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Abstract

Various techniques of electron microscopy (EM) such as ultrathin sectioning, freeze-fracturing, freeze-etching,
negative staining and (cryo-)electron crystallography of two-dimensional crystals have been employed, since now,
to obtain much of the structural information of the Photosystem II (PS II) pigment—protein complex at both low and
high resolution. This review summarizes information about the structure of this membrane complex as well as its
arrangement and interactions with the antenna proteins in thylakoid membranes of higher plants and cyanobacteria
obtained by means of EM. Results on subunit organization, with the emphasis on the proteins of the oxygen-
evolving complex (OEC), are compared with the data obtained by X-ray crystallography of cyanobacterial PS II.

Abbreviations: 2-D — two-dimensional; 3D - three-dimensional; Chl — chlorophyll; cyt — cytochrome; DM
— n-dodecyl-D-maltoside; EM — electron microscopy; LHC II — light-harvesting complex; OEC — oxygen-
evolving complex; P680 — primary donor of Photosystem II; PAGE — polyacrylamide gel electrophoresis; PBS
— phycobilisomes; PS I — Photosystem I; PS II — Photosystem II; RC — reaction center

Introduction ted by the endosymbiont theory, which postulates an

intracellular symbiosis of a photoautotrophic organ-

Oxygenic photosynthesis is a process in which plants,
algae and cyanobacteria use light energy to drive the
synthesis of organic compounds and produce all mo-
lecular oxygen, necessary for aerobic life on Earth (see
Whitmarsh and Govindjee 1999). The light-harvesting
and energy-transducing functions of oxygenic photo-
synthesis are localized in specialized photosynthetic
membranes, thylakoids, and carried out by several
types of protein complexes embedded in the mem-
brane: Photosystem II (PS II), Photosystem I (PS I),
cytochrome b¢/f (cyt be/f) and ATP synthase. Struc-
tural and functional similarities of the complexes in the
thylakoids between prokaryotes (cyanobacteria) and
eukaryotic cell (algae and higher plants) are sugges-

ism with a heterotrophic eukaryotic cell (Gray 1992;
McFadden 1999).

This paper reviews recent information about the
progress and present situation in studies on the struc-
tural organization of PS II in photosynthetic thylakoid
membranes of higher plants and cyanobacteria. Vari-
ous techniques of electron microscopy (EM) have
been employed during recent years to improve our
current knowledge about PS II structure at both low
and high resolution. Low-resolution structural data,
obtained from ultrathin sectioning and freeze-fracture
and freeze-etch EM studies are outlined first. Such
studies have yielded information on the overall organ-
ization of thylakoid membranes and the location of PS
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IT and its antenna system and the other components
of thylakoid membrane. Higher resolution data have
been obtained by either single particle image analysis
of detergent-solubilized PS II particles or analysis of
two-dimensional (2-D) crystals and are described later.
These methods together with biochemical analyses
have provided substantial information on the subunit
organization, oligomeric state and interaction of PS
II subunits with its antenna system. A 3-D model of
the PS II complex has been recently resolved by X-
ray crystallography. These results, with emphasis on
proteins of the oxygen-evolving complex (OEC), are
compared with those obtained by EM techniques.

Photosystem II

PS 1II is a multisubunit pigment—protein complex em-
bedded in the thylakoid membranes of higher plants,
algae and cyanobacteria (Hansson and Wydrzynski
1990; Ghanotakis and Yocum 1990; Barber 1998). It
performs a series of photochemical reactions, which
result in the reduction of plastoquinone, the oxidation
of water, and the formation of a transmembrane pH
gradient. The primary electron donor of PS II, P680,
is the strongest oxidant generated in biological sys-
tems. Such high potential (+1.17 V) enables PS 1I
to extract electrons from water to produce molecular
oxygen.

More than 25 subunits (coded by genes psbA—
psbZ) have been identified in association with PS II
(Ghanotakis and Yocum 1985; Ikeuchi 1992; Barber
et al. 1997). The central part of the complex is formed
by a reaction center (PS II-RC) composed of the D1
and D2 proteins associated with « and B-subunits of
cytochrome bss9 (cyt bssg) and Psbl protein (Nanba
and Satoh 1987). The reaction center is surrounded by
chlorophyll @ (Chl a)-binding inner antenna proteins
CP47 and CP43 (Bricker 1990; Barber et al. 2000;
Bricker and Frankel 2002). Three extrinsic proteins
with molecular masses of 33, 23 and 16 kDa are at-
tached to the lumenal surface of the complex forming
the oxygen-evolving complex (OEC) that maintains an
optimal environment for water oxidation (Murata and
Miyao 1985; Seidler 1996). Several low-molecular
weight proteins with unknown functions are also as-
sociated with the whole PS II core complex (Barber et
al. 1997; Hankamer et al. 2001a).

Major differences between cyanobacteria and
higher plants are found in the outer PS II antenna
system. The antenna system of cyanobacteria is

formed by water-soluble phycobilisomes (e.g., Glazer
1982; Morschel 1991; MacColl 1998). These supra-
molecular complexes are composed of phycobilipro-
teins with covalently attached open-chain tetrapyrroles
(phycobilins). The antenna system of higher plants
and green algae consists of membrane-bound Chla/b-
binding proteins coded by lhcbI-6 genes (Jansson
1994; Paulsen 1995; Green and Durnford 1996). The
Lheb1 and Lhcb?2 proteins form a major heterotrimeric
light-harvesting complex of PS II (LHC II) whose
structure was determined by electron crystallography
(Kiihlbrandt et al. 1994). The remaining minor Lhcb
proteins [CP29 (Lhcb4), CP26 (Lhcb5), and CP24
(Lhcb6)] are suggested to be monomeric and function
as linker proteins between the trimeric LHC II and PS
IT core complex (Green et al. 1991; Sandona et al.
1998).

Organization of thylakoid membranes

Electron micrographs of ultrathin sections of chloro-
plasts revealed the overall morphology of thylakoid
membranes of higher plants. Thylakoid membranes
are differentiated into stacked (appressed) and un-
stacked (unapressed) regions. The unstacked regions
are termed stroma lamellae whereas the stacked re-
gions form grana membranes. Unstacked regions are
termed stroma lamellae whereas stacked regions form
grana membranes. Grana membranes are approxim-
ately circular with a diameter of about 500 nm and
are in close contact with two thylakoid vesicles, as
in green algae, or up to as many as 20, as in higher
plants. A 3-D reconstruction from serial sections
through the entire chloroplast led to the proposal of
several models of spatial architecture of thylakoid
membranes (Mustardy 1996; Arvidsson and Sundby
1999). Immunogold-labeling experiments with anti-
bodies against various components of the membrane
revealed a marked lateral distribution of main com-
plexes (Vallon et al. 1985, 1986). While PS I and
ATP synthase are exclusively located in stroma mem-
branes, PS II and LHC II are predominantly found in
grana membranes (see Olive and Vallon 1991; Olive
and Wollman 1998). These results had been previ-
ously suggested by fractionating analysis (Andersson
and Akerlund 1978; Andersson and Anderson 1980)
and confirmed by freeze-fracture/etching techniques
(Olive and Vallon 1991; Staehelin and van der Staay
1996; Olive and Wollman 1998), negatively stained



preparations (Boekema et al. 1994; Hankamer et al.
1997a) and spectroscopically (Vacha et al. 2000).

