence of constitutive zeaxan-
thin, implying a key role for the PsbS protein in the process.
Zeaxanthin is also a factor in B4C dissociation; in fact, in its
absence, the npgl mutant undergoes only 30% dissociation of
B4C upon illumination, whereas, when present constitutively,
as in the npg2 mutant, B4C is dissociated faster than in the WT
(not shown).

PsbS activity in NPQ has been reported to be dependent on
the protonation of two lumen-exposed glutamate residues (21,
22). The analysis of B4C dissociation in mutants at these Glu
residues thus allows verification of the hypothesis that PsbS
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FIGURE 3. Time dependence of B4C dissociation and reassociation in A. thaliana. A, B4C dissociation was
determined from sucrose gradients after different durations of 1500 wE illumination. B4C is quantified as
described under “Experimental Procedures.” B, reassociation of B4C complex in samples left in the dark for 15,

each genotype (all kinetics are
shown in supplemental Fig. S1). It is
worth mentioning that PsbS protein
was detected in sucrose gradients in
several of the pigmented fractions,
as reported previously (34, 35), and
that this distribution did not change
upon light treatment.

Specific Lhcb Mutants Show Con-
stitutive B4C Dissociation—The
crucial role of PsbS in NPQ has been
known for several years (20). After
intense debate, it is now widely rec-
ognized that its role is to sense the
low lumenal pH, thus inducing a
quenching conformation of specific
antenna complexes where the
quenching reaction(s) occur (36-38). Because antenna
polypeptides are involved both in structurally building the B4C
and in catalyzing the quenching reactions, we investigated the
effect of knocking out individual components of the PSII
antenna system on the levels and kinetics of NPQ and on the
structural stability of B4C. In Fig. 54, sucrose gradient fraction-
ation patterns of thylakoids purified from dark-adapted plants
depleted in CP24, CP26 (25), Lhcbl and -2 (39), CP29, and
Lhcb3 (this work) are shown. We observed that knock-out
mutants for some B4C components, namely CP29, CP24, and
Lhcb3, do actually miss B4C. Instead, depletion of Lhcb1 and -2
does not affect B4C abundance in the sucrose gradient, imply-
ing that Lhcb3 is not equivalent to the other LHCII components
as far as its contribution to the building of B4C. On this basis,
we propose that B4AC complex formation requires the direct
interaction of Lhcb3, CP29, and CP24. On the contrary, Lhcb1
and Lhcb2, although participating in the trimeric LHCII M
component, are not indispensable for B4C formation. Consis-
tently, B4 is present in koCP26 plants.

Analysis of the above genotypes by pulse fluorometry during
light treatment showed that the mutants on B4C components
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FIGURE 4. Dependence of B4C dissociation on ApH, PsbS, and zeaxan-
thin. A, light dependent B4C dissociation in nigericin-treated leaves (left) and
PsbS-depleted mutant (npg4, right); B, quantification of B4C in leaves that are
either dark-adapted (white) or treated with 1500 wE for 30 min (gray). WT is
compared with mutants affected by zeaxanthin biosynthesis (npqT) or con-
stitutively accumulating zeaxanthin (npg2) and in an npq2/npg4 dark-
adapted double mutant in (white). C, quantification of B4C in leaves that are
either dark-adapted (white) or treated with 1500 wE for 30 min (gray). WT is
compared with npg4, also complemented with PsbS WT or mutated E122Q
and/or E226Q. Quantifications in B and C were performed as described in the
legend for Fig. 2. All genotypes where dark- and light-treated samples are
significantly different (p > 0.05, n = 3) are indicated by an asterisk. NPQ meas-
urements for all genotypes are reported in supplemental Fig. S1.
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FIGURE 5. Dependence of B4C and NPQ on the presence of individual Lhc
proteins. A, the capacity of B4C formation was analyzed in plants depleted of
individual Lhcb proteins by separating different pigment-binding complexes
from dark-adapted thylakoid membranes. Genotypes analyzed were WT,
koLhcb3, koCP24, koCP29 (which is a triple knock-out in all CP29 Arabidopsis
isoforms, Lhcb4.1, Lhcb4.2, and Lhcb4.3) and koCP26. B, NPQ dependence on
antenna composition, analyzed by comparing WT (black) with plants
depleted of CP26 (green), CP24 (blue), CP29 (knock-out in Lhcb4.1, Lhcb4.2,
and Lhcb4.3 (cyan)), and Lhcb3 (red).

