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Zusammenfassung 
 

Der in der Thylakoidmembran vorkommene Photosystem II-core Komplex (PSIIcc) ist 
eines der Schlüsselenzyme der oxygenen Photosynthese. Er katalysiert die lichtinduzierte 
Oxidation von Wasser. Bislang waren die zur Aufklärung der Funktionsweise notwendigen 
und mittels Röngtenkristallographie gewonnenen Strukturinformationen auf die Verwendung 
der homodimeren Form des PSIIcc beschränkt. 

In dieser Arbeit wird erstmalig die Kristallisation und Strukturanalyse des monomeren 
PSIIcc aus dem thermophilen Cyanobaterium Thermosynechococcus elongatus beschrieben. 
Aufgrund eines verbesserten Präparations-Protokolls konnten hochreine, monomere PSIIcc 
erhalten werden, die eine hohe Sauerstoffentwicklungsaktivität aufweisen. Das PSIIcc 
Monomer weist alle 20 Protein-Untereinheiten auf, die in vollständigen, funktionellen 
Komplexen vorkommen. Mittels dynamischer Lichtstreuung konnte die Homogenität der 
PSIIcc Monomer Fraktion nachgewiesen werden. Erste Proteinkristalle konnten gezüchtet 
werden, die zur orthorhombischen Raumgruppe C2221 gehören und ein PSIIcc Monomer in 
der asymmetrischen Einheit aufweisen. Die Analyse der Röntgen-Diffraktionsdaten erlaubte 
es, ein erstes Strukturmodell des PSIIcc Monomers bei einer Auflösung von 3.6 Å zu erstellen. 
Das Modell beinhaltet 19 Protein-Untereinheiten, 35 Chlorophyll a- und zwei Pheophytin a-
Moleküle, zwei Häm-Gruppen, das Nicht-Häm Eisen, elf Karotinoide, das primäre 
Plastochinon QA, 22 Lipide und den Mn4Ca Cluster des Wasser-oxidierenden Komplexes 
(WOC). Erwartungsgemäß ist die Struktur des PSIIcc Monomers im Wesentlichen identisch 
mit der des dimeren Komplexes. Dennoch bilden die Strukturdaten eine neue Grundlage, um 
die Rolle der Lipide und Protein-Untereinheiten im Zusammenhang mit der Oligomerisierung 
des PSIIcc und dem Austausch des D1-Proteins zu diskutieren. 

Erstmalig konnte eine deutlich andere Kristall-Packung des PSIIcc erhalten werden, 
die folgende Vorzüge aufweist: (I) geringere Anisotropie der Röntgen-Diffraktion (Abhängig-
keit der Auflösung von der Kristallorientierung), (II) die Reduzierung der Orientierungen des 
PSIIcc innerhalb der Einheitszelle und (III) die senkrechte Orientierung der Membran-
Normalen zu einer Kristallachse. Punkt (I) ist ein Vorteil für die Verbesserung der Röntgen-
Diffraktionsdaten, während (II) und (III) die Eignung von orientierungsanhängigen, spektro-
skopischen Methoden erhöht. Letzteres eröffnet neue Möglichkeiten die Struktur und 
Funktionsweise des WOC aufzuklären. Erste Messungen bestätigen die Anwendbarkeit von 
polarisierter Röntgenabsorptions-Spektroskopie auf diese neue Kristallform. 

Die Akzeptorseite des PSIIcc ist das Wirkungsziel vieler kommerziell genutzter 
Herbizide, jedoch fehlen bislang direkte Informationen über die Interaktion von Herbiziden 
mit PSIIcc. In dieser Arbeit konnte, mittels Kristallen des dimeren PSIIcc, ein erstes Struktur-
modell von an PSIIcc gebundenen Terbutryn bei einer Auflösung von 3.4 Å erhalten werden. 
Dieses Modell belegt, dass Triazin-Derivate in gleicher Art an den PSIIcc binden, wie an das 
Reaktionszentrum aus Purpurbakterien. Bindungsstudien zeigen eine Abhängigkeit der 
Terbutryn-Bindung vom funktionellen Zustand der Akzeptorseite des PSIIcc. Des Weiteren 
weisen erste Strukturdaten eines Herbizids der Harnstoff-Klasse (Chlorbromuron) bei 3.7 Å 
Auflösung, auf zwei unterschiedliche Bindungskonformationen dieses Herbizids hin. 

An der Donorseite konnte eine Halogenid-Bindungsstelle im Abstand von 6.4 Å zum 
Mn4Ca Cluster lokalisiert werden. Dazu wurden Kristalle des dimeren PSIIcc verwendet, bei 
denen das natürlich vorkommende Chlorid durch Bromid funktionell ersetzt wurde. Diese 
Ergebnisse bestätigen, dass Bromid (und somit auch Chlorid) kein direkter Ligand des Mn4Ca 
Clusters ist, trotz der funktionellen Rolle bei der Wasser-Oxidation. Röngtenspektroskopische 
Untersuchungen weisen auf eine Stöchiometrie von einem Bromid pro Mn4Ca Cluster hin. 
Aufgrund der Bromid-Position am Eingang zweier vermeintlicher Protonenkanäle ist eine 
Funktion im Zusammenhang mit dem Proton-Transfer naheliegend. 
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Abstract 
 

The membrane-embedded Photosystem II core complex (PSIIcc) is one of the key 
enzymes in oxygenic photosynthesis and uses light energy to oxidize water. To understand the 
functional mode of this enzyme knowledge of its molecular structure is necessary. So far, the 
information about the spatial structure of PSIIcc obtained from X-ray crystallography has 
been restricted to the homodimeric form of the PSIIcc from thermophilic cyanobacteria. 

This work describes the first crystallization and structural analysis of the monomeric 
PSIIcc isolated from the thermophilic cyanobacteria Thermosynechococcus elongatus. Based 
on an improved preparation protocol, it was possible to obtain a highly pure fraction of PSIIcc 
monomer with high oxygen evolution activity. The PSIIcc monomer consists of all 20 protein 
subunits known to be present in the complete functional complex. Dynamic light scattering on 
this PSIIcc monomer fraction revealed the homogeneity needed for protein crystallization. 
First protein crystals could be obtained, which belong to the space group C2221 and contain 
one monomer per asymmetric unit. The X-ray diffraction data derived from these crystals 
yielded a first structural model of the PSIIcc monomer at a resolution of 3.6 Å. This model 
includes the assignment of 19 protein subunits, 35 chlorophylls, two pheophytins, two heme 
groups, the non-heme iron, eleven carotenoids, the primary plastoquinone QA, 22 lipids and 
the Mn4Ca cluster of the water-oxidizing complex (WOC). As expected, the overall structure 
of the PSIIcc monomer is essentially identical to its dimeric counterpart. Nevertheless, this 
structure provides a new basis for the discussion of the role of lipids and protein subunits in 
the oligomerization of PSIIcc and the assembly/disassembly during the repair cycle of 
photodamaged subunit D1.   

For the first time, a significantly different packing of PSIIcc could be obtained that 
features the following advantages: (I) lower anisotropy of the X-ray diffraction (dependence 
of resolution on crystal orientation), (II) a reduced number of orientations of PSIIcc within the 
unit cell and (III) the orientation of the membrane normal perpendicular to one of the 
crystallographic axes. Point (I) is crucial for further improving the quality of X-ray diffraction 
data, whereas (II) and (III) make this crystal form more suitable for orientation-dependent 
spectroscopy. This opens novel possibilities to elucidate the structure and function of the 
WOC. Preliminary measurements of polarized X-ray absorption spectroscopy confirmed the 
applicability of this method on the new crystal form.   

The acceptor side of PSIIcc is the target for many commercially used herbicides, but 
direct information about herbicide interactions with PSIIcc is lacking. In this work, the first 
structural model of a triazine-type herbicide bound to PSIIcc at a resolution of 3.4 Å could be 
obtained by crystallizing PSIIcc dimer in the presence of terbutryn. The structure reveals a 
similar binding mode of triazines to the QB site of PSIIcc to that observed for the reaction 
center of purple bacteria. The analysis of terbutryn-binding to PSIIcc using isothermal 
titration calorimetry and fluorescence spectroscopy suggests that herbicide binding is affected 
by the functional state of the acceptor side. Furthermore, initial structural data on the binding 
of a urea-type herbicide (chlorbromuron) to PSIIcc dimer at 3.7 Å resolution suggests two 
different binding conformations of this herbicide at the QB site. 

On the donor side, one halide binding site could be located 6.4 Å away from the 
Mn4Ca cluster by using crystals of PSIIcc dimer, in which the naturally occurring chloride 
was functionally replaced by bromide. This result confirmed the hypothesis that bromide (and 
concomitantly chloride) is not a direct ligand of the Mn4Ca cluster, despite its role in the 
proper functioning of water oxidation. The stoichiometry of one bromide per reaction center 
could be further supported by X-ray spectroscopy. Due to the location of the halide at the 
entrance of two putative proton channels, a functional role in proton transfer during the 
catalytic cycle is likely. 
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3D three-dimensional 
ATP adenosine-5'-triphosphate 
Blc. viridis Blastochloris viridis 

R. sphaeroides  Rhodobacter sphaeroides  
Car carotenoid 
Chla  chlorophyll a 
CP chlorophyll binding protein 
CV column volume 
cyt  cytochrome 
2,6-DCBQ 2,6-dichlorbenzoquinone 
DDM n-dodecyl-β-D-maltoside 
DEAE diethylaminoethyl 
DGDG digalactosyldiacylglycerol 
DLS dynamic light scattering 
DMSO dimethyl sulfoxide 
DTT dithiothreitol 
EDTA ethylenediaminetetraacetic acid 
EPR electron paramagnetic resonance 
ETC electron transfer chain 
EXAFS extended x-ray absorption fine structure 
FeCy K3[Fe(CN)6] 
FTIR Fourier transform infrared spectroscopy 
GPC gel permeation chromatography 
IEC ion exchange chromatography 
ITC isothermal titration calorimetry 
MALDI-TOF  matrix assisted laser desorption ionization time of flight 
MGDG monogalactosyldiacylglycerol 
MES 2-(N-morpholino)ethanesulfonic acid 
MS mass spectrometry 
MOPS 2-(N-morpholino)propanesulfonic acid 
mRNA messenger RNA 
NADPH nicotinamide adenine dinucleotide phosphate (reduced form) 
OD optical density 
PBQ p-benzoquinone 
pbRC purple bacterial reaction center 
PG phosphatidylglycerol 
PEFA 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (protease inhibitor) 
Pheo pheophytin a 
PIPES piperazine-N,N’-bis[2-ethanesulfonic acid] 
Pi orthophosphate 
PSIcc photosystem I core complex 
PSIIcc photosystem II core complex 
PsbA-Z protein encoded by the corresponding PSII gene psbA-Z 
PQ plastoquinone 
PQH2 plastoquinol 
PEG polyethylene glycol, poly(oxyethylene) 
QA primary quinone electron acceptor 
QB secondary quinone electron acceptor 



Abbreviations 

viii 

RC reaction center 
RT-PCR reverse transcription polymerase chain reaction 
SDS-PAGE sodium dodecyl sulfate polyacrylamid gel electrophoresis 
Si oxidation state of the WOC with i = number of oxidzing equivalents (i = 0 to 4) 
SQDG sulfoquinoldiacylglycerol 
TCA trichloroacetic acid 
TFA trifluoroacetic acid 
TMH transmembrane α-helix 
T. elongatus Thermosynechococcus elongatus 

T. vulcanus Thermosynechococcus vulcanus 

WOC water oxidizing complex 
TyrD or YD Tyrosine D (D2-Tyr160) of PSII 
TyrZ or YZ Tyrosine Z (D1-Tyr161) of PSII 
XANES x-ray absorption near edge spectroscopy 
XAS x-ray absorption spectroscopy 
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1. Introduction 

1.1 Basis of Photosynthesis 

 
The age of our planet is believed to be around 4.5 x 109 years [1]. Already in the early stages 

of earth’s history, organisms had developed which utilize the reducing compounds provided 

by the environment at this time as energy sources. When these sources became limited, life 

had to develop new strategies for satisfying the demand for energy. Since the radiation of the 

sun that falls on earth represents a colossal amount of energy (5.4 x 1024 J / a), organisms 

evolved mechanisms to use this ultimate energy source. To capture sunlight these primitive 

ancestors developed photosynthetic pigments with appropriate absorption properties [2]. In 

the photosynthetic organisms that are found today these pigments are cyclic or open 

tetrapyrroles and carotenoids. The porphyrin synthesis needed for tetrapyrrole cofactors may 

have evolved earlier in anaerobic organism in the context of cytochrome-based respiration. A 

broad range of the spectrum emitted by the sun can be absorbed by these pigments, leading to 

efficient light harvesting systems. In cyanobacteria, as used in this work, one prevalent form 

of cyclic tetrapyrrole is found, chlorophyll a (Chla, Figure 1-1A) and its demetallation 

product pheophytin a (Pheo a), which exhibit strong absorption maxima in the region around 

670 nm and around 430 nm. The open tetrapyrroles (phycobilins, such as phycocyanobilin, 

see Figure 1-1A) are utilized in the so-called phycobilisomes that function as extrinsic 

antennae in cyanobacteria and complement the absorption spectrum of Chla, because of their 

absorption-maxima between 500 nm and 650 nm (Figure 1-1 A, B). Since the last class of 

light absorbing pigments - the carotenoids - absorb strongly between 450 nm and 480 nm, the 

interplay of all three pigment classes covers almost the entire visible spectrum of the sun 

(Figure 1-1B).  

 

The functional arrangement of these cofactors is highly conserved in all photosynthetic 

systems. The smallest unit able to perform light-induced stable charge-separation is the 

photochemical reaction center (RC), in which the pigments are embedded into a homo- or 

heterodimeric protein matrix. In all RCs a primary electron donor is formed by nearby 

chlorophyll molecules, which transfer an electron after light-induced excitation to a primary 

acceptor. This charge-separation is further stabilized by subsequent electron transfer to a 

terminal electron acceptor. The electron hole is refilled by the oxidation of a suitable electron 

source. 
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Figure 1-1: Light absorbing pigments in photosynthesis. 

A) Structure of light absorbing pigments used in photosynthesis. For Chla QX and QY indicate the 

directions of the transition dipole moments. B) Absorption spectra of Chla (green), β-carotene (red) and 

the phycobilin containing proteins phycocyanin (blue) and phycoerythrin (magenta) adapted from [3]. 

 

One can categorise two types of RC inter alia by the chemical nature of their terminal 

electron acceptor molecule: type I RCs reduce iron-sulfur clusters as terminal electron 

acceptors, while type II RCs transfer the electron to a quinone. Type I RCs are found in green 

sulfur bacteria and heliobacteria, whereas type II RCs are utilized by purple bacteria and 

green non-sulfur bacteria. In all of these bacteria the light energy is primarily used to generate 

ATP by a cyclic electron flow via cytochrome bc. To obtain metabolic reductants, such as 

NADPH, these organisms oxidize small organic molecules or H2S. Since they are unable to 

use water as an electron source, no oxygen is produced by this process. Hence it is named 

anoxygenic photosynthesis. 

 

 For the oxidation of water a higher redox potential than provided by the RC of these 

organisms is necessary, because of the high equilibrium reduction potential of H2O/O2 of 
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approximately + 0.82 V at pH 7.0 [4]. Furthermore, the transfer of four electrons during this 

reaction requires a suitable storage device for the high potential redox equivalents. 

Nevertheless, some organisms have evolved the capability of using water as a nearly 

unlimited electron source in oxygenic photosynthesis. Common for these organisms is the 

presence of both types of RC: photosystem I (RC type I) and photosystem II (RC type II).  
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1.2 Oxygenic Photosynthesis 

 

The primary processes of oxygenic photosynthesis take place in a special membrane 

compartment - the thylakoid membrane - present in cyanobacteria, green algae and plants. 

This membrane forms a continuous system, thereby separating the lumenal (inner) space from 

the cytoplasm (outer space, in plants: stroma). It is composed of four main lipids: 

digalactosyldiacylglycerol (DGDG); monogalactosyldiacylglycerol (MGDG), 

sulfoquinivosyldiacylglycerol (SQDG) and phosphatidyldiacylglycerol (PG), which amount 

to approximately half of the thylakoid mass (Figure 1-2). The lipid composition of the 

thylakoid membranes is highly conserved among different oxygenic organisms [5, 6]. The 

distribution of the lipids within the thylakoid membrane is asymmetric, with charged lipids 

(PG and SQDG) present only on the stromal side, while the uncharged DGDG is exclusively 

found on the lumenal side, and MGDG is present on both sides. The remaining mass is 

contributed by the membrane-incorporated protein complexes. The oxygenic photosynthetic 

machinery comprises four main complexes: Photosystem I and II (PSI and PSII), the 

cytochrome b6f complex (Cyt b6f) and the ATP synthase (Figure 1-2). Among these 

complexes only the RCs of the photosystems (PSI and PSII) are able to perform light-induced 

charge-separation necessary to convert light energy into a biochemically amenable form.  

 

 The overall process of oxygenic photosynthesis can be written as: 

 

2222 ][ OOCHOHCO
energyLight + →+ −

 

 

According to this equation, the light energy is utilized for the production of carbohydrates 

from carbon dioxide and water. This overall process can be further divided into a light-

reaction and a dark-reaction. The light-reaction describes the primary processes of the light 

energy conversion into the metabolites NADPH and ATP. These molecules are later used for 

the reduction of carbon dioxide, which can also occur in the absence of light and is therefore 

referred to as the dark-reaction. 
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DGDG

MGDG

SQDG

PG

 
Figure 1-2: Protein complexes of the thylakoid membrane. 

Upper panel: Schematic view of the thylakoid membrane with the crystal structures of the protein 

complexes involved in oxgenic photosynthesis as indicated. For clarity only one monomer of each complex 

is shown as a cartoon. The structures of PSII (pdb-file: 2AXT), Cyt b6f (pdb-file: 1VF5) and PSI (pdb-file: 

1JBO) have been derived from thermophilic cyanobacteria (picture © B. Loll). Lower panel: Structures of 

the four lipids present in the thylakoid membrane. 

 

The primary process of the light-reaction is catalyzed by PSII, which acts as a light driven 

water:plastoquinone:oxidoreductase. This enzyme catalyzes the oxidation of two water 

molecules to four protons and dioxygen and the reduction of plastoquinone (PQ) to 

plastoquinol (PQH2).  

 

22
)4(

2 24422 OPQHHHPQOH lumen

photons

cytoplasm ++ →++ ++  

 

The reduced substrate PQH2 is further utilized in the consecutive steps of photosynthesis, 

while the evolved dioxygen is released into the atmosphere as a by-product. Accompanying 

the oxidation of water, four protons are released into the lumen. PQH2 and PQ are both 

lipophilic molecules that are harboured in a so-called plastoquinone-pool in the lipid bilayer 
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of the thylakoid membrane. The diffusion of the reduced and oxidized quinones allows for the 

transfer of this mobile redox charriers from and to the different membrane protein complexes. 

The reduced PQH2 is the substrate of the Cyt b6f complex, which oxidizes it and transfers its 

electrons to a soluble one electron carrier - such as the copper-containing plastocyanin (PC) -, 

which can be utilized as electron source for PSI. The Cyt b6f complex not only couples the 

electron flow between the two photosystems, but significantly contributes to the generation of 

a proton gradient pH across the thylakoid membrane due to the specific electron transfer 

reaction in the so called Q-cycle. This finally leads to the net transfer of eight protons from 

the cytoplasm to the lumen for each water molecule oxidized by PSII.  

 

++++ ++→++ Cu

red

Cu

oxcytoplasm PCHPQPCHPQH lumen 2422 2
2  

 

The reduced plastocyanin (PCred) provides the electron to PSI which acts as a light-driven 

plastocyanin:ferredoxin:oxidoreductase. The light-induced charge-separation performed by 

this enzyme is used to reduce the soluble electron carrier ferredoxin (FD) located in the 

stroma, which finally leads to the reduction of NADP+ to NADPH catalyzed by the soluble 

ferredoxin:NADP:oxidoreductase (FNR). 

 

red

Cu

ox

photon

ox

Cu

red FDPCFDPC + →+ ++ 2)1(  

+++ ++ →++ HNADPHFDHNADPFD ox

FNR

red 222  

 

To this point the reactions of the light-reaction can be represented by the Z-schema, in which 

the redox-active cofactors involved in the electron transfer processes are arranged according 

to their redox potential (Figure 1-3).  

 

The NADPH formed in this reaction is one of the main reductant used in metabolism and is 

needed for the reduction of carbon dioxide. The proton motive force generated by the 

translocation of protons during the reactions described above is the driving force for ATP 

synthesis by the ATP synthase. Accordingly, the overall equation for the light reaction in 

oxygenic photosynthesis can be written as: 

 

2
8

2 3223322 OATPHNADPHPADPNADPOH
photons

i +++ →+++ ++  
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Figure 1-3: Z-schema of photosynthesis. 

Energy diagram of the light-reaction (Z-schema of photosynthesis). The three membrane-embedded 

protein complexes involved in the reactions (PSII, Cyt b6f, PSI) are represented by the coloured boxes. 

The molecules of the redox steps described in the text are coloured in blue (e.g. H2O, PQ, PC, FD and 

NADP+). The arrows indicate the electron transfer from water (left side) to NADP+ (right side). The two 

light-dependent steps are symbolized by the red flashes (hν). 

 

 

The energy and the reduction equivalents provided by this reaction can be utilized by the 

dark-reaction to synthesize carbohydrates according the equation: 

 

OHPADPNADPOCHATPHNADPHCO i

reactiondark

222 332][322 ++++ →+++ +−+  

 

The series of biochemical reactions involved takes place in the cytoplasm as a cyclic 

metabolic pathway, the Calvin-cycle. During the Calvin-cycle the fixation of carbon dioxide 

by the carboxylation of ribulose-1,5-bisphosphate is catalyzed by the Ribulose-1,5-

bisphosphate carboxylase oxygenase (Rubisco). This enzyme is the most abundant protein on 

the earth and accounts for up to 50 % of the total soluble protein in the chloroplast [7].  
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1.3 Photosystem II 

1.3.1 Functional pattern of Photosystem II 
 

While the main reactions occurring in photosythesis have been known for many decades, vast 

improvement in our knowledge of the molecular basis of photosynthesis has been achieved 

since crystal structures of the involved protein complexes were solved. When the present 

work started, the crystal structures of PSIcc (2.5 Å resolution, [8]), of the cytochrome b6f 

complex (3.0 Å resolution, [9]) and of PSIIcc (3.0 Å resolution, [10]), all derived from 

thermophilic cyanobacteria, had been already published. The structures of the photosystems 

determined have been those of so-called core complexes, in which the photosynthetic RC is 

surrounded by the intrinsic antenna systems, while the extrinsic antenna complexes (e.g. 

pycobilisomes in cyanobacteria) are absent. These complexes (referred to as PSIIcc and 

PSIcc) are functional entities that are capable of catalyzing their corresponding reactions as 

solubilized particles in vitro. 

 

The following description is restricted to cyanobacteria PSIIcc, but the functionally relevant 

structures of the photosynthetic complexes are believed to be conserved between 

photosynthetic species. For PSIcc, this assumption could recently be verified when the crystal 

structure of plant PSIcc became available at a maximum resolution of 3.3 Å [11]. The 

structure of PSIIcc could recently be improved to a resolution of 2.9 Å [12], which provided 

many new details, inter alia the assignment of eleven additional lipids (see section 1.3.4), a 

new quinone cofactor (QC, section 1.3.4) and the location of a chloride ion (see section 1.3.5). 

The crystals of PSIIcc so far have been derived from the preparation of a homodimeric form 

of the complex, but a monomeric form has also been found that possesses high water 

oxidation activity [13-15]. Most studies argue that the dimeric PSIIcc represents the fully 

assembled, functionally relevant form, whereas the PSIIcc monomer is seen as an 

intermediate in PSIIcc assembly [16]. Nevertheless, the contribution of monomeric and 

dimeric PSIIcc to the functioning of the photosynthetic apparatus is still controversially 

discussed [17, 18]. The monomers in the homodimer are related by a C2 rotational axis, and 

each monomer contains 17 membrane-intrinsic and three extrinsic protein subunits, the latter 

being located on the lumenal side of the membrane. The redox-active cofactors of the electron 

transfer chain are harboured by the central reaction center (RC) formed by the two large 

subunits D1 (systematic name: PsbA) and D2 (PsbD) that are arranged in two pseudo-C2 

symmetric branches. The RC consists of four chlorophyll a (Chla) molecules (PD1, PD2, ChlD1 
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and ChlD2), two pheophytins PheoD1 and PheoD2, and two plastoquinones (PQ), named QA and 

QB  (Figure 1-4).  

 

 
Figure 1-4: Cofactor arrangement of PSII. 

Schematic view of the arrangement of cofactors in and around the RC of PSIIcc with common cofactor 

labels and shortest edge-to-edge distances given in Å based on the 2.9 Å resolution structure (taken from 

[19]).  

 

QA is a tightly bound cofactor, involved in the stabilization of the light-induced charge-

separation and acts as a one-electron transmitter, while the mobile QB is the substrate of the 

quinone-reductase part of PSIIcc. A Fe2+ ion is located midway between the two quinones, 

where it is coordinated by bicarbonate and conserved histidine residues of the subunits D1 

and D2. A very similar arrangement has been found for the acceptor side of the 

photosynthetic RC (also a type II RC) in purple bacteria. The two subunits of the RC in the 

PSIIcc are flanked by the two antenna proteins CP43 (chlorophyll binding protein, systematic 

name: PsbB) and CP47 (PsbC), which follow its pseudo-symmetry. CP43 and CP47 harbour 

13 and 16 Chla molecules, respectively, that are utilized for light harvesting. After exposure 

to sunlight, the excitation energy of these antenna Chls is funneled to the RC, leading to the 

excited state P680*; named after the characteristic absorption-bleaching at 680 nm observed 

during charge-separation [20, 21]. The excited electron is rapidly (≤ 1 ps) transferred to 

PheoD1 and within some hundreds of picoseconds further to QA, which is necessary to 

stabilize the charge-separation (Figure 1-5). Notably, the energy difference between the 
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primary charge-separated state P680+ PheoD1¯  and P680+ QA¯  is especially high so that ~ 

30 % of the excitation energy of P680* is dissipated [4]. The reduced primary quinone QA¯  is 

oxidized by the secondary quinone QB, which becomes doubly reduced and protonated after a 

second light-induced charge-separation step. The plastoquinol (PQH2) thus formed leaves the 

QB-site and enters the PQ-pool in the thylakoid membrane, where it is reoxidized by the 

cytochrome (cyt) b6f complex, and the reduction equivalents are further transferred to PSI 

[22-24]. Various compounds can compete with PQ at the QB site, thereby inhibiting the 

electron transfer between QA and QB. Due to the importance of the functional integrity of 

PSIIcc for the survival of the organism, these inhibitors are frequently used as herbicides in 

agriculture.  

 

*P680

P680 Q+ -
A

Ox -QBYZ

P680 Pheo+ -

Ox -QAYZ

S Qi+1 B
-

S Y  P680 Pheo Q  Qi Z A B

~ 1 ps

~ 300 ps

20 ns (S ,S )0 1

50 ns + 260 ns (S ,S )2 3

300 µs
50 µs S S0 1/

100 µs S /S1 2

300 µs S /S2 3

1200 µs S /S3 4

8 ns

170 µs
800 µs

300 ms

hn

40 s

 
Figure 1-5: Charge-separated states in PSII. 

Scheme of the formation of different charge-separated states in PSII. The states are formed by a series of 

electron transfer reactions (solid arrows), initiated from *P680. Each state can recombine directly to the 

ground state as indicated by the dashed arrows. The time constants of the reactions are given. 

 

The various charge-separated states that occur can also directly recombine back to the ground 

state. Nevertheless, these processes are slow compared to the forward electron transfer 

reactions, leading to an effective turnover of the vast majority of P680* (Figure 1-5). The 

primary electron donor could recently be assigned to ChlD1 [25, 26], while the electron hole is 

mainly located at the cation radical PD1
•+

 [27]. PD1
•+ has an exceptionally strong oxidizing 

power (1.25 eV; [28]) and is able to abstract electrons via the redox-active tyrosine YZ (D1-

Tyr 161) from the water oxidizing complex (WOC) (also referred to as oxygen evolving 

complex (OEC)), a heteronuclear Mn4Ca cluster located on the lumenal side of the complex 
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(see Figure 1-4). The kinetics of the reduction of PD1
•+

 by YZ is rather complex, showing 

different phases with components in the ns to µs time range, depending on the redox state of 

the WOC [23]. The latter is able to store the electron hole and, after the accumulation of four 

redox equivalents in the so-called S-states (S0, S1, …, S4, a detailed describtion is given in 

section 1.3.5) of the WOC  by subsequent turnovers of P680 [29], two water molecules are 

oxidized to molecular dioxygen, accompanied by the release of four protons. The ligand 

environment of the metal center of the WOC is mostly provided by the D1 protein with some 

contributions from CP43 (see section 1.3.5). 

 

Several possible electron donors have been suggested to provide a secondary pathway for 

reduction of PD1
•+, apart from YZ and the WOC. This is necessary to prevent deleterious side 

reactions of the highly oxidative PD1
•+ in the absence of a functional donor side. Involved in 

this alternative pathway might be the redox active tyrosine YD (D2-Tyr 160) found at the 

symmetry-related position to YZ, the peripheral ChlZ, the heme-group of cyt b559 and its 

nearby carotenes (CarD2 and Car15), as well as a third PQ molecule (QC) that has been newly 

assigned in the recent crystal structure (Figure 1-4; see also section 1.3.4). 

1.3.2 The membrane intrinsic protein subunits 
 

The PSIIcc contains four larger protein subunits: the RC proteins D1 and D2 that contain five 

transmembrane-α-helices (TMH) each and which harbour the cofactors of the RC, and the 

two antenna proteins CP43 and CP47 with six TMH each and additional larger lumenal loops 

(Figure 1-6). While the function of the large protein subunits, D1 and D2 (protein matrix of 

the RC), CP43 and CP47 (internal antenna) are obviously related to the functional pattern 

described above, the contribution of the remaining small intrinsic subunits (PsbE, PsbF, PsbH, 

PsbI, PsbJ, PsbK, PsbL, PsbM, PsbT, PsbX, PsbY, ycf12 and PsbZ) to the enzymatic turnover 

of PSIIcc remains unclear. The location of the D1 protein in the direct vicinity of the highly 

reactive WOC and PD1
•+ makes this protein subunit prone to damage by reactive radicals 

formed by side reactions. Therefore, the D1 subunit is replaced rapidly under high light 

conditions so that the functional integrity of the enzyme is retained, a process that is named 

D1-turnover [30]. The central functional role of the D1 protein is also reflected by the 

presence of different genes coding for this subunit (three genes in T. elongatus: psbA1, psbA2 

and psbA3), that were found to be differently expressed depending on the growth conditions 

[31-33]. The different D1 proteins mainly show variations in the amino acids close to redox-
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active cofactors, and are therefore believed to adapt the redox properties of the RC to the 

environmental conditions [34].  

