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This minireview summarizes our current knowledge
on structure, energetics and the functional mecha-
nisms of the reaction centres (RCs) of non-oxygenic
photosynthesis and Photosystems I and II of oxygenic
photosynthesis. At the RCs, the key steps of transfor-
mation of solar radiation into electrochemical free
energy take place. Two types of RCs exist which differ
in the nature of their electron acceptor for ‘stable’
light induced charge separation: iron-sulphur cluster
in type I and quinone in type II. The type II of oxy-
genic photosynthesis is unique since it has the added
machinery for oxygen evolution.
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‘Hence the general struggle of life is not for resources of
material and not for energy, which in form of heat, unfor-
tunately nontransducible, plentifully exists in every
organism, but it is the fight for entropy which becomes
disposable through the transition from the hot sun to the
cold earth. In order to make use of this transition, plants
unfold unmeasurable areas of their leaves and forces the
energy of the sun, in still unresolved ways, before it sinks
to the temperature of the earth’s surface, to carry out
chemical synthesis which no one in our laboratories can
even imagine.’

Ludwig Boltzmann (1844-1906)"

BIOLOGICAL organisms are open systems far away from
the thermodynamic equilibrium (about 20-25 kJ/mol)?.
Therefore, Gibbs free energy fluxes are required for their
development and sustenance™. [The term ‘Gibbs free
energy’ will be used throughout this review instead of
‘free energy’ to characterize reactions taking place at
constant pressure rather than at constant volume (Helm-
holtz free energy).] Electromagnetic radiation from a
huge extraterrestrial nuclear power station, the Sun, is the
unique source that satisfies the Gibbs free energy demand
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of life on earth. The key role of solar radiation as the
energetic prerequisite of the biosphere was already rec-
ognized in 1845 by Julius Robert Mayer (1814-78) and
the underlying thermodynamic principle correctly formu-
lated by Ludwig Boltzmann in 1886 (ref. 1).

Among the living organisms, two types exist that differ
from the others with respect to their mode of exploitation
of solar radiation as Gibbs free energy source: (i) photo-
autotrophs that are able to use the solar energy directly as
driving force through the process of photosynthesis and
(i1) photoheterotrophs that cannot perform this process
and therefore need the uptake of “energy rich’ substances
(food) eventually synthesized by photoautotrophs, to ex-
tract Gibbs free energy through metabolic digestion via
fermentation or aerobic respiration.

The annual energy input from the Sun on our Earth is
estimated to be about 5-10*' kJ. Nearly half of this falls
on the oceans and the land, about two times more on the
oceans”. The other half is reflected by the atmosphere or
absorbed by it (giving rise to storms and water movement
in the oceans), only a very small fraction of less than
0.1% is eventually transformed via photosynthesis into
chemical Gibbs free energy. In the overall balance, the
Earth releases energy as black body radiation in the far
infrared region (the maximum of the wavelength distribu-
tion is at about 10 um) thus keeping the average tempera-
ture virtually constant.

According to van Niel, the transformation of solar
radiation into Gibbs free energy can be described by the
equation”

HaD + A -5 HoA +D, 1)

where H,D and A are suitable hydrogen donor and accep-
tor molecules respectively. In anoxygenic photosynthesis,
this process is driven by a single type of light reaction
(see section on ‘General structural organization of an-
tenna and reaction centres’) and H,Ds are simple mole-
cules like H,S or acetate (for reviews on anoxygenic
photosynthesis, see refs 6-8). The bioenergetic “big bang’
in the evolution of the biosphere was the development of
a system which enables the use of water as hydrogen
donor concomitant with the release of O, and as a conse-
quence the formation of the present day aerobic atmo-
sphere (for reviews, see refs 9-11). This oxygen evolving
(oxygenic) photosynthesis is energetically driven by two
light reactions which operate in series'>'?.
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This minireview focuses on the structure and function
of the reaction centres (RCs), where electronically
excited singlet states populated by light absorption are
directly transformed into electrochemical Gibbs free
energy within the photosynthetic apparatus.

Major pigment classes participating in light
reactions

Pigment molecules are indispensable constituents of the
photosynthetic apparatus, especially of the RCs.

Essentially three classes of chromophores are used for
this purpose: (i) (bacterio) chlorophylls with a conjugated
cyclic 7electron system of (bacterio) chlorin rings, (ii)
phycobilins with an open chain tetrapyrrole and (iii) caro-
tenoids with a mainly linear chain of conjugated double
bonds. Representative molecules of these pigment classes
are shown in Figure 1 (for reviews, see refs 14 and 15).
The photophysical properties of these pigments and their
suitable interactions are affected by incorporation into a
unique biopolymer material: the proteins.

The great variability of proteins in establishing con-
trolled potential energy surfaces permits a precise tuning
of the energetics of cofactors and their reaction coordi-
nates. The availability of this “ideal” material has enabled
biological systems during a long lasting process of evolu-
tionary development, to achieve practically any degree of
specificity, efficiency and regulatory control that is requi-
red for a particular biological function.

Transformation of solar radiation into
electrochemical free energy: basic principles

A landmark in our understanding of the functional pig-
ment organization is the classical experiment, in 1932, by
Emerson and Arnold'® which revealed that only one oxy-
gen molecule is evolved per about 2500 chlorophylls
when a cell suspension of a green alga Chlorella is illu-
minated with repetitive short flashes (about 10 us) of
saturating intensity (‘single turnover flashes’). As a con-
sequence, only a very small fraction of all chlorophylls in
the organisms can be directly involved in the process of
transformation of an electronically excited state into the
primary (electro) chemical product. This experimental
observation led Gaffron and Wohl'” to the conclusion that
the pigments are organized in ‘photosynthetic units’ and
functionally distinguished in performing two basically
different types of reactions: the vast majority of the pig-
ments (>99% of the total content) is involved in light
absorption and efficient transfer of the electronically
excited states to a special pigment where the photochemi-
cal reaction takes place. The former type of pigments
(symbolized by P4, where A stands for antenna) forms a
light harvesting (LH) device (antenna) that enhances the
optical cross-section of the photochemically active pig-
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ment (designated as Prc, where RC stands for reaction
centres) by about two orders of magnitude. Numerous
studies have shown that the functional subdivision into a
large number of antenna pigments P, and a small number
of photochemically active pigments Pgc is a general fea-
ture of all photosynthesizing organisms.

