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Abstract
In plants and cyanobacteria, the primary step in oxygenic photosynthesis, the light induced charge separation, is driven by
two large membrane intrinsic protein complexes, the photosystems I and II. Photosystem I catalyses the light driven electron
transfer from plastocyanin/cytochrome c6 on the lumenal side of the membrane to ferredoxin/flavodoxin at the stromal side
by a chain of electron carriers. Photosystem I of Synechococcus elongatus consists of 12 protein subunits, 96 chlorophyll a
molecules, 22 carotenoids, three [4Fe4S] clusters and two phylloquinones. Furthermore, it has been discovered that four
lipids are intrinsic components of photosystem I. Photosystem I exists as a trimer in the native membrane with a molecular
î shows the location of
mass of 1068 kDa for the whole complex. The X-ray structure of photosystem I at a resolution of 2.5 A
the individual subunits and cofactors and provides new information on the protein^cofactor interactions. [P. Jordan, P.
Fromme, H.T. Witt, O. Klukas, W. Saenger, N. KrauM, Nature 411 (2001) 909-917]. In this review, biochemical data and
results of biophysical investigations are discussed with respect to the X-ray crystallographic structure in order to give an
overview of the structure and function of this large membrane protein. ß 2001 Published by Elsevier Science B.V.
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1. Introduction
Life on earth depends upon the process of oxygenic photosynthesis, using the light energy from
the sun to convert CO2 into carbohydrates. In plants
and cyanobacteria, the latter producing about 30%
of the total oxygen in the atmosphere, two photosystems, I and II, catalyse the ¢rst step of this conversion, the light induced transmembrane charge separation. In both photosystems, the energy of photons
from sun light is used to translocate electrons across
the thylakoid membrane via a chain of electron carriers. Water, oxidised to O2 and 4H by photosystem
II, acts as electron donor for the whole process. The
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Fig. 1. Arrangement of protein subunits and cofactors in one monomeric unit of photosystem I. (a) and (b) View from the stromal
side onto the membrane plane along the crystallographic three-fold axis (indicated by a black triangle). The three stromal subunits
have been omitted for clarity. Colour coding of the membrane intrinsic subunits is as follows: PsaA, blue; PsaB, red; PsaF, yellow;
PsaI, dark pink; PsaJ, green; PsaK, grey; PsaL, brown; PsaM, orange; and PsaX, light pink. In (a) and (b) transmembrane K-helices
of the membrane intrinsic subunits are represented as coloured cylinders. (a) Ribbon representation of the extra-membraneous parts
of the structure, loops coloured grey. (b) The transmembrane K-helices of the protein and the cofactors of the complex. Transmembrane K-helices of the subunits PsaF, PsaK and PsaL are labelled according to the nomenclature introduced in Jordan et al. [3].
Transmembrane K-helices of PsaA and PsaB are labelled by single letters, e.g. the blue cylinder `a' represents the transmembrane K-helix A-a. Organic cofactors of the ETC are shown in blue, the [4Fe4S] clusters in orange/yellow. Chlorophylls are coloured yellow, carotenoids black and the lipids cyan.

two photosystems, which are coupled by a plastoquinone pool, the cytochrome b6 f complex and the soluble electron carrier proteins plastocyanin or cytochrome c6 operate in series. The electron transfer
processes are coupled to a build up of a di¡erence
in proton concentration across the thylakoid membrane. The resulting electrochemical membrane po-

tential drives the synthesis of ATP from ADP and
inorganic phosphate, catalysed by the ATP-synthase.
Finally, photosystem I reduces ferredoxin, providing
the electrons for the reduction of NADP to
NADPH by ferredoxin-NADP -oxidoreductase
(FNR). NADPH and ATP are used to reduce CO2
to carbohydrates in the subsequent dark reactions.
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Fig. 1 (continued).

Photosystem I is a large multi-subunit protein
complex, embedded into the photosynthetic thylakoid membrane. It catalyses the light induced electron transfer from plastocyanin or cytochrome c6 on
the lumenal side of the membrane (inside the thylakoids) to ferredoxin or £avodoxin on the stromal
side of the membrane. Photosystem I consists of 12
(in cyanobacteria), or 13 (in plant systems) individual
proteins. The subunits are named according to their
genes PsaA to PsaX (for review on photosystem I see
[1,2]). Photosystem I from the thermophilic cyanobacterium Synechococcus elongatus contains 96 chlorophyll (Chl) a molecules, 22 carotenoids, three
[4Fe4S] clusters and two phylloquinones. In the reî resolution [3] four lipcent X-ray structure at 2.5 A
ids were also identi¢ed. In cyanobacteria, photosys-

tem I is present most dominantly in vivo in trimeric
form [4]. A large number of the cofactors present in
photosystem I are involved in the processes of light
capturing, charge separation and prevention of photodamage.
The light is captured by a large core antenna system consisting of 90 Chla molecules and 22 carotenoids. In plants a membrane integral antenna system
(light harvesting complex (LHCI)) is also closely associated with photosystem I. The excitation energy is
transferred from the antenna pigments to the primary electron donor P700. It was already proposed
in the 1960s, that P700 is a dimer of chlorophyll
molecules [5,6], and this is con¢rmed by the recent
X-ray structure analysis [3]. The excitation energy is
used to build up the singlet excited state P700*, lead-

BBABIO 45069 12-10-01 Cyaan Magenta Geel Zwart

8

P. Fromme et al. / Biochimica et Biophysica Acta 1507 (2001) 5^31

ing to charge separation, where P700c remains and
the electron is transferred across the thylakoid membrane by a chain of electron carriers. This process of
transmembrane charge separation was intensively investigated spectroscopically (for review on electron
transfer in photosystem I see [7]), whereby ¢ve di¡erent electron acceptors have been identi¢ed: A0 (Chla
molecule), A1 (phylloquinone), and the three [4Fe4S]
clusters FX , FA and FB . The electron is transferred
from the terminal FeS cluster to the soluble electron
carrier ferredoxin. In the case of iron de¢ciency, £avodoxin acts as a mobile electron carrier. P700c is
¢nally rereduced by the soluble electron carrier plastocyanin; in cyanobacteria cytochrome c6 can also
act as an electron donor to photosystem I.
Photosystem I belongs to a larger group of protein^pigment complexes which are able to perform
light induced charge separation: the photosynthetic
reaction centres (RCs). These can be divided into two
classes de¢ned by the nature of the terminal electron
acceptor. A quinone molecule is the terminal electron
acceptor in type II reaction centres (quinone type
reaction centre), which include the photosystem II
reaction centre and the reaction centres of purple

bacteria. In type I reaction centres, such as the photosystem I reaction centre described here, the terminal electron acceptor is an [4Fe4S] cluster (FeS type
reaction centre). The photosynthetic reaction centres
of the green sulfur bacteria and the heliobacteria [8,9]
are also type I reaction centres. There is structural
evidence that all photosynthetic reaction centres have
evolved from a common ancestor [10], despite the
large di¡erences between photosystems of the same
group in structure (for example protein and chromophore composition), as well as in function (for example redox potential, chemical nature of the electron
donor to the reaction centre).
In 1993, the ¢rst structural model of photosystem I
î resolution was published, and later improved
at 6 A
î
to 4 A [11^15]. These models provide a ¢rst overview
on the structure. Recently, the structure of photosysî resolution [3], providtem I was determined at 2.5 A
ing for the ¢rst time detailed insights into the molecular architecture of this complex. The structure
contains the models of the protein subunits and the
127 cofactors, (96 Chla, 22 carotenoids, two phylloquinones, three [4Fe4S] clusters and four lipids). For
these cofactors, details concerning their structure,

Table 1
The PS I subunits
Subunit

Locationa

Interaction with ETC cofactors, antenna chlorophylls and carotenoid clusters

PsaA

membrane intrinsic, central

PsaB

membrane intrinsic, central

PsaC
PsaD
PsaE
PsaF
PsaI
PsaJ

stromal, central
stromal, proximal
stromal, distal
membrane intrinsic, distal
membrane intrinsic, proximal
membrane intrinsic, distal

ETC: eC-A1, eC-A2, eC-A3, QK -A, FX
antenna chlorophylls: 40
carotenoid cluster: (1), (3), (5), (6)
ETC: eC-B1, eC-B2, eC-B3, QK -B, FX
antenna chlorophylls: 39
carotenoid cluster: (2), (4), (5), (6)
ETC: FA , FB

