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Eleven proteins belonging to photosystem II (PSII) bind photosynthetic pigments in the form 
of thylakoid membrane-associated pigment–protein complexes. Five of them (PsbA, PsbB, PsbC, 
PsbD and PsbS) are assigned to PSII core complex while the remaining six (Lhcb1, Lhcb2, Lhcb3, 
Lhcb4, Lhcb5 and Lhcb6) constitute, along with their pigments, functional complexes situated 
more distantly with regard to P680 — the photochemical center of PSII. The main function of 
the pigment-binding proteins is to harvest solar energy and deliver it, in the form of excitation 
energy, ultimately to P680 although individual pigment–proteins may be engaged in other pho-
tosynthesis-related processes as well. The aim of this review is to present the current state of 

knowledge regarding the structure, functions and degradation of this family of proteins. 
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INTRODUCTION

The vast majority of proteins of the thylakoid 
membrane are housed by four functional complex-
es embedded in these membranes: photosystem II 
(PSII), cytochrome b6-f complex, photosystem I and 
ATP synthase. The cooperation of the above com-
plexes determined by the unique topology of their 
components as well as the lateral heterogeneity of 
the distribution of the complexes within the mem-
brane facilitates the operation of photosynthetic 
light reactions, i.e. the interception of light energy, 
the migration of excitation energy toward the reac-
tion centers of the photosystems, charge separation, 
electron transport, proton translocation, and photo-
phosphorylation. An individual task of PSII is to the 
use the solar energy to drive the electron transport 
chain from water to plastoquinone, accompanied by 
oxygen evolution and deposition of protons in thy-
lakoid lumen (Yamamoto, 2001). 

PSII from higher plants, green algae and cy-
anobacteria is an enormously complicated, multi-
subunit particle that can be divided into two build-

ing blocks believed to be organized hierarchically 
around a P680 molecule, i.e. 

a) PSII core complex, existing as a dimer in 
stacked thylakoid membranes and, most probably, 
as a monomer in unstacked thylakoid membranes, 
composed of at least 25 individual proteins, two 
of which (PsbA and PsbD) cooperatively bind the 
primary chlorophyll donor P680 as well as two pe-
ripheral chlorophylls a and one β-carotene along 
with all the cofactors mediating the electron flow 
([Mn]4, TyrZ, pheophytin a, QA, QB and nonheme 
Fe) while two others (PsbB and PsbC) bind an ar-
ray of chlorophyll a and  β-carotene molecules 
in the form of inner light-harvesting complexes 
– CP47 and CP43 (Barber et al., 1997). PbsA–F and 
PbsI along with their cofactors constitute a mini-
mal subfragment of PSII core complex demonstrat-
ed to be capable of charge separation, designated 
PSII reaction center (Nanba & Satoh, 1987; Ikeuchi 
& Inoue, 1988).

b) six individual proteins (Lhcb1–6) binding 
an array of chlorophyll a, chlorophyll b, lutein, vio-
laxanthin, zeaxanthin and antheraxanthin molecules 

Abbreviations: Chl, chlorophyll; LHCII, light-harvesting complex of photosystem II; PSI, photosystem I; PSII, photosys-
tem II.
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in the form of peripheral light harvesting complexes 
– LHCII, CP29, CP26 and CP24 (Paulsen, 1995).

Some photosynthetic pigment molecules may 
be bound also by the PsbS protein, classified as a 
PSII core complex component, although the evi-
dence supporting this view is controversial (Funk et 
al., 1995; Dominici et al., 2002) (Fig. 1).

The content of this review is focused on the 
current understanding of the structure and functions 
of individual pigment-binding apoproteins of PSII 
(PsbA–D, PsbS, Lhcb1–6) and the supramolecular 
complexes formed by these proteins. A regulatory 
proteolysis of PSII pigment-binding proteins is also 
discussed.

PIgmENT-BINDINg PROTEINS OF PSII CORE 
COmPLEx

Structure, function and degradation of  
pigment-binding proteins of PSII core complex

PsbA

PsbA (traditionally designated D1) is a highly 
conserved, pigment-binding protein of PSII reaction 
center (Wollman et al., 1999; Ferreira et al., 2004). 
The protein is encoded by a single gene localized in 
the chloroplast genome and synthesized in the form 
of a precursor containing an exceptional, C-terminal 
extension, which is cleaved (by CtpA protease) after 
insertion of pre-PsbA into the thylakoid membrane 
(Inagaki et al., 1996). The molecular mass of PsbA 
may vary depending on species but usually equals 
38 kDa (Barber et al., 1997).

PsbA is an integral thylakoid membrane pro-
tein; its three-dimensional structure has been stud-
ied using electron crystallography (Rhee et al., 1998) 
and this study has recently been extended allowing 
the identification of all five transmembrane α-heli-
ces of PsbA (designated A to E) (Hankamer et al., 
2001; Ferreira et al., 2004) and two surface α-helices 

– one localized between C and D (luminal) and the 
other between D and E (stromal) (Michel & Deisen-
hofer, 1988). The organization of the transmembrane 
α-helices of PsbA is almost identical to that of the 
L subunit of the photosynthetic purple bacteria re-
action center (Deisenhofer et al, 1985; Ferreira et al., 
2004), the C-terminal domains and the loops join-
ing the transmembrane helices are, however, more 
extended in PsbA than in the L subunit of purple 
bacteria reaction center (Ferreira et al., 2004). PsbA, 
together with PsbD, forms a heterodimer local-
ized right in the middle of PSII reaction center. The 
heterodimer binds all the cofactors involved in the 
primary charge separations, water oxidation and 
electron flow from water to plastoquinone, namely 
[Mn]4, TyrZ, two pheophytins a, QA, nonheme Fe 
and QB as well as six chlorophyll a molecules (Fer-
reira et al., 2004). Four of these molecules (desig-
nated ChlD1, ChlD2, PD1 and PD2) together constitute 
what is called P680 and it is PD1 that is involved in 
the primary charge separation (Ferreira et al., 2004). 
It is bound to PsbA via His198 (Barber et al., 1997). 
Apart from those four chlorophylls, PsbA/PsbD het-
erodimer binds two peripheral chlorophyll a mol-
ecules designated ChlZD1 and ChlZD2, a pair stabi-
lized additionally by PsbI and PsbX – low-molecular 
weight proteins of PSII core complex (Ferreira et al., 
2004).

Pheophytins a, in turn, bind PsbA via Tyr126 
and Tyr147 and QB via interactions with His215 and 
Ser254 (domain B) (Ferreira et al., 2004). Potential 
ligands of the Mn cluster (Asp170, His190, His332, 
Glu333, His337, Asp342 and C-terminus of Ala344) 
have been identified using site-directed mutagenesis 
(Li & Burnap, 2002).

The electron flow through PSII begins with 
the release of the electron from an excited P680 mol-
ecule when the excitation energy arrives at P680 af-
ter being transferred by peripheral and inner light-
harvesting complexes as well as peripheral chloro-
phyll a molecules ChlZD1 and ChlZD2 of PSII reaction 
center. Then the electron is transferred to QB through 

Figure 1. Schematic model of struc-
tural organization of PSII within 
thylakoid membrane.
Pigment-binding proteins of PSII are 
labelled in green.
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pheophytin a and QA (which is bound by PsbD). Af-
ter accepting two electrons and being protonated by 
two protons from the stroma, reduced QB is released 
from PSII and diffuses freely as PQH2 in the lipid 
bilayer of thylakoid membrane toward cytochrome 
b6-f complex. The electron transfer between QA and 
QB is mediated by nonheme Fe which is cooperative-
ly bound by PsbA and PsbD.

