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Abstract
Despite its enormous complexity, a plant Photosystem I (PSI) is arguably the most efficient nano-photochemical machine in Nature. It
emerged as a homodimeric structure containing several chlorophyll molecules over 3.5 billion years ago, and has perfected its photoelectric
properties ever since. The recently determined structure of plant PSI, which is at the top of the evolutionary tree of this kind of complexes,
provided the first relatively high-resolution structural model of the supercomplex containing a reaction center (RC) and a peripheral antenna
(LHCI) complexes. The RC is highly homologous to that of the cyanobacterial PSI and maintains the position of most transmembrane helices
and chlorophylls during 1.5 years of separate evolution. The LHCI is composed of four nuclear gene products (Lhca1eLhca4) that are unique
among the chlorophyll a/b binding proteins in their pronounced long-wavelength absorbance and their assembly into dimers. In this respect, we
describe structural elements, which establish the biological significance of a plant PSI and discuss structural variance from the cyanobacterial
version. The present comprehensive structural analysis summarizes our current state of knowledge, providing the first glimpse at the architecture
of this highly efficient photochemical machine at the atomic level.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The function of light in the production of basic organic
substances that assembled to the most primitive life form is
not clear [1,2]. However, it is apparent that primitive life forms
could not survive under the high light intensity, provided by
the sun without considerable water protection [3]. Therefore,
life began in the depth of large water reservoirs, approximately
4 billion years ago [4]. It took about 0.5e1 billion years, until
first aquatic photosynthetic bacteria, cyanobacteria, appeared,
and the onset of oxygen took place [5]. Cyanobacteria enjoyed
anaerobic conditions that protected them from singlet oxygen
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damage, and relied upon wide water shielding from excess
light intensities. Oxygen production by those organisms
caused what is known as the ‘‘Big Bang of Evolution’’ [6],
the period during which most organisms vanished and the
rest had to adopt drastic changes. The most significant event,
initiated by elevated oxygen concentration in the atmosphere,
was the evolution of eukaryotic cells about 1.8 billion years
ago. Sometime in between the late Proterozoic era and the
early Cambrian period, cyanobacteria were phagocytosed by
these eukaryotic cells, providing concomitant endosymbiosis,
resulting in formation of chloroplasts, special organelles of
plant cells, in which the process of oxygenic photosynthesis
occurs [7]. The emergence of chloroplasts enabled primitive
algae to inhabit the surface of the oceans, and subsequently
initiated the evolution of plants on land.

It is amazing that despite more than an interval of a billion
years and enormous differences in habits, in terms of ecological
niches (light intensity and temperature), the photosynthetic
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Fig. 1. The overall structure of a plant Photosystem I. View from the stroma.

Each individual of 17 protein subunits is colored differently. Chlorophylls of

the RC complex are shown in green, chlorophylls of the LHCI complex in

blue and gap chlorophylls in cyan. The Fe4S4 clusters are shown as spheres

(Fe in red, S in yellow), phyloquinones in blue and carotenes in red, Mg atoms

in yellow.
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apparatus of higher plants remained very similar to that of
cyanobacteria. One of the most notable examples is the ability
of Arctic ice algae [8] and Antarctic macroalgae [9] to grow
well at light intensity of about 1 mE m�2 s�1, while some plants
are able to bear intensities of about 2000 mE m�2 s�1 [10e12].
Such stress tolerance of more than 3 orders of magnitude is
unprecedented by any other system, coping with temperature,
oxygen, osmotic, salt, metal or chemical stresses. Even in the
plant kingdom itself, the range of light intensities over which
plants can adapt is highly variable; however, the oxygenic pho-
tosynthetic system operates in accordance with the same mech-
anisms. How did plants cope with ever-changing environmental
conditions and what evolutionary steps of photosynthetic com-
plexes were essential to enable the development of terrestrial
life? On the one hand, plants developed a highly sophisticated
antenna system to maximize light harvesting while on the
other, they advanced protective means against high light inten-
sities. Thus, novel features of eukaryotic apparatus have
emerged, namely light harvesting complex I and II (LHCI,
LHCII), providing PSIeLHCI and PSIIeLHCII complexes, re-
spectively [13]. The process of LHCI assembly on to PSI
required a principal structural adaptation. Changes in PSI
arrangement which took during the evolutionary steps, as
well as structural organization of LHCI [14] will be discussed
in this review. Even though light is the source of energy for
photosynthesis, it can also be harmful to plants [15]. The
balance of the photosynthetic machinery to changing light con-
ditions is tuned through the process called the state transitions,
in which LHCII migrates to PSI forming PSIeLHCIeLHCII
complex [16]. A proposed structural basis for PSIeLHCII
interactions will be described as well.