PsaK

membrane intrinsic, peripheral

PsaL

membrane intrinsic, proximal

PsaM

membrane intrinsic, proximal

PsaX

membrane intrinsic, distal

carotenoid cluster: (5)
carotenoid cluster: (6)
antenna chlorophylls: 3
carotenoid cluster: (5)
antenna chlorophylls: 2
carotenoid cluster: (1)
antenna chlorophylls: 3
carotenoid cluster: (6)
antenna chlorophylls: 1
carotenoid cluster: (6)
antenna chlorophylls: 1

a

Proximal and distal refer to the location with respect to the C3 symmetry axis of the PS I trimer, central is close to the pseudo-C2
axis of the PsaA/PsaB heterodimer.
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orientation as well as interactions with the protein
subunits and other cofactors are unravelled. In this
review, the new structural model is discussed with
respect to present knowledge about the function of
photosystem I.
2. The architecture and function of protein subunits in
photosystem I
2.1. General architecture
In the crystalline state as well as in vivo, photosystem I from the thermophilic cyanobacterium S.
elongatus occurs as trimer [4,11]. The trimer has a
î and a maximal height of 90 A
î.
diameter of 210 A
The location of the individual subunits in the cyanobacterial photosystem I is shown in Fig. 1. Table
1 summarises the location and chromophore binding
of the 12 individual subunits of photosystem I.
The central part of one monomeric unit of the
photosystem I trimer is formed by a heterodimer,
consisting of the large membrane intrinsic subunits
PsaA and PsaB. These subunits are related by a local
pseudo-C2 symmetry axis. The components of the
electron transfer chain (ETC) from P700 to FX (consisting of six chlorophylls, two phylloquinones and
the ¢rst [4Fe4S] cluster) are coordinated by PsaA
and PsaB and located along the local pseudo-C2
axis. The electron transfer chain is surrounded by
the ¢ve C-terminal transmembrane K-helices each
of PsaA and PsaB (A/B-g to A/B-k) forming the
central core, whereas the six N-terminal transmembrane K-helices, each of PsaA and PsaB are arranged
in form as a `trimer of dimers'. Four of these 12 Khelices, A/B-e and A/B-f, are closely attached to the
C-terminal central core. The antenna pigments of
photosystem I (90 chlorophylls and 22 carotenoids)
can be divided into a region, where the antenna pigments surround the inner core and two peripheral
regions, close to the eight N-terminal transmembrane
K-helices (A/B-a to A/B-d) of PsaA and PsaB. These
K-helices and the small membrane intrinsic subunits
of photosystem I are peripherally attached to the
central core. PsaF, PsaJ and PsaX are located at
the detergent exposed side, distal to the trimer axis.
The N-terminal domain of PsaF is exposed to the
lumenal side of the membrane.

9

PsaL is located close to the trimer axis, forming
most of the contacts between adjacent monomers
within the photosystem (PS) I trimer. PsaI and
PsaM are also located at this `inner' side of photosystem I. PsaK is well separated from the other small
membrane intrinsic subunits and is only in contact
with PsaA.
The subunits PsaC, PsaD and PsaE do not contain
transmembrane K-helices (see Fig. 2). They are located on the stromal side of the complex, forming
the stromal hump. They are in close contact to the
stromal loop regions of PsaA and PsaB. Subunit
PsaC carries the two terminal FeS clusters FA and
FB , and is located in the central part of the stromal
hump. PsaD forms the part of this hump, which is
closest to the trimeric axis. The C-terminal part of
PsaD forms a `clamp' surrounding PsaC. PsaE is
located on the side of the hump, which is distal
from the trimer axis.
3. The two large subunits PsaA and PsaB
The major subunits of photosystem I, PsaA and
PsaB, show strong sequence homology [16,17] and it
was suggested that they have been evolved via gene
duplication [8,18]. They form the central part of photosystem I. Both subunits contain 11 transmembrane
helices (A/B-a to A/B-k) in agreement with predictions from hydrophobicity plots and the previous
î resolution [12^15].
models of photosystem I at 4 A
The sequential order of the transmembrane K-helices
î model [14] is con¢rmed,
proposed in the last 4 A
nevertheless the helices have to be renamed in the
î resolution [3]. At low resolution,
structure at 2.5 A
an assignment of PsaA and PsaB to each set of the
11 transmembrane K-helices was not possible, and
the K-helices were thus labelled by primed and unprimed letters. Biochemical studies using protease digestion experiments were undertaken in the native PS
I complex and in PS I deletion mutants of the stromal subunits. In these studies, sequence speci¢c antibodies were used to assign the subunits PsaA and
î
PsaB, with contradictory results [19,20]. The 2.5 A
structure reveals that the K-helices denoted as primed
in the previous medium resolution structural models
belong to subunit PsaB and the unprimed K-helices
to PsaA. The N-termini of both subunits are stro-
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Fig. 2. Side view of the monomer of the PS I complex. View direction parallel to the membrane plane. For colours see legend to Fig.
1. The crystallographic three-fold axis (C3 ) is indicated by the black vertical line. The three stromal subunits PsaE (light green), PsaC
(violet) and PsaD (light blue) are located on top of the transmembrane K-helices. Structural regions corresponding to insertions in
PsaC with respect to bacterial ferredoxins (see text) are coloured green.

mally exposed, as predicted from experiments using
sequence speci¢c antibodies [19], whereas the C-terminus is located on the lumenal side. The local pseudo-C2 symmetry, which relates PsaA to PsaB is well
preserved in the membrane integral parts, whereas
large di¡erences between the two subunits are visible
in the loop regions. The loop regions are named
according to the transmembrane K-helices, which
they connect. Most of the loop regions contain
secondary structure elements as K-helices and
L-sheets. The loop regions on the lumenal side are
generally more extended than the loops on the stromal side.

3.1. Membrane intrinsic part of PsaA and PsaB
The ¢ve C-terminal transmembrane K-helices A/Bg to A/B-k surround the electron transfer chain. This
region structurally separates the electron transfer system from the antenna pigments of PS I. Of the six Nterminal K-helices (A/B-a to A/B-f), the pairs of Khelices A/B-e and A/B-f are closely attached to the
¢ve C-terminal transmembrane K-helices. Hydrophobic contacts are pronounced between K-helices A/B-e
to A/B-k, whereas K-helices A/B-a to A/B-d are sepî wide elliptical belt
arated from the core by a W17 A
surrounding this inner core, which contains only
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chlorophyll and carotenoid molecules. The C-terminal region of PsaA/PsaB was called the reaction
centre domain [10,18], because it coordinates most
of the cofactors of the electron transport chain and
shows structural homologies to the RC core subunits
L and M in the PbRC as well as to the RC core
subunits D1 and D2 in photosystem II [10,21^23].
In contrast to these type II reaction centres, where
the RC subunits do not bind chromophores of the
antenna system, the C-terminal domains of PsaA and
PsaB not only bind the cofactors of the electron
transfer chain, but are also involved in the coordination of 25 chlorophylls of the antenna system (12 in
PsaA and 13 in PsaB). The N-terminal domains of
PsaA and PsaB, de¢ned by the 12 K-helices A/B-a to
A/B-f, coordinate 54 chlorophylls (28 in PsaA and 26
in PsaB). Another remarkable and unexpected feature of the photosystem I structure is that the chlorophylls are not exclusively coordinated by amino
acid residues in the transmembrane K-helices. Of
the 79 antenna chlorophylls coordinated by PsaA
and PsaB only 48 are bound by the transmembrane
helices, whereas 30 antenna chlorophylls are coordinated by amino acid side chains located in the loop
regions.
Lipids have been biochemically detected in PS I
core complexes consisting exclusively of PsaA and
PsaB [24]. However, it was open to discussion as to
whether they are intrinsic compounds of photosystem I or are located in the detergent micelle. The
î structure shows that indeed four lipids are an
2.5 A
essential part of photosystem I. Instead of being located close to the detergent exposed side of photosystem I, they are located in the core of PsaA and
PsaB at positions following the local pseudo-C2 symmetry of PsaA and PsaB.
3.2. The lumenal surface/docking site for
cytochrome c6
Loop regions of the subunits PsaA and PsaB form
most of the lumenal surface of photosystem I. In
addition, the N-terminal domain of PsaF, containing
the two hydrophilic K-helices F-c and F-d, is located
at this surface of PS I. However, these helices are too
far away from the putative docking site of the soluble electron carriers cytochrome c6 and plastocyanin
to be directly involved in the electron transfer or the