The transfer of electrons from excited P680 to 
pheophytin a generates the cationic radical P680•+, 
which is then reduced by the redox-active tyrosine 
161 (TyrZ) of PsbA. The resulting  neutral radical 
TyrZ

• acts as an oxidant in the water oxidation proc-
ess which is catalyzed by a PSII subfragment desig-
nated “oxygen evolving complex”.

A very characteristic feature of PsbA is that 
this protein is photodamaged more rapidly under 
high irradiance conditions than any other protein 
in the thylakoid membrane (Vass et al., 1992; Telfer 
et al., 1994). Photodamaged PsbA is rapidly turned 
over and replaced by the de novo synthesized copy 
and this constitutes the repair mechanism that is 
crucial for the survival of plants exposed to high ir-
radiance. PsbA photodamage, along with a decreas-
es in the quantum yield of photosynthesis and in 
the light-saturated activity of PSII, is a symptom of 
photoinhibition, i.e. the decrease in photosynthetic 
activities encountered by plants exposed to irradi-
ances that exceed the level experienced during their 
growth history (Šetlik et al., 1990). Two photoinhi-
bition mechanisms have been suggested to operate 
in vivo: the acceptor-side one, being a consequence 
of the generation of singlet oxygen after Phe–/P680+ 
charge recombination, and the donor-side one, in-
volving generation of superoxide anion radicals on 
the donor side of PSII (Andersson & Aro, 2001).

Degradation of PsbA photodamaged as a re-
sult of the acceptor-side photoinhibition events oc-
curs through a two-step process. First, the photo-
damaged molecule migrates to the stroma-exposed 

regions of the thylakoid membrane and is cleaved 
there into N-terminal 23-kDa and C-terminal 10-kDa 
fragments (Greenberg et al., 1987; Canovas & Barber, 
1993). This primary cleavage occurs at the stromal 
loop connecting the transmembrane α-helices D and 
E and is mediated by the thylakoid membrane-as-
sociated Deg2 protease in a GTP-dependent manner 
(Haussuhl et al., 2001). Then the N-terminal 23-kDa 
fragment is degraded in an ATP-dependent proc-
ess by a thylakoid membrane-bound metallopro-
tease belonging to the FtsH family. It has not been 
unequivocally determined which individual FtsH 
protease(s) is responsible, with FtsH1, 2 and 5 being 
the strongest candidates (Lindahl et al., 2000; Bai-
ley et al., 2002; Sakamoto et al., 2002). Degradation 
of PsbA photodamaged as a consequence of donor-
side photoinhibition requires prior covalent linking 
of the molecule to other, unidentified PSII proteins 
(Andersson & Aro, 2001). The photodamaged mol-
ecule is cleaved at the stromal DE-loop and/or lu-
menal AB-loop to a few degradation products, but 
the protease(s) involved have not been identified yet 
(Andersson & Aro, 2001).

PsbD

PsbD (traditionally designated D2) is a 39.5 
kDa, chloroplast genome-encoded protein, homolo-
gous to PsbA (Fig. 2). It is integrally associated 
with the thylakoid membrane, and forms there the 
PsbA/PsbD heterodimer of the reaction center of 
PSII which binds the primary chlorophyll donor 
P680 as well as two peripheral chlorophylls a and 
one β-carotene along with all the cofactors medi-
ating the electron flow ([Mn]4, TyrZ, pheophytin a, 
QA, QB and nonheme Fe). PsbD comprises, as in the 
case of PsbA, five transmembrane α-helices (A to E) 
and two surface α-helices localized between C and 
D (luminal) and D and E (stromal) ones (Michel & 
Deisenhofer, 1988; Barber et al., 1997; Ferreira et al., 
2004). The organization of PsbD transmembrane α-

Figure 2. Alignment of PsbA and PsbD primary 
structure in Arabidopsis.
Transmembrane α-helices are boxed in grey. 
Amino acids which are conserved in both PsbA 
and PsbD are shown in red. Sequences were 
obtained by BLAST search and alignment of 
GeneBank Database.
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helices is identical to that of the organization of the 
M subunit from photosynthetic purple bacteria re-
action center (Deisenhofer et al, 1985; Ferreira et al., 
2004).

PsbD binds two chlorophylls out of four con-
stituting P680 – namely PD2 (by His197), and ChlD2 
(the closest residue is Ile178), and the peripheral 
chlorophyll a molecule ChlZD2 (Ferreira et al., 2004). 

His197 of PsbD is the second ligand for P680, 
besides His197 of PsbA. PsbD Phe261 and His214 
are, in turn, involved in QA binding (domain A) and 
His214 is a ligand of nonheme Fe (Ferreira et al., 
2004). 

One β-carotene molecule assigned to the 
PsbA/PsbD heterodimer may be functionally related 
to PsbD — this pigment molecule is suggested to 
transfer the excitation energy from ChlZD2 to P680 
(Ferreira et al., 2004). The same β-carotene is thought 
to mediate electron flow between PsbE/F (the low 
molecular mass protein of PSII reaction center) and 
P680 as an element of the secondary electron trans-
fer pathway within PSII, helping to protect it against 
photodamage (Stewart & Brudvig, 1998). 

PsbD (as well as PsbA) are reversibly phos-
phorylated by redox-regulated kinases but the 
functional meaning of this process has not been ex-
plained yet (Callahan et al., 1990; Koivuniemi et al., 
1995).

Using deletion mutagenesis it has been shown 
that the C-terminal domain of PsbD is important for 
the function and stability of PSII. Downregulation of 
PsbD resulted in the loss of the ability to photoau-
totrophic growth and the decrease in the number of 
functional PSII reaction centers in thylakoid mem-
branes (Eggers & Vermaas, 1993).

PsbB

PsbB is a pigment-binding protein of PSII of a 
molecular mass of about 56 kDa, encoded by a sin-
gle gene localized in the chloroplast genome. This 
protein is integrally associated with the thylakoid 
membrane and constitutes a polypeptide moiety of 
CP47, one of two inner light-harvesting complexes 
of PSII (the second one is CP43) (Barber et al., 1997; 
Bricker & Frankel, 2002).

Data obtained from electron microscopy 
(Rhee et al., 1998) and X-ray crystallography (Zouni 
et al., 2001) demonstrated that PsbB traverses the 
thylakoid with six α-helices (designated I–VI) which 
are separated by five extrinsic loop domains (A–E). 
The N- and C-termini of the molecule as well as the 
B and D loops are exposed to the stroma while the 
A, C and E loops are buried in the thylakoid lumen 
(the E loop is specially large and comprises 193 resi-
dues). The structure of the transmembrane α-helices 
is well recognized on the maps of PsbB whereas the 
structure of the hydrophilic loops — involving a re-

markable number of PsbB amino-acid residues is not 
visible on the map of PsbB structure. 

