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The assembly of protein subunits and cofactors in photosystem |
Wolfram Saenger*T, Patrick Jordan* and Norbert Krau3*

The recently determined crystal structures of photosystems |
and Il at 2.5 A and 3.8 A resolution, respectively, have
improved the structural basis for understanding the
processes of light trapping, exciton transfer and electron
transfer occurring in the primary steps of oxygenic
photosynthesis. Understanding the assembly of the 12 protein
subunits and 128 cofactors in photosystem | allows us to
study the possible functions of the individual players in this
protein—cofactor complex.
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Abbreviations

Chla  chlorophyll a

EM electron microscopy

EPR electron paramagnetic resonance
ETC electron transfer chain

Fd ferredoxin

FNR ferredoxin-NADP* oxidoreductase
LHCI light-harvesting complex |

MGDG monogalactosyldiglyceride
P680 primary electron donor of PSI|
P700 primary electron donor of PSI

PG phosphatidylglycerol
PS photosystem
TMH transmembrane a helix

Introduction

The main energy source for life on earth is the conversion
of solar energy into chemical energy by oxygenic photo-
synthesis performed in plants, green algae and
cyanobacteria. These organisms contain thylakoid
membranes that harbor two large protein—cofactor complexes,
photosystems I and II (PSI and PSII). The photosystems
catalyze the initial and fundamental steps of oxygenic
photosynthesis: they trap sunlight through extended
antenna systems and use the energy to excite the primary
electron donors (P700 at PSI and P680 at PSII), each
releasing one electron per reaction cycle.

The released electrons are translocated across the thylakoid
membrane along organic and inorganic cofactors, known
as the electron transfer chains (E'T'Cs). The ETCs of PSI
and PSII are connected by a pool of plastoquinones, the
cytochrome 44/f complex and the soluble proteins
cytochrome ¢, or plastocyanin, and cooperate in series. In
this process, water acts as electron donor to the oxidized
P680 in PSII, and atmospheric oxygen evolves as a by-
product (Figure 1). The electrons are finally transferred to

the stromal side of PSI and used to reduce NADP+ to
NADPH, which is catalyzed by ferredoxin-NADP+
oxidoreductase (FNR) (Figure 1). The series of electron
transfer reactions is coupled to the consumption of protons
at the stromal side of the thylakoid membrane (cytoplasmatic
in cyanobacteria) and to the release of protons at the
lumenal side of the membrane. The resulting difference
in the electrochemical potential across the thylakoid
membrane drives ATP synthetase (not shown in Figure 1).
In subsequent dark reactions, ATP and NADPH are used
to reduce CO, to carbohydrates.

The large superfamily of photosynthetic reaction centers
can be divided into two classes characterized by the nature
of their terminal electron acceptors: Fe-S clusters (type 1)
and quinones (type II) [1]. PSII and purple bacterial
reaction centers (PbRCs) belong to type II, whereas PSI
has a type I reaction center. Well-resolved structures of
PbRCs [2] and the medium-resolution (3.8 A) structure of
PSII isolated from the thermophilic cyanobacterium
Synechococcus elongarus [3°] have been published. The
recently described 2.5 A resolution structure of PSI isolated
from the same cyanobacterium [4°°,5°] is discussed here
with respect to the assembly and possible functions of
protein subunits and cofactors.

Composition of cyanobacterial photosystem |
"T'he protein matrix of PSI consists of 12 subunits, illustrated
in Figure 2 with their molecular masses, number of trans-
membrane o helices (I'MHs) and cofactors of the E'TC. The
amino acid sequences were derived by gene sequencing
for 11 of the PSI subunits of §. e/ongarus [6]. An additional
subunit was fitted to the 2.5 A resolution electron density
map [4°*,5°] that corresponds to subunit PsaX, which could
not be traced on the gene level, but was only isolated from
two thermophilic cyanobacteria.

The number of cofactors bound to PSI is the largest found
thus far in any protein—cofactor complex. In total, 128
cofactors are bound to PSI. They include 90 chlorophyll
(Chl @) in the antenna systems (see below) and five Chl «,
one Chl ', two phylloquinones (vitamin K;) and three Fe,S,
clusters that form the ET'C. In addition, 22 carotenoids,
four lipids and one putative Ca2+ were located in the 2.5 A
electron density map and 201 water molecules were

identified [4°°,5°].