Figure 2 shows the basic principles underlying the
functions of P, and Pge within the framework of a simple
HOMO (highest occupied molecular orbital)/LUMO
(lowest unoccupied molecular orbital) scheme of two in-
teracting pigments P and P,, where one molecule attains
the first excited electronic singlet state ('P¥) whereas the
other stays in the ground state (P,)'®. Two possible modes
of electronic interactions between pigment molecules 'P¥
and P, lead to quite different results: (1) radiationless
excitation energy transfer (EET) or (i1) electron transfer
(ET). In the former case, the electronically excited state
(exciton) 1s transferred from one pigment molecule to
another, thus representing the function of P4. [The term
‘exciton’ was originally coined in solid state physics to
describe electronically excited states in crystals. In pho-
tosynthesis research, the ‘exciton’ is often used to
describe an excited electronic state that resides during its
lifetime on more than one pigment in a group of mole-
cules'] The EET is the underlying principle of the
antenna function. Antennas are formed by ordered arrays
of pigment molecules. Depending on the mode of elec-
tronic coupling between the pigments, i.e. Coulomb or
exchange interaction, two different EET mechanisms
emerge (Forster and Dexter type, respectively, see the
next section). These EET reactions are not coupled with a
net charge transfer between the interacting pigments. In
marked contrast, the ET reaction leads to the formation of
ion radical pair Py*P3* and therefore the electronically
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Figure 1. Chemical structure of chlorophyll a (a), phycocyanobilin

(b) and all-trans-f-carotene (¢) as representative species of chloro-
phylls, phycobilins and carotenoids. In bacteriochlorophylls, the double
bond of ring B in chlorins is hydrated forming bacteriochlorins (elec-
tronic version prepared by S. Renger).
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excited pigment 'P¥, which transfers an electron to P, as
its coupled electron acceptor, reflects the photochemi-
cally active pigment Prc. This type of ET is the key step
in the overall transformation process of solar radiation
into (electro) chemical Gibbs free energy through the
process of photosynthesis. The mechanism of ET reac-
tions can be described within the framework of the Mar-
cus theory (for details, see the next section).

Theoretical background on excitation energy
and electron transfer

Figure 3 illustrates schematically the two types of inter-
actions that determine the properties of pigment—protein
complexes: (i) pigment—pigment and (i1) pigment—protein
coupling. The strength of these couplings determines the
mechanistic details of EET and ET in pigment—protein
complexes. The theoretical background of these processes
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antenna reaction centre

Figure 2. FElectronic coupling between two pigment molecules (P,
and P,) with the same orbital structure. One pigment is in the first ex-
cited electronic singlet state ('P%) and the other in the electronic ground
state (P;); HOMO and LUMO = highest occupied and lowest unoccu-
pied molecular orbital respectively. The top part illustrates the pro-
cesses of excitation energy transfer (EET) (green symbols) and electron
transfer (ET) (red symbols) whereas the lower part shows a schematic
representation of an antenna (in green) and reaction centre (in red)
complex, (&) and (¢) symbolize an exciton and electron respectively,
and k, and kpc are the rate constants of EET and ET respectively. P
represents the photoactive pigment and A/A, electron acceptor com-
ponents (electronic version prepared by S. Renger).
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has been described in a recent review” and a book chap-
ter”’ and therefore the theoretical background of EET and
ET 1is briefly summarized and only few widely used
formulas are presented here.

Excitation energy transfer

In the weak coupling case, the electronically excited state
(exciton) hops during its lifetime stepwise from one pig-
ment to a neighbour within the antenna complex. In this
case, the EET rate between two pigments can be descri-
bed by the formula of Forster™.

RS 1
kDA =2, 2a
T (2a)
with 7, = intrinsic lifetime of the donor emission and
Ax? dv
R == [Foea) . (2b)

where R is the distance between the transition dipole
moments of the donor and acceptor pigment, 4 a con-
stant, x a factor that describes the mutual orientation of
the transition dipole moments, n the refractive index of
the medium, Fp(V) and &x(V) are the spectral distributions
of the normalized donor emission and of the acceptor
absorption, respectively.

The Forster mechanism is based on classical Coulomb
interactions and on the approximation of point dipoles. In
spite of its limitations, the expression of Forster reso-
nance energy transfer (FRET) is widely used for data
interpretation in biological systems (for a review, see
ref. 23).

The pigment protein interaction affects the shape
of Fp(v) and &4(v) and therefore modulates the EET
rate.

g Pigment-Pigment
(excitonic coupling)

F

Pigment-Protein (electron-phonon coupling)

Figure 3. A scheme of pigment—pigment and pigment—protein inter-
actions (symbolized by red and blue arrows respectively) in pigment—
protein complexes. Pigments are represented by green squares and the
protein by an a~helix (electronic version prepared by P. Kiihn). See text
for details.
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An important effect emerges when the electronic wave
functions of the donor and acceptor pigment significantly
overlap at sufficiently short distances. In this case, non-
classical quantum mechanical exchange takes place
which gives rise to a mechanism, which is designated as
Dexter type EET*'. The rate constant of this EET depends
on the electronic matrix element of the exchange cou-
pling and the overlap integral [Fp(v)ex(Wd v.

The Dexter mechanism is important for photosynthetic
organisms because it permits — according to the spin
selection rules —the quenching of (B)Chl triplets by
carotenoids (Cars) in its singlet ground state (for a
detailed explanation, see ref. 25). The process 3(B)ChI +
'Car — '(B)Chl + *Car followed by radiationless decay of
*Car is indispensable for protection of the apparatus to
photodynamic destruction under aerobic conditions (for
a review, see ref. 26). This protection cannot occur via a
Forster-type EET because it is “spin-forbidden’ (see ref.
25). Therefore (B)Chls and Cars have to be in close
enough contact to permit an efficient Dexter type triplet
transfer to Cars. The rate of the transfer from *(B)Chl to
'Car can be significantly faster than *Chl formation by
intersystem crossing, as illustrated for the antenna
complex LHC 11?7 of green plants.

In the case of strong pigment—pigment interaction, the
excited state is delocalized over the ensemble and a
ladder of exciton states emerges concomitant with a
redistribution of the oscillator strength (see refs 20 and
21 and references therein). A rapid coherent oscillation of
the excitation among the pigment ensemble takes place if
phase correlation exists. However, this phase relation
disappears within <1 ps at room temperature due to
interaction with the environment. In spite of this rather
short time domain, the coherent EET appears to play an
important role for the efficiency of light harvesting by the
antenna complexes in photosynthesis (see ref. 28 and
references therein).

If the pigment—protein interaction is weak, the relaxa-
tion between exciton states can be modelled by the Red-
field theory which describes the coupling of a multilevel
system of excited states with the environment. A more
complex pattern arises when both pigment-pigment and
pigment-protein couplings are strong. In this case, a
modified Redfield theory can be used (for further infor-
mation, see refs 20, 21 and 28).

