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Introduction 1

Chapter 1

Introduction

1.1 Photosynthesis

In a classical picture, photosynthesis, performed in algae and higher
plants, is the conversion of light energy to chemical energy (Mayer,
1842). Atmospheric carbon dioxide is photochemically reduced to
organic material lowering the Gibbs free energy. Shortly after this
picture arose, Boltzmann looked upon photosynthesis from a thermo-
dynamics perspective. He observed that plants in their struggle for
survival exploit the difference between the energy of sunlight, with low
entropy, and the radiation emitted by the earth, with high entropy. In
his own words: ’The general struggle for existence of living beings is
therefore not a fight for the elements - the elements of all organisms
are available in abundance in air, and soil, nor for energy, which is
plentiful in the form of heat, unfortunately untransformably, in every
body. Rather, it is a struggle for entropy (more accurately: negative
entropy) that becomes available through the flow of energy from the
hot sun to the cold earth. To make the fullest use of this energy, the
plants spread out the immeasurable areas of their leaves and harness
the suns energy by a process as yet unexplored, before it sinks down
to the temperature level of our earth, to drive chemical syntheses of
which one has no inkling as yet in our laboratories. The products
of this chemical kitchen are the subject of the struggle in the animal
world.’ (Boltzmann, 1886). A century later, the science of photo-
synthesis has grown tremendously. Numerous details in the process
of photosynthesis have been unraveled using concepts and techniques
from biology, chemistry and physics. Still main aspects of photosyn-
thesis have remained unsolved, such as the water-splitting process of
PS II and its unique redox potential. Today, researchers are combin-
ing their ideas about photosynthesis to develop synthetic complexes
to generate a fuel-like hydrogen from solar energy and water.
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1.1.1 Photosystems

The primary processes of photosynthesis are performed by protein-
pigment complexes. In photosynthetic bacteria they are located in the
cytoplasmic membrane. In plants and cyanobacteria, photosynthesis
is driven by two efficient electron pumps embedded in the thylakiod
membrane, PS I and PS II (for a review, see (Blankenship, 2002)). Ac-
cording to their terminal electron acceptor photosynthetic organisms
are divided into two classes. If the terminal acceptor is a Fe4S4 cluster,
they belong in the class of type I RCs and in case of quinones to the
class of type II RCs (Nitschke and Rutherford, 1991). Non-oxygenic
photosynthetic organisms contain only either a type I or type II RC. In
plants and cyanobacteria, however, a type I RC and a type II RC, PS
I and PS II, are working in series. The antagonistic electrochemical
properties of these systems enable an exceptional cooperation (Fig-
ure 1.1). The oxidized state of PS II provides a unique force strong
enough for water oxidation resulting in the production of atmospheric
oxygen. The photochemical excited state of PS I, with its strong re-
ductive power supplies the electrons for the reduction of atmospheric
carbon dioxide. Together they constitute the main energy supply of
all higher life on earth.

1.1.2 Bacterial reaction centers

The bacterial RC is located in the cytoplasmic membrane and forms
together with associated LH complexes the PSU. The LH antennae
contain the BChl pigments that capture and funnel the electronic ex-
citation towards the RC, while the RC contains the pigments which
directly take part in the photochemical reactions. The bacterial RC
has been the first membrane protein of which the three-dimensional
structure was determined at an atomic resolution. The RC consists
of three protein subunits, M (medium), L (light) and H (heavy), and
of nine cofactors. The nine cofactors are 4 BChl a, 2 BPhe a, 2
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Figure 1.1: Schematic model of the higher plant thylakoid membrane. The main
complexes of the membrane, PS II, PS I, the plastoquinone pool, Cyt b6f and the
ATP synthase are shown. The electron transport chain is depicted in black arrows
(adapted from Barber, http://www.bio.ic.ac.uk/research/barber/PS IIimages/).