 

The 13 small intrinsic subunits feature only one TMH, with the exception of PsbZ, which 

contains two (Figure 1-6). All of these subunits, except PsbN, are N-terminally modified. The 

kind of modification depends on whether the N-terminus is localized at the cytoplasmic or the 

lumenal side of the complex [12]. PsbE and PsbF form the membrane-intrinsic cytochrome 

b559, in which each of these subunits provide a histidine residue for the coordination of the 

heme group. The heme group of this cytochrome is characterized by unusual redox properties, 

and may serve as an alternative electron donor for PD1
•+, as described above [35]. Three of the 

small subunits, PsbM, PsbT and PsbL, are located at the monomer-monomer interface in 

homodimeric PSIIcc, where they form a three-helix bundle. Therefore, these subunits have 

been suggested to play a role in dimer formation [36, 37]. Indeed, according to the 2.9 Å 

resolution model, the two symmetry-related subunits PsbM and PsbM´ interact by virtue of a 

heptad motif of aliphatic side chains as in a leucine zipper. These contacts represent the main 

protein-protein contacts between the two monomers in the homodimer, and similar motifs 

have been shown to promote the assembly of transmembrane protein segments [38]. However, 

deleting PsbM in a mutant of the mesophilic cyanobacterium Synechocystis sp. PCC 6803 is 

not sufficient to prevent dimer formation. The absence of dimeric PSIIcc was only observed 

after the additional deletion of PsbT [37], which indicates that direct protein-protein 

interaction may not be responsible for dimerization. Deletion of PsbL resulted in an 

incomplete assembly of PSIIcc, finishing in a state where CP43 is not associated with the RC 

[37, 39]. The mutant cells lack PSII oxygen-evolving activity and grow only 

photoheterotrophically. Site-directed mutagenesis has shown several functionally important 

interactions of PsbL with lipids and the involvement of its C-terminal TMH in the proper 

assembly of the complex [39]. Deletion of this subunit in tobacco resulted in a vast reduction 

of functional PSII and untypical fluorescence properties that have been related to backward 

electron flow on the acceptor side [40].  PsbJ was found to be important for forward electron 

flow from QA¯  to the plastoquinone pool, in agreement with its contribution to a putative 

PQ/PQH2 exchange channel (see section 1.3.4) [41]. PsbH was found to have the second 

highest turnover rate after the D1 protein. Despite this, cyanobacteria lacking this subunit are 

still able to grow photoautotrophically, albeit with slower growth rates [42]. Some influence 

of PsbH on the stability and assembly of PSII, the QA to QB electron transfer, and the 
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protection from photoinhibition (due to an involvement in the proper exchange of D1) have 

been reported, based on studies on deletion mutants [43-46].  

 

The other small subunits are localised at the periphery of the complex and their functions are 

mainly unknown. Deletion mutants of these subunits are able to grow photoautotrophically 

(PsbK [47, 48], ycf12 [49], PsbZ [50], PsbX [51-53], PsbY[54-56], PsbI [57-59]). In some 

cases the absence of one subunit influences the binding of nearby small intrinsic subunits. 

According to this, the deletion of the genes coding either for psbK or for psbZ leads to 

PSIIccs that are lacking PsbK, PsbZ and ycf12 without a significant influence on the obtained 

phenotype [47, 50].  
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Figure 1-6: The homodimeric PSIIcc according to the 2.9 Å crystal structure (picture taken from [19]). 

A) Side view of PSIIcc along the membrane plane, cytoplasm at top, lumen at bottom. The 25 lipid and 7 

detergent molecules per monomer are shown in space-filling mode (carbons yellow, oxygens red), protein 

subunits grey, the three membrane-extrinsic subunits in green (PsbO), violet (PsbU) and blue (PsbV).  

B) Overview of PSIIcc from the cytoplasmic side (membrane-extrinsic subunits omitted). The monomer-

monomer interface is indicated by a black dashed line. Helical parts are shown as cylinders and the 

subunits PsbA (D1, yellow), PsbB (CP47, red), PsbC (CP43, magenta), PsbD (D2, orange), cyt b559 (cyan, 

subunits PsbE, α, and PsbF, β), PsbM (cyan, next to the monomer-monomer interface) and the remaining 

ten small subunits (light blue) are labeled in monomer I. Cofactors are shown in stick mode: Chla (green), 

Car (orange), heme (blue). In monomer II, all protein subunits are in grey; lipids and detergents are 

shown as spheres (carbon, yellow; oxygen, red). 
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1.3.3 The membrane extrinsic protein subunits 
 

The crystal structure of PSIIcc of T. elongatus revealed three membrane extrinsic protein 

subunits PsbO, PsbU, and PsbV located on the lumenal side of the complex (Figure 1-6A; for 

recent reviews about extrinsic proteins of PSII in general see: [60, 61]). Whereas PsbU binds 

no cofactors, PsbV is a heme protein (cyt c550), and PsbO harbors a Ca2+ binding site [12, 62]. 

PsbO (also referred to as manganese-stabilizing protein (MSP)) forms an extended β-barrel 

structure and is essential for efficient oxygen evolution. In cyanobacteria the absence of PsbO 

leads to a normal level of intrinsic core proteins, but to a reduced oxygen evolution capacity 

[63]. Photoautotropic growth of cyanobacteria lacking PsbO depends on the addition of Ca2+ 

to the media [64]. In contrast to cyanobacteria, its absence in PSII of green algae and higher 

plants completely abolished oxygen evolution [63, 65]. In agreement with its close location to 

the lumenal parts of the subunits D1 (especially to the C-terminus of the D1 protein) and 

CP43, as derived from the crystal structure, it seems to be reasonable that PsbO stabilizes the 

functional conformation of the WOC [60]. Furthermore, it is suggested that PsbO is naturally 

an unfold or only partly fold protein in solution and that the binding to the PSIIcc induces 

conformational changes necessary for its function [66, 67]. PsbO could be involved in the 

regulation of the effective concentration of Ca2+ and Cl– ions, because some enzymatic 

activity can be restored under elevated concentration of both ions [63].  

 

PsbV is a typical member of the c-type cytochromes and is the only extrinsic protein with 

similarity to anoxygenic and non-photosynthetic bacterial proteins [68]. The function of PsbV 

(cyt c-550) is unclear and there is currently no evidence for a participation of its heme group 

in the function of the enzyme. The heme group of PsbV bound to PSIIcc shows a very low 

redox potential of -80 mV, which may be a result of the unusable ligation of the iron by two 

histidine residues [69, 70]. In contrast to PsbO, there is no homologous protein found in PSII 

from plants. Removal of this subunit revealed a retarded photoautotrophic growth of the cells. 

Since no photoautotrophic growth was observed in Ca2+ or Cl– free media, a role in the 

regulation of the ion environment of the WOC was proposed [71-73]. Furthermore, the 

deletion mutant shows a decreased rate of oxygen evolution and a reduced thermostability, 

suggesting a structural role for this subunit to provide stability of the WOC [74, 75]. 

 

Similar to the functions assigned to PsbO and PsbV, PsbU is believed to regulate the 

requirement of the WOC for Ca2+ and Cl– ions and to contribute to the structural integrity of 

the donor side. Removal of this subunit also results (apart from decreased activity and effects 
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reported for PsbO and PsbV removal) in an increased uncoupling of the phycobilisome on the 

cytoplasmic side. Therefore, it is proposed that the binding of PsbU induces some long range 

structural changes that may promote the binding of the phycobilisome [76]. 

  

Apart from these, two additional extrinsic subunits, PsbQ and PsbP, which are homologous to 

the extrinsic subunits found in plants have been observed in cyanobacteria [60, 61]. The 

functions of these subunits are so far unclear. PsbP was only present in substoichiometric 

amounts, while one PsbQ per RC was found in a PSIIcc preparation from Synechocystis sp. 

PCC 6803 [77]. In red algae, an orthologue of PsbQ is present which possibly affects the 

crystal packing of dimeric PSIIcc [78], while green algae and plants possess neither PsbU nor 

PsbV, but PsbQ, PsbP and PsbR instead [60, 61]. The crystal structure of cyanobacterial PsbQ 

(Synechcystis sp. PCC 6803) could be separately determined to a resolution of 1.8 Å [79]. 

Even higher resolutions could be obtained for the crystal structures of spinach PsbQ [80, 81] 

and PsbP of tobacco [82]. Despite this structural information the binding mode of these 

subunits to PSIIcc remains unclear.  

1.3.4 Chla, carotene, plastoquinone and lipid cofactors in PSIIcc 
 

Chlorophyll a 

Most of the Chla molecules could be assigned to the internal antenna proteins CP43 (13 Chla) 

and CP47 (16 Chla). These cofactors are mainly arranged in three layers: a cytoplasmic layer, 

a middle layer and a lumenal layer. As observed for the TMH of CP43 and CP47, most of 

these Chla molecules follow the pseudo-C2 symmetry of the RC (for a review on the core 

antenna system of PSIIcc see: [83]). Absorption of a photon by an antenna Chla leads to an 

excited state that transfers its energy radiationlessly by excitation energy transfer (EET) to the 

RC. Based on the arrangement of Chla in CP43 and CP47, it is most likely that several of the 

nearby Chla molecules are strongly coupled, leading in a domain structure of delocalized 

exciton states. According to this, the EET is very fast within the domain (< 1 ps) and still fast 

between different domains in one antenna complex (CP43 or CP47; ~ 2-3 ps). Due to the 

large distances of the antenna domains from the Chla molecules of the RC (apparently 

representing also a strongly coupled domain structure) the EET to the RC is rather slow (40-

50 ps). Since the primary electron transfer within the RC (as described in section 1.3.1) is 

believed to be much faster (< 1 ps), the whole process is most likely limited by the EET to the 

RC.  
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β-carotenes 

Each monomer in the homodimeric PSIIcc harbours twelve carotenes in the all-trans 

configuration that are believed to play a very complex role. In addition to their function in 

light harvesting and energy transfer to Chla, they are believed to be potent quenchers of Chla 

triplet states (3Chla) that could otherwise react with oxygen to form the very reactive and 

harmful singlet state (1O2). In contrast to Chla, the location of the carotenes within one 

monomer can not be related to the pseudo-C2 symmetry of the RC. Most of the eight 

carotenes harboured by the internal antenna subunits are found in close contact to Chla 

molecules (< 4 Å), which is necessary for efficient 3Chla quenching. Two carotenes are 

associated with the RC subunits D1 (CarD1) and D2 (CarD2), with CarD2 located nearly paralell 

to the membrane plane and CarD1 oriented perpendicular. CarD2 is believed to play a role in an 

eletron transfer pathway together with nearby cofactors (QC, cyt b-559, ChlzD2 and ChlD2; see 

Figure 1-4). Due to the location of a newly assigned carotene (Car15, see Figure 1-4) it seems 

reasonable that ChlD2 is part of an electronically coupled cluster of five carotenes that are 

within van der Waals distances from each other (not shown). The distances of CarD2 to Chls 

are too large for effective 3Chla quenching, but it might be involved in the quenching of 1O2 

[84]. CarD1 is located far away from other redox active cofactors of the RC (min. distance of 

20 Å to ChlD1; see Figure 1-4), but in close contact to ChlzD1 (4.1 Å edge-to-edge distance of 

the π-systems). Therefore a participation in electron transfer reactions is unlikely and it may 

act as a potent quencher of 3ChlzD1. Due to the localisation of five carotenes at the monomer-

monomer interface, it is also reasonable to assume a function in the oligomerization of 

homodimeric PSIIcc. Several studies have suggested an important structural role of carotenes 

in the assembly of functional PSIIcc [85-88].   

 

Plastoquinones 

As mentioned in section 1.3.1, two PQ molecules act as both fixed one-electron transmitter 

(QA) and mobile two-electron carrier (QB) in the electron transfer chain of PSIIcc. The PQ 

binding sites are located close to the cytoplasmic side of subunit D1 (harboring the binding 

site of QB) and D2 (harboring the binding site of QA). This is a common arrangement of the 

quinone molecules found on the acceptor side of all type II RC so far. Within PSIIcc, a large 

internal cavity is located on the QB site, whose walls are covered by internal lipids that form a 

bilayer like structure (Figure 1-8B). Two channels (channel I and II; see Figure 1-7) connect 

the QB site with the membrane interior and are accessible for quinone diffusion. Furthermore, 

a third PQ molecule, named QC, could be located in one of these channels. The functioning of 
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QC is yet not understood, but it has been suggested that QC may be utilized as an additional 

PQ - besides QB - for rapid PQ/PQH2 exchange on the acceptor side of PSIIcc.  It may also 

fulfil not yet discovered functions in cooperation with cyt b559, e.g. participation in an 

alternative electron transfer pathway to PD1
•+, as described above. 

 

Channel I

Channel II

Cyt b 559

Car15

Chl37

SQDG4

Fe
2+

Channel I

Channel II

Cyt b 559
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Figure 1-7: The plastoquinone cavity.  

Calculated channels (I and II, grey) for PQ/PQH2 transfer between the PQ pool and the QB site, viewed 

from the cytoplasmic side (picture taken from [12]). Shown are plastoquinones QB (cyan) and QC (yellow), 

non-haem Fe2+ (blue sphere), Car15 (orange), Chl37 (green), SQDG4 (grey), cyt b-559 heme (dark blue) 

and the surrounding proteins (pink). 

 

Lipids 

The first structural information on integral lipids in PSIIcc was provided by the crystal 

structure of the homodimer at 3.0 Å resolution [10]. This model contained 14 integral lipids 

and three detergent molecules (n-dodecyl-β-D-maltoside; DDM) per monomer. The improved 

structural model at 2.9 Å resolution [12] revealed the presence of eleven additional lipids, 

leading to a total of 25, with 11 (44%) MGDG, 7 (28%) DGDG, 5 (20%) SQDG, 2 (8%) PG, 

and altogether 7 DDM molecules in each PSIIcc monomer (Figure 1-8A). Therefore, the 

PSIIcc is the complex with the highest lipid content known among the photosynthetic 

membrane protein complexes and reflects the lipid composition found in the thylakoid 

membrane. Furthermore, the asymmetrical orientation of charge and neutral lipids on the 

cytoplasmic and lumenal sides of the thylakoid membrane [89] is reproduced by the lipids 

found within the PSIIcc. The head groups of the lipids are facing towards the membrane 

surface, placing their fatty acid chains within the membrane-spanning part of PSIIcc. Each 
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lipid head group forms polar contacts (i.e., hydrogen bonds or salt bridges) with at least two 

different protein subunits, indicating a possible role of the integral lipids in enhancing the 

stability of PSIIcc by connecting nearby protein subunits. Seven pairs of lipids and four pairs 

of DDM molecules are located at the monomer-monomer interface (Figure 1-8A) where they 

mediate the majority of the contacts between the two monomers (with some contribution of 

Chla and carotene cofactors). Therefore, they have been suggested to play a role in dimer 

formation and dissociation which may be important for the rapid exchange of photodamaged 

D1 protein [90, 91]. Furthermore, the lipids within each monomer are roughly arranged in a 

belt that surrounds the RC, separating it partly from the other membrane-intrinsic subunits. At 

the QB site, where the terminal electron acceptor molecule PQ gets reduced, a lipid bilayer is 

formed by eight lipid molecules that may provide the hydrophobic interior necessary for the 

diffusion of PQ and PQH2 (Figure 1-8B). This bilayer structure containes two PG molecules 

that probably serve to maintain the structural integrity of the QB binding site [6, 92], and - 

together with two further lipids - seal the PQ/PQH2 exchange cavity towards the cytoplasm.  

 

 
 

Figure 1-8: Lipids in PSIIcc dimer. 

(A) Location of lipids in the PSIIcc homodimer viewed from the cytoplasm (picture taken from [19]). 

Membrane-embedded proteins are shown in grey and lipids are colour-coded (PG orange, SQDG green, 

MGDG yellow, DGDG red, DDM blue). The blue ellipse indicates the monomer-monomer interface and 

the red ellipse the region enlarged in panel B. (B) View along the membrane plane of the eight lipids of the 

lipid cluster (indicated with the red ellipse in panel A) forming a bilayer structure in the PQ/PQH2 

exchange cavity. Colour-code as in A. The charged PG3, PG22 and SQDG4 and neutral MGDG18 are on 

the cytoplasmic (top) side and the neutral MGDG19, DGDG5, DGDG6 and MGDG7 are on the lumenal 

(bottom) side.  
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An additional function of lipids was revealed by noble gas derivatization experiments of 

PSIIcc single crystals that have been performed in the context of this thesis [93]. The 

positions of the incorporated hydrophobic Xe or Kr atoms were determined in order to 

unravel possible dioxygen positions. The Xe (and corresponding Kr) sites found within the 

complex are preferentially located in the middle of the membrane, similar to the concentration 

profile of O2 in lipid bilayers [94]. Since these sites are defined by the hydrophobic patches 

formed by lipids in PSIIcc [12, 93, 95], it is reasonable to propose a functional role of the 

lipids as possible dioxygen diffusion pathways within PSIIcc.  Such pathways could serve to 

guide O2 from the lumen into the membrane, thereby avoiding contact with the redox active 

cofactors of the RC.  

 

1.3.5 The structure and function of the water oxidizing complex 
 

The oxidation of two water molecules to molecular oxygen and four protons is a highly 

complex process that requires the abstraction of four electrons. Therefore the donor side of 

PSIIcc (the WOC) differs significantly from that of anoxygenic type II RC, whereas the 

acceptor side is highly conserved. To accumulate the necessary redox equivalents, the WOC 

consists of a heteronuclear metal center containing four Mn ions and one Ca ion that are 

mono- and di-µ-oxo bridged. Early evidence for the stepwise oxidation of the WOC came 

from studies of the flash-induced oxygen yield that showed a maximum after every fourth 

flash (Figure 1-9A, [96]). This led to the proposal of the so called S-cycle (also named Kok-

cycle) of the WOC, in which every turnover of the light-induced electron transfer leads to the 

abstraction of one electron from the metal center, thereby shifting its oxidation state [29]. 

During one S-cycle, the oxidation states of the WOC are named Si, with i ranging from 0 to 4 

and after each cycle the WOC returns into its starting state (Figure 1-9B). According to this 

nomenclature the S0 state is the lowest oxidation level that is populated under steady state 

turnover conditions. There is evidence from spectroscopic studies that it consists of 

(MnIII)3MnIV [97, 98]. Due to the energetics of the S-cycle (for review see: [23, 99]) the S1 

state of the WOC is mainly populated in dark-adapted PSII samples. Therefore, a maximum 

in oxygen evolution after single-flash excitation is already reached after the third flash and is 

followed by a second maximum after the seventh flash (Figure 1-9A). As a consequence of 

this pattern, dioxygen is produced and released during the S4 to S0 transition, which is 

spontaneous and light-independent [23, 100, 101]. Because of its labile nature, the S4 state is 

hard to characterize spectroscopically, but recent progress in trapping short lived 
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intermediates has been made [102-104]. The kinetics of the oxidation of distinct S-state could 

be determined spectroscopically and can be described by a monoexponential function. For the 

S1 → S2 transition a half–life of ~ 100 µs has been obtained for PSII membrane fragments 

from plant, as well as for cyanobacterial PSIIcc [105-107]. The S2 → S3 transition is slightly 

slowed down by a factor of ~ 2, while the S3 → S4 → S0 transition that is accompanied by 

oxygen release shows a significantly longer half-life ofs ~ 1.3 ms compared to the former 

reactions. The S0 → S1 transition features the shortest half-life of ~ 50 µs [105-107]. A similar 

pattern is found for the kinetics of YZ reduction, which indicates that it is the direct oxidant of 

the Mn4Ca cluster [108].  

 

Apart from the overall process that is described by the S-cycle and various spectroscopically 

observed features that have been assigned to individual S states, the current knowledge 

regarding the mechanism of water oxidation is very limited. One prerequisite for a deeper 

understanding is a detailed structure of the metal arrangement in the WOC, including its 

microenvironment, as well as the electronic configuration in each redox state. Furthermore, 

direct structural information about the substrate water bound to the WOC is still missing. The 

water exchange kinetics that have been measured in different S states revealed two different 

binding sites for water molecules, with one water being bound during the S4 to S0 transition 

[109, 110]. There is also evidence that - apart from the substrate water molecules - a cluster of 

additional water molecules may be required for the water oxidation reaction [99, 111]. 
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Figure 1-9: The S-cycle of water oxidation. 

A) Typical period-of-four oscillation pattern of the oxygen yield induced by a train of single turnover 

flashes in dark adapted PSII; the green line represents the normalized steady-state oxygen yield per flash 

(adapted from [112]). 

B) The S-state cycle of the WOC. The absorption of four photons (yellow flashes) by P680 drives the 

consecutive reduction of the WOC via the redox active tyrosine YZ. The WOC undergoes five redox 

intermediates (S0, S1, S2, S3 and S4) and releases molecular oxygen during the S4 to S0 transition as 

indicated (adapted from [113]). 

 

In all X-ray crystal structures obtained so far it was not possible to clearly resolve single 

metal sites, most probably because of the high overlapping electron density arising from the 

closely located electron rich metal ions. Therefore, the Mn4Ca cluster appears as an extended 

shape of electron density that accommodates the metal sites. A further problem rises from X-

ray induced damage of the WOC, which is an inherent problem in X-ray crystallography 

[114]. The structure of the metal center, as proposed on the basis of the electron density at 
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2.9 Å resolution, is shown in Figure 1-10A. This arrangement is the result of fitting the four 

Mn ions into the overall electron density of the cluster, using several constraints derived from 

spectroscopic measurements [10]. According to the crystal structure the ligand environment 

of the metal ions is mainly provided by amino acid residues of the D1 subunits, and only one 

putative ligand arises from CP43 (CP43-Glu 354; see Figure 1-10A). The model suggested 

that most of the surrounding carboxylats are ligating more than one metal ion.  These bridging 

ligands may provide the flexibility of the ligating sphere for changes during the catalytic cycle 

[10, 115]. Furthermore, the presence of a second ligating group could explain the results of 

mutational studies of putative ligating residues, in which the replacement of a ligating group 

with a non-ligating group still leads to a (partially) functional cluster [116]. However, the 

obtained model, e.g. the numbers of short and long Mn-Mn and Mn-Ca interactions, disagrees 

with data derived from extended X-ray absorption fine structure (EXAFS) studies on PSIIcc. 
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Figure 1-10: Models for the Mn4Ca-cluster. 

A) Schematic view of the Mn4Ca-cluster as derived from the crystallographic model at 2.9 Å resolution. 

The distances between Mn (red) and Ca (orange) are indicated by different colours of the connecting lines 

(grey, 2.7 Å; blue, 3.3 Å, green, 3.4 Å). Ligands of first coordination sphere are shown in black, and 

nearby metal ions are connected by dash lines (picture taken from [19]). 

B) The single motif of the four µ-oxo-bridged Mn ions as derived from an EXAFS study on PSIIcc single 

crystal. Mn – Mn distances are either 2.7 Å (grey line) or 3.3 Å (blue line; Picture are taken from [97]).  

 

It was found by X-ray spectroscopy that the Mn ions are rapidly reduced to MnII when 

exposed to X-ray doses used in crystallography. This reduction is associated with a change of 

the Mn environment that suggests the disruption of µ-oxo bridges between the metal ions of 

the Mn4Ca cluster and alterations of the coordination pattern of the amino acid ligands [114, 

117]. Therefore, the application of non-destructive spectroscopic methods is necessary to 
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obtain detailed structural information about the cluster in its native functional state. The 

constraints for modelling the Mn arrangement could be recently extended by EXAFS 

measurements on single crystals. This approach enabled various proposed models to be ruled 

out and lead to a single motif for the interconnection of the four Mn ions (Figure 1-10B, [97]). 

Nevertheless, these EXAFS-models are simplistic in that they have a rather idealized 

geometry, and placing them in the right orientation into the crystal structure results in a 

mismatch between metal ions and some putative amino acid ligands. 

 

S2 and S0 have a paramagnetic ground state suitable for investigation using electron 

paramagnetic resonance (EPR) spectroscopy [118]. EPR spectroscopic studies on PSIIcc led 

to the assignment of D1-Asp 342 as the ligand of MnIII in the S2 state, which is suggested to 

be Mn2 [98, 119]. However, there is also some indication that the WOC features a delocalized 

electronic structure. Therefore, the assignment of an oxidation state to one distinct Mn may be 

problematic [120]. 

  

Chloride has been discussed to be a ligand of the WOC, based on various studies that reported 

a stimulating effect of chloride on the oxygen evolution capacity of PSIIcc (for review see 

[121]). In the recent crystal structure of PSIIcc at 2.9 Å resolution, one chloride ion could be 

located at 6.5 Å from Mn4 of the Mn4Ca cluster. This position is supported by an EXAFS 

study on PSII membrane fragments, where chloride was functionally exchanged by bromide. 

In this study a direct binding of the halide to the Mn4Ca cluster could be excluded [122]. The 

functional involvement of the chloride in the process of water oxidation is not yet understood, 

but an involvement in functionally important proton transfer reactions is currently being 

discussed (for more details on the structure and function of Cl /Br  binding to PSIIcc see 

chapter 5). 

 

Despite the extensive examination of WOC using highly sophisticated spectroscopic 

approaches (as described above) a conclusive model of the Mn4Ca cluster, regarding its 

spatial arrangement and electronic structure, is still missing. 
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1.4 Goals of this work 
 
When this work was started the crystal structure of the homodimeric PSIIcc had already been 

obtained at a resolution of 3.0 Å. Despite the information provided by this model, many 

details of the arrangement of cofactors, especially the metal ions of the WOC, still needed to 

be clarified. The homodimeric PSIIcc had been used by several groups for crystallographic 

studies, but the crystals obtained exhibited various disadvantages. The most critical point was 

the highly anisotropic diffraction pattern (the attained resolution depends on the orientation of 

the crystal in the X-ray beam) observed for these crystals, which limited the useful resolution 

range [123, 124]. This feature seems to originate from the packing of the dimeric complexes 

in the unit cell, but despite extensive attempts no other crystal form has so far been found for 

PSIIcc. Since during the purification of the homodimeric PSIIcc an enzymatically active 

monomeric form of the PSIIcc was also obtained, it was intended in this work to crystallize 

the monomeric PSIIcc to achieve a more suitable crystal packing for X-ray structure analysis 

(see chapter 3). Therefore, a new purification protocol had to be developed to prepare the 

PSIIcc monomer with the purity needed for protein crystallization. The final fraction of 

PSIIcc monomer had to be analyzed and characterized, to ensure its subunit composition, 

pigment stoichiometry and aggregation state. After the successful purification and 

crystallization, the crystals of monomeric PSIIcc should be analyzed by X-ray diffraction 

experiments to elucidate a structural model. Besides the general aim to further improve the 

quality of the crystal structure of PSIIcc, a structural model of the PSIIcc monomer was also 

intended to clarify the origin of the different oligomerization states of PSIIcc. The structural 

basis for this process is of physiological importance, because a complex process of assembly 

and disassembly of PSIIcc, accompanied inter alia by the exchange of the RC subunit D1, is 

necessary to retain its functional integrity in vivo.  

 

A second aim of the work presented here was to continue the investigation of herbicide 

binding to PSIIcc (see chapter 4). In this context it was planned to carry out co-crystallization 

experiments with dimeric PSIIcc to obtain structural information about herbicide binding sites 

in PSIIcc. Although it was well established that many herbicides act by inhibiting the electron 

transfer from QA to QB, a structural model of herbicide bound PSIIcc was still missing. 

 

Furthermore the analysis of bromide-grown crystals of dimeric PSIIcc was intended to reveal 

the binding site of halides in PSIIcc (see chapter 5). It had been shown that chloride is 
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essentially for effective enzymatic turnover of the WOC and can be functionally replaced by 

bromide.  
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2. Material and Methods 

2.1 Materials and chemicals 

2.1.1 Chemicals 
 
Filtered and autoclaved Milipore MilliQ water was used for all aqueous solutions. If not 

stated otherwise all chemicals were of analytical grade and supplied either by VWR/Merck or 

by AppliChem. PEG 2000 and betaine monohydrate were supplied by Fluka/Sigma, and 

DDM by Glycon, Luckenwalde. 

2.1.2 Chromatography material 
 

Chromatographic separations were conducted either on an ÄKTA™ Purifier or on an 

ÄKTA™ Explorer FPLC System (Amersham Pharmacia Biotech). For gel permeation 

chromatography a pre-packed Superose 6 column (10 mm diameter, 300mm length, GE 

Healthcare) was used. For anion-exchange chromatography, HR-Sepherose Q (Amersham 

Pharmacia Biotech) and ToyoPearl DEAE 650 S (Toso Haas) were used as the 

chromatographic media in various columns (Kronlab ECOPlus, Kronlab GmbH) of different 

sizes.  

2.1.3 Crystallization screens 
 
The following cystallization screens have been used:  

Crystal screens 1 and 2, Membfac screen, Index screen, SaltRx 1 and 2, PEG/Ion screens 1 

and 2, Natrix screens 1 and 2 and the Grid screens PEG 6K, PEG 6K/LiCl, ammonium 

sulphate, sodium chloride, sodium malonate, Quick screen  (all from Hampton Research); 

JBScreens Membrane 1, 2 and 3 (Jena Bioscience) and MbclassII suite (Qiagen). 

2.1.4 Buffers 
 
MCM:  20mM MES-NaOH, pH 6.5, 10 mM CaCl2, 10 mM MgCl2 

MMCM: MCM + 500 mM mannitol 

M*CM *: MCM + 0.15 M CaCl2, 0.3 M MgCl2 

MCMB:  MCM + 0.5 M betaine monohydrate 

CB0:   20 mM MES-NaOH, pH 6.0, 20 mM CaCl2, 0.02 % (w/v) DDM, 0.5 M betaine monohydrate 

CB100:  Cb0 + 100 mM MgSO4 

ABC:  100 mM PIPES-NaOH, pH 7.0, 10 mM CaCl2, 0.5 M betaine monohydrate 

ABC+: ABC + 0.03 % (w/v) DDM 
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2.2 Methods 

2.2.1 Cell cultivation 
 
Cyanobacteria (T. elongatus) were grown at 50°C in a photobioreactor (PBR25, (IGV 

Potsdam, Germany and Sartorius-BBI Systems, Melsungen, Germany) with a 32 liter volume 

capacity as described in [13]. For the biosynthetic exchange of chloride by bromide, all 

chloride-containing ingredients used for cell cultivation were replaced by their bromide 

counterparts and 9 mM urea was added to the medium. Thylakoids were prepared after 

washing the cells with ~ 3 l of MCM buffer, centrifugation at 5000 rpm for 5 min (JLA-Rotor, 

Beckmann) and resuspension in ~ 300 ml of MMCM buffer, containing 0.2 % (w/v) lysozyme 

(Sigma) and 0.4 U/ml DNAseI (Sigma). After incubation for 30 min at 48 °C the cells were 

disrupted using a Yeda-Press at 30 atm nitrogen pressure. Broken cells were diluted with 3 l 

of MCM buffer and sedimented (JLA, 8000 rpm, 10 min), washed twice with MC*M* (to 

reduce the amount of phycobilisomes), twice with MCMB buffer, and were finally brought to 

1.8 mM Chla in MCMB. Membranes were solubilized by incubation with 0.55 % (w/v) DDM, 

0.25 mM PEFA in MCMB for 5 min under continuous stirring at room temperature. After 

adding a similar volume of CB0 buffer, the solubilized extract was centrifuged for 35 min at 

48000 rpm in a Beckman 70Ti rotor at 4°C. The supernatant was subjected directly to column 

chromatography. 

 

2.2.2 RT-PCR analysis of different psbA transcripts 
 

Samples of T. elongatus were taken at different time points during cultivation and frozen in 

liquid nitrogen. The light intensity was measured in front of and behind the glass tube (40 mm 

thick) relative to the light source using an LI-250 light meter (LI-COR Inc.). The RNA was 

isolated by the hot phenol method from frozen cell pellets as described in [31], with minor 

modifications. The isolated RNA was precipitated with LiCl and subsequently treated with 

Turbo DNA-free (Ambion) to remove traces of genomic DNA. RNA (2 mg) was reverse-

transcribed using H-MuLV (Fermentas). In the quantitative PCR reaction (Q-PCR), aliquots 

of the resulting cDNA were used as a template. Q-PCR was carried out on an ABI 7000 

Sequence Detection System (Applied Biosystems Inc.) using Power-SYBR green PCR 

Master-mix from the same manufacturer. RT-PCR was conducted by Dr. P. K s from the 

Institute of Plant Biology, Szeged, Hungary. 



2. Material and Methods 

 29 

2.2.3 Protein purification 
 

The initial purification steps of PSIIcc followed the preparation protocol published in [13] 

with slight modifications. The main modification was the replacement of glycerol by 0.5 M 

betaine monohydrate in all buffers. All steps were conducted at 6° C under dim green light. 

The first column (50 mm in diameter and 400 mm in length, packed with Toyo Pearl DEAE 

650 S (Toso Haas)) was equilibrated by a mixture of buffer A (CB0) and B (CB100) that 

provides a conductivity of ~ 5 mS/cm (~ 13 mM MgSO4). After the sample was loaded, the 

column was washed at constant salt concentration (5 to 8 column volume (CV)) followed by 

an isocratic elution step to ~ 8.7 mS/cm (~ 60 mM MgSO4), at a constant flow rate of 20 

ml/min. The PSIIcc-containing fractions were pooled and diluted with buffer A to reach a 

conductivity of ~ 5.0 – 5.4 mS/cm. 

