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Photosystem II of higher plants is a multisubunit transmembrane complex

composed of a core moiety and an extensive peripheral antenna system.

The number of antenna polypeptides per core complex is modulated fol-

lowing environmental conditions in order to optimize photosynthetic per-

formance. In this study, we used a barley (Hordeum vulgare) mutant, viridis

zb63, which lacks photosystem I, to mimic extreme and chronic overexcita-

tion of photosystem II. The mutation was shown to reduce the photo-

system II antenna to a minimal size of about 100 chlorophylls per

photosystem II reaction centre, which was not further reducible. The min-

imal photosystem II unit was analysed by biochemical methods and by

electron microscopy, and found to consist of a dimeric photosystem II

reaction centre core surrounded by monomeric Lhcb4 (chlorophyll protein

29), Lhcb5 (chlorophyll protein 26) and trimeric light-harvesting complex

II antenna proteins. This minimal photosystem II unit forms arrays in vivo,

possibly to increase the efficiency of energy distribution and provide photo-

protection. In wild-type plants, an additional antenna protein, chlorophyll

protein 24 (Lhcb6), which is not expressed in viridis zb63, is proposed to

associate to this minimal unit and stabilize larger antenna systems when

needed. The analysis of the mutant also revealed the presence of two dis-

tinct signalling pathways activated by excess light absorbed by photosystem

II: one, dependent on the redox state of the electron transport chain, is

involved in the regulation of antenna size, and the second, more directly

linked to the level of photoinhibitory stress perceived by the cell, partici-

pates in regulating carotenoid biosynthesis.
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The energy of solar radiation required to power plant

photosynthesis is absorbed and trapped by chlorophyll

(Chl) and carotenoids bound to thylakoid membrane

proteins, which are organized in two supramolecular

complexes: photosystem I (PSI) and photosystem II

(PSII). Each photosystem is composed of two moieties

with different functions and biogenesis: the reaction

centre (RC) core complex, and the peripheral antenna

system. In the case of PSII, the RC core complex con-

tains the D1 and D2 subunits, which catalyse electron

transport reactions, and Chl proteins (CPs) 43 and 47,

which bind Chl a and b-carotene. These polypeptides,

together with several others contained within the PSII

RC core, are encoded by chloroplast genes [1]. The

peripheral antenna system of plant PSII is composed

of multiple subunits of homologous proteins belonging

to the Lhcb (light-harvesting complex) family, which

are encoded by nuclear cab genes and imported into

the chloroplast [2]. They bind Chl a and b as well as

xanthophylls. The size of the peripheral antenna sys-

tem varies with growth conditions [3–5] and is modula-

ted by the reduction state of the plastoquinone (PQ)

pool [6–8] and the accumulation of zeaxanthin, which

destabilizes the light-harvesting complex of PSII

(LHCII) proteins [9].

The structure of PSII has been the subject of intense

research in the past few years, yielding high-resolution

maps of the RC core complex isolated from cyanobac-

teria [10–13] and intermediate-resolution structures for

the higher-plant equivalent [14,15]. Crystal structures

of the Lhcb proteins that form the trimeric LHCII have

also been elucidated to high resolution [16,17]. In con-

trast, the supramolecular organization of the peripheral

antenna system associated with the plant PSII RC core

is only known at low resolution, being derived from a

combination of electron microscopy (EM), single-parti-

cle analyses [18–21] and nearest neighbour analyses

[22,23]. Moreover, little is known in structural terms of

differences occurring in PSII RC core antenna organ-

ization upon acclimation of plants to different light

conditions. PSII supercomplexes with a different num-

ber of antenna proteins have been observed by EM and

single-particle analyses [24], but their presence was not

correlated with the physiological state of the plant from

which the thylakoid membranes were isolated.

In this work, we studied a barley (Hordeum vulgare)

mutant, viridis zb63, lacking PSI but with normal PSII

activity [25]. Because PSI is absent, illumination indu-

ces a maximum reduction of the electron flow chain,

which is an extreme case of a condition experienced by

plants growing in excess light [26]. By subjecting viridis

zb63 plants to different light conditions, we demonstra-

ted that the mutation gives rise to a reduction of the

antenna size of PSII to a minimum level that is not

further reducible under strong light. As PSII in viridis

zb63 grana membranes has the peculiarity of being

organized in two-dimensional arrays [25,27,28], we

exploited this characteristic for studying the structural

organization of PSII with the minimal antenna. Isola-

ted two-dimensional crystals of PSII from viridis zb63

were analysed by electron cryomicroscopy (cryo-EM),

yielding a projection map at �20 Å resolution that

revealed a dimeric PSII RC core complex surrounded

by peripheral Lhc antenna proteins. Biochemical and

immunological analyses indicated that the peripheral

antenna consists of monomeric Lhcb proteins (CP26,

CP29) and trimeric Lhc (LHCII). The LHCII–PSII

supercomplex identified in the PSI-less barley mutant

is proposed to be the basic structural unit of PSII,

with which additional antenna Lhcb proteins associate

in wild-type plants in response to the variable environ-

mental conditions.

The analysis of this mutant provides new experimen-

tal evidence for the role of the redox state of the PQ

pool in regulating the antenna size of PSII by selec-

tively controlling the expression of individual cab genes

[7,8].

Results

The PQ pool is over-reduced in viridis zb63

The viridis zb63 barley plants carry a mutation causing

PSI depletion, which does not affect PSII activity [25].

As this mutation is lethal, the mutant must be propa-

gated in the heterozygous state. Homozygous plants

can be distinguished from the wild type by their paler

green colour, and can survive for up to 2 weeks on

seed reserves, thus allowing chloroplast isolation.