Organization of protein subunits

Although higher plant and cyanobacterial PSIs are similar
in structure and function, striking differences are found
concerning their subunit composition, their association with
peripheral antenna systems and their aggregation states (for
reviews, see [7°,8°]). In cyanobacteria, the phycobilisomes
attached to the stromal surface of the thylakoid membrane



Figure 1
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A schematic cut-through diagram of the
thylakoid membrane, showing protein
complexes (except ATP synthetase) engaged
in the light reactions of oxygenic
photosynthesis. At PSlI, the light-driven (hv)
reaction starts with oxidation of H,O at the
manganese cluster (Mn,) The released
electrons are translocated across the
thylakoid membrane along the ETC involving
plastoquinone (PQ), the cytochrome bg/f
complex (Cyt bg-f) and plastocyanin (PC) or
cytochrome cg (Cyt cg). At PSI, the electrons
are finally transferred to Fd on the stromal
side of the membrane and terminate at FNR,
which catalyzes the reduction of NADP* to
NADPH. Stoichiometries of the reactions
indicated refer to the production of a single
molecule of O,.
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can transfer excitation energy to the membrane-intrinsic
core complexes of PSI and PSII, whereas in plants, light-
harvesting protein—cofactor complexes are located in the
thylakoid membrane and serve as peripheral antennae for
both photosystems. Cyanobacterial PSI can be present as
monomers and homotrimers [9,10]. The crystal structure
shows that trimeric PSI from cyanobacteria resembles a
cloverleaf (Figure 3a), with the monomers in the trimer
being related by the C; axis of space group P6;. It has been
suggested that, in higher plants, trimeric PSI cannot be
observed because the PSI core complex is almost complete-
ly surrounded by the light-harvesting complex LHCI [11].
Recent EM studies, however, show that LHCI binds only
on one side of the PSI core complex and would not impede
trimer formation [12°°].

Figure 2

The two largest subunits of PSI, PsaA and PsaB, have a
mass of about 83 kDa each and their primary structures are
related, with 42% amino acid identity. Amino acids in these
two subunits that bind ETC cofactors are almost strictly
conserved, whereas amino acids that bind to antenna
cofactors are only partially conserved. PsaA and PsaB
feature 11 TMHs, each of which is connected by loops that
are partially folded into smaller o helices and short
(3 strands, as shown in the topography diagram for PsaA in
Figure 4. PsaA and PsaB are located at the center of the
PSI monomer and are related by a pseudo-twofold rotation
axis (pseudo-C,) (Figure 3a) [13].

Close (proximal) to the Cj axis, the three TMHs of subunit
PsaLL interact with their symmetry-related mates and form

Schematic description of the subunit
composition of cyanobacterial PSI. Under
each subunit name (PsaA—PsaF, Psal-M,
PsaX), the number of TMHs within each
subunit and the molar mass (kDa) of the
subunit are indicated. Spectroscopically
identified cofactors of the ETC are shown in
red (P700, Ag, Ay, Fy, Fa, Fg). A (green)
denotes the ‘accessory’ Chl a determined in
the X-ray study that escaped spectroscopic
identification. *In addition to a single TMH,
PsaF contains a kinked hydrophobic inner
membrane a helix.
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Figure 3
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Three-dimensional structure of cyanobacterial
PSI. (a) View along the membrane normal on
the stromal side of PSI; subunits PsaC, PsaD
and PsaE are omitted. The Cj crystallographic
symmetry axis is symbolized by a at the
center of the trimer and the local pseudo-C,
axis by a small, black ellipse at the center of
monomer | between TMHSs j belonging to
PsaA (blue) and PsaB (red). In monomer |,
TMHSs are shown as cylinders and the