 

The sample obtained was loaded onto a second column (diameter of 25 mm, length of 350 

mm, Toyo Pearl DEAE 650 S preequilibrated to a conductivity of ~ 5.0 – 5.4 mS/cm). The 

column was washed at a flow rate of 8 ml/min for ~ 10 CV at a constant or very moderately 

increasing salt concentration, and two fractions containing either monomeric or dimeric 

PSIIcc were eluted using a linear salt gradient (~ 20 mM MgSO4 in 8 CV) at a slightly 

decreased flow rate of 6 ml/min. The monomeric PSIIcc containing fraction eluted at ~ 5.5 

mS/cm and the fraction of dimeric PSIIcc at ~ 6.0 mS/cm. Both fractions were concentrated in 

Amicon stirring cells using a Millipore Biomax 100 membrane (Millipore, MA, USA) and 

Sartorius Ultra Free 100 concentrators. Dimeric PSIIcc at 0.74 mM Chla in ABC+ buffer was 

recrystallized by adding a similar volume of ABC buffer containing ~ 11 – 12 % (w/v) PEG 

2000 at 6°C overnight. Microcrystalline PSIIcc dimer was redissolved and concentrated in 

ACB+ buffer to a concentration of 4 mM Chla and stored in liquid nitrogen.  

 

The fraction containing PSIIcc monomer was concentrated to ~ 5 mM Chla in either CB0 pH 

5.0 or at pH 6.0. The sample at pH 5.0 was loaded onto a third column (diameter of 15 mm, 

length of 410 mm, ToyoPearl DEAE 650S, Tosoh Bioscience) preequilibrated with CB0 pH 

5.0. After washing at constant salt concentration for 6 CV with a flow rate of 3 ml/min, 

monomeric PSIIcc was eluted in a linear salt gradient (MgSO4, 0 – 50 mM, 8 CV). Samples at 

pH 6.0 were loaded on a column with a similar geometry as those used for the runs at pH 5.0, 

but packed with HR-Sepherose Q (Amersham Bioscience) and equilibrated with CB0 at pH 

6.0. The run and sample treatments were performed similarly to those at pH 5.0. The PSIIcc 
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monomer-containing fraction was concentrated to 3 mM Chla in 10 mM MES-NaOH (pH 

6.0), 5 mM CaCl2, 5 mM MgCl2, 0.02 % (w/v) DDM and either directly used for 

crystallization or stored in liquid nitrogen.  

 

For analytical anion exchange chromatography, a small size column (5 mm diameter, 200 mm 

length) with different chromatography matrices and buffer compositions was used, connected 

to an Äkta FPLC system (ÄKTA purifier, Amersham Biosciences) with simultaneous 

detection at 205 (in some cases 220 nm), 280 and 680 nm. 

2.2.4 Crystallization of monomeric PSIIcc 
 
A broad crystallization screen was set up using a robot and the sitting drop vapour diffusion 

method (drop volume 0.4 µl). The initial screen included Crystal screens 1 and 2, Membfac 

screen, Index screen, SaltRx 1 and 2, PEG/Ion screens 1 and 2, Natrix screens 1 and 2, and the 

Grid screens PEG 6K, PEG 6K/LiCl, Ammonium sulphate, Sodium chloride, Sodium 

malonate, Quick screen, all from Hampton Research. Additionally, the JBScreens Membrane 

1, 2, and 3 (Jena Bioscience) and the MbclassII suite (Qiagen) were also tested. As a further 

variation, each condition was tested using three different protein concentrations (3, 1 and 0.5 

mM Chla, corresponding to a protein concentration of ~ 25, 8.5 and 4.3 mg/ml, respectively). 

Batch crystallization was performed by mixing the protein solution (3 mM Chla 

corresponding to ~ 25 mg/ml protein) with the same volume of precipitant solution. Between 

4 and 10µl of the solution finally obtained (containing ~ 19 % (w/v) PEG 400, 0.1 M PIPES 

pH 7.0, 0.2 M CaCl2, 0.01 % (w/v) DDM (all f.c.)) was placed either in a 96 well plate 

(IMP@CT, Greiner-Bio-one) or in the middle of a teflon tube (inner diameter 1 mm; YCM 

Europe) and closed with sealing tape or sealing plaster. The crystals grew in 3 to 6 days at 

18°C in the dark and were directly flash-cooled in a nitrogen gas stream at 100 K after 

soaking with 28 % (w/v) PEG 400 to provide cryo-protection.  

2.2.5 Crystallization of dimeric PSIIcc 
 
The crystallization of dimeric PSIIcc was performed using the batch method as described 

before [13]. As a variant, all buffers contained 10 mM CaCl2 and 0.5 M betaine monohydrate. 

For PSIIcc/herbicide co-crystals, the precipitant solution contained 2 mM herbicide (terbutryn 

or CBU (both from Fluka); stock solution: 100 mM herbicide in DMSO) resulting in a final 

concentration of 1 mM herbicide in the crystallization set up. In case of bromide-substituted 

PSIIcc crystals, CaCl2 was replaced by CaBr2 in all solutions. Cryo-protection for PSIIcc 
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dimer crystals was achieved by stepwise addition of glycerol to a concentration of about 30 -

35 % (w/v). 

2.2.6 Gel permeation chromatography 
 
For gel permeation chromatography (GPC), 200 µl protein solution (0.5 – 2 mg/ml) was 

loaded onto a Superose 6 column (10 mm diameter, 300 mm length, GE healthcare) 

connected to an Äkta FPLC system (ÄKTA purifier, Amersham Biosciences). The column 

was equilibrated with CB25 buffer (containing 25 mM MgSO4). The isocratic elution was 

performed using 0.4 ml/min flow rate and detector wavelengths of 222 nm, 280 nm and 680 

nm. A set of membrane proteins were taken for calibration of the column as described in [14]. 

The value of KAV, calculated according to the equation below, was plotted against the 

molecular mass and the calibration curve was obtained by using an exponential fit. 
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2.2.7 Dynamic light scattering 
 
Dynamic light scattering (DLS) measures the intensity of coherent monochromatic laser light 

scattered by a solution of macromolecules. Due to the Brownian motion of the scattering 

particles, their relative positions change with time. This leads to changing interference 

conditions, which can be observed as intensity-fluctuation of the scattered light. Since the 

movement of the particles is related to their size, i.e. large particles diffuse more slowly than 

small particles, information about the size of the scattering particles can be extracted from this 

intensity-fluctuation. To gain this information the intensity autocorrelation function is used, 

which is defined as: 
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, with I(t), being the intensity at time t and τ the delay time. In the case of free diffusion of the 

particles, the normalized intensity autocorrelation function can be expressed as: 
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, where B is the background, α being an instrumental constant and g1(τ) is the normalized 

scattered electric field autocorrelation function.  
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For a monodisperse distribution of one particle species (monomodal), g1(τ) can be described 

by a single exponential function [125]: 

ττ Γ−= eg )(1 , where Γ is the decay rate, which is related to the translational diffusion 

coefficient DZ  by:  2qDZ=Γ , with the translational diffusion coefficient DZ and the 

scattering vector q. The latter depends on the scattering angle, the index of refraction, and the 

laser wavelength and remained constant during the experiments. For polydisperse particle 

distributions with particles of different size, the autocorrelation function can be approximated 

by a sum of exponentials. In the case of a near-continuum of scatterers the autocorrelation 

function has to be extended by a distribution function A(Γ).  

ΓΓ= Γ−
∞
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Commonly non-negatively constrained least squares fitting algorithms are used to extract 

A(Γ) from the autocorrelation function. 

  

To characterize the aggregation behaviour of protein samples, DLS was performed using a 

DynaPro Titan instrument with a tuneable laser diode at a wavelength of 833 nm (Wyatt 

Technology Corporation) and a fixed scattering angle of 90°. The protein was dissolved in 

100 mM PIPES (pH 7.0), 10 mM CaCl2, 0.5 M betaine monohydrate, 0.03 % (w/v) DDM and 

filtered through a Millex sterile filter (0.22 µm pore size) into a 100 µl cuvette. To obtain the 

diffusion coefficient, DZ, autocorrelation functions of 50 measurements were averaged and 

analyzed using the instrumental software (Dynamics 6.9.2.9, Wyatt Technology Corporation). 

This software uses a proprietary non-negative least squares fitting algorithm to obtain the size 

distribution of the scattering particles. 

From DZ, the hydrodynamic radius (RH) was calculated using the Stokes-Einstein equation for 

spherical particles: 

Z

B

H
D

Tk
R

πη6
=

 

, with η = solvent viscosity, kB = Boltzmann constant and T = absolute temperature. 

For the estimation of the molecular weight (MW) of the complex two different approaches 

have been used: 

1) Based on a geometric model of non-interacting spherical particles MW can be calculated 

according to  
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with NA = Avogadro's number and ν = partial specific volume of the protein which was 

assumed to be 0.76 cm3/g, according to [14]. 

2) The second approach is based on an empirical function derived from protein standards 

between ~17 and ~750 kDa [126]. According to this function that is implemented in the 

instrumental software, the MW can be obtained by: 

3398.2))(6800.1( nmRM HW ∗=  . 

2.2.8 Spectroscopic quantitation of carotenes 
 
 Pigments of redissolved crystals of monomeric and dimeric PSIIcc were extracted in 80 % 

(v/v) aqueous acetone and spectra were recorded in the wavelength region from 800 to 400 

nm using a Cary UV-VIS spectrophotometer (Varian Inc.) with 1 cm pathlength and a step 

size of 1/3 nm. Spectra were normalized and averaged, and the absorbance difference was 

calculated. By using the molar extinction coefficient for Chla (76800 M-1 cm-1 at 664 nm 

[127]) and β-carotene (144000 M-1 cm-1 at 454 nm [128]) a difference of 1.3 ± 0.2 (s.d.) β-

carotene / 36 chlorins between monomeric and dimeric PSIIcc was calculated (assuming that 

the absorption of pheophytins at 664 nm is reduced by ~ 50 % compare to Chla as described 

in [129]). 

2.2.9 Mass spectrometry 
 
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-

MS) analysis was conducted using an Ultraflex II Spectrometer (Bruker Daltonics) in the 

linear mode using sinapinic acid as matrix. Therefore, PSIIcc samples (~ 4 mM Chla, solution 

or redissolved crystals) were diluted 1:10 with 40 % (v/v) acetonitrile, 0.1% trifluoroacetic 

acid (TFA). An aliquot of the obtained solution was mixed 1:1 with a saturated solution of 

sinapinic acid in 40 % (v/v) acetonitrile. 0.7 µl of this sample (equivalent to ~ 140 pmol Chla) 

were placed on a target (stainless steel) and air dried. The sample was either directly 

measured or a layer of sinapinic acid (0.5µl) was placed on top of the sample and dried.  

2.2.10 SDS-PAGE 
 
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed with 

a Phast-System (Amersham Bioscience) using precast HD-SDS gel. Gels were run and silver 

stained following the protocol recommended by the manufacturer. Samples were mixed 1:1 

with sample buffer (20 mM Tris/HCl, pH 6.8, 2 mM EDTA, 5% (w/v) SDS, 0.2 % (w/v) 

DTT) resulting in a Chla concentration of 20-60 µM. After incubating at 56° for 15 min, 1 µl 
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of samples were applied per lane (20 – 60 pmol Chla). A low molecular weight marker 

(Amersham Bioscience, Germany) was used to determine the apparent molecular masses.  

2.2.11 Oxygen evolution measurements 
 
The oxygen evolution per flash of various PSIIcc samples were measured at room temperature 

using a home built Clark type electrode  according to [130, 131]. The sample was diluted to 

20–50 µM Chla in a buffer containing 20 mM MES–NaOH (pH 6.4), 20 mM CaCl2, 10 mM 

MgCl2 and 2 mM K3[Fe(CN)6] and 0.4 mM phenyl-p-benzoquinone as artificial electron 

acceptors. The electrode was calibrated using air-saturated and nitrogen-saturated water at 

atmospheric pressure and the excitation was performed with repetitive 1 Hz flashes from a 

xenon flash lamp. 

2.2.12 ATP hydrolysis measurements 
 
For ATP hydrolysis assays, the released orthophosphate was measured according to [132]. 

The reaction mixture contained 20 mM Tris-HCl (pH 8.1), 10 mM NaCl, 2 mM MgCl2, 

0.02 % (w/v) DDM. The samples were pre-incubated after adding ~ 100 µg protein 

(according to the Bradford method [133]) for 10 min at 20° C, and the reaction was started by 

adding ATP to a final concentration of 4 mM and carried out for 2h at 37°C. To determine the 

spontaneous hydrolysis of ATP under these conditions, control-samples without protein were 

set up simultaneously. The reaction was stopped by adding 40 % (w/v) trichloroacetic acid 

(TCA, to a final concentration of 13.3 % (w/v)), and precipitated proteins were removed by 

centrifugation. 50 µl of supernatant were analyzed by adding 800 µl of colour reagent (6 ml 

0.42 % (w/v) NH4MoO4 in 1 N H2SO4 mixed with 1 ml 10% (w/v) sodium ascorbate) and 

recording the absorbance at 820 nm. To determine the phosphate concentration a calibration 

curve was used ranging from 10 to 800 µM Na2HPO4. 

2.2.13 Isothermal titration calorimetry 
 
Isothermal titration calorimetry (ITC) directly measures the heat released or absorbed during a 

binding event at constant temperature. The experiments are performed by titration of the 

ligand into a sample solution containing the ligand-binding protein. After each addition of the 

ligand the heat evolved is monitored by the calorimeter [134].  

 

 

 



2. Material and Methods 

 35 

The total cumulative heat (Q) released or absorbed as a result of ligand binding is directly 

proportional to the total amount of bound ligand as: 

[ ]BLHVQ ∆=  

, where H is the binding enthalpy, V the reaction volume and [LB] is the bound ligand 

concentration.  

In the case of multiple independent binding sites Q is given by the sum of the heats 

corresponding to each set of binding sites (i): 

[ ] [ ]
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, where [M] is the total concentration of the ligand- protein complex, ni is the number of 

binding sites (of set i), Ki is the association constant of the binding site i and [L] is the free 

ligand concentration. To obtain the binding parameters of this equation, Q can be expressed in 

terms of the total ligand concentration [134], which is the independent variable of the ITC 

experiment. Fitting the measured binding isotherms allows then for the determination of the 

binding constant (Ki), the reaction stoichiometry (ni) and enthalpy change (∆Hi) of the binding 

reaction for each set of binding sites. 

 

ITC experiments of herbicide binding to homodimeric PSIIcc were performed at 25 °C using 

an MCS-isothermal titration calorimeter (ITC) manufactured by MicroCal, Inc. (Northampton, 

MA) that was operated as described [135, 136]. All buffer solutions were degassed by stirring 

under vacuum before use. For measurements of the heat production accompanying the 

binding of terbutryn, PSIIcc was loaded into the sample cell of the calorimeter (volume ≈ 1.4 

ml, buffer: 100 mM PIPES pH 7.0, 5 mM CaCl2, 0.03 % (w/v) DDM) at a reaction center 

concentration of ~ 25-30 M. The reference cell was filled with distilled water and the system 

was allowed to equilibrate until a stable baseline was obtained before an automated titration 

was initiated. A stock solution of terbutryn dissolved at 100 mM in DMSO was diluted by 

addition of buffer to 0.2 or 0.4 mM, respectively, and the obtained solution was filled into a 

250 µl syringe. The final concentration of DMSO was adjusted to 1 % v/v in the calorimeter 

cell and in the syringe. A typical experiment involved 60 injections of 4 µl 0.4 mM terbutryn 

solutions or 30 injections of 8 µl 0.2 mM terbutryn solutions at time intervals of 5 min into 

the sample cell. Throughout the titration the solution in the sample cell was stirred 

continuously at 400 rpm. The data were evaluated by a non-linear least squares analysis for a 

set of two classes of binding sites [135, 136]. The heat measurements of the last injections 

after completion of the binding curve were averaged and subtracted as a reference.  
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2.2.14 Fluorescence measurements 
 
Fluorescence measurements were performed under dim green light using a commercial 

double-modulation fluorometer (Photo Systems Instruments FL3000) as described in [137-

139]. Saturating excitation of the PSIIcc samples was provided by a frequence-doubled Q-

switched Nd:YAG Laser (Continuum Minilite II, λ = 532 nm, FWHM = 5 ns) with 0.7 s 

period between flashes. Laser pulse intensities were adjusted to 13 mJ/cm for PSIIcc using the 

internal attenuator of the laser and determined using a Nova-Laser-Power/Energy-Monitor 

equipped with a measuring head PE10 (Ophir Optronics). The fluorescence was excited by 

discrete weak light pulses from a diode array (λ ∼ 620 nm, 8 µs duration), which were linearly 

spaced on a logarithmic time scale. 

  

The influence of terbutryn on the electron transfer to QB was studied by applying a 

concentration series of the herbicide. The stock solutions of terbutryn were dissolved in 

DMSO and added to 0.143 µM homodimeric PSIIcc (10 µM Chla) in 25 mM MES (pH 6.3), 

1 M betaine monohydrate, 15 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 0.03% DDM. The final 

herbicide concentrations ranged from 10-11 to 10-3 mol/l. Controls contained no herbicide but 

DMSO instead. In a first approach, the single flash-induced transient of fluorescence yield 

after the first saturating flash was evaluated by using a triple-exponential decay function plus 

an offset value (representing the F0-level before excitation). The fraction of the two fast 

amplitudes of the triple-exponential fit function represents the fraction of RCs, in which QA¯  

is oxidized by PQ at the QB-site and was plotted against the herbicide concentration. In a 

second approach, terbutryn was added to PSIIcc after a series of three saturating laser flashes 

spaced by 0.7 s. The addition of the herbicide raises the fluorescence yield. The difference 

between the fluorescence yields before and after adding the herbicide was normalized to the 

maximum fluorescence yield at saturating concentrations of herbicide and plotted over the 

herbicide concentration. IC50 values where obtained for both approaches by fitting the curves 

with a binding function: 

[ ]
[ ]IIC
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+
+=
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0  

, where [I] is the herbicide concentration, and y0 and y1 defining the lower and upper limits of 

the saturation curve. 
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2.2.15 X-ray diffraction data collection 
 

Synchrotron X-ray diffraction experiments were conducted at the following synchrotron 

beam-lines: ID14-1, BESSY, Berlin; PXI, SLS, Villigen; and ID14-2, ID14-3, ID14-4, ID23-

1, ID23-2, ID29 at ESRF, Grenoble. All beamlines were equipped with a nitrogen gas stream 

thermostat (Oxford Cryosystems) and either an MX-225 CCD-detector (BESSY), an ADSC 

Q315R CCD-detector or ADSC Q4 CCD-detector (ESRF) or an PILATUS 6M detector 

(SLS). Diffraction data were collected at 100 K in oscillation mode with oscillation range 

between 0.2° and 1°/ frame depending on the resolution and mosaicity of the crystal.  

After collecting a partial dataset with about 50 frames, the crystal had to be shifted along the 

spindle axis before the next part of the dataset could be recorded.  

For evaluation, indexing and processing of diffraction images the XDS program package was 

used [140]. The structure of the PSIIcc was solved by the molecular replacement method with 

the PHASER program [141] using one monomeric part of the 2.9 Å resolution structure of 

homodimeric PSIIcc ([12]; PDB entry 3BZ1) as a search model. Model rebuilding and 

refinement were done using COOT [142] and the CNS 1.2 package [143] respectively. The 

structure of PSIIcc monomer was refined with the rigid-body procedure implemented for the 

protein part of the complex and the annealing procedure for the cofactors. All data processing 

and model building of the 3.6 Å structure of PSIIcc monomer, as well as the herbicide-bound 

and bromide-substitution structures of PSIIcc dimer was done by Dr. A. Gabdulkhakov and 

A. Guskov in the group of Prof. Dr. W. Saenger (Freie Universität Berlin). 

2.2.16 X-ray absorption spectroscopy on single crystals of PSIIcc monomer  
 

The basis of X-ray absorption spectroscopy (XAS) is the absorption of an X-ray photon due 

to the interaction with an inner-shell electron of an atom. The X-ray absorption spectra are 

characterized by a sharp increase in absorption at specific energies of the X-ray photon, which 

are characteristic for the absorbing element [144]. The energy of these absorption edges 

corresponds to the energy required to eject a core electron into the lowest unoccupied 

molecular orbital (LUMO). The energy of the absorption edge provides information about the 

oxidation state of the absorbing atom, because it is shifted to higher energies with increasing 

oxidation state. If the energy of the X-ray photon exceeds the ionization energy, a 

photoelectron is released, which harbours the excess energy as translational kinetic energy. 

Due to its wave nature, the released photoelectron can be back-scattered by nearby atoms. 
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This leads to interference phenomena of the outgoing and back-scattered electron wave, 

which depends inter alia on the phase shift of the two waves and the interatomic distances 

between the back-scattering atom and the absorber. The interference results in a modulation 

of the absorption coefficient, which is the basis of the extended X-ray absorption fine 

structure (EXAFS). Since the wavelength of the electron depends on its kinetic energy, 

constructive and destructive interference will occur at different X-ray energies. Therefore, the 

X-ray absorption spectrum shows a more or less pronounced oscillation in the EXAFS region, 

up to 1 keV after the absorption edge. From the analysis of this oscillation information about 

the distances between absorber and back-scatterer can be extracted with high accuracy (~ 0.02 

Å). More information can be gathered from polarized EXAFS spectra using oriented samples. 

The obtained dichroism of such spectra represents the angle dependence of the EXAFS, 

which is proportional to cos2
θ, where θ is the angle between the e-field vector of the X-ray 

beam and the absorber-backscatter vector. The dichroism can be used to obtain the relative 

orientation of interatomic vectors and provides constraints for modelling the spatial structure 

of the investigated compound. 

 

For polarized XAS measurements on single crystals of PSIIcc monomer, large crystals with 

dimensions of ~ 0.8 Å x 0.6 Å x 0.2 Å were mounted under dim green light on a myla loop 

(LithoLoops, Molecular Dimensions Limited), soaked in 28 % (w/v) PEG 400, and frozen and 

stored in liquid nitrogen. The measurements were performed at the beamline BL 9-3 

(Standford Synchrotron Radiation Laboratory, SSRL) at a temperature of ~ 10 K. The 

experimental setup consist of a kappa goniometer (Huber Diffractionstechnik), a liquid 

helium cryostream, a 30 element Ge-detector (Canberra Electronics) for collecting XAS-data 

and a MAR 345 imaging plate detector (Marresearch) for collecting X-ray diffraction data as 

shown in Figure 2-1. After pre-orientation of one crystal axis parallel to the e-vector of the X-

ray beam by following the crystal morphology, one X-ray diffraction image was measured. 

Based on the obtained diffraction pattern, the orientation of the crystal was judged. When the 

crystal was succsesfully oriented, the XAS spectrum was measured using the 30 element Ge-

detector. After data collection, X-ray diffraction data were measured with an oscillation of 

1°/frame covering ~ 20 ° (~ 20 frames). The crystal orientation was rotated by 90° and a 

silimar set of ~ 20 frames was collected. In this way the polarized XAS spectra of several 

PSIIcc monomer crystals (~ 40 crystals) with either the a, b or c-axis of the crystal lattice 

oriented parallel to the e-vector of the X-ray beam could be measured.  
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Figure 2-1: XAS setup for single crystal measurements. 

Experimental setup for XAS measurements on single crystals of PSIIcc monomer. The yellow box shows 

an enlarged view on the PSIIcc crystal cooled in the helium cryostream. 
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3. Preparation, characterisation and crystallization of PSIIcc 

monomer 

3.1 Introduction 

The prerequisite for obtaining well-ordered protein crystals suitable for structure 

determination is a homogenous protein solution of high purity. In the case of membrane 

proteins the use of detergent is essential to ensure solubility of the protein in aqueous solution. 

The drastic environment change of these proteins when solubilized from the membrane by 

detergent treatment could induce heterogeneity and potentially interfere with the preparation 

of a homogenous protein solution. Compared to the crystallization of soluble proteins, the 

growth of crystals from membrane proteins is also often more difficult. Although a realistic 

model describing this process is still missing, it is reasonable to assume that the flexibility of 

the detergent belt surrounding the hydrophobic parts of the protein interferes with a well-

ordered packing of the proteins to form a crystal. Furthermore, the hydrophobic nature of 

membrane proteins limits the hydrophilic surface necessary to form symmetry contacts 

between the proteins within the crystal [145]. Because of these problems, the number of 

membrane protein structures solved so far is low when compared to soluble proteins. From 

over 50000 protein structures solved by X-ray diffraction technique only ~ 1% arises from 

membrane protein structures (590 structure files; www.pdb.org, [146]). The number of unique 

membrane protein structures is even lower (218 structure files [147]; see also a curated 

database at http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html). In contrast, based on 

the analysis of several genomes 20-30 % of the total open reading frames have been estimated 

to represent membrane proteins [148]. Furthermore, the accuracy of the structural model 

derived is often limited by the low diffraction quality obtained from membrane protein 

crystals. 

 

A major breakthrough was the elucidation of the X-ray structure of the purple bacterial 

reaction center (pbRC) from Blc. viridis, the first crystal structure of a membrane protein, by 

Michel and coworkers [149, 150]. This result showed that a membrane protein structure can 

principally be solved by X-ray crystallography. The sequences of the PSII sunbunits that 

became available at the same time were found to be homologous to the key parts of the pbRC 

subunits L and M [151-153]. Therefore, it was assumed that both RCs (pbRC and PSII) share 
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some structural features. Further support for structural similarities between the pbRC and the 

D1/D2 core of PSII came from herbicide binding studies [154, 155]. 

 Several PSII complexes of different subunit and cofactor composition could be isolated from 

various species and have been used in structural studies [156, 157]. Electron microscopy and 

cryo-electron crystallography on 2D crystals yielded the first direct structural information 

about PSII. These studies allowed several questions regarding the organization and size of 

different PSII supercomplexes and subcomplexes to be addressed. Importantly, more detailed 

insights on the arrangement of the cofactors and the core subunits were revealed from cryo-

electron-microscopy on PSII subcomplexes from plants at a resolution of 6 – 8 Å [158-160]. 

These complexes lack the extrinsic subunits and CP43 and were not active in oxygen 

evolution. Neverthess, it was possible to assign the TMH of the central subunits D1/D2 and to 

identify parts of the internal antenna system. Furthermore, the arrangement of the main 

tetrapyrrole cofactors of the RC (PD1, PD2, ChlD1, ChlD2, PheoD1 and PheoD2) and the location 

of the heme-containing Cyt b-559 could be gained. 

 

In contrast to the PSII complex used in these studies, the so called PSII core complex (PSIIcc) 

is still able to perform light-induced oxidation of water and is therefore suitable for functional 

studies. This complex contains the membrane extrinsic and intrinsic subunits but no extrinsic 

antenna proteins [161-166].  

 

The first 3D crystals of PSIIcc with reasonable diffraction quality were reported by Zouni et 

al. [161]. These were derived from dimeric PSIIcc of T. elongatus. Based on these crystals 

that initially diffracted to a resolution of 3.8 Å, it was possible to build the first structural 

model of this complex [167]. Further improvement of the purification and crystallization in 

the following years yielded several structural models of the dimeric form of PSIIcc from 

cyanobacteria with resolution up to 2.9 Å [10, 12, 168-171]. The crystals of dimeric PSIIcc 

belong to the orthorhombic spacegroup P212121 and contain four dimeric PSIIcc per unit cell. 

Despite the vast improvement in terms of resolution, these crystals possess some 

disadvantages that strongly reduce the useful resolution range for data processing. Since their 

diffraction pattern is highly anisotropic, the resolution limits depend on the orientation of the 

crystal relative to the X-ray beam. This seems to be an intrinsic feature of the packing of the 

dimeric complexes within the unit cell. Additional problems arise from radiation damage 

during the measurements and frequently observed non-isomorphism. The latter results in 

problems for the processing of partial data sets collected on different crystals or even at 
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different locations on one crystal. Various unsuccessful attempts were made to address these 

problems and to find crystallization conditions for dimeric PSIIcc that yield a different crystal 

packing. Using the thermophilic red algae Cyanidium caldarium [78] two spacegroups were 

found for the dimeric PSIIcc. One crystal form belongs to a different spacegroup than PSIIcc-

dimer crystals from cyanobacteria but so far it only shows poor diffraction quality. The 

crystals of the second form have the same spacegroup as cyanobacterial PSIIcc and diffracted 

to a maximal resolution of ~ 3 Å. Although the cell constants differ from that of 

cyanobacterial PSIIcc, a very similar packing of the complexes within the unit cell is assumed. 

The processed data derived from this crystal form was limited to a resolution of 3.5 Å, which 

indicates similar anisotropy effects as known from cyanobacterial PSIIcc-dimer crystals. So 

far no structural model has been published from eukaryotic PSIIcc that would allow the 

evaluation of the crystal packing in greater detail.  

 

Beside the dimeric PSIIcc used in crystallographic studies, so far a monomeric form of PSIIcc 

could be prepared that is also highly active in water oxidation [13-15]. Thus, crystallizing the 

PSIIcc monomer is a reasonable way to obtain a more suitable crystal packing for PSIIcc. In 

earlier work, the PSIIcc monomer was found to aggregate in solution [14]. Therefore, it was 

considered to be inappropriate for crystallization. On the other hand, so far it had not been 

possible to purify the PSIIcc monomer to the same extent as the dimeric form. Therefore, an 

influence of the remaining contaminants on the aggregation behaviour of the sample can not 

be excluded. One of the aims in the present work was to establish a method to obtain a highly 

pure, homogenous and active PSIIcc monomer preparation as a solid base for crystallization 

experiments.  
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3.2 Preparation of PSIIcc monomer  

3.2.1 Analysis of the expression levels of psbA genes 

 

In the genome of the thermophilic photoautotrophic cyanobacterium T. elongatus, three 

copies of the psbA gene have been identified that encode distinct forms of the D1 protein 

[172]. The regulation of psbA expression in T. elongatus is studied in less detail but recent 

studies showed that all three isoforms of PsbA (PsbA1, PsbA2, and PsbA3) are expressed 

depending on the growth conditions [31, 32]. Under low light condition the main psbA 

transcript stems from psbA1, psbA3 being up-regulated under high-light and low temperature 

stress, whereas psbA2 was exclusively found to be expressed under anaerobic conditions.  

Therefore, it was necessary to clarify the prevalent form of PsbA in samples used for 

crystallization, especially since the microheterogeneity produced by a mixture of different 

forms of the D1 protein may negatively influence the quality of the crystals. Using RT-PCR, 

the distribution of the psbA transcripts under the cell culture conditions used for the 

preparation of monomeric and dimeric PSIIcc was examined. 

  

The analysis of the mRNA pool of the three psbA copies showed an initial decrease of the 

psbA1 mRNA level to approximately 90% at lower cell densities (higher light intensity), 

whereas the mRNA level of psbA3 increased to a maximum of 10% (Figure 3-1). This shift 

was reversed at later stages of the cell culture. In addition, eight different samples of cells in 

the late logarithmic phase (at this stage cells are normally harvested for protein extraction) 

were analyzed. The average composition was 98.75 (±0.47)% of psbA1, 0.61 (±0.14)% of 

psbA2, as well as 0.64 (±0.39)% of psbA3, indicating that psbA2 and psbA3 mRNA are only 

present in trace amounts under the applied culture conditions at high cell density (~ 1 O.D.). 

Assuming that the expression level correlates with the protein level (as proposed by [31]), this 

confirmed that the prevalent form in the protein samples used for crystallization experiments 

and subsequent structure determination by X-ray crystallography is PsbA1 [10]. The observed 

shift in the psbA1 and psbA3 levels can be explained by the changing light conditions due to 

the increasing cell density during cell culture.  