In large pigment—protein complexes like the core com-
plexes of photosystem I (see section on “Photosystem 1”)
and photosystem II (see section on ‘Photosystem II7),
some pigments are strongly coupled forming domains
which are connected via Forster type EET. In these com-
plexes, a generalized Forster theory must be used to
describe the EET between an exciton state of domain i
with an exciton state j, whereas the exciton relaxation
within each domain is dealt with by Redfield or modified
Redfield theory (for details, see references in refs 20
and 28).
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Electron transfer

Electron transfer (ET) reactions in biological systems
take place via vibrationally coupled electron tunnelling
(for review, see refs 29 and 30). In a first order approxi-
mation, the rate constant of an ET from donor D to accep-
tor A can be calculated by evaluating the relation
(‘Golden Rule”)

kDA =27”|VDA > FCWD, 3)

where # = h/27 (h = Planck constant), s 1s the matrix
element of electronic coupling and FCWD the Franck—
Condon weighted density of states.

At weak electronic coupling the ET is nonadiabatic. A
classical treatment of the vibrations in the Franck—
Condon factor leads to the widely used Marcus formula
for nonadiabatic electron transfer (NET)

kDA, =27”| Vou 2 47k T) ™2 x

(4)
exp[ —(AGR, + A)? 1 4AkgT ],

where AGJ, is the standard Gibbs free energy gap
between states DA and D*A™, A the reorganization
energy and kg the Boltzmann constant. The Marcus
theory on ET reactions by vibrationally coupled electron
tunnelling is of fundamental relevance for understanding
the mechanism of redox reactions; for this work, Marcus
was awarded the Nobel Prize in Chemistry in 1992.

The matrix element Jp, depends on the overlap bet-
ween the electronic wave functions and therefore
decreases exponentially with edge-to-edge distance (Rpa)
between components D and A. This dependence is the
basis for the empirical ‘Dutton-rule’ providing a simple
relation between the rate constant kR%,. and the para-
meters AGH,, A and Rpsy of NET steps in biological
systems®. Insertion of the relation |V(Rpa)* =
[V(Rpa = 0))° exp(-BRp,) into eq. (4) and using a value of
B=14(A)" leads, after suitable algebraic rearrange-
ment, to eq. (5).

log kR =15—0.6Rps —3.1(AGY,, + A)? /44, (5)

The algebraic form of eq. (5) is only valid if the physical
parameters are used in units of s7! (kR20), A (Rpa) and
eV (AGP, and A). The above value of B was shown to be
appropriate for many biological systems (in fact  can
vary depending on the packing density of the protein
matrix; for further details, see refs 21 and 33).

Equations (4) and (5) show that the ET rate depends on
AGR,. A and Rps and that modulation of the distance
between D and A provides the most powerful tool to vary
kinetics over wide ranges (orders of magnitude). The
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‘Dutton-rule” which has been refined by considering the
packing density of atoms between D and A is a useful
starting point for estimations of ET rates in photosynthe-
sis and respiration’*. For further reading on more
detailed models, see ref. 33 and references therein.

Energetics of photosynthetic solar energy
transformation

The RCs can be considered as nanoscale machines which
transform the energy of a photon flux into the current of
electrochemical work.

For the limiting case of full reversibility, the maximum
efficiency 7RS of RC can be calculated within the
framework of a classical *Carnot type machine’, where a
flux of heat energy from higher to lower temperature
level is transformed into useful work (for details, see
textbooks of Physical Chemistry, e.g. ref. 34). The value
of nR< is given by

n%(aj;( = (Tsolar - T)/Tsolm'a (6)

where 7o 15 the “effective temperature” of the scattered
nonpolarized solar radiation impinging on RC and 7' its
ambient temperature. RC is assumed to be a ‘narrow band
absorber” which uses nearly monochromatic red light at a
wavelength ARC) which corresponds to the absorption
maximum of chlorophyll @ (Chl @). A number of about
73% was obtained® for ﬂﬁgc) by using a calculated
value of about 1100 K for 7. (refs 35 and 36) and a
wavelength of 680 nm for A(RC).

The overall maximum efficiency 2. drops down
when we take into account the whole spectrum of solar
radiation and a threshold wavelength A(RC) of 700 nm
for the photons that can be transformed into electro-
chemical Gibbs free energy while the excess energy of
shorter wavelength photons is lost as heat. The value of
Nmax 18 Obtained according to the relation

ARC)

Tow =T 177+ [ p(A)da /j”;pwau, (7
0 0

where p(A), h and ¢ are the photon flux density of solar
radiation impinging the earth surface at wavelength A, the
Planck constant and the velocity of light in vacuum, res-
pectively, and 1.77 is the energy of a photon at 700 nm in
units of eV.

The application of eq. (7) leads to a value of about
30% for 7. (ref. 36).

Equation (7) reveals that the magnitude of 7y
depends on A(RC). Therefore, it is interesting to consider
the possibility that during evolution a A(RC) could have
been selected for achieving the optimum of 7, This
idea, however, cannot be tested in a straightforward man-
ner (for a recent analysis, see ref. 37).
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It must be emphasized that the maximum efficiency of a
reversible system is only achieved if no Gibbs free
energy is used for driving any process at a finite, i.e. a
physiological, rate. The efficiency of an energy converter
acting as a thermodynamically open system which cou-
ples energy fluxes and forces is described by the rules of
irreversible thermodynamics. Details of these calculations
are beyond the scope of this review (for further informa-
tion, see ref. 38). A value of about 20% was estimated for
the maximum efficiency of solar energy conversion in the
RCs of green plants and algae when considering realistic
rate constants for the forward and the back reactions™.
RCs drive the electron transport chain and photophos-
phorylation which leads to further energy losses so that
eventually a maximum efficiency of about 5% 1s obtained
for oxygenic photosynthesis. This number fits with
experimental data on rapidly growing ‘cultures’ like sugar-
cane under optimal conditions.

At first glance, the overall efficiency of a few per cent
for photosynthesis seems to be surprisingly low when
considering the long selection pressure during evolution
and comparing it with devices like photovoltaic cells. How-
ever a direct comparison with the latter systems is highly
misleading because the energetics of photosynthetic
organisms comprises all costs for synthesis and repair of
the apparatus. Therefore, these energy costs must be
taken into account to obtain meaningful numbers.

With respect to thermodynamic considerations on pho-
tosynthesis, another point must be mentioned. Some time
ago, photosynthetic RCs were erroneously suggested not
to follow the second law of thermodynamics™. It is clear
that this is not the case’’. Further, the described type of
calculation on the efficiency of photosynthesis as energy
converter of solar radiation must not be confused with
estimates on the fraction of the photon energy that is
transformed into a particular radical pair on individual
RCs"™. Estimates of these number are given in the sec-
tions on ‘different RCs and photosystems’.