It has been established that single PsbB mol-
ecule binds 16 chlorophylls a and 2 to 3 β-carotenes 
(Ferreira et al., 2004). Most of the chlorophylls, ex-
cept for one, are arranged in two layers on opposite 
sides of the membrane. Thirteen chlorophyll a mole-
cules are ligated by histidine residues, located with-
in predicted membrane-spanning regions (Barber et 
al., 1997). The association of two other chlorophyll 
molecules is most probably facilitated by methionine 
or serine side chains whereas one chlorophyll has 
not been assigned to any ligand yet (Ferreira et al., 
2004). 

CP47 (and CP43) are associated with the 
PbsA/PsbD heterodimer, with CP47 located closer 
to PsbD and CP43 closer to PsbA. There are sugges-
tions that CP47 is located in the middle of the dimer-
ic PSII core complex, near the interface of the two 
monomers, since the so called CP47-reaction centers 
may be isolated, containing CP47 as well PsbA/PsbD 
heterodimer, PsbE/F and some other low molecular 
mass proteins, but not CP43 (Akabori et al., 1988). 

CP47 acts mainly as an inner light harvesting 
complex transferring excitation energy from periph-
eral light-harvesting complexes to the PsbA/PsbD 
heterodimer. Chlorophyll a molecules bound to the 
polypeptide moiety of the complex absorb light in 
the red spectral region. Three groups of pigments 
with absorption bands peaking at 690 and about 
680 and 670 nm have been identified using various 
spectroscopic approaches (Groot et al., 1995). The 
variability of the strength of excitonic coupling of 
individual chlorophylls of CP47 suggests that both 
the Dexter and Förster mechanisms participate in 
the flow of excitation energy within the complex 
(Groot et al., 1995). The β-carotenes associated with 
PsbB are in close contact with chlorophylls and are 
engaged in a singlet-singlet β-carotene/chlorophyll 
a excitation energy transfer (Ferreira et al., 2004). In 
addition, CP47 (and CP43) appears to interact with 
three PSII extrinsic proteins (PsbO, P and Q), which 
function as enhancers of the oxygen evolution proc-
ess. Genetic and biochemical evidence indicates that 
CP47 — together with CP43 — may help form the 
binding site for these extrinsic proteins to the re-
maining part of PSII (Bricker & Frankel, 1988).

Deletion of the PsbB gene and site-directed 
mutational studies indicated that CP47 is very im-
portant for PSII assembly and functions (Meurer et 
al., 1996).

PsbC

PsbC is a thylakoid-membrane-associated, 
pigment-binding protein representing the polypep-
tide moiety of CP43, one of two inner PSII light 
harvesting complexes. PsbC is encoded by a single 
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chloroplast gene and has a molecular mass of about 
50 kDa, depending on species (Barber et al., 1997; 
Bricker & Frankel, 2002). 

PsbC is homologous to PsbB (Fig. 3) and — 
precisely following what has been established for 
PsbB — spans the thylakoid membrane with six α- 
helices (I–VI) with both amino and carboxyl termini 
as well as the B and D loops exposed to the stromal 
surface and the A, C and E loops (E one is specially 
large) exposed to  the luminal surface (Barber et al., 
1997; Bricker & Frankel, 2002).

A single PsbC molecule has been demon-
strated to be associated with 14 chlorophylls and 
3–4 β-carotenes. Ten of the chlorophylls are ligated 
by histidine residues and one by asparagine (Fer-
reira et al., 2004). As in the case of CP47 most of the 
chlorophylls belonging to CP43 — except for one — 
are arranged in two layers on opposite sides of the 
membrane. X-Ray crystallography data suggest that 
CP43 occupies a more peripheral postion within PSII 
core complex than CP47 (Rhee et al., 1998; Zouni et 
al., 2001). It is in agreement with the observations 
showing that PsbC protein is more weakly associ-
ated with the PSII reaction center than PsbB and is 
much easier to remove from PSII than CP47 (Aka-
bori et al., 1988). 

CP43 acts mainly as an inner light-harvesting 
complex cooperating with CP47 in transferring the 
excitation energy from peripheral light-harvesting 
complexes to the PsbA/PsbD heterodimer. Chloro-
phyll a molecules bound to the polypeptide moiety 
of the complex absorb light in red spectral region 
and have spectroscopic features very similar to 
those of CP47 except that CP43 has a sharp absorp-
tion band at 682.5 nm instead of the 690 nm band 
found in CP47. Both the Dexter and Förster mecha-
nisms seemingly participate in the flow of excita-
tion energy within the complex (Groot et al., 1995; 
1999). A few out of the seven β-carotenes assigned 

to CP43 are observed in the CP43/PsbA interface 
and thus may directly mediate the exctitation ener-
gy transfer between the inner light-harvesting com-
plexes and the PsbA/PsbD heterodimer (Ferreira et 
al., 2004). 

There is some evidence that removing CP43 
has an impact on photoreduction of QA. This may 
imply that PsbC plays a role in the stabilization of 
QA binding by PsbD. Moreover, the inability to ac-
cumulate PsbC leads to reduced level of PsbA, PsbB 
and PsbD. These observations were interpreted as 
suggesting that PsbC stabilizes other large pigment-
binding proteins of PSII core complex but the role 
of PsbC in stabilizing QA, PsbA, PsbB and PsbD is 
a matter of controversy (Petersen et al., 1990; Rogner 
et al., 1991). In addition, CP43 appears, as mentioned 
above, to cooperate with CP47 in interacting with 
three PSII extrinsic proteins (PsbO, P and Q), which 
function as enhancers of  oxygen evolution process 
(Bricker & Frankel, 1988).

PsbC occurs in vivo as a population of two 
unphosphorylated forms and a form which is phos-
phorylated at its N-terminal threonine residue (An-
dreucci et al., 2005). The functional meaning of this 
heterogeneity is not clear. 

The results of studies with mutants devoid of 
PsbC suggest that it is necessary for PSII to be as-
sembled and function properly (Rogner et al., 1991). 

PsbS

PsbS is a 22 kDa protein encoded by a single, 
nuclear gene, integrally associated with the thyla-
koid membrane (Kim et al., 1992; Jansson, 1999). In 
spite of traversing the membrane with four trans-
membrane α-helices (designated I–IV), PsbS displays 
a strong homology with the Lhcb type apoproteins 
(Fig. 4), unequivocally predicted to have three trans-
membrane α-helices (designated A–C, see above 
paragraph PsbD). The largest extent of homology is 

Figure 3. Aligment of PsbB and 
PsbC primary structure in Arabi-
dopsis.
Transmembrane α-helices are 
boxed in grey. Amino acids which 
are conserved in both PsbB and 
PsbC are shown in red. Sequences 
were obtained by BLAST search 
and alignment of GeneBank Data-
base.
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found in PsbS α-helices I and III and the A/B α-heli-
ces of Lhcb apoproteins (Kim et al., 1992). 

PsbS has been shown to bind chlorophyll a/b 
and xanthophylls (Funk et al., 1995) but this notion 
has recently been severely questioned by the results 
of studies which demonstrated that neither purified 
nor recombinant PsbS binds chlorophyll and that 
PsbS does not refold in vitro with pigments (Do-
minici et al., 2002). Following in vitro refolding the 
recombinant protein assumes, however, a conforma-
tion similar to that observed in vivo (without pig-
ment binding)  and it is concluded that PsbS may 
in fact bind pigments in situ but in a manner dif-
ferent from what was described for any other PSII 
pigment-binding protein (Dominici et al., 2002). This 
assumption is the reason why PsbS is included in 

this review, devoted to pigment-binding proteins of 
PSII.