ubiquinone-10, and Fe (Figure 1.2) (Hoff and Deisenhofer, 1997).
The cofactors are arranged in two membrane-spanning branches, A
and B. The branches A and B, as well as the L and M subunits
are related by a nearly two-fold symmetry. Out of the two avail-
able membrane-spanning branches of cofactors, only the A-branch is
used to catalyze the photochemical charge separation. NMR chemical
shift analysis provides evidence, that the symmetry of the special pair
is already broken in its electronic ground sate, although the origin of
the symmetry break remains unclear (Schulten et al., 2002; Prakash
et al., 2007). This vividly discussed functional asymmetry is not yet
understood (Hoff and Deisenhofer, 1997). The electron transfer starts
with the donation of an electron from a photoexcited BChl-dimer to
an electron transport chain involving monomeric BChl a, BPhe a and
two quinones coupled to an Fe (Woodbury and Allen, 1995). The
ratio of A-branch/B-branch electron transfer at room temperature in
membrane-bound RCs is estimated to range from 30:1 to 200:1 (Wake-
ham and Jones, 2005). ENDOR studies have shown that the distri-
bution of the unpaired electron in P+• in the carotenoid-less mutant
Rb. sphaeroides R-26 is asymmetric, approximately 2:1 in favor of the
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Figure 1.2: Schematic structure of the bacterial RC of Rb. sphaeroides obtained
with the program PYMOL (DeLano Scientific, South San Francisco, CA). The
special pair (P) is a dimer of two BChl molecules. The accessory BChls (BA, BB),
the BPhe and the ubiquinones (QA, QB) coupled to an Fe2, are arranged in a
nearly two-fold symmetry (Ermler et al., 1994).

dimer half on the A-branch (Lendzian et al., 1993). Photo-CIDNP
MAS NMR studies suggest an electron spin density distribution of 3:2
in favor of the special pair cofactor on the A-branch (Prakash et al.,
2005). This is supported by molecular orbital calculations based on
the X-ray structure of the RC (Plato et al., 2005). The asymmetry of
the electron spin density distribution was shown to depend strongly
on the protein surrounding (Rautter et al., 1995; Huber et al., 1996;
Käß et al., 1998).

1.1.3 Photosystem I

In the electron transfer chain, PS I has the function of photo-catalyzing
the light driven electron transfer from plastocyanin or cytochrome c6
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to ferredoxin. From ferredoxin the electrons get transferred to reduce
NADP+ to NADPH, which is used to reduce carbon dioxide in the
reactions of the Calvin cycle.

The PS I in plants is a monomer, while the cyanobacterial coun-
terpart assembles in vivo into trimers (Chitnis, 2001). The RCs are
composed in both cases of several protein subunits, which have the
same location and orientation of the electron transfer components.
The protein subunits PsaA and PsaB are the most important, since
they contain most of the antenna system and cofactors of the electron
transport chain from P700, which is a heterodimer formed by one Chl
a molecule and one Chl a’ molecule, which is the C132-epimer of Chl
a, to the first FeS cluster Fx (Figure 1.3). PsaA and PsaB coordinate
also most of the cofactors involved in the electron transport chain
(Fromme et al., 2006).

The electron transport chain consists of P700, A (Chl a), A0 (Chl
a), A1 (phylloquinone) and the previously mentioned three FeS clus-
ters, FX, FA and FB. FB is the immediate electron donor to ferredoxin.
The midpoint potential of P700+•/P700 is about +450 mV placing the
excited form, P700*/P700, at about -1.3V, which enables PS I to re-
duce ferredoxin. In contrast to the bacterial RC the dimeric nature of
P700+• is questioned (O’Malley and Babcock, 1984; Webber and Lu-
bitz, 2001). ENDOR and ESEEM measurements on P700+• suggest
that this species is a Chl a dimer with a strongly asymmetric spin
density distribution over the dimer halves, both of which are coordi-
nated by a histidine, which is in analogy to the center Chls of PS II
(Käß et al., 1998). According to EPR studies and molecular orbital
calculations, there are three H-bonds between Chl a’ and the protein.
This stabilizes Chl a’ against photooxidation, while the Chl a does not
form any hydrogen bond to the protein environment. This may cause
differences in the redox potential of both Chl molecules and may ex-
plain the localization of the unpaired electron of P700+ by more than
> 85 % on the active B-branch (Käß et al., 2001; Webber and Lubitz,
2001). Photo-CIDNP studies on PS I also indicate that the unpaired
electron is located on a monomeric Chl a, which has been tentatively
assigned to P2 cofactor (Alia et al., 2004). It has been inferred, that
the asymmetry provides a gating of electrons along the two branches
(Fromme et al., 2006).
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Figure 1.3: Schematic structure of the PS I RC of Synechococcus elongatus
obtained with the program PYMOL (DeLano Scientific, South San Francisco, CA).
The pairs of Chls of the electron transfer chain are arranged in two branches A and
B. The description A-branch and B-branch is derived from the protein subunits
PsaA and PsaB, respectively. Phylloquinones are marked as Qk(A) and Qk(A).
The Fe4S4 clusters are labeled FX, FA and FB according to their spectroscopic
terms (Jordan et al., 2001).