Photosystem I catalyzes the light-driven electron transfer
from the soluble electron carrier plastocyanin, located at the
luminal side of thylakoid membrane, to ferredoxin, which is
located at the stromal side. Taking into account the kinetic
improvement of electron transfer from plastocyanin to the plant
PSI, in comparison with the cyanobacterial counterpart, we
discuss the architecture of putative plastocyanin and ferredoxin
docking sites.

2. Towards the structural determination of a
plant Photosystem I

Plant PSI contains 19 currently known protein subunits and
approximately 200 different co-factors, and is much larger
than its cyanobacterial counterpart [17,18]. Being one of the
most intricate membrane complexes, plant PSI performs the
photochemical activity with an unprecedented quantum yield
of close to 1.0 [13,19,20]. The vast complexity of PSI that belies
its efficiency is one of the most challenging of Nature’s won-
ders. For this reason, it is studied by many groups from a very
wide spectrum of disciplines and has for many years presented
a great challenge especially to structural biologists [13,21].

Considerable progress has been achieved very recently in
elucidating the mechanism of light energy (photons) transduc-
tion into chemical energy (reducing power) providing the basis
towards an understanding of PSI activity [22e25]. These
advancements were accomplished due to the combined effort
of X-ray crystallography techniques with molecular genetic,
biochemical and biophysical approaches as well as computa-
tional development, allowing the present intense analysis of
this remarkable natural photoelectric machine. The most
detailed structural information on a plant PSI is available
from the recent determination of the X-ray crystal structure
at 3.4 Å resolution (Fig. 1) [26]. The coordinates are available
at the Protein Data Bank (accession code 2O01). The present
structure represents an important milestone in plant PSI
research. It raises confidence in existing spectroscopic studies,
verifies models, and confirms essential biochemical studies
while at the same time revealing additional functional features
and new insights, which remained elusive at the previous
medium resolution structure [27]. The current structure repre-
sents the most complicated membrane complex for which the
atomic model has been determined. Solution of the crystal
structure by X-ray analysis was complicated by a number of
factors, including tight plant growth conditions dependence,
the size and fragility of the protein complex, and crystal poly-
morphism [28]. These difficulties were partially overcome by
a controlled purification method and a soaking procedure that
shrank PSI crystals to an apparent minimum of the variable
unit cell dimension.

The further structural analysis is based on this available,
three-dimensional description of the complex.

3. General architecture and composition of a
plant Photosystem I

The recent X-ray crystal structure reveals the exquisitely
organized monomeric complex of 17 out of 19 currently
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known protein subunits. The positions of 168 chlorophylls, 2
phyloquinones, 3 Fe4S4 clusters and 5 carotenoids are as-
signed. Fig. 1 shows the general architecture of the complex
containing the RC and LHCI. The remarkable feature of PSI
is the unprecedented extremely high content of non-protein
components. Approximately one third of the total mass of
the complex consists of different co-factors, such as chloro-
phylls, carotenoids, phyloquinones and Fe4S4 clusters. Many
genetic, biochemical and spectroscopic studies have shown
the importance of numerous co-factors not only for the func-
tion of PSI, but also for the structural integrity, providing
essential structural modality of the complex.