 

 



3. Preparation, characterisation and crystallization of PSIIcc monomer 

 45 

ps
b

A
1 

m
R

N
A

-le
ve

l [
%

]

0 60 80 100 120 140 160 180 200 220 240

0,2
0,4
0,6
0,8
1,0
1,2 0 60 80 100 120 140 160 180 200 220 240

0
2
4
6
8

10
0 60 80 100 120 140 160 180 200 220 240

90
92
94
96
98

100

0 60 80 100 120 140 160 180 200 220 240
0

20

40

60

80

time [h] 

ps
b

A
3 

m
R

N
A

-le
ve

l [
%

]
O

.D
. i

n
 a

u

li
gh

t 
in

te
ns

it
y 

in
 µ

E

 

Figure 3-1: Distribution of the psbA mRNA-pool during cell-cultivation. 

The  psbA1 mRNA-level  and psbA3 mRNA-level are related to the total mRNA of all three psbA genes 

(=100%). Sample of cells from three different culture cycles were taken at different times during 

cultivation - early taken sample had a low cell density and therefore a higher average light intensity (pink 

squares) than sample taken at higher cell densities. The samples with OD ~ 1 were taken from eight 

different culture cycles.  Upper panel: (black squares) mRNA-level of psbA1; middle panel: (red circles) 

mRNA-level of psbA3; blue squares: initial inoculation (O.D. ~ 1  – one day stirred at room temperature). 

3.2.2 Protein purification of monomeric PSIIcc 
 
The published preparation protocol of homodimeric PSIIcc [13], already used in 

crystallographic studies, contains two ion exchange chromatography steps using the weak 

anion exchange matrix ToyoPearl DEAE 650S. The first column (inner diameter 5 cm, length 

47 cm) provides the separation of non-binding phycobilisomes, PSIIcc and PSIcc (Figure 3-2 

A, PSIcc remains on the column, as described in the figure legend), whereas the second 

column is necessary for the fine tuning of the purification and results in the separation of 

monomeric and dimeric PSIIcc (Figure 3-2 B). The introduction of the second 

chromatography step was crucial to obtain a fraction of dimeric PSIIcc suitable for 

crystallographic studies, as the presence of monomeric PSIIcc even at small amounts prevents 

crystallization of the dimeric PSIIcc fraction. On average, equal amounts of PSIIcc monomer 

and homodimer were obtained (1.05 ± 0.45; average of 40 preparations; see Table 3-1) using 

this protocol.  
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Figure 3-2: Typical chromatograms of the first anion exchange chromatography steps. 

 (A) and the second column (B). Absorption at 280 nm detector wavelength is shown as black line; the 

applied gradient is drawn in blue as % of B (containing 100 mM MgSO4). The main components of the 

fractions are indicated. During both chromatography steps a fraction of the tightly bound PSI trimer was 

obtained. This fraction was eluted by an additional washing step with 500 mM MgCl2 and is therefore not 

visible in the chromatograms. 

 

After the second chromatography column approximately 5 % of the initial amount of Chla 

was retained in the form of PSIIcc monomer (Table 3-1). This fraction shows high oxygen 

activity, but still contains significant amounts of other proteins, particularly two major 

components: phycobilisome proteins and ATP synthase. The latter could be unambiguously 

identified using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-MS) 

and by measuring the enzymatic hydrolysis of ATP (see section 3.3). It occurs in nearly the 

same molar amount as the PSIIcc monomer and was also present as traces in the fraction of 

dimeric PSIIcc, where the remaining contamination could be removed by using consecutive 

steps of recrystallization. All attempts to crystallize this PSIIcc monomer fraction have failed 

so far, most probably due to the high amount of contaminants that are still present after the 

second chromatography step. Based on this, experiments were conducted to determine under 

which condition a further purification of the PSIIcc monomer (using the same anion-exchange 

matrix as before) could be achieved. In contrast to phycobilisome proteins and PSIcc, which 

can be observed spectroscopically, the presence of ATP synthase is more difficult to detect, 

because this complex contains no light-absorbing cofactors. In addition, the number of 

tryptophan residues is small in the ATP synthase (0.2 % assuming a complex formed by 

α3β3γδε-abb´c10 [172]) compared to PSIIcc (2.6 %). Therefore, the absorption at 280 nm used 

normally to detect proteins turned out to be unfavourable. This problem can be overcome by 
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the use of light with a wavelength of 205 nm, which is mainly absorbed by the protein 

backbone, and thereby allows detection independent of the amino acid composition [173]. 

Accordingly, the removal of the non-binding phycobilisomes could be easily monitored at 

280 nm when using the standard buffer conditions as for the first two chromatography 

columns, but only one slightly asymmetrical peak appears after elution of the PSIIcc 

monomer with a linear salt gradient (Figure 3-3; pH 6.0). Applying detection at 205 nm, the 

contamination of the obtained fraction with ATP synthase becomes visible. In order to obtain 

a better separation of the two protein complexes, the pH was varied. Increasing the pH to 6.8 

causes a decrease of the retention volume of the PSIIcc monomer relative to that of the ATP 

synthase, but the separation remains incomplete. This was also observed when further 

increasing the pH up to 7.5, although the complexes eluted at slightly higher salt 

concentrations. In contrast, decreasing the pH below pH 6.0 weakens the binding of ATP 

synthase to the anion exchanger. At pH 5.5 still no clear separation was achievable (not 

shown), but shifting the pH to 5.0 resulted in an optimal separation (Figure 3-3; pH 5.0). The 

final fractions of PSIIcc monomer show no enzymatic hydrolysis of ATP and no ATP 

synthase subunits could be observed by SDS-PAGE and MALDI-MS (see section 3.3). 

Therefore, the preparation protocol was extended by a 3rd chromatography step at pH 5.0 and 

with the obtained PSIIcc monomer it was possible for the first time to grow protein crystals.  
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Figure 3-3: Purification of PSIIcc monomer at different pH values. 

Chromatograms of analytical FPLC runs (Toyopearl-DEAE650S) at different pH values as indicated 

using a linear salt gradient for elution. The detector wavelength was 280 nm (black line) and 205nm (blue 

line). For clarity the PSII monomer peaks were used for normalization of the two wavelengths. At pH 6.0 

almost no separation between ATP synthase and PSIIcc monomer could be achieved, whereas at pH 6.8 at 

least a partial separation of these complexes becomes visible. At pH 5.0 it is possible to obtain highly pure 

PSIIcc monomer. 

 

As the buffer substance (MES, pKA = 6.15) used for this additional chromatography step has 

only a very low buffer capacity at pH 5.0, it was difficult to control the pH value of the buffer 

properly. Therefore, the reproducibility of the chromatography runs at pH 5.0 was limited and 

only approximately 50 % of the preparation yielded crystallizable material. In some cases a 

decrease of enzymatic activity of the PSIIcc monomer fraction was observed, which may 

result from a further drop of the pH below pH 5.0 during the chromatography (see section 

3.3.1). No indication of reduced oxygen evolution compared to the standard conditions (MES 

pH 6.0) was found for PSIIcc monomer when pre-incubated with buffer containing MES at 

pH 5.0, but a significant reduction was found when pre-incubated at pH 4.5. It was 
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investigated whether citrate- or acetate-based buffers (pKA = 4.76) would be suitable for the 

chromatographic separation at pH 5.0. However, none of these buffers was found to be 

suitable for the preparation of highly active and pure PSIIcc monomer. 

 

In a second approach, different anion-exchange matrices that allow the separation of ATP 

synthase and PSIIcc monomer at higher pH values were tested. The following matrices were 

tested using MES buffer at pH 6.0: ToyoPearl650S SuperQ (Tosoh Bioscience), PorosQ 

(Boehringer Mannheim), Fractogel EMD TMAE (Merck KGaA) and HR-Q-Sepherose 

(Amersham Bioscience). Of these matrices only HR-Q-Sepherose was found to allow the 

separation of the components at pH 6.0 (Figure 3-4). The basis of the separation is not 

exclusively of anion exchange nature, as the change of the anion exchange group itself was 

not sufficient for separation at pH 6.0. The purity of the fraction of PSIIcc monomer after a 3rd 

chromatography step using HR-Q-Sepherose with a MES buffer system at pH 6.0 was 

comparable with those using ToyoPearl DEAE 650S with MES pH 5.0. There was no 

indication that the stronger anion-exchange matrix leads to a disintegration of the PSIIcc. 

Under these conditions the chromatographic separation was highly reproducible and yielded a 

highly active PSIIcc monomer fraction. Approximately 60% of the amount of Chla loaded 

onto the column could be recovered as PSIIcc monomer (Table 3-1). 

 

 

Figure 3-4: Separation of the PSIIcc monomer and the ATP synthase at pH 6.0. 

Third anion exchange step using High-Resolution Sepherose-Q with MES buffer at pH 6.0. Absorption at 

280 nm is shown as black line; the applied gradient is drawn in blue as % of B (containing 100 mM 

MgSO4) and main components of the obtained fractions are indicated. Improved crystal growth was 

observed for the P1-fraction, whereas the P2-fraction rarely leads to crystals.  
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Despite the high reproducibility of this PSIIcc monomer preparation in terms of purity and 

oxygen evolution activity of the obtained fraction, the crystallization behaviour still varied 

significantly. Interstingly, the fractions of the PSIIcc monomer peak obtained during the 3rd 

chromatography run differ regarding their capability of forming single crystals, although the 

peak was highly symmetrically. When split into different parts (fractions P1 and P2, as 

indicated in Figure 3-4), the fraction of the PSIIcc monomer peak that elutes first from the 

column (P1-fraction) was found to crystallize significantly better than the remaining part (P2-

fraction; see section 3.4). The reason why the P1 and P2 fraction crystallizes differently could 

so far not be determined (for discussion see section 3.8). 

 

Yield of PSIIcc after 2nd Chromatography 

in % 

(based on the total amount of Chla in the extract) 

Yield of the 3rd Chromatography in %  

(based on the Chla amount loaded onto the 

column) 

 
monomer 
/ dimer  
ratio after 
the 2nd 
column 

Total PSIIcc PSIIcc dimer  PSIIcc 
monomer  

Total PSIIcc 
monomer  

P1-fraction 

1.0 ± 0.5 9.5 ± 3.8 4.9 ± 2.3 4.6 ± 2.1 60 ± 16 36 ± 12 

 

Table 3-1: Yields of the PSIIcc monomer preparation. 

Characteristic yields of the PSIIcc monomer preparation for the initial two chromatography steps and for 

the 3rd chromatography column. 
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3.3 Characterisation of monomeric PSIIcc 

3.3.1 Oxygen evolving activity of PSIIcc monomer 
 

The oxygen evolution activity per single flash of PSIIcc samples was measured at various 

states during the preparation. It provides information about the purity and the integrity of the 

obtained fraction. The obtained number Chla (1/4 O2 × flash)-1 has to be corrected due to 

various factors not accounted for in this method, e.g. double hits (two photons absorbed by 

the same photochemical center) and misses (charge-separation but no S-state transition; for a 

review see [131]). Further instrumental errors during calibration and concentration 

determination yield a reasonable error for this method of about 15 %. The high variance in the 

oxygen evolution activity per single flash of the starting material after detergent solubilisation 

of the thylakoids reflects different PSIcc to PSIIcc ratios [13]. 

  

When PSIIcc monomer was prepared using MES at pH 5.0 for the 3rd chromatography 

column (see section 3.2.2), in some cases a decrease in oxygen evolution activity was 

observed (see Table 3-2). Nevertheless, we found no indication that exposure of monomeric 

PSIIcc to pH 5.0 has a deleterious effect on the oxygen evolution capacity, in agreement with 

the reversible inhibition of PSIIcc at acidic pH described earlier [174]. Although the oxygen 

evolution activity of monomeric PSIIcc was decreased when measured at pH 5.0, it was fully 

restored when the buffer was changed to pH 6.0 after long term incubation (4 h or 24 h) at pH 

5.0. Therefore, it is likely that the reduction in activity was caused by temporary shifts to pH 

below 5.0 during chromatography. 

 

In contrast, the PSIIcc monomer continuously prepared at pH 6.0 regularly yielded high 

oxygen evolution activity (see Table 3-2). 
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Table 3-2: Oxygen evolution activity of PSIIcc. 

 Oxygen evolution activity after single flash excitation given in Chla (1/4 O2 × flash)-1 for different PSIIcc 

samples. All measurements have been performed at pH 6.4 (see chapter 2.2).  

 

The oxygen evolution activity of redissolved PSIIcc monomer crystals showed a high 

variability, leading to values from 39 to 84 Chla (1/4 O2 flash)-1) (Table 3-2). Although the 

mean value of the measurements was 61 Chla (1/4 O2 flash)-1) and was, therefore, comparable 

with the activity initially found for dimeric PSIIcc crystals ((69 Chla (1/4 O2 flash)-1) [175]), a 

decrease of the activity after crystallization was often observed. A reduction to 70 ± 10 % (N 

= 5) of the initial activity was also found when PSIIcc monomer solution was incubated 

overnight in 0.2 M CaCl2, i.e., the same calcium concentration as used for crystallization. This 

suggests a distinct sensitivity of the PSIIcc monomer to elevated calcium concentrations. So 

far, the presence of CaCl2 was found to be indispensable for the formation of crystals with 

suitable size and diffraction quality for X-ray crystallography (see section 3.4). Therefore, the 

finding of additional agents that increase the stability of the PSIIcc monomer or of better 

crystallization conditions with reduced calcium content are important aims for future work on 

crystallization of this complex. No reduction of the oxygen evolution activity was found for 

dimeric PSIIcc at calcium concentrations up to 350 mM.  

sample crude 

extract 

PSIIcc 

dimer 

 (2ndcolumn) 

redissolve

d crystals 

PSIIcc 

dimer 

PSIIcc 

monomer 

(2nd column) 

PSIIcc 

monomer 

(3rd column 

at pH 5.0) 

PSIIcc 

monomer 

(3rd column 

at pH 6.0) 

redissolved 

crystals 

PSIIcc 

monomer 

oxygen 
evolution 
activity 
range 

200 – 
450 

38 - 81 38 – 61 39 – 86 (39 – 136) 39 – 55 

 

39 - 84 

average 
value 

300 50 47 54 62 45 61 

No of 
experiments 

29 35 21 34 12 19 16 
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3.3.2 Gel permeation chromatography  
 
To analyze the oligomerization state of the PSIIcc fractions, gel permeation chromatography 

(GPC) was performed. As pointed out in chapter 3.2, the ATP synthase, which is the major 

contaminant of the crude monomeric PSIIcc fraction after the second chromatography step, 

cannot be suitably detected at a wavelength of 280 nm. When 205 nm was used for the 

monitoring of proteins during the GPC run, the strong absorption of the buffer in this spectral 

range leads to a decrease in the sensitivity due to noisy baselines. Therefore, the use of a 

wavelength of 222 nm proved to be a good compromise for the detection of proteins with high 

accuracy. For calibration of the column a set of membrane proteins ranging from 86 kDa to 

1318 kDa (Table 3-3; Figure 3-5) were used. The masses of these proteins were corrected by 

estimating the size of their detergent belt, a procedure that was shown to yield more realistic 

values for the size of the membrane protein complexes [14].  

 

 

Protein Mcal MDet  Mtot MGPC 
CP 29 (spinach)* 36 50 86 86 ± 8 

LHCII (spinach)* 196 50 246 243 ± 10 

PSIcc monomer * 
(T. elongatus) 

356 90 446 455 ± 24 

PSIIcc dimer * 
(T. elongatus) 

747 126 874 846 ± 42 

PSI trimer * 
(T. elongatus) 

1068 250 1318 1352 ± 39 

PSIIcc monomer 
(T. elongatus) 

374 90 464 457  ± 20 

ATP Synthase 
(T. elongatus) 

- - - 858 ± 21 

 

Table 3-3: Molecular weight of membrane proteins determined by GPC. 

Proteins indicated by * are used for calibration of the column. All molecular weights are given in kDa; 

MCal and MDet are molecular masses calculated from the sequence including cofactors and from the 

estimated detergent belt, respectively. The total molecular weights Mtot include both terms (MCal + MDet). 

MGPC are the molecular weights obtained by GPC using the calibration function as derived from Figure 3-

5 (see below). 
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Figure 3-5: Calibration curve of the GPC-column 

(Superose 6) using the set of membrane proteins 

described in Table 3-3. 

 

 

The calibration curve of the used membrane proteins obtained can be fitted well by an 

exponential function, which accurately reproduces the molecular weights of the proteins 

(Table 3-3). For the final PSIIcc monomer fraction used for crystallization, a single highly 

symmetrical peak that corresponds to a molecular weight of 457 ± 20 kDa was obtained 

(Figure 3-6; right panel). This is in a similar range to that reported earlier [14]. In contrast, 

when using the less pure crude fraction of PSIIcc after two chromatography steps, the 

presence of a second complex at higher molecular weight becomes visible (Figure 3-6, left 

panel). As described above, this second peak derives from the ATP synthase that is still 

present in this fraction. According to its absorption behaviour, only a shoulder is detected 

using a wavelength of 280 nm, but a prominent peak is found when 222 nm is used as the 

detector wavelength. Almost no differences between the GPC runs are obtained when using a 

wavelength of 680 nm, where the absorption of the Chla cofactors in PSIIcc is observed.  

 

 
Figure 3-6: GPC of monomeric PSIIcc. 

Analytical GPC runs of monomeric PSIIcc before (left panel) and after the 3rd chromatography step (right 

panel). The detector recorded at three different wavelengths simultaneously: 222 nm (black line), 280 nm 

(blue line) and 680 nm (green line).  



3. Preparation, characterisation and crystallization of PSIIcc monomer 

 55 

Recently, detergent-induced dimerization of monomeric PSIIcc was proposed on the basis of 

BN-PAGE analysis [17]. To analyze the influence of the detergent concentration on the 

oligomerization state of the PSIIcc monomer, GPC at increased detergent concentrations up to 

1 % n-dodecyl-ß-D-maltoside (DDM) was conducted. Comparing the chromatograms 

obtained under standard conditions (0.02 % (w/v) DDM) to that of the highest detergent 

concentration (1 % (w/v) DDM), no indication for detergent-induced dimerization of 

monomeric PSIIcc was found (Figure 3-7). The slope of both curves was found to be nearly 

identical and only a slight deviation within the error-range of the GPC is visible at retention 

volumes corresponding to smaller molecular weights, which could reflect some minor 

influence of the detergent concentration. Similar GPC experiments using dimeric PSIIcc 

complexes showed no indication for dimer dissociation induced by 1 % (w/v) DDM.  

 

 

Figure 3-7: GPC of PSIIcc at different detergent concentrations. 

Gel permeation chromatography of PSIIcc monomer under standard condition (0.02 % DDM; top panel) 

and PSIIcc monomer and homodimer at elevated detergent concentration (1.00 % DDM; bottom panel) 

on a Superose 6 column. The vertical line indicates the peak position found for PSIIcc monomer under 

both conditions.  
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3.3.3 Mass spectrometry  
 
To examine the protein composition of PSIIcc preparations, matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) revealed to be a 

very powerful tool. Especially for the low molecular weight subunits, the accuracy of the 

mass determination, together with the sequence data available, allows not only a confirmation 

of the presence of protein subunits in the sample, but also the determination of their most 

probable post-translational modifications. As the presence of protein contaminants, such as 

subunit c of the ATP synthase at 8235 Da, can be monitored easily, it is also a suitable 

method to prove the purity of a given preparation. For larger proteins (> 30 kDa) only broad 

peaks are obtained, making the assignment of peaks to different PSIIcc subunits difficult. 

Therefore, a combination of SDS-PAGE and MALDI-TOF-MS was used to analyze the 

protein composition (see Figure 3-8 and Figure 3-9). To further analyze mass peaks which are 

overlap in the spectrum recorded in the linear mode, additional measurements in the reflector 

mode were conducted. This allows for the observation of monoisotopic mass peaks and 

provides a clear assignment of the subunits PsbJ and PsbM and their modifications. Figure 3-

8 shows for comparison three MALDI-TOF MS spectra of monomeric (before and after 

crystallization) and dimeric PSIIcc samples. As can been easily seen, all three samples show 

the same MALDI-TOF MS spectra and, therefore, have identical protein composition. The 

differences in the peak intensities are most probably caused by slight variations of the matrix 

(sinalpinic acid) that may differ in their crystallization grade and influence the ionisation of 

the proteins. 

  

For the low molecular weight subunits the masses obtained by MALDI-TOF MS were very 

accurate. This allows the assignment of the post-translational modifications of the subunits. 

There was no difference detectable between dimeric PSIIcc and monomeric PSIIcc samples 

by MALDI-TOF MS (Figure 3-8). Masses for the subunits PsbE, PsbF, PsbH, PsbI, PsbJ, 

PsbK, PsbL, PsbM, PsbO, PsbT, PsbU, PsbV, PsbX, PsbY, ycf12 and PsbZ were found in 

almost all of the samples investigated. In the case of PsbY, only in one out of five spectra 

collected from redissolved PSIIcc monomer crystals was the corresponding peak absent. Due 

to their unfavourable flight behaviour it was not possible to determine the masses of the larger 

intrinsic subunits PsbA to PsbD, but their presence could be confirmed by SDS-PAGE (see 

Figure 3-9). In some measurements broad peaks at masses of ~38240 Da and ~39320 Da were 

observed. These may arise from C-terminal processed PsbA1 ((tlr1843) 1-344; calculated 

mass: 38240.9) and from the unprocessed form of PsbD ((tlrtlr0455); calculated mass: 
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39362.4). According to the data, it is clear that crystallized PSIIcc monomers and dimers 

represent essentially the same complex regarding the protein part suitable for analysis with 

MALDI-TOF MS. Apart from PsbL, whose mass corresponds to its sequence derived from 

the databank and shows therefore no modification, all other small membrane intrinsic and the 

three extrinsic subunits (PsbU, PsbV and PsbO) are N-terminally processed (Table 3-4). 

 

Similar to the modification pattern found for dimeric PSIIcc [12], the monomeric form also 

features a distinct asymmetry of its modification. Subunits oriented with their N-terminus to 

the cytoplasm are found to show cleavage of the N-terminal methionine (PsbE and PsbH) 

which can be accompanied by acetylation (PsbF and PsbJ). For subunits with N-termini 

located in the lumen, either formylation (PsbI, PsbM, PsbT, PsbZ and ycf12) or cleavage of a 

N-terminal presequence (PsbK and PsbX) are found, or both modifications occur (PsbY). This 

asymmetry of the modifications was also found for the five subunits of the ATP synthase that 

were suitable for MALDI-TOF MS analysis (see section 3.3.6). These findings suggest a 

distinct location of the responsible processing enzymes in the lumenal and cytoplasmic 

compartments. Besides the correct targeting of proteins due to signal peptides [176], the other 

N-terminal modification may enable the control of the protein turnover, due to the recognition 

of these proteins by proteases [177]. Therefore, these modifications may play an important 

physiological role for the proper function of the whole photosynthetic machinery. Indeed, 

altered photosynthesis properties were found in a plant mutant missing an N-terminal 

acetyltransferase [178]. 
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Figure 3-8: MALDI-MS analysis of PSIIcc monomer. 

MALDI-MS spectra of PSIIcc monomer before (dark green line) and after (light green line) crystallization 

collected in the linear mode. For comparison a spectrum of redissolved crystals of PSIIcc homodimer is 

also shown (pink line). Mass peaks were assigned to the small membrane intrinsic PSIIcc subunits, 

doubled ionized masses at  1/2 m/z are labeled (2+). 
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Table 3-4: Masses of PSIIcc monomer obtained by MALDI-MS. 

Masses obtained by MALDI-MS in the linear mode from redissolved PSIIcc monomer crystals. Calculated 

masses are given as average mass for [M+H]+ from the sequence of the full length precursor protein. The 

mass difference m was calculated considering the proposed modification and is given in % of the 

observed mass. ac: acetylation; form: formylation; -met1: cleavage of the terminal methionine; haem: 

mass includes haem-cofactor (619 Da). The location of the N-termini of PSIIcc subunits was taken from 

the 2.9 Å crystallographic model (pdb-file 3BZ1). 

 

 

 

Monomeric Photosystem II core complex from redissolved crystals 

Sununit cyanobase 

gene number 

calculated mass 

unprocessed form  

[M+H]+ in Da 

experimental 

determinated 

mass in m/z 

deduced post-

translational 

modification 

m in % 

(considering 

proposed 

modification) 

localisation 

of the N-

terminus 

PsbT tsr1531 3875.8 3904  +form < 0.01 lumenal 

PsbM tsl2052 3980.7 4009  +form 0.01 lumenal 

PsbJ tsr1544 4105.9 4017  -Met1 + ac < 0.01 cytoplasmic 

PsbK tsl0176 5027.1 4101  10-end < 0.01 lumenal 

PsbX tsr2013 5233.4 4190  11-end 0.02 lumenal 

PsbL tsr1543 4298.1 4299  0.02 lumenal 

PsbI tsr1074 4406.3 4435  +form 0.02 lumenal 

PsbY tsl0836 4773.9 4614  3-end + form 0.01 lumenal 

PsbF tsr1542 5066 4977  -Met1 + ac < 0.01 cytoplasmic 

ycf12 tsr1242 5038.2 5067  +form 0.02 lumenal 

PsbZ tsr1967 6765.2 6793  +form < 0.01 lumenal 

PsbH tsl1386 7355 7223  -met1 0.01 cytoplasmic 

  7355 7178  -met -CO2 0.03  

PsbE tsr1541 9573.9 9440  -met1 0.03 cytoplasmic 

PsbV tll1285 15018 11641  31-end 0.04 lumenal 

PsvU tll2409 18028 15743  27-end + heme  0.08 lumenal 

PsbO tll0444 29607.6 26820  27-end 0.02 lumenal 
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The number of unassigned mass peaks could be significantly decreased by the finding that the 

extrinsic subunit PsbV forms heterodimeric complexes with nearly all other PSIIcc subunits 

which could be detected in the mass region between 19000 to 26000 Da. Even in the higher 

mass regions (27000 to 48000 Da) peaks were found that most likely represent PsbV-

containing multimers. Taking this into account, all peaks obtained by MALDI-TOF MS could 

be assigned to the PSIIcc subunits described above. In contrast, all samples of the crude 

PSIIcc monomer fraction before the 3rd chromatography step showed the prominent mass 

peak at 8235 m/z that derives from the subunit c of the ATP synthase, and other peaks that 

could be assigned to ATP synthase subunits could also be detected regularly (as described in 

section 3.3.6). 

 

 

Figure 3-9: SDS-PAGE of PSIIcc monomer fractions. 

Silver stained SDS-PAGE of fractions derived during the 3rd iex-chromatography step at pH 5.0 of 

monomeric PSIIcc. Lane 1: crude monomeric PSIIcc before the 3rd iex-chromatography step, Lane 2: 

flowthrough (phycobilisome proteins); Lane 3: begin of the ATP synthase peak; Lane 4: end of the ATP 

synthase peak; Lane 5: PSIIcc monomer before crystallization; lane 6: redissolved monomeric PSIIcc 

crystals; lane M: proteinmarker (low molecular weight marker kit (Amersham Bioscience, Germany)), 

molecular weights are given in kDa. Subunits of ATP synthase and PSII are indicated.  The lower 

molecular weight bands (visible below Cyt b-559 α) arise from electrophoretic unresolved low molecular 

weight subunits from PSIIcc. 
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3.3.4 Dynamic light scattering 
 
A prerequisite for successful protein crystallization is a highly pure, homogenous protein 

sample in sufficient amount. Nevertheless, the propensity to crystallize is believed to be an 

intrinsic property of the protein. The regular arrangement of the proteins in the lattice requires 

consistent stereospecific interactions, whereas unspecific interactions between the proteins 

result in aggregation, which reduces the crystallization probability [179]. Therefore, dynamic 

light scattering (DLS) was used to analyze the aggregation behaviour of the monomeric 

PSIIcc samples used for crystallization. This was of special importance as it has been 

suggested that PSIIcc monomer preparations from T. elongatus aggregate even at low protein 

concentration [14]. DLS is not a suitable method to accurately discriminate between the 

monomeric and the dimeric form of PSIIcc, since the difference of their hydrodynamic radii is 

only approximately 20 %, which is of the same order of magnitude as the experimental error 

typical for DLS experiments [14]. Despite this limitation, DLS enables one to determine 

whether the PSIIcc monomer preparation contains a contribution from oligomers or larger 

aggregates by analyzing the distribution of hydrodynamic species. Thus, an increased 

polydisperity, visible as a broader peak for the diffusion coefficient DZ, is expected even for 

samples containing a mixture of monomers and dimers. The use of a laser at 833 nm 

wavelength avoids interference to the measurements from light absorption by protein-bound 

chlorophylls and, therefore, allows measurements at high protein concentrations to be 

conducted. The particle distribution of PSIIcc monomer was examined from a moderate 

protein concentration (0.8 mg/ml) up to high protein concentrations (6.0 mg/ml), which is the 

range suitable for protein crystallization. 
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When analyzing the crude fraction of monomeric PSIIcc before the 3rd chromatography step 

(as in [13]) the autocorrelation function did not represent a monomodal size distribution and 

aggregates of higher molecular weight were detected (Figure 3-10). This indicates that the 

PSIIcc monomer aggregates to some extent with other hydrophobic molecules present, such 

as the ATP synthase. This observation is in agreement with the results of an earlier study in 

which a similar crude PSIIcc monomer fraction was analyzed by DLS and analytical 

ultracentrifugation [14].  
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Figure 3-10: DLS of the crude PSIIcc monomer fraction. 

DLS experiment using the crude PSIIcc monomer fraction obtained after the 2nd chromatography step at 

a protein concentration of 0.85 mg/ml.  Left panel: the experimental obtained autocorrelation function 

(blue line) was fitted with a single exponential function as expected for ideal monodisperse particles (red 

line). Right panel: Histogram derived from a regularization analysis, which estimates the distribution of 

species sizes that would yield the measured autocorrelation function. 

 

 

 

In contrast, the PSIIcc monomer samples used for crystallization showed a monodisperse 

particle distribution with an average polydispersity of 9.1 ± 1.3 % and a hydrodynamic radius 

of 5.9 ± 0.1 nm (Figure 3-11 and Figure 3-12). No indication was found that increased protein 

concentration alters the hydrodynamic radius or the polydispersity of the protein solution. The 

hydrodynamic radius of 5.9 ± 0.1 nm derived from the measurements is in agreement with the 

structural model of the PSIIcc monomer. Furthermore, no difference between PSIIcc 

monomer prepared at pH 5.0 and pH 6.0 could be observed by DLS. 

 

 



3. Preparation, characterisation and crystallization of PSIIcc monomer 

 63 

 

 

10 0 10 1 102 103 104 105 106
1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

experimental data
exponential fit

in
te

ns
ity

au
t o

c o
rr

el
a t

io
n

time / µs

1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
0

20

40

60

80

100

%
in

te
ns

ity

D
Z

/ cm 2 s-1

PSIIcc monomer
4.3 mg/ml

10 0 10 1 102 103 104 105 106
1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

experimental data
exponential fit

in
te

ns
ity

au
t o

c o
rr

el
a t

io
n

time / µs

1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-310 0 10 1 102 103 104 105 106
1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

experimental data
exponential fit

in
te

ns
ity

au
t o

c o
rr

el
a t

io
n

time / µs

1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
0

20

40

60

80

100

%
in

te
ns

ity

D
Z

/ cm 2 s-1

PSIIcc monomer
4.3 mg/ml

 

Figure 3-11: DLS of the final PSIIcc monomer fraction. 

DLS experiment conducted with a PSIIcc monomer fraction used for protein crystallization. Left panel: 

the experimental obtained autocorrelation function (blue line) was fitted with a single exponential 

function as expected for ideal monodisperse particles (red line). Right panel: Histogram derived from a 

regularization analysis, which estimates the distribution of species sizes that would yield the measured 

autocorrelation function. 

 

 

 

 

Figure 3-12: Hydrodynamic radii of PSIIcc monomer at different protein concentrations. 