There is a vigorous debate with respect to 
the localization of PsbS within the PSII particle 
(Hankamer et al., 1997; Dominici et al., 2002). Recent 
findings suggest that PsbS is either associated with 
PSII core complex or lies between the core and the 
CP29/CP26 peripheral light harvesting complexes 
(Dominici et al., 2002).

Ample experimental evidence has been ac-
cumulated in favour of the notion that PsbS plays 
a very important role in photoprotection by being 
specifically involved in the development of the qE 
component of the non-photochemical quenching 
(NPQ) phenomenon (Li et al., 2000; 2002). It is sug-
gested that the decrease in the thylakoid lumen pH 

Figure 4. Aligment of Lhcb1-6 and PsbS primary structure in Arabidopsis.
Transmembrane α-helices are boxed in grey. Amino acids which are conserved in Lhcb1-6 or in Lhcb1-3 are shown in 
red.  Those amino acids of  which are conserved in Lhcb1-3 and PsbS are labelled in blue in PsbS sequence. Sequences 
were obtained by BLAST search and alignment of GeneBank Database.
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value occurring under excessive light conditions 
leads to the protonation of two PsbS glutamate 
residues (Glu122 and Glu126) and to zeaxanthin 
binding to PsbS. The protonated PsbS–zeaxan-
thin complex is thought to impose conformational 
changes on the neighbouring light-harvesting com-
plexes that effectively switches the PSII unit into a 
quenched state in which non-photochemical de-ex-
citation of Chl• is favoured (Aspinal O’Dea et al., 
2002; Li et al., 2004).

PIgmENT-BINDINg PROTEINS OF PSII 
PERIPhERAL LIghT-hARvESTINg COmPLExES

Peripheral light-harvesting complexes of PSII 
of higher plants and green algae are composed of 
pigments and lipids associated with six types of 
apoproteins, Lhcb 1–6. Lhcb1 along with Lhcb2 
and Lhcb3-type apoproteins together consitute the 
polypeptide moiety of LHCII — by far the most 
abundant peripheral energetic antenna complex of 
PSII, accounting for about 60% of the total chloro-
phyll content of thylakoid membranes. Lhcb4, Lhcb5 
and Lhcb6 consitute, in  turn, the polypeptide moi-
ety of minor peripheral light-harvesting complexes, 
namely CP29, CP26 and CP24, respectively.

Structure of proteins of PSII peripheral light-har-
vesting complexes

Lhcb1

Apoproteins of the Lhcb1 type are usually en-
coded by several nuclear Lhcb1 genes (Jansson, 1999) 
but the number of copies may be as high as 16 (Dun-
smuir, 1985). Individual Lhcb1 genes encode apopro-
teins differing slightly with regard to the apparent 
molecular mass (24.8–25.0 kDa range as determined 
by RP-HPLC-ESI-MS; Zolla et al., 2003), and some 
apoproteins may be represented by isoforms having 
various pI values (Jackowski & Przymusiński, 1995). 
The amino-acid composition of Lhcb1 is highly dom-
inated by hydrophobic residues; glycine, alanine and 
leucine  may account for more than 35% of residues 
(Jansson, 1994).

The structure of pea and spinach LHCII has 
been determined by X-ray crystallography and in-
cludes all amino-acids except for 9–14 N-terminal 
ones (they are not visible in the structure) as well 
as all chlorophyll, carotenoid and lipid molecules 
(Liu et al., 2004; Standfuss et al., 2005). As Lhcb1 and 
Lhcb2 together account for 89% of the apoprotein 
content of LHCII (Jackowski & Jansson, 1998; Jack-
owski et al., 2001) and the primary structure of pea 
Lhcb1 and Lhcb2 is virtually identical with the ex-
ception for several N-terminal residues (Standfuss & 

Kühlbrandt, 2004), the X-ray structure of LHCII rep-
resents in fact that of Lhcb1 as well as Lhcb2. The 
lack of visibility of the N-terminal residues on the 
X-ray map of LHCII structure may be ascribed to 
the simultaneous presence of two types of N-termi-
nal sequences in the LHCII crystals analysed.

Lhcb1 is integrally associated with the thyla-
koid membrane and spans the membrane with three 
α-helices labelled B, C and A, with the N-terminus of 
the molecule facing the stroma and the C-terminus 
penetrating the lumen. The α-helices B and A are 
tilted by 32o with regard to the membrane normal 
plane and form an X-like structure kept by an attrac-
tive force between the charged residues of Arg70(B) 
with Glu180(A) and Glu65(B) with Arg185(B). These 
helix–helix interactions are thought to play an im-
portant role in stabilizing Lhcb1 in the thylakoid 
membrane (Kühlbrandt et al., 1994). The α-helix C is 
considerably shorter than the A and B ones and has 
a tilt angle of 9o. Besides transmembrane helices B, 
C and A, the Lhcb1 structure comprises two short, 
lumen-exposed amphipatic α-helices, referred to as 
D and E (Kühlbrandt et al., 1994).

An individual Lhcb1 molecule is assumed 
to bind eight chlorophyll a, six chlorophyll b, four 
carotenoid and two lipid molecules (Liu et al., 2004; 
Standfuss et al., 2005). In contrast to the data com-
ing from mutational analysis — pointing to a mixed 
occupancy by chlorophyll a and chlorophyll b mol-
ecules of three chlorophyll-binding sites (Remelli et 
al., 1999) — X-ray crystallographic analysis demon-
strates that all chlorophyll-binding sites in the Lhcb1 
molecule are occupied by one type of chlorophyll. 
The ligands of 14 chlorophylls have been deter-
mined to be: seven amino-acid residues, two back-
bone carbonyls, four water and one phosphatidylg-
lycerol molecule (Liu et al., 2004). The chlorophyll 
molecules are distributed in two layers, one (eight 
molecules) lying at the stromal surface of Lhcb1 and 
the second (remaining six molecules) at the lumenal 
surface. Carotenoid molecules are associated with 
Lhcb1 at four sites, called L1, L2, N1 and V1, dif-
fering with regard to binding strength. Sites L1 and 
L2, cross-bracing the A and B helices, are occupied 
by tightly bound lutein (L1) and lutein (90%) and 
violaxanthin (10%) (L2), whereas site N1, located in 
the region around helix C, tightly binds neoxanthin 
(Croce et al., 1999; Liu et al., 2004). The fourth site, 
called V1, binds violaxanthin and other xantophyll-
cycle carotenoid molecules in a loose manner, so 
that they are lost during LHCII purification by non-
denaturing isoelectrofocusing (Caffari et al., 2001a). 
V1 is located in the interface between two adjacent 
Lhcb1 molecules (Liu et al., 2004). In addition to 
photosynthetic pigments Lhcb1 binds different lip-
ids, most probably one phosphatidylglycerol mole-
cule (at the interface between two Lhcb1s) and three 
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digalactosyl diacylglycerol ones (on the lumenal side 
of Lhcb1) (Standfuss et al., 2005).