General structural organization of antenna and
reaction centres

Figure 2 raises questions on the nature and structure of
the devices that were assembled during a long evolution-
ary process to perform these reactions in the photosyn-
thetic apparatus with high efficiency and in a controlled
manner.

The antenna systems are pigment-protein complexes
which provide optimal adaptation to different illumina-
tion conditions in space (location area) and time (diurnal
and seasonal changes). Therefore a great variety of arrays
exists among anoxygenic bacteria, oxygen evolving
cyanobacteria, algae and plants. Figure 4 presents charac-
teristic examples. The top panel shows a general structure
of the antenna system of anoxygenic purple bacteria and
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EET pathways®. These integral pigment—protein com-
plexes are characterized by a circular array of the BChls.
The bottom panel schematically illustrates the quite
different structures of the antenna systems in oxygen
evolving cyanobacteria and red algae (left side) and
plants (right panel). For details on antenna systems, see
refs 44 and 45.

In marked contrast to the flexibility of antenna sys-
tems, RCs are rather invariant to evolutionary deve-
lopment with one great exception, i.e. the “invention” of a
‘molecular machine” for oxidative water splitting as the
indispensable step up to the level of oxygen evolving
photosynthetic organisms (vide infra).

Two types of RCs exist, designated type I and type 11
(see the next section). In anoxygenic photosynthesis, RCs
are structurally separated operational units but in oxy-
genic photosynthesis, they are integral parts of larger
complexes, referred to as photosystem I (PS I) and photo-
system II (PS II). Furthermore, the RCs in different
anoxygenic bacteria act as single ‘solar power stations’
in driving the photosynthetic electron transport whereas
PS I and PS II cooperate in series'>"? to perform NADP"
reduction with water as hydrogen donor, thus leading
to concomitant O, release. Apart from these distinct
modes of operation, the photosystems differ from

Purple bacteria

-

LH1

Cyanobacteria, red algae Green algae, higher plants

Phycobilisome LHC Il

Figure 4. A schematic representation of antenna complexes in anoxy-
genic purple bacteria (top panel), oxygen evolving cyanobacteria and
red algae (bottom panel, left side) and green plants (bottom panel, right
side). The top panel represents a view of the structure perpendicular to
the membrane plane and also indicates by arrows the intramolecular
EET inside LH (light harvesting) 2 and intermolecular EET form LH2
to LHI (red arrow) and from LHI to reaction centre (RC) (black ar-
row). For further details, see ref. 43 (the figure was provided by R.
Cogdell). The bottom panel shows on the left side, a schematic repre-
sentation of the extrinsic phycobilisome antenna complex (marked in
brown) attached to photosystem (PS) II and on the right side, of the
main intrinsic antenna complex LHC (light harvesting complex) II
(marked in green) connected with PS II (electronic version prepared by
C. Theiss). For further details, see ref. 25.
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the RCs of anoxygenic photosynthetic bacteria by: (i)
significantly larger number of subunits, (i1) binding of
core antenna pigments and (ii1) in the case of PS II, the
presence of the water oxidizing complex (WOC) as an
integral constituent.

Regardless of structural and functional differences
between type I and type II RCs and PS I and PS 11, the
mechanism of the light-induced charge separation is basi-
cally the same that is described by the general scheme of
eq. (8):

[ANT]Pge Ace; Ace, —%— '[ANT - Pye]” Ace; Aces
—kec_5 [ANT] Pge Acei® Ace,
Kby [ANT] Pge Ace; Aces®, (8)

where the first step summarizes the population of the
lowest electronically excited singlet state 'Pgc by light
absorption and EET from pigments of the antenna [ANT]
including rapid internal conversion and excitation equili-
bration symbolized by '[ANT — Prc]* (without specifying
the details of the processes), kpc 1s the rate constant of the
primary charge separation step giving rise to the forma-
tion of the radical ion pair Pr& Acci®, with Acc; acting as
the primary electron acceptor, and Ay, 1s the rate constant
for stabilization of the charge separation by rapid ET
from Acc;* to component Acc,. This generalized descrip-
tion does not explicitly account for the participation of
additional cofactors in the ET pathway from Acci® to
Acc,. Likewise, for simplicity the back reactions are
omitted in eq. (8). Furthermore, in PS I and PS II two ET
steps are involved on the donor side (see sections on
‘Photosystem 1" and ‘Photosystem II°).

In general, the two types of RCs differ mainly with
respect to the directionality of the charge separation path-
way(s) and in the chemical nature of their acceptor side
cofactors, 1.e. Acc, of type I RCs is an iron—sulphur clus-
ter covalently linked to the protein matrix but the Acc, in
type II RCs is a special noncovalently bound para-
quinone molecule (Q4).

Reaction centres of anoxygenic purple bacteria

Green sulphur bacteria (Chlorobiaceae) and heliobacteria
(Heliobacteriaceae) contain type I RCs whereas the RCs
of purple bacteria (Protobacteriaceae) and green filamen-
tous nonsulphur bacteria (Chloroflexaceae) are type II
RCs. RCs from anoxygenic bacteria can be isolated as
functionally fully competent operational units®. This
great achievement was a milestone in photosynthesis
research because it provided the ideal sample material for
detailed analyses of the structure and reaction pattern of
RCs (see ref. 47 and references therein).

In most cases, the protein matrix which binds the
cofactors for the light-induced charge separation leading
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to the radical pair Pre Accs® is a heterodimer consisting
of two different polypeptides, but at least in one case
(Heliobacteriaceae), it is a homodimer”*,

According to our current knowledge, the photoactive
pigment Py 1s a special pair of two strongly excitonically
coupled bacteriochlorophyll molecules in all non-oxygen
evolving (anoxygenic) photosynthetic bacteria. The sym-
bols for Pyc in different RCs are deduced from the peak
position of the bleaching band in the near infrared (NIR)
region of the oxidized minus reduced difference spec-
trum, e.g. P870 is the Pye of the RC of Rhodobacter (Rb.)
sphaeroides (vide infra). Different BChl molecules are
used for the special pair of the photoactive pigment Pyc:
BChl @ and BChl b in all type II RCs (P870, P960) and
BChl a in type 1 RCs (P840) of Chlorobiaceae and in
addition BChl g in the type I RCs of Heliobacteriaceae
(P798)’.