Because of the lack of PSI, illumination of viridis zb63

plants should promote the over-reduction of the pho-

tosynthetic electron transport chain. This will bring

about an over-reduction of the PQ pool, a condition

that can also occur when wild-type plants are exposed

to stress conditions, such as high light and ⁄or low tem-

perature. In the mutant, the PQ pool should be over-

reduced, as suggested by the observed constitutive

phosphorylation of the CP29 subunit [29]. Thus, this

mutant is an ideal system in which to test the relation-

ship between changes in light intensity, reduction of

the PQ pool, and regulation of PSII antenna size.

Although the hypothesis of a chronic over-reduction

of the PQ pool during illumination of a PSI-less

mutant is, in principle, reasonable, other mechanisms

than electron flow to PSI are also active in the chloro-

plast [30], and we cannot exclude the possibility that,
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at low light intensities, the PQ pool may be partially

reoxidized. To test this possibility, we estimated the

redox state of the PSII electron acceptors by assessing

the in vivo fluorescence emission properties of wild-type

and mutant leaves exposed to increasing light intensi-

ties. Figure 1A shows the light dependency of the PSII

quantum yield (FSII), a parameter related to the pro-

portion of the light absorbed by PSII [31]. In wild-type

leaves, this parameter decreased progressively as light

intensity was increased, reflecting the progressive limi-

tation of electron acceptor availability, owing to reduc-

tion of the PQ pool. In contrast, PSII efficiency in the

mutant showed a steep decrease when the leaves where

shifted from dark to light, irrespective of the light

intensity employed (Fig. 1A). This implies that the PQ

pool in the mutant remains largely reduced under both

limiting and saturating light in this strain. Consistent

with the absence of sustained light-induced electron

flow in the chloroplast, no generation of nonphoto-

chemical quenching (NPQ) (i.e. DpH-induced excessive

light dissipation) could be detected in viridis zb63, in

contrast to the wild type. However, PSII is active in

the mutant, as evidenced by the finding that the FPSII

measured in the dark is very similar in dark-adapted

leaves (Fig. 1B). In fact, the observed differences prob-

ably reflect enhanced fluorescence emission at PSII

open centres, owing to some energetic uncoupling

between PSII and the free LHCI complexes (see below),

rather than the presence of inactive PSII complexes.

Antenna size is not regulated in viridis zb63

In order to gain more understanding of the relation-

ship between the redox state of the PQ pool and poss-

ible changes in PSII antenna size, we subjected the

viridis zb63 barley plants to three different light inten-

sities for 2 weeks: low light (LL ¼ 10 lE), control light
(CL ¼ 100 lE) and high light (HL ¼ 1000 lE). As

shown above, light differentially affected the redox

state of the electron transport chain in the wild type,

while promoting a maximum reduction of the chain in

the mutant. The different light treatments had an effect

on mutant plant phenotype: in HL conditions, plants

were paler and survived for 9–10 days only, whereas

CL and LL plants survived for up to 14–15 days. LL

plants were greener and had �40% more Chl per unit

leaf area with respect to control plants, whereas HL

plants had even lower Chl contents. It thus appears

that HL and CL treatments cause more extensive dam-

age to the photosynthetic apparatus of the mutant

plants than does LL treatment. Thylakoid membranes

were isolated from viridis zb63 plants exposed to the

different light treatments, and their pigment composi-

tion was analysed. As shown in Table 1, there was a

significant reduction in the Chl b content of the

mutant with respect to the wild type. Although the

Chl a ⁄ b ratio does not provide a precise quantification

of the number of Lhcb proteins per PSII core, as Chl

b is specifically bound to antenna proteins, its relative

decrease is an indication of a reduction in antenna size.

In the case of wild-type plants, we found that the Chl

b content was inversely correlated with light intensity,

in agreement with many previous reports in a number

of species [3–6]: for example, the Chl a ⁄ b ratio was 3.0

in CL and 3.4 in HL. In contrast, the different light

treatments did not appear to have any significant effect

on mutant Chl b content, suggesting that the PSII

antenna size of viridis zb63 plants was not significantly

affected.
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Fig. 1. Determination of the electron transport chain redox state in

wild-type (WT) and mutant leaves. (A) Photosystem II (PSII) effi-

ciency (FPSII, left panel) was determined by using increasing light

intensities in the WT (black squares) and in the mutant (open

squares). Nonphotochemical quenching (NPQ, right panel) was also

measured; black and white circles represent, respectively, the WT

and the mutant. (B) Photosystem II fluorescence induction kinetics

in dark-adapted WT (squares) and mutant (circles) leaves.
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In order to confirm that the antenna size is indeed

constant in the mutant, we also determined the Lhcb

polypeptide content by nondenaturing and denaturing

gel electrophoresis. With both techniques, we could

not find significant differences in the electrophoretic

pattern of thylakoid proteins from mutants grown in

different light conditions (SDS ⁄PAGE is reported in

Fig. 2A). A third confirmation of the conservation of

antenna size in the mutant is provided by the EM

experiments reported in detail below: in membranes

purified from the mutant, PSII–LHCII supercomplexes

have the same size and thus the same number of

antenna proteins bound, regardless of the light condi-

tions.

Lack of antenna size acclimation in viridis zb63 was

not due to lack of light stress during the treatment.