11

interaction with these electron carrier proteins. This
is in good agreement with biochemical and mutagenesis studies, showing that PsaF is not involved in the
docking process in cyanobacteria [25,26]. In contrast
to cyanobacteria, the direct involvement of PsaF in
docking has been shown for plant photosystem I
([27] and references therein). The di¡erence in function can be explained by a part of the sequence,
which is unique to plants. This view is con¢rmed
by recent results of Hippler et al. [28], where a chimeric PsaF containing the C-terminal region of S.
elongatus and the N-terminal region of Chlamydomonas rheinhardtii was introduced into S. elongatus
photosystem I. The authors show that this leads to
a PS I complex showing features of plastocyanin
binding and rates of ET to P700 identical with
that of C. rheinhardtii (for detailed discussion on
the function of PsaF in cyanobacteria see below).
The putative binding pocket for the soluble electron carriers is centred on the local pseudo-two-fold
î deep hollow. The binding pocket is
axis and is a 10 A
located at the same site as suggested from the model
î resolution [18]. Details of
of photosystem I at 6 A
î structhe docking site are now visible in the 2.5 A
ture. It is mainly formed by the loop regions A/B-ij,
with K-helices A/B-ij(2) located at the bottom. These
two K-helices had already been found at low resoluî and 1/1P in the 4 A
î
tion (named n and nP in the 6 A
model [11,12]), and involvement in the interaction
with plastocyanin had already been suggested [18],
although sequence assignment was not yet possible.
These K-helices consist of the segments IleA646 to
SerA664 in PsaA and of TyrB621 to AsnB639 in
PsaB. Two tryptophan residues, TrpA655 and
TrpB631, are located in these K-helices such that
they point into the binding pocket. This suggests a
possible role of their aromatic side chains in the interaction of PS I with cytochrome c6 and plastocyanin. Furthermore, it can be speculated whether they
could be involved in electron transfer from these
bound electron donor proteins to the oxidised primary donor P700c . The interaction of the two Khelices A/B-ij(2) with cytochrome c6 and plastocyanin is supported by mutagenesis studies of cyanobacterial PS I, which show that the electron transfer
from cytochrome c6 to PS I is a¡ected if some of
the amino acids in the helices A/B-ij(2) were substituted by cysteines [29]. However, an essential role of
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the tryptophans in electron transfer has not yet been
shown.
Large di¡erences between PsaA and PsaB in sequence as well as in the secondary structure elements
are found in the stromal N-terminal loop region as
well as in the lumenal long loops A/B-ab, A/B-cd and
A/B-gh.
3.3. The stromal loop regions of PsaA and PsaB
In general, most of the stromal loops are smaller
than the lumenal loops. There is a relatively high
degree of structural similarity, which includes the
hydrophilic K-helices, between the two subunits
PsaA and PsaB in the stromal loop regions. Most
of the stromal loops of PsaA/B are in contact with
the stromal subunits PsaC, PsaD and PsaE. The loop
regions A/B-hi are very important for the function of
photosystem I. Here, the conserved cysteine residues
(CysA578, CysA587 and CysB565, CysB574) coordinate the iron sulfur centre FX (see Fig. 8). Loop
regions A/B-jk, which provide the binding sites of
the phylloquinone cofactors with conserved
TrpA697 and TrpB677 are also vital (details see below).
In retrospective, a great deal of biochemical data
î structure, examples
are con¢rmed by the 2.5 A
being: the stromal loops connecting hydrophobic
stretches X and XI of the subunits PsaA and PsaB
(corresponding to helices A/B-j and A/B-k in the 2.5
î structure) are protected against proteolysis in the
A
presence of the stromal subunits PsaC, PsaD, and
PsaE, but can be cleaved when these subunits are
removed by chaotropic agents [30]; the stromal
loop region B-jk, which includes the K-helix B-jk(1)
(formerly named nP) is in close contact with PsaD
and is therefore protected against proteolytic digestion as observed previously [20]. Furthermore, a
higher accessibility for thermolysin was found for
PsaB in mutants lacking PsaF and PsaJ [26] leading
to proteolytic digestion in the lumenal loop region
B-gh, which in fact is in contact to PsaF and additionally to PsaX.
4. The stromal subunits PsaC, PsaD and PsaE
Three subunits (PsaC, PsaD and PsaE) do not

contain transmembrane K-helices (see Figs. 2 and
3). They are located on the stromal side of photosystem I and are involved in the docking of ferredoxin or £avodoxin.
4.1. Subunit PsaC
Subunit PsaC (8.9 kDa) carries the two terminal
FeS clusters FA and FB . The clusters are characterised by their distinct electron paramagnetic resonance (EPR) spectra [31,32]. The role of subunit
PsaC in coordination of the two terminal FeS clusters was suggested from the conserved sequence motif CXXCXXCXXXCP which is found twice in the
gene of PsaC [33]. A homology of subunit PsaC to
bacterial ferredoxins, also containing two [4Fe4S]
clusters, was proposed from sequence similarity
[34]. The structures of PsaC and these ferredoxins,
such as that from Peptostreptococcus asacharolyticus
[35], are indeed similar, with pronounced pseudotwo-fold symmetry, con¢rming previous models
which related the structure of subunit PsaC to this
ferredoxin [36]. The prominent deviations between
the two structures are the C- and N-termini, elongated by 14 and two residues in PsaC, respectively,
and an extension of 10 residues pointing towards the
putative ferredoxin/£avodoxin docking site in the internal loop region exposed to the stromal surface of
the PS I complex (coloured green in Figs. 2 and 3).
The C-terminus of PsaC forms various interactions
with PsaA/B and PsaD. This region seems to be important for the proper assembly of PsaC into the PS
I complex.
A frequently asked question is whether FA or FB is
the terminal FeS cluster which transfers the electron
to ferredoxin. This has now been answered using
results of EPR and mutagenesis studies in Synechocystis sp. PCC6803, which assigned the cysteine residues 21, 48, 51 and 54 to the cluster FA and the
cysteine residues 11, 14, 17 and 58 to the cluster FB
[37,38]. The structure shows that the cluster located
î to FX is FA ,
at a centre to centre distance of 14.9 A
î
and the second at a distance of 22 A to FX is FB . A
sequential electron transport from FX to FA to FB is
therefore most likely, in agreement with a large number of recent spectroscopic and biochemical studies
([39^41] and references therein).
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Fig. 3. Detailed view of the stromal subunits PsaC, PsaD and PsaE. View direction from the stromal side of the PS I complex onto
membrane plane. The colours for the stromal subunits are chosen as in Fig. 2. N- and C-termini of the subunits are labelled. Note
the clamp of PsaD connecting the N- and C-terminal domains of this subunit and winding over PsaC. The putative docking site for
ferredoxin/£avodoxin is located in the indentation formed by PsaE, PsaC and PsaD.

4.2. Subunit PsaD
Subunit PsaD is involved in the docking of ferredoxin. The direct interaction between these two proteins was shown by chemical crosslinking [30,42], and
it has been shown that the crosslinked complex is
fully competent in the transfer of electrons from photosystem I to ferredoxin [43]. The position of ferredoxin in these crosslinked complexes was identi¢ed
by electron microscopy [43]. The same docking site
was also found for £avodoxin [44], and is in agreement with a docking site proposed from the strucî resolution [18]. Subunit
tural model of PS I at 6 A
PsaD is essential for electron transfer to ferredoxin
[45^48]. A solution structure of PsaD could not be
determined by NMR [49], possibly because the ¢nal
folding of this protein is achieved only during assembly into the PS I complex. The main structural motif
of PsaD in the PS I complex is a large antiparallel,

four-stranded L-sheet followed by a second twostranded L-sheet. A short loop connects the fourth
L-strand to the only K-helix in PsaD. Its main part is
buried between PsaC and PsaA, forming ionic interactions with both subunits. A short antiparallel twostranded L-sheet connects the K-helix to the most
remarkable part of PsaD; the amino acids D95 to
D123 form a clamp, winding over PsaC (Fig. 3). The
large number of interactions between PsaD and the
adjacent subunits suggests a stabilising role of PsaD
on the stromal ridge and explains why it is needed
for correct orientation of subunit PsaC [50,51]. The
segment D124^129 forms many hydrogen bonds to
PsaB, and the C-terminal region of PsaD is in close
contact to the N-terminal region of PsaL in agreement with crosslinking studies [52,53]. This result
also explains functional studies, where a destabilisation of PsaD was found in the absence of PsaL [54].
The C-terminus is prominent in this respect, in good
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agreement with biotin labelling, proteolysis patterns
as well as investigations on mutant photosystem I
lacking the 24 residues from the carboxy-terminus
of PsaD [48,55].
4.3. Subunit PsaE
Di¡erent functions have been reported for PsaE. It
is directly involved in the anchoring of ferredoxin
[56^58], plays a role in cyclic electron transport
[59], and can be crosslinked in barley with the
FNR via its N-terminal extension [60]. First evidence
for the location of subunit PsaE at the periphery of
the stromal hump came from electron microscopy of
a mutant lacking the gene of PsaE in cyanobacteria
î structural model
[61]. This was con¢rmed by the 4 A
of photosystem I [14]. In 1994, the structure of subunit PsaE (8 kDa) in solution was determined by 1 Hand 15 N-NMR [62]. In solution, subunit PsaE shows
a compact structure of a ¢ve-stranded antiparallel Lsheets. The loop connecting L-strands 3 and 4 was
found to be £exible in the NMR structure. The structure of PsaE in the PS I complex is very similar to
the solution structure, with some remarkable deviations in the loop region E-L3L4, which corresponds
to the CD loop in the NMR structure. The twist of
î [14] is fully con¢rmed in the
this loop reported at 4 A
î resolution [3]. This loop is
structural model at 2.5 A
involved in interactions with PsaA, PsaB and PsaC,
suggesting a change of the loop conformation during
assembly of the photosystem I complex. The loop EL2L3 connecting strands E-L2 and E-L3, which
points towards the putative docking site of ferredoxin, is close to the loop insertion of PsaC. The fact
that PsaE is involved in docking of ferredoxin and
£avodoxin [44,63] was questioned by the ¢nding that
PsaE deletion mutants are still able to grow photoautotrophically. This contradiction was solved by the
discovery that PsaE deletion mutants increased the
level of ferredoxin in the cells by orders of magnitude
to compensate defects caused by the lack of PsaE
[64].
Interactions between PsaE (loop L1/L2) and the Cterminal region of the partially membrane integral
subunit PsaF also exist, in good agreement with mutagenesis and crosslinking studies [65]. The interactions of PsaE with PsaC and PsaD are relatively
weak, which explains the ¢nding that the geometry