RC and LHCI form two distinct and loosely associated
moieties, with a deep cleft between them. The RC is composed
of 14 different subunits, named PsaAePsaP; however, only 12
of them were determined in the structure. Positions of subunits
PsaO and PsaP are not identified by the X-ray crystallography
as yet. Functions of different subunits of the RC have been
thoroughly studied and described [13,29e31]. The two major
proteins are large subunits PsaA and PsaB. They form a hetero-
dimer consisting of 22 transmembrane helices, which harbors
most co-factors of the electron transport chain (from the special
chlorophyll pair P700 to the first Fe4S4 cluster, Fx), forming the
heart of the complex. In addition, the heterodimer coordinates
80 chlorophylls that function as the intrinsic light-harvesting
antennae. Stromal subunit PsaC carriers the two terminal
ironesulfur clusters, and together with PsaD and PsaE partici-
pate in the docking of the stromal electron acceptor, ferredoxin.
PsaF binds the luminal electron donor, plastocyanin [32e34],
and is essential for providing excitation energy transfer from
LHCI to the core complex [35]. PsaG serves as an anchor for
LHCI binding [36]. PsaJ is important for stability and assembly
of the PSI complex [37,38]. PsaH, PsaI, PsaL and PsaO consti-
tute the domain of interaction with LHCII during the state tran-
sitions [39e41]. In addition PsaH prevents trimer formation
[27]. The function of PsaP remains unknown [42].

The LHCI is composed of four nuclear gene products
(Lhca1eLhca4), assembled into two dimers, arranged in a se-
ries, creating a half-moon shaped belt, that docks to the RC’s
PsaF side, as shown in Fig. 1. The LHCI belt contributes
a mass of 170 kDa out of approximately 600 kDa. Lhca1e4
polypeptides belonging to the LHC family of chlorophyll a/b
binding proteins [43]. The binding between the Lhca proteins
probably does not involve any helixehelix interactions. Sol-
vent-exposed N- and C-terminal tails protrude out of the
main body of each Lhca monomer and attach to luminal and
stromal regions of the neighboring monomer through relatively
small binding surfaces. This creates a sort of head-to-tail
arrangement, which maximizes the number of chlorophylls
that face the RC [26]. The binding of LHCI to the RC will
be discussed later.

The location of subunit PsaN was identified for the first time
on the luminal side of the complex. The role of PsaN is not well
understood, though it was proposed that this subunit is involved
in the docking of plastocyanin [44,45]. However, the position
of PsaN in the current structure displays at least 36 Å distance
from the putative docking site of plastocyanin, thus it does not
support this suggestion. The exclusive location of PsaN at the
luminal side of the complex, interacting with LHCI but not
with the core, suggests that it might be involved in the assembly
of additional light-harvesting proteins such as Lhca5 [26].

Light excitation energy is collected by chlorophylls of the
four antenna proteins and channeled to the core, resulting in
the excited-state species in the RC. Eventually a quantum of
light is transferred ultimately to specific photochemically reac-
tive site, P700. It consists of the pair of special chlorophylls,
which becomes a high reduction potential source, having an
electron at a higher energy level. Thus, activated electron
donor is formed; consequently, an electron is transferred be-
tween a primary electron donor and an acceptor.

4. The modality of the reaction center

By what means does the arrangement of the RC subunits
differ from their counterparts in cyanobacterial PSI, whose
structure was determined at 2.5 Å resolution (accession code
1JB0 [46,47])? To extend the structural analysis, we have
superimposed conserved subunits of RCs of the two structures,
presented in Fig. 2. The comparison of two structures demon-
strates the most striking resultdthe core of PSI remained well
conserved, despite the fact that two organisms were separated
by evolutionary branches for more than a billion years. The
protein backbone conformation of conserved subunits of the
RC is virtually identical. Not only the backbone conformation,
but also the side chains of the core complex are highly similar
in the plant and cyanobacterial structures. Table 1 summarizes
this comparison at the atomic level and provides an overview
of the major functional and structural differences between
plant and cyanobacterial RC. The most important deviations
are present at the ends of individual subunits where specific
alterations or intrinsic disorder prevails. The subunit PsaC,
which carries the terminal Fe4S4 clusters FA and FB, shows
the highest degree of homology, followed by the major sub-
units PsaA and PsaB.