Influence of the protein concentration of monomeric PSIIcc on the hydrodynamic radius RH (closed 

cycles) as derived from DLS measurements. Open triangles show the polydispersity (in %) of the sample 

representing the degree of homogeneity. A sample is considered to be hydrodynamic homogenous when 

the percentage of polydispersity is less than 15 %.   
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The structure of PSIIcc monomer indicates a distance between the cytoplasmic and the 

lumenal side of ~10 nm (see section 3.6.1). Along the membrane-plane the distances are ~ 7 

nm and ~ 10 nm, due to the elliptical shape of the complex. Assuming that a detergent belt in 

the form of a monolayer ring of ~ 25 Å thicknesss surrounds the complex, one obtains an 

average diameter of ~ 13.4 nm in this dimension. This would also be consistent with the range 

of radii obtained by DLS. For the determination of the molecular weight (MDLS) from the 

hydrodynamic radius two approaches have been tested. The first, yielding an MDLS of 680 ± 

35 kDa, is based on a geometric model with the assumption of a spherical shape of the 

scattering particle and a partial specific volume of v = 0.76 cm3/g [14]. The second is based 

on an empirical function implemented in the DLS software (Dynamics 6.9.2.9, Wyatt 

Technology, Santa Barbara, CA, USA) determined using protein standards between ~17 and 

~750 kDa and provides an MDLS of 214 ± 9 kDa. Both values are significantly different from 

both the molecular weight obtained by GPC and the calculated molecular weight based on the 

crystal structure. This deviation most probably arises from the shape of the complex that 

strongly deviates from a sphere. This emphasizes the limits of DLS to accurately determine 

the molecular weight of a protein. Interestingly, the mean value of both approaches MDLS (447 

kDa) is in good agreement with the theoretical value and the data obtained by GPC. 

Nevertheless, the data obtained by DLS suggests that the PSIIcc monomer preparation 

possesses suitable properties for protein crystallization.  

3.3.5 Spectroscopic quantification of β-carotenes 
 
It is possible to assign the positions of larger tetrapyrrole cofactors such as Chla and 

pheophytina molecules via an electron density map at medium resolution range. In contrast, 

the smaller and more flexible cofactors, e.g. carotenes and lipids, are often difficult to assign. 

Therefore, the structural analysis can be supported by independent determination of the 

cofactor composition in a given sample. For PSIIcc from T. elongatus this has been 

extensively performed in [124] for both PSIIcc monomer and PSIIcc dimer. The limits of the 

applied analytical methods become visible when comparing the number of cofactors derived 

from this analysis with that found in the currently most highly resolved structural model of 

PSIIcc at 2.9 Å resolution [12]. The number of lipids in dimeric PSIIcc was estimated to be 

20 ± 8 based on gas chromatographic quantification of fatty acids after lipid separation by thin 

layer chromatography. In contrast, X-ray crystallographic analysis revealed a lipid content of 

50 lipids in dimeric PSIIcc. This difference indicates a high variability of the lipid content in 

PSIIcc or a systematical underestimation introduced by the biochemical lipid analysis. More 
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reliable was the quantification of Chla, where the numbers of 35 ± 2.6 and 34 ± 2.1 derived 

from monomeric and dimeric PSIIcc [124] are in good agreement with the structural model 

containing 35 Chla. For β-carotenes the values of 8 ± 1 for monomeric and 9 ± 1 for dimeric 

PSIIcc are lower than the number of 12 β-carotenes found in the crystal structure. As the Chla 

content was found to be dependable and to further reduce the error sources of the method, the 

new quantification of the β-carotene content in PSIIcc monomer was based on the identical 

Chla content in dimeric and monomeric PSIIcc. The difference spectrum of pigments from 

the two forms in aqueous acetone shows the typical bands of the absorption spectra of β-

carotene (Figure 3-13). Based on this, the newly calculated carotene content was found to be 

1.3 ± 0.2 β-carotene per RC less for monomeric PSIIcc, compared with the dimer. Since 12 β-

carotene molecules were assigned for dimeric PSIIcc, this results in approximatly 11 

carotenes per PSIIcc monomer. Thus, the vast majorities of the carotene molecules are also 

present in the PSIIcc monomer. Furthermore, the carotene content was found to be the same 

in PSIIcc monomer samples before and after crystallization, indicating that no β-carotene was 

lost during crystallization. 

 

Figure 3-13: Spectroscopic quantification of carotens. 

Absorption spectra of pigments extracted from PSIIcc monomer (black line) and PSIIcc dimer (green 

line) normalized to the absorption at 664 nm. The difference spectrum of both complexes (red line, 

multiplied by 10, absorption at 454 nm is given) indicates that the carotene content in PSIIcc monomer is 

lowered by approximatly one carotenoid molecule (1.3 ± 0.2) compared to PSIIcc dimer.  
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3.3.6 Characterisation of ATP synthase from T. elongatus 
 
Although it was not the goal of this work, the ATP synthase from T. elongatus, as the major 

contamination of the crude PSIIcc monomer fraction, became suitable for further analysis. 

SDS-PAGE analysis of the ATP synthase-containing fraction revealed that all ATP synthase 

subunits were present [180], but in most cases some additional bands arose either from 

phycobilisomes or from PSIIcc subunits (see section 3.3.3; Figure 3-9). The complex had a 

molecular weight of 858 ± 21 kDa as shown by GPC, which is similar to the size found for 

homodimeric PSIIcc (846 ± 42 kDa) (see section 3.3.2; Table 3-3). The chromatogram of the 

GPC features an additional broad peak that corresponds to a molecular weight of 

approximately 37 kDa and may indicate some dissociation of ATP synthase subunits or 

remaining contamination from phycobilisome proteins. Early GPC experiments on PSIIcc 

monomer with detection at 280 nm suggested a partial dimerization at higher protein 

concentration, visible as a slight shoulder with an elution volume similar to PSIIcc dimer [14]. 

Due to the similar molecular weights of the ATP synthase and PSIIcc dimer it is reasonable to 

assume that this shoulder may arise from ATP synthase still present in the sample. Using 

MALDI-MS we detected the mass peaks of the five small ATP synthase subunits, which 

enabled us to assign their post-translational modification (Figure 3-14; Table 3-5). We found 

all subunits to be most probably N-terminally processed: the cytoplasmically localized 

subunits ε and δ show cleavage of the terminal Met, whereas the remaining subunits, which 

are membrane intrinsic and have their N-termini exposed to the lumen are either formylated 

(subunit b´), the N-terminal presequence is cleaved (subunit b), or both modifications occur 

(subunit c). This asymmetry of modifications is in agreement with the pattern found for the 

small membrane intrinsic subunits of PSIIcc (see section 3.3.3; and in (1)) and suggests that 

thylakoid membrane proteins in cyanobacteria share the same set of modifying enzymes, 

which may help to control the correct building of the photosynthetic machinery due to a 

general influence of N-terminal modification on protein stability [177]. 
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Figure 3-14: MALDI-MS analysis of the ATP synthase. 

MALDI-MS spectra from the ATP synthase collected in the linear mode. Left panel: mass range 7000 to 

8000 m/z; right panel: mass range 13500 to 21000. Mass peaks [M+H]+ were assigned to ATP synthase 

subunits as indicated.  

 

ATP synthase from T. elongatus 
Sununit cyanobase 

gene 

number 

calculated mass 

unprocessed 

form  [M+H]+ 

in Da 

experimental 

determinated 

mass in m/z 

deduced post- 

translational 

modification 

m in % 

(considering 

proposed 

modification) 

localisation of 

the N-terminus 

subunit c tlr0431 10140.9 8235  18-end +form 0.01 lumenal 

c2 dimer  20281.8 16473  18-end +form 0.02  

subunit ε tlr0526 14750.8 14619  -met1 < 0,01 cytoplasmic 

subunit b´ tlr0432 15467.7 15497  +form 0.01 lumenal 

subunit b tlr0433 19629.5 18436  12-end 0.01 lumenal 

subunit δ tlr0434 20634.9 20507  -met1 0.02 cytoplasmic 

 

Table 3-5: Masses of the ATP synthase subunits obtained by MALDI-MS. 

Masses obtained by MALDI-MS in the linear mode of the ATP synthase, including the assignment to 

protein subunits. Calculated masses are given as average mass for [M+H]+ from the sequence of the full 

length precursor protein; the mass difference m was calculated considering the proposed modification 

and is given in % of the observed mass. form: formylation; -met1: cleavage of the terminal methionine. 

The location of the N-termini of the ATP synthase subunits was taken according to the homologue F0F1 

complex from E. coli [181]. 
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The presence of ATP synthase in the indicated fraction was also verified by measuring the 

enzymatic hydrolysis of ATP. We obtained a specific hydrolysis rate of 41 ± 8 mU/mg for the 

initial crude PSIIcc monomer fraction (before the 3rd chromatography step as in [13]) and 72 

± 6 mU/mg in the ATP synthase fraction after the 3rd chromatography step. That is in a 

similar range to that found for purified F1F0 complexes from the thermoalkaliphilic Bacillus 

sp. in inverted membrane vesicles [182], but low compared to the hydrolysis rate found for 

F1F0 –ATP synthase from E. coli (2.9 U/mg, [183]). The low ATP hydrolysis activity of the 

ATP synthase from T. elongatus is in agreement with the strong inhibitory effect of the ε-

subunit as found for a recombinant α3β3γδε-complex from the same organism [184]. It was 

proposed that the ε-subunit exists at least in two distinct conformations with its C-terminal 

domain either facing towards F1 (up-state) or F0 (down-state) [185, 186]. In the up-state 

conformation ATP hydrolysis but not ATP synthesis is strongly inhibited, whereas in the 

down-state the enzyme works in both directions (hydrolysis and synthesis) equally. As 

proposed by Hara et al. [187], the up-state conformation may be stabilized due to electrostatic 

interaction between the C-terminus of the ε-subunit and a motif of negatively charged amino 

acids (DELSEED) of the β-subunit. This motif is highly conserved in cyanobacteria and is 

also present in the β-subunit of ATP synthase of T. elongatus. In the fraction of PSIIcc 

monomer that has been used for crystallization, no enzymatic ATP hydrolysis could be 

detected.  
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3.4 Crystallization of monomeric PSIIcc 

In order to find crystallization conditions for monomeric PSIIcc, a broad crystallization screen 

was set up using the sitting drop vapour diffusion method. The initial screen includes Crystal 

screens 1 and 2, Membfac screen, Index screen, SaltRx 1 and 2, PEG/Ion screens 1 and 2, 

Natrix screens 1 and 2, and the Grid screens PEG 6K, PEG 6K/LiCl, ammonium sulfate, 

sodium chloride, sodium malonate, Quick screen, all from Hampton research. Additionally, 

the JBScreens Membrane 1, 2 and 3 (Jena Bioscience) and the MbclassII suite (Qiagen) were 

also tested. As a further variation, each condition was tested using three different protein 

concentrations (3, 1 and 0.5 mM Chla, corresponding to a protein concentration of ~ 25, 8.5 

and 4.3 mg/ml). When the crystallization condition included a higher portion (> 10 %) of 

unpolar solvent molecules (e.g. propanol, hexane, (2-methyl-2,4-pentandiol) MPD), dark 

green drops and red, branched crystals were regularly obtained. This indicates the release of 

hydrophobic cofactors present in PSIIcc, such as Chla and carotenes. Only under two 

conditions were crystallite-like structures observed. Whereas one condition (30 % Jeffamine 

M-600, 0.1 M MES pH 6.5, 0.05 M CsCl2) failed to reproduce the initial observation and no 

further progress could be obtained, the other (30 % PEG 400, 0.1 M Na HEPES pH 7.5, 0.2 M 

CaCl2) produces microcrystals after fine adjustment of the PEG concentration. Improvement 

of the growth condition, leading to larger crystals, was achieved by successive variations of 

the protein/PEG ratio in sitting drop vapour diffusion and in microbatch set-ups. The first 

crystals that could be measured at synchrotron X-ray sources diffracted to a maximum 

resolution of ~ 7.5 Å. These crystals had dimensions of approximately 100 x 50 x 50 µm and 

a half-moon like morphology. Further improvements of the crystallization conditions turned 

out to be difficult since the diffraction quality of crystals strongly varied between different 

PSIIcc monomer preparations and even crystals grown on the same drop significantly differed 

regarding the maximum resolution limit attained. In general, only ~ 50 % of the PSIIcc 

monomer samples, prepared at pH 5.0 (see section 3.2.2), yielded crystals that could be used 

for X-ray diffraction experiments. To test the influence of buffer, salt and PEG on the 

crystallization behaviour, several crystallization set-ups were performed. The pH was varied 

using MES, MOPS, PIPES and HEPES as buffer substances with overlapping pH-intervals 

ranging from pH 5.5 (MES) to pH 8.5 (HEPES). Whereas pH values lower than 6.5 and 

higher than 7.5 led to distorted crystals, single crystals were obtained in the pH range around 

pH 7.0. As no significant differences between crystals grown with PIPES or MOPS at pH 7.0 

were found in terms of their growth rate and diffraction quality, PIPES at pH 7.0 was used as 
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the base for further crystallization of PSIIcc monomer. The influence of the CaCl2 was tested 

by varying its concentration in the crystallization set-ups from 50 to 200 mM. The 

concentration range of CaCl2 is limited because it becomes insoluble at concentrations above 

200 mM in the presence of high amounts of PEG 400. At 150 mM CaCl2 crystals with higher 

irregularity to that grown with 200 mM CaCl2 were observed and at 100 mM and below only 

crystallite-aggregates could be obtained, accompanied by phase separation. Phase separation 

also occurred when CaCl2 was replaced by MgCl2 or a mixture of equal amounts of both was 

used. Therefore, the CaCl2 concentration of 200 mM, i.e., identical to the concentration 

derived from the initial conditions found, had to be kept unchanged. The concentration of the 

precipitant PEG 400 relative to the protein concentration was found to have a major influence 

on the crystallization. The PEG range that yielded single crystals of a suitable size was 18 to 

20 % when using a concentration of 1.5 mM Chla (protein concentration ~ 12 mg/ml). At 

higher protein concentrations (3 – 2 mM Chla), the PEG range was narrowed and slightly 

shifted to 16 to 18%, whereas at lower protein concentrations (1 – 0.5 mM Chla) the PEG 

range needed was broader (20 to 24 %), but only smaller crystals, often grown together, were 

obtained. Several PEG derivatives were tested in the presence of 200 mM CaCl2 for their 

ability to crystallize PSIIcc monomer: PEG 300, PEG 400, PEG 550 MME, PEG 600, PEG 

1000 and PEG 2000. PEG 300 yielded smaller, more crowded crystals compare to PEG 400 

and other PEG derivatives failed to produce crystals at all, but led to amorphous precipitation 

and/or phase separation. No difference regarding the growth rate, the crystal morphology and 

diffraction quality was found using vapour diffusion methods (sitting or hanging drop) or 

micro batch. As the vapour diffusion set-ups possess several disadvantages, inter alia due to 

the reduced surface tension caused by the detergent, the vast majority of the crystals were 

grown using the microbatch method. Batch crystallization was performed at 20 °C by mixing 

equal amounts of protein and precipitant solution and placing 4 – 6 µl drops  in 96 well plates 

(imp@ct plate, Greiner Bioscience, Germany), which were covered by sealing tape. No single 

crystals suitable for X-ray diffraction experiments were obtained when crystallization was 

performed at 4 °C. Finally, the most frequently used conditions for crystallization of PSIIcc 

monomer were (all given as f.c.) 1.5 mM Chla, ~ 19 % PEG 400, 0.1 M PIPES pH 7.0, 0.2 M 

CaCl2, 0.01 % DDM. The first crystals were obtained after approximately three days and grew 

to maximum dimensions of ~ 1.0 x 0.6 x 0.2 mm within one to two weeks. The crystals were 

of a crescent shape and diffracted to resolutions of 5.0 to 4.0 Å. In rare individual cases, 

crystals of more angular morphology were obtained showing an improved diffraction quality 

with a maximum resolution of 3.5 Å. No difference between crystals grown from PSIIcc 
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monomer prepared at pH 5.0 and those grown from preparations at pH 6.0 could be observed 

regarding their diffracting power. Nevertheless, the reproducibility of crystal growth and 

diffraction quality was improved when PSIIcc monomer was prepared at pH 6.0, especially 

when only the P1-fraction of the final chromatography peak was used for crystallization (see 

section 3.2.2; Figure 3-4). The P1-fraction that elutes first from the column regularly yielded 

single crystals with angular morphology and an improved resolution range between 4.0 and 

3.5 Å (Figure 3-15). In some cases crystals of nearly perfect diamond-shaped morphology 

could be obtained (Figure 3-16). Although a resolution of 3.5 Å had been reached before 

(using the pooled fractions of the final PSIIcc monomer peak), the amount of well diffracting 

crystals was significantly increased by this procedure. 

 

In contrast, the remaining part (P2-fraction) of the PSIIcc monomer peak was not able to 

crystallize well (Figure 3-15). If crystals were obtained from this fraction, they were small, of 

irregular morphology and accompanied by phase separation. The reason for the different 

crystallization behaviour of these fractions remains enigmatic, as both have the same 

properties when analyzed by DLS and GPC. Furthermore, no difference between fraction P1 

and P2 was found regarding their oxygen evolution activities. For the PSIIcc monomer 

preparation at pH 5.0, the crystallization behaviour of different parts of the final PSIIcc 

monomer peak have not been systematically analyzed. Nevertheless, for two preparations at 

pH 5.0 a similar trend regarding the different propensity of the early and late eluting fractions 

to crystallize has been observed.  

 

 

Figure 3-15: Crystallization of the P1- and P2-fractions of the PSIIcc monomer preparation. 

Light microscopic picture of PSIIcc monomer crystals derived from the same preparation. The left 

pictures shows crystals derived from the P1 fraction of the 3rd chromatography step, whereas in case of 

the right picture the P2 fraction was used. Both crystallization set ups were conducted under identical 

conditions. 
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Figure 3-16: Light microscopic picture of PSIIcc monomer crystals 

with angular morphology. 

In the upper panel the diamond-like shape of these crystals is visible. 

The lower panel shows crystals of optimal dimension for X-ray 

diffraction experiments.  
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3.5 Structure determination of monomeric PSIIcc 

During this work more than 400 crystals of PSIIcc monomer were screened for their 

diffraction quality at synchrotron sources. The initial resolution limit of ~ 7.5 Å could be 

improved to a final resolution of 3.6 Å. This was mainly achieved due to the improvement of 

the preparation, as described above. Since the concentration of PEG 400 in the crystallization 

set-ups was rather high (~ 20 % w/v), cryo-conditions could be provided by soaking of the 

crystals in a similar solution as the mother liquor but with a higher concentration of PEG 400 

(~ 28 – 30 % w/v). Similar to the crystals derived from dimeric PSIIcc, we observed a 

significant decrease in the diffraction quality when PSIIcc monomer crystals were frozen and 

stored in liquid nitrogen. The resolution limit of PSIIcc monomer crystals treated this way 

was decreased by ~ 1 to 1.5 Å compared to crystals from the same preparation frozen directly 

under a nitrogen gas stream at 100 K at the synchrotron beamline. The space group was found 

to be C2221 and the unit cell constants were a = 119.9 Å, b = 224.7 Å, c = 337.3 Å. Similar 

to crystals of PSIIcc dimer, non-isomorphism was frequently observed, most pronounced 

regarding the c – axis of the unit cell. Eight PSIIcc monomers were found in the unit cell, with 

one PSIIcc monomer forming the assymmetric unit. 

   

The PSIIcc monomer crystals showed the same diffuse background scattering as observed for 

crystals of PSIIcc homodimer. The diffraction pattern of the crystals close to the hk0 plane (as 

shown in Figure 3-17A) was highly isotropic with a maximum resolution of 3.5 Å. In contrast, 

the resolution limit was slightly lower in the 0kl plane with spots visible up to ~ 3.8 Å (not 

shown). Nevertheless, the anisotropy of the diffraction is less pronounced in the crystals of 

PSIIcc monomer compared to the crystals of PSIIcc dimer. For the latter, the resolution limits 

in the best diffracting orientation often differ by ~ 0.4 to 0.8 Å (as shown in Figure 3-17B) 

and even stronger reduction of the resolution is observed for the low diffracting orientation. 

 

Radiation damage was a factor that reduced the final resolution range. This damage could be 

observed as a decline in the diffraction power during the measurements. Due to this, the beam 

position had to be shifted along the crystal to collect a whole dataset. Furthermore, the region 

where the X-ray beam passes the crystal became visible due to a characteristic colour change 

from dark green to black (Figure 3-18). Despite these limitations, it was possible to process 

the data to a final resolution of 3.6 Å (Table 3-6).    
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Figure 3-17: Diffraction images of PSIIcc monomer and dimer crystals. 

Typical diffraction images of PSIIcc monomer crystals (A) and of PSIIcc dimer crystals (B). The violet 

circles correspond to the resolution in Å as indicated. Red and green boxes show enlarged views of the 

corresponding areas. A) Diffraction image of a PSIIcc monomer crystal with nearly isotropically 

distributed spots visible up to a resolution of ~ 3.5 Å (green and red boxes). B) Diffraction image of PSIIcc 

dimer crystal that diffracts to a maximum resolution at ~ 3.1 Å in one direction (green box). Due to the 

strong anisotropy of the diffraction, the resolution limit is reduced to ~ 4.0 Å in the other direction (red 

box).  
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200 m µ    
 

Figure 3-18: PSIIcc monomer crystal after data collection.  

The six segments where the data collection took place are visible due to the colour change from green to 

black. 

 

Data collection of PSIIcc monomer  

X-ray source ESRF (Grenoble), ID29 

Wavelength [Å] 0.97915 

Resolution [Å] 30-3.6 (3.7-3.6)a 

Measured reflections 195025 

Unique reflections 47417 
Rsym 0.075 (0.689)a 

Completeness [%] 89.2 (68.9)a 

Redundancy 4.11 

I/δ 11.3 (2.34)a 

 

Table 3-6: Crystallographic statistics of the 3.6 Å dataset derived from a PSIIcc monomer crystal. 
aValues in parentheses apply to the highest resolution shell. 

 

All data processing, model building and refinement was done in the group of W. Saenger, FU 

Berlin, by A. Gabdulkhakov and A. Guskov. The structure of the PSIIcc monomer was solved 

by the molecular replacement method [141] using one monomeric part of the 2.9 Å resolution 

structure of homodimeric PSIIcc ([12]; PDB entry 3BZ1) as a search model. The structure 

was refined with the rigid-body procedure for the protein part of the complex and the 

annealing procedure for the cofactors [142, 143]. The reliability of the assignment of each 

cofactor was probed by the calculation of OMIT maps, which serve to reduce possible model 

bias problems introduced after molecular replacement. The final model of PSIIcc monomer 

that has been obtained shows R/Rfree factors of 0.297/0.308, with r.m.s. deviations from ideal 

geometry of 0.013 Å for bond lengths and 2.1° for bond angles (Table 3-7). 
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Refinement statistics for the 3.6 Å model of PSIIcc 
monomer 
Resolution [Å] 30-3.6 (3.83-3.6)a 

No. Reflections 47332 

Rwork/Rfree 29.7/30.8 (45.4/45.7)a 

r.m.s. deviations 

   Bond lengths (Å) 0.013 

   Bond angles (°) 2.1 

 

Table 3-7: Refinement statistics for the 3.6 Å model of PSIIcc monomer.   
aValues in parentheses apply to the highest resolution shell. 
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3.6 Structure of monomeric PSIIcc 

3.6.1 Dimension of PSIIcc monomer 
 

The overall dimension of the membrane intrinsic part of the complex is about 7 nm x 10 nm 

and shows an elliptical shape. Several large protrusions of up to approximately 5 nm are 

visible on the lumenal side which represent the large solvent exposed loops of CP 43 and CP 

47 and the three extrinsic subunits (Figure 3-19). Whereas the transmembrane helices (TMH) 

are around 4 nm long, the cytoplasmic side of the protein is rather flat. Main features of the 

electron density map are the 35 TMH that are visible as elongated cylinders. In many cases 

protrusions arising from bulky aromatic amino acid residues are resolved. Furthermore, most 

of the loops connecting the TMH of the larger intrinsic subunits or the solvent-exposed 

regions of the extrinsic subunits are clearly visible in the electron density map. 

 

 

 
 
Figure 3-19: Dimension of the PSIIcc monomer. 

(left) Side view of the PSIIcc monomer (towards the dimerization surface). Only the protein subunits are 

drawn as cartoons and coloured and numbered as follows: D1 (yellow), D2 (orange), CP43 (magenta), 

CP47 (red), PsbE (cyan, 1), PsbF (green, 2), PsbO (green), PsbU (pink), PsbV (blue) and the remaining 

subunits grey: PsbH (3), PsbI (4), PsbJ (5), PsbK (6), PsbL (7), PsbM (8), PsbT (9), PsbX (10), ycf12 (11) 

and PsbZ (12a and 12b).  

(right) Top view onto the PSIIcc monomer from the cytoplasm. Only the TMH of the subunits are shown 

as cylinders and the non-heme iron (blue sphere) located on the pseudo-C2 axis of the RC.  
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The most prominent features at higher contour level arise from the electron-rich heavier atoms 

of the complex, namely: the non-heme iron, the iron-containing heme-groups of the 

cytochromes and the manganese of the Mn4Ca cluster. The following sections give an 

overview on the structural model of the PSIIcc monomer, focussing on the comparison with 

the structure of the dimer. A more detailed description of the currently most highly resolved 

crystal structure of PSIIcc dimer is presented in the thesis of A. Guskov.   

3.6.2 Crystal packing of PSIIcc monomer 
 
Although there are eight monomeric PSIIcc complexes found in the unit cell, its volume is 

only slightly (~ 3 %) larger than the unit cell of crystallized dimeric PSIIcc containing four 

dimers. This indicates an almost equally density of packing of the complexes in both crystal 

forms. This is remarkable, since the surface of the membrane-intrinsic parts of the monomer 

is increased by approximately 20 % per RC compared to the dimer. This additional surface 

(the dimerization surface of PSIIcc monomer) has to be covered by a detergent belt and does 

not contribute to symmetry contacts within the crystal. Nevertheless, the proportion of the 

surface involved in crystal contacts is increased in the monomer (0.71 %) compared to the 

dimer (0.58 %).  

 

Figure 3-20A shows the packing of the PSIIcc monomers in the unit cell viewed along the 

crystallographic b-axis where three regions of crystal contacts can be distinguished (Figure 3-

20A: cycles A, B and ellipse C). The vast majority of the crystal contacts are provided by the 

membrane-extrinsic subunit PsbV and the lumenal parts of PsbB, PsbE and PsbH. This 

solvent-exposed region is characterized by polar side chains that form at least 24 hydrogen 

bonds between monomers that are rotated 180° relative to each other by virtue of the 

crystallographic C2 axes (Figure 3-20A, ellipse C). Apparently, these contacts lead to the very 

tight arrangement of the monomers responsible for the dense packing of PSIIcc monomer in 

the crystals. Two further contacts are provided by the large membrane-extrinsic subunit PsbO. 

The extended lumenal loop of PsbO provides two hydrogen bonds with the neighbouring 

monomer (Figure 3-20A, circle A), thereby interacting with the N-terminal loop of PsbF 

(PsbO-Ser115 … PsbF-Asp12) and also contacting the N-terminal short α-helix of PsbE, 

which is located nearby (PsbO-Lys112 … PsbE-Pro10). Due to its participation in symmetry 

contacts the N-terminus of PsbF becomes better defined, which enables the assignment of 

three additional amino acid residues (PsbF-Gln8, Glu9 and Pro10). Another hydrogen bond is 

found between the PsbO-Thr51 and the N-terminus of PsbA (PsbA-Asn12) that would 
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complete the attractive interaction for this direction of the lattice (Figure 3-20A, circle B). 

The contacts along the b-axis are so far not obvious (Figure 3-20B), but there are two regions 

where protein subunits of different monomers approach each other by 5 – 6 Å. These 

comprise the C-termini of PsbM (PsbM-Gln33; Figure 3-20C) and the N-terminus of PsbH 

(PsbH-Arg4) facing the loop of PsbC that connects transmembrane α-helices (TMH) c and d 

(not shown). Since the monomers are oriented with their membrane planes nearly parallel to 

the crystallographic b-axis (Figure 3-20B), the detergent belt may prohibit close interactions 

between neighbouring complexes.  

 

There is enough space between the PSIIcc monomers to accommodate a detergent belt in the 

form of a monolayer ring of 25 Å thickness, in agreement with simple geometric models [188, 

189]. The only exception is the region close to the C-terminus of PsbM, where the detergent 

belts of the two adjacent monomers are probably partly fused or squeezed (Figure 3-20C). In 

the following, the term dimerization surface exclusively refers to monomeric PSIIcc and 

corresponds to the monomer-monomer interface in dimeric PSIIcc.  
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Figure 3-20: Arrangement of the PSIIcc 

monomers in the unit cell. 
A) Side view towards the a/c-plane. All 

protein subunits are in cartoon representation, 

for clarity only subunits that contribute to 

crystal contacts are coloured, all other 

subunits are shown in grey. The violet circles 

(A, B) and the ellipse (C) mark crystal 

contacts described in the text. Protein 

subunits that contribute to crystal contacts 

are coloured as following: D1 (yellow), CP43 

(red), PsbE (magenta), PsbF (cyan), PsbH 

(orange), PsbV (blue) and PsbO (green). 

 

B) View onto the a/b-plane of the unit cell. 

Three neighbouring PSIIcc monomers are 

shown in cartoon representation and are 

coloured yellow, pink and light blue. The 

membrane planes of the complexes drawn as 

transparent trapeziums are oriented parallel 

to the crystallographic b-axis. The angles 

between the membrane normal (violet arrow) 

and the b-axis (87°, green) and the a-axis (35°, 

yellow) are given.  

 

 

 

 

 

 

C) Two monomers with their dimerization surface oriented towards each other. The monomers are 

related by the crystallographic C2-symmetry axis (a-axis) located between their PsbM subunits (coloured 

white in space-filling representation). For clarity only protein subunits, lipids and detergent molecules are 

shown; protein subunits in cartoon representation are coloured as follows: D1 (yellow), D2 (orange), CP43 

(magenta), CP47 (red), cyt b-559 (PsbF (cyan) and PsbE (green)), PsbU (pink), PsbV (blue), PsbO (green) 

and the remaining small subunits (grey). Lipids (cyan) and detergent molecules (brown) are drawn in 

space filling representation. The red circle marks a lipid/detergent cluster located at the dimerization 

surface. 
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3.6.3 The protein subunits 
 

The quality of the data allows the unambiguous assignment of the main chain folding of 19 

polypeptide subunits, and no major changes compared to the dimeric PSIIcc structure could 

be detected. No electron density was found for the peripheral subunit PsbY, although its 

presence would not lead to sterical conflicts within the crystal. Remarkably, no differences 

were found for the lumenal loops, although these parts interact strongly in crystallized PSIIcc 

monomer (see Figure 3-20A; ellipse C). This finding indicates that the different crystal 

contacts in the two crystal forms of PSIIcc have only minor or no influence on the 

conformation of the protein backbone [190].  

 

The RC is formed by subunits D1 and D2 (each protein contains 5 TMH) that harbour the 

redox-active cofactors of the electron transfer chain. Similar to subunit L and M of the pbRC, 

D1 and D2 follow a pseudo-C2 symmetry [150]. The D1 protein has the highest turnover rate 

of all PSIIcc polypeptides [30]. Damaged D1 is frequently replaced by a newly translated 

subunit. This repair cycle most probably involves a monomerization of PSIIcc and N-terminal 

proteolytic degradation of D1 by FtsH-proteases [191]. In the structure of the PSIIcc 

monomer, the N-terminal part of D1 (including TMH A) is highly exposed to the membrane 

phase and may, therefore, be more accessible for FtsH-proteases than in the dimer. However, 

in the model of PSIIcc monomer D1 is identical to its counterpart in the dimer and no 

structural indications of a destabilisation of this subunit could be obtained. Furthermore, the 

PSIIcc monomer used for crystallization was essentially as active as the dimer. Therefore, it is 

unlikely that this PSIIcc monomer represents a photodamaged product of dimeric PSIIcc. 