were not equivalent as far as their NPQ behavior; ko-Lhcb3 did
not show any effect, whereas CP29 and CP24 were deeply
affected, showing a significant decrease in NPQ amplitude and
slower induction kinetics. Although the effect of CP24 deple-
tion on the NPQ process has recently been well described (24,
25), the NPQ kinetics of koCP29 reveals that also this subunit
has a relevant role in NPQ induction, different from previous
suggestions coming from the study of antisense plants (42).
Lhcb1 and -2-depleted plants showed very similar kinetics but a
slightly lower amplitude of NPQ with respect to WT (not
shown), in agreement with previous reports (39). CP26 is the
only Lhcb complex not involved directly in B4C assembly, in
agreement with its location in a different domain of the PSII
supercomplex (3). The NPQ kinetic of koCP26 plants is unaf-
fected in the onset during light treatment but has a faster recov-
ery of fluorescence in the dark, implying an effect on the ¢,
component (Fig. 5B). We concluded that the presence of a sta-
ble B4C complex is not a prerequisite for NPQ and that the
NPQ properties of the mutants depend on the residual compo-
sition in Lhcb complexes of the different genotypes. However,
when B4C complex is present, its dissociation is needed for
NPQ expression.
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FIGURE 6. Long term NPQ induction and recovery. A, NPQ kinetics in WT leaves was recorded using different durations of actinic light. For all samples NPQ
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with circles, and a dotted line with triangles. In all samples, six points were recorded at the same time intervals during dark recovery. B, enlargement of recovery

kinetics shown in A after normalization to maximal NPQ.

NPQ upon Prolonged Illumination—NPQ and B4C dissocia-
tion have in common a dependence on light intensity and the
presence of PsbS. These phenomena, however, are activated in
different time scales. The literature shows that the onset of
NPQ requires only a few minutes, whereas B4C dissociation
needs a longer period of illumination. In order to compare the
two processes over the same time span, we measured NPQ
kinetics using a longer exposure to actinic light than what is
usually reported in the literature. In Fig. 6 we show the NPQ
kinetics in W'T Arabidopsis plants upon illumination for 8, 30,
and 90 min. These kinetics show that the largest part of NPQ is
activated within a few minutes of illumination (1 is 3 min) but
continues to rise for up to 30 min. After 90 min of illumination
NPQ amplitude is stable at its saturated level. However, the
kinetics of dark relaxation was slower upon 90 min of illumina-
tion than what observed after 8 or 30 min of light. This is evi-
denced in Fig. 6B, where the NPQ decay curves are normalized
to the maximal NPQ value. Although relaxation kinetics are
similar upon 8 or 30 min of illumination, they are slower upon
90 min of treatment. We can exclude the suggestion that this
effect is due to the normalization procedure, because the level
of quenching is very similar following 30 and 90 min of
illumination.
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The possibility that photoinhibition could be a reason for the
slowdown of fluoresce recovery was assayed by measuring dark
recovery of PSII quantum yield after light treatment. As this was
essentially the same in plants that were treated with light for 30
or 90 min, we concluded that differential photoinhibition is not
the cause of the different kinetics of fluorescence recovery after
NPQ (supplemental Fig. S2). Alternatively, sustained quench-
ing could be due to zeaxanthin accumulation (33). However, no
difference was observed in the Zea content of leaves treated
with 30 or 90 min of actinic light, and the recovery of violaxan-
thin content was very similar (supplemental Fig. S2).