The homology is not restricted to the protein material, but
extends to the coordination sites for the carriers of the electron
transport chain chlorophylls and carotenes. Structural compar-
ison of chlorophylls, presented in Fig. 3, reveals that majority
of chlorophylls are conserved at nearly identical positions
and orientations. A total of 93 chlorophylls have very close
structural equivalents in cyanobacterial RC. Eighty-one of
these conserved chlorophylls are organized in two layers, one
toward the stromal surface and the other toward the luminal
surface. The remaining 12 chlorophylls interconnect the two
layers. Moreover, dipole transitions of 55 out of 64 described
chlorophylls are within 6� of their equivalents! The combined
results of Fig. 2 and Table 1 show that axial ligands of core
chlorophylls are well conserved, indicating that designing prin-
ciples of the chlorophyll arrangement in PSI are highly opti-
mized by natural selection to preserve high quantum yield of
the system. A lost quanta might inflict damage on photosyn-
thetic complexes, thus it has been avoided as much as possible.

However, despite the requirement to maintain the key struc-
tural elements, advanced living organisms could not proliferate



Fig. 2. Superposition of the plant RC on cyanobacterial counterpart. Blue:

plant RC (PDB ID: 2O01); red: cyanobacterial RC (PDB ID: 1JB0). (A)

View from the stroma. (B) View from the lumen. Conserved subunits are

shown as ribbon structures. Unique subunits of each RC are shown in cartoon

and space filling model. Note the C-terminal domain of cyanobacterial PsaL,

which is absent in plants. Stromal subunits PsaC, PsaD and PsaE were re-

moved for the clarity. PsaK subunits were removed, since it was only partially

resolved in the plant structure. LHCI is not shown.
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on land without the modality of a light-harvesting mechanism.
The main obstacle for primordial photosynthetic organisms to
leave a deep-water habitant for development of terrestrial life
was the unbearable light intensity [20,48]. Here, the evolution
of PSI modality was crucial. Hence, the most fundamental
evolutionary event towards establishing oxygenic photosynthe-
sis in chloroplast and populating the surface of land was the
conversion of the trimeric RC to a monomeric complex. How
do plants preserve the monomer configuration? This function
is governed by the newly emerged subunit PsaH. This exclusive
eukaryotic subunit is located at the PsaL pole of the RC, as
depicted in Fig. 2. The evolutionary origin of PsaH is not clear.
This 10 kDa membrane protein contains a single transmem-
brane helix and an additional, helical like component, which
encircles PsaL subunit, preventing essential for trimer
formation contacts. Prevention of trimerization is vital for
opening up the possibility of interactions with other membrane
proteins, such as LHCII, for the regulation of photosynthetic
process, which will be discussed later. Concomitant with the
emergence of PsaH another novel subunit, PsaG, found a bind-
ing site on the opposite side of the RC (Fig. 2). PsaG, with its
two tilting transmembrane helices, served as a template for the
evolving LHCI complex, which is the most notable addition to
plant PSI and is described in the following paragraph. Thus, the
RC of engulfed cyanobacteria evolved into the chloroplast PSI
supercomplex that contains the RC and the LHCI complexes,
without compromising the high quantum yield.

Apart from the highly conserved core of the RC and the
addition of PsaH and PsaG proteins, of significance is the find-
ing that plant complex did not retain subunits PsaM and PsaX
of cyanobacterial RC. The locations of these two subunits are
indicated at the superposition of two complexes in Fig. 2.
PsaM was proposed to play a role in stabilization of the
trimeric structure [49,50], therefore it lost its role in plant
PSI. PsaX occupies the interface of the RC, which contributes
contact surface area for the LHCI association. Presumably, this
subunit was removed due to disruption of interactions between
two complexes. Alternatively, PsaX could have evolved later
to improve the PSI properties of some, but not all, cyanobac-
teria [51]. Can we exclude a possible formation of PSI trimers
in plants? Though some studies gave evidence suggesting the
existence of such complexes [52], single particle electron
microscopy analysis showed that it is probably non-specific
aggregates, rather than specific trimer organization of plant
PSI [53]. If under certain physiological conditions oligomeric
states do exist in plants, however, then it might be based on
different kinds of interactions than those of cyanobacteria.
More experiments will be required to validate this attractive
hypothesis.