o helices in loops A/B-jk (1), A/B-ij (2) and
F-c, F-d are shown as spirals. For
nomenclature, see Figure 4. Individual
subunits are in different colors that are also
used in monomers Il and IIl. In monomer I, all
secondary structure elements (TMH as
cylinders; nontransmembrane a helices as
spirals) and loops are shown. In monomer I,
TMH are shown as cylinders and also
indicated are the antenna Chl a (yellow),
cofactors of the ETC (i.e. Chl a, Qk-A, Qy-B in
blue), [Fe,S,] clusters (orange/yellow),
carotenoids (black) and lipids (cyan). (b) Side
view of one PSI monomer, view direction
indicated by the arrow at the bottom of (a).
Color code as in (a). The Cj axis is indicated
by the black line to the right and the
pseudo-C, axis by the vertical arrow. Figure
reproduced from [4**] with permission.

the ‘trimerization domain’, augmented by subunit Psal
(featuring one TMH) and by the putative CaZ* [4*°]. On
the other side of the PsaA-PsaB core and distal to the Cy
axis 1s subunit PsaF, with one TMH and an unusually

kinked hydrophobic inner membrane o helix, flanked by
Psa] and PsaX, with one TMH each. PsaK, with two
"T'MHs, is located peripherally and close to the interface
between the PSI monomers.
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Topography of PsaA. a Helices are shown as rectangles and 3 strands
as arrows. The 11 TMHSs are denoted a—k and a helices in loops by
two letters indicating the associated TMH followed by (1-4)
describing the sequence of the a helices in the loops [e.qg. ij(2)
meaning the second a helix in the loop formed by TMHs i and j]. The

N terminus is at N(13) (the first 12 amino acids could not be located)
and the C terminus is at C. Amino acids directly or indirectly
coordinating antenna cofactors are highlighted green for histidine and

blue for glutamine (115, 123, 355), threonine (501), tyrosine (315),
isoleucine (717) and serine (365). Amino acids coordinating cofactors
of the ETC (mentioned in the text) are indicated by red dots. For
nomenclature of cofactors, see Figure 6. In the text, TMH and

o helices are given by the subunit name (PsaA or short A) followed by
the name of the TMH or a helix.  Strands are not named as they have
only a structural role in stromal (top) and lumenal (bottom)
extramembrane loops.

The three stromal subunits, PsaC, PsaD and PsaE, do not
feature TMHs and form a high ridge on the stromal side
of the membrane (Figure 3b). PsaC is located on the
pseudo-C, axis and wedged between PsaD and PsaE.
The three subunits are arranged as a crescent surrounding
part of the stromally exposed surface of PsaA, as had been
proposed by Fromme ez a/. [14]. Lelong er al. [15] later
verified this structure by EM analyses as the binding site
of the electron carriers ferredoxin (Fd in Figure 1) or
flavodoxin in cyanobacterial PSI. A different model, in
which the Fd-binding site is located on top of the stromal
ridge, was derived by EM of two-dimensional crystals of
PSI from spinach [16°]. As shown by the PSI crystal
structure, PsaC is structurally similar to 2[Fe,S,] ferredoxins.
In solution, however, the structure of PsaC from
Synechococcus sp. PCC 7002 [17°] differs significantly,

indicating that the folding of PsaC is modified during
assembly into PSI. Besides PsaC, PsaD and PsaE are
involved in the docking of Fd. PsaD plays a central role in
the assembly of the stromal subunits, whereas PsaE may
be required for cyclic electron transfer around PSI and for
formation of the transient PSI-Fd-FNR complex [18]
involved in NADP+ photoreduction (see [7°,8°,19°,20°]
for reviews on the stromal subunits).

Interactions between subunits

The TMHs of PSI are hydrophobic [6]. As hydrophobic
interactions are largely determined by atom pairs at van der
Waals distances and are considered weak and unspecific,
they are not suited to define the well-organized assembly
of subunits that is found in PSI. Consequently, each
subunit is additionally engaged in specific hydrogen
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Table 1

Hydrogen-bonding interactions between peripheral,
membrane-intrinsic subunits involving mainchain (MC) and
sidechain (SC) atoms in the PS| monomer [5°].

