micron

www.elsevier.com/locate/micron

&5

ELSEVIER Micron 36 (2005) 483-502

Review

Microscopy and single molecule detection in photosynthesis

Frantisek Vacha®®™*, Ladislav Bumba®', David Kaftan®®, Martin Vacha®

Anstitute of Physical Biology, University of South Bohemia, Branisovska 31, 370 05 Ceske Budejovice, Czech Republic
PInstitute of Plant Molecular Biology, Academy of Sciences of the Czech Republic, Branisovska 31, 370 05 Ceske Budejovice, Czech Republic
CInstitute of Landscape Ecology, Academy of Sciences of the Czech Republic, Zamek136, 373 33 Nove Hrady, Czech Republic
dDepartment of Organic and Polymeric Materials, Tokyo Institute of Technology, Ookayama 2-12-1-S8, Meguro-ku, Tokyo 152-8552, Japan

Received 28 February 2005; revised 18 April 2005; accepted 19 April 2005

Abstract

Progress in various fields of microscopy techniques brought up enormous possibilities to study the photosynthesis down to the level of
individual pigment—protein complexes. The aim of this review is to present recent developments in the photosynthesis research obtained
using such highly advanced techniques. Three areas of microscopy techniques covering optical microscopy, electron microscopy and
scanning probe microscopy are reviewed. Whereas the electron microscopy and scanning probe microscopy are used in photosynthesis
mainly for structural studies of photosynthetic pigment—protein complexes, the optical microscopy is used also for functional studies.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Microscopy techniques were, from their very beginnings, oo
one of the most frequently used techniques in plant research. [0
In the past, the application was limited mainly to the light Green sulphur M
microscopy for plant anatomy research; however, with the bacteria
progress in this field that has been achieved during the last
century more beneficial studies have appeared. Develop- Prokaryota | Purple bacteria
ment of fluorescence microscopy and confocal microscopy
on the side of optical microscopy methods and electron with wm""‘s“me
microscopy, scanning probe microscopy and other advanced no chloroplast ~
techniques on the side of the non-optical microscopy -
methods has boosted the research to higher and higher Cyanobacteria :.i
resolutions ending up at the level of single molecules. A——
Photosynthesis is a biological process in which the energy (prochlorophyta)
of light radiation is converted into the energy of chemical
bonds. Primary processes of photosynthesis take place in
pigment—protein complexes of thylakoid membranes of plant
or algae chloroplasts, cyanobacteria and photosynthetic Eukaryota
bacteria. Photosynthetic pigment—protein complexes can be with Rhodophyta
divided according to their function into several groups: light- chloroplasts
harvesting complexes that collect the light energy and Higher plants
transfer it to reaction centres, type I and type II photosystem and algae

complexes with their reaction centres as the sites of primary
processes of energy conversion and various cytochromes that
have mainly a transport role for the electrons released during
the primary processes of charge separation in reaction
centres. Distribution and arrangement of pigment—protein
complexes (photosystems and light-harvesting complexes)
in various types of photosynthetic organisms (bacteria,
cyanobacteria, algae and higher plants) is shown in Fig. 1.
Photosynthetic pigment—protein complexes bear typi-
cally several chlorophyll like molecules (chlorophylls or
bacteriochlorophylls) accompanied by various carotenoids.
Usually, they are constituted as multiprotein complexes that
can be further integrated in multiunit super-complexes and
form larger membrane domains. In chloroplasts, thylakoid
membrane is organised into two different grana and stroma
regions. Stroma regions are characterised as free floating

Fig. 1. Schematic representation of principal pigment—protein complexes of
photosynthetic membranes from photosynthetic bacteria, cyanobacteria,
algae and higher plants. Green sulphur bacteria contain reaction centres of
type I with extra-membrane light-harvesting antennae complexes, chloro-
somes. Purple bacteria contain reaction centres of type II with two major
types of membrane light-harvesting complexes LH1 and LH2. Photosyn-
thetic apparatus of cyanobacteria, red algae (Rhodophyta), green algae and
higher plants consists of photosystem I (PS I), photosystem II (PS II) and
various membrane or extra-membrane light-harvesting antennae
complexes. In this figure, photosynthetic membrane is represented by
black double line coloured in between in auburn. Blue ellipsoids represent
photosystem of type I (PSI, photosystem I; RC I, reaction centre of type I),
dark green ellipsoids represent photosystem of type II (PSII, photosystem
II; RC II, reaction centre of type II), light green ellipsoids represent various
types of membrane light-harvesting complexes. Phycobilisomes, the extra-
membrane light-harvesting complexes are represented by blue and red rods
anchored by light blue spheres, chlorosomes are represented by green-
brown rod.
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membranes, grana are formed by several membranes
stacked together. The distribution of photosynthetic pig-
ment—protein complexes in these two regions is different.
Whereas cytochromes are distributed equally, grana regions
are predominantly formed by photosystem II with its light-
harvesting complexes and stroma regions contain mainly
photosystem I complexes. Thanks to the presence of
chlorophyll like pigments in photosynthetic pigment—
protein complexes these complexes exhibits distinctive
absorption and fluorescence properties in the visible and
near infrared range of the electromagnetic spectrum. This
feature can be utilised in favour of optical microscopy
studies on the level of whole cell or chloroplasts or
individual single pigment—protein complexes or molecules.

2. Optical microscopy

2.1. Wide field and confocal microscopy

Due to its limits in spatial resolution wide field
microscopy was used in photosynthesis research only to
study the plant anatomy or larger entities such as plant
tissues, plant cells or the subcellular structures. However,
with the invention of fluorescence microscopy and single
molecule spectroscopy techniques the wide field
microscopy retrieved its position in the field of super-
resolution techniques as the one for single molecule
detection (see in later chapter).

Confocal microscopy has brought up extended appli-
cations into the field cell biology. Its possibilities for
obtaining high resolution images of very this sections of
biological material and reconstructing them into 3-dimen-
sional architectures of tissues, cells and organelles allow us
to study both the cellular and subcellular structures or
dynamic events. In spite of a great potential of confocal
microscopy, only a few studies have appeared so far using
this technique in photosynthesis research.

Relevant part of the applications of confocal microscopy
in photosynthesis research is oriented in the single molecule
detection and spectroscopy research and is discussed in later
chapter. However, confocal microscopy has also been used
in studies of larger photosynthetic units than single
molecules of protein complexes. It was introduced mainly
as a new methodology to re-evaluate the structure of
chloroplasts in vivo. The fluorescence of chlorophyll
molecules attached to pigment—protein complexes of
photosynthetic apparatus may be used in the confocal
microscopy to study chloroplasts and their ultra-structure.
Along with the structural studies, the work on the origin of
the chloroplast fluorescence as an emission of photosystem
IT pigment—protein complexes located in grana stacks of the
thylakoid membrane was another main application of
confocal microscopy in photosynthesis research (Van
Spronsen et al., 1989; Sarafis, 1998; Hepler and Gunning,

1998; Mehta et al., 1999; Gunning and Schwartz, 1999;
Osmond et al., 1999; Vacha et al., 2000).

Confocal microscopy has been also used to study diverse
distribution of photosynthetic pigment—protein complexes
in different cells of C4 plants of chloroplast thylakoid
membranes (Pfundel and Neubohn, 1999). Near-field
scanning fluorescence microscopy has been used to study
fluorescence lifetimes of photosynthetic membranes of
Chlamydomonas reinhardtii deficient in both Photosystem
I and Photosystem II with picosecond resolution on
nanometer scales (Dunn et al., 1994). Later, aperture-less
scanning near-field microscope with femtosecond pulse
exciation has been used to image photosynthetic membranes
via two-photon absorption (Sanchez et al., 1999).

2.2. Principles in single molecule detection
and spectroscopy

Current microscopic techniques allow fluorescence
detection and fluorescence spectroscopy of single organic
molecules, macromolecules, semiconductor nanocrystals
and biological complexes. The methods are based on spatial
isolation of individual objects in extremely diluted samples
where neighbor-to-neighbor distances exceed the diffraction
limit. Alternatively, samples may be cooled down to
cryogenic temperatures and individual molecules can be
isolated spectrally. In any case, high numerical aperture
collection optics and sensitive detectors combined in wide-
field fluorescence microscopy, scanning confocal
microscopy or near-field scanning probe microscopies are
the necessary tools for optical studies at single molecule
levels. A recent review of this rapidly expanding field has
been written by Kulzer and Orrit (2004).