5. Functional organization of LHCI complex

One of the most important aspects of PSI structure is the
determination of the four light-harvesting proteins arrange-
ment. The four proteins ligate chlorophylls and carotenes,
composing the LHCI complex, which collects solar radiation
and transmits the energy to the core complex. The arrange-
ment of LHCI is noteworthy; the four units were identified
as Lhca1, Lhca4, Lhca2 and Lhca3, respectively, starting at
the G-pole of the RC. Binding of LHCI to the RC is asymmet-
ric, namely, much stronger on the G-pole than on the K-pole of
the core (Fig. 1). We proposed that PsaG served as a template
for the assembly of Lhca monomers during the early evolution
of LHCI complex [36,51]. It is apparent that in the currently
evolved RC, the assembly of LHCI is less PsaG-dependent.
The structure suggests that Lhca1 acts as an anchor point for
facilitating the binding of other LHCI units, consistent with
the study which showed that interactions between Lhca pro-
teins and PSI core are strongly cooperative [54]. The four
LHCI monomers composed of two long, tilted, intertwined
transmembrane helices (1 and 3) and a shorter one roughly
perpendicular to the membrane (2). Lhca1e4 coordinate 14,



Table 1

Comparison of conserved subunits of RC between plants and cyanobacteria

Subunit

(plant organism)

Identity/Homology Plant unique features

PsaA (pea)d762 aa 81%/89% Different orientations of chlorophylls facing Lhca3. Addition of chlorophyll (1153)

and different positions of other chlorophylls (1151, 1504) presumably facing LHCII

PsaB (pea)d734 aa 78%/88% Additional stromal region, interacting with Lhca1. Additional gap chlorophylls

PsaC (pea)d81 aa 87%/95% Lys-37 interacts with ferredoxin

PsaD (spinach)d68 aa 58%/76% N-terminal addition

PsaE (Arabidopsis)d68 aa 58%/75% e
PsaF (spinach)d152 aa 48%/72% 18 amino acid residues extension at the lumen. Coordination of gap chlorophylls

PsaI (pea)d40 aa 50%/69% e

PsaJ (spinach)d44 aa 56%/68% Addition of single gap chlorophyll

PsaK (Arabidopsis)d89 aa 35%/52% e

PsaL (spinach)d150 aa 40%/60% Deletion of C-terminus, which was involved in trimerization. Prolongation

of N-terminus and addition of chlorophyll for possible interactions with LHCII

Source of plant amino acid sequences is given, as well as the length of each sequence. The data were compared against available Thermosynechococcus elongatus

sequences. Sequence homology is presented in the second column. Structural alteration of plants are shown in the third column. Nine unique plant subunits, namely

PsaG, PsaH, PsaN, PsaO, PsaP, Lhca1, Lhca2, Lhca3 and Lhca4, have no analogue in cyanobacteria, thus they are not presented.
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15, 15 and 14 chlorophylls, respectively, at similar positions.
The most intriguing question is why Nature provided PSI
with four different gene products to perform the very same
role. To answer this question we have to examine the interface
of the RC facing the LHCI belt. The asymmetrical arrange-
ment of this interface, formed by PsaG, PsaA, PsaF, PsaJ,
PsaB and PsaK (Fig. 1), was dictated by evolutionary steps
that shaped advanced photosynthetic life forms from primitive
organisms [14]. Consequently, different types of interactions
were needed at each section of the interface, in order to assem-
ble chlorophyll containing protein on to the RC, thus four
different Lhca gene products needed to be evolved, to occupy
specific binding sites. In this manner, Lhca1 is attached to the
core through PsaA and the helixehelix bundle formed with
transmembrane helix of PsaG; Lhca4 interaction with the
RC mediated mainly through gap chlorophylls coordinated
by the V-shaped domain of PsaF; Lhca2 protrudes its stro-
mal-exposed N-termini into PsaA subunit and interacts also
through gap chlorophyll coordinated by PsaJ; Lhca3 adopts
some structural peculiarity [55] by shifting the relative incline
angle between helices 1 and 3, optimizing structural contin-
uum with PsaA for more sufficient excitation energy transfer;
in addition Lhca3 was documented to interact with PsaK
[44,56]. However, this part of the supercomplex was less re-
solved and we are unable to indicate the resize contacts. The
four observed unique binding sites confirm the recent analysis
of LHCI make-up during acclimation to different environmen-
tal conditions [57] as well as the examination of Lhca depleted
plants [73] supporting stoichiometric stability of PSIeLHCI.