LHCII within the thylakoid membrane is a 
population of trimeric pigment–protein assemblies dif-
fering with regard to their apoproteins’ composition. 
The Lhcb1 type apoprotein seems to be  indispensable 
for LHCII trimer formation in vivo since only Lhcb1-
containing assemblies (namely Lhcb13, Lhcb12 Lhcb2, 
Lhcb12 Lhcb3 and Lhcb1 Lhcb2 Lhcb3) have been pu-
rified from thylakoid membranes (Jackowski & Jans-
son, 1998; Jackowski et al., 2001). In fact, LHCII trimers 
containing only Lhcb2 or Lhcb2 and Lhcb3 types can 
be formed in vitro by refolding Lhcb2 and Lhcb3 with 
purified pigments (Standfuss & Kühlbrandt, 2004) but 
these kinds of trimers have never been observed in 
vivo. It has been established that the Lhcb1 region en-
gaged in trimerization comprises the N- and C-termi-
nal domains, the stromal end of α-helix B, some ami-
no-acid residues of α-helix C, as well as pigment and 
lipid molecules bound to these regions of Lhcb1 (Hobe 
et al., 1995; Kuttkat et al., 1996; Liu et al., 2004). 

Lhcb2

The apoproteins of Lhcb2 type are encoded, 
as in the case of Lhcb1 apoprotein, by several nu-
clear Lhcb2 genes (Jansson, 1999). The molecular 
mass of individual apoproteins of Lhcb2 type meas-
ured by RP-HPLC-MS-ESI falls within the  24.6–24.9 
kDa range (Zolla et al., 2003). Hydrophobic resi-
dues highly dominate the amino-acid composition 
of Lhcb2-type apoproteins as in the case of Lhcb1 
(Jansson, 1994). The Lhcb2 and Lhcb1 types of apo-
proteins are very similar to each other so that their 
primary structures yield up to 94% identity depend-
ing on species (Fig. 4) (Jansson, 1994; Standfuss & 
Kühlbrandt, 2004). 

Lhcb2 type apoproteins account for 11–33% of 
total LHCII apoprotein content and thus add appro-
priately to the structure of the LHCII holocomplex 
revealed by X-ray crystallography — which thus 
reflects the features of both Lhcb1 and Lhcb2 types 
of apoproteins. Although not all chlorophyll-bind-
ing amino acid resides are conserved in Lhcb1 and 
Lhcb2, the composition and arrangement of chloro-
phylls bound to Lhcb1 and Lhcb2 (as well as that 
of carotenoids and lipids) is thought to be virtually 
identical (Liu et al., 2004; Standfuss et al., 2005). 

Lhcb2 occurs in vivo exclusively as heterotrim-
ers with Lhcb1 (Jackowski & Jansson, 1998) or Lhcb1 
and Lhcb3 (Jackowski et al., 2001) in spite of the fact 
that it may readily form homotrimers and heterotim-
ers with Lhcb3 in in vitro reconstitution experiments 
(Standfuss & Kühlbrandt, 2004).

Lhcb3

The apoproteins of the Lhcb3 type are coded 
by one–four Lhcb3 type nuclear gene (Jansson, 1994; 

1999). The proteins lack the N-terminal domain 
present in both Lhcb1 and Lhcb2, and that is the 
reason why Lhcb3 is 5–10 residues shorter than the 
products of the Lhcb1 and Lhcb2 genes. The remain-
ing fragment of the Lhcb3 molecule is more diver-
gent from both Lhcb1 and Lhcb2 than they are from 
each other — in Arabidopsis the Lhcb3 primary struc-
ture is 74% identical with that of Lhcb1 and 80% 
with that of Lhcb2 (Fig. 4) (Jansson, 1999). The mo-
lecular mass of Lhcb3 measured by RP-HPLC-MS-
ESI equals 24.2–24.4 kDa (Zolla et al., 2003).

The Lhcb3 type apoprotein never accounts for 
more than 11% of the apoprotein content of LHCII 
in vivo (Jackowski & Jansson, 1998; Jackowski et al., 
2001) and thus adds weakly to LHCII overall struc-
ture. The topology of Lhcb3 within the thylakoid 
membrane is most probably identical with that of 
Lhcb1 and Lhcb2 but the composition and arrange-
ment of the array of pigments bound to Lhcb3 may 
be slightly divergent from what was established for 
Lhcb1 and Lhcb2. HPLC-based determinations sug-
gest that Lhcb3 may bind only 13 chlorophyll mol-
ecules (one chlorophyll b lacking) and that the N1 
site in some Lhcb3 molecules may be empty (Caffari 
et al., 2001b; Standfuss & Kühlbrandt, 2004). The V1 
site is most probably not present at all (Morosinotto 
et al., 2003). 

Lhcb3 occurs in vivo as a heterotrimer with 
Lhcb1 (Jackowski & Jansson, 1998) or Lhcb1 and 
Lhcb2 (Jackowski et al., 2001). Lhcb3 homotrimers 
were neither observed in vivo nor reconstituted in 
vitro, although the sequence of all the domains en-
gaged in Lhcb1 trimerization is conserved in Lhcb3 
as well (Standfuss & Kühlbrandt, 2004). 

Lhcb4

The apoprotein of Lhcb4 type is coded for 
by 1–3 nuclear genes (Jansson, 1999). The molecular 
mass of individual apoproteins measured by RP-
HPLC-ESI-MS falls within the 28.1–28.8 kDa range 
(Zolla et al., 2003). The amino-acid composition of 
Lhcb4 is highly similar to that of Lhcb1–3 (as well 
as Lhcb5 and Lhcb6) (Fig. 4) but in spite of this it 
has a low level of sequence identity (30%) with re-
gard to those apoproteins. The main reason for this 
is the occurrence of a relatively long (about 40 resi-
dues) insertion, localized close to the N-terminus of 
the molecule of Lhcb4 type apoprotein, lacking in all 
other Lhcbs.

The Lhcb4 type apoprotein constitutes the 
polypeptide moiety of CP29, one of the minor pe-
ripheral light-harvesting complexes of PSII which 
accounts for 3–8% of the chlorophyll content of thy-
lakoid membranes (Green, 1982). A crystal structure 
of CP29 is not available but based on homology be-
tween Lhcb4 and Lhcb1–3 type apoproteins it may 
be implied that the overall topology of Lhcb4 within 
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the thylakoid membrane is the same as in the case of 
Lhcb1–3. A single molecule of apoprotein of Lhcb4 
type binds 6 chlorophylls a and 2 chlorophylls b. 
Only two carotenoid-binding sites have been identi-
fied in the structure of Lhcb4, i.e. L1 and L2 — they 
are occupied by lutein (L1) and neoxanthin (50%) 
and violaxanthin (50%) (L2) (Bassi et al., 1993; Mo-
rosinotto et al., 2003).

Lhcb4 type apoproteins occur in vivo as a 
monomer (Sandona et al., 1998).

Lhcb5

The apoprotein of Lhcb5 type is as a rule 
coded for by a single Lhcb5 type nuclear gene (Jans-
son, 1999). The molecular mass of individual Lhcb5 
type apoproteins has been determined by RP-HPLC-
ESI-MS to span the 26.5–27.9 kDa range (Zolla et al., 
2003). Lhcb5 displays the strongest level of sequence 
identity with regard to Lhcb1 and Lhcb2 (40%) of all 
apoproteins of the minor light-harvesting complexes 
of PSII (Jansson, 1999).