Ultrathin sections of cyanobacteria revealed that
their thylakoid membranes lack both stacked and un-
stacked domains (see Gannt 1994). The phycobili-
somes (PBS) are attached to the stromal surface of
the membrane and are most commonly arranged al-
ternately between two adjacent membranes (Olive
et al. 1997). Contrary to the lateral heterogeneity
found in higher plants, immuno-labeling studies on
cyanobacterial ultrathin sections revealed a relatively
homogenous distribution of the complexes within the
membrane (Mustardy et al. 1992), although some
asymmetry has been detected (Sherman et al. 1994;
Marquardt et al. 2000).

Organization of Photosystem II within the
membrane

Higher plants

Freeze-fracture and freeze-etching electron micro-
scopy techniques are excellent tools for visualizing
in vivo organization and distribution of integral mem-
brane protein complexes within the thylakoid bilayer.
In these studies, protein complexes are visualized as
‘particles’ and are named according to the planes
with which they are associated (Figure 1). Although
these methods cannot be used to describe the protein
composition of the particles, they provide structural
information on the localization, morphology, hetero-
geneity, dimensions, and shapes of PS II and its
antenna components at a resolution of about 5 nm
(Staehelin and Arntzen 1983; Staehelin and deWitt
1984; Olive and Vallon 1991; Staehelin and van der
Staay 1996; Olive and Wollman 1998).

Comparative structural and biochemical investig-
ations have been used to determine the identity of
the particles including such as different illumination
conditions (Armond et al. 1977; Olive et al. 1981),
PS Il-deficient mutants (Miller and Cushman 1979;
Wollman et al. 1980; Lacambra et al 1984; Olive
et al. 1992) and reconstitution of protein complexes
into liposomes (Sprague et al. 1985). These res-
ults indicated that EFs (endoplasmic fracture face of
lumenal leaflet of stacked membrane, Figure 1) and
EFu (endoplasmic fracture face of lumenal leaflet of
unstacked membrane) particles correspond to PS II
complexes. The significant difference between EFs
and EFu planes was in their respective particle sizes.
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The EFs particles range from 11-16 nm across while
EFu particles are only 8 to 11 nm across. Based
on these studies it has been suggested that the EFs
particle corresponds to a dimeric PS II complex and
variations in size are caused by a lack of one or sev-
eral associated minor antenna proteins (CP29, CP26,
CP24). The composition of EFu particles is less clear
but the results indicate it to be PS II in its mono-
meric form. Monomeric PS II complexes have been
isolated from the stroma region (Santini et al. 1994;
Bassi et al. 1995; Dekker et al. 2002) and showed
different structural and functional properties from the
granal counterparts (Melis 1991; Jansson et al. 1997;
Mamedov et al. 2000). These results are in good
agreement with a ‘PS Il-repair cycle’ which involves
a monomerization and transfer of the damaged PS 1I
complexes from grana to stroma region, partial disas-
sembly, replacement of newly synthetized D1 protein
and finally return of the rebuilt complex to grana mem-
branes (Barbato et al. 1992; Barber and Andersson
1992; Aro et al. 1993; Kruse 2001; Baena-Gonzales
and Aro 2002).

Freeze-etching of endoplasmic (lumenal) surface
of stacked thylakoid membranes (ESs) revealed
particles with a tetrameric appearance (Miller et al.
1976; Simpson 1978; Miller and Cushman 1979). The
ESs particles closely correspond to EF particles and
also exhibit similar lattice properties when arranged
in regular arrays (Figure 2[1c, d]). Sequential removal
of the extrinsic proteins (16, 23, and 33 kDa) resul-
ted in a particle height reduction (from 8.2 nm to 7.8,
7.4 and 6.1 nm, respectively) and change in particle
substructure appearance (Seibert et al. 1987). Recon-
stitution of the depleted membrane fragments with
the OEC proteins led to a rebinding of extrinsic pro-
teins and reappearance of the tetrameric ESs particles
(Simpson and Andersson 1986). It has been concluded
that ESs tetrameric particles correspond to the dimeric
PS II complex and the protruding elements are formed
by two copies of the OEC subunits (Stachelin 1976;
Dunahay et al. 1984).

Analysis of mutants lacking Lhcb proteins (Miller
et al. 1976; Simpson 1979) and plants grown un-
der intermittent light (Armond et al. 1977) indic-
ated that 8 nm particles associated with the PFs
plane (protoplasmic fracture face of stromal leaflet of
stacked membrane) correspond to PS II antenna pro-
teins. These studies showed a substantial reduction
of PFs particles in membranes lacking Lhcb pro-
teins, compared to wild-type thylakoids, and also a
decrease of EFs particle size indicating closely asso-
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Figure 1. Schematic diagram illustrating freeze-fracture/etching of thylakoid membrane of higher plants. In freeze-fracture a sample is rapidly
frozen at temperatures below —100 °C to produce a planes of fractures through the specimen. Fracture planes tend to pass along the central
hydrophobic plane of the lipid bilayer to produce two complementary fractured faces. Since the integral protein complexes that span the
membrane bilayer are not splitted during the fracturing process, they are seen as ‘particles’ that rise above a smooth surface. In freeze-etching
studies, fracture planes also often pass along lines of weakness such as the interface between cytoplasm and membrane, so that the outer and
inner membrane surfaces can be viewed. The fractured specimen is left to evaporate water under vacuum and exposes the membrane surface
and allows the visualization of extrinsic components in their native state. Using freeze-fracture/etching techniques thylakoid membrane is
splitted to Endoplasmic (E) and Protoplasmic plane (P) that corresponds to lumenal and stromal leaflet of the membrane, respectively. We can
distinguish Fracture plane (F) and original Surface (S) referred to endoplasmic surface ES, endoplasmic fracture EF, protoplasmic surface PS,
and protoplasmic fracture PF (Branton et al. 1975). In addition, the stacked (s) and unstacked (u) membrane regions are present in chloroplast,
giving rise to four types of freeze-fracture planes: EFs, PFs, EFu and PFu (Staehelin 1976).

ciated minor antenna proteins (Olive et al. 1981). In
addition, the crystal structure of LHC II (Kiihlbrandt
et al. 1994) confirmed the assumption that 8 nm PF
particles correspond to the trimeric LHC II.

Since EF and PF planes constitute two artificially
produced views of originally only one membrane (see
Figure 1), it can be assumed that EFs and PFs are
complementary fracture planes. This assumption was
strengthened by the analysis of EFs and PFs particles
organized into 2-D arrays. Simpson (1978) indicated
that EFs arrays have a lattice with unit cell dimen-
sions of 24.7 x 17.5 nm. PFs arrays contained 8§ nm
particles in double rows separated by deep grooves
with a spacing of 24 nm (Figure 2[1¢]). Careful exam-
ination of both fracture planes showed that each EFs
particle (PS II dimer) is laterally associated with PFs
particles (LHC 1II) in a ratio of either 1:2 (Stachelin
1975; Tsvetkova et al. 1994) or 1:3 (Simpson 1978).
Such associations of dimeric PS II complex with vari-
ous amounts of Lhcb subunits have been investigated

by image analysis of negatively stained preparations
and the results are mentioned in the section ‘Negative
staining of PS II particles’.

Cyanobacteria

Thylakoid membranes of cyanobacteria are densely
populated with protein complexes and, in addition
to the components of the photosynthetic electron
transport chain contain also the components of the
respiratory chain. Both electron transport pathways
can intersect which has been observed in mutants
(Vermaas 1994). Freeze-fracture studies of cyanobac-
terial thylakoids revealed particles with a dimension
of 20 x 10 nm associated with EF (endoplasmic
fracture face of lumenal leaflet of the membrane) plane
(Neushul 1971; Morschel and Miihlethaler 1983). The
EF particles were separated into two parts (10 x 10
nm) and were mostly aligned in long parallel rows
(Morschel and Schatz 1987). Comparative structural
studies revealed that EF particles correspond to PS
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Figure 2. Schematic representations of PS II structures as reported by various authors.