1.1.4 Photosystem II

Inside PS II, light energy is converted into electrochemical potential
by the core complex (Figure 1.4). It consists of two homologous pro-
teins D1 and D2, cytochrome b559, several small proteins and two
Chl a binding proteins CP43 and CP47, which serve as an intrinsic
antenna system. The peripheral antenna is composed of LH complex
II proteins, which contain Chl a, Chl b and xantophyll molecules. The
main function of the antenna proteins is to collect and transfer light
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excitation. In addition they are involved in regulatory processes.

A clear picture of the PS II core protein and the antenna arrange-
ment became recently available from X-ray structures, having a reso-
lution of down to 3.0 Å (Zouni et al., 2001; Kamiya and Shen, 2003;
Ferreira et al., 2004; Loll et al., 2005). This allows to compare the PS
II complex with other oxygenic and anoxygenic photosynthetic RCs.
The comparison shows that the D1 and D2 proteins of PS II are not
only similar to the L and M subunits of bacterial RCs, but also to
the PsaA and PsaB subunits of PS I (Ke and Shuvalov, 1987; Barber,
2003). This illustrates the structural universality among the photo-
synthetic RCs and the idea that all RCs share a common evolutionary
ancestor (Rhee et al., 1998; Schubert et al., 1998).

With respect to the electron transfer all known photosystems posses
two branches for the electron transfer. In bacterial RCs as well as
PS II only one of them is active. Therefore, in case of PS II, only
the D1 protein has to be exchanged upon photodamage, and not the
whole core of PS II (Mattoo et al., 1981; Rutherford and Faller, 2003;
Shkuropatov et al., 1997, 1999).

1.1.5 Electron transfer in photosystem II

After light excitation, P680 is converted into a strongly reducing agent
P680*. Within a picosecond time range the electronic excitation en-
ergy of P680* causes the reduction of a Phe molecule. The radical pair
state of an oxidized P680+• and Phe−• is formed. The midpoint redox
potential of P680/P680+• is experimentally determined to be >1.2V
(van Gorkom and Schelvis, 1993). From the Phe the electron travels
further down the electron transfer chain, reducing the plastoquinones
QA and QB. After double reduction and protonation QB is released
from its binding side into the quinone pool located in the thylakoid
membrane. The radical pair P680+• is re-reduced by the redox-active
tyrosine D1-Tyr161. After four photochemical turnovers four oxidiz-
ing equivalents of the S-state cycle are localized on or near the (Mn)4

cluster (Joliot and Kok, 1975).

While the electron transfer chain is clearly defined, the identifica-
tion of the cofactors of the PS II complex involved in various steps of
electron transfer is difficult. However, such functional analysis is very



8 Chapter 1

Q
A

Q
B

Fe

Phe
D1 Phe

Chl
D1

Chl
D

P
D1 P

D2Y
Z

Y
D

Mn
4

Chl
ZD1

D2

2

Cyt

Chl

b5

ZD

59

2

Figure 1.4: Schematic structure of the PS II core complex of Thermosynechococ-
cus elongatus obtained with the program PYMOL (DeLano Scientific, South San
Francisco, CA). The arrangement of cofactors of the electron transfer chain lo-
cated in subunits D1 and D2 are Chls PD1, ChlD1, ChlZD1 and Chls PD2, ChlD2,
ChlZD2, respectively. In addition the position of the electron acceptors QA and
QB, and the Fe, as well as the location of YD and the Mn4 cluster, are depicted
(Ferreira et al., 2004).

important to understand differences between PS II and other photo-
systems as well as to extract the principles of photosynthetic electron
transfer.

Both, experiments and calculations show, that the excitonic cou-
pling between the chlorins of the D1 and D2 protein of PS II are
very similar (Ishikita et al., 2005). Compared with the center Chls of
other RCs, PD1 and PD2 of PS II show a significantly smaller excitonic
coupling. The excited state in the PS II RCs is therefore not only
localized at the center Chls as in bacterial RCs, but rather delocalized
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over the four central Chls and the two Phes, as observed with time-
resolved absorption-difference spectroscopy (Durrant et al., 1995; van
Brederode and van Grondelle, 1999; Dekker and van Grondelle, 2000;
Prokhorenko and Holzwarth, 2000; Diner et al., 2001; Diner and Rap-
paport, 2002; Renger and Marcus, 2002; Barber, 2003; Frese et al.,
2003).