Subunit MC-MC MC-SC SC-SC |Interacting subunits

(number of interactions)

PsaF 1 2n,6i  2i,4s PsaA(3), PsaB(7), PsaE(3),
PsaF(1), PsaJ(1)

Psal 2 2n, 3i i PsaB(5), PsalL(2), PsaM(1)

Psal 3 2n — PsaF(5)

PsaK* Only polyalanine model

PsalL 3 4n, 2i 1s PsaA(2), PsaB(5), PsaD(2),
Psal(1)

PsaM - 3n, 3i i PsaB(5), Psal(2)

PsaXt Ambiguous in some amino acids

Total 9 27 9

*Could only be modeled as polyalanine. TThe amino acid sequence is
questionable, as it has not been determined biochemically for

S. elongatus PSI and has only been derived from the electron
density. i, interaction with one partner charged; n, interaction
between neutral partners; s, interaction with both partners charged
(salt bridges).

bonds and salt bridges involving mainchain and sidechain
atoms (a general overview is described in Table 1).

The large majority of the interactions between TMHs in
PSI are of the type mainchain to sidechain, and many
involve charged partners (i) (see Table 1). Interactions
between mainchain atoms are primarily found in loop
segments connecting the TMHs. Of the interactions
between sidechains, many (six) are observed for PsaF (with
four salt bridges), but only one each is observed for Psal (i),
PsaM (i) and PsalL (s). The interactions in the ‘trimerization
domain’ are primarily of the mainchain to sidechain type.

The antenna chlorophyll a

The PSI core complex carries its own intrinsic ‘core’ antenna
system to enlarge the absorption cross-section for sunlight
over a wide spectral range so that efficient transfer of
excitation energy to the primary electron donor P700 can
occur. This process is related to transition dipole—dipole
interactions between the involved donor and acceptor
molecules that can be weakly or strongly coupled, depending
on the distance between and relative orientation of these
dipoles. In the PSI antenna system, weakly coupled Chl &
dominate (Mg2+—Mg?2+ distances greater than 10 A) and the
energy transfer rates (ki) can be described by the Forster
theory [21]. Of the 90 total core antenna Chl  of PSI, 79
are coordinated to PsaA-PsaB and 11 are bound to the
peripheral subunits Psa]J (3 Chl ), PsaK (2), Psal. (3), PsaM
(1) and PsaX (1) and to one phospholipid, phosphatidyl-
glycerol (PG) (see below). The three stromal subunits
(PsaC, PsaD and PsaE) and the membrane-intrinsic Psal
do not coordinate Chl a. The Mg2+ in the vast majority of

the antenna Chl « are axially coordinated by histidine
(65 of the 90 total Chl #). The Mg2+ of the remaining
antenna Chl « are axially coordinated by water (15) and
sidechain oxygen atoms of glutamic acid (2), glutamine (3),
aspartic acid, tyrosine, PG, peptide bond and one uncertain
sidechain of PsaX (1 each). In all cases, the 15 water
molecules bridge Mg2+ and an amino acid residue or a
second water molecule [5°].

Most of the positions of Chl & coordinated by PsaA/PsaB
follow roughly the pseudo-C, symmetry and can be
divided into three groups (Figure 5a,b). The largest group
contains 43 Chl # arranged in the form of an elliptically
deformed cylinder bounded by TMHs PsaA/B a—d at the
‘outside’ and TMHs PsaA/B e—k at the ‘inside’ (for
nomenclature, see Figure 4).

Two groups of 18 Chl « are located at the periphery of
PsaA/PsaB. They are organized in two layers close to the
stromal and lumenal side of the membrane (Figure 5b).
Another group, consisting of 11 Chl «, is coordinated by
the peripheral subunits Psa], PsaX, Psal. and PsaM and
the phospholipid PG (lipid III).

"Two Chl , aC-A40 and aC-B39, are special and are termed
‘connecting Chl 2’ [13]. Of the entire antenna Chl «, these
two are closest to the ETC and might serve as mediators of
the excitation energy transfer from the antenna Chl « to the
ETC (Figure 5a). According to kinetic modeling [22°,23°]
based on the crystal structure of PSI at 4 A resolution, the
role of these Chl # in energy transfer is not as prominent as
the structure might suggest.