Lhca1e4 share considerable amino acid sequence homol-
ogy [58], a similar fold [59,60] and largely parallel pigment
layouts with LHCII proteins [61,62]. Despite this background,
they unexpectedly display different oligomerization behavior.
While LHCII proteins form monomers and trimers, Lhca1e
4 associated with PSI form heterodimers. Although it was
shown that this dimerization is very specific [63,64] the full
picture of interactions, forming dimeric organization of
LHCI, remains elusive even at 3.4 Å resolution structure. A
large body of biochemical experiments, spectroscopic studies,
molecular dynamics simulations and homology modeling
approaches were implemented to bring to light the character
of Lhca1e4, Lhca2e3 hetero-dimerization [22,65e69]. The
dimerization is probably mediated by a complex of proteine
protein interactions, formed by Lhca loops, chlorophyll in-
volvement (via stereochemically two axial ligation or via
phytol moiety) and lipid contribution. However, only a higher
resolution structure, capable of revealing entire chlorophyll
transition dipole moments, complete phytol chains, positions
of luteins, violaxanthins as well as lipid and water molecules,
will possibly provide a comprehensive characterization of
these interactions.

It is noteworthy that recent biochemical, proteomics and
genomics studies of PSI indicate the presence of additional,
rarely expressed Lhca proteins [70e72]. The latest findings
indicated that one such protein, namely Lhca5, assembles
with PSIeLHCI peripherally at the Lhca2/3 site [73]. Details
of this interaction are difficult to elucidate; however, the posi-
tion of PsaN, interacting with Lhca2,3 (Fig. 1), suggests that it
might be involved in this process.

To summarize the evolution processes which lead to the
formation of the efficient energy pathway from LHCI to RC
core, natural selection operated on PSI by three different
means: (1) it shaped structural changes in Lhca1e4, to fit
each one of them to its specific binding site; (2) it drove ad-
justments of LHCI pigment orientations, maximizing a number
of chlorophylls facing the core complex, to improve the rate of
electron transport from the antennae to the RC; (3) it provided
PSI with gap chlorophylls arranged in the cleft between the
PSI core and the LHCI, acting as a stabilizing ‘‘green glue’’,
providing structural connections between them.

6. Design of docking sites of PSI soluble partners
6.1. Plastocyanin-binding site
The electron transfer between plastocyanin and plant PSI is
two orders of magnitude faster than in cyanobacteria, indicat-
ing that a more stable PSI-plastocyanin complex is formed in



Fig. 3. Comparison of chlorophyll arrangement in RC. (A) View from the

stroma. (B) View perpendicular to the membrane normal. Chlorophylls of

a plant RC are in blue; chlorophylls of cyanobacterial RC are in red. Unique

chlorophylls are indicated in addition to position of chlorophyll 1504 of PsaA

that changed its position significantly. Mg atoms in yellow. Phytol chains were

removed for the clarity. Fe4S4 clusters of both RCs are shown in B as spheres.

Plant gap chlorophylls are not included into the current presentation.