In contrast to the delocalized excited state, EPR experiments show
that the triplet state is localized on a single Chl with a chlorin plane
tilt of 30◦ towards the membrane normal (van Mieghem et al., 1991).
Detailed calculations of optical properties of the RC are in line with
such an assignment, since the only other Chl in the electron chain
with a chlorin plane tilt of 30◦ towards the membrane normal, ChlD2,
has a higher site energy, by ≈30 meV (Raszewski et al., 2005). A
triplet state on ChlD1 results in an efficient quenching of this state
by the nearby singly reduced QA. This presents a reaction of triplet
states with triplet oxygen followed by the formation of physiologi-
cally dangerous singlet oxygen (Noguchi et al., 2001; Noguchi, 2002;
van Mieghem et al., 1995). At higher temperatures, towards physio-
logical conditions, the triplet is not located on a single Chl, there is
a thermally activated hopping of the triplet between ChlD1 and PD1

(Raszewski et al., 2005).

The charge separation has been believed for a long time to occur
from the center Chl, PD1, by analogy with the bacterial RCs, where
this step occurs from the special pair. Experiments at low tempera-
ture, such as time-resolved infrared spectroscopy at 77 K, confirmed
by calculations, show that the initial charge separation occurs not
from PD1, but from ChlD1 (Noguchi et al., 1993; Durrant et al., 1995;
Noguchi et al., 1998; Peterman et al., 1998; Dekker and van Grondelle,
2000; Prokhorenko and Holzwarth, 2000; Diner et al., 2001; Noguchi
et al., 2001; Raszewski et al., 2005). ChlD1 is then, within 25 ps, re-
duced by one of the two Chl molecules forming P680 (Prokhorenko
and Holzwarth, 2000). The triplet and charge separated state in PS II
are therefore not localized on the same Chl cofactor at low tempera-
ture, as it is the case for bacterial RCs, where both states are localized
on the ’special pair’ Chls. Above 20 K both states have been reported
to be delocalized over at least two Chls (Ganago et al., 1982; Noguchi
et al., 1993; Bosch et al., 1995; van Mieghem et al., 1991; Noguchi
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et al., 2001).

1.1.6 Redox potential of photosystem II

The midpoint redox potential of PS II, P680/P680+• of ∼+1.2V is
very high, compared with the midpoint redox potential of the elec-
tron donor of PS I, P700/P700+•, +0.4-0.5V and the midpoint redox
potential of the special pair in bacterial RCs, P870/P870+• ∼+0.5V
(Golbeck, 1987; van Gorkom and Schelvis, 1993; Brettel, 1997; Jordan
et al., 2001; Ishikita et al., 2005). The lower redox potential of PS I and
bacterial RCs restricts these systems to the oxidation of intermediates
such as the hemes in cytochromes or the copper in plastocyanines.
The redox power of PS II ∼+1.2V, is however sufficiently high for the
oxidation of water, which requires a minimum value of +0.82 V, and is
therewith most important for oxygenic photosynthesis (Ishikita et al.,
2005).

Different theories have been developed to explain the increase of
421 mV, reaching from a midpoint redox potential of Chl a dissolved
in DMF with a potential of +830 mV, to the potential of +1251 mV
for PD1 found in PS II (Saji and Bard, 1977; Ishikita et al., 2005).
The energies of both HOMO and LUMO have to shift equally in the
considered theories, to maintain the same energy difference and color.
The redox properties of chlorin molecules can be generally affected by
ring torsions, according to theoretical predictions a perfectly flat Chl
will give rise to the most oxidizing cation (Fajer, 2000).

There is converging evidence that the origin of the oxidizing power
of PS II is not due to one effect alone, such as a single mutation, it
is rather originated from multiple stepwise processes (Olson and Pier-
son, 1987; Blankenship and Hartman, 1998; Rutherford and Faller,
2003). Apparently the dielectric environment provided by the RC pro-
teins also plays an important role. Studies on bacterial RCs revealed,
that changes in the electrostatic environment of the BChl special pair,
mainly through H-bonds, can increase the potential to more than 940
mV, high enough to oxidize tyrosine (Kalman et al., 1999). Analyzing
the PS II structure, however, shows no involvement of any H-bonds
concerning PD1, PD2, and ChlD1 (Ishikita et al., 2005). A very positive
electrostatic environment could, however, been provided by a charged
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amino acid D2-Arg180 in the neighborhood of the Chl PD2. The coun-
terpart D1-Asn181 on the D1 side is neutral in charge and has little
effect on the redox potential (Mulkidjanian, 1999). Point mutations
studies of D2-Trp191 which is in van der Waals contact with PD2, sug-
gest that this amino acid can produce an upshift of the redox potential
(Keilty et al., 2001). Photo-CIDNP solid-state NMR studies revealed
an unexpected shift of the spin density towards ring III of PD1, com-
pared to monomeric Chl a in solution with the highest spin density
around ring II. A local electrostatic field has been suggested for the
stabilization of the HOMO and provided a possible explanation for the
high redox potential of P680+•. The induced spin density localization
around ring III suggests the presence of a local electrostatic field next
to the C=O group of ring V (Matysik et al., 2000a).