We concluded that, in addition to the two well known phases
of NPQ consisting of a rapidly developing step dominated by g,
and a slower phase depending on zeaxanthin synthesis (19), we
could distinguish a later phase with sustained quenching. Dur-
ing this later phase the properties of the photosynthetic appa-
ratus undergo changes that cannot be explained in terms of
photoinhibition or zeaxanthin quenching, and yet they signifi-
cantly affect the recovery of fluorescence.

The Organization of Grana Membranes Is Modified upon
PsbS-dependent Dissociation of the B4C Complex—In order to
test the hypothesis that the slowly developing changes of the
slowest NPQ phase described above involve a reorganization of
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grana membranes isolated from WT leaves that were dark-adapted (A) or
treated with 30 min of light (B), 90 min of light (C), or 90 min of light and 90 min
of dark (D). Space bar represents 100 nm.

the thylakoid membrane, we studied the organization of the
PSII components in grana membranes through direct observa-
tion by electron microscopy. In grana partitions, the PSII com-
plex forms C,S, particles (3), which constitute the inner
antenna system and are maintained even in high light-adapted
plants (12) and include a subset of the B4C complex, namely
CP29. The rest of the B4C components are part of the outer
antenna, which is assembled under low light conditions, leading
to the formation of larger C,S,M, L particles (3). This suggests
that the integrity of B4C is required for the formation of large
supercomplexes and its dissociation could lead to a reorganiza-
tion of the antenna system with a consequent reduction of
antenna size. To test this hypothesis, we analyzed the organiza-
tion of grana membranes in WT and selected mutants upon
treatment with light. To this aim we isolated grana membranes
from plants illuminated for different periods, using a mild sol-
ubilization with «-DM, which preserves the interaction
between PSII components and the overall mutual organization
of PSII units (10). Photosystem II forms tightly packed domains
in grana partition membranes with very little lipid interspersed
between protein complexes (43). When observed by transmis-
sion electron microscopy upon negative staining, PSII mem-
branes were characterized by stain-excluding particles with a
tetrameric structure that could be readily identified as PSII
cores (Fig. 7). Lhc protrude less from the membrane plane than
PSII reaction centers and are thus covered by an electron-dense
stain. The observation of grana membranes isolated from leaves
treated with different light intensities did not show any eye-
catching difference (Fig. 7).

Searching for more subtle differences, we identified in each
image the position of the PSII cores and calculated the distance
of the closest neighbor. The distribution of the distances is
reported in supplemental Fig. S3. In most cases, the closest PSII
core is located at 16 —17 nm. Two shoulders in the distribution
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are also visible, one at 14 nm and a second at 20—21 nm. This
distribution, with one main peak and two symmetric shoulders,
is close to that obtained previously using different microscopic
methods, AFM and freeze fracture (44, 45). This allowed us to
conclude that, despite our using a different approach, the
results obtained for the dark-adapted sample were quite con-
sistent with published data, strongly supporting the reliability
of grana isolation and image analysis procedures.

To reduce the dependence of the results on the possible
imprecise assignment of PSII cores, we repeated the analysis by
calculating for each core the average distance from the four
closest PSII cores rather than from the closest neighbor only. As
shown in Fig. 8, data deviations in this case were smaller,
because the error in PSII core location is partially compensated
for by the larger sampling. This method was thus employed to
analyze grana membranes isolated from light-treated leaves
(data considering only the closest neighbor are shown in the
supplemental material). As shown in Fig. 8B, upon 30 min of
illumination the PSII distribution shows a decrease in the pop-
ulation with an average distance of 22 nm and a compensating
increase of the 18 —19 nm population. The difference is signifi-
cantly greater in the sample illuminated for 90 min; in that case,
there is a far lesser abundance of PSII cores, with an average
distance of 22 nm and the highest frequency found at 18 nm.