1. Projection contours of the particles associated with EFs, PFs and ESs planes obtained by analysis of EM images of 2-D particle arrays from
freeze-fracture and freeze-etching experiments: (a) 2-D array of EFs particles from spinach (Simpson 1978). (b) 2-D array of EFs particles from
Arabidopsis (Tsvetkova et al. 1995). (c) 2-D arrays of EFs and PFs particles from two complementary membrane fracture planes (Stachelin
1975). (d) 2-D array of tetrameric ESs particles obtained by freeze-etching method (Seibert et al. 1987).

2. Top-view projection contours of negatively stained PS II particles obtained by EM and single particle analysis: (a) and (b) Cyanobacterial
monomer (a) and dimer (b) (Rogner et al. 1987). (c) Spinach monomer (Haag et al. 1990). (d) Reaction center monomer (Tsiotis et al. 1999). (e)
Spinach monomer (Hasler et al. 1997). (f) Spinach dimer (Boekema et al. 1995). (g) Dimeric CP47-RC subcomplex (Eijckelhoff et al. 1997).
(h) Spinach PS II-LHC II supercomplex (Boekema et al. 1995).

3. Projection contours of PS II complexes derived from crystallographic analysis of EM images of 2-D crystals as reported by the authors:
(a) Spinach monomer in 2-D array (Holzenburg et al. 1993). (b) Barley monomer in 2-D array (Stoylova et al. 2000). (c) Barley monomer in
2-D array (Ford et al. 1997). (d) Maize dimer in 2-D array (Santini et al. 1994). (e) Barley dimer in 2-D array (Marr et al. 1996b). (f) and (g)
Large-spaced (f) and small-spaced (g) 2-D arrays from spinach (Boekema et al. 2000a). (h) Arabidopsis dimer in 2-D array (Yakushevska et al.
2001). The unit cells calculated from the 2-D arrays are indicated by dotted line (1a—d, 3a—h).

4. Projection contours of PS II complexes derived from crystallographic analysis of EM images of 2-D crystals from reconstituted PS II particles
as reported by the authors: (a) Monomeric CP47-RC subcomplex (Rhee et al. 1998). (b) Monomeric PS II core complex from spinach (Tsiotis
et al. 1996). (c) and (d) Dimeric PS II core complex from spinach, (c) Morris et al. (1997), (d) Hankamer et al. (1999).

5. Model of supramolecular organization of spinach PS II-LHC II supercomplex including a dimeric PS II core complex (CP47, CP43, D2,
D1) connected with two strongly bound (S) LHC II trimers (cf. Figure 2[2h]). The two additional LHC II trimers bound at moderately (M) and
loosely (L) positions are attached to left side of the PS II-LHC II supercomplex. The location of monomeric Lhcb4 (CP29), Lheb5 (CP26) and
Lhcb6 (CP24) proteins are indicated (redrawn from Boekema et al. 1999a). The scale bar measures 20 nm.
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IT complex. The PS II-deficient mutant lacked EF
particles in comparison with the wild-type thylakoids
(Nillson et al. 1992). The absence of EF particles was
also observed in heterocysts which lacked any PS II
activity (Giddings and Staehelin 1979).

Freeze-etching of cyanobacterial thylakoids showed
phycobilisomes to be arranged in parallel rows with a
spacing of 45 nm and periodicity of 10 nm (Giddings
et al. 1983). The spacing of the PBS rows closely cor-
responds to the distances between the EF particle rows
and can decrease to 16 nm in the absence of assembled
PBS structures (Olive et al. 1997).

A model for organization of the PS II com-
plex in cyanobacterial thylakoids has been proposed
(Giddings et al. 1983; Bald et al. 1996; Mullineaux
1999). One phycobilisome is attached to the dimeric
PS II complex and these PS II-PBS supercomplexes
are organized into tightly arranged parallel rows, with
PS T and cyt bg/f in the spaces between the rows. As
the width of PBS is about 15 nm and the width of the
PS II dimer is only 11 nm the long axis of each phy-
cobilisome is not parallel to the long axis of the dimer
but it is tilted to achieve a contact between neighboring
PS II particles (Bald et al. 1996).

Breakdown fragments of these rows have been
isolated from thylakoids of Synechococcus elongatus.
Electron micrographs of negatively stained fragments
revealed that they appear as ‘double dimers’ with an
estimated molecular mass of 1000 kDa (Kiihl et al.
1999). Fitting the projection map of cyanobacterial PS
II dimer (Boekema et al. 1995; Kiihl et al. 1999) into
one half of the double dimer revealed that the dimer
has an overlap of about 0.6 nm in the center and 2.2 nm
at the periphery. This has been explained by the deter-
gent boundary layer that surrounds the isolated single
dimers, but it is missing in the hydrophobic contact
area of the double dimers. A repeating distance of PS
IT dimers in the row was calculated to be 11.7 nm and
an angle between the long axis of the dimer and the
rows about 73 °C (Kiihl et al. 1999).

Formation of the PS II rows in the cyanobacterial
thylakoids probably results in an effective separation
of PS I and PS II membrane domains (Trissl and
Wilhelm 1993). Since PS I is faster trap than PS
II this separation may helps efficiently distribute the
excitation energy between these two photosystems.
Generally, the ability to maintain efficient light-energy
conversion is related to the distribution of absorbed
energy between two photosystems, called ‘state trans-
ition’. This short-term adaptation process is a regu-
latory mechanism that allows a preferential excitation

of PS I or PS II by selective enhancement of excita-
tion energy transfer to the less active photosystem (see
Fujita et al. 1994; Rogner et al. 1996). The mechan-
ism of this adaptation is still conjectural with respect
to lateral redistribution of the complexes within the
membrane (Olive et al. 1997).

Negative staining of PS II particles

Single particle image analysis has been used to study
the structure of a wide range of biological molecules
and macromolecular complexes (see Ruprecht and
Nield 2001). The samples are placed on an elec-
tron microscope grid and either imaged in heavy
atom salts (such as uranyl acetate) or in vitreous ice
(cryo-electron microscopy). The particles from EM
images are classified according to the orientation of
the particle on the grid, and members of each class are
then rotationally and translationally aligned. Recently,
labeling of His-tagged proteins with a Ni>t-NTA gold
cluster and single particle analysis have been shown to
be a novel approach for localizing individual protein
subunit within the multisubunit complex (Hainfeld et
al. 1999; Biichel et al. 2001).

Negative staining and single particle analysis have
been used to analyze a number of solubilized PS 1I
complexes (see Boekema et al. 1994; Nicholson et al.
1996; Tsiotis et al. 1996a; Hankamer et al. 1997a).
The first work concerning PS II structure has been
published by Rogner et al. (1987). The complexes with
an estimated molecular mass of 300 and 500 kDa (Fig-
ure 2[2a, b]) indicated monomeric and dimeric PS 1I
complex, respectively (Irrgang et al. 1988). Dimen-
sions of 18 x 15 nm for dimeric particle and 16 x 11
nm for monomeric particle were reported in their top-
view projections (Dekker et al. 1988). The side-view
projection revealed a small protrusion on the lumenal
side of the complexes that has been assigned to the 33
kDa extrinsic subunit (Haag et al. 1990).