1.2 Photo-CIDNP MAS NMR

Solid-state MAS NMR is a technique to elucidate structure and func-
tion of membrane proteins. An important contribution has been made
in the characterization of ligand binding and structure determination
of protein-ligand complexes, in the context of research in multidisci-
plinary fields such as apoptosis or drug discovery and development
(Zech et al., 2004; Watts, 2005). One advantage of MAS NMR is that
proteins can be analyzed when in the membrane, in the natural en-
vironment, or by reconstitution of purified proteins into a membrane.
In addition, selective isotope labels can be incorporated at the site of
interest to study local structure, e.g., by measuring selected distances
or torsion angles (Raleigh et al., 1988; Feng et al., 1996). Proteins
incorporated in membranes can be studied also in an oriented form,
e.g., to measure helix orientations, or conformation of ligands bound
to membrane proteins (Cross and Opella, 1994; Gröbner et al., 2000).

To perform MAS NMR studies on membrane proteins implies the
investigation of large systems and therefore improvements to increase
the NMR sensitivity are desired. There have been several break-
throughs in this respect, such as isotope enrichment, high magnetic
field, and in solid-state NMR the introduction of MAS and cross po-
larization. Recently, the techniques of DNP, optical pumping and



12 Chapter 1

photo-CIDNP have attracted widespread attention. These techniques
have in common that they exploit the much larger magnetic moment
of electron spins compared to nuclear spins.

1.2.1 The Photo-CIDNP effect

Photo-CIDNP has been observed in photosynthetic RCs by solid-state
under illumination. The photo-CIDNP NMR spectrum contains emis-
sive or absorptive signals with astonishingly high signal amplitudes
(Zysmilich and McDermott, 1996b). These high signal amplitudes are
due to the fact that CIDNP produces a non-Boltzmann nuclear spin
state distribution. The effect is most suitable for the study of pho-
tochemical reactions or photophysical processes and is then termed
photo-CIDNP. To obtain a maximum of information the underlying
mechanisms of photo-CIDNP need to be understood.

Photo-CIDNP has been first observed in solution NMR (Bargon
et al., 1967; Bargon and Fischer, 1967; Ward and Lawler, 1967). It
is well understood in terms of the radical pair mechanism. The dis-
coverers of this mechanism, Closs and Closs, Kaptein and Oosterhoff
described that nuclear spin interactions can alter the recombination
probability in reactions that proceed through radical pairs (Closs and
Closs, 1969; Kaptein and Oosterhoff, 1969). The radicals forming a
singlet radical pair may recombine, while the radicals in a triplet pair
are forced to diffuse apart. The application of photo-CIDNP in liq-
uid NMR became a powerful technique to study protein surfaces and
effects such as protein-cofactor interactions, conformational changes
and denaturation (Hore and Broadhurst, 1993; Goez, 1997).

As diffusion is not significant during the lifetime of the radical
pair in the solid-state, the radical pair mechanism cannot occur in
frozen proteins. Nevertheless, in 1994, photo-CIDNP has been ob-
served for the first time in solid-state NMR. In these study RCs of
Rb. sphaeroides were investigated with 15N MAS NMR under contin-
uous illumination with white light (Zysmilich and McDermott, 1994).
These studies provide valuable information about primary events in
photosynthesis, regarding the electron donor and in some cases also
the acceptor and the nearby protein groups. Until now, the solid-state
photo-CIDNP effect has been observed in quinone-blocked frozen RCs



Introduction 13

of Rb. sphaeroides R-26 (Zysmilich and McDermott, 1994, 1996a,b;
Matysik et al., 2000b; Prakash et al., 2006) and WT (Schulten et al.,
2002; Prakash et al., 2005, 2007), as well as in LH1 RC complexes of
Rps. acidophila (Diller et al., 2007). Recently, it has been also de-
tected in the RCs of the green sulphur bacterium Chlorobium tepidum
(Roy et al., 2007). In addition, it has been observed in plant PS I
(Alia et al., 2004; Roy et al., 2006) and PS II (Matysik et al., 2000a;
Diller et al., 2005).