Plant and cyanobacterial PSI core complexes are spectrally
highly heterogeneous, with the major part of their core
antenna, constituted by the ‘bulk’ Chl «, displaying a
broad absorption band at 680 nm [23°]. In addition, they
contain a few ‘red’ Chl « that absorb light at longer wave-
lengths than the ‘bulk’ Chl # and P700, corresponding to
lower excitation energy. The biological significance of the
‘red’ Chl « in PSI is not fully understood, but they might
enlarge the absorption cross-section for light energy in the
red (long) wavelength region [24] or they might be
required to focus the excitation energy in the vicinity of
P700 [23°]. Spectroscopic data indicate close to 10 ‘red’
Chl @ per P700 in trimeric PSI from §. elongarus [25]. The
numbers and spectral properties of the ‘red’ Chl  strongly
depend on the cyanobacterial or plant species [23°,26],
whereas the properties of the ‘bulk’ Chl ¢ most probably
do not differ significantly among the PSI core complexes.
A compartmental model containing a ‘bulk’ Chl # pool
and one or two pools of ‘red” Chl ¢ was used to analyze
time-resolved fluorescence data from various PSI core
complexes [27°°].

A red-shifted absorbance of Chl ¢ can be caused by various
factors [28], of which excitonic coupling of Chl # can be
most safely deduced from the crystal structure. Applying
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The excitonically coupled Chl a of the antenna @)
system. The sidechains are omitted for clarity.
(a) View along the membrane normal onto the
stromal side. Color code as in Figure 3a. The
‘red’ Chl a dimers, which show the strongest
coupling, and the Chl a trimer (lower left) are
shown in red. The two ‘connecting’ Chl a
forming the bridge between cofactors of the
antenna and the ETC are marked by small
ellipses (dotted orange). The large ellipse
(dashed green) indicates the locus of the
group of 48 Chl a mentioned in the text.

(b) View along the membrane plane, rotated
900 with respect to (a). Fe,S, clusters F, and
Fg are omitted. The vertical lines (dashed
green) indicate the elliptical cylinder outlined
in Figure 5a with dashed green line.

(b)
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this criterion, possible candidates for the ‘red’ Chl « in
§. elongatus PSI can be selected from the nine pairs of Chl
a shown in Figure 5. In addition, there is an interesting
Chl & trimer formed by stepwise arrangement of aC-B31,
aC-B32 and aC-B33 (lower left in Figure 5). Only aC-B31
is coordinated to an amino acid, HisB470; the other two
Chl « of the trimer are self-coordinated through water
molecules. These pairs of Chl # and the trimer are charac-
terized by very close center-to-center distances in the
range 7.6-10.0 A, and should be strongly coupled. The
excitonic coupling of the Chl & colored red in Figure 5
alone, however, cannot explain the observed long-wave-
length spectrum of PSI and suggests that other factors
contribute also to this part of the spectrum. Spectroscopic
studies on wild-type Synechocystis sp. PCC 6803 PSI,
containing only four ‘red’ Chl «, and on its mutants
deficient in PsaF, PsaK, Psal. and PsaM suggest that these
four Chl ¢ are bound to PsaA and/or PsaB, and are located
close to the interfacial regions between Psal. and PsaM
and the PsaA/B heterodimer [29°].

Carotenoids in photosystem |

Spectroscopic data have predicted 20%4 carotenoids in
the PSI monomer [30]. This is in agreement with the
22 carotenoids located in the crystal structure. They were
modeled as B-carotenes, with 16 in all-z7ans conformation,
five featuring one or two ¢is double bonds, and one as an
incomplete molecule. This is consistent with biochemical
data [31,32] indicating that B-carotene is the dominating
carotenoid in PSI. The biological function of carotenoids
in PSI is probably associated with the trapping of light
energy and with the protection of the protein—cofactor
complex and of the whole cell from photo-oxidative damage.
Both functions rely on energy transfer processes according
to the Dexter mechanism [33] that occur if chromophores
are so close (at van der Waals distance) that their wave
functions overlap. Energy transfer from the carotenoids to
Chl « in the core complexes was found to be much more
efficient in PSI than in PSII, suggesting that the major
function of these cofactors in PSI is harvesting of light
[34°], whereas it is photoprotection in PSII.
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Cofactors of the ETC. The Chl a are denoted eC (for ETC Chl a),
followed by coordinating subunit A (PsaA) or B (PsaB) and