 

The pseudo-C2 symmetry is also present for the internal antenna proteins CP43 and CP47 that 

harbour most of the Chla molecules. Each of these antenna proteins contains three pairs of 

TMH (TMH A to F) and has large lumenal parts, mainly due to extended loops connecting 

TMH E and F. For CP 43 this region of loops consists of ~ 130 amino acids and features 

mostly α-helical secondary structures. Remarkably, a part of this extrinsic loop provides a 

direct ligand to the Mn4Ca cluster. The loop region of CP 47 is larger (~ 190 amino acids) and 

shows, besides α-helices, also an extended β-sheet structure. As noted above, parts of this 

loop provide strong crystal contacts. 
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The membrane intrinsic subunits of cytochrome b559 are located at the periphery of the 

complex near subunit D2. The heme-group is coordinated by two His residues provided by 

each of the subunits (PsbE-His23 and PsbF-His24). Each subunit has one TMH but PsbE 

contains an additional C-terminal part of ~ 40 amino acids that is exposed to the lumen and 

contributes to symmetry contacts within the crystal. The N-terminus of PsbF located to the 

cytoplasm also contributes to crystal contacts. These contacts result in a more rigid 

arrangement of the N-terminus of PsbF and allow the modelling of three additional residues 

which had not yet been resolved for PSIIcc.  

 

The small membrane-intrinsic subunits - PsbM, PsbT and PsbL (each containing one TMH) - 

form a three helix bundle next to the dimerization surface (Figure 3-19; helices 7 to 9). 

Although the direct environment of these subunits differs significantly between the PSIIcc 

monomer and the dimer, all of them remain in identical positions in both forms. In the dimer, 

the main protein-protein contact between the monomers is provided by subunit PsbM and its 

counterpart PsbM´. Therefore, the identical arrangement of this subunit in the monomer 

supports the earlier suggestion that direct protein-protein contacts alone are not responsible 

for dimer formation. This is also in agreement with mutation studies on the mesophilic 

cyanobacterium Synechocystis PCC 6803 where PSIIcc dimers are still formed after deletion 

of PsbM [37]. Interestingly, in the crystals of monomeric PSIIcc a crystallographic C2 axis 

lies between the PsbM subunits of two neighbouring monomers leading to an arrangement in 

which their dimerization surfaces face each other (Figure 3-20C).  

 

Although it was not possible to assign the peripheral subunit PsbY, its presence could be 

confirmed by MALDI-TOF MS analysis of redissolved crystals (see section 3.3.3). In four out 

of five experiments the mass corresponding to this protein was found. Furthermore, there is 

enough space for PsbY within the unit cell of the PSIIcc monomer crystals to take up  the 

same position as found in the PSIIcc dimer [12]. These findings suggest that PsbY is only 

loosely associated with the complex, resulting in a larger disorder. Although the single TMH 

of this subunit could already be seen in dimeric PSIIcc at lower resolution in the dimer [167, 

170], it was missing in a model of dimeric PSIIcc at 3.5 Å resolution [171]. Even at 2.9 Å 

resolution [12] the electron density of PsbY was poorly defined, which may indicate that the 

occupancy of this subunit varied between different PSIIcc preparations.  
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The remaining small membrane intrinsic protein subunits PsbH, PsbI, PsbJ, PsbK, PsbX, 

ycf12 and PsbZ are also present in the model of PSIIcc monomer, but no structural 

differences between monomeric and dimeric PSIIcc could be detected for these subunits. 

  

All three membrane-extrinsic subunits PsbU, PsbV and PsbO could be assigned in the PSIIcc 

monomer. The latter (PsbO) plays an important role for the crystallization of PSIIcc monomer, 

as it provides symmetry contacts in two directions of the lattice. It is, therefore, the only 

protein subunit that interacts with two neighbouring monomers. Most probably its large size 

and the high number of polar residues make this subunit highly suitable for crystal contacts. 

In crystals of PSIIcc dimer, PsbO also interacts with symmetry-related complexes. As in the 

dimer, PsbO forms an extended cylindrical β-barrel with a diameter of ~ 15 Å and a length of 

~ 35 Å. In the dimer, PsbO provides three H-bonds to CP47´ of the second monomer, and 

therefore may help to stabilize the homodimeric form. Although these interactions are absent 

in PSIIcc monomer, it was not possible to detect any influence of them on the folding of the 

loop regions involved. Both remaining subunits, PsbU and PsbV, are found in identical 

positions in the structures of both the PSIIcc monomer and dimer. The latter (PsbV) provides 

two strong H-bonds to PsbV of a symmetry-related monomer within the crystal.  

 

3.6.4 Cofactors  
 

Iron containing cofactors 

Iron is electron-rich and, therefore, its position can be easily mapped in the electron density. 

The non-heme iron is situated at the pseudo-C2 symmetry axis of the RC, close to the 

cytoplasmic side, as expected. The positions of the heme groups of cyt b559 and cyt c550 are 

in accordance with the above assignment of the corresponding protein subunits PsbE/F and 

PsbV, respectively. 

 

Chlorophyll a, carotene and plastoquinone cofactors 

Due to the limited resolution of 3.6 Å, the assignment of some cofactors is difficult on the 

basis of the electron density alone. However, the good starting phases provided by the model 

at 2.9 Å resolution of dimeric PSIIcc allow a reliable assignment of cofactors in the 

monomeric PSIIcc. Large cofactors such as Chla and pheophytin a molecules, especially 

those of the RC, are well defined by the electron density (Figure 3-21). Furthermore, it was 

possible to locate all 29 Chla molecules bound to the core antenna proteins CP43 (13 Chla) 
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and CP47 (16 Chla). In cases where flexible phytyl chains are not stabilized by contacts with 

protein and/or other cofactors, their assignment is rather difficult. Therefore, the similarity 

with the structure of the PSIIcc-dimer was used as a guide. For most of the carotenoids, the 

electron density is not continuous. Their localization is based mainly on the electron density 

of the ionone rings and the analogy to the β-carotene positions in the PSIIcc dimer. In the 

PSIIcc monomer, it was possible to assign eleven of the twelve β-carotenes known from the 

dimer. This number is confirmed by spectroscopic quantification based on a comparison of 

monomeric and dimeric PSIIcc (see section 3.3.5). The β-carotene missing in the structure of 

the PSIIcc monomer is located at the monomer-monomer interface of dimeric PSIIcc and, 

therefore, may detach itself due to its exposed localisation in the monomer. As five of the 

twelve carotenes in the PSIIcc dimer are located at the monomer-monomer interface, it is 

remarkable that only one of these five molecules is missing in the PSIIcc monomer. 

Apparently, the other four carotenes are more strongly bound to one monomer. This is also 

suggested by their protein environment in the dimer structure, where only the missing 

carotene is found in a bridging position across the monomer-monomer interface. The most 

highly defined β-carotene in the monomer is CarD2 (visible in Figure 3-22C) close to cyt b559. 

Interestingly, this β-carotene was the only carotenoid assigned in dimeric PSIIcc at 3.2 Å 

resolution [169] and was also present in a model of PSIIcc dimer at 3.5 Å resolution [171].  

 

 

 

Figure 3-21: Electron density of PD1. 

Electron density (blue mesh, contoured at 1.2-σ level ) of PD1 (green) with surrounding cofactors: ChlD1 

and PheoD1 (yellow), PD2 (orange). 
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In the structure of dimeric PSIIcc, three PQ molecules, QA, QB and QC, were identified. In the 

case of the PSIIcc monomer, electron density is found at these three positions, but can only be 

assigned unambiguously to a PQ for QA. Due to its tight binding to the complex, electron 

density was present for both the headgroup and the isoprenoid tail. This enables a reliable 

modelling of this cofactor. It was located in a position nearly identical to QA in the dimer [12], 

its headgroup forming two hydrogen bonds with residues of the surrounding subunit D2 

(PsbD-Phe261···O1-QA and PsbD-His214···O2-QA; Figure 3-22A). Electron density is also 

found at the QB-site, but cannot be assigned to a PQ molecule. It could be modelled as a 

buffer molecule (2-(N-morpholino)-ethanesulfonic acid (MES, Figure 3-22B)) instead. In this 

position the sulfonic acid part of the buffer molecules provided two hydrogen bonds to the 

neighbouring D1 subunit (PsbA-Tyr 246 and PsbA-Val 219; Figure 3-22B). QB is the 

substrate of the quinone reductase part of PSIIcc and can therefore leave the QB-site as PQH2. 

Since one of the lipids shielding the QB-site from the cytoplasm appears to be absent in the 

PSIIcc monomer (see below), the quinone exchange cavity becomes more accessible from the 

aqueous phase. This may facilitate the penetration of buffer, which could occupy the QB-site 

in the absence of competing PQ. A patch of electron density is also found in the vicinity of 

CarD2 and the heme-group of Cyt b559, which corresponds to the position of the headgroup of 

QC identified in the dimer (Figure 3-22C). The interpretation of this electron density is 

difficult and, therefore, it is not yet assigned to any molecule in our model. However, the 

presence of a PQ cannot be excluded.  

 

 

Figure 3-22: Electron density found for the QA-, QB- and QC-site in PSIIcc monomer. 

(A) Electron density for QA contoured at 1-σ level (white mesh) and 1.5-σ level (red mesh). Hydrogen 

bonds between the quinone and the surrounding D2-proteins (orange) are indicated by dashed lines. (B) 

Electron density of a buffer molecule (MES) found at the QB-site; possible hydrogen bonds to the 

surrounding D1-protein (yellow) are indicated by dashed lines (C) Unassigned electron density found at 

the QC-site. For better orientation, the neighbouring β-carotene CarD2 is shown as red sticks.  
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Lipids and detergent molecules 

The structure of the PSIIcc dimer [12] revealed the presence of 25 integral lipid molecules per 

monomer (11 monogalactosyl-diacylglycerol (MGDG); 7 digalactosyl-diacylglycerlol 

(DGDG), 5 sulfoquinovosyl-diacylglycerol (SQDG) and 2 phosphatidyl-diacylglycerol (PG)). 

These lipids can be subdivided into three groups regarding their position within the complex: 

a) peripheral lipids, b) lipids at the monomer-monomer interface, and c) lipids surrounding the 

RC. Using this information regarding lipid position, it was possible to assign 22 lipid 

headgroups in the electron density map of monomeric PSIIcc (Figure 3-23). This finding is in 

agreement with the similar lipid composition found for monomeric and dimeric PSIIcc from T. 

elongatus [6]. As the quality of the data allows neither the detection of fatty acid tails nor a 

distinction between the digalactosyl-headgroup of the lipids (DGDG) and the maltose 

headgroup of the detergent molecules (DDM), the assignment is tentative at this stage, and the 

2.9 Å model of dimeric PSIIcc is used as a criterion to discriminate these two types of 

molecules. Therefore, the electron density of sugar headgroups found at significantly different 

positions than in the model of the PSIIcc dimer was assigned to DDM molecules.  

 

The positions of the lipid headgroups surrounding the RC are essentially the same as those of 

their counterparts in the dimer [12]. They build three smaller clusters (2 – 3 lipids) around the 

RC formed by subunit D1 and D2 and one larger lipid cluster consisting of seven lipids 

(missing a MGDG (LMG218E in 3BZ1) found in dimeric PSIIcc) at the 

plastoquinone/plastoquinol exchange cavity. As in the dimer, we found three charged lipids, 

two PG and one SQDG, pointing towards the cytoplasmic side of the cavity, next to QB. This 

location of PG molecules is in agreement with a role of these kind of lipids in stabilizing the 

interaction between D1 and CP43 [192]. The three lipids located at the periphery were also 

present in the PSIIcc monomer, but the headgroups of the two lipids on the lumenal side were 

found at slightly shifted positions.  
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Figure 3-23: Electron density of lipid cofactors. 

Electron density (blue mesh, contoured at 1.2 σ-level) of a DGDG and a MGDG (both coloured cyan) with 

surrounding subunits in cartoon representation (D2, orange; PsbH/PsbJ, grey). 

 

In the dimeric PSIIcc, seven pairs of lipids are located at the monomer-monomer interface due 

to the C2 symmetry of the dimer (Figure 3-24B). In PSIIcc monomer, where this local 

symmetry is missing, five lipids are found at the corresponding dimerization surface. Two 

lipids are pointing to the cytoplasmic side (SQDG 1 and MGDG 2) and three to the lumenal 

side (MGDG 3, DGDG 4 and 5). The headgroups of the two cytoplasmic oriented lipids are 

found at the same position as their counterparts in the dimer, whereas the headgroups of the 

remaining lumenal lipds are found to be slightly shifted. Furthermore, the electron density 

suggests that one MGDG found in the dimer (MGDG 5) is replaced by DGDG (DGDG 5) or 

DDM in the monomer (Figure 3-24A).  

 

Apart from lipids, seven detergent molecules per monomer could be assigned in the PSIIcc 

dimer. Three of them are located at the periphery and four at the monomer-monomer interface. 

In PSIIcc monomer, we found seven detergent molecules, three at the periphery and four at 

the dimerization surface. Two of the three peripheral DDM molecules are at similar positions 

as in [12], but the headgroup of the third peripheral DDM is shifted by about 7 Å (compared 

to its position in the dimer) and contributes to crystal contacts. Two of the DDM molecules 

assigned at the dimerization surface of PSIIcc monomer (DDM 6 and 7) are nearly in the 

same position as described for dimeric PSIIcc. Two further DDM (DDM 8 and 9) molecules 

were located at new positions in close vicinity to DGDG 4. The headgroup of the latter is 

rotated and forms polar contacts (Figure 3-20C; red cycle) with DDM 8. This position of 

DGDG 4 and the newly located detergent molecules (DDM 8 and 9) would interfere with 

subunit CP47 from the second monomer in the dimer.  
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Figure 3-24: Schema of lipids at the dimerisation surface of PSIIcc monomer. 

Schematic representation of (A) PSIIcc monomer and (B) one monomeric part of PSIIcc dimer. For 

clarity only the four major membrane intrinsic subunits (D1: yellow, D2: orange, CP43: violet, CP47: red), 

the small subunits at the dimerization surface (PsbT, PsbM, PsbL), the three extrinsic subunits (PsbO: 

green, PsbU: light blue, PsbV: grey) and the non-heme iron cofactor (blue sphere) are shown. Lipids and 

detergent molecules located at the dimerization surface (or the monomer-monomer interface) are shown 

as indicated (sulfoquinovosyl-diacylglycerol (SQDG), monogalactosyl-diacylglycerol (MGDG); 

digalactosyl-diacylglycerlol (DGDG), n-dodecyl-ß-maltosid (DDM)) and numbered as used in the text. (A) 

and (B): Black filled pictograms represent molecules found in both (PSIIcc monomer and homodimer) 

structures. Molecules (or changed headgroups) found only in the monomer (A) are shown in red. In case 

of dimer (B) the white pictograms show molecules present only in the model of PSIIcc homodimer. The 

pictograms are contoured black or blue; indicating that molecules are assigned to the first (contoured 

black) or to the second (blue, also indicated by prime) monomer of the homodimer. For molecules present 

in both (A) and (B) the same numbers were taken as defined in Table 3-8. Lipids and DDM only found in 

homodimer are numbered according to the pdb file (3BZ1).  
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Table 3-8: Nomenclature of lipids and detergent molecules. 

Nomenclature of lipid and detergent molecules for PSIIcc monomer and dimer in the PDB-files (left) and 

in the text (right). 

 

As the majority of the lipids and detergent molecules (88 % of the lipids and 71 % of the 

detergent molecules) described first in the structure of dimeric PSIIcc are found to be also 

present in PSIIcc monomer, it is puzzling why the PSIIcc monomer does not dimerize. 

Concerning this question, the present structural model gives only two hints:  

 

(i) one of the two expected binding niches for SQDG at the monomer-monomer 

interface in the dimer [12] is unoccupied in the monomer (denoted as SQDG 532B 

in Figure 3-24B). This would support a direct role for SQDG rather than PG [193] 

in dimer formation of PSIIcc.  

(ii) Additional detergent molecules were found at positions where they would interfere 

with dimer formation (labeled 8 and 9 in Figure 3-24A). In aqueous solution, the 

dimerization may be inhibited by the detergent belt in general. 

 

All lipids and detergent molecules at the dimerization surface are located next to the D1 

protein (belonging to the lipids surrounding the RC), to PsbT and PsbM, but not at the surface 

provided by CP47 (Figure 3-24A). Apparently, these molecules form a stable complex only 

with parts of the dimerization surface. It is, therefore, tempting to assign to these lipids a 

functional or structural role in the RC or in the repair cycle of D1 rather than exclusively in 

the dimerization of PSIIcc. By analyzing the lipid positions in the PSIIcc monomer, we found 

ten lipids - including DGDG 4 and DGDG 5 located at the dimerization surface - that follow 

the pseudo-C2 symmetry of the RC. Such a symmetric arrangement of lipids is also observed 

for other photosynthetic RC, e.g. pbRC and PSIcc [89]. For the PSIIcc dimer, a similar 

Monomeric PSIIcc (PDB ID code 3KZI) 
 
SQD213T SQDG1 
LMG217M MGDG2 
LMG220I MGDG3 
DGD375A DGDG4 
DGD533B DGDG5 
LMT274I DDM6 
LMT226T DDM7 
LMT376A DDM8 
LMT274O DDM9 

Homodimeric PSIIcc (PDB ID code 3BZ1) 
 
SQD213T SQDG1 
LMG217M MGDG2 
LMG220I MGDG3 
DGD375A DGDG4 
LMG533B MGDG5 
SQD532B SQDG532B 
LMG534B MGDG534B 
LMT274O DDM6 
LMT226M DDM7 
LMT230I DDM230I 
LMT227T DDM227T 
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analysis revealed additional symmetry counterparts for SQDG532B and MGDG534B (both at 

the monomer-monomer interface; Figure 3-25). Since most of the symmetry equivalent 

positions of the lipids (and detergent molecules) at the monomer-monomer interface are found 

at the periphery of the complex it is reasonable that some of these lipids disappear during the 

preparation. These findings indicate that the majority of the lipid positions found at the 

monomer-monomer interface may originate from the conserved lipid binding sites provided 

by the RC proteins and the core antenna proteins. This further supports the idea that the role 

of these lipids is primarily not related to dimerization.  

 

 
Figure 3-25: Lipids in PSIIcc following the pseudo-C2 symmetry of the RC. 

Lipids were taken from the 2.9 Å structure of dimeric PSIIcc and are shown in cyan and numbered 

according to the pdb-file (3BZ1). Symmetrically located lipids are connected by black lines, dashed lines 

indicate the monomer-monomer interface. The lipid assigned to the second monomer of the dimer 

(SQDG532B´) is drawn in green. To visualize the similar environment of the lipids, nearby residues of 

subunit D1 (yellow) or D2 (orange) are shown. The non-heme iron cofactor indicating the pseudo-C2 

symmetry axis is shown as blue sphere. 

 

Mn4Ca cluster 

The catalytic center of water oxidation is the Mn4Ca cluster located on the lumenal side of 

PSIIcc. As known from more highly resolved structural models, the ligand environment is 

exclusively provided by proteins D1 and CP43. Although the current resolution of the 

monomer data does not allow a refinement of amino acid side chains, we found a similar 

patch of high electron density that arises from the electron rich metal ions of the Mn4Ca 

cluster in the same position as reported for the PSIIcc dimer [12]. Therefore, one can consider 

that the structure of the cluster is essentially the same in monomeric and dimeric PSIIcc. This 
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is in agreement with EPR measurements on PSIIcc monomer from the same organism [15] 

and also supported by the observation that redissolved crystals of PSIIcc monomer are still 

capable of water oxidation. Furthermore, solution samples of PSIIcc monomer showed no 

significant difference compared to the dimer when examined by X-ray absorption 

spectroscopy (XAS, Junko Yano, personal communication). Due to the limited resolution, the 

assignment of a chloride ion in the vicinity of the Mn4Ca-cluster was not possible. 
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3.7 X-ray absorption spectroscopy on PSIIcc monomer single crystals 
 

3.7.1 Introduction 
 
The enzymatic site of water oxidation is the heteronuclear Mn4Ca cluster of the WOC located 

on the lumenal side of PSIIcc. Despite the vast improvement in X-ray crystallographic 

analysis of PSIIcc in terms of resolution, it was not possible to obtain a detailed structure of 

the metal cluster. The region of the cluster is not well resolved in the electron density even at 

the highest resolution available so far. This might be due to the high number of electrons of 

the four Mn ions that overshadow the signals of the closely located metal centers. 

Furthermore, X-ray absorption spectroscopy (XAS) on homodimeric PSIIcc single crystals 

[114] revealed that the integrity of the Mn4Ca cluster is strongly influenced by X-ray-induced 

damage, which is an inherent problem for all X-ray crystallographic studies. Since the energy 

position of the Mn K-edge is very sensitive to the oxidation state of the Mn ions, it was 

possible to conclude that the exposure to X-rays, at doses used in crystallography, rapidly 

reduces the four -oxo or di- -oxo bridged Mn ions of the cluster from Mn(III) and Mn(IV) to 

Mn(II). This reduction is accompanied by structural changes of the cluster visible in the 

Fourier transforms of the EXAFS (extended X-ray absorption fine structure) spectra. Since 

this damage prevents the X-ray crystallographic elucidation of the metal center, the use of 

non-destructive spectroscopic methods such as XAS (that require much less X-irradiation than 

crystallography) and EPR are necessary to obtain detailed structural information about the 

cluster in its native functional state.  

 

EXAFS measurements on PSII samples have been extensively used to determine the distances 

between the metal centers of the Mn4Ca cluster with extremely high accuracy. These 

experiments have led to the assignment of two Mn-Mn distances of 2.7 Å and one of 2.8 Å for 

the di- -oxo bridged Mn ions of the cluster. Recent improvements of the resolution by range-

extended EXAFS revealed a mono- -oxo bridged Mn-Mn distance of ~ 3.3 Å and two Mn-Ca 

distances of 3.4 Å that had not been resolved before [194]. Furthermore, EXAFS studies on 

PSIIcc with Sr2+ replacing Ca2+ revealed that the S2 to S3 transition of the WOC is 

accompanied by a decrease of the Mn-Sr distances (and therefore of the Mn-Ca distances in 

the native system). This finding suggests that the Ca ion may be directly involved in the 

catalytic mechanism [195]. Exploiting the polarized nature of synchrotron radiation, it was 

possible to obtain further information about the spatial arrangement of these absorber-
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backscatter vectors. In the XAS spectra from oriented samples of PSII a distinct dichroism is 

observed due to the ~cos2
θ dependence of the EXAFS amplitude (where θ is the angle 

between the e-field vector of the X-ray beam and the absorber-backscatter vector). In 

principle two kinds of oriented sample have been used so far: (i) Oriented membranes (mostly 

from plant) and (ii) single crystals of PSIIcc dimer (from cyanobacteria). Since the structure 

of the Mn4Ca is considered to be highly conserved among different species [196], the data 

arising from both sample types were combined to further constrain the possible arrangements 

of the metal centers. Oriented membranes provided an ordered arragement of PSIIcc along the 

membrane normal, with isotropic distribution in the remaining dimensions. The extent of 

orientation in these samples is limited, e.g. due to imperfect stacking of the membrane 

fragments resulting in a mosaic spread of ~ 20°, which is the half-width of the Gaussian 

distribution assumed for the direction of the membrane normal. Therefore, the further angle 

information that can be extracted from the dichroism obtained with this type of sample is 

restricted.  

 

EXAFS studies on oriented membranes suggest that the Mn-Ca vector(s) (distance Mn-Ca 3.4 

Å) are oriented along the membrane normal (maximum angle ≤ 18°), whereas the mono-µ-

oxo-bridged Mn-Mn vector (distance Mn-Mn 3.3 Å) was assigned along the membrane plane 

[194]. A similar arrangement for the Mn-Ca vector was proposed based on EXAFS 

experiments with samples were Ca was replaced by Sr [197]. In contrast to (i), single crystals 

of PSIIcc represent well-ordered samples in all three dimensions with very low mosaicity. 

The dichroism can, therefore, be observed in all three dimensions of the lattice and depends 

on the crystal symmetry. The dichroism obtained from polarised EXAFS on single crystals of 

homodimeric PSIIcc was mostly pronounced in the region of 3.3 Å. This peak represents a 

superposition of at least two vectors of nearly equal length and is, therefore, difficult to 

analyze. Nevertheless, the data gave constraints that enable one to filter the large number of 

previously proposed models and, together with data derived from X-ray-crystallography, led 

to the proposal of four possible structural models of the Mn4Ca cluster [97]. One of these 

models was found to disagree with the EXAFS data derived from oriented membranes (see 

above) and could therefore be ruled out. Due to the remaining ambiguity that is caused inter 

alia by the arrangement of the dimeric PSII complexes in the unit cell and the non-

crystallographic-C2 symmetry inherent in the homodimer, it is not possible to choose between 

these models. In addition, other models derived from DFT calculation are also in agreement 

with the observed dichroism [198].  
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3.7.2 X-ray absorption spectroscopy on PSIIcc monomer single crystals 
 

Since the crystals of PSIIcc monomer represent a new three dimensional arrangement of 

PSIIcc (and its Mn4Ca cluster), additional information about the spatial structure becomes 

available using this new crystal form for polarised EXAFS experiments. Therefore, the 

polarized EXAFS spectra along the three crystal axes of PSIIcc monomer crystals were 

measured. The distinct morphology of the crystals allowed a parallel pre-orientation of one 

crystal axis to the E-field vector of the X-ray beam. The exact orientation of the crystal lattice 

was obtained by X-ray diffraction data. One of the advantages of this method is the fact that 

X-ray induced damage can be easily monitored during the measurements due to its influence 

on the Mn K-edge position. 

  

The data of many measurements have to be averaged to generate a smooth spectrum that 

enables one to extract the oscillation of the EXAFS region. Although approximately 40 

PSIIcc monomer crystals have been measured, the data quality is still limited due to the low 

signal-to-noise level obtained from the single crystals. Due to this fact, a detailed analysis of 

the data has so far not been possible. Nevertheless, a distinct dichroism is already visible in 

the Mn K-edge spectra along the crystal axes of the PSIIcc monomer crystals, as shown in 

Figure 3-26A.  

 

 
Figure 3-26: X-ray absorption spectroscopy on PSIIcc monomer single crystals.  

(A) Polarized Mn K-edge spectra of PSIIcc monomer crystals in different orientations (E-field vector 

along the crystal axes (a-, b- and c- axis)). 
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(B) Orientation of the membrane normal vector in PSIIcc-monomer crystals (pink arrow, corresponding 

to the local C2-axis of the dimer) relative to the crystal axes. For clarity, only one of the four possible 

orientations is shown. For other orientations, the membrane normal vector has to be rotated by 180° 

around the a, b and c axis. In any orientation, the angle between the membrane normal and the b-axis is 

nearly 90°. 

 

Although the number of Mn4Ca clusters in the unit cell is identical in crystals of PSIIcc dimer 

and PSIIcc monomer, the new crystal form possesses two main advantages for EXAFS 

experiments: (i) the lack of the non-crystallographic C2 symmetry and (ii) the orientation of 

the membrane normal of the PSIIcc monomers perpendicular to the crystallographic b-axis 

(Figure 3-26B). The absence of non-crystallographic symmetry reduces the ambiguity of the 

data, because the possible orientations of the Mn4Ca cluster within the unit cell are half as 

much as in the dimer. Due to the orientation of the membrane normal in the new crystal form, 

a better discrimination will be possible between absorber-backscatter vectors oriented parallel 

and perpendicular to the membrane-plane. Such a spatial arrangement is proposed for the Mn-

Ca vector(s) and the mono-µ-oxo-bridged Mn-Mn vector. Therefore, it is expected that the 

analysis of a full set of polarized EXAFS spectra along the three crystal axes will extend the 

available structural information about the Mn4Ca cluster – especially regarding the Mn-Ca 

interaction. Since the Ca ion is believed to be actively involved in the reaction, the exact 

arrangement of this ion within the cluster is important for understanding the mechanism of 

water oxidation. Furthermore, the additional constraints derived from experiments using 

PSIIcc monomer crystals may allow a selection between the currently discussed models. 
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3.8 Summary 

 

In this work the first structural model of a highly active monomeric form of cyanobacterial 

PSIIcc could be obtained at a resolution of 3.6 Å. For protein crystallization it was necessary 

to establish a new preparation protocol that leads to highly active and pure PSIIcc monomer. 

The most critical point was to separate the PSIIcc monomer from other proteins that were still 

present in high amounts after following the preparation protocol developed for crystallization 

of the PSIIcc dimer. By applying further anion-exchange chromatography steps, either at pH 

5.0 or at pH 6.0, it was possible to obtain a PSIIcc monomer fraction with the purity, 

homogeneity and monodispersity necessary for protein crystallization. Characterization of the 

PSIIcc monomer after this purification revealed the absence of the major contaminant, the 

ATP-synthase. This could be verified by using three different approaches: SDS-PAGE, 

MALDI-TOF-MS and by measuring the enzymatic hydrolysis of ATP.  

 

The PSIIcc monomer fractions of the final chromatography peak, especially when prepared at 

pH 6.0, differ in their ability to form well-ordered crystals. Crystallizable material was only 

obtained when using the protein that elutes first from the third chromatography column 

(Fraction P1). With this fraction an increased yield of well-diffracting crystals could be 

obtained that had a more angular morphology compared to the crystals grown from the pooled 

fractions of the whole chromatography peak. The origin of the different propensity to 

crystallize could not yet be determined. It is possible that the heterogeneity is induced by the 

strong ion exchange matrix used for the purification of PSIIcc monomer at pH 6.0. 

Nevertheless, this method has the advantage to be highly reproducible in contrast to the 

preparation of PSIIcc monomer at pH 5.0 using a weaker ion exchange matrix.  

 

The large number of protein subunits and cofactors present in the complex complicates the 

investigation of its integrity. Therefore, it is difficult to analyze small differences between 

various PSIIcc monomer fractions that correlate with the crystallization behaviour. Apart 

from complexes partially lacking small protein subunits, e.g. PsbY (see below), a variable 

content of annual lipids or peripherally bound detergent molecules are reasonable causes for 

nonhomogeneity. An influence of lipids or detergent molecules on the crystallization 

propensity is supported by the finding of one detergent molecule that contributes to crystal 

contacts. To clarify this, a detailed analysis of the stoichiometry of protein subunits and of the 
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lipid content and composition within a PSIIcc sample is nessecary. Nevertheless, the large 

error of the established analytical methods currently limits this analysis. An improvement of 

the lipid analysis for various PSIIcc samples is in progress (J. Hellmich, personal 

communication). The further optimisation of the PSIIcc monomer preparation and the 

improvement of the crystallization conditions will be crucial to obtain better diffracting 

crystals of PSIIcc monomer for future crystallographic studies. 

 

The crystals of PSIIcc monomer belong to the orthorhombic spacegroup C2221 and contain 

one monomer per asymmetric unit. Currently these crystals diffract to a resolution limit of 3.5 

Å. Compared to the crystals of PSIIcc dimer, the new crystal form has the advantage of 

significantly lower anisotropy of the diffraction pattern. This was one of the expected 

properties that initially encouraged us to crystallize this complex. Despite the increased 

hydrophobic surface exposed in PSIIcc monomer compared to the dimer, a similar dense 

packing of the complexes in the unit cells was found. 

  

The crystal structure of the PSIIcc monomer shows 19 of the 20 subunits arranged identically 

to the corresponding subunits in the dimer. No electron density was obtained for the 

peripheral subunit PsbY, although it was found to be present in most of the redissolved 

crystals examined by MALDI-TOF-MS. This finding may be attributed to variable 

substoichiometric occupancy and larger disorder of PsbY within the PSIIcc monomer. The 

almost identical structure of monomeric and dimeric PSIIcc is also reflected in the location of 

all tetrapyrrole cofactors and the non-heme iron. In agreement with this finding, the presence 

of eleven carotenes at positions expected from dimeric PSIIcc could be confirmed in the 

PSIIcc monomer. Whereas QA could be unambiguously assigned, the QB site was found to be 

occupied by a buffer molecule. The electron density at the QC site could not be interpreted. 