Single molecule detection offers several ways to over-
come the diffraction limit in determining and tracking the
spatial position of individual objects. They are based on the
fact that the centre of a diffraction-limited image (point-
spread function) produced by a point-like emission source
can be theoretically measured with unlimited accuracy. The
practically achieved accuracy depends on the signal-to-
noise ratio, number of pixels of the detector and overall
stability of the apparatus. In one of the early studies, lateral
accuracy of 30 nm with time resolution of 5 ms has been
demonstrated (Schmidt et al., 1996). Very recently, the
technique has been improved to distinguish steps in
molecular motion as small as 1.5 nm, and used to study
the mechanism of myosin (Yildiz et al., 2003) and kinesin
(Yildiz et al., 2004) mobilities.

Apart from following the position of a single molecule, it
has been also possible to co-localize several molecules
within the same diffraction-limited spot by measuring the
changes in the image pattern produced by discrete
photobleaching of individual chromophores. Gordon et al.,
2004, demonstrated reliable localization of two molecules
separated by 10-20 nm long DNA strands, while Qu et al.
(2004) managed to co-localize up to five molecules with
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<10 nm resolution. These techniques are potentially
important in the study of biological processes as they
bridge the gap between distances measurable by resonant
energy transfer (<10nm) and the diffraction-limited
resolution (>200 nm).

Co-localization based on photobleaching is somewhat
limited by the necessity of observing the right sequence of
photobleaching events, and by the complexity of the
diffraction limited image with increasing number of
molecules within the measured spot. These difficulties can
be overcome at low temperatures by making use of the
extremely sharp absorption lines of individual molecules at
temperatures of liquid helium. Molecules localized in the
same diffraction spot can be then separated spectrally, and
each molecule is associated with an unperturbed image. In
such measurements the number of molecules that can be
localized within the diffraction spot is limited mainly by the
ratio of inhomogeneous-to-homogeneous linewidths, and
might theoretically reach hundreds to thousands. In the
pioneering experiments, co-localization of seven molecules
in three-dimensional space has been demonstrated (Van
Oijen et al., 1998a, 1999a).

Conventional polarization microscopy measures projec-
tion of orientation angles into the object plane. With the
progress of single molecule detection methodology, several
techniques have been introduced that enable the determi-
nation of full 3-dimensional orientation of molecular
transition dipole moments with accuracy of a few degrees.
The orientation can be probed either via absorption or
emission dipole moments. Apart from the special case of
chromophores with high symmetry, such as semiconductor
nanocrystals, where the orientation determination is
straightforward (Empedocles et al., 1999), the methods for
3-dimensional orientation are based either on scanning or
wide-field imaging microscopic techniques. The scanning
techniques have in common the interaction of the molecular
dipole moment with a characteristic and well-defined
electric field profile in the focus of the microscope. The
profile can be produced by annular illumination (Sick et al.,
2000), by radial polarization of the excitation beam
(Novotny et al., 2001) or by phase plate and amplitude
mask modulation (Azoulay et al., 2001). A characteristic
field profile which can be used for 3-dimensional orientation
measurement is also present in the vicinity of a scanning tip
in near-field scanning microscopy (Betzig and Chichester,
1993). An alternative approach towards the non-imaging
techniques is the use of split excitation with four different
polarizations combined with two orthogonally polarized
detection paths. This technique has been recently used to
study structural dynamics of single molecules of myosin V
(Forkey et al., 2003).

One way to obtain the 3-dimensional orientations in the
imaging methods is to fit defocused fluorescence images
measured with a reflection objective lens at low tempera-
tures (Sepiol et al., 1997), or by fitting aberrated
fluorescence images in total internal reflection microscopy

(Bartko and Dickson, 1999). Molecular dipole orientations
can be also measured by fluorescence imaging using a
combination of polarization modulated far and near-field
excitation (Vacha and Kotani, 2003), by imaging emission
patterns in the back focal plane of a high N.A. objective
(Lieb et al., 2004) or by single molecule ‘tomography’ using
five different directions of linearly polarized excitation light
(Prummer et al., 2003). A theoretical account proposing the
use of three detectors to measure fluorescence anisotropy
and thus determining rapidly the dipole orientations has also
been published (Fourkas, 2001).

2.3. Single molecule detection and spectroscopy
in photosynthesis

Single molecule spectroscopy offers a unique possibility
to study those photophysical processes and function related
properties of photosynthetic systems that are otherwise
hidden in the ensemble average. Below are reviewed the
main results obtained in the past decade.

2.3.1. Bacterial light-harvesting complexes (LH2 and LH1)

By far the most studied photosynthetic units are light-
harvesting complexes of purple photosynthetic bacteria.
This is mainly because their structure has been known from
crystallographic experiments for some time now, and it is
thus possible to relate the well defined structural infor-
mation with the expected spectroscopic and functional
properties.

The light-harvesting 2 complex (LH2) of the purple
bacterium Rhodopseudomonas acidophila consists of 27
bacteriochlorophyll a (BChl a) molecules that form two ring
shaped sub-structures, B800 and B850, situated on top of
each other. The B850 ring consists of 18 strongly interacting
BChl a molecules arranged face-to-face and parallel to the
symmetry axis of the complex. The nine BChl molecules in
the B80O ring lie perpendicular to the symmetry axis. Light
absorbed by the B800 ring is rapidly transferred (within 1 ps
at room temperature) to the B850 ring. Photobleaching
study of individual LH2 immobilized on charged surfaces at
room temperature confirmed the strong interaction within
the B850 ring (Bopp et al., 1997) as photobleaching of a
single BChl a molecule within the ring led to complete
quenching or the ring fluorescence. Polarization study on
the same system revealed a breakdown of the ring circular
symmetry on charged surfaces, with the resulting ellipticity
fluctuating on the scale of seconds (Bopp et al., 1999).

A variety of spectroscopic information can be obtained
by cooling the samples down to temperatures of liquid
helium where homogeneous broadening of absorption and
emission lines is strongly suppressed. The first experiments
on B800 rings revealed sharp absorption lines attributable to
single BChl a molecules within the ring, and heterogeneities
between individual complexes (Van Oijen et al., 1998b).
Further detailed studies on the B80O yielded the amount of
disorder within the ring and time fluctuations of this
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disorder. It was further shown that electronic energy is
efficiently transferred between individual pigments within
the ring (Van Oijen et al., 2000). In contrast to the B800
ring, the strong coupling between the BChl a molecules in
the B850 ring leads to complete delocalization of the
excitation over the whole ring (Fig. 2). This phenomenon is
nicely manifested in the observation of several well-
resolved broad spectral bands corresponding to different
excitonic transitions (Van Oijen et al., 1999b). The spectra
allow for distinction between random intra- and intermole-
cular disorder, and indicate that an additional systematic
elliptic deformation must be taken into consideration to
account for the observed spectral features (Ketelaars et al.,
2001). Further insights into the dynamics of the disorder
within the B850 ring has been obtained by measuring
polarization of the fluorescence emission in a temperature
range between 7 K and room temperature (Tietz et al., 1999,
2000).

The light-harvesting 2 complex of Rhodospirillum
molischianum contains 24 BChl a molecules, eight of
which are arranged in a planar B80O ring, similar in
structure to that of Rhodopseudomonas acidophila. Orien-
tations of the transition dipole moments of individual BChl

. FVaNIAN
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Fig. 2. (A) Wide-field fluorescence image of a 35X 25 pm? region of a
polymer film doped with outer light harvesting complex (LH2) of
Rhodopseudomonas acidophila. The illumination wavelength is 798 nm
at an intensity of 125 W/ecm?® The fluorescence at A=890+ 10 nm is
detected with an intensified CCD camera after passing suitable filters. The
black dots represent single LH2 complexes in resonance with the excitation
(Van Oijen et al., 1998b). (B) Comparison of fluorescence-excitation
spectra for an ensemble antennae complexes LH2 (top trace) and two
individual LH2 complexes at the temperature of 1.2 K. The spectra are
offset for clarity (Ketelaars et al., 2001). (C) Geometrical arrangement of
the 27 bacteriochlorophyll molecules (BChl a) of the antennae complex
LH2 of purple bacteria R. acidophila obtained by X-ray crystallography.
The BChl a molecules form two rings with different function and
properties. The BChl a molecules absorbing at 800 nm (B800) are depicted
in blue, BChl a molecules absorbing at 850 nm (B850) are red. The phytol
chains of the BChl a molecules are omitted for clarity (Ketelaars et al.,
2001).

a measured within the B80O ring provided information on
the strength of intermolecular intra-ring coupling and its
spatial and temporal heterogeneities (Hofmann et al.,
2003a). Detailed study of the temporal changes in the
positions of absorption lines of individual molecules in
the B80O ring reveal part of the energy landscape of
the surrounding proteins. Three hierarchical energy levels
and the corresponding characteristic fluctuation timescales
have been observed (Hofmann et al., 2003b).