The comparative projection maps of both cy-
anobacterial (S. elongatus) and a spinach PS II core
complex have been demonstrated by Boekema et al.
(1995). Both complexes had similar protein and pig-
ment composition consisting of CP47, CP43, D1, D2,
cyt bssg, the 33 kDa subunit, together with about 38
Chla molecules (Hankamer et al. 1997b). Gel filtration
experiments showed that both PS II core complexes
had a molecular mass of about 450 kDa. Dimensions
of these particles were calculated to be 20.6 x 13.1 nm
in their top-view projections (Figure 2[2f]). In overall



topology the densities on both sides of the complex
were arranged in a similar way, with two-fold rota-
tional symmetry around the center, and thus, a dimeric
organization of the complexes has been proposed. This
result has been confirmed by the analysis of elec-
tron micrographs obtained with PS II core complexes
having a molecular mass of 240 kDa (Fig. 2[2e]).
These particles had dimensions of 14 x 9.5 nm were
supposed to be a monomeric PS II complex. By com-
paring these two oligomeric states it can be seen that
the projection map of the monomeric complex cor-
responds well with each half of the PS II core dimer
(Boekema et al. 1995).

Monomeric PS II complex has been also isolated
from spinach and Synechococcus sp. OD24 (Hasler
et al. 1997). The molecular mass of the complexes
was determined by scanning transmission electron mi-
croscopy (STEM) to be 281 kDa for spinach and 313
kDa for cyanobacterial PS II complex (Figure 2[2e]).
Single particle analysis revealed that PS II complexes
were comparable in size and shape (approx. 14 x 10
nm). The averaged projection exhibited four distinct
protein densities in a pseudo-twofold symmetry. Two
of these four densities have been attributed to contain
reaction center proteins (D1/D2) in accordance with
data obtained by STEM analysis of isolated PS II re-
action centers particles (Figure 2[2d]) from spinach
(Tsiotis et al. 1999).

Although monomeric PS II core complexes can be
isolated from both cyanobacteria and higher plants,
many results have showed that the dimeric form is
present in vivo in thylakoid membranes. Isolated di-
meric PS II core complexes are more active in oxy-
gen evolution and have a higher level of the 33
kDa extrinsic proteins. They are also characterized
by a higher pigment content and have fewer D1/D2
breakdown fragments than its monomeric counterpart
(Hankamer et al. 1997b). Strong evidence against
a possible monomeric organization of PS II com-
plex in thylakoid membrane is that monomeric PS
II particles have never been isolated with any of the
Lhcb subunits. Non-denaturing polyacrylamide gel
electrophoresis (PAGE) confirmed that grana mem-
branes are consisted predominantly of dimers, while
stromal parts are enriched in PS II monomers (Dainese
and Bassi 1991; Peter and Thornber 1991; Bassi et al.
1995).

Nevertheless, artificial dimeric aggregations of
PS 1II core complexes and CP47-RC subcomplexes
have been induced by gel filtration chromatography
(Eijckelhoff et al. 1997). From a comparison between
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projections of PS II core complexes and CP47-RC sub-
complexes the position of the CP43 subunit at the tip
of the complex has been determined (Figure 2[2f and
2g)).

Mild detergent treatment of grana membranes prior
to sucrose density gradient centrifugation resulted
in the isolation of the PS II-LHC II supercomplex
(Boekema et al. 1995). Electron microscopy and
single particle analysis showed that the supercomplex
has a two-fold rotational symmetry with a dimension
of 30.2 x 15.7 nm in its top-view projection (Fig-
ure 2[2h]). The superimposition of the dimeric PS II
core complex (Boekema et al. 1995) upon the projec-
tion map of the supercomplex indicated that a central
part is occupied by a dimeric PS II core complex and
each region on both sides has been suggested to con-
tain a trimeric LHC II and a single copy of CP29
and CP26 proteins. To relate the top-view projec-
tion of the supercomplex with the 2-D arrays of ESs
particles (Figure 2[1d]) observed by freeze-etching
studies of grana membranes (Seibert et al. 1987), a
similar lattice (21 x 19 nm) within the supercomplex
has been constructed (Hankamer et al. 1997b). The
dimensions of both lattices correlated well and the au-
thors suggested that crystalline ESs arrays observed in
thylakoid membrane are composed of the PS II-LHC
IT supercomplexes (Hankamer et al. 1997b).

Recently, a three-dimensional (3-D) stucture of the
supercomplex from spinach (Nield et al. 2000b) and
Chlamydomonas reinhardtii (Nield et al. 2000a) has
been presented. The structural similarities between
spinach and algal supercomplexes led the authors to
conclude that the PS II-LHC II supercomplex forms a
basic unit in Chlb-containing organisms.

The associations of additional LHC II trimers to
the PS II-LHC II supercomplex have been studied by
an o-DM treatment of the PS II-enriched membranes
and single particle analysis (Boekema et al. 1998b,
1999a, b; Yakushevskaet al. 2001). These studies have
shown that LHC II trimers can be attached in three
different types of positions, referred to as strongly (S),
moderately (M) or loosely (L) bound LHC II trimers
(see Figure 2[5]). Two S-type trimers have been pre-
viously proposed to flank the dimeric PS II complex
and together form the PS II-LHC II supercomplex
(Figure 2[2h]). The latter two types (M and L) were
associated on both sides of the supercomplex. The
M-type trimer has been placed to connect the super-
complex through the S-type trimer and CP29, whereas
the L-type trimer was directly attached to the dimeric
PS II core (Boekema et al. 1999a). In contrast to spin-
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ach, the M-type trimers from Arabidopsis have been
shown to bind dimeric PS II in the absence of S-type
trimer and no binding of the L-type trimers have been
detected (Yakushevska et al. 2001). A possible route
of the biogenesis of complete PS II complex has been
suggested: in the first instance CP29 binds to the di-
meric PS II core complex, followed by trimeric LHC
II and then CP26 and CP24 (Boekema et al. 1999a).

2-D Crystallography of PS 11

Electron crystallography is a powerful technique for
the structural determination of membrane proteins
at high resolution and has been successfully used
for solving atomic structures of bacteriorhodopsin
(Henderson et al. 1990) and plant light-harvesting
complex II (LHC II) (Kuhlbrandt et al. 1994). The
resolution of the data is limited to the size and qual-
ity of the two-dimensional (2-D) crystals and their
preparation is one of the major bottlenecks in the
crystallographic studies. Many reports concerning 2-D
crystallography of PS II complex have been pub-
lished and the results are summarized in Table 1. It
is interesting to note that almost all crystallization at-
tempts utilized only higher plant thylakoid membranes
(pea, spinach, barley, maize) as a starting material.
Generally, three approaches have been employed for
structural analysis of PS II 2-D crystals by electron
microscopy: (i) analysis of the ordered 2-D arrays
(PS II crystalline arrays) in the native thylakoid mem-
brane, (ii) in situ crystallization procedures includ-
ing a detergent-induced delipidation of PS II-enriched
membranes, and (iii) reconstitution of isolated PS II
(sub)complexes with thylakoid lipids.

Native 2-D crystalline arrays of PS Il

Several protocols have been developed to isolate mem-
brane fragments enriched in PS II (Berthold et al.
1981; Kuwabara and Murata 1982; Yamamoto et al.
1982; van der Staay and Staehelin 1994). These pre-
parations are highly active purified grana membranes,
composed of paired, appressed membrane fragments
with their lumenal side exposed (Dunahay et al. 1984).
Recently, similar PS II-enriched membrane fragments
have been prepared by solubilization of thylakoid
membranes with «-dodecyl-maltoside («-DM) (van
Roon et al. 2000).