The majority of the lipids and detergent molecules (88 % of the lipids and 71 % of the 

detergent molecules) described first in the structure of dimeric PSIIcc are found also to be 

present in PSIIcc monomer. Due to the local-C2 symmetry of the PSIIcc dimer, each of the 

seven lipids and four detergent molecules could bind to two binding niches at the dimerization 

surface of the monomer. Of these 22 possible positions only seven are occupied in the model 

of the PSIIcc monomer. Additionally, two detergent molecules were found at new positions at 

the dimerization surface, where they would interfere with dimer formation. All the lipid and 

detergent molecules present at the dimerization surface are located either next to the D1 

protein (belonging to the lipids surrounding the RC), to PsbT or to PsbM, but not at the 
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surface provided by CP47. This suggests a functional or structural role in the RC or in the 

repair cycle of D1 rather than exclusively in the dimerization of PSIIcc. Inspired by this 

finding, the analysis of the lipid positions within the PSIIcc monomer and the dimer revealed 

that roughly half of the lipids found in these complexes follow the pseudo-C2 symmetry of 

the RC. These lipid positions seem to originate from conserved lipid binding sites provided by 

the RC proteins and the core antenna proteins. Since this finding is also valid for lipids at the 

dimerisation surface of PSIIcc monomer or the monomer-monomer interface of PSIIcc dimer, 

the primary role of these lipids might not be related to dimerization. The catalytic side of 

water oxidation is the Mn4Ca cluster located at the lumenal side of the complex. Concerning 

the structure of this cluster, which is currently still a matter of debate, no new information 

could so far be obtained from the crystal structure of PSIIcc monomer. However, since these 

new crystals provide a new well-ordered arrangement of PSII, deeper insights into the 

structure of the cluster could be attained using orientation-dependent spectroscopy, such as 

electron paramagnetic resonance spectroscopy (EPR) and polarized XAS. Initial experiments 

showed that it is in principle possible to measure polarized XAS spectra on single crystals of 

PSIIcc monomer. Although the quality of the data did not as yet allow a detailed analysis, the 

new crystal form possesses two main advantages compared to the crystals of PSIIcc dimer 

already used: (i) a reduced number of possible orientations for the Mn4Ca in the unit cell, due 

to the lack of noncrystallographic symmetry and (ii) a better orientation for the discrimination 

of the absorber-backscatter vectors along and perpendicular to the membrane normal. Since 

such an orientation is suggested for the nearly equidistant Mn-Mn and Mn-Ca vectors, further 

constraints are expected to derive from these measurements, which may allow a selection 

between the currently proposed models. 
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4. Herbicide binding to dimeric PSIIcc 

4.1 Introduction 
 
The electron transfer from the QA to the terminal acceptor quinone at the QB-site can be 

inhibited by a wide variety of compounds that compete with PQ at the QB site, thereby 

slowing down or abolishing oxygen evolution. The most frequently studied inhibitors of PSII 

are urea, triazine and phenol derivatives such as: 3-(3,4-dichlorophenyl)-1,1-dimethylurea 

(DCMU or diuron), 2-tert-butylamino-4-ethylamino-6-methylthio-1,3,5-triazine (terbutryn) 

and 3,5-dibromo-4-hydroxybenzo-nitrile (bromoxynil), respectively (see Figure 4-1; [199-

202]). Many of these inhibitors are used as herbicides in agriculture and are therefore of 

interest with regard to their efficiency and safety. Triazine derivatives were also found to bind 

to the QB-site and to inhibit the electron transfer in the photosynthetic reaction center of 

purple bacteria (pbRC), which was used as a model system for PSIIcc to study herbicide 

binding. Indeed, the similar binding of atrazine to the L subunit of the pbRC and to the D1 

subunit of PSII was a strong indication that the inner core of both reaction centers share 

structural similarities [154, 155]. The electron transfer process from QA to QB is rather 

complex in both systems. It couples the single electron carrier QA with the two-electron 

acceptor QB and, therefore, can be divided into the following processes: (i) electron transfer 

from QA to QB and (ii) from QA to QB. In the pbRC (i) is believed to be limited by a gating 

process [203] that might be associated with conformational changes [204]. Process (ii) is most 

probably associated with protonation events before the electron is transferred to build the 

doubly reduced quinol [205, 206]. Due to the structural and functional similarities between 

the pbRC and PSIIcc it is likely that a similar electron transfer mechanism takes place at the 

acceptor side of PSIIcc [207]. Whereas the fully oxidized quinone and the fully reduced and 

protonated hydroquinol are only weakly bound at the QB site and can, therefore, exchange 

with the quinone pool harbored by the thylakoid membrane, the semiquinone QB is more 

tightly bound [202, 207, 208]. Herbicide binding to the QB site has been widely used to 

investigate these electron transfer processes in type II RC. Thereby several influences of 

herbicides on the properties of PSII (and pbRC) were detected. Depending on the type of 

herbicide bound to the QB site the redox properties of the QA/QA couple were found to be 

shifted to lower (bromoxynil) or higher potentials (DCMU [209, 210]). This change may be 

mediated by a herbicide-induced alternation of the hydrogen bond interaction of the quinone 

headgroup at the QA site, as suggested by Fourier transform infrared spectroscopy combined 
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with theoretical calculations [211]. Furthermore, differences have been found for herbicides 

regarding their binding parameters. Phenolic herbicides  (like bromoxynil) have been found to 

bind endothermically and to destabilize the PSIIcc, whereas triazines and urea-type herbicides 

(e.g. terbutryn and DCMU, respectively) show a negative binding enthalpy and tend to 

stabilize the complex [212]. Therefore, the latter class of herbicides was thought to be suitable 

for improving the quality of PSIIcc crystals. The use of herbicides that bind to the QB site with 

high affinity (KD < 1 µM) could be useful in reducing the heterogeneity introduced by partly 

occupied QB in the PSIIcc samples. Despite this high affinity, the binding stoichiometries that 

have been determined by using isothermal titration calorimetry (ITC) strongly differ from the 

expected values for the binding sites, especially when dimeric PSIIcc was used [212]. 

Assuming a full occupancy when each QB site of the PSIIcc harbors one herbicide, the data 

derived from ITC on dimeric PSIIcc revealed approximately 40% occupancy for terbutryn. 

Therefore, the question arises whether the QB site of detergent-solubilized PSIIcc could have 

been damaged due to the increasing amounts of detergent necessary for solubilisation [213]. 

However, this would be in contrast to fluorescence spectroscopic studies that revealed a 

similar integrity of the electron transfer at the acceptor side in PSIIcc from T. elongatus as 

found for PSII enriched membrane fragments, not treated with detergent [139]. The following 

sections (4.2 and 4.3) describe the results of ITC and fluorescence spectroscopic experiments 

that have been performed on dimeric PSIIcc in order to clarify the low occupancy for 

herbicides. In section 4.4 a first structural model of terbutryn bound to dimeric PSIIcc at a 

resolution of 3.4 Å is presented. 

 

Terbutryn DCMU Bromoxynil

1

3

5

2
4

6

 
Figure 4-1: Structures of herbicides that are competent to inhibit the electron transfer in PSII.  

Each molecule belong to a different class of herbicide: terbutryn (triazine – class, numbers of the ring 

positions are given in red), DCMU (urea – class) and bromoxynil (phenolic – class). 
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4.2 Herbicide binding to PSIIcc characterized by isothermal titration 
calorimetry 
 

Isothermal titration calorimetry (ITC) directly measures the heat released or absorbed during a 

binding event. This method enables the simultaneous determination of the dissociation 

constant (Kd), the reaction stoichiometry (n) and enthalpy change (∆H) of the binding reaction. 

Due to the high amount of protein required to measure the small amount of heat accompanied 

by the binding reaction, the number of experiments that can be performed is often limited. An 

improvement of the initial ITC data on herbicide binding to dimeric PSIIcc could be achieved 

by new experiments performed by Dr. J. Frank and Dr. K. Zimmermann. In these experiments 

the number of injections and the maximum herbicide concentration was increased. Thereby 

the binding isotherms calculated from the integrated heat evolved per herbicide injection 

revealed a biphasic behavior (Figure 4-2). Simulation of the data using a model of two 

binding sites [135] yielded two dissociation constants, Kd1 and Kd2, that differ by more than 

one order of magnitude (Table 4-1). None of the obtained herbicide binding sites show a 

stoichiometry close to the number of the QB sites, but the sum of both (n1+n2) is close to the 

expected value of two. This would clarify the unsaturable high affinity binding sites formally 

observed, if both binding sites represent herbicide-binding to the QB site.  

 

 Kd1 in µM Kd2 in µM ∆Hb1 in kJ/mol ∆Hb2 in kJ/mol ( n1 + n2 ) 

Terbutryn (N = 3)  0.03 ± 0.005 0.8 ± 0.2 -40.6 ± 7.7 -12.9 ± 1.7 1.85 ± 0.22 

 

Table 4-1: Binding parameters derived from ITC. 

Binding parameters for terbutryn binding to dimeric PSIIcc as derived from the ITC experiments 

(average of three experiments). 

  

This finding leads to the question of the origin of the two binding sites for herbicides in 

PSIIcc. Several alternative interpretations seem to be reasonable: 

I) The different binding represents a heterogeneity of the QB sites in the PSIIcc sample 

with approximately half of them being altered e.g. due to distortion induced by 

detergent.  

II)  The two QB sites in dimeric PSIIcc show cooperative binding, the binding of the first 

herbicide influences the further binding of the second.  

III) Since an additional quinone binding site was found in PSIIcc, one of the binding sites 

represents herbicide binding to the QC site. 
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IV) Herbicide binds either to an empty QB site or has to displace bound PQ. 

V) The heterogeneity of the binding is caused by a mixture of RC with different 

functional states at the acceptor side. One population of RC that contains a 

semiquinone at the acceptor side is in the “odd” state (nomenclature as introduced in 

[214]), while the others are in the “even state” and habour fully oxidized quinone. The 

presence of significant amounts of “odd state” RC, even after prolonged dark adaption, 

have been observed for PSIIcc from T. elongatus by thermoluminescence 

measurements [207]. In the ITC experiments, “odd” states RC could be the result of 

exposure of the sample to ambient light before being filled into the ITC instrument.  
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Figure 4-2: ITC of terbutryn binding to PSIIcc dimer. 

Upper panel: diagram of the evolved heat per injection of terbutryn (4µl; 0.4 mM; 60 injections) to 

dimeric PSIIcc (18.6 µM Chla). Lower panel: biphasic binding isotherm for terbutryn (black squares) 

fitted by a model of two binding sites (red line).  

 

The hypothesis (I) seems to be rather unlikely, since no indication for heterogeneous QB sites 

was found by fluorescence spectroscopic studies [139]. A cooperative binding of the 

herbicides as suggested in (II) is also improbable, because the QB sites in the dimer are highly 

separated from each other (min. distance of 78 Å between the QB headgroups in the dimer). 

Furthermore the two monomers have only very minor protein contacts to mediate any 

conformational coupling. The involvement of QC, as proposed in (III), fails to explain the 

problem of low stoichometry, due to the increased number of potential binding sites. 
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Furthermore, it is questionable if the chemical environment of this site, lacking direct protein-

quinone interactions, is suitable for high affinity herbicide binding in the lower µM range [12]. 

In contrast, the arguments described in (IV) and (V) are both more reasonable explanations of 

the biphasic binding behavior found by ITC. In (IV) the Kd1 would represent the dissociation 

constant for herbicide binding to an empty QB site (Ki), while Kd2 would be apparent (Ki´) and 

depending on the concentration of free plastoquinone according to equation 4-1. 

 

The equilibrium of plastoquinone displacement and inhibitor binding can be written as: 
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is the RC with an empty QB site, and [PQ] and [I] are the free plastoquinone and inhibitor 

concentrations. The fraction of inhibited RC can be expressed as: 
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This would mean that the distribution of the PQ is far from equilibrium, as approximately half 

of the centers lack a quinone at all, whereas for the remaining RC the concentration of free 

plastoquinone exceeds Kq by a factor of approximately 26. The binding enthalpy ∆Hb1 

represents the enthalpy change of terbutryn binding to the emtpy QB site, while ∆Hb2 

encompasses an additional contribution from the unbinding of PQ (equation 4-2). Therefore, 

the differences of the two binding enthalpies (∆Hq = ∆Hb2 - ∆Hb1 = 28 ± 9 kJ/mol) would 

reflect the unbinding of PQ.  
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Following hypothesis (V) one would assume that the binding of herbicide is accompanied by 

quinone displacement in both binding events. In this case the displacement and therefore the 

binding constants of the herbicide would mainly be influenced by the presence or absence of a 
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semiquinone (centers in “even” or “odd” state, see above). The semiquinone QB
- is not able to 

dissociate from the QB site due to its charged nature [215]. As the electron has to move 

backwards to the state [QAQB] to allow displacement of QB by inhibitors, the binding of 

herbicides shows a reduced affinity that is correlated with the electron transfer to QA. 

  

The inhibitor binding to “odd” state RC can therefore be written as: 
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, which leads in analogy to equation (4.1) to:  
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, with the apparent equilibrium constants K´i (see equation 4-1) and K´ET (see equation 4-4), 

which both encompass the effect on the binding equilibrium of PQ at the QB site. 
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The equilibrium constants (KET) for the electron transfer [QAQB] ↔ [QA QB] in PSII were 

found to be approximately 20 to 25 in thylakoids of spinach and Brassica napus [216, 217]. 

According to equation 4-3 a similar factor would be expected for the effective dissociation 

constant of the inhibitor [218]. The obtained factor (Kd2/Kd1) -1 = 26 ± 11 for terbutryn is 

therefore in the expected range. Assuming that the competition between inhibitor binding and 

quinone displacement is similar for the low and high affinity binding (no difference in the 

dissociation constants of quinone (Kq) and herbicide (Ki) in the “odd” and the “even” state) 

the difference in the binding enthalpies would reflect the enthalpy change of the electron 

transfer. The data obtained with terbutryn leads to the following thermodynamic parameters 

for the electron transfer when interpreted as described above: ∆H = - 28 ± 9 kJ/mol; ∆G = - 8 

± 1 kJ/mol and -T∆S = 20 ± 10 kJ/mol. These parameters are in good agreement with the 

values found for the similar electron transfer in isolated RC of purple bacteria reconstituted 

with 2,3-dimethoxy-5-methylbenzoquinone (∆H = - 31 ± 6 kJ/mol; ∆G = - 7.5 kJ/mol and -

T∆S = 22 kJ/mol; see [219]).  
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4.3 Herbicide titration by flash-induced fluorescence measurements  
 

In order to analyze the contribution of the two binding sites suggested by the ITC data to the 

inhibition of the electron transfer to QB, the reoxidation of QA after laser flash excitation was 

measured by monitoring the decay of the Chla fluorescence yield. The excited state P680* has 

several ways to decay: fast electron transfer (≤ 1 ps) to the primary electron acceptor PheoD1 

(leading to the charge-separated state P680+
 PheoD1), radiationless relaxation, and relaxation 

by emitting a fluorescence photon (Figure 4-3). The latter is named prompt fluorescence (F0) 

and occurs on the pico-to-nanosecond time scale. The dominant decay route of P680* is the 

electron transfer reaction to PheoD1. The charge-separated state P680+
 PheoD1 is further 

stabilized by electron transfer to the secondary electron acceptor QA within some hundreds of 

picoseconds, leading to the state P680+
 QA. Reduction of P680+

 by the redox-active tyrosine 

YZ that occurs on the nano-to-microsecond time scale finally leads to the state YZ
+ QA. In its 

reduced form QA is unable to accept a further electron. Therefore, when RC with QA is 

excited by a light pulse it remains in the state P680+
 PheoD1 (QA). The accumulation of 

P680+
 PheoD1 allows for the recombination of this charge-separated state that results in an 

increased population of P680*. This leads to an increase of the fluorescence yield that can be 

related to the fraction of RC with QA.  

 

P680* [P680 Pheo ]+ - 
[P680 Q ]+ - 

A

# 1 ps ~ 300 ps

~ 1 ns 
(RC with Q ) A

- 

Fluorescence
radiationless
decay

[P680 Q ]+ - 
B

~ 300 sµ

inhibited by herbicides

 
Figure 4-3: Schema of electron transfer processes in PSIIcc. 

Schema of electron transfer processes in PSIIcc that influences the fluorescence properties of the system.  

 

The reoxidation of QA can be observed by following the decay of the fluorescence yield 

(FV(t)) after exciting of the PSIIcc sample by a single saturating laser flash, which induces the 

QA state in the RC (Figure 4-4). It is composed of at least three processes [139, 208, 220]: (i) 

On the hundreds of microseconds time scale, QA is oxidized by electron transfer to QB or QB. 

(ii) In RC where no QB is initially bound, process (i) is delayed to a millisecond timescale, 

due to plastoquinone binding. (iii) In RC without terminal electron acceptor, a charge 
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recombination between QA
 and the Mn4Ca cluster takes place within hundreds of 

milliseconds to seconds. These processes can be approximated by a tri-exponential function 

(see equation 4-5). 

.                  (4-5) 
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Figure 4-4: Single flash-induced fluorescence yield in PSIIcc samples without herbicide. The red line 

represents a tri-exponential fit. 

 

Table 4-2: Fit parameters of the decay curve (Figure 4-4). 

Fit parameters of the decay curve of the single flash-induced fluorescence yield in PSIIcc without 

herbicide (as shown in Figure 4-4, average of three measurements). 

 

The addition of herbicides leads to an inhibition of the reoxidation of QA, because of its 

competitive binding to the QB site. Therefore, it is possible to investigate the influence of the 

applied herbicide concentration on the QA to QB electron transfer by analyzing the changes in 

the amplitudes of the two fast phases (representing the processes (i) and (ii); see above) of the 

decay of the fluorescence yield. In control samples, without herbicide, ~ 86 % of the QA
 

reoxidation is achieved by the two fast phases of the observed decay of the fluorescence yield 

(Table 4-2; (1)). In the remaining ~ 14 % of the centers (Table 4-2; (2)) no electron acceptor 
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was present at the QB site and the decay is caused by recombination with the donor side (see 

process (iii)). The fraction of RC following process (i) and (ii) can be obtained by the 

amplitudes of the two fast phases and represents the equilibrium of quinone binding to the QB 

site (see equation 4-6). The obtained ratio of ~ 3 (Table 4-2) is much lower than one would 

expect from the ITC data according to hypothesis (IV) (see section 4.2). 

 

      (4-6) 

. 

 

In Figure 4-5A the fractions of the amplitudes A1 and A2 representing the processes involved 

in PQ reduction at the QB-site are plotted against the herbicide concentration. This approach 

reveales an IC501 value for terbutryn of (125 ± 19) nM.  
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Figure 4-5: Displacement and saturation curves derived from terbutryn binding to dimeric PSIIcc.  

(A) PQ displacement by terbutryn, measured by the single flash-induced fluorescence yield. (B) Increase 

of the fluorescence yield after adding terbutryn to pre-flashed samples (normalized to the maximum 

fluorescence yield at saturated herbicide concentration). 

 

For the investigation of herbicide binding to RC in the “odd” state, it is possible to use the 

increased fluorescence yield of these RC observed after the addition of herbicide without 

single flash excitation of the sample. The semiquinone state represented by the equilibrium 

[QAQB] ↔ [QAQB] is highly stable and dissociation of plastoquinone from the QB site only 

occurs when the negative charge is located at QA (in the state [QAQB]). Therefore, the 

herbicide treatment that leads to the formation of [QA I] shifts the equilibrium [QAQB] ↔ 

[QAQB] towards the right side (see equations 4-3 and 4-7).  
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The building of the complex [QA I] depends on the equilibrium constant for the electron 

transfer (K´ET) between the two quinones at the QA and the QB site [221, 222].  

 

Based on the inhibitor binding to “odd” state RC (see section 4.2), the fraction of RC that 

contain QA can be expressed as (analogous to equation 4-3): 

 

      (4-7) 

. 

 

With [I] = IC502 at half maximum of [QA], X becomes equal to K´ET. When taking K´i ≈ 

IC501 one obtains:  
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When herbicide was added to dark adapted PSIIcc only a very low increased fluorescence 

signal could be observed, which indicates a minor fraction of RC in the semiquinone state. 

One possibility to promote the formation of semiquinones is to use single turnover flashes.  

However, after a single excitation flash, most of the WOCs change from the dark stable S1-

state to the S2-state, which can recombine with QA at the acceptor side within a few seconds 

(see process (iii)). As a consequence the increased signal caused by the [QA I] complex will 

relax on a timescale that could not be resolved by our experimental setup with mixing times 

for the herbicide of approximately 10 s. Therefore, we applied three excitation flashes before 

adding the herbicide, so that a significant number of centers reach the S0 state, which is not 

able to recombine with the acceptor side, as demonstrated in [222]. With such an 

experimental setup a significant increase of the fluorescence yield after adding the herbicide 

could be observed, which reaches at saturating herbicide concentration approximately 20 – 

30 % of the maximum fluorescence level arising from saturating laser flash excitation. 

Plotting the change of the Chla fluorescence yield over the herbicide concentration revealed a 

saturation curve, with a value for IC502 = 2.3 ± 0.3 µM for terbutryn at half maximum signal 

intensity (Figure 4-5B). This value could be related to K´ET and K´i according to equation 4-8. 

Taking K´i ≈ IC501 one obtains a value for K´ET of 19 ± 5, which is in good agreement with 

the value obtained from ITC experiments and also found in the literature (Table 4-3 and in 

[216, 217]). Similar fluorescence spectroscopic experiments using DCMU on broken 

chloroplasts from spinach yielded dissociation constants of 0.03 µM for IC501 and 0.65 µM 

for IC502 [223]. 
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To reflect the situation present during the ITC experiments, control samples were pre-

illuminated for ten minutes with ambient light, following one hour of dark adaption. Treated 

in this way, we observed a similar increase of the fluorescence yield after adding herbicide to 

that found after laser excitation described above. As this indicates a significant population of 

“odd”-state centers in the sample, it is also reasonable to assume the presence of “odd”-state 

centers during the ITC experiments. These findings further support the interpretation of the 

two binding events observed by the ITC according to hypothesis (V). 

 

 Kd1 or IC501 in µM  Kd2 or IC502 in µM  K´ET 

ITC  0.030 ±±±±  0.005  0.8 ±±±± 0.2 26 ±±±± 11 

Fluorescence 0.13 ± 0.02* 2.3 ± 0.3 19 ±±±± 5 

 

Table 4-3: Dissociation constants for terbutryn derived from ITC and fluorescence experiments. 

The equilibrium constants for the electron transport arises from the interpretation of plastoquinone 

displacement in “odd” and “even” centers as described in the text. * indicates that this value can be only 

used as an upper limit. 

 

The obtained constants (K´ET and K´i) are apparent constants and depend on the quinone 

concentration, as described above. Therefore, some variation in the values for Kd1 and Kd2 

obtained by ITC and for IC501 and IC502 obtained by fluorescence spectroscopy (Table 4-3) 

could derive from different plastoquinone contents in the PSIIcc preparations used. In contrast 

to the fluorescence spectroscopic approach that follows the functional displacement of PQ at 

the QB site, the ITC measurements could be further influenced by the presence of empty QB 

sites. One critical point is the interpretation of IC501 ≈ K´i, derived from the amplitudes of the 

fast phase of the fluorescence decay. This assumption is only valid if a small fraction of 

herbicide is bound, because only then is the free herbicide concentration [I]F sufficiently close 

to the total concentration of herbicide [I]tot. Since in our experimental setup the concentration 

of inhibited RC is close to IC501 (IC501 ≈ [QA I]), the value of IC501 can be only used as an 

upper limit for K´i (since [I]F < [I]tot). In principle there are two ways to overcome this 

problem: (a) decrease the concentration of PSIIcc used for this experiment or (b) add 

exogenous substrate. (a) reduces the fraction of bound herbicide, but it might be difficult to 

measure the fluorescence yield at the very low PSIIcc concentration necessary ([PSIIcc] 

should be < 10 % K´i). (b) increases the value for IC501, but it would also lead to 

experimental conditions that are not comparable with the remaining data.  
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Nevertheless, since IC501 indicates the upper limit of the apparent dissociation constant K´i, 

the obtained value of 0.13 ± 0.02 µM significantly differs from Kd2 = 0.8 ± 0.2 µM as derived 

for the low affinity binding site from ITC experiments. This finding disagrees with the 

interpretation of hypothesis (IV) that both Kd2 and IC501 represent K´i. 
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4.4 Crystal structure of a terbutryn-PSIIcc complex at 3.4 Å resolution  
 

Although the main commercial use of herbicides is the inhibition of the electron transfer in 

Photosystem II, the structural basis of herbicide-PSII interaction is not well understood. 

Several theoretical models have been devised to explain herbicide binding to PSII, based 

mainly on the structural information available for the pbRC [224, 225]. However, despite the 

similar structural and functional arrangements of the acceptor side of the pbRC and PSIIcc, 

there are distinct differences observed for the quinone binding to the QB site. In the pbRC two 

conformations of the quinone moiety (ubiquinone) at the QB site have been described [204] 

that are believed to depend on the redox state of the quinone and the pH [226]. In dark-

adapted samples the quinone occupies the so-called “distal” position pointing away from the 

non-heme iron, while a “proximal” position of the quinone is observed for illuminated 

samples. The precise binding conformation of the quinone in the “distal” position and its 

involvement in the functioning of the acceptor side of the pbRC is still a matter of debate 

[227]. In PSIIcc only one position for plastoquinone at the QB site is found, which is similar 

to the proximal position in pbRC [10]. The main quinone-protein interactions are conserved 

between the two systems, but the orientation of the isoprenoid moity differs by a rotation of 

180° relative to the quinone headgroup (see Figure 4-6). Furthermore, some structural models 

suggest that the backbone nitrogen of glycine L-225 in the pbRC could act as an additional 

hydrogen bond donor to the carbonyl oxygen of the quinone headgroup. In PSIIcc such an 

interaction is missing, because of a different conformation of the corresponding protein-

backbone.  

Figure 4-6: QB binding in the pbRCand 

PSIIcc. 

Superposition of the QB site of the pbRC 

from Blc. viridis (PDB code 1VRN (QB in 

the proximal position), drawn in orange, 

labelled in parenthesis) and PSIIcc from T. 

elongatus (PDB code 3BZ1, drawn in 

green). Black dashed lines indicate 

hydrogen bonds conserved in both systems, 

while the red dashed line represents a 

hydrogen bond only found in the pbRC. 

The non-heme irons are drawn as spheres.  

The crystal structures of terbutryn-

pbRC complexes have been published 
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at resolutions up to 2.5 Å for Rhodobacter sphaeroides [228] and 2.0 Å for Blastochloris 

viridis (Figure 4-7; as in [229]). In these structures terbutryn is bound to the QB site via three 

hydrogen bonds to the L subunit. These involve the γ-oxygen of serine L-223, the backbone 

carbonyl oxygen of Tyr L-222 and the backbone amide of isoleucine L-224. At the side of the 

triazine ring that is oriented towards the non-heme iron, two tightly bound water molecules 

were located. One of them serves as hydrogen bond donor to N5 of the triazine ring, while the 

other completes the hydrogen-bonding network by providing hydrogen bonds to the first 

water molecule and to glutamate L-121 (Figure 4-7). Further stabilization of the complex may 

be achieved by nonpolar and π-π interactions with the surrounding protein matrix. The latter 

is provided by the aromatic ring of phenylalanine L-216 that is found to be oriented nearly 

parallel (14°) to the ring plane of the triazine. These interactions seem to be responsible for 

the different binding affinities of various triazine derivatives, e.g. atrazine, that shares the 

polar interaction described above. In the pbRC of Blc. viridis the affinity for atrazine binding 

is decreased by a factor of 14 compared to terbutryn. The structure of the atrazine-pbRC 

complex revealed a less parallel orientation of the aromatic ring systems (24° for atrazine, 14° 

for terbutryn) than found for terbutryn. Furthermore, the 6-methylthio group of terbutryn, 

interacting with leucine L-189 and isoleucine L-229, fits better into the QB site of the pbRC 

than the corresponding 2-chloro group of atrazine [229]. 

 

 
Figure 4-7: Terbutryn bound to the QB site of the pbRC. 

Terbutryn bound to the pbRC of Blc. viridis (PDB code 1DXR, at 2.0 Å resolution). The electron density is 

shown as green mesh at a contour level of 1.2 σ. The amino acid residues of the L subunit are indicated 

and the two water molecules mentioned in the text are draw as red spheres. Hydrogen bonds are indicated 

by dashed lines (figure taken from [229]). 
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Figure 4-8: Terbutryn bound to the QB site of PSIIcc. 

Binding of terbutryn to the QB site of PSIIcc from T. elongatus as derived from a 3.4 Å crystal structure. 

Terbuytn with surrounding amino acid residues of the D1 protein. The electron density is shown as green 

mesh contoured at 1.2 σ-level, possible hydrogen bonds are indicated by dashed lines. 

 

For PSIIcc no structural data upon herbicide binding is available so far, but a wide range of 

mutational studies at the acceptor site of PSII from various species have been performed (for 

review see: [230]). These studies indicate a role for serine D-264 of the D1 subunit for 

herbicide binding, especially for triazines. This residue corresponds to serine L-223 of the L 

subunit in pbRC that is indeed involved in triazine binding, as described above. 

 

To overcome the lack of structural information regarding the mode of herbicide binding and 

to test the influence of PSIIcc-stabilizing agents such as terbutryn on the quality of the PSIIcc 

crystals obtained, we performed co-crystallization of PSIIcc with terbutryn. First attempts to 

soak well-diffracting crystals of dimeric PSIIcc for various times in terbutryn containing cryo-

solution led to data with sufficient resolution (up to 3.0 Å), but it was not possible to solve the 

structure by molecular replacement. This problem did not exist when crystals were grown in 

the presence of herbicide. The crystals obtained feature the same cell parameters and 

spacegroup as crystals of PSIIcc dimer without herbicide and diffract to a maximum 

resolution of 3.1 Å. Nevertheless, it was not possible to observe any improvement regarding 

the diffraction quality of the obtained crystals. Due to the high anisotropy of the diffraction 

pattern, which is common for crystals from PSIIcc dimer, the data had to be truncated at 3.4 Å 

(Table 4-4). The structure of the 3.4 Å dataset of the dimeric PSIIcc-terbutryn complex could 

be solved by molecular replacement using the 2.9 Å resolution model (PDB code 3BZ1) as a 
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search model. Inspection of the difference peaks present in the Fo-Fc map revealed the 

positions of one terbutryn molecule in the QB site of each monomer. The positions of these 

terbutryn molecules could be successfully refined with full occupancy (Figure 4-8). 

  

Simultaneously it was attempted to co-crystallize PSIIcc monomer with terbutryn. 

Interestingly, a higher yield of single crystals of suitable size was observed for PSIIcc 

monomer in the presence of the herbicide, which may indicate an improved nucleation rate 

under these conditions. Because of the low resolution of ~ 3.7 Å obtained with these crystals 

they could not be used for further structural investigations of the terbutryn-PSIIcc interaction.  

 

Data collection of PSIIcc-terbutryn complex 

Space group   P212121 

Unit cell parameters  

    a [Å] 126.9 

    b [Å] 225.0   

    c [Å] 304.9  

α=β=γ(°) 90 

Resolution [Å] 50-3.4 (3.5-3.4)a 

Measured reflections 511911 

Unique reflections 102790 

I / σI 14.64 (1.94)a 

Redundancy 4.99 

Rsym 0.090 (0.537)a 

Completeness [%] 85.3 (75.0)a 

 

Table 4-4: Crystallographic statistics of the 3.4 Å dataset for PSIIcc-terbutryn co-crystals. 
aValues in parentheses apply to the highest resolution shell. 

 

Similar to the binding pattern described for terbutryn at the QB site of the pbRC we found 

terbutryn to be analogously docked via three hydrogen bonds formed by the nitrogen atoms of 

the herbicide and the D1-subunit. These polar interactions are provided by the γ-oxygen of 

serine D1-264 (hydrogen bond distance 3.3 Å), the backbone carbonyl oxygen of alanine D1-

263 (hydrogen bond distance 3.2 Å) and the backbone amide of phenylalanine D1-265 

(hydrogen bond distance 2.9 Å; see Figure 4-8). It is remarkable that it is the similar folding 

of the protein backbone that seems to be mainly responsible for the binding, so that, apart 

from serine D1-264, the residues involved are not conserved between the two reaction centers. 

The D1 protein shows a slightly different folding of the loop connecting the short stromal α-
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helix DE with the transmembrane α-helix D in comparison to the subunit L in the pbRC. This 

leads to a conformation of the backbone carbonyl oxygen of phenylalanine D1-265 in which it 

could contribute to hydrogen-bonding to the herbicide. The oxygen possibly forms a PSII-

specific hydrogen bond to the aminoethyl nitrogen of terbutryn (hydrogen bond distance 3.3 

Å) in addition to serine D1-264. In the pbRC the corresponding isoleucine L-224 is followed 

by a conserved glycine, whereas in PSIIcc asparagine D1-266 is located at this position. 