Fig. 4. Plastocyanin and ferredoxin docking sites. (A) View from the lumen on

plastocyanin binding site. Blue: plant proteins; red: cyanobacterial counter-

parts. PsaF is shown as ribbon. Unique, positively charged, N-termini amino

acids of plant PsaF are depicted. The rest of conserved subunits are shown in

space filling model, PsaX in cartoon. (B) The surface of the ferredoxin binding

site is shown from the stroma. Subunits PsaC, PsaD and PsaE, which form a stro-

mal hump, colored by amino acid charge as follows: white for neutral, red for

negative, and blue for positive charges. Essential amino acids, mentioned in the

text, are depicted. The terminal Fe4S4 cluster, FB, which donates an electron to

ferredoxin, is in yellow. The rest of the complex is in green ribbon.
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plants [74e76]. The plastocyanin binding site of PSI is
comprised mainly of hydrophobic interaction with PsaA and
PsaB [77,78]; however, cross-linking studies and reverse
genetics experiments have established that the kinetic im-
provement is associated with the luminal exposed region of
PsaF [76]. Plant PsaF is a transmembrane protein with a large
N-terminal luminal domain, containing an additional 18 amino
acid residues extension, not found in cyanobacteria. Site-
directed mutagenesis studies have identified several positively
charged residues in this region, as well as the acidic patch on
plastocyanin [75], as vital for the formation of the PSIeplas-
tocyanin complex. Superposition of the plastocyanin docking
site in Fig. 4A reveals that the N-terminal loop of PsaF is
indeed much longer in plants than in cyanobacteria. This extra
N-terminal domain forms an amphipathic helixeloopehelix
motif on the luminal side of the thylakoid membrane, rich
with positively charged amino acid residues (Lys16, Arg17,
Lys19, Lys23, Lys24, Lys30) pointed directly into the lumen,
providing the electrostatic recognition of plastocyanin.
The proper orientation of the plastocyanin binding PsaF
region is stabilized by the luminal loop of PsaB, forming
a salt bridge between B/Glu611 and F/Arg17, giving credence
to mutation analysis [77].
6.2. Ferredoxin-binding site
Subunits PsaC, PsaD, and PsaE form a stromal ridge on top
of PSI, providing the docking site to ferredoxin (Figs. 1 and
4B). After reduction by PSI (FB), ferredoxin is oxidized by fer-
redoxin:NADPþ oxidoreductase (FNR). Flash absorption
spectroscopy has revealed two different ferredoxin indepen-
dent, kinetic phases in the reduction of soluble ferredoxin by
PSI, with half-times of 500 ns and 20 ms [79]. The ratio of
these phases shows significant differences between plant and
cyanobacterial PSI, indicating that the docking site may
have been further optimized during the last 1.5 billion years
of independent evolution. Thus the existence of two distinct,



Fig. 5. The proposed model of PSIeLHCII interactions. The structural models

of a plant PSI and LHCII trimer (PDB ID: 2BHW) were fitted by accommo-

dating a possible binding site at the PsaK side. The initial docking was made

by modified PatchDock software. The fit was manually improved to better

agree with experimental data. (A) General view from the stroma. (B) Enlarged

view from the stroma. LHCII (red) interacts with PsaA (orange), PsaH (ma-

genta) and PsaL (cyan). LHCII chlorophylls 602 and 607 (blue) are 13 Å

and 12 Å distant from PSI chlorophylls 1151 and 1153 (green), respectively.

The distance is enabling excitation energy transfer from LHCII to PSI.
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i.e. a tightly and a loosely bound, ferredoxin conformations
was suggested. Site-directed mutagenesis studies have shown
that Thr15, Gln16 [80], Lys35 [81], and Lys37 [82] of PsaC
are essential for ferredoxin binding. Fig. 4B shows that all
these are located within the putative ferredoxin binding site.
Glu121 [83] and Lys122 [84] of PsaD site on top of the stro-
mal ridge and have been shown to affect the affinity of ferre-
doxin for PSI, presumably due to their participation in the
looser binding site. As most of the amino acids that are essen-
tial to the tightly docking site are well conserved, differences
are found on the proposed loosely binding site of ferredoxin at
the top of the stromal hump. Differences in this site may be
linked to differences in ferredoxin behavior between plants
and cyanobacteria. In plants, ferredoxin moves directly to
FNR, which has been shown to interact with PsaE in plants
[85], whereas in cyanobacteria it diffuses away from PSI.
Interactions of FNR with PSI were structurally analyzed else-
where [51].