Indeed, the amount of zeaxanthin, a xanthophyll syn-

thesized only in conditions of excess light [32], was

very low in LL plants and very high in HL plants

(Table 1). Also, the total amount of carotenoids from

the b-branch of the biosynthetic pathway (VAZ, vio-

laxanthin, antheraxanthin and zeaxanthin) increased

with illumination intensity. Thus, carotenoid composi-

tion in the mutant is modified following the different

light treatments, a well-known adaptation to light

stress [33,34]. It should be pointed out, however, that

in the mutant the stress response appeared at lower

light intensities: zeaxanthin and antheraxanthin were

Table 1. Pigment composition of wild-type (WT) and viridis zb63 plants acclimated to different light conditions. The pigment content in thyl-

akoids purified from WT and mutant plants is reported. In the case of the WT, only data from control light (CL) plants are shown. Data are

normalized to 100 Chl a molecules. The maximum standard deviations determined were 1 for neoxanthin and antheraxanthin, 2 for violaxan-

thin, zeaxanthin and b-carotene, 3 for lutein and Chl b, and 7 for total carotenoid content (Tot Car). LL, low light; HL, high light; VAZ, violaxan-

thin, antheraxanthin and zeaxanthin.

Chl b Tot Car Neoxanthin Violaxanthin Antheraxanthin Lutein Zeaxanthin b-Carotene VAZ

Zb63 CL 19.4 50.4 5.9 4.4 4.4 19.2 7.1 9.3 15.9

Zb63 LL 20.5 50.6 6.4 8.9 1.6 19.4 2.0 12.5 12.4

Zb63 HL 19.3 52.8 5.4 3.8 2.8 17.1 15.5 8.2 22.1

WT CL 31.0 34.6 4.9 5.6 0.0 13.4 0.0 10.8 5.6

BA Zb63

LL CL HL

Lhcb

ATPase

PSII
core

WT Zb63

Lhca1

Lhca3

Lhca4

Lhca2

PsaH

PsaC

PsaE

OEC23

OEC33

Cyt 
b559

D1

D2

PsbS

CP26

CP24

CP29

LHCII

(Lhcb3)

WT Zb63

Fig. 2. Protein composition of thylakoid membranes from barley mutant viridis zb63 (Zb63). (A) SDS ⁄ PAGE of thylakoids purified from plants

grown under different illumination levels: low light (LL), control light (CL) and high light (HL). Fifteen micrograms of chlorophylls (Chls) were

loaded per sample. Band identity, as obtained by western blotting analysis, is also shown. (B) Comparison of polypeptide composition of

viridis zb63 and barley wild type (WT) grown under control light by immunoblotting.
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found in detectable amounts even in LL conditions

(2.0 and 1.6 molecules per 100 Chl a, respectively),

whereas in the wild type they were only found in trace

amounts (0.7 molecules per 100 Chl a) and only fol-

lowing HL treatment. This indicates that mutant

plants experience overexcitation of PSII even when the

illumination intensity is very low.

On the basis of these findings, we conclude that the

antenna size of the viridis zb63 mutant does not vary

in response to light intensities during growth and

increasing degrees of photoinhibition, as found with

wild-type plants. Even when the mutant was treated

with HL, antenna size was not further reduced: it

therefore seems that the viridis zb63 PSII antenna

reached its minimal size, which is not further redu-

cible.

Biochemical analysis of viridis zb63 thylakoids

In order to characterize the composition of this min-

imal PSII identified in viridis zb63, thylakoids isolated

from the mutant were analysed by SDS ⁄PAGE and

immunoblotting with antibodies specific for PSI and

PSII proteins (Fig. 2B). As expected, PSI core poly-

peptides (PsaC, PsaE and PsaH) were not detected in

the mutant, although the Lhca polypeptides (Lhca1–

Lhca4) comprising the LHCI antenna system of PSI

were retained. The subunit composition of PSII

appears, instead, not to be drastically affected by the

mutation in viridis zb63: LHCII, CP26 (Lhcb5) and

CP29 (Lhcb4) polypeptides are present, and only the

peripheral antenna component, CP24 (Lhcb6), is com-

pletely absent. Thus, among all the Lhcb polypeptides,

only CP24 is not included in the minimal PSII

antenna. It should be mentioned that all samples used

for blottings were loaded on a Chl basis. Therefore, as

Chl content per area is far lower in the mutant

(around 20% of that in the wild type in CL), the cellu-

lar concentrations of all photosystem polypeptides,

including those that appear to be only slightly affected

in the mutant, are far lower than in the wild type.

In order to quantify the pigment–protein holocom-

plexes in the viridis zb63 mutant as compared to the

wild type, thylakoids were solubilized with n-dodecyl-

a-d-maltopyranoside (a-DM) and fractionated by

sucrose density gradient ultracentrifugation (Fig. 3A).

In each case, seven green bands were resolved, albeit

in different relative amounts, which were characterized

by pigment analysis, absorption spectroscopy and

SDS ⁄PAGE and immunoblotting (Fig. 3C). For the

viridis zb63 mutant, the respective bands contained:

free pigments (band 1), monomeric antenna proteins

(CP26, CP29 and LHCII monomers) (band 2), and tri-

meric LHCII (band 3), monomeric (band 4) and

dimeric (band 5) PSII cores. Bands 6 and 7 contained

supramolecular complexes of PSII with Lhcb proteins

(Fig. 3C). For the solubilized wild-type thylakoids,

the PSI–LHCI holocomplex, absent in viridis zb63,

migrated in band 5 together with dimeric PSII RC

cores and in bands 6 and 7 together with PSII super-

complexes. It is interesting to note that in the mutant,

LHCI polypeptides are detected in free Lhc bands,

both in monomeric and trimeric bands, as revealed by

their distinctive absorption and fluorescence over

700 nm. This migration pattern on sucrose gradients

has already been observed in Lhca-depleted plants and

was due to the liberation of Lhca dimers [35]. This

similarity in migration pattern suggests that LHCI

polypeptides are organized as dimers in mutants as

well, even in the absence of PSI core.