These variations of amino acid residues may introduce different steric constraints responsible 

for these conformational arrangements. Due to the very similar arrangement of the 

surrounding protein in the QB site of pbRC and PSIIcc it is reasonable to assume that the 

terbutryn-PSIIcc complex is also further stabilized via water molecules at the proximal side of 

the herbicide. As the position of histidine D1-215, complexing the non-heme iron in PSIIcc, is 

nearly the same as histidine L-190 in pbRC (Figure 4-9), the presence of a water molecule in 

a similar position in both reaction centers is likely. For the putative position of the second 

water molecule a possible hydrogen bond partner in PSIIcc could be tyrosine D1-246 (not 

shown). Similar to the position of phenylalanine L-216 in the pbRC we found phenylalanine 

D1-255 in close contact with the triazine ring of terbutryn, but no reliable information about 

the orientation of its ring plane could be obtained due to the limited resolution (Figure 4-8). 

The positions of leucine L-189 and isoleucine L-229 in the pbRC, which are in van der Waals 

distance from the 6-methylthio group of the herbicide, are occupied by methione D1-214 and 

leucine D1-271 (Figure 4-9), respectively, in PSIIcc. The presence of these nonpolar groups 

that are of similar size to the ones found in the pbRC indicates a similarly suitable steric 

surrounding of terbutryn in both reaction centers.  

 

Figure 4-9: Superposition of terbutryn-

bound structures. 

Superposition of terbutryn-bound 

structures of the pbRC from Blc. 

viridis (PDB code 1DXR, drawn in 

orange, labelled in parenthesis) and 

PSIIcc from T. elongatus (drawn in 

green).  
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In contrast to triazines, urea class herbicides show only marginal binding to pbRC and no high 

resolution structural information is available so far. Therefore, the elucidation of the binding 

of an urea class herbicide (such as DCMU) to PSIIcc is of high interest. DCMU binding could 

be observed for a pbRC derived from a mutant of Blc. viridis, in which tyrosine L-222 was 

replaced by phenylalanine [231, 232]. This amino acid exchange leads to larger 

rearrangements of the subunit M, but also influences the nearby amino acids of the L subunit. 

However, in contrast to the structural models of triazine complexes, the resolution of the 

available data does not allow a detailed analysis of the DCMU binding mode. To address the 

question of urea type herbicide binding to PSIIcc, co-crystallization experiments with 3-(4-

bromo-3-chlorophenyl)-1-methoxy-1-methylurea (chlorbromuron, CBU see Figure 4-10) have 

been performed. This molecule is only slightly modified - compared to DCMU - by the 

substitution of one methyl group by a methoxy group and one chlorine substituent by bromine. 

The presence of the electron rich bromine renders this molecule more suitable for 

crystallographic studies, because its position can be located even at low resolution when using 

the anomalous scattering introduced by measuring at a wavelength near the absorption edge of 

bromine (0.92 Å). The crystals of dimeric PSIIcc grown in the presence of CBU diffract to a 

maximum resolution of ~ 3.4 Å and the three datasets obtained could be processed to a final 

resolution of 3.7 Å. Anomalous difference electron density was found in the middle of each of 

the two QB sites in the PSIIcc dimer. In some cases this electron density is of elongated shape, 

but mostly two distinct peaks could be resolved (Figure 4-10), which may indicate two 

binding positions for this herbicide in PSIIcc. When bromine is placed in the center of one of 

the anomalous peaks the overall location of CBU seems to be similar to the DCMU binding 

mode proposed for the mutant pbRC of Blc. viridis [232]. A detailed comparison of the 

arrangement found for DCMU in the pbRC and for CBU in PSIIcc is not possible, because no 

structural data have been deposited in the data bank. Further structural analysis of the CBU 

binding to PSIIcc may become feasible using more highly resolved X-ray diffraction data in 

the future.  
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Figure 4-10: CBU bound to the QB site of PSIIcc. 

Electron density (blue mesh) at the QB site derived from PSIIcc/CBU co-crystallization experiments. Two 

anomalous electron density peaks (contoured as orange mesh) are found, which may indicate two distinct 

binding modes for CBU. Despite of this the CBU position shown here is based on the overall electron 

density and is therefore located into the center of the blue mesh. 
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4.5 Summary 
 

The improvement of the ITC data on herbicide binding to dimeric PSIIcc revealed a biphasic 

binding behaviour for terbutryn. In contrast to the previous finding that this herbicide binds 

only sub-stoichiometrically to PSIIcc dimer, the new data lead to a high occupancy of the QB 

site, by postulating two formal binding sites, which differ in their affinities and binding 

enthalpies. Several hypotheses that explain these findings seem to be reasonable and lead to 

different interpretations of the obtained thermodynamic parameters. Further analysis of 

terbutryn binding to dimeric PSIIcc using fluorescence spectroscopic approaches revealed that 

the apparent affinity of the herbicide depends on the redox state of the acceptor-side of PSIIcc. 

RCs in the “odd”-state, harbouring a semiquinone, show a decreased apparent dissociation 

constant for the herbicide compared to those in the “even”-state, containing only fully 

oxidized or doubly reduced quinone. The different binding behaviour could be related to the 

electron transfer reaction between QA and QB. These findings suggest that the two binding 

sites found by the ITC experiments may also originate from a mixed population of centers in 

the “even” and the “odd” state. The thermodynamic parameters for the electron transfer 

reaction between QA and QB derived from such an interpretation of the ITC data are in 

agreement with the current literature.  

 

Using crystals of PSIIcc dimer co-crystallized with terbutryn, it was possible to obtain the 

first direct structural information about terbutryn binding to the QB site of PSIIcc at a 

resolution of 3.4 Å. The interaction between terbutryn and the D1 subunit was found to be 

very similar to its binding to the L subunit in the pbRC. In addition to the three hydrogen 

bonds between terbutryn and the surrounding protein matrix that are found in both systems 

(pbRC and PSIIcc) a putative fourth hydrogen bond was present in PSIIcc. This is attributed 

to a slightly different fold of the D1 subunit of PSIIcc compared to the L subunit in the pbRC. 

The results confirm the suggestion that terbutryn binds connatural to PSIIcc and to the pbRC, 

validating that the latter could serve as a model system for herbicide binding. The limited 

resolution of the data does not allow the detection of water molecules involved in the binding 

of triazines, but it seems to be reasonable that two water molecules are located at similar 

positions in PSIIcc as described for the pbRC.  

 

Similar crystallographic experiments were performed using CBU as a member of urea-class 

herbicides. It was possible to obtain the anomalous signal of the bromine substituent of the 
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herbicide at a resolution of 3.7 Å. The anomalous difference electron density map revealed 

two prominent peaks located at the QB site of PSIIcc, which indicates two distinct positions 

for this herbicide in the binding site. A more detailed analysis of herbicide binding to PSIIcc 

may become accessible after future crystallographic studies at higher resolution. 
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5. Studies on bromide-substituted dimeric PSIIcc  

5.1 Introduction 
 

One of the open questions regarding the structure of the inorganic core of the WOC is the 

inclusion of a functionally important chloride ion. Early evidence for the contribution of 

chloride to oxygenic photosynthesis came from experiments that showed a stimulating effect 

of chloride on oxygen evolution in illuminated granule suspensions [233]. Later, this 

“chloride-effect” could be assigned to the water oxidizing step in photosynthesis [234, 235]. 

A stoichiometry of one chloride ion per WOC has been determined using plants grown on 
36Cl [236]. These studies also demonstrated that other anions compete with chloride in 

binding to PSIIcc. Their effectiveness in competing with chloride follows the order: Cl < Br 

≈ NO3 < F < HCO3 < acetate [237, 238]. Functional studies supported the conclusion that 

Br¯  can functionally replace the chloride ion, whereas substitution by other anions only leads 

to low oxygen evolution capacity. Two binding processes of chloride to PSII have been 

observed - both recover PSII activity but vary in their affinity and their exchange rates. The 

high affinity binding process (KD ~ 20 µM) shows a very slow exchange rate (t0.5 ~ 1 h), 

whereas the lower affinity binding process (KD ~ 0.5 mM) is associated with a rapid exchange 

(t0.5 < 15 s) [237, 239]. This was interpreted by a model for the chloride binding site involving 

two conformations. Although the “chloride-effect “ may contribute to some extent to the 

dissociation of extrinsic subunits, there is vast evidence for a direct involvement of chloride in 

the water oxidation reaction catalyzed by the WOC [121]. Removal of chloride from dark-

adapted PSII samples leads to an altered S2 state, visible in the EPR spectrum after continuous 

illumination at 200 K (when the QA to QB electron transfer is blocked) [237, 240]. Whereas 

the amplitude of the “classical” multiline signal arising from the elevated redox state of the 

Mn4Ca cluster (S2) was decreased, a species centered at about g = 4.1 could be detected. In 

contrast to the fast decay of the multiline signal with t0.5 < 1 min, the altered signal decays 

very slowly (t0.5 ~ 10 min). This altered signal was reversibly converted into the normal S2 

multiline signal when chloride was added. UV-spectroscopic experiments on PSII membranes 

(so called BBY´s, according to [241]), where chloride was quickly depleted and replaced, 

suggest that it is required for the S2 → S3 and the S3 → S0 transition of the WOC, but not for 

the S1 → S2 and S0 → S1 transition [242]. However, based on other experiments, only a minor 

role for this anion on the water oxidizing reaction was proposed [239]. These experiments 

further suggest that NO3 is also an effective activator in the restoration of PSIIcc activity 
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after chloride depletion. One approach to elucidate structural information about the binding 

site of chloride in PSIIcc involved the use of bromide-exchanged samples. Since this anion is 

able to functionally replace chloride, it is believed to occupy the same binding site. The 

biosynthetic exchange of chloride with bromide in cyanobacteria PSIIcc was found to be 

possible by exchanging all the halides during cell cultivation and sample preparation. The 

PSIIcc prepared in this way were capable of oxygen evolution and show only slightly 

different kinetics of the S1 → S2 and the S3 → S0 transitions, while for the remaining 

transitions of the S-cycle no significant changes could be detected [243]. EXAFS 

measurements on bromide-substituted PSII membrane fragments from spinach tentatively led 

to the assignment of a Mn or Ca ion at a distance of ~ 5 Å away from the Br [122]. From 

these experiments a direct binding of the halides to one of the metal centers of the Mn4Ca 

cluster could be excluded.  
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5.2 Preparation and characterization of bromide-substituted PSIIcc 
 

Biosynthetic exchange is a reasonable way to elucidate the binding of chloride to PSIIcc from 

T. elongatus by X-ray crystallography. The detection of bromide in the electron density is 

facilitated by the fact that this anion contains twice as many electrons as chloride (36 

electrons for Br versus 18 for Cl). Moreover, it is possible to obtain information by using an 

X-ray wavelength slightly above the absorption edge of bromide, which is in a suitable range 

for X-ray diffraction experiments (bromide K-edge ~ 0.92 Å). In this case bromide acts as 

anomalous scatterer, whose signal can be extracted, yielding to an anomalous density that can 

be assigned to this element even at lower resolution. Because bromide can functionally 

replace chloride and both have comparable ionic radii (chloride: 1.81 Å; and bromide 1.96 Å 

[244]), it is very likely that both occupy the same position within the complex. Therefore, 

cells of T. elongatus were cultivated in media where chloride was completely exchanged by 

bromide as described earlier [243]. To avoid replacement of chloride by NO3, an attempt was 

made to replace nitrate by urea, ammonia or lysine as nitrogen sources in the media, but it was 

not possible to grow the cells of T. elongatus under any of the applied conditions without 

NO3. Chloride was also replaced in all buffers used to prepare highly pure PSIIcc dimer for 

crystallographic studies. The purification protocol already established was found to be 

sufficiently suitable after a slight adjustment of the salt gradient. This procedure leads to 

similar yields of bromide-exchanged PSIIcc compared to native preparations and, after two 

consecutive chromatography steps, almost equal amounts of monomeric and dimeric PSIIcc 

were obtained. The dimeric PSIIcc was further purified by re-crystallization and the final 

fraction used to grow crystals showed the same subunit composition, as revealed by SDS-

PAGE and MALDI-TOF-MS analysis, and the same oxygen evolution capacity of 40 to 50 

Chla (1/4 O2 flash)-1) as PSIIcc derived from “native” chloride-grown cells. To further 

characterize the halide exchange, the S1 → S2 and the S3 → S0 transitions were analyzed by 

time-resolved UV-visible absorption spectroscopy. Thereby the fast µs kinetic phase observed 

when measuring the absorption-difference at 292 nm induced after one saturating laser flash 

was found to be slowed down by a factor of two compared to native PSIIcc (Figure 5-1). The 

transient absorption-difference measured on bromide-containing PSIIcc after three single 

turnover flashes shows an elongated lag-phase and also a decelerated ms kinetic phase. These 

findings are in agreement with the bromide exchange effect in PSIIcc from T. elongatus that 

have been reported earlier [243].  
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Figure 5-1: Transient absorption difference spectroscopy on bromide-exchanged PSIIcc dimer. 

The absorption difference at 292 nm measured on a logarithmic time scale ranging from 5µs to 20 ms 

after excitation of the sample by one saturating laser flash.  The data points were fitted by two 

exponentials (red lines) and for clarity only the first fast phase (5µs to 500 µs) is shown. The time 

constants (t1/2) found for this phase differ in bromide-exchanged PSIIcc (open triangles, solid red line, t1/2 

= (93 ± 10) µs) and “native” control PSIIcc (filled triangles, dotted red line, t1/2 = (48 ± 8) µs). 

Measurements were performed by Dr. F. Rappaport at the Institut de Biologie Physico-Chimique, CNRS, 

Paris, France. 

  

To further analyze the number of bromide ions bound to PSIIcc, the samples were 

investigated using X-ray fluorescence spectroscopy. This method is based on the fluorescence 

emitted by atoms after electrons of the inner shells have been excited by X-rays of sufficient 

energy. Since the emitted radiation is caused by the refilling of the electron holes by electrons 

from higher energy shells, its wavelength is element-specific due to the distinct energy 

difference of the involved orbitals. Furthermore, the intensity of this radiation is proportional 

to the number of emitting atoms, which renders this method suitable for the investigation of 

discrete stoichiometries. The spectra, ranging from 5000 eV to 14500 eV, of different PSIIcc 

samples are shown in Figure 5-2. All spectra are normalized to the Mn Kα peak at 5898 eV 

and, for comparison, the spectrum of a model component containing a Mn to Br ratio of 4 

(Figure 5-2; grey line) is added. The peak obtained at the energy of Br Kα (11923 eV) in 

bromide-exchanged PSIIcc samples that have been washed in halide-free buffer indicates the 

presence of bound bromide (Figure 5-2, blue line). A comparison of the peak areas of the Br 

Kα and Mn Kα peaks with those of the model component revealed a stiochiometry of 

approximately 4 Mn atoms per Br, which corresponds to one bromide per WOC in PSIIcc. 
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When bromide-exchanged samples were washed with chloride-containing buffer the peak 

corresponding to Br decreased (Figure 5-2, red line). This indicates that the bromide bound to 

the PSIIcc can, at least partly, exchange with chloride. No Br could be detected in “native” 

control samples of PSIIcc (Figure 5-2, green line). 

 

 

 

Figure 5-2: X-ray fluorescence spectra of bromide-exchanged PSIIcc from T. elongatus.  

All spectra are normalized to the Mn Kα peak at 5898 eV. Bromide-exchanged PSIIcc measured in halide-

free buffer or washed with chloride containing buffer are coloured blue and red, respectively. Green lines 

derived from the native control sample of PSIIcc (grown and prepared with chloride) and the grey 

spectrum derived from a model component containing a Mn to Br ratio of 4. The measurements have been 

performed by Dr. J. Yano from the Lawrence Berkeley National Lab., Physical Biosciences Division, 

Berkeley, USA. 
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5.3 Crystallographic studies on bromide-substituted PSIIcc 
 
To locate the bromide position within the complex, crystals were grown with the bromide-

substituted PSIIcc prepared as described above. The native conditions for crystallizing PSIIcc 

dimer could be adapted by replacing the 10 mM CaCl2 by CaBr2. The crystals obtained 

showed the same morphology as native crystals of PSIIcc dimer and featured the same 

spacegroup and similar unit cell parameters. They diffract to a maximum resolution of 

approximately 3.7 Å and two datasets could be obtained and processed to a final resolution of 

4.0 Å and 3.9 Å (Table 5-1). 

 

Data collection of bromide-exchanged PSIIcc 
 Bromide (1) Bromide (2) 
Space Group P212121 
Wavelength [Å] 0.88 0.8 
Unit cell parameters   
 a, b, c (Å) 126.1, 223.7, 304.3 132.9, 229.4, 309.0 
 α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 
Resolution (Å) 30–3.9 (4.0–3.9)a 30–4.0 (4.1–4.0)a 
Rsym 0.106 (0.362)a 0.073 (0.532)a 
I / σI 7.52 (2.73)a 9.83 (2.19)a 
Completeness (%) 82.5 (67.8)a 89.2 (82.8)a 
Redundancy 2.40 3.10 

 

Table 5-1: Crystallographic statistics of the datasets from bromide-substituted PSIIcc.  
aValues in parentheses apply to the highest resolution shell. 

 
With these datasets it was possible to calculate the anomalous difference fourier maps. 

Inspection of the electron density revealed one prominent peak in the vicinity of the Mn4Ca 

cluster at 7.2σ level that could be refined as bromide with high occupancy. At the position 

found the negatively charged bromide is surrounded by the positively charged environment 

provided by D2-Lys 317, D1-Asn 181 and the backbone N of D1-Glu 333. In agreement with 

EXAFS data [122] the closest distance of bromide to a metal ion of the Mn4Ca cluster is 

about 6.4 Å (Figure 5-3A). Recently two groups have reported similar experimental results 

using bromide-substituted PSIIcc from T. elongatus [245] and T. vulcanus [246]. Both groups 

reported two bromide-binding sites based on data with resolutions ranging from 4.4 Å to 3.7 

Å. One bromide-site found in these studies is virtually identical to the position found in this 

work, but the second bromide-binding site is not supported by the data presented here. 

Although the quantification obtained by X-ray fluorescence spectroscopy supported only one 

bromide bound per 4 Mn atoms, it is possible that a second fast exchanging bromide-binding 
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site exists that was depleted during the incubation with halide free buffer. Therefore, the 

presence of a second bromide-binding site cannot be excluded by the present data. 

 

 

 

Figure 5-3: Halide-binding site in PSIIcc. 

(A) Location of the bromide-binding site in PSIIcc. The anomalous difference peak is shown as a green 

mesh at 7 σσσσ-level. (B) Native chloride position in PSIIcc. Coordinating amino acids are shown as sticks 

and a putative water molecule located between Mn4 and Cl–
 as purple sphere. The electron density at 1.2 

σσσσ -level is drawn as blue mesh. Distances are given in Å (adapted from [12]).  

 

 
In parallel to the work presented here, an improved electron density map for native dimeric 

PSIIcc became available. In this electron density map at 2.9 Å resolution it was possible to 

assign a chloride ion that occupies the same position as described above for bromide [12]. The 

chloride ion forms polar contacts with the nitrogen atoms of the surrounding amino acid 

residues D2-Lys 317, D1-Asn 181 and D1-Glu 333 (Figure 5-3B). An additional patch of 

electron density is found between Mn4 of the Mn4Ca cluster and the chloride, which was 

tentatively assigned as a water molecule. In this bridging position a water molecule would 

have a distance of 3.5 Å to Mn4 and 3.2 Å to the chloride and could be further coordinated by 

D1-Glu 333 and D1-Asn 181 (Figure 5-3B). No additional density was found in the electron 

density map at 2.9 Å resolution at the position of the proposed second bromide-binding site. 

Further support regarding the assignment of this chloride binding site arises from datasets 

obtained from Xe pressurized PSIIcc crystals [12]. These crystals were utilized to map 

possible oxygen diffusion channels within the complex [93]. Although the X-ray absorption 

edge of chloride is at an energy corresponding to 4.39 Å and is, therefore, far away from the 

A               B 
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2.1 Å which was used to collect the diffraction data of the Xe derivative PSIIcc crystals, a 

weak anomalous contribution from chloride can be expected at this wavelength. The 

inspection of the anomalous difference density arising from these datasets revealed a positive 

peak at the position of chloride and bromide described above. Since Xe was found to bind 

exclusively to hydrophobic parts of the complex, it is rather unlikely that Xe is occupying this 

position [93].  

 

The halide binding site found in PSIIcc is located at the entrance of two putative proton 

transfer channels, connecting the WOC with the lumen (Figure 5-4; C and G). The presence 

of channels in PSIIcc that are utilized for efficient delivery of reactants (water) to and removal 

of products (oxygen and protons) from the WOC has been discussed for a long time [247]. 

With the improvement of the crystal structures available a more detailed analysis has become 

feasible [93, 248-250]. Based on the recent structural model of dimeric PSIIcc four wide 

channels connecting the WOC with the lumen have been proposed (Figure 5-4; A1/A2/B1), 

one of them possibly being regulated by a conformational change of U-Lys 134 (B2 in [93], 

not shown). These channels begin at the side of the cluster where Mn1, Mn2 and Ca are 

located and have been suggested to provide a direct transfer route for small molecules such as 

water and oxygen. Access to at least parts of these channels by small molecules could be 

experimentally confirmed [93]. Five narrower channels have been proposed as putative proton 

channels, leading away from the opposite side of the cluster in the vicinity of either Mn3 

(Figure 5-4; D,E and F) or Mn4 (Figure 5-4; C and G). As mentioned above, channels C and 

G harbour the halide binding site. These channels have been proposed to contain highly 

ordered water molecules to provide fast proton transfer according to the Grotthuss mechanism 

[251] and build a rather branched complex network. Channel C has also been reported in 

earlier studies (based on the structural model of PSIIcc at lower resolution, [248, 249]) and 

functional evidence for this channel comes from mutants of D1-Glu 65 from Synechocystis sp. 

PCC 6803. This residue marks the bottleneck of channel C and its carboxylate is believed to 

be directly involved in the proton transfer reaction. While the mutation of D1-Glu 65 to 

aspartate has only a minor influence on the activity, oxygen evolution is reduced to about 

20 % by the mutation of this residue to non-protonatable groups (glutamine or asparagine) of 

similar size [252]. Further support came from theoretical calculations based on the 3.0 Å 

structural model, which suggested the presence of a downhill energy proton-transfer pathway 

[253]. The pKa value of D2-Lys 317 calculated in this study (in the absence of chloride) 

agrees with the proposal of a lysine with a low pKa as a binding partner to the chloride [239].  
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Figure 5-4: Calculated product and educt channels in PSIIcc.  

View from the stromal side onto the membrane plane showing the Mn4Ca cluster (only Ca (orange sphere), 

Mn1 and Mn4 (red spheres) are visible), the chloride ion (Cl−−−−, green sphere) and putative channels 

connecting the cluster to the lumenal side. Water/oxygen channels are in blue (A1), light blue (A2) and red 

(B1). Possible proton channels (C to G) are in yellow (figure taken from [93]). 

 

According to its position in the putative proton channel it seems to be reasonable that chloride 

exerts a functional or structural role in proton transfer. A possible function of the chloride 

could be to influence nearby protonatable groups, thereby adjusting their pKa values to allow 

for efficient proton transfer. It may also serve to stabilize the water chain within the channels 

that is needed for proton transfer. If fast removal of protons is required for the turnover of the 

WOC and chloride is involved in the proper function of the nearby proton channels C and G, 

the remaining activity of ~ 35 to 55 % found in chloride-depleted PSII samples could be 

explained by the presence of additional proton channels, not regulated by the halide.  

 

It is widely accepted that the proton release pattern during the S-cycle is 0,1,2,1 when started 

from the dark-adapted S1 state of the WOC [254, 255]. This would mean that one positive 

charge is accumulated by the WOC in the S2 state, because the charge arising from the 

electron abstraction of the S1 → S2 transition is not compensated by a proton release. Since 

the S2 → S3 transition is charge neutral, a positive charge would also be obtained by the S3 
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state. During the S3 → S4 → S0 transition the release of two protons leads to a neutral state of 

the WOC in S0. This was also suggested by the oscillation pattern found by electrochromic 

band shifts that showed a surplus charge for the states S2 and S3 compared to S0 and S1 [256, 

257]. Since the S2 → S3 and the S3 → S0 transitions, releasing one and two protons, 

respectively, were found to require chloride [242], one could suggest that these protons (one 

released during S2 → S3 and at least one of the protons released during S3 → S0) are removed 

via channel C and G (Figure 5-5; green arrow). In contrast, the proton released during the S0 

→ S1 transition (and maybe the other proton released during the S3 → S0 transition as well) 

that are not influenced by chloride depletion might utilize the other proton-release channels D, 

E and F, which might not be regulated by the presence of halides (Figure 5-5; mangenta 

arrow). Another possible function of chloride is the stabilization of the positive charge present 

in the S2 and S3 states of the WOC. According to this idea, chloride would be necessary to 

allow S-state transition and electron abstraction via TyrZ· when the WOC harbours a surplus 

of positive charge (Figure 5-5; orange circles). The chloride dependence of the rates of the S2 

→ S3 and the S3 → S0 transitions could originate from the positive charge present in the S2 

and S3 state.  
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Figure 5-5: Schematic representation of the S-cycle. 

Orange circles represent S-states with a surplus of positive charge (S2 and S3) compared to the remaining 

S-states (yellow circles). Proton release may utilize either channels C and G (green arrows) or channels D, 

E and F (magenta arrows) as discussed in the text. In the proposed model at least one proton released 

during the S3 → S4 → S0 transition might pass either channel C or G and therefore both possibilities are 

symbolized by arrows (green and magenta). The oxygen release step is shown by the blue arrow, and light 

excitation by black flashes. The proposed dependency of the S-transitions is represented by red lines.  
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5.4 Summary 
 

The aim of the work described in this chapter was to elucidate the location of the halide 

binding site in PSIIcc. In the native system this site is believed to be occupied by a chloride 

ion that was shown to be of functional importance for water oxidation. To reveal the position 

of the chloride by X-ray crystallography, single crystals of PSIIcc have been prepared in 

which chloride was biosynthetically substituted by bromide, an element that can be located 

even at lower resolution. The bromide-containing PSIIcc showed the same oxygen evolution 

capacity as native (chloride-containing) samples, which indicates the functional replacement 

of the halides. The successful exchange of the halides was further characterized by 

spectroscopy. Transient absorption difference spectroscopy showed the same retardation in 

the S-states transitions as found earlier for similar PSIIcc samples. Energy dispersive X-ray 

fluorescence spectroscopy revealed a stoichiometry of four Mn atoms per Br when bromide-

substituted PSIIcc samples were washed with halide-free buffer. A slight decrease in this ratio 

was found after incubation with chloride-containing buffer, which indicates that a partial 

exchange of the two halides has taken place. The crystals of dimeric bromide-substituted 

PSIIcc diffracted to a maximum resolution of approximately 3.9 Å. Based on this data one 

prominent peak in the calculated anomalous difference electron density map in the vicinity of 

the Mn4Ca cluster was found and successfully refined as bromide. The closest distance 

between bromide and the Mn4Ca is about 6.4 Å to Mn4, in agreement with data derived from 

EXAFS measurements. In the native dataset at 2.9 Å, a patch of unidentified electron density 

found at this position could be assigned to a chloride ion. In contrast to similar studies by 

others that have been conducted parallel to this work, the data presented here show no 

indications for a second bromide-binding site in PSIIcc. Nevertheless, such a binding site 

could not at present be excluded. Interestingly, the halide position obtained in this work marks 

the entrance of two putative proton channels that have been calculated on the basis of the 

structural model of PSIIcc at 2.9 Å resolution. This finding supports the idea that chloride 

might be involved in a proton release network necessary for the fast removal of protons 

during the S-cycle. The remaining oxygen evolution activity found for chloride-depleted PSII 

might originate from alternative chloride-independent proton release pathways. Indeed, the 

presence of three additional proton channels slightly away from the chloride position have 

been proposed based on the calculations carried out on the 2.9 Å structural model. One of the 

two chloride-associated proton channels, harbouring a glutamate (D1-Glu 65) at its bottleneck, 

has been shown to be of functional importance. Therefore, it will be interesting to analyze the 
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influence of chloride in mutants where this glutamate is exchanged by non-protonatable 

groups. Future studies on PSIIcc mutants with altered properties of the putative proton release 

channels may help to clarify the functional involvement of chloride or bromide during water 

oxidation.  
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6. Outlook 

Despite the high quality of the structural model from dimeric PSIIcc at a resolution of 2.9 Å, a 

more highly resolved overall structure of PSIIcc is still required in order to identify missing 

structural details.  The current resolution e.g. does not allow the location of water molecules 

that are believed to mediate several functionally relevant processes, such as proton transfer 

from the WOC to the lumen. To obtain diffraction data at a higher resolution a new crystal 

form has been derived from PSIIcc monomer (described here). This new form possesses the 

important advantage of significantly lower anisotropy of its diffraction pattern compared to 

the crystals of dimeric PSIIcc. Therefore, further optimization of the preparation and 

crystallization of the PSIIcc monomer to obtain better diffracting crystals might eventually 

allow the still missing structural details to be resolved. 

  

An improved crystal structure of monomeric PSIIcc is also a prerequisite for a detailed 

comparative analysis of monomeric and dimeric PSIIcc and, thus, for the elucidation of the 

functional reason for the different oligomerization states. Since dimer dissociation is believed 

to be part of the complex process of assembly and disassembly of PSIIcc necessary to retain 

its functional integrity, such an analysis will help to clarify the mechanism of D1 exchange. 

One interesting question in this context is whether dimer dissociation is the cause or the 

consequence of protein degradation. This could be further addressed by in vitro degradation 

studies on monomeric and dimeric PSIIcc.  

 

Improvement of the diffraction quality of the PSIIcc crystals would also enable a further 

analysis of the acceptor side of PSIIcc. While the structure of PSIIcc dimer at 2.9 Å resolution 

shows two PQ molecules (QB and QC) in the PQ exchange cavity, no PQ could be assigned in 

this region for monomeric PSIIcc at 3.6 Å resolution. Nevertheless, the monomeric crystals 

exhibit electron density at both PQ-sites and the presence of a PQ molecule could only be 

unambiguously excluded for the QB-site. As no PQ is found at the high affinity QB-binding 

site, the presence of PQ at the QC-site would suggest that QC is not able to replace reduced 

plastoquinol at the QB-site. This would mean it is rather unlikely that QC is involved in PQ 

exchange. Future structural studies on QB-depleted PSIIcc, e.g. due to illumination of the 

sample, could be useful to evaluate the occupancy of these PQ-sites, which might provide a 

basis for an understanding of the function of QC. Besides the structural and functional aspects 

of the acceptor side in its native state, the interactions of PSIIcc with various herbicides are of 
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great interest. Especially for urea-class and phenolic herbicides, structural information about 

their interaction within the QB-site is lacking. For triazine-type herbicides, such as terbutryn, 

further improvement of the crystallographic data may reveal the involvement of bound water 

molecules in herbicide binding, as suggested by the high resolution structure of terbutryn 

bound to the photosynthetical reaction center of purple bacteria. 

  

Regarding the structural elucidation of the WOC, the most extensively investigated part of 

PSIIcc, it is questionable whether a more highly resolved X-ray crystallographic model will 

permit the determination of the position and coordination of the various metal ions of the 

Mn4OxCa cluster, due to the inherent problem of radiation damage. Nevertheless, structural 

details will become feasible by orientation-dependent spectroscopy using the crystals of 

PSIIcc monomer, because of the reduced number of possible orientations provided by this 

new crystal form. These experiments are in progress. Another possible way to avoid radiation 

damage is via neutron crystallographic studies, which, in contrast to X-ray radiation, are non-

destructive for the Mn4OxCa cluster and the PSIIcc protein matrix. Because the scattering 

power of neutrons shows only a small variation across the periodic table it is much easier to 

locate light atoms such as water or even hydrogen. Nevertheless, the lack of suitable neutron 

sources at this stage limits the applicability of neutron crystallography. 
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