1.2.2 Photo-CIDNP mechanisms in solids

Figure 1.5 shows the reaction cycle of quinone-blocked RCs, in which
forward electron transfer is blocked either by removal or prereduction
of the quinone acceptor. Upon photochemical excitation of the elec-
tron donor P, an electron is transferred to the primary acceptor A. In
quinone reduced or depleted RCs, further electron transfer is blocked.
Therefore, the singlet radical pair can either relax to the electronic
ground state, or evolve into a triplet radical pair. The triplet radical
pair recombines to a donor triplet 3P and an acceptor singlet. Fi-
nally, the donor triplet relaxes to the singlet ground state, so that the
whole process is cyclic and hence no net effect on the nuclei would
be expected due to the branching of the reaction pathway. Scheme
1.5 indicates and briefly explains the three mechanisms that can be
simultaneously involved to create symmetry breaking and build up net
nuclear polarization: TSM, DD and DR (Jeschke and Matysik, 2003;
Daviso et al., 2007).

For the following approach a simple spin system is considered, com-
posed of two coupled electron spins, S1 = 1/2, S2 = 1/2 and one nuclear
spin, I = 1/2, that is hyperfine coupled to S1. In photo-CIDNP net
nuclear polarization is due to a conversion of electron-electron zero
quantum coherence into nuclear polarization Iz. The TSM contribu-
tion is strongest at the matching condition |A| ≈ 2|d | ≈ 2|ωI |, with
A = Azz = aiso + T (3 cos2 θhfi-1) the secular hyperfine interaction,
T the hyperfine tensor in the principal axis frame, d the electron-
electron coupling and ωI the nuclear Zeeman frequency (Jeschke, 1997,
1998; Jeschke and Matysik, 2003). The matching leads to polarization
transfer mediated by the pseudosecular part of the hf interaction, B
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Figure 1.5: Reaction cycle in quinone-blocked RCs. The oscillating arrow rep-
resents coherent evolution of the initial pure singlet state into a triplet radical
pair and back, which is a complex process due to the difference of the g value
between the two electrons, Δg, the secular part of the hf interaction, A, the cou-
pling between the two electrons, d, the pseudo-secular hyperfine coupling, B, and
the nuclear Zeeman frequency, ωI . Three mechanism are known to build up net
nuclear polarization in the solid-state: the TSM, the DD and the DR mechanism.
The TSM contribution is strongest at the matching condition |A| ≈ 2|d | ≈ 2|ωI |.
In the DD mechanism, the formation of net nuclear polarization is based on dif-
ferent lifetimes of the singlet and the triplet pairs, TS and TT, respectively. In
the DR, net nuclear polarization is thought to arise from opposite polarization in
singlet and triplet radical pairs that do not cancel since part of the triplet-derived
polarization relaxes during the triplet lifetime, TPT (McDermott et al., 1998).
This requires that the longitudinal relaxation time of the nuclei in the RC triplet
is shortened to such an extent that it is comparable to TPT (Jeschke and Matysik,
2003; Daviso et al., 2007). The direction of the excitation and decay after light-
induced electron transfer from the electron donor (P) to the primary acceptor (A),
are shown in solid arrows.

=
√

A2
zx + A2

zy, which is for 13C 5-10 MHz. Overall transfer is pro-

portional to B2 and takes place with a polarization rate within the
lifetime of the correlated radical pair, which is on a nanosecond time
scale .
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In the DD mechanism, the formation of net nuclear polarization is
based on different lifetimes of the singlet, 1(P+•A−•), and the triplet,
3(P+•A−•), radical pairs (Polenova and McDermott, 1999). In contrast
to the TSM, electron-electron coupling is not required although the
anisotropic hf coupling is still indispensable (Jeschke and Matysik,
2003). For both coherent mechanisms, the TSM and DD mecha-
nism, based on anisotropic interactions, an orientational dependence
of photo-CIDNP is expected. Chapter 6 will explore this orientational
dependence in some detail.

In addition to TSM and DD, a third mechanism named DR can
occur. In the DR, the symmetry breaking between the two decay
branches from singlet and triplet radical pairs and the production of
net nuclear polarization has been attributed to a fast nuclear spin
lattice relaxation caused by the triplet state of the donor (Prakash
et al., 2005, 2006). Nuclear polarization from triplet pairs partially
decays during the lifetime of the donor triplet, 3P (Goldstein and
Boxer, 1987; McDermott et al., 1998). During this long lifetime the
triplet opens up relaxation channels that can contribute to establish
net nuclear polarization. This is explained further in Chapter 2.