In type II RCs, the acceptor components Acc; and
Acc, of eq. (8) are BChl a or b and ubiquinone or
menaquinone, respectively, with bacteriopheophytin
(BPeo) a or b acting as an intermediary ET component
(vide infra). The primary acceptor Acc; of type I RCs is
Chl a in Chlorobiaceae and a 8'-hydroxychlorophyll @ in
Heliobacteriaceae and the component Acc, 1s an iron—
sulphur cluster where a quinone (in many cases a
menaquinone) with exceptionally low reduction poten-
tials (see section on ‘Photosystem 1) probably mediates
the ET from Acc; to Acc,, as is known for PS T (see the
next section). However the information is rather fragmen-
tary for type I RCs from anoxygenic bacteria’.

The quantum yield of light-induced charge separation
was found to be about 1 in RCs from Rb. sphaeroides
(formerly named Rhodopseudomonas  sphaeroides)”
under low photon flux densities, where ET steps are not
rate limiting for the overall process.

Only a fraction of the photon energy is stored in the
form of an electrochemical potential difference and this
value decreases in the energetically downhill sequence of
the different radical pair states that are transients in the
route of light-induced charge separation of the RCs.
Therefore, this fraction is a time dependent parameter
related to the radical pair state under consideration. Further-
more, protein relaxation processes essentially affect the
energetics (for a discussion, see ref. 50). In the following,
the state of the relaxed radical pair P™* Acc,® (see eq. (8))
will be used as the reference for energetic characteriza-
tion of the ‘stable’ charge separation in the RCs. The
light-induced reaction sequence starts from the lowest
excited singlet state of 'Pre. Accordingly, a photon with
minimum energy for achieving charge separation has to
be in resonance with the transition into this lowest
excited singlet state, i.e. the wavelength of this photon
has to be 870 nm for P870. The Gibbs free energy stored
in the stabilized radical is approximately given by the dif-
ference between the redox potentials of P/Pge and Accs®/
Acc, because the distance of the two radicals is suffi-
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ciently large so that the electrostatic interaction energy
between the radical ions Pr& and Accs® can be neglected:
redox potentials are equilibrium parameters that always
reflect the Gibbs free energy difference between relaxed
states. The redox potential of protonatable components
depends on pH due to different pK values of the oxidized
and reduced form. Therefore the use of the midpoint
potentials at pH =7.0, £, ; is more convenient for the
characterization of the energetics of biological systems
rather than using standard redox potentials defined for the
nonphysiological pH = 0.

The E,, values of Pro/Pre are about +0.25 V in type 1
RCs and about +0.5 V (Proteobacteriaceae) and +0.35 V
(Chloroflexaceae) in type II RCs’. Less precise informa-
tion is available on E,, data for Accy*/Acc,. Numbers of
about —0.1 V were reported for Q5°*/Qx of type II RCs”,
whereas the values for the iron—sulphur clusters of type I
RCs are much lower (<-0.5 V, see section on ‘Photosys-
tem 7).

Based on these numbers, the Gibbs free energy stored
in the radical pair Prg Accs® is about 35-40% of a photon
with an energy corresponding to that of the transition into
the lowest excited singlet state 'Prc in type II RCs and
50-60% in type I RCs.

The type I RCs are functionally and structurally much
less characterized than the type II RCs of the phylum Pro-
tobacteriaceae. Therefore, the properties of these thor-
oughly analysed type II RCs will be described in more
detail to illustrate the characteristics of RCs from anoxy-
genic photosynthetic bacteria and the typical features of
type I RCs outlined in the section “Photosystem I”.

The structure of RCs from Blastochloris (Bl.) viridis
(formerly named Rhodopseudomonas viridis) was first
resolved at atomic resolution by Deisenhofer ez al.>>. This
pioneering work opened the road for a much deeper
understanding of the structure and functions of photosyn-
thetic RCs and was awarded the Nobel Prize in Chemistry
in 1988.

During the last two decades, enormous progress has
been achieved® and now the corresponding structure
information, at atomic resolution, is also available on
core complexes of PS I and PS 1II (see sections on ‘Photo-
system I” and “Photosystem 1I").

The top panel of Figure 5 shows the general overall
structure (Figure 5a) and the array of cofactors (Figure
5b) of type II RCs from the anoxygenic purple bacterium
Bl. viridis (the nature of the c-type electron donor mark-
edly varies among different species, see refs 7 and 53).
Each subunit of the heterodimer (denoted L. and M) forms
five transmembrane helices. The cofactors (special pair
Pre, two monomeric BChls, two BPheos, two quinones)
are arranged in two branches in a highly symmetric manner
around a pseudo C2 axis crossing the nonhaeme iron
(NHFe) centre (see Figure 5b). Interestingly, the light
induced ET occurs via a unidirectional pathway compris-
ing the cofactors marked by coloured symbols. This
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‘active’ route from Pge to Q4 1s on the “A-branch’. An ET
through the ‘inactive’ pathway (B-branch) can be
achieved with only much lower efficiency in RCs from
specially engineered mutants™.

The bottom panel of Figure 5 shows a simple scheme
of ET steps of charge separation via the A branch. The
kinetics of these reactions have been resolved in great
detail by time-resolved spectroscopic techniques (for a
review, see ref. 55 and references therein).

Excited singlet states populated by direct absorption of
isolated RCs are transferred to Pgre within 100 fs. The
subsequent primary charge separation takes place with a
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Figure 5. Structure and cofactor arrangement of RC from purple bac-

terium Blastochloris (BL.) viridis (top panel) and reaction pattern (bot-
tom panel) (data provided by W. W. Parson). Top panel: (a) Crystal
structure, the L, M, H and C subunits are represented as ribbons in
green, cyan, ice-blue and silver, respectively; the four BChls and two
BPheos are shown in red and orange, respectively; menaquinone (Q,)
and ubiquinone (Qg) are in yellow: the hemes and nonheme iron atom
are in ochre; and the carotenoid (dihydroneurosporene) is in tan (b) co-
factors: the BChls (P, B, and Bg), BPheos, quinones (Qa and Qg), non-
heme Fe atom (ochre sphere), and carotenoid (car), the side chains of
the BChls, BPheos and quinones are truncated, cofactors of the active
A-branch and the inactive B-branch are characterized by coloured and
black symbols respectively. Bottom panel: A simplified scheme of the
energetics of P Qa' formation via the A-branch. Symbols denote:
'P* = excited singlet state of P; P =cation radical of P, BChly’,
BPheo,* and Q' = anion radicals of BChl,, BChl, and Q,, respec-
tively. The energy scale is not linear, the energy gaps between 'P* and
P*BChl;* and between P*"BChl;" and P""Pheoy’ are much smaller than
the gap between P""Pheoy’ and PTQj,". See text for details.
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time constant of about 3 ps followed by a rapid ET
(<1 ps) from BChl,* to BPheo, (subscript A symbolizes
cofactors of the A-branch). The ‘stabilization’ of the
charge separation by ET from BPheos® (often symbolized
by Ha) occurs with a time constant of about 200 ps.
Interestingly, these reaction steps are slightly faster at
lower temperatures*®. This finding indicates that the pro-
tein flexibility does not affect the formation of the stable
ion radical pair P** Qx*. In marked contrast, the reoxida-
tion of Qa* by Qg is strongly temperature dependent and
requires a flexible protein matrix’**. This feature
appears to be a general phenomenon of type II RCs (see
also section on ‘Photosystem 1I°).