We also verified the reversibility of the phenomenon by ana-
lyzing samples that, after 90 min of illumination, were further
incubated in the dark for 90 min before grana isolation. In this
case (Fig. 8C), we observed that the average distance between
PSII increased, showing a decrease in the content of PSII cores
of <17 nm and an increase in abundance for all points of >19
nm. Thus, although the recovery was partial and likely required
a longer time to complete, these data strongly suggest the phe-
nomenon is reversible. As a control, it is interesting to observe
the phenotype of PsbS-less mutant npg4. Data from mutant
grana isolated before and after 90 min of light treatment are
shown in Fig. 8D. Remarkably, the distribution is substantially
unaffected by light treatment. These results thus allowed us to
conclude that light induces a redistribution of PSII cores within
grana membranes but only in the presence of PsbS protein.

DISCUSSION

B4C Complex Has a Key Role in Building the PSII
Supercomplex—CP29 and CP26 are located in direct contact
with the PSII core complex (9, 46, 47) and interact with the
LHCII-S trimer to form the so-called C,S, particles (9). This
PSII complex organization is found in plants grown under any
conditions, even very intense light, and in mutants with consti-
tutively reduced plastoquinone where PSII is constantly over-
excited (10). C,S, particles thus represent the minimal PSII
supercomplex.

Growth in low or moderate light leads to the accumulation of
additional antenna complexes, CP24, LHCII-M, and LHCII-L
trimers (12, 48), and the formation of an outer antenna system
in C,S,M, particles or higher mass supercomplexes (9). PSII-
LHCII supramolecular complexes thus appear to include two
layers of Lhc proteins: the inner layer, composed by CP26,
CP29, and the LHCII-S trimer, and the outer layer, including
CP24 and at least two LHCII trimers (M and L).

SN

VOLUME 284 -NUMBER 22+ MAY 29, 2009


http://www.jbc.org/cgi/content/full/M808625200/DC1
http://www.jbc.org/cgi/content/full/M808625200/DC1

Frequency (% total)
>
1

= 144

°

= 124

=

> 104

o

& _

S s

£ \

L o / J\I \
4
] J\
27 IN -
0+ r T —
10 15 20 25 30 35

Distance (nm)

Light Regulates Photosystem Il Organization

Frequency (% total)

204

18

16 4

1o /I

I

N \
] NINT

10 15 20 25 30 35

Frequency (% total)

Distance (nm)

FIGURE 8. Analysis of PSII distribution in grana isolated from dark/light-treated leaves. A, distribution of PSIl complexes in grana membranes from
dark-adapted leaves expressed as the average distance from the four nearest PSIl core complexes. B, comparison of PSII distribution in dark-adapted samples
(black squares) or those treated with 30 min (red circles) and 90 min (green triangles) of light before grana isolation. C, comparison of light-adapted samples
(green triangles) with samples treated successively with 90 min of dark following light treatment (blue diamonds). D, effect of light treatment on PSIl distribution
in npg4 grana membranes. Dark-adapted sample is shown as black triangles and 90-min light-treated sample as green diamonds. S.D. in the case of the x axes

is the maximum 1.5 nm.

B4C is a Lhc supercomplex composed of CP29 (inner layer),
CP24, and LHCII-M (outer) (46). B4C has been described (6) as
a product of incomplete solubilization of PSIT membranes with
mild detergents. It was later understood to represent a struc-
tural brick of the PSII-LHCII supercomplexes as shown by elec-
tron microscopy and cross-linking studies of the interactions of
these subunits (3, 9, 49). Its presence is fundamental for the
structure of PSII supercomplexes with larger antenna sizes. A
further confirmation of this view comes from the observation
that green algae, which do not have CP24 and Lhcb3 subunits,
are not able to form B4C complex. In fact, green algae show the
presence of C,S, particles only (47). It can be asked whether all
CP29 and CP24 subunits are organized into a B4 supercomplex
with a LHCII trimer. Fig. 1 shows that a non-negligible amount
CP29 and CP24 is found as monomers. However, in a previous
report from Zea mays, 100% of the CP29 and CP24 was found in
the B4C (6). These considerations suggest that monomeriza-
tion of CP24 and CP29 is most likely because of partial destabi-
lization of the B4C supercomplex due to detergent treatment
during thylakoids solubilization.
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Dissociation of the B4C Complex Is Correlated to Non-photo-
chemical Quenching—In this work we have reported on the
light-dependent dissociation of the supramolecular pentameric
complex composed of CP29, CP24, and the LHCII-M trimer
(6), which connects the inner and outer moieties of the light-
harvesting system. We noticed that the fractionation pattern of
PSII subunits in sucrose gradients or nondenaturing PAGE was
modified upon strong illumination; an oligomeric green band,
B4C, present in dark-adapted leaves, dissociated from its
monomeric and trimeric components (Fig. 1).