In Fig. 3B, the chlorophyll distribution among

sucrose gradient bands is compared in order to quan-

tify the relative changes in various antenna complexes

between the two genotypes. Significant differences are

observed upon normalization of the antenna content

to the level of PSII cores. In particular, the amount of

trimeric LHCII is reduced by a factor of 6, whereas

only a small reduction in monomeric Lhcb antennas is

found for the mutant relative to the wild type. Thus,

the decrease in PSII antenna size in viridis zb63 is

mainly due to a decreased content of trimeric LHCII

in addition to the absence of CP24.

Despite this smaller antenna, distinct bands corres-

ponding to LHCII–PSII supercomplexes (bands 6 and

7) are more abundant in viridis zb63 than in the wild

type. This difference is even more striking when we

take into account the fact that the corresponding

bands derived from wild-type thylakoids also contain

significant amounts of LHCI–PSI supercomplex, as

judged by the presence of PsaA ⁄B bands in

SDS ⁄PAGE analysis (Fig. 3C). Bands 6 and 7 from

viridis zb63 contained the PSII RC core subunits,

CP26, CP29 and LHCII, as judged by the SDS ⁄PAGE

profile (Fig. 3C) and verified by detection with specific

antibodies (not shown).

Structural analysis of PSII supercomplexes

The viridis zb63 mutant used in this study has been

shown to form two-dimensional particle arrays in the

thylakoid membranes [25]. Freeze-etching analyses

have been conducted on these two-dimensional crystals

[25,36], but the method is limited in resolution, due to

metal replication of the particle surface. In order to

study the structure of the PSII supercomplex of viridis

zb63 with its minimal antenna at a better resolution, a

Stress-acclimated photosystem II supercomplex T. Morosinotto et al.
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fractionation treatment was required for selective isola-

tion of ordered grana membranes which are suitable

for analysis by transmission EM. Harsh detergent

treatment, however, may disturb the regular arrays or

modify the crystal spacing with respect to that

observed in freeze-fractured membranes [25]. Isolation

of grana membranes has been previously performed by

fractionation of thylakoids with a limited amount of

Triton X-100 [37], yielding two-dimensional crystals of

PSII core complexes by selective extraction of periph-

eral antenna components. More recently, alkyl-glucos-

ide detergents have been employed to isolate PSII

supercomplexes containing peripheral antenna systems

[18,20,21].

Here we performed a novel separation of grana

membranes of viridis zb63 grown in CL conditions by

using different amounts of a-DM in the presence of

5 mm Mg2+ to maintain granal stacking [38]. This

procedure yielded a membranous fraction that pelleted

at 40 000 g and was depleted in ATPase polypeptides

as judged by SDS ⁄PAGE analysis (Fig. 4A). The

absence of the ATPase complex indicates that the

treatment produced grana membranes free from

stroma lamellae. Among a range of detergent concen-

trations used, 0.1% a-DM allowed the isolation of a

pelletable fraction that, upon negative staining,

showed roughly circular membrane patches about

0.8 lm in diameter when viewed by EM (Fig. 5A).

The size of these patches is consistent with their deri-

vation from whole grana partitions, suggesting that

the isolation procedure succeeded in conserving the

native state. Consistently, oxygen-evolving activity was

maintained after the purification was complete: grana

particles from the mutant showed an activity of

561 ± 76 lmol O2 per mg of Chl per hour, compared

to 505 ± 68 measured with the thylakoids. Thus, PSII

in the granal membranes is as active in performing its

physiological function as PSII in intact thylakoids. In

agreement with the mildness of the purification,

SDS ⁄PAGE and immunoblotting analyses showed that

no major modifications of PSII composition were

introduced by the membrane fractionation procedure

(Fig. 4B). As shown in Fig. 4B, the amount of PsbS

appears to be slightly reduced in grana preparations

with respect to thylakoids; however, when it was

quantified more precisely by immunotitration, there

was no significant difference in content between thyl-

akoids and grana membranes (not shown). A number

of PSII-rich patches contained clearly visible, stain-

excluding particles arranged in regular rows

(Fig. 5A,D). Indexation of Fourier transforms of such

images reveal two lattices (Fig. 5B,C). The lattices,

which are mirror images of each other, have cell

dimensions of 16.5 · 25 nm and lattice angles of 100�
or 80�. Images derived by Fourier filtration of each

such lattice after appropriate corrections for

long-range disorder are characterized by strongly

stain-excluding particles (Fig. 5D), consistent with the

Band 1
Free pigments

Band 2
Monomeric Lhc

Band 3 
LHCII trimer

Band 4 
PSII core

Band 5 
PSII core dimers;

PSI-LHCI

Band 6-7
Super complexes

A
WT Zb63

B6 B7

PsaA/B

Lhcb

ATPase

WT zb63

Band 1 37.4 50.5

Band 2 611.4 484.5

Band 3 864.9 133.0

Band 4 100.0 100.0

Band 5 412.2 14.3

Band 6+7 20.9 89.9

Total 2046.7 872.2

% PSII core

Zb63WT Zb63WT

C

B

Fig. 3. Separation of pigment-binding com-

plexes by sucrose gradients in wild-type

(WT) and mutant plants. (A) Sucrose gradi-

ent ultracentrifugation of the WT with viridis

zb63 thylakoids after solubilization with

0.6% n-dodecyl-a-D-maltopyranoside (a-DM).

(B) Chlorophyll (Chl) distribution in different

sucrose gradients bands of the WT and

viridis zb63. The quantification of the bands

in the two gradients is presented normalized

to the photosystem II (PSII) reaction centre

(RC) core band. (C) SDS profile of bands 6

and 7 from the WT and mutant (Zb63).