7. Structural changes during the state transitions
phenomenon

In the linear electron transport, PSI and PSII must operate
at the same rate, but since LHCII contains more chlorophyll b
than LHCI, resulting in a preferential absorption of light at
different spectra, fluctuating natural environment conditions
may alter the balance between the two photosystems [41].
Plants balance the excitation energy distribution between the
two photosystems via a short-term adaptation mechanism
known as state transitions [86,87]. If PSII is overexcited rela-
tive to PSI, the plastoquinone pool becomes over-reduced, and
this will lead to the lateral movement of LHCII in favor of PSI.
The binding of LHCII to PSI allows a redistribution of the
light energy between the two photosystems and a balancing
of the linear electron flow. This condition is named ‘‘state
2’’, in which the PSII antenna is smaller and the PSI antenna
is larger than in state 1 [88]. State 1 is obtained when PSI is
preferentially excited, which leads to oxidation of the plasto-
quinone pool; LHCII then moves back to PSII. Apparently,
state transitions are regulated through phosphorylation of the
mobile LHCII [89,90]. Lhcb1 and Lhcb2 are the most abun-
dant of LHCII and can form homotrimers or heterotrimers,
which are believed to be the main factor in a mobile complex.

Despite ample evidence for a functional interaction be-
tween LHCII and PSI, direct evidence for the existence of
a physical complex between the two has been demonstrated
just recently in Arabidopsis thaliana [91]. The 16 Å resolution
EM data of single particle analysis showed a large density at
the side of PsaH/L/A/K, which was assigned to the LHCII tri-
mer, in the digitonin-solubilized thylakoid membranes. These
results are in agreement with the previously suggested docking
site for the phosphorylated LHCII [39]. Similar studies have
been implemented in Chlamydomonas cells [92,93]. Though
crystal structures of PSI [26] and LHCII [59,60] are known,
the structure of the native co-complex is obscure. Based on
the above-mentioned findings, we propose a model of interac-
tion between these two membrane complexes in Fig. 5. In this
model only one LHCII monomer interacts with PSI, indicating
that monomers may also fit well to the binding site. Hence, it
is possible that PSI interacts with LHCII through additional
monomeric chlorophyll binding protein linker, as was recently
proposed [92,93]. The fitting of PSIeLHCII complex provides
an energy pathway from chlorophylls 602 and 607 of LHCII to
chlorophylls 1151 and 1153 coordinated by subunit PsaA of
PSI. The distance between pairs of chlorophylls is 13 Å and
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12 Å, respectively, permitting efficient energy transfer be-
tween two complexes (Fig. 5B). Therefore, the model suggests
a specific binding site for LHCII, formed by subunits PsaA,
involving the N-termini of PsaH and PsaL. Those peptides
are only partially resolved in our structure and their position
is most probably influenced by the crystal packing; however,
they may be crucial for the modality that enables LHCII bind-
ing during the state transitions. Despite the proximity of PsaK
to the proposed LHCII binding site, it is not clear whether this
subunit is involved in the binding of LHCII, since no biochem-
ical data bear witness to PsaKeLHCII interaction. It was also
proposed that PsaO is involved in the state transitions [40,41];
however, the position of this subunit has not been determined
as yet. The interpretation along these lines may be extended
and evaluated by the solution PSIeLHCII co-crystal structure
in the future.

8. Concluding remarks

The plant PSI forms an exquisitely organized complex of
protein and non-protein components that Nature took about
3.5 billion years to devise and bring together. It is fascinating
to watch along the course of evolution how this photochemical
machine evolves its highly compact structure, providing
higher organisms with the opportunity to inhabit extremely
discrete ecological niches. The current structural analysis is
based on the recent 3.4 Å resolution model of PSI, which con-
firmed and extended the essential findings from the previous,
medium resolution model. But in spite of the fact that the bi-
ological significance of PSI is matched by its structural perfec-
tion, the currently available picture of the complex is far from
being perfect. Locations of subunits PsaO and PsaP have not
been established, the mechanism of LHCI hetero-dimerization
remains one of the least understood aspects, and interactions
of LHCII with PSI need to be verified. Only a synergic effort
between different disciplines together with a higher resolution
structure, which will allow the precise assignment of all cofac-
tors, might complete the picture of this remarkable invention
of Nature.
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