Pharmacologic and genetic analysis showed that B4C disso-
ciation correlates fully with NPQ. In fact, we observed that this
event was sensitive to the uncoupler nigericin and was up-mod-
ulated by zeaxanthin, as shown by the npg1 mutant, which can-
not synthesize Zea and is inefficient in both B4C dissociation
and NPQ. The most striking evidence of this correlation, how-
ever, comes from the phenotype of PsbS-depleted plants, which
are unable to activate NPQ and do not show the light-depend-
ent dissociation of B4C (Fig. 4). Furthermore, the mutation of
each of two lumen-exposed glutamate residues in PsbS, essen-
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tial for NPQ activation (20, 21), leads to an NPQ decrease of
~50% (21). Here, we show that the same mutation impairs the
dissociation of B4C to approximately the same extent (Fig. 4),
making it very unlikely that these two phenomena are inde-
pendent but occur simultaneously upon illumination.

Functional Role of B4C Dissociation in Non-photochemical
Quenching—The above results suggest a tight relationship
between B4C dissociation and NPQ. It is, however, unclear
whether dissociation of B4C is sufficient for feedback de-exci-
tation or if additional operations are involved in the process
that might well be fulfilled by PsbS. One way to address this
question is to compare the WT with mutants in which B4C
is constitutively dissociated, such as koCP24 (Fig. 5). In this
mutant, dark-adapted plants have a higher fluorescence level
than the WT, implying that the disconnected LHCII is not effi-
ciently quenched (24, 25). Furthermore, koCP24 plants are
able, despite the complete absence of B4C, to activate NPQ,
although at a reduced level with respect to WT. By analyzing
different mutants depleted in antenna proteins, koLhcb3 and
koCP29 in Fig. 5, we noticed that the absence of B4C in a num-
ber of these mutants did not completely abolish NPQ, although
the kinetics were differently affected depending on the residual
complement of Lhcb proteins in each mutant.

B4C dissociation by itself is thus not sufficient for NPQ.
However, in all cases where B4C was present in the dark, we
never observed NPQ without B4C dissociation. This suggests
that B4C stabilizes an unquenched state and that its dissocia-
tion is required for quenching activation. On these bases, we
hypothesized that the quenching activity is performed by one or
more B4C components. The integrity of B4C prevents quench-
ing, which can be triggered only when this supercomplex is
dissociated. It is not clear at present whether the role of PsbS is
limited to the dissociation of B4C or if it extends to establishing
an interaction with the resulting dissociated Lhcb subunits. We
favor the latter hypothesis because in koCP24 the disconnected
LHCII-M + L are clearly detectable; however, they are not
quenched (24). Indeed, the koCP24 genotype mimics the con-
stitutive dissociation of B4C, and EM analysis of its grana mem-
branes clearly shows that in the absence of B4C, PSII core is
nonhomogeneously distributed in grana membrane disks with
PSII-rich areas and LHCII-enriched stain-depleted domains
(supplemental Fig. S4).

It might be asked which of the different subunits are the
“quenching sites.” Considering the similarity between antenna
proteins it is unlikely that quenching occurs in only one sub-
unit, and they may well all contribute. Nevertheless, recent
reports are helpful in identifying some preferential quenching
sites based on the in vivo effect of knocking out individual gene
products on NPQ amplitude/kinetics and on the capacity of
catalyzing the transient formation of carotenoid radical cation,
a chemical species proposed to be responsible for excess energy
quenching (50) by isolated pigment-protein complexes. Thus,
depletion of Lhcb1 and -2 (39) or Lhcb3 (Fig. 5) has little effect
on NPQ in vivo, and these antenna subunits cannot produce
any carotenoid radical cation in vitro (51).