Photosystem I (PSI) core major polypeptides

(PsaA and PsaB), ATPase subunits and PSII

antenna polypeptides (Lhcb) are indicated,

as identified by SDS ⁄ PAGE analysis.
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projection appearance of negatively stained dimeric

PSII core arrays [14,37,39–41]. The arrangement of the

particles within the array is such that they are substan-

tially separated from each other and connected by

material that attracts stain much more weakly. This

appearance may be explained by the presence of addi-

tional protein subunits that do not substantially pro-

trude from the lipid bilayer and are thus only weakly

contrasted by negative stain. The spacing of these lat-

tices is consistent with that observed by freeze-fracture

of thylakoids [25]. The presence of two mirror-image

lattices suggests that the membrane patches consist of

two stacked lipid bilayers containing PSII arrays back-

to-back.

The data presented above were all obtained with

grana membranes isolated from CL-grown mutants.

However, when we analysed by EM grana prepara-

tions from mutant plants grown in LL and HL condi-

tions, we also found that PSII was organized in arrays.

Lattice parameters were also unchanged, thus suggest-

ing that the number of antenna proteins associated

with the core complex is maintained, in agreement with

the biochemical analyses reported above.

Electron cryomicroscopy and image analysis of

the two-dimensional arrays

Preparations from the mutant grown in CL condi-

tions, identified by negative stain as being rich in

well-ordered lattices, were subjected to cryo-EM. Pat-

ches containing lattices could be recognized with a

reasonable success rate at low magnification (4000·)
from their size, shape and density. Low-dose images

of these patches were recorded at a defocus level of

about 0.7 lm. Favourably imaged areas with well-

developed crystalline lattices were identified for image

analysis. From these regions, Fourier-filtered images

were obtained for each of the two component lat-

tices. The filtered images were used as references to

obtain the locations of the individual unit cells by

cross-correlation. Patches of crystal corresponding

approximately to four unit cells were extracted and

processed by single-particle analysis methods. In

total, 372 patches were aligned and averaged

together to produce a projection map (Fig. 6A). The

resolution of the map as estimated by the Fourier

ring correlation coefficient is about 20 Å (Fig. 6C).

Compared to the projection map derived from negat-

ively stained two-dimensional crystals (Fig. 5D), the

cryo-EM equivalent shows substantially enhanced

structural detail. The central core complex regions

contain densities characteristic of projection struc-

tures of individual subunits of the PSII core

(Fig. 6B) and are connected together by regions of

strong density. The particles that make up the array

are of a size and shape reminiscent of that of the

LHCII–PSII supercomplex studied by single-particle

analyses [18,20,21].

A

B 

Fig. 4. Analysis of polypeptide composition of grana preparation.

Comparison of (A) SDS ⁄ PAGE and (B) immunoblotting analyses of

the granal membrane preparation (G) isolated from the barley

mutant viridis zb63 used for electron microscopy (EM) studies with

its thylakoid membranes (T).
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Discussion

The PQ redox state is a key signal for antenna

size regulation but not for carotenoid

biosynthesis

Acclimation of wild-type plants to increasing light

intensities brings about a decrease in the level of

LHCII per PSII RC [3–6]. In viridis zb63, lacking PSI,

we show that the antenna content per PSII RC was

already at a minimal level and did not change signifi-

cantly even at high light intensity. The inability of the

viridis zb63 PSII mutant to adjust its antenna size to

different light intensities is confirmed by pigment and

polypeptide analysis, which showed the absence of any

relevant modification in antenna proteins. In addition,

EM of grana particles purified from viridis zb63 plants

grown under different light conditions show that the

organization in PSII arrays is maintained. These arrays

have the same spacing and cell unit, demonstrating

that PSII–LHCII supercomplex size is conserved

regardless of growing conditions.

This lack of regulation is probably due to a chronic

reduction of the electron transport chain upon illumin-

ation, leading to a substantial reduction of the PQ

pool even at very low light intensities. We propose,

therefore, that the mutant phenotype mimics that of

wild-type plants exposed to very strong light. Consis-

tent with this, we show that viridis zb63 plants exhibit

features typical of HL-treated wild-type plants, such as

the increase in the xanthophyll pool [33,34] and the

accumulation of zeaxanthin [42].

It is known that over-reduction of the PQ pool trig-

gers LHCII degradation [6] and decreases the expres-

sion of the encoding cab genes [7,8]. In the mutant, we

showed that the electron transport chain is over-

reduced in the light, even if the illumination level is

very low, suggesting that the redox state of the PQ

pool, rather than being an indirect effect due to light

stress, plays a key role in determining PSII antenna

size.

At variance with the changes in the PSII antenna,

other phenomena, which are also thought to participate

in the photoprotective response, clearly show a light

dose–response effect. This is typically the case for zea-

xanthin synthesis, and more generally, for the accumula-

tion of the b-branch xanthophyll species (VAZ), which

are enhanced at by strong light in both the wild type and

viridis zb63. This suggests that, although the control of

PSII antenna size and the regulation of carotenoid

biosynthesis occur in parallel under excess light condi-

tions in wild-type plants, the two processes probably

have distinct pathways of activation. Thus, as well as

the PQ reduction state, at least one additional signalling

A B 

CD

Fig. 5. Characterization of the photosystem

II (PSII) supercomplex two-dimensional crys-

tals by EM with negative staining and image

analysis. (A) Electronmicrograph of negat-

ively stained two-diemnsional crystal. (B)

and (C) Fourier transform derived from (A)

displayed as amplitudes. Two reciprocal lat-

tices are identified arising from oppositely

orientated PSII supercomplex arrays viewed

from the luminal (B) and stromal (C) sides.