In contrast to LH-2 complex, the structure of the light-
harvesting-1 (LH1) complex has only been studied with
medium resolution. It is believed that various bacterial
strains contain between 23 and 32 BChl a molecules
arranged in a symmetric circular pattern. Low temperature
excitation spectra of single LH-1 complexes of Rhodopseu-
domonas acidophila provided evidence for strong coupling
between individual BChl a molecules, similar to that in the
B850 ring of LH-2. Unlike LH-2, the spectra of LH-1
showed large variations in the number of spectral bands,
their widths and polarization (Ketelaars et al., 2002). For the
LH-1 complex of Rhodospirillum rubrum it has been shown
that the distribution of conformational states in membrane-
reconstituted complexes is much narrower than that for
corresponding complexes solubilized in a detergent (Gerken
et al., 2003a). Similarly, it has been found that interaction of
the LH-1 complex with reaction center leads to stabilization
of the circular symmetry of the structure (Gerken et al.,
2003b).

Finally, the process of energy transfer from LH2 to LHI
has been studied in single photosynthetic units of the
bacterium Rhodobacter sphaeroides, consisting of LH2,
LH1 and reaction center. The results indicate that these
constituents self-aggregate into stable formations in deter-
gent suspension (Hofmann et al., 2003c).

2.3.2. Light-harvesting complexes of cyanobacteria

Phycobilisomes, the light-harvesting structures of
cyanobacteria and red algae, contain several types of
pigments—protein complexes, most often phycocyanins,
allophycocyanins and phycoerythrins. In an early work,
photobleaching of single B-phycoerythrin molecules con-
taining 34 bilin chromophores in solution has revealed that
photolysis of the complex occurs in a single step and that the
B-phycoerythrin molecule behaves as a single quantum
system rather than a collection of 34 independent chromo-
phores (Wu et al., 1996). Energy transfer within single
monomers of phycoerythrocyanin has also been studied and
a dark state responsible for the observed blinking behavior
has been identified (Zehetmayer et al., 2002, 2004).
Polarized excitation of fluorescence of single allophyco-
cyanin trimers, molecules with a three-fold symmetry, led to
the observation of independent photobleaching of individual
monomers. It has been suggested that two-photon mechan-
ism involving exciton—exciton annihilation is responsible
for the generation of exciton traps and for photobleaching
(Ying and Xie, 1998).
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2.3.3. Photosystem I and Il pigment—protein complexes (PSI
and PSII)

Single molecule studies on pigment—protein complexes
of Photosystems I and II of higher plants and cyanobacteria
have been rare so far, a fact that might be related to the lack
of structural data and to the relative difficulty in detecting
the main pigments in these systems, chlorophyll a (Chl a)
and chlorophyll b (Chl b) on single molecule level. Energy
transfer within the core antenna complex and from this
complex to the reaction center of Photosystem I of
Synechococcus elongatus has been studied on single entity
level by temperature activated fluorescence quenching and
low temperature spectroscopy (Jelezko et al., 2000). Study
of monomeric and trimeric forms of light-harvesting
complex II (LHCII) of higher plants revealed a distortion
of the three-fold symmetry in the LHCII trimers and
indicated weak interaction between the respective mono-
meric units (Tietz et al., 2001). Differences in the
photobleaching and polarization characteristics have also
been observed between native and mutated forms of the
LHCII trimers (Gerken et al., 2002).

2.3.4. Light-harvesting chlorosomes of green bacteria

Supramolecular light-harvesting complexes (chloro-
somes) of green sulfur bacteria are comprised of hundreds
of molecules of bacteriochlorophyll ¢ (BChl c) self-
assembled into lamela-like structures (Psencik et al.,
2004). Spectroscopy at room temperature of single chloro-
somes of the bacterium Chloroflexus aurantiacus showed
broad emission bands that change very little from chloro-
some to chlorosome (Saga et al., 2002a). In contrast,
emission spectra from individual chlorosomes of the
bacterium Chlorobium tepidum vary considerably in peak
position and widths. The differences have been ascribed to
slightly different forms of the BChl ¢ pigments present in
both bacteria (Saga et al., 2002b).

3. Electron microscopy

Electron microscopy (EM) is widely used technique for
studying the biological structures at resolutions spanning
from molecular to near atomic. When applied to proteins,
EM cannot compete with X-ray or NMR techniques in terms
of resolution but it is very useful for studying the structure
and function of individual macromolecules, their oligomers
and supramolecular assemblies. EM is also of great value in
time-resolved studies, in analysis of different functional
states, and in studying conformational flexibility in large
complexes.

Imaging of biological objects in an electron microscope
is similar in many ways to the imaging in a light
microscope. The key differences in a technology of electron
microscopic imaging are that the interacting radiation is
composed by electrons instead of photons, and that the
lenses are magnetic instead of optical. The resolution of

the transmission electron microscope is about 1 A, much
lower than the value of 0.04 A that imply from the
wavelength of electrons. It is restricted by a small aperture
size needed because of aberrations in the electromagnetic
lenses. Small apertures give a large depth of field that
produces images of a two-dimensional (2D) projection from
a 3D structure of the observed specimen. The structure can
be then recovered from a set of projections from different
view directions by tomographic reconstruction (Saibil,
2000).

The main difficulties in imaging macromolecules are
radiation sensitivity, specimen movement in the electron
beam and low contrast. These effects have so far limited the
resolution of macromolecular imaging to about 3 A in the
best cases. Since electron micrographs of biological
molecules are very noisy, substantial improvement of
image quality can be obtained by averaging of individual
projections (Subramaniam and Milne, 2004). Averaging
procedures can be divided into crystallographic and non-
crystallographic methods and both were employed in
structural studies of photosynthetic membrane protein
complexes. Crystallographic methods are based on analysis
of 2D crystals of rather small proteins and have the potential
to solve structures to the atomic resolution. Non-crystallo-
graphic methods use averaging of single particle projections
with a resolution limit that is restricted to about 10-25 A
(single particle analysis).

The specimen preparation method is one of the factors
that strongly determine the resolution. Purified photosyn-
thetic complexes are very volatile and, in addition,
extensive detergent treatment or time exposure usually
cause the dissociation of a part of the complex, for example
in protein complexes known as peripheral light-harvesting
antennae. Furthermore, some of the proteins themselves are
intrinsically unstable, for example the D1 protein of
Photosystem II complex has a half-life of approximately
30 min in moderate light (Barber and Andersson, 1992).

The proteins are composed of light atoms (C, H, O, N,
etc.) that scatter electrons weakly, producing images with
low contrast. Negative staining with heavy atom salts, such
as uranyl acetate, is a simple technique to improve the
contrast (Boekema, 1991; Harris and Scheffler, 2002).
Sample is placed on carbon coated EM grid that may have
been glow-discharged to improve the hydrophilicity of the
carbon film and, therefore, increase the quality of specimen
adhesion to the grid. Negative stain surrounds the molecules
and space cavities within the protein but it does not
penetrate the protein interior. As a result, the negative
staining shows with a good contrast only the protein surface
with a maximal resolution limited to about 15 A.

Cryo-electron microscopy (cryo-EM) is a high-resol-
ution imaging technique that is particularly appropriate
for the structural determination at atomic resolution
(Henderson, 2004). In cryo-EM, sample is embedded in a
thin layer of vitreous ice formed by rapid freezing of the
sample in liquid ethane. The major advantages of cryo-EM
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lie in imaging of macromolecules in their native state as
well as protecting them from damage by the electron beam.
Moreover, the contrast directly originates from protein
density rather than from surrounding stain and it allows
structure determination to a sufficient resolution up to 3.5 A
To enhance the contrast of the sample in cryo-EM a cryo-
negative stain sample preparation method has been recently
introduced (Adrian et al., 1998).