Electron micrographs of grana membranes re-
vealed that PS II particles are more or less randomly

distributed within the grana (e.g., Kitmitto et al.
1999) or organized in 2-D arrays (Stachelin 1976;
Simpson 1979; Dunahay et al. 1984; Bassi et al. 1989;
Yakushevska et al. 2001). The particle arrays are oc-
casionally seen in chloroplasts isolated from wild-type
plants whereas a tendency to form regular arrays is in-
creased in various types of mutant plants. Induction of
array formation can be also triggered after isolation by
changing the composition of the suspending medium
(Simpson 1979; Tsvetkova et al. 1995). The factors
leading to their formation are still poorly understood
but growth conditions (Stoylova et al. 2000) or lipid
compounds (Tsvetkova et al. 1995) are of importance.

Since negatively stained 2-D arrays of PS II mem-
brane fragments provide a higher resolution (2 nm
as compared to 5 nm for ‘freeze’ techniques) more
structural details about the organization of PS II and
LHC II complexes have been obtained. The EFs (ESs)
particle arrays clearly correspond to stain-excluding
regions within the PS II particle 2-D arrays in terms of
particle size and shape and could be definitely known
to contain the PS II complexes. The lattice dimensions
varied slightly among various reports (see Table 1) but
single unit cells showed certain similarities. The unit
cell contains two predominant stain-excluding areas
with predicted two-fold rotation symmetry indicating
a dimeric PS II. Relatively large stain density areas
between the PS II particles have been suggested to in-
clude the light-harvesting proteins in accordance with
the absence of large hydrophilic loops that causes low
protein density regions on 2-D crystals of LHC II
(Lyon and Unwin 1988).

Detailed analysis of two types of PS II 2-D ar-
rays has been reported by Boekema et al. (2000a).
A dimeric PS II complex, associated with two or
three additional trimers of LHC II, has been fitted
into the small-spaced and large-spaced lattice, re-
spectively (Figure 2[3f, g]). The ratios of 1:2 and
1:3 between dimeric PS II and LHC II trimers ob-
served in negatively-stained preparations (Boekema et
al. 2000a) are in good agreement with the analysis
of EFs and ESs particle arrays obtained by freeze-
fracture/etching techniques (Staehelin 1975; Simpson
1978). It has been shown that the PS II-LHC II su-
percomplex can be fitted into both lattices. The small-
spaced lattice contained tightly arranged PS II-LHC
IT supercomplexes while the large-spaced lattice acco-
modated extra mass which could be occupied by an
additional trimeric LHC II together with CP24 protein
(Boekema et al. 1998b).



Table 1. Electron crystallographic data of the 2-D crystals of PS II and their interpretations to the structural properties of PS II.
The table provides the data on plant material, unit cell parameters and oligomeric state of PS II according to authors. The unit cell
parameters of (i) native 2-D crystalline PS II arrays are comparable in their size and correspond to different organization of the
dimeric PS II-LHC II supercomplexes within the lattices. The unit cell parameters of (ii) detergent-induced PS II 2-D crystals difter
substantially among the reports. Since the structural features of the unit cells are comparable (see Figure 2) the variations in their
sizes are probably caused by an unequal number of attached antenna proteins. (iii) 2-D crystals from reconstituted particles have
uniform unit cell parameters and it was proved that they consist of PS II dimers. Such unit cells can be superimposed over all the
other preparations reported in this table suggesting the dimeric nature of PS II complexes in these preparations

Plant material Symmetry, unit cell Notation Intepretation of the unit cell Reference

parameters (nm) and angle in Figure 2 according to the authors
Native 2-D
crystalline
PS II arrays
Spinach p227.3 x 18.3,75° 3f PS II dimer + 3 x LHC II trimer

p223.0 x 16.9, 90° 3g PS Il dimer + 2 x LHCII trimer ~ Boekema et al. (2000a)
Arabidopsis p225.6 x 21.4,77° 3h PS I dimer + 4 x LHCII trimer ~ Yakushevska et al. (2001)
Detergent-
induced PS Il
2-D crystals
Spinach pl 18.9 x 16.8, 89° 3a PS II monomer (890 kDa) Holzenburg et al. (1993)
Barley pl24.3 x16.2,81° 3a PS II monomer + monomeric Stoylova et al. (2000)
(far-red light) pl21.5x 17.5,87° LHC subunits
Barley pl23.0 x 15.5,97° 3c PS II monomer Ford et al. (2002)
Maize p226.7 x 17.8,90° - 2 x PS II dimer (2000 kDa) Bassi et al. (1989)
Maize p2 20.5 x 16.1,90° 3d PS 1I dimer (672 kDa) Santini et al. (1994)
Barley p224.1 x 16.1, 84° 3e PS 1I dimer (740 kDa) Marr et al. (1996b)
Spinach p216.7 x 12.0, 75°

p2 16.4 x 15.1, 69° - PS II dimer Lyon (1998)

p2 15.6 x 10.8, 74°

2-D crystals

from

reconstituted

particles

Spinach p22121 16.7 x 15.3,90°
Spinach p2212; 16.8 x 15.5,90° 4a
Spinach pl 162 x 13.7, 142° 4b
Spinach p21212; 17.3 x 11.7,70° 4c
Spinach p212121 17.5 x 12.7,107°  4d
Synechococcus  p22121 33.3 x 12.1, 90° -

4 x CP47-RC subcomplex
(each 150 kDa)

PS II monomer (600 kDa)
PS 1I dimer (430 kDa)

PS II dimer (430 kDa)

2 x PS II dimer

Nakazato et al. (1996)
Rhee et al. (1998)
Tsiotis et al. (1996)
Morris et al. (1997)
Hankamer et al. (1999)
daFonseca et al. (2002)

Recently, PS II 2-D arrays in Arabidopsis have
been reported by Yakushevska et al. (2001). Paramet-
ers of a unit cell (@ =25.6, 8 =214 nm, y =77°)
indicated the largest PS II lattice that had been ever
observed (Figure 2[3h]). The PS II-LHC II supercom-
plex with two additional trimeric LHC II's has been
fitted into the lattice suggesting the presence of four
LHC 1II trimers attached to the dimeric PS II complex
(Yakushevska et al. 2001).

It should be noted that the positions of LHC II

trimers within the lattice did not correspond to bound-
aries of the unit cells and are overlapping. By a closer
inspection of the PS II 2-D arrays (Figure 2[3f-h]) one
can suppose that the dimeric PS II-LHC II supercom-
plex forms the basic motif of the arrays and the small
changes in arrangement might be caused by ‘gliding’
the supercomplexes along their long axis. However,
the exact nature of the material in low-density areas is
in debate and requires further examination.
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Detergent-induced 2-D crystals of PS Il

Formation of PS II 2-D crystals can be induced by
a detergent treatment of thylakoid membranes. The
detergent preferentially solubilizes the non-stacked
region of the membrane leaving grana membranes in-
tact. Furthermore, the formation of crystals involves
dissociation of LHC II from PS II to separate areas,
specific associations between the PS II complexes and
gradual depletion of lipid molecules.