Lhcb5 constitutes the polypeptide moiety of 
CP26 which accounts for about 3% of the thylakoid 
membrane total chlorophyll content (Dainese et al., 
1990). Although there is only one Lhcb5 type gene in 
all species investigated so far, CP26 preprations of-
ten yield two polypeptides (Allen & Staehelin, 1992; 
Zolla et al., 2003). This may be due to posttransla-
tional processing of a single gene product. 

Crystals of CP26 are not available, but, for 
the reasons explained above, the overall topology of 
Lhcb5 within the thylakoid membrane is thought to 
be identical with that of Lhcb1–3. Six chlorophylls a, 
3 chlorophylls b, one lutein, 0.5 violaxanthin and 0.5 
neoxanthin have been found associated with a single 
molecule of Lhcb5 type apoprotein. Lutein occupies 
the L1 site whereas violaxanthin and neoxanthin oc-
cupy the L2 site in a mixed way (Bassi et al., 1993; 
Morosinotto et al., 2003).

Lhcb5 type apoproteins are represented in 
vivo by a monomer form (Sandona et al., 1998). Still, 
in an Arabidopsis mutants in which Lhcb1 and Lhcb2 
had been silenced by introduction of a relevant anti-
sense construct, Lhcb5 type apoproteins were identi-
fied to be assembled as homotrimers or Lhcb3/Lhcb5 
heterotrimers to compensate for the lack of trimers 
containing Lhcb1 and Lhcb2. The ability of Lhcb5 
to assemble as trimers may be due to the fact that 
a hexapeptide motif localized at the N-terminus, 
found to be necessary for Lhcb1–3 trimerization, is 
conserved in Lhcb5 (Hobe et al., 1995; Ruban et al., 
2003). 

Lhcb6

The apoprotein of Lhcb6 type is encoded by 
1–2 nuclear genes (Jansson, 1999). Lhcb6 type apo-
proteins are the smallest ones of all belonging to 

PSII peripheral energetic antennae — their molecular 
mass has been determined by RP-HPLC-ESI-MS to 
span the 22.6–22.9 kDa range (Zolla et al., 2003). Fur-
thermore, Lhcb6 is the most divergent from Lhcb1–3 
of all the apoproteins of minor light-harvesting com-
plexes of PSII (Jansson, 1999).

Lhcb6 is the polypeptide moiety of CP24 ac-
counting for less than 3% of the chlorophyll content 
of the thylakoid membrane (Dainese et al., 1990). 
CP24 preparations of some species yield more Lhcb6 
type apoproteins than the number of Lhcb6 type 
genes identified, thus the products of the genes 
must undergo posttranslational modifications chang-
ing their molecular masses (Jansson, 1994; Zolla et 
al., 2003).

CP24 has not been crystallized yet. As the lev-
el of sequence identity between Lhcb6 and Lhcb1–3 
is low it has been suggested that Lhcb6 might not 
present the same overall topology within the thy-
lakoid membrane as Lhcb1–3, namely Lhcb6 might 
not contain regions homologous to α-helices C and 
D of Lhcb1–3 (Green et al., 1991; Cai et al., 1993).

Lhcb6 type apoproteins are represented in 
vivo by a monomer form (Sandona et al., 1998) and 
a single molecule of Lhcb6 binds 5 chlorophylls a, 4 
chlorophylls b, one lutein (L1 site) and one violax-
anthin (L2 site) (Bassi et al., 1993; Morosinotto et al., 
2003).

PSII–LhCII supercomplexes

When stacked thylakoid membranes are treat-
ed with detergents in a mild manner and then sub-
jected to ultracentrifugation, so called PSII–LHCII su-
percomplexes can be isolated, comprising a dimeric 
PSII core complex associated with various amounts 
of peripheral light-harvesting complexes (Fig. 5). 
Single particle image analysis of  electron micro-

Figure 5. Schematic representation of supramolecular 
organization of PSII–LhCII supercomplex comprising 
dimeric PSII core complex, LhCII trimers bound at S, 
m and L sites and monomeric, peripheral PSII light-har-
vesting complexes (CP24, CP26, CP29).
Details are not to scale. After Boekema et al. (1999), modi-
fied.
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graphs of vitrified samples of solubilized stacked 
thylakoid membranes allowed to recognize the su-
percomplexes as having an exceptional, rectangular 
shape (Boekema et al., 1995). The PSII–LHCII super-
coplexes most probably represent the organization of 
PSII that occurs in appressed thylakoid membranes 
in vivo since they are found also among products of 
solubilization of complete thylakoid membranes (Es-
hagi et al., 1999). 

The dimeric PSII core complex binds LHCII 
trimers at three types of sites, differing with regard 
to binding strength, designated S, M and L (strong, 
medium and loose association, respectively). Two 
individual binding sites of each type have been 
found to be present in the supercomplexes so that 
the dimeric core may bind six LHCII trimers at the 
most. It has been established that the supercomplex-
es isolated from various species have various num-
bers of the binding sites occupied with LHCII trim-
ers, e.g. Arabidopsis ones contained M and S-type 
trimers while in spinach a certain (very tiny) frac-
tion of supercomplexes had the trimers associated 
only at the S and L sites (Boekema et al., 1999; Yaku-
shevska et al., 2001). Anyhow, no more than four 
trimers have been found to be bound to the dimer-
ic PSII core complex, including data coming from 
studies performed with algae (Nield et al., 2000) and 
liverworts (Harrer, 2003). It has been suggested that 
S-type LHCII trimers preferentially contain Lhcb1 
and Lhcb2 gene products while M-type ones contain 
Lhcb3 apoproteins as well (Hankamer et al., 1997; 
Boekema et al., 1999). M-type trimers are connected 
to the PSII core complex directly or through S-type 
ones, depending on species, L-ones are thought to 
be in direct contact with the core (Boekema et al., 
1999; Yakushevska et al., 2001).

The minor peripheral energetic antennae of 
PSII are thought to be represented by two copies per 
dimeric PSII core complex. Two CP26 particles are 
most probably localized at the tips of the rectangular 
PSII–LHCII supercomplex, near CP43 (Yakushevska 
et al., 2003), whereas CP29 is thought to be in close 
vicinity of CP47 and serve as an attaching point for 
S-type LHCII trimers (Boekema et al., 1999; Yakush-
evska et al., 2003). The location of CP24 has not been 
identified unequivocally, it was established, howev-
er, that it occurs exclusively in the supercomplexes 
containing both S- and M-type trimers, near CP29 
(Hankamer et al., 1997; Boekema et al., 1999).

In Arabidopsis mutants in which Lhcb1 and 
Lhcb2 are silenced the relevant apoproteins bound 
at the M and S sites are replaced by Lhcb5 and 
Lhcb3 whose expression in the mutants is strongly 
upregulated. The structural organization of PSII–
LHCII supercomplexes with LHCII replaced by 
Lhcb3 and Lhcb5 in a compensatory way is virtu-
ally identical to the ones of wild-type plants (Ru-

ban et al., 2003). The effect of replacement is most 
probably unique to the Lhcb1 and Lhcb2 type apo-
proteins — mutants lacking Lhcb5 have PSII–LHCII 
supercomplexes with the CP26 site empty while in 
mutants lacking Lhcb4 the supercomplexes are vir-
tually absent. This demonstrates the seminal role of 
CP29 in the stability of the supercomplexes (Yaku-
shevska et al., 2003). 