The photo-CIDNP spectrum of WT RCs, which entirely shows
emissive signals, has been explained in terms of parallel running TSM
and DD mechanisms (Prakash et al., 2005). In RCs of the carotenoid-
less mutant R-26, the triplet lifetime is around 30 μs (Parson et al.,
1975). If one compares the polarization pattern of WT and R-26 RCs,
one observes a sign change for signals assigned to the special pair. The
difference in polarization can be explained by a contribution of DR. It
is an incoherent process and the magnitude can be as large as induced
by the other two mechanisms (see Chapter 6).

1.3 Aim and scope of the thesis

In this thesis advantages of photo-CIDNP MAS NMR, such as faster
scanning and spectral editing are demonstrated. The main aim is to
show how photo-CIDNP MAS NMR can be applied to plant photosys-
tems in order to develop a model for the donor of PS II and address
the origin of the highest redox potential found in a living system.
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Chapter 2 describes how the same processes creating net polariza-
tion in photo-CIDNP opens up light-dependent channels for polariza-
tion losses. This leads to coherently and incoherently enhanced signal
recovery, additional to the recovery due to light-independent longitudi-
nal relaxation. It is presented how photo-CIDNP MAS NMR provides
a possibility to drive NMR technique beyond the T1 relaxation time
expected for frozen proteins.

The extraordinary high redox potential for PS II is discussed in
Chapter 3. Based on a comparison between photo-CIDNP MAS
NMR data of PS I and PS II, a local electrostatic field caused by matrix
involvement as the origin for the high redox potential is suggested.

The underlying concept of the electrostatic field is based on the
comparison of the electron spin distribution in PS I and PS II. 15N-
photo-CIDNP MAS NMR presented in Chapter 4 provides a clear
comparison between the electron spin distribution found in PS I and
PS II. The electron spin density in case of PS II is inverted compared
to PS I or isolated Chls. A model for the donor of PS II is presented
explaining the inversion of electron spin density based on a tilt of the
axial histidine towards pyrrole ring IV causing π-π overlap of both
aromatic systems.

Chapter 5 presents photo-CIDNP experiments on selectively iso-
tope labeled purified RCs as well as membrane bound RCs from the
WT of Rb. sphaeroides. Isotope labeling provides an additional gain
in NMR sensitivity and selectivity. While photo-CIDNP experiments
on selectively isotope labeled purified RCs show no influence on the
sign of the photo-CIDNP effect, the sign of the photo-CIDNP effect
of membrane bound RCs shows an inversion and appear as absorptive
(positive) signals upon isotope labeling. A possible origin of the sign-
change effect is discussed and shows how the sign-change effect allows
to distinguish between donor signals and acceptor signals and can be
employed for spectral editing.

Chapter 6 provides general conclusions and prospects of photo-
CIDNP MAS NMR and suggests future applications.
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Boltzmann, L. (1886) Populäre Schriften. Barth Verlag, Leipzig (1905).
Bosch, M. K., Proskuryakov, I. I., Gast, P., and Hoff, A. J. (1995) Relative

Orientation of the Optical Transition Dipole and Triplet Axes of the
Photosystem II Primary Donor. A Magnetophotoselection Study. J Phys
Chem 99: 15310–15316.

Brettel, K. (1997) Electron Transfer and Arrangement of the Redox Co-
factors in Photosystem I. Biochim Biophys Acta 1318: 322–373.

Chitnis, P. R. (2001) Photosystem I: Function and Physiology. Annu Rev
Plant Biol 52: 593–626.

Closs, G. L., and Closs, L. E. (1969) Induced Dynamic Nuclear Spin
Polarization in Reactions of Photochemically and Thermally Generated
Triplet Diphenylmethylene. J Am Chem Soc 91: 4549–4550.

Cross, T. A., and Opella, S. J. (1994) Solid-State NMR Structural Studies
of Peptides and Proteins in Membranes. Curr Opin Struct Biol 4: 574–
581.

Daviso, E., Jeschke, G., and Matysik, J. (2007) Photochemically Induced
Dynamic Nuclear Polarization (Photo-CIDNP) Magic-Angle Spinning
NMR. In Biophysical Techniques in Photosynthesis II. Aartsma, T. J.
and Matysik, J., eds., Springer, Dordrecht, pp. 385-399.

Dekker, J. P., and van Grondelle, R. (2000) Primary Charge Separation
in Photosystem II. Photosynth Res 63: 195–208.

Diller, A., Alia, Roy, E., Gast, P., van Gorkom, H. J., Zaanen, J., de Groot,



18 Chapter 1

H. J. M., Glaubitz, C., and Matysik, J. (2005) Photo-CIDNP Solid-State
NMR on Photosystems I and II: What Makes P680 Special? Photosynth
Res 84: 303–308.