3.1. Electron crystallography

Unlike X-ray crystallography, which typically requires
large 3D crystals, electron microscopy is ideally suited to
study 2D crystalline objects. This makes electron crystallo-
graphy particularly powerful technique when applied to
structural studies of membrane proteins (Walz and Grigor-
ieff, 1998). One of the limits of the structure determination
at high resolution is the production of the well-ordered and
large 2D crystals. Unlike the bacteriorhodopsin that forms
regular 2D arrays in vivo within the native membranes
(Unwin and Henderson, 1975) 2D crystals of most of
membrane proteins must be introduced artificially by
incubating proteins with a lipid detergent mixture and
subsequent removal of detergent either by dialysis or
hydrophobic adsorption (Kiihlbrandt, 1992; Rigaud et al.,
2000; Mosser, 2001). Recorded images and electron
diffraction patterns are computationally processed and the
resulting data merged into a final 3D map of the protein.

The essential principles of electron crystallography
techniques came from the analyses of 2D crystals of
bacteriorhodopsin, a light-driven proton pump from cyto-
plasmatic membrane of extreme halophyte purple bacterium
Halobacterium salinarium. The atomic structure of bacter-
iorhodopsin was first determined by electron crystallo-
graphy to 3.5 A (Henderson et al., 1990) and subsequently
refined to 3 A resolution (Grigorieff et al., 1996).

The plant light-harvesting complex is another example of
an atomic model that has been built entirely on the basis of
electron crystallographic analysis at 3.4 A resolution
(Kiihlbrandt et al., 1994). The model gave a more detailed
structural picture of LHCII and became one of the most
important features in photosynthetic research in the last ten
years. Recently, the structure of spinach LHCII at higher
resolution was determined by using X-ray crystallography at
2.72 A resolution (Liu et al., 2004).

3.1.1. Photosystem I (PSI)

The 2D crystals of spinach PSI were produced by partial
detergent treatment of thylakoid membranes giving the
projection map of the higher plant PSI complex at about
25 A resolution (Kitmitto et al., 1998). The projection
structure showed the overall shape of the complex with high
density domain (‘ridge’) on the stromal side that was
assigned to contain the extrinsic polypeptides. The recent
studies on 2D crystals of higher plant PSI have also revealed
the binding sites of mobile electron carriers such as

ferredoxin (Ruffle et al., 2000) and plastocyanin (Ruffle
et al., 2002). Recently, X-ray structure at 4.4 A for higher
plant PSI complex from pea (Pisum sativum) has been
reported (Ben-Shem et al., 2003).

In contrast to the higher plants, more structural studies
were done on the more robust cyanobacterial PSI complex.
Both 2D and 3D crystals of the cyanobacterial PSI complex
have been reported in the last 15 years. The first 2D crystals
of cyanobacterial PS I were investigated by Ford et al.,
1990. This and further work on 2D crystals of PS I from
cyanobacteria unraveled the common molecular shape of
the trimeric cyanobacterial PS I complex (Bottcher et al.,
1992). Later studies on 2D crystals of monomeric PSI have
yielded a 3D map to 8 A resolution (Karrasch et al., 1996).
However, much earlier the 3D structure of PSI was
determined to the resolution of 6 A by X-ray crystallo-
graphy (Krauss et al., 1993) and recently the structure of
cyanobacterial PSI complex was resolved to 2.5 A resol-
ution with the same technique (Jordan et al., 2001).

3.1.2. Photosystem II (PSII)

Many reports concerning 2D crystallography of PSII
have been published and recently reviewed by Bumba and
Vacha (2003). Generally, three approaches were employed
for structural analysis of PSII 2D crystals: (i) analysis of the
PSII crystalline arrays in the native thylakoid membrane,
(i1) in situ crystallization procedures including detergent-
induced delipidation of PSII-enriched membranes, and (iii)
reconstitution of isolated PSII complexes with thylakoid
lipids.

Electron micrographs of isolated granal membrane
regions enriched in PSII complexes showed that PSII
particles can be organized in 2D arrays (e.g. Stachelin,
1976; Stoylova et al., 2000; Ford et al., 2002). Analysis of
the 2D crystalline areas have provided structural details
about the organization of PSII and LHCII complexes in
grana membranes. The lattice parameters slightly varied
among the reports, but single unit cell showed significant
similarities. The unit cell contained dimeric PSII with
relatively large stain density areas that were attributed to
include the light-harvesting proteins (Fig. 3). These data
suggested that the basic unit contains dimeric PSII
associated with two or three additional trimeric LHCII in
spinach (Boekema et al., 2000a) or four LHC trimers in
Arabidopsis thaliana (Yakushevska et al., 2001).

2D crystals of PSII were also induced by a detergent
treatment of thylakoid membranes. Detergents preferen-
tially solubilise non-stacked stromal regions of the mem-
brane leaving grana membranes intact. The formation of the
2D crystals involves dissociation of LHCII from PSII to
separate areas, specific associations between the PSII
complexes, and gradual depletion of lipid molecules.
Many different types of PSII 2D crystals have been obtained
using a variety of detergents and analysed by both
negatively stained preparations (Bassi et al., 1989; Santini
et al., 1994; Ford et al., 1995; Marr et al., 1996; Lyon, 1998)
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Fig. 3. Image analysis of the ordered supermolecular organization of Photosystem II complex with associated light-harvesting antenna (LHCII) in isolated
thylakoid membrane fragments of Arabidopsis thaliana. (A) The sum of 450 images from plants with indicated unit cell or repeating motif (Yakushevska et al.,
2001). (B) Contour version of the image with proposed position of various types of major trimeric LHCII complexes (S, M, L), and minor chlorophyll protein

(CP) antennae CP29, CP26, and CP24 subunits. The scale bar is 20 nm.

or imaged under cryo conditions (Stoylova et al., 1997; Ford
et al., 2002). Unfortunately, low resolution only shows that
the unit cells contain dimeric PSII complex.

High resolution structural data of PSII have been
obtained through the analyses of 2D crystals of purified
PSII complexes. 2D crystals of spinach PSII subcomplex
have been prepared by several groups (Dekker et al., 1990;
Mayanagi et al., 1998). The crystals were analysed after
negative staining and 3D models were constructed at a
resolution of about 20 A. Further improvement in crystal
formation and the use of cryo-EM resulted in a 3D
projection map of this subcomplex at 8 A resolution (Rhee
et al., 1998). This work revealed for the first time the
organization of the transmembrane helices of the PSII
complex protein subunits. Recently, a 3D structure of PSII
core dimer from spinach has been reported at a resolution of
about 10 A (Hankamer et al., 2001). This 3D model has
provided an overall picture of subunit organization in the
PSII core complex consistent with an X-ray crystallography
structure of cyanobacterial PSII complex (Zouni et al.,
2001; Kamiya and Shen, 2003; Ferreira et al., 2004).

3.2. Single particle analysis

Single particle analysis offers a powerful means of
visualizing the structure and dynamics of large proteins
and macromolecular complexes, which are difficult to
organize into 2D or 3D crystals. The sample is imaged as
individual (single) particle at different orientations in the
plane of the support film. To separate these various
projections, particles are iteratively aligned, treated with
multivariate statistical analysis and classified using a
combination of algorithms before increasing their signal-
to-noise ratio by averaging (Van Heel et al., 2000; Frank,
2002). A variety of methods use different views on the
protein to yield all the information necessary to
reconstruct the molecule (Ruprecht and Nield, 2001).

The advantage of this technique is that it is not necessary
to obtain a highly regular arrangement of the objects.
Moreover, the structures of an extremely broad size range
are suitable for investigation. The lowest theoretical size
limit is at present ~100kDa, determined by the
requirement for accurate aligning of individual particles.

The method has been successfully used to carry out 3D
reconstruction of many large macromolecular assemblies
(e.g. viruses, ribosomes, chaperones) as well as membrane
protein complexes (e.g. mitochondrial complex I by
Grigorieff, 1998). However, the single particle approach
has yielded structures to only medium resolution of about
10A. To bridge the resolution gap between X-ray
crystallography and electron microscopy, a combination of
single particle reconstruction with molecular docking of
known X-ray coordinates of the component structures is a
powerful way to approach the atomic structure of a large
macromolecular complex (Roseman, 2000). Precise local-
ization of individual subunit within the multisubunit
complex can also be achieved by labeling with gold clusters
(Biichel et al., 2001) or difference mapping (Heymann et al.,
2003).