The results of biochemical studies suggest 
that in native stacked thylakoid membranes the 
stoichiometric ratio between LHCII trimers and the 
dimeric PSII core complex is 8:1 (Morrisey et al., 
1988; Dainese et al., 1990). A possible explanation of 
the discrepancy between this figure and the findings 
that seemingly no PSII–LHCII supercomplexes bind 
more than four LHCII trimers (Boekema et al., 1999) 
is that some aggregated trimers have been found 
that do not remain associated with PSII core but dif-
fuse freely in the membrane instead (Jackowski & 
Kluck, 1994; Dekker et al., 1999). 

No PSII–LHCII supercomplexes have been 
found to occur in non-stacked thylakoid mem-
branes. PSII residing in these domains are recovered 
as monomeric cores with no or very limited array 
of peripheral light-harvesting complexes attached to 
them (Jansson et al., 1997; Dekker et al., 2002). 

Image analysis of electron micrographs of 
stacked thylakoid membranes shows that PSII–LHCII 
supercomplexes can associate laterally in specific 
ways (in rows) to form a few types of so called meg-
acomplexes. The M-type sites and CP29 are required 
for the formation of the majority of megacomplexes 
(Boekema et al., 1999). It is not certain whether the 
PSII megacomplexes reflect the native arrangement 
of PSII particles in situ.

Functions of proteins of PSII peripheral light-har-
vesting complexes

The main function of LHCII is to harvest so-
lar energy and deliver it, in the form of excitation 
energy, to PSII core complex. Chlorophyll a and b 
molecules bound to the polypeptide moiety of the 
complex absorb light in the red spectral region. The 
variability of microenvironment of individual chlo-
rophylls determined by the surrounding polypep-
tide matrix is the reason why the LHCII absorption 
spectrum displays several spectral bands, covering 
the 630–685 nm range (Hemelrijk et al., 1992; Rogl 
et al., 2002). The pairs of chlorophylls which are the 
closest neighbours within an LHCII monomer have 
an excitonic character and exchange energy accord-
ing to the Dexter mechanism (chlorophyll b/chloro-
phyll a, chlorophyll a/chlorophylla a and chlorophyll 
b/chlorophyll b Qy-Qy singlet-singlet transfers are al-
lowed) on a time scale of less than 6 ps (Gradinaru 
et al., 1998). The exctitation energy moves from the 
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most blue-shifted chlorophyll (not unequivocally 
identified yet) to the most red-shifted one, suggested 
to be a chlorophyll a molecule, labelled Chl 2 (Liu 
et al., 2004; Standfuss et al., 2005), which plays the 
role of the terminal fluorescence emitter within the 
LHCII monomer. This chlorophyll then passes the 
excitation energy according to the Förster mecha-
nism to the pigments of neighbouring LHCII mono-
mers, minor light-harvesting complexes and, finally 
P680 (Standfuss et al., 2005). Lutein and neoxanthin 
molecules of LHCII are engaged in harvesting solar 
energy as well due to absorbing light in the blue-
green spectral region. The pathways of excitation 
energy transfer involving carotenoids are much 
less explored than the ones solely involving chloro-
phylls, nevertheless, it has been established that a 
remarkable part of the carotenoid-chlorophyll excita-
tion energy movement occurs according to the Dex-
ter mechanism, due to S2-Qx singlet-singlet transfers. 
The time scale is about 100 fs. Lutein transfers the 
energy exclusively toward chlorophyll a while neo-
xanthin mostly to chlorophyll b (Gradinaru et al., 
2000). It is thought that the mechanism and time-
scale of excitation energy transfer among the pig-
ment molecules of minor light-harvesting complexes 
of PSII is much the same as in the case of LHCII, 
although it has been demonstrated that the major-
ity of pigments of CP29 are more weakly excitoni-
cally coupled with one another than in LHCII and 
may exchange energy due to the Förster mechanism 
(Cinque et al., 2000).

The individual role of CP29 in the light-har-
vesting and energy transfer phenomena seems to be 
to ensure the maximal efficiency of energy trapping 
by P680 and that of CP26 to optimize the energy 
flow between LHCII trimers on adjacent PSII–LHCII 
supercomplexes (Andersson et al., 2001).

PSII particles localized in non-stacked thyla-
koid membranes (PSIIβ) contain much less LHCII tri-
mers than stacked ones (Jansson et al., 1997; Dekker 
et al., 2002). It is not clear what is the function of 
LHCII trimers attached to PSIIβ in stroma lamellae 
as these particles have been found to be unable to 
transfer electrons from water to plastoquinone (Al-
bertsson, 1995) and this implies that the excitation 
energy funneled by LHCII to PSIIβ core complexes is 
not used to fuel a linear electron transport. PSII par-
ticles found in agranal chloroplasts of bundle sheath 
cells of plants belonging to the NADP-ME subtype 
of C4 type are partially deficient in  LHCII trimers 
as well (Romanowska et al., 2006). The trimers pres-
ent serve mainly to transfer the excitiation energy to 
PSI particles (Pfundel & Pfeffer, 1997) and this is the 
reason why the overall electron transporting activity 
of PSII of bundle sheath cells is much lower than in 
the case of neighbouring mesophyll cells (Lavergne 
& Leci, 1993).

When there is too much light several photo-
protective phenomena are switched on at the level 
of peripheral light-harvesting complexes of PSII in 
order to lower the risk of photodamage to the pho-
tosystem, and thus photoprotection is in addition 
to the primary role of peripheral light-harvesting 
complexes as energetic antennae. The photoprotec-
tive phenomena occurring at the level of peripheral 
light-harvesting complexes of PSII are aimed at dis-
sipation of the excessive amount of excitation energy 
transferred by the complexes and trapped by P680 
in order to avoid overreduction of QA and photo-
damage of PSII. The excess energy dissipation is 
catalyzed by a non-photochemical quenching phe-
nomenon which has two components, operating on 
a time scale of seconds and minutes, respectively. 
Within several seconds (rapid response) after the ex-
posure to elevated irradiance some thylakoid lumen-
exposed amino-acid residues of Lhcb4 and Lhcb5 
are protonated and this leads to change in their con-
formation favouring dissipation of energy transfer 
between pigment molecules instead of conservation 
(Morosinotto et al., 2003). PsbS may be protonated 
and significantly involved in the rapid response as 
well (see paragraph: Pigment-binding proteins of PSII 
core complex). Within a few minutes (slow response) 
of exposure to elevated irradiance an acidifaction of 
the thylakoid lumen promotes the conversion of vio-
laxanthin bound to polypeptides of light-harvesting 
complexes to zeaxanthin and this triggers the dis-
sipation of an excess of excitation energy. There is 
a vigorous debate with regard to the exact mode of 
action of zeaxanhin as a potent quencher of energy 
transfer and the role of individual peripheral light-
harvesting complexes in the slow response. Accord-
ing to the “conformation” model zeaxanthin replaces 
violaxanthin bound to L2 sites of CP29 and CP26 and 
acts there to change the conformation of Lhcb4 and 
Lhcb5, respectively, in a manner favouring dissipa-
tion of energy by other pigment molecules attached 
to Lhcb4/5 instead of transferring it to neighbours 
(Morosinotto et al., 2003). As mentioned in the para-
graph: Pigment-binding proteins of PSII core complex, 
zeaxanthin most probably binds protonated PsbS as 
well, and the protonated PsbS–zeaxanthin complex 
is another important player in the quenching of the 
excessive amount of excitation energy by the “con-
formation” mechanism (Aspinal O’Dea et al., 2002; 
Li et al., 2004). According to a “direct dissipation by 
zeaxanthin” model zeaxanthin replaces violaxanthin 
in the L2 site of LHCII apoproteins and serves there 
to accept energy from one of the chlorophylls and to 
dissipate it directly as heat (Standfuss et al., 2005). 