Diller, A., Alia, A., Gast, P., Jeschke, G., and Matysik, J. (2007)
13C Photo-CIDNP MAS NMR on the LH1-RC complex of Rhodopseu-
domonas acidophila. In Proceedings of the 14th International Congress
on Photosynthesis. Allen, J. F., Gantt, E., Golbeck, J. H. and Osmond,
B., eds., Springer, Dordrecht, submitted.

Diner, B. A., and Rappaport, F. (2002) Structure, Dynamics, and En-
ergetics of the Primary Photochemistry of Photosystem II of Oxygenic
Photosynthesis. Annu Rev Plant Biol 53: 551–580.

Diner, B. A., Schlodder, E., Nixon, P. J., Coleman, W. J., Rappaport,
F., Lavergne, J., Vermaas, W. F. J., and Dexter, D. A. (2001) Site-
directed Mutations at D1-His198 and D2-His197 on Photosystem II in
Synechocystis PCC 6803: Sites of Primary Charge Separation and Cation
and Triplet Stabilisation. Biochemistry 40: 9265–9281.

Durrant, J. R., Klug, D. R., Kwa, S. L. S., van Grondelle, R., Porter, G.,
and Dekker, J. P. (1995) A Multimer Model for P680, the Primary
Electron-Donor of Photosystem II. Proc Natl Acad Sci USA 92: 4798–
4802.

Ermler, U., Fritzsch, G., Buchanan, S. K., and Michel, H. (1994) Structure
of the Photosynthetic Reaction Center from Rhodobacter sphaeroides at
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Plato, M., Möbius, K., and Lubtiz, W. (2005) Molecular Orbital Calcula-
tions on Chlorophyll Radical Ions. In Chlorophylls. Scheer, H., ed., CRC
Press, Boca Raton, pp 1015-1046.

Polenova, T., and McDermott, A. E. (1999) A Coherent Mixing Mecha-
nism Explains the Photoinduced Nuclear Polarization in Photosynthetic
Reaction Centers. J Phys Chem B 103: 535–548.

Prakash, S., Alia, Gast, P., de Groot, H. J. M., Jeschke, G., and Matysik,
J. (2005) Magnetic Field Dependence of Photo-CIDNP MAS NMR on
Photosynthetic Reaction Centers of Rhodobacter sphaeroides WT. J Am
Chem Soc 127: 14290–14298.

Prakash, S., Alia, Gast, P., de Groot, H. J. M., Jeschke, G., and Matysik,
J. (2007) 13C Chemical Shift Map of the Active Cofactors in Photosyn-
thetic Reaction centers of Rhodobacter sphaeroides Revealed by Photo-
CIDNP MAS NMR. Biochemistry 46: 8953–8960.

Prakash, S., Alia, Gast, P., de Groot, H. J. M., Matysik, J., and Jeschke,
G. (2006) Photo-CIDNP MAS NMR in Intact Cells of Rhodobacter
sphaeroides R26: Molecular and Atomic Resolution at Nanomolar Con-
centration. J Am Chem Soc 128: 12794–12799.

Prokhorenko, V. I., and Holzwarth, A. R. (2000) Primary Processes and
Structure of the Photosystem II Reaction Center: A Photon Echo Study.
J Phys Chem B 104: 11563–11578.

Raleigh, D. P., Levitt, M. H., and Griffin, R. G. (1988) Rotational Reso-
nance in Solid-State NMR. Chem Phys Lett 146: 71–76.

Raszewski, G., Saenger, W., and Renger, T. (2005) Theory of Optical
Spectra of Photosystem II Reaction Centers: Location of the Triplet
State and the Identity of the Primary Electron Donor. Biophys J 88:
986–998.

Rautter, J., Lendzian, F., Schulz, C., Fetsch, A., Kuhn, M., Lin, X.,
Williams, J. C., Allen, J. P., and Lubitz, W. (1995) ENDOR Stud-
ies of the Primary Donor Cation Radical in Mutant Reaction Centers
of Rhodobacter sphaeroides with Altered Hydrogen-Bond Interactions.
Biochemistry 34: 8130–8143.



Introduction 23

Renger, T., and Marcus, R. A. (2002) On the Relation of Protein Dynamics
and Exciton Relaxation in Pigment-Protein Complexes: An Estimation
of the Spectral Density and a Theory for the Calculation of Optical
Spectra. J Chem Phys 116: 9997–10019.

Rhee, K. H., Morris, E. P., Barber, J., and Kühlbrandt, W. (1998) Three-
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