Several different types of PS II crystals have been
produced using a variety of detergents such as Triton
(Bassi et al. 1989; Lyon et al. 1993; Marr et al. 1996b),
dodecyl-maltoside (Holzenburg et al. 1993; Santini et
al. 1994; Ford et al. 1995; Lyon 1998) or tetradecyl-
maltoside (Lyon 1998). Although each crystal type
has been characterized by different unit cell paramet-
ers (see Table 1) a comparison of contour maps in
Figure 2[3a—e] shows that projection maps have very
similar structural features. A central low-density area
is flanked by two predominant regions of protein dens-
ity, which appear to be related by a two-fold rotational
symmetry axis. The two apparent protein densities
were similar in all preparations and clearly correspond
to a PS II dimer. It appears that unit cells vary only
in the different arrangements of the dimers suggesting
specific interactions between the proteins within PS II
(Lyon 1998). Therefore, the variations in the reported
size are likely due to differences in polypeptide or lipid
content. Since the light-harvesting antenna proteins
are excluded from the crystals during their formation
(Lyon et al. 1993) the precise polypeptide composition
remains unknown. However, the presence of the minor
antenna proteins (CP29, CP26, CP24 and PsbS) has
been determined by direct immunogold-labeling tech-
niques (Marr et al. 1996a). The stoichiometry of these
proteins is difficult to determine but it seems probably
that they are included in low-density areas between the
dimers.

In addition, labeling with Fy, fragments (a frag-
ment of papain-digested IgG antibody purified on
protein A column) against the D1 and a a-cyt bss9
protein has been used to identify the position of the
subunits in the crystal (Marr et al. 1996a). By consid-
ering the recent X-ray studies of cyanobacterial PS II
(Zouni et al. 2001; Kamiya and Shen 2003) distinct
positions both of the D1 and cyt bss59 proteins have
been reported by Marr et al. (1996). From these res-
ults it should be concluded that immuno-gold labeling
may not be the proper technique for localization of
individual subunits within the crystals.

In spite of the fact that many biochemical and
structural studies have provided conclusive evidences
indicating a dimeric nature of PS II in vivo for both cy-
anobacteria and higher plants there are several contra-
dictory statements suggesting PS II to be a monomer
(see Nicholson et al. 1996). These results originate
from an electron-crystallographic analysis of partially
delipidated 2-D arrays obtained from spinach (Holzen-
burg et al. 1993; Rosenberg et al. 1997) and PS I-
deficient barley mutant (viridis zb%) grown in far-red
light conditions (Stoylova et al. 1997, 2000).

Although projection maps of unit cells reported
by Nicholson et al. (1996), Holzenburg et al. (1993)
and Stoylova et al. (1997) are very similar to the
dimeric PS II unit cells (see Table 1, and Figure 2[3a—
c] and [3d-h]) the authors have suggested that each
unit cell is constituted only by a monomeric PS II
complex. A conclusion that PS 1II is present in native
thylakoid membrane in its monomeric arrangement is
distinctly inconsistent with all the data obtained by
freeze-fracture/etching techniques, single particle ana-
lysis of detergent solubilized PS II preparations, and
crystallographic analyses of 2-D and 3-D crystals. A
comparison between the projection maps of dimeric
PS II complex (Figure 2[2g, 3d-h, 4c, e]) with that re-
ported as monomer (Figure 2[3a—c]) shows them to be
very similar in their size and structural features. This
suggests that the complex reported as PS II monomer
is indeed represented by dimeric PS II complex. A
little asymmetry observed, which is the main evid-
ence for the PS II in monomeric state, is probably
caused by an imperfect arrangement of protein sub-
units within the unit cell and could not be interpreted
by a pseudo-twofold symmetrical arrangement of the
D1/D2 and CP47/CP43 subunits as recently suggested
by Ford et al. (2002). There is not a single feature in
the density maps presented by Ford et al. (2002) that
is recognizable and compatible with the data obtained
by X-ray crystallography (Zouni et al. 2001; Kamiya
and Shen 2003). The replacement of dimeric PS II
by its monomeric counterpart is probably caused by
a misinterpretation of the low-resolution EM data. Re-
cent results clearly define that PS II is present in the
thylakoid membrane as a dimer (Rogner et al. 1996;
Barber 1998; Hankamer et al. 2001a).

2-D crystals from reconstituted particles

To obtain high-quality 2-D crystals PS II complexes
can be purified and reconstituted with thylakoid lip-
ids. Two types of PS II complex have been subjected



to crystallization trials: CP47-RC subcomplex (CP47-
D1-D2-cyt bss9) and the PS II core complex.

2-D crystals of CP47-RC subcomplex have been
prepared by several authors (Dekker et al. 1990; Na-
kazato et al. 1996; Mayanagi et al. 1998). A rectangu-
lar unit cell (approximately 17 x 15 nm) with p2212;
plane group symmetry has been reported for the crys-
tals. The unit cell contained four stain-excluding re-
gions each designated to include one monomeric sub-
complex. Two of them were oriented by their lumenal
sides and form a unit dimer with a two-fold rotational
symmetry. The latter two formed a dimer with two-
fold axis but the monomers were arranged by their
stromal sides with an inverse handeness of the dimer
with respect to the first dimer. Each monomer had an
asymmetrical shape with dimensions of 10 x 7.5 nm
and height of 6 nm with an estimated molecular mass
of 150 kDa (Nakazato et al. 1996). A 3-D reconstruc-
tion of the monomeric PS II subcomplex revealed four
lumenal and three stromal domains (Mayanagi et al.
1998).

Specific arrangement of monomeric units within
the crystal probably led to the misinterpretation of
the results in the work of Rhee et al. (1997). A pro-
jection map of dimeric association of two CP47-RC
monomers has been superimposed to central part of
the projection map of the PS II-LHC II supercom-
plex obtained by Boekema et al. (1995). Although
dimeric organization of PS II has been suggested it
seems likely that dimeric association of CP47-RC sub-
complex in 2-D crystals is unnatural and does not
correspond to the native arrangement of the PS II
subunits (see the paragraph above).

Recently, a 3-D model of helical arrangement of
the CP47-RC subcomplex has been published (Rhee
et al. 1998). 23 transmembrane a-helices have been
identified, of which 16 have been assigned to major
PS 1II subunits. Ten (5 x 2) transmembrane helices
forming a roughly S-shaped feature in near twofold
symmetry around a local axis were assigned to the
D1/D2 heterodimer whereas an adjacent group of 3 x
2 helices to CP47 (Rhee 2001).

The 2-D crystals containing full PS II core com-
plex have also been obtained (Tsiotis et al. 1996b;
Morris et al. 1997; Hankamer et al. 2001b). As op-
posed to the previous reports they also contained the
inner antenna protein CP43 and provided overall pic-
ture of subunit organization in the PS II core complex.
The unit cell contained dimeric PS II complex with
well-preserved twofold rotational symmetry around a
central stain cavity and closely corresponded to the
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dimeric PS II obtained by negative staining and single
particle analysis (compare Figure 2[4b—d and 2g]). A
superimposition of the projection map of CP47-RC
subcomplex (Rhee et al. 1998) to each half of the PS II
core dimer has revealed the location of CP43 subunit
(Hankamer et al. 1999).

In contrast to spinach, 2-D crystals of dimeric PS
II core complex isolated from S. elongatus have re-
vealed different organization of a unit cell. The unit
cell contained two PS II dimers in opposite orientation
showing both lumenal and stromal views of the com-
plex to be a mirror image of each other (daFonseca
et al. 2002). By comparing both models, the relative
positioning of the main subunits, CP47, CP43, D2,
D1, and cyt bss9, is essentially identical within each
monomer, emphasizing the conservation of the basic
structural features of PS II between higher plants and
cyanobacteria.