3.2.1. Photosystem I (PSI)

The structural investigations of PS I with electron
microscopy started in the late 1970 s, when Newman and
Sherman (1978) described the first rod-like particles
assigned to PS I in the cyanobacterium Synechococcus
cedrorum. Towards the end of the 1980s, significant
progress has been made in the structural studies of PSI
(Fig. 4). In cyanobacteria, such as the thermophilic
Thermosynechococcus elongatus and mesophilic Synecho-
cystis PCC 6803, single particle analysis revealed that PS I
can occur in two different oligomeric states, a monomeric
and a trimeric form (Boekema et al., 1987; Ford and
Holzenburg, 1988; Rogner et al., 1990). These forms are at
least partly interchangeable and their existence depends on
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Fig. 4. Comparison of top view projection map of a supercomplex of Photosystem I associated with its light harvesting antennae complexes (PSI-LHCI) from
(A and D) green alga C. reinhardtii (Germano et al., 2002); (B and E) trimeric PSI core complex from cyanobacterium Synechocystis PCC 6803 (Kruip et al.,
1993); and (C and F) Pcb—PSI supercomplex from Prochlorothrix hollandica (Bumba et al., 2005). (D-F) The projections of A—C are overlaid with a patterns
of Photosystem I core complex (red) and its light harvesting antenna proteins (green) to indicate their positions. (D) Top view projection map of the
C. reinhardtii PSI-LHCI supercomplex overlaid with a X-ray model of the PSI-LHCI complex from pea bordered with a yellow contour (Ben-Shem et al.,
2003) indicating monomeric PSI core complex (red) with the four tentatively assigned LHCI subunits (dark green). The PSI complex from C. reinhardtii has,
when compared with the PSI from higher plants, additional 6 light-harvesting LHCI subunits (pale green) that have been modelled into the figure after
inspection of the density profile and shape of the projected structure (Germano et al., 2002). (E) Top view projection map of the trimeric PSI complex from
Synechocystis PCC 6803 with superimposed high-resolution X-ray model of the PSI complex from Synechococcus elongatus (Jordan et al., 2001). (F) Top view
projection map of the P. hollandica Pcb—PSI supercomplex overlaid with a high-resolution X-ray model of the cyanobacterial trimeric PSI complex (Jordan
et al., 2001) in the center of the complex (red) surrounded by 18 densities of the PcbC subunits modelled as transmembrane helices of the CP43 protein (green)

of cyanobacterial photosystem II complex (Ferreira et al., 2004). Scale bar indicates 5 nm.

the environmental growth conditions. The trimeric organ-
ization of PS I has been shown for Prochlorothrix
hollandica, an unusual cyanobacterium that contains also
chlorophyll b molecules (Van der Staay et al., 1993). The
side-view projection showed overall height of the complex
with a ridge on the stromal side that was attributed to the
extrinsic proteins. The precise location of these subunits
was conducted by difference mapping of PSI with bound
and without the extrinsic proteins (Kruip et al., 1993). Prior
to the high resolution X-ray structure of PSI (Jordan et al.,
2001), single particle analysis on deletion mutants was also
helpful for the assignment of individual proteins in the PS I
complex (Kruip et al., 1997).

In cyanobacteria, water soluble phycobilisomes act as
peripheral antenna systems for both PSII and PSI under
normal growth conditions. Under conditions of iron
deficiency, a newly synthetized membrane-intrinsic chlor-
ophyll a-binding protein encoded by the isiA gene replaces
phycobilisomes in the peripheral antenna function. Recent
electron microscopy studies revealed that 18 subunits of the
IsiA protein form an antenna ring around the trimeric PSI
core complex of Synechocystis PCC 6803 (Bibby et al.,
2001a) and Synechococcus PCC 7942 (Boekema et al.,
2001b). Similar proteins, known as Pcb, which bind both
chlorophyll a and b molecules have also been found to form
an 18-subunit light-harvesting antenna ring around trimeric

PSI of the prochlorophyte Prochlorococcus marinus SS120
(Bibby et al., 2001b) and Prochlorothrix hollandica (Bumba
et al., 2005).

PSI complex of higher plants and algae is associated
with a peripheral antenna complex known as light-
harvesting complex I (LHCI), belonging to the group of
chlorophyll a/b-binding proteins of the Lhc super-family
(Green and Durnford, 1996). In contrast to cyanobacteria,
single particle analysis of isolated PSI from higher plants
showed only monomeric particles without an apparent
symmetry (Boekema et al., 1990). A comparison of the
projection maps of higher plant PSI complex with
cyanobacterial monomeric particle revealed that LHCI
antennae proteins form a half-moon shaped antenna on one
side of the PSI complex, the same side at which the
peripheral IsiA and Pcb antenna proteins bind in
cyanobacteria and prochlorophytes (Boekema et al.,
2001a). Recent studies of the PSI-LHCI supercomplex
have showed the size and arrangement of the LHCI
antenna system in the green alga Chlamydomonas
reinhardtii (Germano et al., 2002; Kargul et al., 2003).

3.2.2. Photosystem II (PSII)

Since there was a lack of high resolution structural data
of photosystem II for such a long time, the single particle
analysis has played a crucial role in structural studies of this
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Fig. 5. Comparison of top view projection map of dimeric Photosystem II (PSII) complexes. (A and D) PSII complex from red alga Porphyridium cruentum
(Bumba et al., 2004a). (B and E) Supercomplex of Photosystem II with associated major and minor antennae light harvesting proteins (PSII-LHCII) from
spinach (Nield et al., 2000). (C and F) Pcb—PSII supercomplex from prochlorophyte Prochloron didemni (Bibby et al., 2003). (D-F) The projections of A-C are
overlaid with a patterns of Photosystem II core complex (red) and its light harvesting antenna proteins (green) to indicate their positions. (D) Top view
projection map of the dimeric PSII complex from red alga Porphyridium cruentum overlaid with a high-resolution X-ray model of the PSII complex (red) from
cyanobacterium Synechococcus elongatus (Ferreira et al., 2004). (E) Top view projection map of the PSII-LHCII supercomplex from higher plants overlaid
with a high-resolution X-ray model of the dimeric PSII complex (red) in the central region of the supercomplex. The flanking region on each side of the PSII
dimer is attributed to chlorophyll a/b-binding antenna proteins modelled as one trimeric light harvesting complex (LHCII) (bright green) derived from X-ray
data of Liu et al. (2004) and two monomeric chlorophyll protein (CP) antennae, CP29 and CP26 (dark green), that have been proposed as linker proteins
between LHCII trimers and the PSII core complex. (F) Top view projection map of the P. didemni Pcb—PSII supercomplex incorporating the X-ray structures
of the cyanobacterial PSII core dimer (red) (Ferreira et al., 2004). The flanking region accommodates five Pcb proteins along each edge of the dimer (green),

making a total of 10 Pcb subunits per PSII dimer.

complex (Fig. 5). Single particle analysis of PSII has been
dominated by studies of negatively stained specimens and
the results were extensively reviewed in Hankamer et al.
(1997) and recently by Bumba and Vacha (2003). The first
studies concerning PSII structure have been published at the
end of 1980s but a low number of averaged particles did not
allow to recognize structural details (Dekker et al., 1988).
Later, comparative projection maps of PSII core complex
from both thermophilic cyanobacterium (Thermosynecho-
coccus elongatus) and spinach were published (Boekema
et al., 1995). The top-view class averages showed two-fold
symmetry indicating a dimeric organization of the PSII core
complex. The side-view projections showed small protru-
sions on the lumenal side of the complex that were
attributed to the extrinsic proteins of the oxygen-evolving
complex (Kuhl et al., 1999; Bumba et al., 2004a) and
analysis of two core complexes interacting via their tips
hints the possible arrangement of these core complexes
in vivo (Kuhl et al., 1999).