Photosystem 1

Photosystem I (PS I) contains a type I RC that has been
thoroughly analysed; it nicely reflects the general charac-
teristics of type I RCs (for review articles, see chapters in
ref. 59).

The structure of trimeric PS 1 complexes from the ther-
mophilic  cyanobacterium  Thermosynechococcus (1)
elongatus was resolved at atomic resolution by Fromme,
Witt, Saenger and coworkers®. Recently, the structure of
PS T from higher plants has been obtained by Nelson and
coworkers®’.

The top panel of Figure 6 shows structure and cofactor
arrangement of PS I from 7. elongatus®. The cofactors of
the RCs are bound to a heterodimeric protein matrix con-
sisting of polypeptides PsaA and PsbB, each forming 11
transmembrane helixes. The cofactors are symmetrically
arranged in two branches around a pseudo C2 axis
(Figure 6 d, top panel) like in RCs of anoxygenic bacteria
(type 1 and type II). A special pair type structure motif
formed by one Chl a and one Chl &’ (the epimer of Chl a
at the C13 position) resembling the special pair P in RCs
of anoxygenic bacteria was assigned to be the photoactive
pigment Pyc of PS I, designated P700 (see Bessel Kok®
for its discovery). However, this idea on the functional
role of P700 has to be somewhat modified (vide infra).
Acceptor Acc, is also Chl a symbolized by A, and Acc,
is an iron-sulphur cluster Fx located at the symmetry axis
(see Figure 6d, top panel) and coordinated by both sub-
units PsaA and PsaB. Two possible parallel pathways
exist for ET from P700 to Fx including four Chl @ and
two phylloquinone molecules symbolized by A;, and
Ajp. These two quinone molecules are characterized by
unusually low midpoint potentials due to tuning of the
properties of these cofactors by the protein matrix®*®.
We now know that — in marked contrast to the unidirec-
tional pathway in type II RCs (see earlier section) and PS
II (see the next section) — the charge separation leading to
the formation of the radical pair P700" Fx comprises a
bidirectional electron transport chain, with different effi-
ciencies of the A- and B-branches. The extent of this
branching probably varies among different species and
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under different conditions; its physiological role is not
yet clear

In addition to the cofactors for the light-induced charge
separation, the PsaA/PsaB heterodimer also binds antenna
pigments (the total pigment content comprises 96 Chl and
22 Car molecules®™).
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Figure 6. Structure and cofactor arrangement (top panel, data pro-

vided by P. Fromme and I. Grotjohann) and reaction pattern (bottom
panel, data provided by P. Setif) of PS (photosystem) I. Top panel: (a)
View of the trimer from the lumenal side; (b) View along the membrane
plane. All extrinsic subunits of PS I are found on the cytoplasmic/
stromal side, where the protein complex extends almost 50 A out of the
membrane, whereas loops reach maximally 10 A into the lumen; (¢)
Non-protein cofactors: chlorophylls and carotenoids are marked in
green and brown respectively. Two lipids in the vicinity of Fy and the
phylloquinones are also shown, with one side having a neutral lipid
(MGDG = monogalactosyldiacylglycerol), whereas the other side con-
tains the charged lipid PG (phosphatidylglycerol) which might have
functional implications, carotenoids Car 14 and Car 17 are close
enough to play a protecting role for the chlorophyll cofactors involved
in light-induced charge separation; (d) Cofactors of the electron trans-
fer chain: chlorophylls and phylloquinones are marked in green and
magenta respectively. Bottom panel: A simplified scheme of the ener-
getics of P700™ Fx formation and subsequent ET to F, 5. Symbols rep-
resent: 'P700" and P700"™ the lowest excited singlet state and cation
radical, respectively, of P700; Ay" and Aj" the anion radicals of accep-
tors Chl a and phylloquinone respectively; Fy, F5 and Fg the iron sul-
phur centres. See text for details,
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The whole PS I complex contains 12 subunits. Three
subunits (PsaC, D and E), which do not form transmem-
brane helices, are attached to the complex on the cyto-
plasmic side (in plant chloroplasts, the stroma side) as is
shown in Figure 64, top panel. Among these three sub-
units, only PsaC binds cofactors, i.e. the two iron—sulphur
clusters Fp and Fp (FesSy-type) which are reduced by Fyx
(see Figure 6, bottom panel).

The other subunits, which form at least one transmem-
brane helix, are mainly responsible for stabilization of the
PS 1 complex®. The nature of these subunits slightly
differs between cyanobacteria and plants®®*.

The light-induced charge separation in PS I comprises
ET through both branches although the A-branch seems
to be favoured in most cases”*®. The variability in using
the two pathways under different conditions does not
permit the presentation of a generalized detailed scheme
for the kinetics of the ET steps through both the branches.
Therefore, only an overall scheme of individual redox
steps of the sequence P700 - Ay — Ay = Fx — Fap is
presented, as shown in the bottom panel of Figure 6. The
first detectable radical pair P700"* Ag® is formed in a few
picoseconds. This reaction comprises the participation of
two Chl @ molecules in each branch. Contrary to the ear-
lier idea of 'P700* acting as primary electron donor, the
monomeric Chl a located between P700 and A, (see Fig-
ure 6 d) was inferred to take this function® thus initially
leading to the formation of the radical pair Chl a'* Ag*
followed by rapid ET from P700 to Chl a'* (for simplic-
ity, no distinction is made between the two branches).
This idea has been supported by a recent study on
mutants from the green alga C. reinhardtii®®. The reduced
components Agi and Agp are reoxidized by phyllo-
quinones A and A;p in the time domain of tens of pico-
seconds. These kinetics are about one order of magnitude
faster than those of BPheo s reoxidation by Q4 in type II
RCs. The reoxidation of (Aja, Aj) * by Fx occurs in the
nanosecond time domain with biphasic kinetics which
may reflect the transfer steps in the PsbA (slow kinetics)
and PsaB branch (fast kinetics). Since the ET from Fx to
Fa (Fp) 1s faster than Fy formation and due to possible
involvement of reversibility, it is difficult to resolve indi-
vidual kinetic steps and assignment is model dependent
(for details, see refs 64 and 65).