Organization of the transmembrane helices

Electron and X-ray crystallography studies have re-
vealed the organization of the transmembrane helices
within PS II core complex of spinach (Rhee et al.
1998; Hankamer et al. 2001b), thermophilic cy-
anobacteria Synechococcus elongatus (Zouni et al.
2001) and Thermosynechococcus vulcanus (Kamiya
and Shen 2003). Since the resolution is insufficient to
resolve the atomic structure, the exact identification
of the helices relies on comparisons with the known
high-resolution structures of reaction centers of purple
bacteria (Deisenhofer et al. 1985; Michel and Deisen-
hofer 1988) and PS I (Krauss et al. 1996; Fromme et
al. 2001).

The overall organization of 22 transmembrane
helices of the major PS II subunits (CP47, CP43, DI,
D2) is very similar in higher plant and cyanobacterial
PS 1II core complex. CP47 and CP43 are located on
opposite sides of the centrally located D1/D2 proteins,
related to each other by pseudo-twofold rotation axis.
The structural similarity of the helix organization of
the D1/D2 proteins with the L/M subunits of the purple
bacterial RC and the D1/CP43 and D2/CP47 clusters
with that of the PsaA and PsaB proteins of the re-
action center of PS I supports the hypothesis about
evolutionary relationships between these three types of
reaction centers in photosynthetic organism (Schubert
et al. 1998; Heathcote et al. 2002).

In addition, further 12 (spinach) and 14 (cyanobac-
teria) transmembrane helices have been identified in
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each monomer of the PS II core dimer and assigned to
the PS II low molecular weight subunits. Two of them
(PsbE and PsbF, as components of cyt bss9) have been
unambiguously identified by locating the haem group
near to D2 protein of D1/D2 reaction center complex
(Zouni et al. 2001; Kamiya and Shen 2003). The as-
signment of the others is still uncertain, either based on
cross-linking (Harrer et al. 1998, Biichel et al. 2001;
Lupinkova et al. 2002) or immunogold-labeling exper-
iments (Biichel et al. 2001) and recently discussed by
Hankamer et al. (2001a).

In order to identify the location of the PS II low
molecular weight subunits two possible ways have
been outlined: (i) electron microscopy of His-tagged
PS II particles labeled with Ni>*-NTA gold cluster
(Biichel et al. 2001), and (ii) comparative studies of
wild-type and mutants depleted of the small PS II sub-
units (Shi et al. 2000; Komenda et al. 2001; Swiatek
et al. 2001).

Organization of the extrinsic subunits

There are 3—4 extrinsic proteins associated with
lumenal side of PS II, which play important roles in
maintaining the function and stability of the oxygen-
evolving complex (OEC). Among the extrinsic pro-
teins, only the 33 kDa protein is common to all
of the organism. Higher plants and green algae, in
addition, contain the 23 kDa and 16 kDa extrinsic
subunits coded by psbP and psbQ gene, respectively.
In cyanobacteria these proteins are missing and they
are replaced by another two proteins coded by psbU
(12-kDa protein) and psbV gene (cyt css50). The ex-
trinsic proteins protrude from thylakoid membrane
and can be easily removed by various salt washing.
A comparison of difference maps of salt-washed with
non-washed preparations have enabled us to identify
location of lumenal subunits.

The location of the 33 kDa extrinsic protein has
been determined in various PS II complexes from both
higher plants and cyanobacteria (Haag et al. 1990;
Boekema et al. 1995; Hasler met al. 1997; Boekema
et al. 2000b). The side-view projection difference
maps (+/— 33 kDa) of non-washed and Tris-washed
of both higher plants and cyanobacterial dimeric PS II
core complex showed two separated protrusions (Fig-
ure 3E), symmetrically located with respect to the
center of the complex (Boekema et al. 1995; Kiihl et
al. 1999). Only a single central protrusion has been
determined for the side-view of dimeric PS II-LHC II

supercomplex (Boekema et al. 1995, 1998a). As can
be seen in Figures 3A and B, the single central pro-
trusion observed in the PS II-LHC II supercomplex
is composed by an overlap of two 33 kDa subunits.
Moreover, the difference image of top-view projec-
tion maps after a removal of the 33 kDa protein have
resulted in two regions of density change within the
supercomplex indicating the presence of two 33 kDa
subunits within the dimeric supercomplex (Boekema
et al. 2000b). Although there are some biochemical
evidences that two copies of 33 kDa protein exists per
one PS II reaction center (Xu and Bricker 1992) these
structural studies ruled out this possibility and have
indicate a ratio of 1:1 between the 33 kDa and the PS
II reaction center (Figure 3B).

In order to preserve the binding of additional ex-
trinsic proteins the presence of 1 M glycine betaine
has resulted in the PS II-LHC II supercomplex re-
taining the 23 kDa extrinsic protein (Boekema et al.
1998a). The side-view projection of the supercomplex
showed two additional protein densities flanking the
central protrusion (Figure 3A). Together with differ-
ence mapping of top-view projections (+/— 23 kDa) of
the supercomplex the location of the-23 kDa subunit
has been indicated (Figure 3B).

Recently, a 3-D reconstruction of the PS II-LHC
IT supercomplexes from spinach (Nield et al. 2000b,
2002) and C. reinhardtii (Nield et al. 2000a) have re-
vealed all the three extrinsic subunits (33, 23 and 16
kDa) as four protrusions extending to 5—6 nm above
the lumenal surface. In accordance with the data ob-
tained from single particle analysis (Boekema et al.
1998a) two centrally located lumenal protrusions have
been assigned contain the 33 kDa extrinsic subunit
whereas two more extensive protrusions have been
suggested to accommodate both the 23 kDa and 16
kDa subunit (Nield et al. 2000a). The stoichiometry
ratio of the three extrinsic proteins (PsbO, PsbP, and
PsbQ) is 1:1:1 and tetrameric organization of the
extrinsic subunits at the lumenal surface of the super-
complex closely resembles to that obtained earlier by
freeze-etching studies (Seibert et al. 1987).

Location of additional cyanobacterial OEC sub-
units (cyt c550 and 12 kDa) has been studied by single
particle analysis of negatively stained preparations
(Boekema et al. 1995; Kiihl et al. 1999; Nield et al.
2000a). The side-view projection revealed an overall
height of the particle to be 9.5 nm with other additional
protrusions aside to the two central protrusions (Fig-
ure 3E). The central protrusions had been previously
identified as the 33 kDa subunits, while the lower parts
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Figure 3. Schematic representation in subunit organization of the extrinsic subunits on the lumenal side of dimeric PS II in higher plants (A,
B) and cyanobacteria (C—F). The location of the extrinsic subunits is indicated by red.

A. and B. Side-view (A) and top-view (B) projection maps of the spinach PS II-LHC II supercomplex obtained by cryo-EM and 3-D reconsti-
tution (Nield et al. 2000b). The contour of the spinach dimeric PS II core complex (Hankamer et al. 1999) is overlaid.

C. and D. Side-view (C) and top-view (D) projection maps of cyanobacterial dimeric PS II core complex obtained by X-ray crystallography.
The coordinates are taken from Protein Data Bank, code 1FE1 (Zouni et al. 2001) and 11ZL (Kamiya and Shen 2003). The Ca backbone of
the 33 kDa and cyt c55¢ (dark red) and 12 kDa subunits (dark green) are indicated. The underlying transmembrane «-helices are represented
by columns and the assignment of individual proteins are depicted in different colours (D1, yellow; D2 orange; CP47, green; CP43, blue; cyt
bss9, purple; unidentified helices, grey).

E. Side-view projection contours of negatively stained cyanobacterial PS II core complex obtained by EM and single particle analysis (Kiihl et
al. 1999).