of the stromal structure formed by PsaC and PsaD is
not dramatically changed in the absence of PsaE [47].
However, the C-terminal region of PsaD, which
forms a clamp surrounding PsaC, is in direct contact
with PsaE (loop L2/L3), con¢rming previous crosslinking studies [66].
5. The small, membrane integral subunits
Six small intrinsic membrane protein components
of photosystem I have been identi¢ed from the gene
sequence in S. elongatus [17]: the subunits PsaF (15
kDa), PsaI (4.3 kDa), PsaJ (4.4 kDa), PsaK (8.5
kDa), PsaL (16.6 kDa) and PsaM (3.4 kDa). In the
î resolution structure [3], a 12th subunit of PS I,
2.5 A
PsaX, which contains one transmembrane K-helix,
was identi¢ed. All of the small membrane integral
subunits are located peripherally to the subunits
PsaA and PsaB. The main function of the small subunits is the stabilisation of the antenna system and
the quaternary structure of photosystem I. The central Mg2 ions of 10 antenna Chla molecules are
axially liganded by amino acid side chains or via
water molecules by PsaJ, PsaK, PsaL, PsaM and
PsaX. Furthermore, subunits PsaF, PsaI, PsaJ,
PsaL, PsaM and, to a lesser extent PsaK, are in
numerous hydrophobic contacts with the carotenoids. The small subunits can be divided into two
groups according to their location in the complex:
PsaL, PsaI and PsaM are located in the region where
the adjacent monomers face each other in the trimeric PS I complex, whereas PsaF, PsaJ, PsaK and PsaX
are located at the detergent exposed surface of photosystem I.
5.1. `Inside the trimer': PsaL, PsaI and PsaM
PsaL, PsaI and PsaM are located close to the
three-fold axis and far away from the lipid exposed
surface of the photosystem I trimer [3]. The location
of PsaL in the trimerisation domain was ¢rst proposed by mutagenesis studies, because no trimers
can be detected in PsaL deletion mutants of cyanobacteria [67]. Indeed, PsaL is located close to the C3
axis in the `trimerisation domain', forming most of
the contacts between the monomers. The N-terminal
loop is located on the stromal side harbouring three
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small L-strands and one K-helix. A short lumenal
loop connects the ¢rst and second transmembrane
K-helices. Correspondingly the second and third
transmembrane K-helices are connected by a short
stromal loop. The C-terminus is folded into a short
K-helix located in the lumen. The electron density
map suggests that a metal ion, possibly a Ca2 , is
coordinated by amino acid side chains of PsaL in
two adjacent PS I monomers and by PsaA. Possibly,
it could be required for stabilisation of the PS I
trimer, in agreement with observations in Synechocystis sp. PCC6803 (P. Chitnis, personal communication) that addition of Ca2 stimulates formation of
PS I trimers. PsaL coordinates three antenna Chla
and forms hydrophobic contacts with carotenoids.
PsaI, which contains one transmembrane helix, is
located between PsaL and PsaM, supporting the results of Schluchter et al. [68] who showed that deletion of PsaI in£uences the stability of these two subunits in the PS I complex in Synechococcus
PCC7002. Only 10% trimers were found in these
mutants, indicating that PsaI stabilises PsaL. A close
interaction of PsaL and PsaI was also reported for
Synechocystis PCC6803 [69] and barley [53]. The
crystal structure shows that PsaI is in contact with
PsaL and also with PsaM, as suggested by Schluchter
et al. [68]. It is involved in a few contacts with the
adjacent monomer. This subunit does not bind any
Chla, but forms hydrophobic interactions with carotenoid molecules.
The existence of close interactions of PsaI and
PsaL in higher plants suggests that the arrangement
of these small subunits is a motif which is conserved
during evolution. This is remarkable, taking into account the fact that plant PS I is a monomer in contact with LHCI complexes [53,70]. This questions the
function of the trimer in cyanobacteria. Mutants of
S. elongatus, which lack PsaL [71], show normal
growth at high light intensity, whereas growth under
low light was decreased by a factor of 10 compared
to wild type [72]. These results suggest that the trimer
is essential for optimal light capturing. In plants,
close contact between the external light harvesting
complexes LHCI and PsaL was suggested from results of crosslinking studies [53], supporting the idea
that the function of PsaL is to facilitate the `input' of
excitation energy from the external antenna complexes in plants. This would correspond to excitation
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energy transfer between the monomers in the trimeric
PS I from cyanobacteria, in agreement with results
and suggestions of Karapetyan et al. [73].
PsaM (3.4 kDa) is the smallest subunit of photosystem I and has been predicted to contain only one
transmembrane K-helix [17]. This subunit has only
been found in cyanobacterial photosystem I.
Although an open reading frame for this subunit
was also found in liverwort chloroplast genome
[74], this subunit was not identi¢ed thus far in any
preparation of plant photosystem I. Deletion of subunit PsaM in cyanobacteria seems to have an indirect
e¡ect on the stability of the system and the electron
transport reactions [68]. Di¡erent locations of PsaM
have been suggested in the previous X-ray structural
models at medium resolution, whereas PsaM is idenî structure. It is
ti¢ed unambiguously in the 2.5 A
located close to the monomer/monomer interface,
in the neighbourhood of PsaI and PsaB (see Fig.
1a and b). In agreement with the structure predictions from hydrophobicity plots [17], it contains only
one transmembrane K-helix. The N-terminus is located in the lumen, the C-terminus in the stroma.
PsaM forms hydrophobic contacts with a carotenoid
molecule and is involved in the coordination of one
Chla.
5.2. `Distal side': PsaF, PsaJ, PsaX and PsaK
For a long time, it was expected that subunit PsaF
was an extrinsic subunit located at the lumenal side
of photosystem I. This assumption was mainly based
on the fact that subunit PsaF in plants contains two
pre-sequences: one for the import into the chloroplast and a second for import into the thylakoid lumen. Recently it was shown that this protein is imported by the same pathway as that used for the
import of plastocyanin (the soluble lumenal electron
carrier) [75^77]. First evidence for an ^ at least partial ^ membrane intrinsic location of subunit PsaF
came from the ¢nding that subunit PsaF cannot be
extracted with chaotropic agents (e.g. urea or NaBr)
[78], but can be removed by detergents such as Triton X-100 [79]. Hydrophobicity plots show one or
two sequence regions which could span the membrane [80]. Further evidence for at least one membrane span in subunit PsaF was provided by results
of experiments [54] where subunit PsaF could be
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crosslinked with the stromal subunit PsaE. These observations can be only explained if subunit PsaF
spans the membrane at least once. As discussed previously, PsaF is involved in the docking of plastocyanin in plants [81^84], but not in cyanobacteria [26].
The structure of subunit PsaF consists of two domains. In agreement with biochemical studies [85],
the N-terminal domain is located at the lumenal
side of the complex, with K-helices F-c and F-d being
the most prominent features. These hydrophilic Khelices are parallel to the membrane plane and are
î distance to the putative docking
located at W15 A
site of cytochrome c6 . Although PsaF is not directly
involved in electron transfer from cytochrome c6 to
P700 in cyanobacteria, this part of PsaF could play
an important role in the stabilisation of the lumenal
surface of photosystem I. The C-terminal domain of
PsaF is mainly membrane intrinsic. PsaF contains
only one transmembrane K-helix F-f, followed by
two shorter hydrophobic K-helices F-g and F-h. KHelix F-h enters the membrane from the stromal side
and ends in the ¢rst third of the membrane. It is
followed after a crease by K-helix F-i, running back
to the stromal side, where the C-terminus is located
and forms contacts with PsaE in agreement with
crosslinking studies [54]. In contrast to previous suggestions [12,15], PsaF does not axially coordinate
chlorophylls, but forms hydrophobic interactions
with several carotenoids. A possible role of the transmembrane part of PsaF could be a shielding of the
carotenoids and chlorophylls from the lipid phase. A
possible further function of PsaF in cyanobacteria
could be an interaction with the external antenna
system of phycobillisomes. This is supported by the
observation that deletion of PsaF in S. elongatus
leads to a growth defect at low light intensity, accompanied by a dramatic increase of allophycocyanin, giving the whole cell suspension a turquoise colour (P. Jordan and P. Fromme, unpublished). In
plants, a direct contact of PsaF with the plant light
harvesting systems has been suggested by experiments in which plant subunit PsaF was isolated as
a Chl^protein complex with LHCI proteins [86].
A location of PsaJ close to PsaF was predicted by
mutagenesis and crosslinking experiments on the cyanobacterial [26,87] and plant photosystem I [53,85].
The N-terminus of PsaJ is located in the stroma, the
C-terminus is located in the lumen. PsaJ contains one