In both cases, reflections in the second,

fourth and sixth rows are common to each

reciprocal lattice, whereas the others derive

from a single layer. (D) A Fourier-filtered

image corresponding to the layer viewed

from the lumenal side.
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mechanism exists that mediates carotenoid biosynthesis

in response to light stress. This signalling pathway

appears to respond either directly to light intensity or to

its effect on the cell, e.g. reactive oxygen species (ROS)

accumulation.

Structural characterization of minimal PSII

antenna unit

Our results suggest that the PSII antenna of viridis

zb63 is reduced to the minimal possible level. We char-

acterized this minimal PSII unit using both biochemi-

cal and structural methods. When observed by freeze–

fracture EM, thylakoids of this mutant show large

particle arrays in the grana partition regions, whereas

wild-type plants do not [25]. The PSII arrays detected

in the grana partitions of viridis zb63 thylakoids are

highly ordered and cover most of the grana membrane

surface [28]. Isolation of these particles by Triton

X-100 leads to the preparation of paired membranes

with opposite orientation, which undergo reorganization

and loss of order [37,43]. We have used an alternative

method of membrane isolation by employing limited

solubilization of stacked thylakoids with the mild

detergent a-DM. This procedure produced membrane

patches with a diameter of about 0.8 lm, a value

comparable to grana dimensions in vivo [25]. This cor-

respondence in size suggests that at least some grana

remain intact after solubilization. Moreover, this

method also yields crystalline patches of paired mem-

branes that do not appear to undergo severe reorgani-

zation and can be conserved in a frozen state before

structural analysis. The unit cell of these arrays, as

identified by negative staining and cryo-EM, was

16.5 · 25 nm, equivalent to that reported from freeze-

etching experiments [28], supporting our view that no

major changes were introduced in the organization of

the PSII array by the isolation procedure. As PSII in

viridis zb63 has normal activity [27], it is likely that

the structural data obtained provide a meaningful

representation of functional PSII in vivo.

The structures derived from cryo-EM analysis and

negative staining clearly show two-fold symmetry

(Figs 5D and 6A). The central domain of this dimeric

structure, corresponding to the most clearly defined

feature in images of negatively stained crystals

(Fig. 5D), can be assigned to the dimeric PSII RC

core. This assignment is reinforced by the appearance

of this domain in the projection map of these crystals

derived from cryo-EM. Here, densities can be attrib-

uted to secondary structure components within the

various subunits of the core complex, as modelled in

Fig. 7, consistent with earlier structures of this dimeric

core complex of higher plants [14,15,39,41] and with

the recent X-ray structure of the PSII core dimer of

cyanobacteria [10–12]. Six other masses can be clearly

resolved in the structure, symmetrically arranged, with

three on each side of the dimeric PSII core domain.

Their size and shape correspond to either the trimeric

LHCII complex [16] or to its monomeric Lhcb compo-

nents. The monomeric Lhcb proteins can thus be iden-

tified as CP29 (Lhcb4) and CP26 (Lhcb5), due to the

absence of CP24 (Lhcb6) in viridis zb63. The presence

of these monomeric Lhcb proteins and the absence of

A

B

C

Fig. 6. Projection structure of the photosystem II (PSII) supercom-

plex array determined by electron cryomicroscopy (cryo-EM) and

image analysis. (A) Projection map shown as grey scale overlaid

with contours. (B) Projection map as in (A), with the location of the

PSII dimeric core outlined in dark grey and the PSII supercomplex

outlined in white. (C) Resolution assessment of the projection map

by Fourier ring correlation. Correlation coefficient (grey line) and 3r

threshold (black) are plotted as a function of resolution. The

approximate resolution of the projection map at 20 Å is shown by a

vertical dashed line. Cryo-EM was performed on grana preparations

from viridis zb63 grown under control conditions.
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CP24 were also found for the isolated PSII–LHCII

supercomplex of spinach [44]. Comparison of the

molecular structure of the PSII RC core complex [45]

with that of the smaller complex lacking the CP43

subunit [46] allowed identification of the CP43 subunit.

This earlier assignment has now been confirmed by

X-ray crystallography [10–12]. As CP26 forms cros-

slinking products with CP43 [22], the monomeric Lhcb

protein located between the CP43 subunit of the PSII

core complex and the trimeric LHCII can be identified

as CP26. The remaining mass can therefore be attrib-

uted to CP29, which also agrees with the results of

crosslinking studies [22] and is supported by EM ana-

lysis on single particles [18,20,24]. The above assign-

ments of density to specific subunits within the particle

that make up the array in the granal thylakoids of vir-

idis zb63 are consistent with the assignments previously

made for LHCII–PSII supercomplexes isolated from

spinach [23,47]. The positions of individual polypep-

tides in PSII supercomplexes are shown in Fig. 7.

Detergent solubilization of the viridis zb63 thylakoid

membranes and the analyses of one of the resulting

sucrose density fractions (band 7) confirmed the pres-

ence of these LHCII–PSII supercomplexes in the thyl-

akoids of the mutant. The composition of these

sucrose density gradient bands was shown to be very

similar to that of the granal fraction used for the EM

analysis, with a similar Chl a ⁄ b ratio (6.8 and 6.1,

respectively) and a similar SDS ⁄PAGE profile (not

shown).

We therefore conclude that the minimal PSII

antenna is composed of one trimeric LHCII bound to

each side of the PSII RC core dimer through interac-

tions with monomeric CP26 and CP29. It seems that

no physiological condition is likely to induce the loss

of these peripheral Lhcb antennas, such that the min-

imal LHCII–PSII supercomplex binds about 100 Chls

per PSII RC. The binding of the additional LHCII

trimers to this minimal PSII unit provides an outer

peripheral system that increases the antenna size to

about 250 Chls per PSII RC, typically found in wild-

type plants growing under normal conditions.