F. Top-view projection contours of cyanobacterial PS II core complex obtained by cryo-EM and 3-D reconstitution (Nield et al. 2000a).

Note the differences in the organization of the OEC subunits between the data obtained from X-ray and 3-D single particle image reconstruction
(D and F). On the other hand, the data from single particle analysis of the side-view projection (E) indicates the position of the cyt c550 to that

obtained by X-ray crystallography. See text for details. The scale bar measures 10 nm.

of outer protrusions have been assigned to the cyt cs50
subunits (Kiihl et al. 1999). From the observation that
the 12 kDa subunit can only bind to PS II in the pres-
ence of both 33 kDa and cyt c550 subunits (Shen and
Inoue 1993; Shen et al. 1997), the upper part of the
outer protrusions was suggested to be occupied by the
12 kDa subunit.

A 3-D reconstruction of cyanobacterial dimeric PS
II complex revealed the OEC subunits as a tetrameric
particle extending to 2.5 nm above the lumenal surface
(Nield et al. 2000a). Two protrusions have been as-
signed to the 33 kDa subunit whereas the latter ones to
the cyt c550/12-kDa subunits (Figure 3F). The similar-
ities in the arrangements of cyanobacterial and higher
plant OEC subunits led authors to the conclusion that
structural pattern of the OEC proteins seems to be a
basic structural feature of the PS II core complex and
is conserved among the higher plants, green algae and
cyanobacteria (Nield et al. 2000a).

Recently, structural data derived from the X-ray
diffraction analysis of the PS II crystal have revealed
the position of the 33 kDa, cyt ¢550 (Zouni et al. 2001)
and 12 kDa subunits (Kamiya and Shen 2003). Top-
view projection map of the dimeric PS II core complex
indicates the 33 kDa protein located towards the N-

terminus of the D1 protein and lumenal loops of CP47
of the neighboring PS II monomer (Figure 3D). Cyt
cs50 1s situated close to the shorter edge of the com-
plex over lumenal loops of CP43 and heterodimeric
cyt bssg (Zouni et al. 2001). The 12 kDa protein is
located between the 33 kDa protein and cyt c550 but
apart from the lumenal surface of the membrane by
approximately 3 nm (Kamiya and Shen 2003).

By comparing X-ray data (Kamiya and Shen 2003)
with 3-D model of negatively stained PS II core com-
plex (Nield et al. 2000a) distinct locations of both 33
kDa and cyt c¢s50 subunits can be observed (compare
Figures 3D and 3F). Although it has been previously
suggested that the location of cyanobacterial 33 kDa
subunit corresponds to that of higher plants (Nield et
al. 2000a), X-ray data located the 33 kDa subunit to an
area where the mass of the higher plant 23/16 kDa sub-
units has been attributed. On the top of that X-ray data
shifted the location of the cyt c¢550 to an outer edge of
the complex (Zouni et al. 2001). However, the arrange-
ment of cyanobacterial OEC subunits in the crystals
well corresponds to the results of Kiihl et al. (1999).
The side-view projection map of cyanobacterial PS II
core complex revealed two cyt c¢s559 protrusions with
the distance of 14 nm which is in a good agreement
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with the location of the cyt c¢550 subunits in the crystal
at the outer edge of the complex (Figure 3E).

As the 33 kDa extrinsic subunit is a manganese-
stabilizing protein commonly found and highly con-
served (45%) in all oxygenic photosynthetic organ-
isms (see Seidler 1996; Bricker and Frankel 1998), it
would be expected that the subunits have similar struc-
ture and location in both systems. This assumption has
been supported by cross-reconstruction experiments
showing that the 33 kDa protein from Arabidopsis
can bind to PS II from spinach (Betts et al. 1994),
and that it can be exchanged between the cyanobac-
teria and higher plants (Koike and Inoue 1985) as well
as among cyanobacteria, red algae and higher plants
(Enami et al. 2000). On the other hand, it should be
noted that several discrepancies in binding properties
of the extrinsic components exits. A PsbO™ mutant
of Synechocystis 6803 can grow photoautotrophically
(Mayes et al. 1991; Philbrick et al. 1991) whereas
in identical mutant of Ch. reinhardti was inhibited
in photoautotrophic growth (Mayfield et al. 1987). In
contrast to higher plant where NaCl-wash effectively
releases the 16 and 23 kDa proteins (Kuwabara and
Murata 1982) cyanobacterial subunits are not dissoci-
ated from PS II by NaCl treatment (Shen et al. 1992;
Enami et al. 1995). The 23 kDa protein of higher
plants can bind to the PS II core complex only in the
presence of 33 kDa protein (Andersson et al. 1984)
whereas the cyanobacterial cyt cs59 can bind to PS 11
by itself (Shen and Inoue 1993; Shen et al. 1995). The
absence of 23 and 16 kDa subunits in higher plants can
be substituted by Ca>* and C1~ ions (see Debus 1992).
This is different from what was seen in cyanobacterial
PS II where the absence or presence of cyt cs50 and the
12-kDa protein does not have a direct correlation with
the requirement of Ca’* and CI~ for oxygen evolution
(Shen and Inoue 1993; Shen et al. 1997).

Distinct location of the 33 kDa subunits is also in
agreement with a cross-linking data indicating close
vicinity to the CP47 and the D1/D2 heterodimer (see
Seidler 1996; Bricker and Frankel 1998). Although it
has been accepted that the 33 kDa subunit is bound
to only one reaction center of PS II, the X-ray struc-
tural model (Zouni et al. 2001) does not exclude the
possibility that part of the 33 kDa protein can bind the
CP47 in the other monomer unit within the dimeric PS
II (Figure 3D).

The possible explanation for the distinct arrange-
ment of the OEC subunits between the cyanobacteria
and higher plants should be outlined. The eukaryotic
red algal PS II complex contains, in addition to three

cyanobacterial extrinsic proteins, a 20 kDa protein
which is found neither in cyanobacterial nor in higher
plants (Enami et al. 1995). Enami et al. (1998) pro-
posed hypothesis that during evolution of the OEC
from prokaryotic cyanobacteria to eukaryotic red al-
gae, cyt ¢ss5o was changed so that it can no longer bind
to PS Il itself. Concomitant with this, the 20 kDa pro-
tein was newly developed in order to keep binding of
the cyt cs50 to PS II complex. During evolution from
the red algae to higher plants, however, cyt c550 was
replaced by the 23 kDa protein which does not require
the 20 kDa protein for binding (Enami et al. 1998).
These changes could have resulted in a different organ-
ization of the OEC polypeptides at the lumenal side of
PSII.

Conclusion

Electron microscopy is a powerful technique to study
the structure of proteins and membranes at a low-
and high-resolution. Low-resolution data are obtained
by application of freeze-fracture/etching techniques
and/or negative staining with single particle analysis.
These methods give us useful information on the
overall size and distribution of the PS II and LHC
IT complexes within the thylakoid membrane. 2-D
cryo-electron crystallography approach has been also
shown to provide high-resolution structural data. EM
analysis of 2-D crystals has revealed a 3-D model
of LHC II complex (Kiihlbrandt et al. 1994) and re-
cently the PS II core complex (Hankamer et al. 2001b).
Electron crystallography provides structural informa-
tion of PS II that are very consistent with the data
derived by X-ray crystallography of 3-D crystals. In
conclusion, combination of EM techniques with X-ray
crystallography could contribute to the understanding
of not only the structural properties of PS II but also
to its interactions with other photosynthetic complexes
within the thylakoid membrane of higher plants and
cyanobacteria.
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