The details of the organization of trimeric and mono-
meric light-harvesting complex (LHCII) around the PSII
core complex were provided by the characterization of a
PSII-LHCII supercomplex (Boekema et al., 1995). Single
particle analysis indicated the dimeric PSII core complex
surrounded by two peripheral antenna structures in

symmetry-related positions, each consisting of one trimeric
and two monomeric LHCII complexes. Biochemical
analysis identified the monomeric LHCII proteins as CP29
and CP26 and the trimeric LHCII as a complex of the Lhcbl
and Lhcb2 gene products. Further studies on the PSII-
LHCII supercomplexes have also increased our knowledge
on the positions of the extrinsic proteins within the
supercomplex (Boekema et al., 1998a) and conformational
changes in the supercomplex upon removal of extrinsic
subunits (Boekema et al., 2000b). Recently, the interaction
of the PSII-LHCII supercomplexes has been studied in
adjacent layers of stacked chloroplast thylakoid membranes
(Bumba et al., 2004b). The use of single particle analysis
with cryo-EM in the PSII field came to a 3D structure of the
higher plant PSII-LHCII supercomplex at a resolution of
24 A (Nield et al., 2000). This structure revealed the
oxygen-evolving complex to have a tetrameric appearance,
almost similar to that indicated in earlier freeze-etch studies
at lower resolution (Seibert et al., 1987).

The associations of additional LHCII trimers to the PSII—
LHCII supercomplex have been studied by a mild detergent
treatment of the PSII-enriched membranes and single
particle analysis (Boekema et al., 1998b; Yakushevska
et al., 2001). These studies have shown trimeric LHCII to be
attached in three different positions, referred to strongly (S),
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moderately (M) and loosely (L) bound LHCII trimers
(Boekema et al., 1999a). Two S-type trimers have been
previously proposed to flank the dimeric PSII complex and
altogether form the PSII-LHCII supercomplex. The latter
two types (M and L) were associated on both sides of the
supercomplex (Boekema et al., 1999b). Recently, location
of the minor antenna proteins, CP26 and CP29, has been
determined using comparison of the wild-type plants with
those of lacking these subunits (Yakushevska et al., 2003).

4. Scanning probe microscopy

The concept of the scanned probe microscope (SPM)
relies on a sharp stylus interacting through the atomic
asperities with a sample; the XYZ piezoelectric transducer
translates the probe over the imaged surface (or vice versa)
at the angstrom to nanometre distance with the sub-
nanometre accuracy. The tip—surface interactions are
monitored during the raster scan allowing for the recon-
struction of the surface topography and/or functional maps
at or near the atomic level. Numerous SPMs based on this
principle have been constructed, including the scanning
tunnelling microscope (STM) (Binnig et al., 1982), atomic
force microscope (AFM) (Binnig et al., 1986) or the
scanning force microscope (SFM), scanning near field
optical microscope (SNOM) (Pohl et al., 1988), scanning
Kelvin probe microscope (SKPM) (Nonnenmacher et al.,
1991) or scanning surface-potential microscope (SSPM),
lateral force microscope (LFM), electric force microscope
(EFM), magnetic force microscope (MFM) and others. This
section reviews the major advancements in those branches
of SPM that provided, within the time span of the recent
decade, high resolution images of the structure and/or
function of the photosynthetic membranes and the isolated
light-harvesting antennae, photosystem complexes and
reaction centres.

4.1. Scanning force microscopy

The SFM measures the forces acting between the
sample’s surface and the probe mounted on a flexible
cantilever. The differential bending of the cantilever is
monitored via optical system granting a force detection limit
of ca. 10pN or else vertical topographic resolution of
0.1 nm; lateral resolution of 1nm has been frequently
attained on reconstituted membrane proteins or even native
membranes. The principles of the SFM techniques have
been recently discussed within the context of their
substantial impact on the advancements in biological
sciences by Myhra (2004), Moreno-Herrero et al. (2004)
and Braga and Ricci (2003), the dynamic atomic force
microscopy has been reviewed in detail by Garcia and Perez
(2002).

By its virtue, the microscope is capable to probe the
nature and magnitude of the interactions involved in

the recognition of the single ligand—-receptor pairs (reviewed
in Zlatanova et al., 2000) as well as probing the
intramolecular interactions (Best et al., 2003). It is the
microscope capacity to operate under aqueous solutions and
the exceptional S/N ratio that has made the SFM the prime
high resolution imaging tool of native membrane proteins
(Mueller et al., 2002). The technique has further gained a
major potential by successfully combining its imaging
modes providing the surface topography with the measure-
ments of local micro elasticity (Shao et al., 1997), light
induced volume changes (Rousso et al., 1997), electron
conductivity (Stamouli et al., 2004), electrostatic potential
(Lee et al., 2000), phosphorylation levels (Liou et al., 2002)
and by being paralleled by SNOM (Dunn et al., 1994;
Trudel et al., 2001) and laser-scanning confocal microscopy
(Gradinaru et al., 2004). The SFM probe has been used also
as a nano-tool, capable of nanomanipulation of biological
molecules and structures (reviewed in Fotiadis et al., 2002).
This approach has been applied in disassembly of PSI super
complexes (Fotiadis et al., 1998), bacterial reaction centre
(Scheuring et al., 2003a) and probe the micro elastic
properties of PSII (Shao et al., 1997).

Bacterial reaction centres with light-harvesting
complexes (RC-LHI1)

The reaction centre (RC) complex in photosynthetic
purple bacteria is made up by the L and M transmembrane
subunits, the extramembrane H subunit at the cytoplasmic
and a tetraheme cytochrome complex (4Hcyt) at the
periplasmic face of the RC. The RC is surrounded by the
LHI ring of 16 off transmembrane apoproteins (Roszak
et al., 2003; Cogdell et al., 2004). The RC-LH1 complexes
have been imaged at high resolution by the contact mode
SFM in liquid only recently. Scheuring et al. (2003a) reports
the lateral dimension of 104X 98 A for the elliptical RC—
LHI complex from Rhodopseudomonas viridis and later
also the 100X 90 A RC-LH1 complexes of Rhodospirillum
photometricum (Scheuring et al., 2004a). Fotiadis et al.
(2004) have resolved the details of the intact RC-LH1
complex of Rhodospirillum rubrum, showing the RC
complex of a total height of 94 A. The position of the RC
within the LH1 complex is clearly non-central in all the
complexes imaged both from the periplasmic face in the
RC-LH1 complexes of Rhodopseudomonas viridis
(Scheuring et al., 2003a) and the Rhodospirillum rubrum
(Fotiadis et al., 2004), as well as the cytoplasmic face in the
RC-LH1-PufX dimers from Rhodobacter sphaeroides
(Siebert et al., 2004) and the RC-LH1 complexes of
Rhodospirillum photometricum (Scheuring et al., 2004a).
The topography of the periplasmic side of the RC-LHI1
complex imaged at a high applied force (200-300 pN)
unveil the strongly asymmetrical X shaped structure of the L
and M subunit surface (Fotiadis et al., 2004). Upon the
nanodissection of the 4Hcyt subunit, the RC protrudes only
14.8+1.3 A above the membrane in Rhodopseudomonas
viridis (Scheuring et al., 2003a), while the RC-LHI1
complexes devoid of the H subunit are completely enclosed
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by the LH1 ring in Rhodospirillum rubrum (Fotiadis et al.,
2004). The imaging of the extramembranal subunits
represents always a challenge as the H subunits were
readily removed from the complexes during the scan
(Siebert et al., 2004). Nevertheless, Fotiadis et al. (2004)
resolved the details of the cytoplasmic face of the intact
RC-LH1 complex of Rhodospirillum rubrum, showing the
H subunit bound asymmetrically to the intact RC complex
protruding 40 £ 3 A above the membrane and reporting the
LHI1 rim to the RC top height difference of 22 +2 A. The
RC-LH1 complex with the H subunit protrudes by 28 +3 A
in Rhodospirillum photometricum (Scheuring et al., 2004a).
Scheuring et al. (2003a) reports 50 A width and 33 A height
of the 4Hcyt—-RC-LH1 complex from Rhodopseudomonas
viridis.