numbers 1-3 (1 for P700 [yellow], 2 for accessory Chl a [red] and 3
for Ag [green]). A-branch and B-branch indicate cofactors
predominantly coordinated to subunits PsaA and PsaB, respectively;
however, note crossover occurs at eC-A2 and eC-B2. In P700,
eC-Alis Chl a' and eC-B1 is Chl a. Cofactors Fy, Fp and Fg are
located near the stromal side of PSI and transfer the electron to the
water-soluble electron carriers ferredoxin or flavodoxin (Fd in Figure 1),
which convey it to FNR.

The carotenoids are deeply embedded in the membrane
plane and only in a few cases are their head groups close to
the stromal or lumenal surface. They can be broadly
grouped into six clusters [4°%,5°] (not shown in Figure 5a),
of which four (clusters 1-4) are associated with PsaA-PsaB
and the other two clusters are additionally in contact
with PsaF and Psa] (cluster 5) and Psal, PsalL and PsaM
(cluster 6). The organization of the carotenoids in clusters
1, 2 and clusters 3, 4 are roughly related by the pseudo-C,
axis, but this relation is less pronounced for clusters 5 and
6. The carotenoids are bound to the PSI complex by
hydrophobic interactions with protein subunits and Chl ¢,
and two are in close contact with the phytyl chains of the
phylloquinones in the ETC.

Lipids in the photosystem | structure

The 2.5 A resolution electron density of PSI shows four
lipids: three PGs (I, III, IV) and one monogalacto-
syldiglyceride (MGDG, 1II). These lipids were also
identified in PSI by immunological methods [32] (shown
in monomer III, Figure 3a). PsaA binds to lipids I and III,
and PsaB to lipids II and IV, and lipid IV is also in contact
with PsaX. The positions of lipids I, II, and III, IV are

again related to each other by the pseudo-C, axis. Because
lipids I and II are located close to the center of PSI and
lipid III has an obvious function as it binds an antenna Chl «,
the lipids must be considered as intrinsic components of
PSI and not mere preparation artifacts [4°°,5°].

The electron transfer chain

The heart of PSI is the ETC composed of 11 cofactors
(Figures 2 and 6). The five Chl ¢ and Chl &' and the two
phylloquinones are arranged pairwise along the pseudo-C,
axis between P700 and Fy, and follow the symmetry
requirements. The two branches of cofactors are called
A-branch and B-branch, depending on which protein, PsaA
or PsaB, predominantly coordinates the cofactors. In both
branches, there is a crossover at the ‘accessory’ Chl ¢,
eC-A2 and eC-B2, [4°*,5°] (for nomenclature, see Figure 6).

The key feature of the ETC is the primary electron donor
P700, a heterodimer located close to the lumenal side of
PSI and formed by Chl # and its C132-epimer Chl &’ (as
also suggested from biochemical data [35]), eC-B1 and
eC-Al, respectively. Upon excitation, P700* releases an
electron to form the positively charged radical P700-+.
Electron transfer proceeds toward the stromal side via one
or both of the two branches of cofactors consisting of (1),
the ‘accessory’ Chl « pair (eC-B2 and eC-A2; A, in Figure 2),
which thus far have not been identified spectroscopically;
(2) the pair of Chl  forming the primary electron acceptor
Ay (eC-A3 and eC-B3); (3) the pair of phylloquinones
(vitamin Ky; Qg-A and Qg-B) forming the secondary
acceptor Ay; (4) the FeySy cluster (Fy) located virtually on
the pseudo-C, axis [4°*,5°] and near the stromal side of
PSI. According to spectroscopic and kinetic data [36,37°],
the electron continues by passing the FeySy clusters Fy
and Fp, which could be unambiguously assigned in the
now available 2.5 A electron density [4°°,5°]. At Fy, the
electron is transferred to the water-soluble electron carriers
ferredoxin or flavodoxin (Fd in Figure 1), which convey it
to FNR.