The minimum energy of a photon which enables
an electronic transition at 700 nm 1s 1.77 eV. Values of
+420 to +470 mV have been reported for the midpoint
potentials of P700/P700™* from different organisms (see
references in ref. 64). Uncertainties exist in the determi-
nation of F,, for Fyx; numbers in the range of —540 to
—640 mV seem to be most reliable®. Based on these data
a fraction of 55-65% of the photon energy is calculated
to be maximally ‘stored’ in the state P700"* Fy. When
relating to the reduced Fa/Fp centres, this value drops
down to 50-55%.
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Photosystem 11

The photosystem II (PS II) complex is unique because of
its capability to split water with solar radiation into meta-
bolically bound hydrogen and O,. This system, which
contains a type II RC, acts as water: plastoquinone-
oxido : reductase (for reviews on different facets of PS 11,
see ref. 70). The essential reactions of the overall process
are those of the oxidative water splitting. Two key evolu-
tionary steps were required to transform a type II RC into
a ‘water splitting machine’: (1) tuning of the properties of
photoactive pigment Pye to generate a strongly oxidizing
cation radical Px¢ as the indispensable driving force for
the eventual electron abstraction from water and (i1)
‘invention’ and assembly of a catalytic device which
enables the energetic tuning of a redox process involving
the cooperation of four strongly oxidizing redox equiva-
lents to split water into O, and four protons.

It must be emphasized that the former goal was not
achieved by cofactor replacement (BChl @ — Chl a) but
by evolutionary engineering of the protein envion-
ment’""’%. This finding is another striking example for
illustrating the potential of proteins in tuning the proper-
ties of cofactors. In the case of PS II, the £, value of
Chl a/Chl @™ is drastically increased from about +0.8 V
in solution’® to about + 1.25 V (ref. 74) of the photoactive
Chl a complex designated P6807, whereas in PS I,
the modulation by the environment leads to an £, shift in
the opposite direction, i.e. to values below +0.5 V (ref.
64) for P700/P700"*. However, a replacement of BChl by
Chl was required for energetic reasons to populate a
lowest excited singlet state with high enough energy to
permit formation of a sufficiently stable radical pair
P680™ Q4.

The P680™* cation radical of PS II is one of the most
oxidizing species within biological systems. In analogy to
the special pair P in RCs of anoxygenic bacteria and P700
of PS 1, the photoactive pigment of PS II has been sym-
bolized by P680 according to its characteristic red bleach-
ing band in the difference spectrum of photo-oxidation
(for details, see ref. 75). However, for a more specific
description it is most important to keep in mind that — due
to the excitonic coupling of six pigments’® — the situation
in PS II is more complex than in type II RCs of anoxy-
genic bacteria, where the states 'p*. 3P and P'* are all
localized on the ‘special pair’ P. As a striking difference,
in PS II the lowest excited singlet state 'P680* is the
lowest exciton state of the electronically excited pigment
complex I(PDIPDZCthlCthgPheoDlPheng)* (with the
largest contribution from the eigenstate of IChl, see refs
75 and 76) rather than I(PDI_PDZ)*- The energetic gaps
between the exciton levels are so small that at room tem-
perature the excited singlet state is distributed over all the
six pigments with population probabilities of each pig-
ment ranging from 10% to 30% (see ref. 75). The triplet
state *P680 represents 3Chlp; but not 3(PD]—PD3) and
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the primary cation radical P680"* is Chlp} rather than
(Pp1—Ppy)™ which is formed via a secondary ET step.
Therefore, the symbol P680 should be used with caution
by keeping in mind the above mentioned features (for
detailed discussion, see ref. 75).

An entirely new catalytic site containing manganese as
redox active transition metal centres is required for per-
forming oxidative water splitting. This water oxidizing
complex (WOC) is unique among all photosynthesizing
organisms (for an updated review on PS II, see ref. 77).
Interestingly, the basic functional pattern of the WOC
remained virtually invariant to evolutionary development
from early oxygen evolving cyanobacteria up to the level
of higher plants’®.

Significant progress has been made in unravelling the
structure of PS II at atomic resolution and the currently
most advanced level reached is at 2.9 A (ref. 79). The top
panel of Figure 7 shows the overall structure of the core
complex (Figure 7 a) and the arrangement of the cofac-
tors (Figure 7 b). All cofactors are bound to a hetero-
dimeric protein matrix consisting of polypeptides D1 and
D2. A comparison of this array with the top panel of
Figure 5 reveals that the folding pattern of D1 and D2,
each forming five transmembrane helices, and the array
of the four central Chl a molecules, the two Pheos, the
two quinones Q, and Qp and the non heme (NH) Fe are
similar to the structure of the L/M heterodimer and the
arrangement of the corresponding BChls, BPheos, Qa, Qp
and NHFe in RCs from anoxygenic purple bacteria. The
only striking structural difference is the presence of two
additional Chl a molecules at the periphery and of the
Mn,0Ca cluster of the WOC in PS II. Furthermore, the
axial ligand Glu of NHFe in photosynthetic bacterial
(PB)RCs is replaced by carbonate in PS II (see ref. 82
and references therein). This change of the coordination
i1s probably responsible for the well-established ‘bicar-
bonate effect” on the acceptor side of PS II (for reviews,
see refs 83 and 84) including differences in the pathways
for protonation transfer to the Qg site®.