Monomeric Lhcb4, -5, and -6 do indeed perform charge
transfer quenching in vitro (37, 51), whereas in vivo depletion
strongly affects NPQ components: g in the case of CP24 and
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CP29 (25) (Fig. 5) and ¢, in the case of CP26. The involvement of
two components of B4C complex in g, together with the NPQ
depletion in all mutants/conditions where B4C complex cannot
be dissociated, is strong evidence for the direct interaction of a
PsbS-minor Lhc complex in triggering NPQ.

An NPQ Model Based on the Rearrangement of PSII Super-
complex Antenna— A possible discrepancy between B4C disso-
ciation and NPQ can be found in their activation time scales. In
fact, a large fraction of NPQ is activated within a few minutes
after the dark to light transition (t,, ~ 3 min; Fig. 6), whereas we
observed that B4C dissociation is developed with a £, of 12-15
min (Fig. 3). This phenomenon thus appears to have the same
time scale of the slow phase of NPQ activation. However, the
method we used for biochemical detection of B4C dissociation,
i.e. sucrose gradient ultracentrifugation, is all but rapid and sen-
sitive. It is likely that dissociated B4C need to be accumulated in
order to be detected by biochemical fractionation and/or that
unstable B4C dissociation is involved in the fastest phase of
NPQ. In fact, after light treatment, thylakoid isolation and sol-
ubilization requires about 60 min. Thus, despite the fact that all
operations were performed in ice water, we cannot exclude the
possibility that early changes were reverted to before thylakoid
solubilization and gradient loading. On the contrary, the phys-
iological effects that elicit NPQ might be activated in a few
seconds by a partial and unstable B4C dissociation, which, if the
high light conditions are maintained, is increased by a complete
B4C dissociation and stabilized by the structural redistribution
of complexes within the grana membrane.

Our results provide experimental support of previous sug-
gestions that (i) PsbS functions by interacting with other
antenna proteins; (ii) PsbS controls the grana membrane orga-
nization; and (iii) structural modification in photosystems are
implied in NPQ (35, 38, 52, 53). Such an extensive PSII reorga-
nization might appear surprising. Nevertheless, recently
reported data are consistent with such a model; FRAP measure-
ments show that the greater part of complexes (75%) within
grana membranes is substantially immobile. However, the
remaining complexes, likely identified as antenna complexes,
have instead a high diffusion coefficient. According to this
hypothesis, an antenna complex might travel from the center to
the limit of the grana membrane in about 2 s (54). These results
thus suggest that a rearrangement of antenna complexes, also
implying protein displacement, would be compatible with NPQ
kinetics. Furthermore, the latter study suggests that this move-
ment is not only diffusion-driven but is likely to be “oriented”;
in this respect, a role could be played by PsbS activity, which
might help in creating the so-defined diffusion channels (54).
Concerning the role of PsbS, it interesting that we observed a
small but significant difference between WT and npg#4 in PSII
core distribution in the dark. This is consistent with the obser-
vation that npg4 mutants grow better in low light conditions
than do WT (33), suggesting that PsbS activity is not fully
restricted to excess light conditions.

BA4C Dissociation Induces a Rapid Decrease in the Antenna
Size of PSII Supercomplex—Structural analysis of grana mem-
branes clearly showed that light treatment induces a decrease in
the distance between PSII reaction centers. This effect was
reversible upon dark recovery, in parallel with the dissociation
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and reassociation of B4C. Grana membranes are densely
packed with PSII components and contain little free lipids (43,
55). Thus, the distance between PSII core complex is deter-
mined mainly by the Lhcb protein complement of photosys-
tems (10, 24, 44, 47). We concluded that light treatment, with
the involvement of PsbS activity, leads to a reversible dissocia-
tion of the outer layer of the PSII antenna system from the
reaction center complex, thus reducing the size of the antenna
system , which feeds excitation energy to PSII reaction centers.