Differential role of individual Lhcb cab genes

The LHCII–PSII supercomplex described above is

likely to be present under all environmental conditions.

Therefore, it is the association of additional LHCII

trimers and CP24 which results in the larger supramo-

lecular organizations (megacomplexes) as visualized by

Boekema and colleagues [24]. The formation and

adjustment of the outer peripheral LHCII system regu-

lates the absorption cross-section of PSII in response

to different growth conditions.

It is interesting to note that CP24 (Lhcb6) is

absent in the minimal PSII unit, whereas it is pre-

sent in wild-type plants grown under normal light

conditions [24]. This behaviour suggests a role of

this subunit in the regulation of the size of PSII

megacomplexes: the presence of CP24 can stabilize

the formation of larger complexes, with an extended

antenna system, whereas its reduction, in HL condi-

tions, might induce destabilization of the additional

antenna subunits, thus inducing a reduction of the

antenna size. Therefore, in addition to the light-har-

vesting function, CP24 may also play an important

role in the regulation of antenna size by modulating

the stability of PSII megacomplexes. This hypothesis

is consistent with the position of CP24 in PSII super-

complexes: in fact, CP24 is found close to LHCII

A

C

B

Fig. 7. Interpretation of the photosystem II (PSII) supercomplex

projection map. (A) Projection map represented as grey scale with

overlaid contours, with PSII supercomplex regions outlined in

yellow. (B) Projection map is overlaid with higher-resolution models

[15,66], with cylinders representing the transmembrane helices of

the plant PSII dimeric core subunits and Lhc subunits. (C) As in (B)

with labelled subunits.
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trimers bound in positions M and L (nomenclature

from [24]). In contrast, the trimer composing the

minimal antenna unit (S) is bound near CP26 and

CP29 but not CP24. It is also interesting to note

that Arabidopsis thaliana plants acclimated to HL

showed a strong reduction of CP24 content [48],

consistent with the hypothesis proposed here.

Different Lhcb proteins are found in the peripheral

LHCII trimers of PSII megacomplexes than are found

within the minimal LHCII–PSII supercomplex. It has

already been demonstrated that among Lhcb1, Lhcb2

and Lhcb3 polypeptides, different gene products have

distinct properties [49,50] and are expressed differently,

depending on growth conditions [51]. It is thus poss-

ible that Lhcb1–Lhcb3 polypeptides bound in LHCII

trimers of the minimal PSII unit are more effective in

photoprotection, whereas those which make up the

peripheral LHCIIs are more efficient in light harvest-

ing, in agreement with the proposal that different cab

gene products play individual roles within the PSII

antenna, with a prominent role in light harvesting or

photoprotection [52].

The physiological relevance of PSII array

formation

It can be asked why these extensive arrays are found

in the viridis zb63 and if such an organization is

found only by chance or if it has any biological sig-

nificance. The former seems unlikely, especially if we

consider that similar arrays have been observed in

Arabidopsis wild-type plants [19,53]. One possible

explanation for their presence is that the extensive

net of interactions in an array allows more efficient

energy transfer among different supercomplexes.

Excitation energy is known to equilibrate within

grana macrodomains without the need for the pres-

ence of PSII arrays. However, such an organization

could increase the efficiency of energy equilibration,

as approximately 200 · 103 Chls would be in close

contact instead of just the 200 Chls of the single

PSII–LHCII dimeric supercomplex. Therefore, if light

is in excess and the absorbed energy is not trapped

by the nearby RC, it can be very efficiently trans-

ferred to neighbouring supercomplexes within the

array, thus lowering the probability of generation of

Chl triplets and ROS. Moreover, in a delocalized

system, there is a higher probability of encountering

an open RC or a quencher (such as zeaxanthin

and ⁄or PsbS [54–56]), whereby excitation energy

could be used for photochemistry or safely dissipated

as heat. It is worth mentioning that, according to

this picture, the hypothetical quencher does not need

to be present in one copy per PSII to be effective in

photoprotection, and energy could be dissipated rel-

atively far away from the site of light absorption.

This possibility is particularly interesting if we consi-

der that the stoichiometry and the localization of

PsbS, a PSII subunit fundamental for photoprotec-

tion, are still not clear. In fact, an inspection of our

projection map for the minimal PSII–LHCII unit

indicates that there is not enough space for a four-

transmembrane helical protein like PsbS, in accord-

ance with an immunological analysis of the isolated

LHCII–PSII supercomplex [21]. Yet, PsbS is present

in both viridis Zb63 and the grana preparation, as

shown in Fig. 4B. Thus, if the excitation energy in

the system is efficiently delocalized as hypothesized

above, PsbS could play its physiological role in spite

of a peripheral localization.

It is also interesting to consider how these extensive

arrays are generated in viridis zb63. In fact, Fig. 3B

shows that supercomplexes in the mutants are more

abundant and stable with respect to the wild-type

plants grown under the same environmental condi-

tions. One factor favouring their formation could be

the reduction of the antenna size to the minimum level:

this could possibly help the formation of regular

arrays, because all PSII particles are uniform in size

and composition. Conversely, the presence of the outer

LHCII peripheral system in wild-type thylakoids prob-

ably prevents the formation of extensive arrays of PSII

complexes of the type observed in the grana of viridis

zb63.

A further factor in the stability of PSII arrays in vir-

idis zb63 could be the presence of zeaxanthin in the

thylakoids. In fact, this xanthophyll was shown in vitro

to facilitate protein–protein interactions, and it could

possibly favour self-organization of PSII into ordered

arrays [57].