transmembrane K-helix. It binds three chlorophylls
and is in hydrophobic contact with carotenoids.
A single transmembrane helix in neighbourhood to
î
PsaF, which was tentatively assigned to PsaJ at 4 A
resolution [15], was identi¢ed as a 12th subunit of PS
î resolution. A small polypeptide was idenI at 2.5 A
ti¢ed in dissolved crystals of PS I, which revealed a
short N-terminal sequence (W. Schro«der, in preparation) homologous to that of the controversial subunit
PsaX, so far only identi¢ed by N-terminal sequencing in PS I from the thermophilic cyanobacteria Synechococcus vulcanus and Anabaena variabilis [88,89].
î resolution was
The electron density map at 2.5 A
well de¢ned so that large side chains could be predicted and shown to be consistent with the amino
acid sequences of PsaX known from N-terminal sequencing. The structural model of PsaX contains 29
residues. The six stromally located N-terminal amino
acids were not identi¢ed in the structure, possibly
because this part of the structure is £exible. It is
remarkable that no gene sequence for PsaX has yet
been published so far and yet a homologous gene is
not found in the mesophilic cyanobacterium Synechocystis PCC6803 where the genome is completely
known. The question whether PsaX is a unique subunit of thermophilic cyanobacteria, necessary for
stability of the PS I complex at higher temperatures,
has to be solved by sequencing of genomes of di¡erent thermophilic and mesophilic cyanobacteria.
î resolution,
In the electron density map at 2.5 A
subunit PsaK, which contains two transmembrane
K-helices as predicted from the sequence [17], was
found to be located at the periphery of the PS I
complex. These two K-helices were not detected at
î resolution [14]. At 2.5 A
î resolution, PsaK ap4 A
pears to be the least ordered subunit in the PS I
complex, as indicated by high temperature factors,
so that an unambiguous sequence assignment was
not possible and the structure was modelled with
polyalanine. Although the polypeptide backbone of
PsaK as modelled into the electron density map is
not continuous, the loop connecting both K-helices is
most likely located in the stroma. The proposed location of this loop is in agreement with the `positive
inside rule' described in [90], which was based on the
¢nding that strongly positively charged loops connecting transmembrane K-helices can not be translocated through the membrane during insertion and
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assembly of membrane proteins. In agreement with
crosslinking studies [53], PsaK is not in contact to
any other of the small membrane intrinsic proteins.
PsaA is the only subunit in immediate neighbourhood of PsaK. The protein coordinates two chlorophylls and forms contacts with carotenoids. PsaG, a
subunit unique to plants, shows sequence similarity
to PsaK, leading to the suggestion that these proteins
have the same genetic origin [91]. It can be speculated [53], that PsaG in plants could be located at the
opposite site of the PS I complex close to PsaB, at a
position related to PsaK by the local pseudo-C2 symmetry axis.
6. The electron transfer chain
The electron transfer chain, which mediates the
transmembrane charge separation, is the functionally
most important part of photosystem I. The kinetics
and energetics of electron transfer were investigated
by spectroscopy during the last few decades (for review see [7]). The electron transfer carriers as identi¢ed by spectroscopy are as follows: P700, the primary donor (probably a dimer of Chla molecules)
where charge separation is initiated, A0 (a Chla molecule), A1 (a phylloquinone), and the three [4Fe4S]
clusters FX , FA and FB .
The general arrangement of the chlorophyll and
quinone cofactors of the electron transfer chain was
shown to be similar in photosystem I and in type II
reaction centres at medium resolution [10,12,13,15],
leading to the suggestion that all photosynthetic reaction centres evolved from a common ancestor
[8,10,92]. Despite this similar structural arrangement
of cofactors, large di¡erences in the physico-chemical
properties of corresponding cofactors and in the kinetics of the electron transfer have been observed
(for review see [7,93]).
î resolution shows, for the
The structure at 2.5 A
¢rst time, the structural details of the cofactors and
the protein^cofactor interactions, which de¢ne the
energetics and kinetics of electron transfer. Six chlorophyll molecules, two phylloquinones and three
[4Fe4S] clusters, of which the organic cofactors are
arranged in two branches as pairs of molecules related by the pseudo-C2 axis, constitute the ETC (Fig.
4). The pairs of chlorophylls of the ETC are labelled
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eC followed by A or B indicating whether PsaA or
PsaB is involved in the axial coordination of the
Mg2 ion, and by numbering from 1 to 3 starting
from the lumenal side. It is remarkable that the cofactors forming one branch are not bound exclusively to one subunit of PS I. The A-branch features
the chlorophylls eC-A1, eC-B2, eC-A3 and the phylloquinone molecule QK -A, the B-branch the chlorophylls eC-B1, eC-A2, eC-B3 and the phylloquinone
QK -B.
The manner in which photosystem I functions will
be discussed in the following by combining information about the energetics and kinetics of electron
transport with information about structural features
of the individual electron carriers, the role of the
protein in the coordination of cofactors and a possible direct in£uence on the electronic structure of the
cofactors by the protein environment.
6.1. The primary electron donor P700
After P700 is excited to its lowest excited state,
P700*, an electron is very rapidly (within 1^3 ps)
transferred to A0 [94]. P700* has a highly negative
redox potential (about 31300 mV), and is hence a
very strong reductant. The reaction free energy vG0
for the initial charge separation step was estimated to
be 250 meV (see [7] for a detailed discussion of the
energetics and kinetics of the electron transfer chain).
Years of discussion and a great deal of e¡ort was
put into studies to answer the question of whether
P700 exists as a dimer or a monomer of Chla (for a
review, see [95]). Investigations on the triplet state of
P700 indicate that 3 P700 has a dimeric nature [96,97].
The cation P700c was investigated by magnetic resonance and infrared spectroscopic techniques [98,99].
The results clearly show that the spin density of
P700c is unequally distributed between the two
chlorophylls that constitute P700c . About 85% of
the spin density is located on one of the two chlorophylls. Electron nuclear double resonance (ENDOR)
on single crystals [100,101] shows that this chlorophyll is oriented perpendicular to the membrane
plane. A dimeric structure of P700 was proposed
î
from the X-ray structural models of PS I at 6 A
î
and 4 A resolution [11,12], however ring substituents
and asymmetric features of the ring system of the
chlorophylls were not visible, so that information
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Fig. 4. The electron transfer system of PS I. View direction perpendicular to the membrane normal. The organic cofactors (yellow) on
the left-hand side belong to the A-branch, those on the right-hand side to the B-branch. The three [4Fe4S] clusters FX , FA and FB
are located stromal of these cofactors. At the left and right margins the names of the cofactors are given. Centre to centre distances
î ) between the corresponding cofactors are indicated.
(in A

about the direction of the QX and QY transition dipoles and about the protein environment was lacking. However, it was suggested that the single histidine in the transmembrane K-helices, which
correspond to the hydrophobic stretches X of PsaA
and PsaB (corresponding to helices A/B-j in the 2.5
î structure), could provide the ¢fth ligands to
A
the Mg2 ions of the two chlorophylls of P700
[12,13,15,18]. This suggestion was further supported
by results of EPR investigations [102]. Furthermore,
studies indicate that the spin carrying chlorophyll
is coordinated by this histidine in PsaB [103^
105].

Models of P700, in which P700 and the `special
pair' of the RC of purple bacteria are in a similar
arrangement, have been suggested from spectroscopic results [96].
In the crystal structure, the primary donor P700 is
represented by the chlorophyll pair eC-A1 and eCB1, located at the lumenal side of the membrane (see
Fig. 5). The distance between the Mg2 ions of these
î , which is shorter than the
two chlorophylls is 6.3 A
corresponding distance between the bacteriochlorophylls in the special pair of PbRC. The planes of
eC-A1 and eC-B1 are oriented perpendicular to the
membrane plane and parallel to each other with an
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Fig. 5. The primary donor P700 and its protein environment. View direction parallel to the membrane plane perpendicular to the
chlorin planes of the chlorophylls. The longest part of the phytyl side chains of the two chlorophylls has been omitted for clarity. The
helices surrounding the two chlorophylls eC-A1 and eC-B1 are shown as grey ribbons. Residues of PsaA involved in hydrogen bonds
(dashed black lines) to the water molecule (red sphere) or eC-A1 are coloured green. The corresponding amino acid residues of PsaB
are coloured pink. All six theoretically possible hydrogen bonds in the vicinity of ring V of eC-A1 are labelled with letters a to f,
with the details given at the bottom of the ¢gure.

î . The overlap between
interplanar distance of 3.6 A
the ring systems di¡ers between P700 in photosystem
I and the special pair of PbRC. In the bacteriochlorophyll ring system in the special pair, the rings I
overlap perfectly [21], whereas the rings I and II of
the chlorophylls only partially overlap in P700 (see
Fig. 5). This implies a weaker electronic interaction
between the Z electron systems in P700 than in the
special pair of PbRC. While the latter consists of a
homodimer of BChl molecules, the electron density
map clearly reveals that P700 does not consist of two
Chla molecules, but is a heterodimer consisting of a
Chla molecule and a ChlaP molecule, the C132 -epimer of Chla. This ¢nding now con¢rms previous
results of Watanabe et al., Maeda et al. and Maroc
and Tremolieres [106^108], who suggested that P700
contains one or two ChlaP molecules on the basis of
chlorophyll extraction experiments. The Chla, eC-B1,
is located in the B-branch and is axially coordinated
to HisB660, whereas the ChlaP, eC-A1, which is lo-

cated in the A-branch, is axially coordinated by
HisA680. The asymmetry of P700 proceeds to di¡erences in the chlorophyll binding pockets for eC-A1
and eC-B1. In the A-branch, the ChlaP molecule, CA1, forms hydrogen bonds to side chains of transmembrane K-helices A-i and A-k and a water molecule (Fig. 5). However, no hydrogen bonds to the
Chla molecule, eC-B1, are established in the Bbranch. Di¡erences in hydrogen bonding in£uence
the spin density distribution, as shown for the special
pair in PbRC by Artz et al. [109]. The translation of
their results to the situation in photosystem I leads
us to suggests that the electron spin density in P700c
may be localised to a larger extent on the non-hydrogen bonded Chla half (eC-B1) of the P700 dimer.
This would agree with results from ENDOR and
mutagenesis studies, showing that PsaB is probably
the subunit, which binds the chlorophyll carrying
more than 80% of the electron spin density in
P700c [99,101].
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6.2. Second and third pairs of chlorophylls of the
electron transport chain
The initial charge separated state P700c /A3c
is
0
very di¤cult to investigate spectroscopically in intact
photosystem I for two reasons: (i) A3c
0 is short-lived
and reaches only a low maximal concentration. The
half life times needed for excitation energy transfer
(20^30 ps) from the antenna system to P700 and
reoxidation of A3c
0 (20^50 ps) are comparable, longer
than the time required for initial charge separation
(1^3 ps) [110^113]. (ii) All phorphyrins in photosystem I are Chla type molecules, therefore A3c
0 can

hardly be detected in intact photosystem I. However,
optical di¡erence spectra of partly Chl depleted PS I
indicate that A0 can be represented by a monomeric
Chla molecule [114].
In the X-ray structural models of photosystem I at
medium [12] and high resolution [3], three pairs of
chlorophylls are present in the electron transport
chain. The chlorophylls of the second pair (namely
eC-B2 and eC-A2) have a centre to centre distance of
î to the chlorophylls of P700. These two chloW12 A
rophylls are the only cofactors of the ETC where the
coordinating subunit of the A-branch is PsaB and
vice versa. In both branches, a water molecule pro-