At the lumenal side, P700 is shielded from solvent by
o helices A/B-ij(2) (Figure 4) oriented almost parallel to
the membrane plane. Mutations in the loop region B-ij
[38] indicate that the hydrophobic surface formed by these
o helices is an essential part of the docking site for
cytochrome ¢4 or plastocyanin (PC in Figure 1) when
transferring an electron from PSII via the cytochrome
b4lf complex to PSI to re-reduce the oxidized P700+. The
planes of the Chl #"and Chl ¢ head groups are coordinated
to HisA680 and HisB660, respectively, and oriented
perpendicular to the membrane plane. They are parallel to
each other at an interplanar distance of 3.6 A and shifted
laterally to yield a distance of 6.3 A between Mg2+
cations. These data suggest that P700 is of (hetero)dimeric
and not of monomeric character, as has been discussed
controversially [39,40°], but the electron spin distribution
in the radical cation P700** is asymmetrical with a ratio of
85:15 on the two monomers (bound to PsaB:PsaA) [41°].



The hydrogen-bonding schemes between the protein matrix
and the configurationally different Chl # and Chl &' of
P700 are also different as three hydrogen bonds are formed
with Chl ", but none with Chl 4. This inherent asymmetry
is also reflected in the amino acids that interact with P700:
none is conserved between PsaA and PsaB [4°°,5°].

The head groups of the two ‘accessory’ Chl « (e¢C-B2 and
eC-A2) are tilted by about 30° to the membrane plane.
Their Mg2+ are coordinated by water molecules hydrogen
bonded to AsnB591 and AsnA604, respectively. The head
groups of the pair of candidates for the primary acceptor A
(eC-A3, eC-B3) are nearly parallel to those of the ‘accessory’
Chl « and feature a unique coordination with methionine
sulfur, MetA688 and MetB668. According to the HSAB
concept of hard and soft acids and bases, the interactions
between the ‘soft’ base sulfur and the ‘hard’ acid MgZ+
should be weak, as also deduced from NMR studies on
model compounds [42]. A still unanswered question is
whether the weak axial ligand is responsible for the low
redox potential ((-1.05 V [39]) of A,. The phylloquinones
Qk-A and Q-B, of which one or both are identical to the
secondary acceptor A;, are in contact with the protein
matrix by TETT stacking interactions to the conserved
TrpA697 and 'TrpB677, respectively, in agreement with a
model [43] proposed on the basis of the 4 A resolution
crystal structure [13]. In addition, hydrogen bonds are
formed between the quinone oxygen atoms O4 (in or#ho
position to the phytyl chain) and peptide NH of conserved
LeuA722 and LeuB706, respectively. If the phylloquinone
biosynthetic pathway is interrupted [44°], the phylloquinones
in PSI can be replaced 7z vivo by plastoquinone-9, which
supports forward electron transfer to Fy.

The Fe, S, cluster Fy is coordinated by four cysteines in
conserved loops A/B-hi: CysA574, CysA587, CysB565 and
CysB574. This type of coordination of an Fe,S, cluster
is unique as it comprises two symmetry-equivalent and
conserved segments belonging to two different subunits,
PsaA and PsaB; in a comparable coordination, an Fe Sy
cluster [45] links two polypeptide chains in a homodimeric
protein. The terminal clusters Fy and Fp are 12.3 A apart
and coordinated by the stromal subunit PsaC, the structure
of which resembles bacterial 2[Fe S,] ferredoxin, except
for 25 additional amino acids in PsaC.

Does electron transfer use one or both
branches of the electron transfer chain?