We observed that such a PSII redistribution requires more
than 30 min (Fig. 8). Thus, it correlates with the stabilization of
NPQ occurring in the 30 -90-min interval (Fig. 6), suggesting
that NPQ stabilization occurs by rearranging PSII complexes
and their antenna.

The advantage of such a regulatory mechanism is clear if we
consider that overexcitation of PSII is the major source of pho-
toinhibition (14). Long term acclimation to high light is well
known to lead to a reduction of peripheral antenna size (11, 12).
However, the acclimatory process requires protein degradation
and takes several days, and it is not useful or energetically
affordable when light intensity varies within minutes. NPQ,
which is instead the major regulatory mechanism acting within
these time scales (17), could thus work by functionally dissoci-
ating part of the antenna from the core complex while avoiding
degradation and resynthesis.

The Fate of Lhcb upon Disconnection from PSII Reaction
Centers—It might be asked where antenna complexes travel to
upon disconnection from the PSII core particles. Possible des-
tinations are the grana periphery and the stroma lamellae. The
former hypothesis is likely for at least a fraction of the antenna,
as the PSII distribution was shown to be reversible. In the case
of koCP24 it was also observed that regions with lower PSII core
density were generally found in the grana periphery (supple-
mental Fig. S4). On alonger time scale (hours or even days), it is
also possible that antenna complexes may migrate even further.
Early work in fact showed that in light-treated leaves, LHCII
isoforms disappear from grana membranes and are found in
stroma membranes (56). Because proteolysis is particularly
active in stroma membranes, antenna migrating here might be
degraded, leading to a stable downsizing of PSII antenna size.
This hypothesis suggests the idea that the domain segregation
process described here under prolonged illumination contrib-
utes to the acclimatory modulation of the PSII antenna size.

Evolution of NPQ Mechanisms in Viridiplantae—TIt is inter-
esting to point out that CP24 and Lhcb3, two of the three com-
ponents of the B4C complex, are late additions to the PSII
antenna system, being present only in land plants (4) and never
detected in algae. Arabidopsis mutants that are missing any of
these polypeptides are also missing B4C (Fig. 5), demonstrating
that they are fundamental for the formation of the supercom-
plexes. Algae and plants also differ as to their PsbS content. In
fact, although the gene is present in several algal genomes, the
corresponding polypeptide is not accumulated in any algal spe-
cies analyzed thus far (40, 41). Furthermore, in algae, only C,S,
supercomplexes have been found, while larger supercomplexes,
such as those of land plants, have never been observed (47). This
suggests the hypothesis that the regulatory mechanism we
described in this work might have evolved upon land coloniza-
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tion in order to defend plants from the highly variable condi-
tions found in the land environment (17). On the contrary, algal
water environment is more stable in temperature, light, and
CO, supply, thus making a fast quenching mechanism less
important in algae with than in plants (29).

Conclusion—We have described herein new experimental
evidence on the function of PsbS, consisting of the reorganiza-
tion of the protein domains in grana membranes as suggested
recently (53). This reorganization is obtained by controlling the
assembly of a pentameric complex, called B4C, which includes
components of both the inner (CP29) and outer (CP24,
LHCII-M) moieties of PSII antenna system. In low light the
complex is assembled and PSII antenna size is maximal; in high
light the complex dissociates, and we proposed that C,S, par-
ticles dissociates from CP24/LHCII-M/LHCII-L complexes
that migrates to the periphery or the grana. Upon dissociation
of PSII supercomplexes the formation of quenching sites in PSII
antenna, which we propose to be CP24 and CP29, is allowed by
the dissociation of B4C and accessibility of these minor Lhc to
the interaction with PsbS. We also suggest that this regulation
of PSII supercomplex assembly is part of a control cycle con-
necting short term energy dissipation to long term regulation of
PSII antenna size upon acclimation.
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