Fig. 6. The chlorophyll cofactors eC-A1, eC-B2 and eC-A3 of the A-branch of the ETC. View direction is parallel to the membrane
plane. Non-hydrophobic interactions of eC-B2 and eC-A3 with neighbouring side chains of PsaA and PsaB are indicated by dashed
black lines. The axial ligand of the central Mg2 ion of eC-B2 is a water molecule (red sphere) which is hydrogen bonded by
AsnB591. eC-A3 is axially liganded by MetA688 and forms an additional hydrogen bond with TyrA696.
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vides the ¢fth ligand to the central Mg2 ion of the
second pair of chlorophylls. The water molecule
which provides the axially ligand to the Chla at the
A-branch, is hydrogen bonded to asparagine residue
AsnB591 (see Fig. 6); thus this chlorophyll molecule
is named eC-B2. The binding pocket of the corresponding chlorophyll in the B-branch is similar, so
that AsnA604 is hydrogen bonded to the water molecule, which axially ligands the chlorophyll eC-A2
(data not shown). Neither chlorophyll forms any hydrogen bonds. Remarkable di¡erences are observed
in the orientation and coordination of the second
pair of chlorophylls/bacteriochlorophylls (`accessory
(bacterio)chlorophylls') between photosystem I and
the PbRC, in which histidines provide the ¢fth ligand
for the Mg2 [21,115].
î resolution
The structure of photosystem I at 2.5 A
strongly supports the idea that the chlorophylls eCA2 and eC-B2 may be directly involved in electron
transfer from P700 to A0 . In this respect it should be
noted that these chlorophylls are located close (W3.8
î ) to the next chlorophylls of the ETC, eC-A3 and
A
eC-B3, with a roughly parallel orientation of the
chlorine rings of eC-B2G = feC-A3 and eCA2G = feC-B3. Taking this close proximity into account, it seems to be reasonable that the spectroscopic and redox properties of eC-A3 and eC-B3 may be
in£uenced by eC-B2 and eC-A2, respectively. This
suggestion is supported by the ¢nding that the di¡erence spectrum A0 /A3c
0 contains contributions from
more than one chlorophyll [116].
The third pair of chlorophylls (Chla eC-A3 and
Chla eC-B3) is located in the middle of the membrane. It can be assumed that one or both of them
represent the spectroscopically identi¢ed electron acceptor A0 . The axial ligands of these two chlorophylls are very unusual: the ¢fth `ligands' of the
Mg2 ions are provided by the sulfur atoms of methî ), reionine residues A688 and B668 (dMgÿS = 2.6 A
spectively (Fig. 6). This structural result is remarkable, because the concept of hard and soft acids and
bases predicts only weak interactions between the
hard acid Mg2 and methionine sulfur as a soft
base. The structure shows that each of the two chlorophylls eC-A3 and eC-B3 constitute one hydrogen
bond between the hydroxyl groups of tyrosines A696
î ) and the keto oxygens of
and B676 (dOÿO = 2.7 A
rings V of eC-A3 and eC-B3, respectively. The ques-
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tion whether the very low redox potential of the electron acceptor A0 (V31050 mV) is caused by lack of
a strong ¢fth ligand to the Mg2 atom of these chlorophylls remains to be answered.
A sequence comparison between photosystem I
complexes from cyanobacteria, green algae and higher plants reveals that all amino acids which are involved in axial coordination and hydrogen bonding
to the second and third Chla pairs of the ETC are
strictly conserved. The conservation of the di¡erences in the axial coordination and hydrogen bonding
between the three pairs of chlorophyll molecules
throughout evolution could suggest that these protein^chlorophyll interactions are essential for the
physico-chemical properties (e.g. the redox potentials) of these cofactors. The participation of each
of these chlorophyll molecules in electron transfer
can be assumed, because the edge to edge distances
between adjacent chlorophylls of the ETC are very
î ). However direct experimental evidence
short (W4 A
for the involvement of the `accessory chlorophylls' in
forward electron transfer as it is found in purple
bacterial reaction centres [117], is lacking for photosystem I for the reasons mentioned above.
6.3. The secondary electron acceptor A1 /vitamin K1
The electron transfer from A3c
0 to A1 , a phylloquinone, occurs within 20^50 ps [110]. The free energy
gap for this step was estimated to be in the order of
vG0 = 340 meV [118]. In the same publication it was
estimated that the reorganisation energy V is of the
same order of magnitude as the free energy gap, i.e.
3vG0 WV, which is the optimal condition to get rapid electron transfer [119].
There are two phylloquinone molecules present in
photosystem I. They are both tightly bound, in contrast to those in PbRC and PS II, where the quinone
QA is tightly bound and QB is mobile, leaving the
binding pocket after double reduction and uptake of
two protons. In PS I, the phylloquinone is singly
reduced and involved in ET to the ¢rst iron sulfur
centre FX . Both quinones were extracted by organic
solvents, one of them being more easily removed
than the other [120,121]. The electron transfer to
FX was not a¡ected by the extraction of the ¢rst
quinone, but was blocked following the extraction
of the second. These results may be interpreted to
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provide an argument for the suggestion that only one
of the quinones is actively involved in electron transfer. However, this result could be also obtained if
both quinones are normally active, but electron
transfer is all routed via the residual quinone when
the ¢rst quinone is removed. Furthermore, these data
were not fully reproduced later [122], so that the
question of whether only one or both branches are
active in electron transfer is still open and will be
discussed below.
î resolution shows
The structure of PS I at 2.5 A
two phylloquinones, QK -A and QK -B, at centre to
î to eC-A3 and eC-B3, recentre distances of 8.6 A
spectively, within the same branch. Their position is
consistent with photovoltage measurements indicating that the transmembrane distance between A0 and
A1 is only about 20% of the corresponding distance
from P700 and A1 [111], compared to W30% as determined in the crystal structure. The axis connecting
the two oxygens points towards P700 in good agreement with suggestions based on EPR experiments
[123,124]. The distance between P700c and A3c
1
was determined by pulsed EPR measurements to be
î [125,126]. This result is in agreement
25.4 þ 0.3 A
î,
with the centre to centre distances of 26.0 þ 0.3 A
î
derived from the 2.5 A structure for the cofactors of
the pairs eC-A1/QK -B and eC-B1/QK -A. The centre

to centre distances between pairs of P700 chlorophylls and quinones in the same branch, eC-A1/
î and
QK -A and eC-B1/QK -B, are 24.2 þ 0.3 A
î
24.4 þ 0.3 A ; too short to be in agreement with the
distance determined by EPR.
The question regarding the nature of the binding
pocket can now be addressed. The phylloquinone
binding sites in PS I for QK -A and QK -B are nearly
identical but do di¡er from the QA binding site in
PbRC. Two conserved tryptophans, TrpA697 and
TrpB677, located on the stromal surface K-helices
A/B-jk(1), respectively, form the most prominent interactions with the phylloquinones. The interplanar
distances between the aromatic ring systems of the
tryptophans TrpA697 and TrpB677 and the quinones QK -A and QK -B, respectively, range from 3.0
î to 3.5 A
î , indicating strong interactions between
A
the Z electron systems (Z stacking). These results
are in agreement with structural modelling studies
based on EPR data and the medium resolution Xray structure [13,127] as well as ideas based on results of quinone reconstitution experiments [128]. In
both phylloquinones QK -A and QK -B, only one of
the two carbonyl oxygen atoms is hydrogen bonded.
This is in contrast to the EPR results, which indicate
that there are two hydrogen bonds to A3c
1 [129]. The
reason for this discrepancy is unclear, but small con-

Fig. 7. The environment of the phylloquinone QK -A. View direction from the stromal
quinone binding site at the A-branch of the ETS. The phylloquinone QK -A is depicted
chain of PsaA, the residues of which form the binding pocket of QK -A. LeuA722 and
plicitly shown in green. On the left-hand side a carotenoid located near the quinone
[4Fe4S] cluster FX is shown. Lumenal of the cluster TrpB673 is located.