On a time scale of days lowering of the ex-
cess of excitation energy transferred and trapped 
by P680 is ensured additionally by the reduction of 
LHCII pool associated with PSII at elevated irradi-
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ance (Larsson et al., 1987) due to downregulation 
of expression of Lhcb1–3 (both mRNA and apopro-
tein accumulation is affected — Jansson et al., 2000; 
Jackowski et al., 2003). In spite of some efforts it is 
not fully understood which pool of LHCII trimers 
is absent in plants acclimated to elevated irradiance 
(Jackowski et al., 2003). 

Another physiological function ascribed to 
LHCII (but not to other peripheral light-harvesting 
complexes of PSII) is to regulate the distribution of 
excitation energy between PSII and PSI in response 
to changes in light quality, i.e. during state transi-
tions. Namely, when irradiance conditions favor 
photosystem I (PSI) (state 1) LHCII trimers remain 
attached to the PSII core complex and the excitation 
energy is evenly distributed between the two pho-
tosystems. To keep the balance of excitation of the 
two photosystems under the irradiance conditions 
that favour PSII (state 2) a specific pool of LHCII 
(not identified unequivocally) detaches from PSII 
core complex, moves laterally within the thylakoid 
membrane, docks at PSI and donates it with the 
excitation energy. State transitions are interpreted 
as light-quality dependent, redox-controlled revers-
ible phosphorylations of the N-termini of Lhcb1 and 
Lhcb2 leading to detachment form PSII and lateral 
movement of a specific pool of LHCII between PSII 
and PSI particles. The sequence of events that occur 
under state 2 is most probably initiated by activat-
ing a kinase — which phosphorylates N-termini of 
Lhcb1 and Lhcb2 — via reduced plastoquionone 
bound to the Qo  site of cytochrome b6-f complex 
(Vener et al., 1997). The enzyme responsible was 
identified in Chlamydomonas reinhardtii as thylakoid 
membrane-bound, serine-type Stt7 kinase (Depege et 
al., 2003) and its orthologue STN7 in higher plants 
(Bellafiore et al., 2005). It is thought that a phoso-
phorylated form of the specific LHCII pool detaches 
from PSII because it has low affinity for PSII core 
complex and high affinity for PSI (Allen & Forsberg, 
2001). The phospho-LHCII was found to dock at the 
PsaH subunit of PSI core (Lunde et al., 2000). It is 
hypothesized that when the irradiance conditions in-
duce the state 2 — state 1 transition phospho-LHCII 
is dephosphorylated by the thylakoid membrane-as-
sociated phosphatase regulated by cyclophilin-like 
protein TLP (Carlberg & Andersson, 1996; Fulgosi 
et al., 1998), lacks its affinity for PSI and migrates 
back to PSII. The physiological meaning of these 
phenomena is to provide preferentially either PSII 
or PSI with excitation energy delivered by LHCII as 
to keep the electron flow through photosystems bal-
anced, regardless of the quality of incident light (Gal 
et al., 1997). 

Finally, LHCII is widely regarded to be re-
sponsible for thylakoid membrane adhesion and gra-
na formation. This notion is supported by the obser-

vations that purified LHCII stimulates grana forma-
tion in a model thylakoid membrane system (Mullet 
& Arntzen, 1980) and that there is a stringent corre-
lation between the appearance of LHCII in greening 
plastids and the formation of grana stacks (Anderson 
et al., 1988). The LHCII-mediated control of thylakoid 
membrane involves the N-terminal, stroma-exposed 
region of Lhcb apoproteins by decreasing locally the 
electrostatic repulsion of approaching thylakoids in 
the presence of electrostatic screening by cations al-
lowing in this way van der Waals attraction forces 
between thylakoids to take effect (Mullet & Arntzen, 
1980; Chow et al., 1991). It has been suggested that 
CP26 and not LHCII may be engaged in promoting 
the membrane adhesion since barley plants grown 
under intermittent light conditions and having no 
detectable amounts of Lhcb type apoproteins due to 
this — except for Lhcb5 — nonetheless display gra-
na stacks (Król et al., 1995). Furthermore, Lhcb1- and 
Lhcb2-less Arabidopsis mutants were demonstrated 
to yield grana stacks too (Andersson et al., 2003). 
The derived conclusions about the necessity of CP26 
and lack of importance of LHCII for grana stacking 
should be, however, viewed with utmost caution as 
no precise quantitative processing of micrographs 
showing thylakoids from mutants, wild type plants 
and wild type plants grown in intermittent light has 
been presented.

Degradation of pigment-binding proteins of PSII 
peripheral light-harvesting complexes

When a plant grown under medium light 
conditions encounters high light on a time scale of 
24–72 h, LHCII apoproteins are degraded and this 
phenomenon reflects the strategy of avoiding the 
donation of an excessive amount of excitation en-
ergy to P680 when there is too much light. Namely, 
a protease belonging to the serine or cysteine class, 
peripherally attached to the stromal side of the thy-
lakoid membrane, has been shown to cleave prefer-
entially Lhcb 2 in spinach plants acclimated for at 
least 48 h to high light (Lindahl et al., 1995). The 
“acclimative protease”, which has not been identi-
fied in terms of being a product of a defined gene, 
degrades selectively Lhcb2-containing LHCII mono-
mers in dephosphorylated form (Yang et al., 1998). 
An analysis of T-DNA insertion mutants lacking 
various chloroplast proteases belonging to the FtsH 
family demonstrated that FtsH6 — a zinc-dependent 
metalloprotease, integrally associated with the thyla-
koid membrane — is responsible for the degradation 
of Lhcb1 which takes place during 24–72 h-long ac-
climation of Arabidopsis to high light (Żelisko et al., 
2005). The same protease has been found to catalyse 
the degradation of Lhcb3 during senescence of Ara-
bidopsis leaves. The senescence-related degradation 
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of Lhcb3 is an element of a massive turnover of 
chloroplast macromolecules, marking the transition 
from the assimiliation phase to the nutrient recy-
cling phase of leaf development (Garcia-Lorenzo et 
al., 2005; Żelisko et al., 2005). Some other, still uni-
dentified chloroplast protease may be engaged in the 
degradation of LHCII apoproteins in monomer form 
during its assembly with pigments in bean etioplasts 
(Anastassiou & Argyroudi-Akoyunoglou, 1995; Tz-
iveleka & Argyroudi-Akoyunoglou, 1998).

No proteases responsible for degradation of 
apoproteins of minor peripheral PSII light harvest-
ing complexes under changing environmental condi-
tions or in the ontogenetical context have been iden-
tified so far. 
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