Experimental procedures

Fluorescence measurements

Fluorescence was measured with a home-built apparatus.

Fluorescence was excited using a green LED with a peak

emission at 520 nm, and detected in the near infrared.

The estimate of the actinic light intensity was obtained

by measuring fluorescence-induction kinetics in the pres-

ence of saturating concentrations of 3-(3,4-dichlorophe-

nyl)-1,1-dimethylurea (DCMU). We measured the time

t at which the variable fluorescence yield was approxi-

mately two-thirds of the maximum value. This provides

an estimate of the incident photon flux, with a precision

of ±10%.
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Biochemistry

Wild-type and viridis zb63 plants were normally grown at

100 lEÆm)2Æs)1 and 19 �C, with 90% humidity and 8 h of

daylight, for 8–10 days. Fluorescence emission was meas-

ured using a laboratory-built instrument, as described else-

where [58]. Thylakoids were isolated as in Bassi et al. [59],

with the addition of 15 mm NaCl and 5 mm MgCl2 in

order to maintain the granal stacking [38]. Thylakoids

(0.5 mg ChlÆmL)1) were solubilized with different amounts

of a-DM ranging from 0.05% to 0.75%, always in the pres-

ence of 15 mm NaCl and 5 mm MgCl2. Unsolubilized thyl-

akoids were pelleted at 3500 g, and partially solubilized

grana membranes were pelleted at 40 000 g using an SS34

rotor in an RC5C Plus centrifuge from Sorval. Isolated

PSII complexes were obtained by extensive solubilization of

thylakoid membranes prewashed with 5 mm EDTA in

order to remove Mg2+, followed by sucrose density gradi-

ent centrifugation as described in Caffarri et al. [60].

SDS ⁄PAGE analysis was performed with a Tris ⁄ tricine buf-

fer system as in Schägger & von Jagow [61], with an acryla-

mide concentration gradient of 12–18%. Nondenaturing

Deriphat-PAGE was performed following the method

developed by Peter & Thornber [62] with the following

modifications. The stacking gel had 3.5% (w ⁄ v) acrylamide

(32 : 1 acrylamide ⁄Bis-acrylamide). The resolving gel had

an acrylamide concentration gradient from 4.5% to 11.5%

(w ⁄ v) stabilized by a glycerol gradient from 8% to 16%

(w ⁄ v). Tris 12 mm and 48 mm glycine (pH 8.5) were also

included in both gels. For analysis by nondenaturing

PAGE, thylakoids, at a Chl concentration of 1 mgÆmL)1,

were solubilized with an equal volume of 1.6% a-DM

(Anatrace, Maumee, OH), vortexed for 1 min, left for

10 min in ice, and then centrifuged at 13 000 g in a Micro-

fuge 22R from Beckmann Coulter (Palo Alto, CA, USA)

for 15 min for pelleting of unsolubilized material. Thirty

micrograms of chlorophylls was loaded per gel lane.

Pigment composition was determined by HPLC analysis

[63] and by fitting the acetone extract absorption spectra

with those of the individual pigments. Spectra were recor-

ded using an SLM DW 2000 Aminco spectrophotometer

(Urbana, IL, USA), in 80% acetone or in 0.5 m sucrose,

10 mm Hepes and 0.06% a-DM.

EM

EM was conducted using an FEI CM200 FEG electron

microscope from Phillips (Eindhoven, the Netherlands)

operated at 200 kV accelerating voltage in low-dose mode.

Images were recorded on Kodak S0163 film at a calibrated

magnification of 48 600·. Samples were applied to glow-

discharged carbon-coated grids, either stained with 2% ura-

nyl acetate or rapidly frozen by plunging into liquid ethane.

Cryo-EM was performed on grana preparations from viridis

zb63 grown in control conditions.

Image analysis

Electronmicrographs were digitized using a Leafscan film

scanner from Leaf Systems (Southborough, MA, USA) at a

step size of 10 lm. mrc image programs [64] were used for

Fourier space analysis of the two-dimensional crystals, and

imagic programs [65] were used in the real space analysis

of crystal patches.

Molecular modelling

Molecular models of the spinach core complex [15] and

LHCII [66] were superimposed onto the cryo-EM projec-

tion map using the program o [67].

Acknowledgements

We would like to thank Professor Diter von Wett-

stein (Washington State University, Pullman) and Dr

David Simpson (Carlsberg Research Laboratory,

Copenhagen) for kindly supplying barley wild-type

and mutant seeds. This work was supported by Min-

istero dell’Istruzione dell’Universitá e della Ricerca,
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Boonstra AF, Barber J & Rögner M (1995) Supramole-

cular structure of the photosystem II complex from

green plants and cyanobacteria. Proc Natl Acad Sci

USA 92, 175–179.

19 Boekema EJ, van Breemen JF, van Roon H & Dekker

JP (2000) Arrangement of photosystem II supercom-

plexes in crystalline macrodomains within the thylakoid

membrane of green plant chloroplasts. J Mol Biol 301,

1123–1133.

20 Nield J, Orlova EV, Morris EP, Gowen B, van Heel

M & Barber J (2000) 3D map of the plant photosys-

tem II supercomplex obtained by cryoelectron micro-

scopy and single particle analysis. Nat Struct Biol 7,

44–47.

21 Nield J, Funk C & Barber J (2000) Supermolecular

structure of photosystem II and location of the PsbS

protein. Philos Trans R Soc Lond B Biol Sci 355, 1337–

1344.

22 Harrer R, Bassi R, Testi MG & Schäfer C (1998) Near-
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