side onto the membrane plane into the phylloin yellow. The grey ribbon represents the main
TrpA697, interacting with the quinone, are exis drawn in black. On the right-hand side the
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formational changes in the quinone binding sites during reduction can not be excluded. The carbonyl oxygen at the ortho position to the phytyl chains of QK A and QK -B accepts hydrogen bonds from backbone
NH groups of LeuA722 and LeuB706, respectively
(for details see Fig. 7). The lack of a second hydrogen bond is remarkable, because in all other enzymes
of known structure that contain tightly bound quinones, hydrogen bonding to both carbonyl oxygens
is observed [21,115,130^134]. The asymmetric hydrogen bonding could contribute to the lower redox potential (V3820 mV) [128] of the phylloquinone in
PS I with respect to QA (V3130 mV) in PbRC and
PS II.
The question of whether one or two branches are
active in electron transfer is most controversially discussed in the literature (for review see [1]). The primary donor P700 is the only site, at which a signi¢cant di¡erence between the two branches is obvious
î resolution. As previously
from the structure at 2.5 A
discussed, the spin density in P700c is presumably
located on the Chla eC-B1. The cofactor pair eCB1c /QK -A3c , at a centre to centre distance of 26.0
î , is in agreement with the distance between P700c
A
and A3c
1 determined by EPR spectroscopy at 4 K
[125]. Thus it is concluded that the phylloquinone
identi¢ed by EPR spectroscopy is QK -A, in agreement with mutagenesis studies [135]. Kinetic investigations proposed that the electron transfer between
A1 and FX , with t1=2 of 200 ns corresponding to a
rate of 3.4W106 s31 , is the rate limiting step for the
whole electron transfer in PS I. From the edge to
edge distance between QK -A and the cysteine ligands
î ) a maximal rate of kET M3vG0 =
of FX (R = 6.8 A
10 31
VM = 8.3W10 s can be calculated using the empirical
equation log kET = 153-0.6R-3.1(vG0 +V)2 /V [119],
where vG0 is the reaction free energy and V the reorganisation energy. The free energy gap for the electron transfer step from A1 to FX was calculated to be
354 meV [136]. It is evident from the discrepancy
between the observed rate and the calculated maximal rate that 3vG0 gV, leading to the conclusion
that a signi¢cant activation energy, vG*, exists. A
value of vG* = 220 þ 20 meV was determined from
the temperature dependence of kET leading to an
estimation of kET M3vG0 = VM = 9W1010 s31 [137] which
is in good agreement with the rate of 8.3W1010 s31
calculated on the basis of the crystal structure. Sum-
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marising the points discussed above, it can be stated
that the conclusions drawn by Schlodder et al. [137]
are supported by the recent structural results [3]. The
phylloquinone, detected by EPR spectroscopy, is QK A and the electron transfer from this phylloquinone
to FX is slow because a signi¢cant activation energy
barrier exists. Nevertheless, the results do not exclude an electron transfer along the B-branch, which
is so fast that QK -B can not be detected on the time
scale of EPR spectroscopy. Recently, strong evidence
based on mutagenesis studies of the tryptophans in
both quinone binding sites in PS I [138,139] was
achieved in favour of the proposal that both
branches are active in forward electron transfer.
The A-branch was proposed to be the slower, with
t1=2 = 200 ns, whereas the electron transfer from the
quinone to FX occurs with t1=2 = 15^25 ns in the Bbranch. The structure shows that the distances from
QK -B and QK -A to FX are identical, leading to the
conclusion that vG* must be lower in the B-branch
than in the A-branch. The binding pockets of the
phylloquinones in PsaA and PsaB show no obvious
di¡erences, however long range interactions and
small changes in the coordination sphere could also
contribute to this reduction. The most remarkable
di¡erences between PsaA and PsaB in this region
are the tryptophan TrpB673, which is not conserved
in PsaA and located between QK -B and FX , and the
di¡erent chemical natures of the lipids (I) and (II)
located at positions which are related by the pseudo-C2 axis. Phospholipid (I) is located at a distance
î to QK -A and the galactolipid (II) at a disof 15 A
î to QK -B. Site directed mutants in the
tance of 15 A
vicinity of these cofactors must be constructed to
illuminate this further.
6.4. The ¢rst FeS cluster, FX
The iron sulfur clusters are the terminal electron
acceptors of type I reaction centres. The ¢rst [4Fe4S]
cluster, FX , plays a prominent structural role in addition to its essential role in electron transfer. The
pseudo-C2 axis, relating the two large subunits PsaA
and PsaB to each other, runs through the centre of
the iron sulfur cluster FX (Fig. 8). It was already
proposed from the amino acid sequences that the
iron sulfur centre FX is coordinated by four cysteines, two from each of the subunits PsaA and
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intact PS I complexes at moderate conditions because the level of F3c
X is low. Nevertheless, FX can
be detected during strong illumination under conditions where FA and FB had been chemically prereduced [1]. From FX the electron is transferred via FA
to the terminal iron sulfur cluster FB . Both clusters
are bound to PsaC and have been discussed above.
The electron reaches the soluble electron carrier ferredoxin in 500 ns [146], which leaves the docking site
after reduction and transfers the electron to the FNR
for reduction of NADP .
7. The structural organisation of the core antenna
system
Fig. 8. The [4Fe4S] cluster FX and its protein environment. The
view direction is parallel to the membrane plane. Sulphur atoms
shown in turquoise, iron atoms in orange, carbon atoms of
PsaA in green and of PsaB in pink. Coordination of the Fe
atoms by the conserved cysteine residues indicated by dashed
î.
lines, distances in A

PsaB [16,17]. This binding motif is located between
the transmembrane K-helices VIII and IX, the K-heliî resoluces A/B-i and A/B-j in the structure at 2.5 A
tion [3]. The location of the ¢rst [4Fe4S] cluster, FX ,
is de¢ned by a pocket of high electron density and
the cysteine ligands to the iron ions. As shown by
mutagenesis studies [140,141] and kinetic investigations [142^144], FX plays an important role in the
assembly and the structural integrity of photosystem
I as well as in electron transfer.
The kinetics of electron transfer from FX to the
terminal iron sulfur clusters of PS I, FA and FB ,
are faster than the electron transfer from A1 to FX .
The kinetics are di¤cult to determine because the
optical di¡erence spectra of the three [4Fe4S] clusters
are nearly identical [145]. The fast electron transfer
explains why FX is not detected in EPR spectra in

Photosystem I contains an integral antenna system
consisting of about 90 Chla molecules and 22 carotenoids. It shows no structural similarity to the highly
symmetric bacteriochlorophyll arrangements in the
light harvesting complexes of purple bacteria
[147,148]. The chlorophylls have dual functions in
PS I: six of them are constituents of the electron
transport chain and have been discussed above.
The remaining 90 chlorophylls are used to capture
light and belong to the antenna system of PS I.
The role of the carotenoids in photosynthesis is
more complex. There are at least ¢ve di¡erent functions of carotenoids: light harvesting, photoprotection, protection against singlet oxygen, excess energy
dissipation and structure stabilisation (for a review,
see [149]).
The time taken for the energy transfer from the
antenna system to P700, the `trapping time', depends
on the organism and the antenna size [150^153]. Values between 20 and 35 ps have been reported. There
is strong evidence that after excitation, the energy is
rapidly distributed between the chlorophylls in the
antenna system in an equilibrium process (with 3.7^
7.5 ps lifetime) [116]. This happens before trapping
occurs [154]. The excitation energy transfer and trapC

Fig. 9. All cofactors of photosystem I, with special regard to the antenna system. (a) View from the stromal side onto the membrane
plane. (b) Side view of the cofactors of PS I, the view direction is parallel to the membrane plane. Organic cofactors of the ETC are
coloured blue. The [4Fe4S] clusters are coloured orange and yellow. The dashed lines underline the organisation of the PsaA/PsaB
bound antenna chlorophylls (yellow) in one central and two peripheral domains. The chlorophylls bound to the peripheral subunits
and the phospholipid are coloured grey. The chlorophylls referred to as `red chlorophylls' are shown in red. The carotenoids are organised in six clusters which are marked by black ellipsoids.
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ping in photosystem I was described as a transfer to
the trap limited process [155].
7.1. The antenna chlorophylls
The large subunits PsaA and PsaB bind 79 of the
90 antenna chlorophylls (see Table 1). Furthermore,
10 Chla molecules are axially liganded by the small
membrane intrinsic proteins PsaJ, PsaK, PsaL, PsaM
and PsaX. The Mg2 ions of the chlorophylls are
axially coordinated either directly by atoms of amino
acid side chains (imidazole moieties of His, oxygen
atoms of Gln, Asp, Glu or the hydroxyl group of
Tyr), by peptide carbonyl oxygens or indirectly via
water molecules. Interestingly, a phosphatidylglycerole (PG) also provides the ¢fth ligand of the Mg2
ion of a Chla molecule (PL1 in Fig. 9a). Together
with those e¡ects discussed below for the `red' chlorophylls, these di¡erences in axial coordination of
the central Mg2 ions may contribute to the observed wide absorption range of the chlorophylls in
PS I.
Those chlorophylls of the antenna system which
are bound to PsaA and PsaB can be divided into
three distinct domains: the central domain, surrounding the inner K-helices, where the chlorophylls
are distributed over all depths of the membrane, and
two peripheral domains, where the chlorophylls form
layers on the stromal and lumenal sides of the membrane (Fig. 9b). At medium resolution [12,15], W10
Chla which are located in these layers were not identi¢ed; therefore this layer structure was only partially
visible.
The chlorophylls bound to PsaA and PsaB loosely
follow the pseudo-C2 symmetry. For the majority of
the antenna chlorophylls, the centre to centre distances to their nearest neighbour Chla are in the range
î . This is a range, in which Fo«rster type
from 7 to 16 A
fast excitation energy transfer is favourable [156].
The electron transport chain and the antenna system are well separated, but there are two chlorophyll
molecules, aC-A40 and aC-B39, which seem to connect the antenna system structurally to the electron
transfer chain. They are in close proximity to the two
chlorophyll molecules of the ETC, aC-A40 at a
î to eC-A3 and
centre to centre distance of 12.8 A
î
aC-B39 at 10.9 A to eC-B3, and located in the middle of the membrane. The question whether a signi¢-