4.1.1. Inner bacterial light-harvesting complexes (LHI)
The hexadecameric ring of the 100 A LHI complex has
been imaged in contact mode SFM, either as a part of the
intact complexes of RC-LHI1 or as the individual LH1
complexes devoid of RC. The periplasmic face of the empty
elliptical LH1 of Rhodopseudomonas viridis has a central
depression of 12.342.1 A. The complex protrudes 6.7+
1.3 A above the membrane, contrasting with the 10.1+
1.4 A protrusion with the RC present. The aff heterodimers
exhibit a left hand twist with a lower peripheral part
(Scheuring et al., 2003a). In the Rhodospirillum rubrum,
LH1 complexes with discernible oe and 3 subunits protrude
1242 A above the periplasmic membrane side and 19 £
2 A above the cytoplasmic side (Fotiadis et al., 2004). The
tapping mode SFM in liquid used by Bahatyrova et al.
(2004) provided high resolution topography of the LH1 2D
crystals of Rhodobacter sphaeroides, lacking long range
crystalline arrays. About 86% of the LHI complexes
protruded with their periplasmic side up by 811 A above
the lipid, the cytoplasmic orientation protruded by 14 £ 1 A,
having a smaller inner diameter. Three major size groups
(116+5.6, 126+5 and 14548 A in diameter) corre-
sponded to the 15, 16 and 18 putative of3 subunits. The
notable heterogeneity in shapes and sizes of the complexes
(41% elliptical, b/a ranging from 0.75 to 0.8 in medium to
large rings, 35% circular, 19% polygonal, 5% open rings)
points to the apparent complex flexibility, that is discussed
in the light of the network of hydrogen bonds stabilising the
a1 B1Bchl, units, including the implications for the shuttling
of the quinone in and out of its Qb site through the LHI
complex. Siebert et al. (2004) reports at least two
populations of LH1 complexes in Rhodobacter sphaeroides:
113 A wide intact RC-LH1 complexes and 134 A rings of
LH1 depleted of RC that may contain up to 18 o;3;Bchl,
subunits. Scheuring et al. (2004b) provided evidence that
the PufX protein drives the dimerisation of the RC-LHI1
complexes of Rhodobacter sphaeroides both in 2D crystals
as well as in the non-crystalline areas of the membranes.

4.1.2. Outer bacterial light-harvesting complexes (LH2)
Contact mode SFM in liquid applying relatively large
forces (up to 200 pN) was employed in imaging of the non-
americ structure of the LH2 complex. In Rubrivivax
gelatinosus, the 54 A ring (b/a=0.95) protrudes 5.6+
0.8 A on the cytoplasmic face. The periplasmic face of the
49 A ring (b/la=0.91) was identified by the decrease of
protrusion from 13.94+1.7t0o 89+1.4 A (volume decreased
from 3300 to 1800 A%) in the thermolysin digested C
terminal extrinsic helical segment of the a-subunit on the
membrane surface (Scheuring et al., 2001). Interestingly,
Scheuring et al. (2003b) shows the 53 A rings of LH2
complexes from Rhodobacter sphaeroides with nine
subunits protruding 13.1 A on the periplasmic face while
at the cytoplasmic side, only four, 3.8 A protruding subunits
are discernable. Stamouli et al. (2003) imaged the 2D
crystals of the 554+2 A rings of LH2 complexes from
Rhodopseudomonas acidophila, protruding 2.1+0.6 A.
Bahatyrova et al. (2004) confirmed the protrusion of
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Fig. 6. High resolution images of photosynthetic pigment protein
complexes. (A—C) Complexes of reaction centres (RC) associated with
their inner (LH1) and outer (LH2) antennae complexes visualised by
scanning force microscopy (SFM) in native membranes of purple bacteria
Rhodobacter sphaeroides (Scheuring et al., 2004b). (A) Raw SFM image
depicts a central RC-LH1 complex surrounded by eight LH2 complexes.
Full colour range is 3 nm. (B) The topography of raw image fitted with the
average structures of RC, LH1 and LH2. (C) Structure of individual units
solved by X-ray crystallography fitted over the actual structure observed by
SFM. Scale bar represents 5 nm. (D) Scanning tunnelling microscopy
(STM) image of a Photosystem II complex (PSII) acquired at 1.5 nA
tunnelling current and 0.2 V bias voltage. Individual pigment protein
complexes of PSII are labelled (CP, chlorophyll proteins; D1/D2, proteins
of the core of reaction centre; EP, extrinsic protein; cyt, cytochrome). The
image size is 180X25 nm. (E) Plot of the tunnelling current measured in
dark (thick line) and under white light (thin line) in a place designated with
a cross in the D image (Lukins, 2000).
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1041 and 541 A for the periplasmic and the cytoplasmic
face of the Rhodobacter sphaeroides LH2 complexes by
tapping mode in liquid. The overall organisation of RC—
LH1-LH2 complex of Rhodobacter sphaeroides is shown in
Fig. 6(A)—(C).

4.1.3. Light-harvesting chlorosomes of green bacteria

The light-harvesting of green photosynthetic bacteria
relies on the self assembling rod elements of Bchl molecules
enclosed by the monogalactosyl diglyceride monolayer.
These supramolecular complexes adjacent to the inner
surface of the cytoplasmatic membrane termed chlorosomes
have been imaged in air by tapping and contact mode SFM
albeit at low resolution. Zhu et al. (1995) imaged surface of
carbon coated chlorosomes of Chloroflexus aurantiacus and
report five-fold increase in chlorosome volume upon the
68 mM hexanol treatment and changes in the shape of 1%
SDS treated chlorosome. Martinez-Planells et al. (2002)
gave valuable biometry data on chlorosomes of five bacteria
and provided solid evidence for the smooth surface of
Chloroflexus aurantiacus, Chloronema sp. and Chlorobium
tepidum chlorosomes contrasting with the rough one in
Chlorobium phaeobacteroides and Chlorobium vibrio-
forme, probably due to the differences in the Csm peptide
and glycolipid composition. Saga et al. (2002) characterised
the sizes and spatial distribution of chlorosomes of
Chloroflexus aurantiacus immobilised for the fluorescence
emission spectroscopy. Montano et al. (2003) calculated
value of 2,15,000 £ 80,000 molecules of Bchl ¢ present in
the single chlorosome of Chlorobium tepidum based on the
volume calculated from the SFM topography combined
with the data from the fluorescence correlation
spectroscopy.

4.1.4. Photosystem II (PSII)

To date, no high resolution topography obtained by SFM
is available for the PSII supercomplex. Images obtained by
contact mode SFM in air of PSII tubular crystals and grana
membranes coated by 3.5 nm titanium are devoid of
substructural details (Lyon et al., 1993). Shao et al. (1997)
imaged spinach PSII in Langmuir-Blodgett films com-
pressed to various pressures by tapping mode in air. Under
the applied force of 300 pN, the PSII appear as blob-like,
250450 A wide particles protruding 5-25 A above the lipid
face. Upon increasing the applied force to 5 nN, the central
cavity of the PSII particles become prominent, concomitant
with the 10 A compression of the face protruding above the

membrane, signifying a PSII force constant of 5 nN nm ™~ '.

4.1.5. Photosystem I (PSI)

Fotiadis et al. (1998) imaged 2D crystals of PSI from
thermophilic cyanobacterium Synechococcus sp. OD24 in
contact mode SFM in liquid. The stromal and lumenal
surfaces of PSI are imaged at high resolution, discerning the
PsaC, D, E stromal side subunits including the estimation of
their mass based on their volume. The tip loaded with

a force of 100 pN sequentially removed the extrinsic
stromal subunits revealing the underlying structural details
of the PSI core. Similarly, PsaF, J were removed from the
lumenal side. The details on the extramembranal loops of
the PSI stroma exposed subunits of the former 4 A
resolution, X-ray diffraction based model are compared
with the AFM images of the PSI.

4.1.6. Light-harvesting complex of photosystem Il (LHCII)
The topography of the rye LHC II reconstituted in a
monocomponent Langmuir—Blodgett film imaged by con-
tact and tapping mode SFM under ambient conditions reveal
structures corresponding to 50-140 monomers of LHC II
organised in a ring like structure 300-500 A in diameter.
The potential to form such structures in the native
membrane raises the possibility for interaction with PSII
dimer and its incorporation at its centre, providing means to
delocalisation and quenching of electronic excitation by
thermal equilibration (Kernen et al., 1998). Gruszecki et al.
(1999) showed 8% increase in surface area of the LB films
containing the rye LHC II complexes imaged by tapping
mode SFM in liquid upon temperature shift from 20 to 27 °C
but the images lack the details that might give clues on the
nature of the thermally induced conformational changes.