The existence of two branches of chemically equivalent
organic cofactors (except for Chl ¢ and Chl ' in P700) in
the ETC raises an important question: are both branches
or is only one branch (and which one) active in electron
transfer? According to the Moser—Dutton approximation [46],
the ‘optimal’ electron transfer rates are determined by the
closest edge-to-edge distances between the cofactors. In the
2.5 A resolution crystal structure of PSI, these distances are
equivalent within the error limit (0.29 A following Luzzati
[47]), so this criterion cannot be used in the discussion.
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The experimental and theoretical evidence for one or two
branches is controversial [39,48°]. In a recent electron
paramagnetic resonance (EPR) study involving PSI core
complexes, in which the conserved tryptophans of the
quinone-binding sites were mutated into phenylalanines,
kinetic data are interpreted in favor of two active branches
with slightly different kinetics for the transfer steps Qg-A
to Fy and Qg-B to Fx [49°°]. These data are supported by
another EPR study [50] and FTIR difference spectra
associated with the reduction of A; [51]. In our view, the
large differences in the hydrogen bonding of Chl ¢ and
Chl &' in P700 suggest that one of the two branches may
be favored in terms of the amplitude of electron transfer.
Regarding the possibility of two different rates of electron
transfer from Qg-A or Qg-B to Fy, there are some indications
of asymmetry in the crystal structure: Qg-A is 15 A from
the negatively charged PG (lipid I), whereas Qg-B is at the
same distance from the neutral MGDG (lipid II), and the
local environments of Qg-A and Qg-B are not identical
because different water networks are formed between
these cofactors and Fy [4°%,5°].

Conclusions: a PSI supercomplex and
biogenesis of PSI and PSlI

The crystal structure of PSI isolated from the thermophilic
cyanobacterium 8. elongarus is a solid basis for future
spectroscopic, biochemical and molecular biological
experiments designed to further our understanding of the
function of the individual players in this protein—cofactor
complex. Unfortunately, . e/ongatus is a photoautotroph, so
point mutations that interfere with the function of its PSI
will reduce the growth rate and render physical methods
difficult or even impossible because they require larger
amounts of material. To circumvent this dilemma, a
heterotrophous organism must be employed, but until now
all attempts to crystallize PSI from other sources into
X-ray-suitable form have been elusive.

A PSI supercomplex

Two recent papers describe the isolation of a PSI super-
complex from cyanobacteria grown under iron-deficient
conditions [52°%,53°°], in which the additional protein IsiA
is expressed. It is strongly homologous to subunit CP43
from PSII and is expected to harbor about 12 Chl 4. On
the basis of electron micrographs and the structures of
PSI [13] and CP43 [3°], models were constructed in
which the PSI trimer is surrounded by 18 IsiA molecules,
yielding a supercomplex with a diameter of ~330 A, a total
molecular mass of 1 700 000 and featuring 504 antenna
chlorophylls (3 x 96 PSI trimer plus 18 x 12 IsiA). Because
in cyanobacteria grown under iron stress the PSI and
light-harvesting phycobilisome content is likely to be reduced
as not enough Fe,S, clusters and biline chromophores can
be formed, the large antenna of the supercomplex might
compensate for this deficiency. The supercomplex compares
with rings of light-harvesting proteins in anoxygenic
purple bacteria. In addition to these and to the LHC
trimers/dimers in chloroplasts, the IsiA rings are the third
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known membrane-intrinsic peripheral chlorophyll-binding
antenna. These systems are all structurally different but
their assemblages show some similarities, suggesting
convergent evolution [52°°,53°°].

Biogenesis of cyanobacterial PSI and PSII

A recent analysis of separated plasma and thylakoid
membranes of the cyanobacterium Synechocystis sp. PCC
6803 [54°°] showed that the former contain PSI proteins
PsaA, PsaB, PsaC, PsaD and PSII proteins D1, D2,
cytochtome b559 and chlorophyll. EPR spectra indicated
that the subunits of PSI in the plasma membrane had
assembled into a complex that was functionally active if
illuminated by light and formed P700+. Concerning PSII,
the essential protease CtpA, which cleaves the N terminus
of precursor D1 protein to provide mature, functionally
active D1, is tightly associated with the plasma membrane,
but not with the thylakoid membrane. This led to a
proposal for the biogenesis of PSI and PSII, suggesting
that initially, reaction center cores, including cofactors, are
assembled in the plasma membrane. They are then
translocated to the thylakoid membrane and the addition
of regulatory and light-harvesting subunits finally leads
to complete PSI and PSII.
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