cant amount of excitation energy proceeds via these
two `connecting' chlorophylls, which would imply
that the chlorophylls eC-A2, eC-A3, eC-B2 and eCB3 could be engaged both in excitation energy and in
electron transfer, can not be answered at the moment. However, theoretical calculations, which have
already been initiated, could provide a powerful tool
to solve this problem.
7.2. The `red' chlorophylls
In photosystem I there are chlorophylls which absorb at longer wavelength than P700 (so called `long
wavelength' or `red' chlorophylls). Their number
varies among di¡erent organisms [153,157,158]. PS
I from S. elongatus contains nine to 11 Chla per
monomer which absorb light at longer wavelengths
(`red shifted') than the bulk of antenna Chla [157].
Two functional roles have been discussed for the
`red' chlorophylls: facilitation of e¤cient light energy
capture under extreme environmental conditions,
and focussing of the excitation energy to the reaction
centre [113]. The red shift can be caused by several
types of molecular interactions or properties of the
chlorophylls: excitonic interaction of cofactors [159],
deviations from planarity of the chlorine ring [160],
charge e¡ects [161], electronic interactions with polypeptide side chains, and changes in the dielectric constant of the local environment of the absorbing coî resolution can
factors [162]. The structure at 2.5 A
not provide the ¢nal answer to the question of where
the `red' chlorophylls are located. However, tightly
interacting chlorophylls, forming dimers and trimers
of chlorophyll molecules, can be identi¢ed. These
chlorophylls, which are most probably excitonically
coupled, are possible candidates for some of the long
wavelength chlorophylls. In the following, the discussion will focus on a unique Chl trimer and three Chl
dimers located at prominent positions in the complex.
On the lumenal side of the membrane close to
PsaX, a Chla trimer formed by aC-B31, aC-B32
and aC-B33 is located. The arrangement of the three
Chla can be best described as a staircase, where the
pigment molecules can be seen to be related to each
other by an approximate translation, with their ring
planes oriented roughly parallel (Fig. 9). The interplanar separations between the chlorophylls are in
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î , with lateral centre to
the range from 3.5 to 3.7 A
î
centre shifts of 8.3 A. Strong excitonic coupling is
implied by this geometry of approximate translational symmetry, because the transition dipole moments
of the chlorine rings are roughly parallel. PsaB coordinates only one of these three chlorophylls, aC-B31,
directly via HisB470, whereas the Mg2 ions of the
other two Chla molecules, aC-B32 and aC-B33, are
coordinated to water molecules. It is remarkable,
that the topography of this chlorophyll trimer is similar to small molecule crystal structures of chlorophyll derivatives [163], showing an absorption maximum at 740 nm within the crystals. For these
chlorophyll derivatives, the extreme red shift compared to solutions was explained by strong excitonic
interactions supported by Z^Z interactions within the
stacks. Only one Chla trimer is observed in the structure of PS I from S. elongatus. The cause of the lack
of a chlorophyll trimer in PsaA at a position related
by the pseudo-C2 axis could be an interference of the
hypothetical PsaA counterpart with the monomermonomer contact within the trimer.
At the lumenal side of the membrane at the interface between PS I monomers, one pair consisting of
chlorophylls aC-A32 and aC-B7 is located. These
two chlorophylls are coloured red in Fig. 9. They
are separated by a centre to centre distance of 8.9
î and an interplanar distance of 3.5 A
î . Hydrophobic
A
contacts are observed between this pair of chlorophylls and the C-terminal region of PsaL from the
adjacent monomer. In 1998, Palsson et al. detected a
loss of two chlorophylls absorbing at 719 nm, when
the trimer of S. elongatus was split into monomers
[157]. Possibly, these two chlorophylls could be identical with the chlorophyll pair aC-A32/aC-B7. These
chlorophylls could also play a role in excitation energy transfer between the monomers.
Two further Chla dimers are located at prominent
positions near the stromal side of the membrane,
which are related to each other by the pseudo-C2
symmetry. One dimer is constituted by aC-A38 and
aC-A39, coordinated to PsaA, the other consists of
ac-B37 and aC-B38 coordinated to PsaB. The dimer
aC-A38/aC-A39 is located close to PsaF, aC-B37/aCB38 close to PsaL. In contrast to the majority of the
bulk chlorophylls, their chlorine head groups are oriented parallel to the membrane. The centre to centre
distances within the pairs aC-A38/aC-A39 and aC-
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î and 7.6 A
î , respectively. Their
B37/aC-B38 are 8.2 A
î separation so that
ring systems are stacked at 3.5 A
their Z electron systems overlap partially. In close
proximity to each of the two Chla pairs, one of the
`connecting' Chla is located; the centre to centre distances between aC-A38/aC-A39 and aC-A40 and aCî . Based on
B37/aC-B38 and aC-B39 are about 16 A
geometrical considerations, we can speculate that the
excitation energy transfer from these Chla dimers to
the ETC can be achieved at reasonable rates via the
two `connecting' chlorophylls, thereby suggesting
that these two dimers as well as the `connecting'
chlorophylls may play a special role in excitation
energy transfer.
7.3. The carotenoids
The complex organisation of antenna Chla and
carotenoids underlines two major functions besides
a structural function in stabilisation of the PS I complex: light harvesting and photoprotection [164].
Carotenoids absorb at wavelengths di¡erent from
that of Chla, in the range 450^570 nm. Their photoprotective function is correlated to their ability to
quench excited Chla triplet states which can generate
toxic singlet oxygen (for review see [165]). This function is of importance in vivo if the cells are overexposed to light. It is in agreement with the fact
that cells lacking carotenoids are very sensitive to
light [166].
î resolution, 22
In the electron density map at 2.5 A
carotenoids have been identi¢ed and were modelled
as L-carotene. This carotene has been previously
shown to be the dominant carotenoid in PS I
[24,167]. 17 carotenoids show the all-trans con¢guration, whereas the remaining ¢ve carotenes contain
one or two cis bonds: two carotenes were modelled
as 9-cis, and one each as 9,9P-cis, 9,13P-cis and 13-cis
carotenoids, respectively. Previous HPLC analysis of
PS I from S. vulcanus [164] reveals some but not all
of the isomers which have been now identi¢ed in the
structure.
The majority of the carotenoids are deeply inserted
into the membrane, with only a few of the head
groups located closer to the stromal or lumenal
side. The carotenoids are arranged in six clusters
(Fig. 9a). The clusters (1), (2), (3) and (4), contain
three, three, two and two carotenoid molecules, re-
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spectively. The carotenoids in these clusters form
various hydrophobic contacts with PsaA and PsaB,
with cluster (1) being additionally in contact with
PsaK. The carotenoids in clusters (1) and (3) are
roughly related by the pseudo-C2 axis to those in
clusters (2) and (4), respectively. Each of the clusters
(5) and (6) contains six carotenoids. Cluster (5) is
located at the distal side of the PsaA/B heterodimer
as seen from the C3 axis of the PS I trimer, whereas
cluster (6) is located at the proximal side. The carotenoids in cluster (5) form hydrophobic interactions
with PsaA and PsaB and PsaF and PsaJ, whereas the
carotenoids of cluster (6) interact with PsaA, PsaB,
PsaI, PsaL and PsaM. For these two clusters, the
pseudo-C2 symmetry is not well expressed.
Tight interactions can be observed between the
carotenoids and the chlorophylls of the antenna system. E¤cient energy transfer from excited carotenoids to the Chla as well as quenching of Chla triplets, which occurs via a charge transfer mechanism
[168], depend on interactions between carotenoids
and chlorophylls within the van der Waals contact.
Indeed, all carotenoids are in direct vicinity to Chla
î ). 60 out of the 90 antenna
head groups ( 6 3.6 A
chlorophylls are in direct contact to carotenoids,
thereby facilitating e¤cient triplet quenching and energy transfer. Furthermore, extended Z^Z stacking is
observed for a few pairs of Chla and carotenoids in
the PS I structure. This kind of interactions could be
important for the ¢ne-tuning of the absorption properties of the antenna.
7.4. Lipids
î structure of PS I, four lipid molecules
In the 2.5 A
are identi¢ed. They are bound by PsaA/B. Three of
them are negatively charged phospholipids (I, III,
IV), whereas one of them is an uncharged galactolipid (II). Chemical (Linke et al., in preparation) and
immunological investigations [169] identi¢ed these
types of lipids in PS I from S. elongatus to be monogalactosyldiglyceride and phosphatidylglycerol.
The lipids are located in the central core of PsaA
and PsaB as previously suggested [169]. For all
four lipids the head groups, forming bonds with
PsaA/PsaB, are located at the stromal side of the
membrane. The two fatty acid chains of each lipid
are anchored between transmembrane K-helices of

PsaA/PsaB and extend to the middle of the membrane. In addition, one antenna Chla, aC-PL1, is
coordinated by the phosphodiester group of lipid
(III). The binding of the lipids seems to be an evolutionary conserved feature of PS I, because the lipids
are related by the pseudo-C2 axis: galactolipid (II)
and phospholipid (I) are located close to the central
core of the 10 transmembrane K-helices, A/B-g to
A/B-k, surrounding the electron transfer chain. As
discussed above, a possible in£uence of the uncharged lipid (II)/charged lipid (I) on the two phylloquinone binding sites QK -B and QK -A has to be
considered. The other two lipids are situated more
peripherally. Lipid (III) is bound to PsaA, located
close to the monomer^monomer interface, whereas
lipid (IV) is bound to PsaB, being in contact with
PsaX. The location of lipids (I) and (II) close to
the core of the PS I structure, and the obvious function of lipid (III) in binding of an antenna Chla,
clearly indicate that the four lipid molecules are integral and functionally important constituents of the
PS I complex.
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