4.1.7. Membranes of purple photosynthetic bacteria

Scheuring et al. (2003a) imaged the individual
complexes in Rhodopseudomonas viridis membranes but
paid little attention to the apparent lateral heterogeneity of
the RC-LHI1 complexes. Bahatyrova et al. (2004b) report
domains of linear arrays of the dimeric RC-LH1-PufX
complexes including 10-20 LH2 complexes. These domains
are interconnected by two to three LH2 complexes, but
individual domains of large aggregates of LH2 also exist.
Scheuring et al. (2004b) report the non-random lateral
organisation of the RC-LH1 and LH2 complexes in native
membranes of Rhodospirillum photometricum. The RC—
LH1 domain hosts complexes clustered at high probability,
with the RC-RC distances below 250 A. Second domain is
devoid of RC-LH1 complexes, where LH2 are packed in
hexagonal lattices. Speculation arises that the empty spaces
within the RC domain may host the cytochrome bc, that has
been identified in the SDS/PAGE of the isolated membrane.
The correlation function of the inter-complex distances
shows a dominant 75 A peak for the 2(LH2) in the
hexagonal lattices. The RC-LH1 complex in direct contact
with LH2 corresponds to the 95 A peak, while the distance
of 115A corresponds to the two RC-LH1 complexes in a
direct contact. The 195 A peak signifies a 2(RC-LH1)-LH2
complex, while the strong shoulder at 160 A comes from a
pair of LH2 sandwiched between the two RC-LHI
complexes.

4.1.8. Thylakoid membranes and whole chloroplasts
The native photosynthetic membranes were among the
first biological samples that were imaged with SFM,
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although at low resolution (Azumi et al., 1991). Highly
resolved topography of whole intact de-enveloped chlor-
oplasts were visualised only recently. Kaftan et al. (2002)
imaged the native and glutaraldehyde fixed lettuce chlor-
oplasts by contact and tapping mode in air. Individual
protein complexes identified over the thylakoid surface
were classified according to the apparent shape and
dimensions of their extramembranous protrusions. PSI
was identified as a dominant component of the grana
margins based on the membrane topography and confirmed
by tapping mode SFM in air of the chloroplasts immuno-
logically labelled against the PSI and ATP synthase.
Dynamics of the reversible grana unstacking was assessed
in non-fixed chloroplasts. More recent efforts include low
resolution imaging of spinach thylakoids. Liou et al. (2002)
used contact mode SFM in liquid to create calibrated
differential electrostatic measurements for the time resolved
phosphorylation maps of PSII enriched thylakoid mem-
branes, reporting densities of 0.044 +0.005 P, nm 2. Gra-
dinaru et al. (2004) monitored thylakoids under process of
destacking by tapping mode SFM in air paralleled by laser
two photon confocal microscopy. Kirchhoff et al. (2004)
imaged height steps of the stacked grana membrane and
showed individual PSII particles in the destacked thylakoids
by tapping mode SFM in air.

4.2. Scanning tunnelling microscopy

The fundamental design of the STM includes a sharp
metallic probe that is being raster scanned within a distance
of few angstroms above a conductive sample. This small
distance allows for an effective overlap of the wavefunc-
tions of the tip and the sample. As a result, the tunnelling
current of ~ 1 nA is measured between the sample and the
tip under the applied bias DC voltage (1-2 V). The inherent
high sensitivity of the STM is due the tunnelling current
depending quadratically on a probability density for the
wavefunctions on both sides of the tunnelling gap and,
exponentially on the separation distance. The STM image of
a conductive material thus reveals the surface topography
along with the electronic density of states of the sample at A
lateral and sub A vertical resolution. The technique’s ability
to produce faithful, reproducible images of large, non-
conducting macromolecules is somewhat limited, although
smaller molecules have been imaged in vacuum or at solid—
liquid interface at or near atomic resolution (reviewed in
Ikai, 1996).

The STM studies of the photosynthetic reaction centres
and the light-harvesting complexes have been often limited
by the requirement for the semidry samples to be scanned
under ambient conditions. The low conductance of the
imaged specimens often results in apparent topography
heights that are ca. one order of magnitude lower than
expected. That is why the STM never really attained, the
high-resolution topographies seen in SFM studies. Never-
theless, accurate measurements of the voltage—current (I-V)

curves at high spatial resolution are possible. These
measurements are mostly concerned with distinct changes
in the conductivity of the reaction centres and light-
harvesting complexes under light to dark transition.

4.2.1. Bacterial reaction centres (RC)

The early I-V measurements on individual Rhodobacter
sphaeroides RC complexes by Alekperov et al. (1989)
suggest the presence of a large electric dipole moment.
Facci et al. (1994) measured highly asymmetric -V curves
of the RC from Rhodobacter sphaeroides reconstituted in
LB films. A dominant resonance at a tip-substrate voltage of
3.16 V appeared in the dark whereas no measurable
resonance was detected under 100 W illumination, that
turns the RC in an apparently permanent dipole. The dark-
light transition led to a remarkable change in surface
potentials, that stand 20+ 1 and 344+ 1 mV for the RC
imaged in dark and light, respectively. The -V curves for
the Rhodopseudomonas sphaeroides RC reconstituted in a
lipid bilayer were also highly asymmetric (Stamouli et al.,
2004). In the RC facing with the cytoplasmic side toward
the scanning tip, electron transfer has increased in reverse
bias and remained small in a forward bias. This asymmetry
is being related to the disproportionate forward and
backward electron transfer within the native RC.

4.2.2. Bacterial light-harvesting complex (LH2)

The highly symmetric I-V curves of the reconstituted
LH2 complexes from Rhodopseudomonas acidophila
(Stamouli et al., 2004) were centred at about 0 V. While
the large distance of the supporting surface to bacterio-
chlorophyll molecules rules out their involvement in the
electron transfer pathway, carotenoids, which are present
within the LH2 structure, may potentially play a role in the
electron conduction.

4.2.3. Photosystem II (PSII)

The spinach PS II membrane fragments and PS II core
complexes were imaged at a 3—4 A resolution, that allowed
Lukins and Oates (1998) to assign the individual protein
subunits in the 301X 125 A BBY particles and the 189X
94 A PS II complexes (90+7% were PS II dimmers),
despite the erroneous estimations of the sample height
(Fig. 6(D)). Contrary to the bacterial RC, the PS II I-V
curves were symmetrical at about V=0. In dark, the D1/D2
area of the PS II has a diode-like behaviour with an effective
band-gap of 0.4 eV and an unusually high maximum local
density of states near its surface. Under while light,
photoconduction dramatically increases between —1 and
+1V but shows no change outside this voltage range
(Fig. 6(E)). The detailed model of the conductivity and
photovoltaic behaviour of a single PS II was proposed by
Lukins (2000), relating the energy vibronic bands to the
actual structural elements of the RC. In summary, the RC
acts as a parallel combination of an ideal semiconductor
junction, shunt permanent impedance and delocalised
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conduction. Recently, Lukins and Barton (2003) also
observed localised spatially-coherent electron tunnelling
through single complexes in PS II 2D crystal.

4.2.4. Photosystem I (PSI)

Lee et al. (1995) show images of bare (60X 50+ 1 A, 4 A
height) and lightly platinised (90X70+1 A, 5 A height)
spinach PS I immobilised on gold functionalised by
mercaptoacetic acid. The low height of the particles is
being explained by the very high gap resistance. The -V
curve of the bare PS I has a band gap of 1.8 eV that is
symmetric at 0 V while the lightly platinised PS I behave as
an n-type doped semiconductor. The /-V curves of the PS I
absorbed to the functionalised gold surfaces provide
evidence for the sidedness of the PS I complex under
differing adsorbing conditions (Lee et al., 1997).

4.2.5. Light-harvesting complex of photosystem Il (LHCII)

The LHC II complexes that are adjacent to the spinach
PSII complex were imaged at 4 A resolution by Lukins
(1999). The light activation results in an increase in the
delocalisation of the electrons, but the overall effect is rather
photoconductive than photovoltaic. No evidence is found
for the diode-like behaviour found earlier in the RC.

4.2.6. Whole photosynthetic membranes

The STM images of the membrane fragments isolated
from Rhodospirillum rubrum reveal two distinct domains
illustrating the intrinsic heterogeneity of the native mem-
branes. Regions of ordered, densely packed particles
dominated the membranes, while hexagonally packed
particles spaced by 40 A populated minor but distinct
areas. The I-V curves measured selectively on the ordered
polypeptide structure have an asymmetric shape (Golubok
et al., 1992).

Mainsbridge and Thundat (1991) imaged grana and
stroma lamellae of spinach chloroplasts. Low resolution
images of gold-coated chloroplasts in air and bare
chloroplasts in solution were provided by Dahn et al.
(1992) including the structure on the chloroplast outer
membrane.
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