In marked contrast to the widely conserved structural
arrangement of the D1/D2 heterodimer and the cofactors
involved in the formation of P680"* Qx°, the evolution of
PS II comprised a drastic change of the polypeptide
pattern compared to type II RCs of anoxygenic bacteria.
All PS I core complexes contain about 20 subunits® ver-
sus two or three of RCs®® and this characteristic pattern
of PS II was only slightly changed during evolution®’.
Most of these subunits are intrinsic proteins. Two pig-
ment binding proteins (CP47 and CP43), each forming
six transmembrane helices, are intimately bound to the
D1/D2 heterodimer. These two proteins not only act as
core antenna of PS II but are also indispensable for the
assembly of the WOC. Furthermore, a cytochrome 559
(Cyt 5559) is tightly bound to the D1/D2 heterodimer as
an intrinsic membrane protein. This component with un-
usual redox properties is probably involved in protection
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Figure 7. Top panel (provided by J. Kern): (@) A view along the membrane plane of a dimer of PS II from 7. elongatus as derived from the 3.0 A
resolution electron density®. (b) A schematic representation of the cofactor arrangement in the reaction centre core. Helices are depicted as cylin-
ders, cofactors are drawn in stick models. The C2 axis, relating the two monomers in the dimer, is indicated by a black dashed line. The large sub-
units D1 (yellow) and D2 (orange), forming the reaction centre, are surrounded by CP43 (magenta) and CP47 (red) as well as several membrane
intrinsic low molecular weight subunits (grey). The @ and / subunits of the membrane intrinsic heterodimeric Cyt b559 are shown in green and
cyan respectively. At the lumenal side, the three extrinsic subunits PsbO (green), PsbV (blue) and PsbU (light pink) are known to interact with
large loop regions of D1/D2/CP43/CP47. Organic cofactors are coloured in green (Chl), yellow (Pheo), magenta (PQ9), red (carotenoids), cyan
(lipids) and blue (haeme) respectively, Ca*" (yellow) Fe (blue) and Mn (red) are shown as spheres; the figure was generated using Pymol (Delano,
2003). (b) Cofactor arrangement in the PS II core (coloured as in a, view is along the membrane plane), the coordinating protein subunits D1 and
D2 are indicated by a dotted line. The P680, as defined in this review, is most likely formed by the four Chl Pp,/Pp,/Chlp,/Chlp,; and possibly the
pair Pheop,/Pheop, (see text). Black arrows symbolize the direction of electron transfer following excitation of P680 (for further details, see ref.
81). Bottom panel: Simplified scheme of the energetics of P680" Q4" formation. Symbols denote: ("P680 Yiitiat and ("P680” )yeianea = eXcited singlet
state of P680 in the initial state and in relaxed environment: RP,, RP, and RP; = radical pair states as indicated in the insert, indices ‘initial” and
‘relaxed” indicate the initial form and the species in the relaxed environment respectively (electronic version prepared by S. Renger). See text for
details.

against photoinhibition®™*. In addition to Cyt 5559, other
small intrinsic proteins (PsbH to PsbN, PsbT, PsbX,
PsbY, PsbZ) are characterized by each lacking a cofactor
and forming one transmembrane helix. The physiological
relevance of this ‘evolutionary jump’ from type II RCs of
anoxygenic photosynthesis to PS II is not yet known. It
appears likely that this complex polypeptide composition
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is required for the stabilization of the ‘water splitting
machine’.

At least three proteins are bound to the lumenal side of
the complex as extrinsic regulatory subunits. One of these
(subunit PsbO) is a constituent of the PS II complex of all
oxygen evolving organisms and essential for stabilizing
the catalytic manganese cluster while the other subunits
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were entirely changed during evolution from cyanobacte-
ria to plants (see ref. 90 and references therein).

The reaction sequence of light induced charge separa-
tion in PS II, summarized in the bottom panel of Figure 7,
shows that the formation of the radical pair Pr& Accy®
comprises three steps (for details, see ref. 75): (1) charge
separation leading from the lowest excited singlet state
'Chl to the primary radical ion pair Chlj{Pheopt, (ii)
rapid reduction of Chlj} by Pp;—Pp,, where the spin in the
radical (Pp—Ppy)"™* is predominantly located on Pp; in
intact PS II with a functionally competent WOC but
after a severe modification a significant spin distribution
emerges between Pp; and Pp, concomitant with a drop of
the E, value” and (iii) stabilization of the radical pair
formation by ET from Pheop} to Qa. The rate constant of
the first step is still a matter of controversy because direct
measurements are difficult due to the spectral overlap of
the six coupled pigments forming the Chl a4 Pheo as
complex (for details, see refs 50 and 75 and references
therein). On the other hand, the reoxidation kinetics of
Pheop} by Qa were directly measured by time resolved
absorption changes reflecting Pheop} reoxidation” and
concomitant Q4 reduction”,

The formation of P680™ Qa* takes place down to
liquid helium temperatures”, whereas the reoxidation of
Qa* by Qp/Qg* at the Qp site exhibits a striking depend-
ence on temperature and hydration level”®. This finding
shows that the protein flexibility affects the reaction
pattern of type II RCs virtually in the same manner
in both anoxygenic PBRCs and oxygenic PS II. The
reactions of the WOC exhibit analogous effects (for a
review, see ref. 97 and references therein).

The reaction sequence readily reveals a marked differ-
ence between the type II RCs in anoxygenic bacteria and
PS 1T with respect to the function of the cofactors BChly
and Chlp,. In PBRCs, the monomeric BChl, (see Figure
5 b, top panel) acts as an electron acceptor in the primary
charge separation step leading to the formation of P'*
BChl,®, whereas in PS II the Chly, (see Figure 7 b, top
panel) in its lowest excited singlet state is the electron
donor for the formation of the primary radical pair Chlp}
Pheop) (for further details, see ref. 75). The feature of
PS 1T basically resembles that of PS I (see the previous
section). It is most interesting to note that the role of the
“special pair’ and direction of the primary charge separation
step have been significantly changed in the evolutionary
transition from anoxygenic to oxygenic photosynthesis.
The physiological reason for this change is not yet known
and remains a challenging task for future research.

The fraction of the energy of a 680 nm photon, tran-
siently stored in the radical pair P680"* Qx* (the spin of
P680™ is mainly localized on Pp;, see ref. 91), is esti-
mated to be about 70% when using £,,-values of +1.25 V
of P680/P680"* and about —0.1 V for Qx*/Qa (for a
review, see ref. 75). Compared to type II RCs of anoxy-
genic bacteria (see section on ‘Reaction centres of ano-
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Xygenic purple bacteria’), this fraction of transiently
stored Gibbs free energy is higher by a factor of about
two. This marked increase is entirely due to the drasti-
cally enhanced redox potential of P680 compared to P.

Conclusions

Photosynthetic RCs are the solar batteries of life that
transform the electromagnetic radiation from the Sun into
electrochemical Gibbs free energy fluxes. In non-oxygen
evolving organisms (anoxygenic bacteria), RCs are
autonomous units consisting of two or three polypeptides
and the cofactors for light induced ‘stable” charge separa-
tion. They are characterized by a quantum yield of close
to one for radical pair formation and are functionally
connected with light harvesting antenna systems and ET
components. Two types of RCs exist. Anoxygenic photo-
synthetic bacteria contain only one type of RC which
energetically drives the electron transport chain and
phosphorylation. The ‘big bang’ in evolution was the
invention of oxygen evolving organisms, where the trans-
formation of type II RC into a ‘water-spitting machine’
was the cornerstone. This evolution was accompanied by
integration of RCs into larger complexes referred to as
photosystem I and II and by functional connection of
these complexes to form an electron transport chain for
water splitting into molecular dioxygen and hydrogen
chemically bound to NADP".

Reaction centres and photosystems are masterpieces
for efficient solar energy exploitation by nanoscale
machines and therefore offer most suitable “blueprints’
for designing technical devices to satisfy mankinds
increasing Gibbs free energy demand without the risk of a
global climate disaster.
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