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Zusammenfassung 
Kern, Jan: Structural and functional investigations of Photosystem II from 
Thermosynechococcus elongatus 
Die oxygene Photosynthese ist neben der Atmung der bedeutendste biologische 
Energieumwandlungprozess. Sie generiert den gesamten atmosphärischen Sauerstoff und fast 
alle Nährstoffe für nicht-photosynthetische Organismen. Die lichtinduzierte oxidative 
Spaltung von Wasser findet in Photosystem II (PSII) statt, einem in Thylakoidmembranen von 
Pflanzen, Algen und Cyanobakterien vorkommendem Pigment-Protein-Komplex. Die 
Kenntniss der Struktur des PSII Enzymkomplexes ist eine Voraussetzung für ein tieferes 
Verständniss dieses Prozesses. 

In der vorliegenden Arbeit wurde eine schnelle Reinigungsmethode für PSII-Core Komplexe 
(PSIIcc) aus den Thylakoidmembranen des Cyanobakteriums Thermosynechococcus 
elongatus entwickelt. Monomere (M) und dimere (D) Formen des PSIIcc konnten in hohen 
Ausbeuten separiert werden. Der Oligomerisationszustand des Proteins wurde mit Hilfe von 
Gelfiltration, dynamischer Lichtstreuung und analytischer Ultrazentrifugation untersucht, 
wobei Größen von 440 kDa und 760 kDa für PSIIccM und D erhalten wurden. 
PSIIccM und D wurden auf ihre photochemische Aktivität, Sauerstoffentwicklungsaktivität, 
sowie ihre Pigment-, Lipid- und Detergenszusammensetzung untersucht. Es wurden Werte 
von 36 Chla, 2 Pheoa, 9 β-Car, 2.9 PQ9, 3.8 Mn, 10 Lipide, 110 β-DM pro photochemischem 
Zentrum und Sauerstoffaktivitäten von 3000 µmol O2/(mg Chla h) erhalten, wobei sich 
PSIIccM und D nicht merklich unterschieden. Die Polypeptidzusammensetzung wurde mit 
Hilfe von Gelelektrophorese, N-terminaler Sequenzierung und Massenspektrometrie 
untersucht. In beiden Formen wurden die 19 Untereinheiten PsbA, B, C, D, E, F, H, I, J, K, L, 
M, O, T, U, V, X, Y und PsbZ gefunden. Von PSIIccD konnten Kristalle gezüchtet werden, 
deren Sauerstoffentwicklungsaktivität, Untereinheitenzusammensetzung und Pigmentstöchio-
metrie denen des gelösten PSIIccD entsprachen. 

Einkristalle des PSIIccD wurden mit Hilfe von EPR und XAS spektroskopisch untersucht. 
Hochfeld-EPR am dunkelstabilen Tyrosinradikal TyrD und transienten EPR am licht-
induzierten Triplettzustand 3P680 erbrachten Informationen über die dreidimensionale Orien-
tierung der entsprechenden Kofaktoren. Zur Untersuchung des Oxidationszustandes und der 
Orientierung des Mn-Clusters wurden Röntgenabsorptionsmessungen an den Kristallen 
durchgeführt und die Anwendbarkeit dieser Methode auf PSII-Einkristalle gezeigt. 

Die anfangs erhaltenen Kristalle zeigten Röntgenbeugung bis zu einer Auflösung von 3.8 Å 
die bis auf 3.2 Å verbessert werden konnte. Bei 3.8 Å Auflösung konnten die membran-
ständigen Untereinheiten D1, D2, CP43, CP47 (PsbA-D) und cyt b559 (PsbE, F) sowie die 
beiden membranextrinsischen Untereinheiten PsbO und PsbV lokalisiert werden. Für die 
Kofaktoren der Elektronentransportkette wurde eine symmetrische Anordnung entlang zweier 
Äste gefunden. Eine dem Mn-Cluster zuzuordnende Elektronendichte wurde auf der 
lumenalen Seite von D1 beobachtet, aus deren Form auf eine „3+1“ Anordnung der Mn-Ionen 
geschlossen werden konnte. Bei 3.2 Å Auflösung konnte die Mehrzahl der Aminosäureseiten-
ketten zugeordnet werden, die meisten der lumenalen Bereiche von D1, D2, CP43, CP47 
sowie die extrinsische Untereinheit PsbU wurden modelliert, und Informationen über die 
Bindungstaschen der Kofaktoren sowie mögliche Wasserstoffbrückenbindungen gewonnen. 
Ein β-Carotin wurde in der Nähe des Cyt b559 identifiziert und ein Ca2+ in der Nachbarschaft 
des Mn-Clusters zugeordnet. Einige der Mn-Liganden konnten eindeutig bestimmt werden 

Die vorliegende Arbeit stellt einen wichtigen Schritt hin zur Erlangung von PSII Einkristallen 
dar, die über ausreichende Röntgenbeugungsqualitäten verfügen um ein genaueres Verständ-
niss des Mechanismus der biologischen Wasserspaltung in PSII zu ermöglichen. 
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1 Introduction 

1.1 Evolution of photosynthesis 
Photosynthesis is the most important energy converting biological process on earth that 

converts solar energy into chemical energy and sustains nearly all living matter. The total 

photosynthetic activity in the biosphere consumes 2 – 4 x 1018 kJ/year of light energy. This is 

only a small fraction (0.1 %) of the total light energy arriving on the surface of the earth 

(about 24 x1020 kJ/year). From this energy input about 200 billion tons biomass are produced 

by photosynthetic organisms per year, thereby fixing more than 10 % of the total atmospheric 

CO2 per year. The carbohydrates formed by this process serve as food for all living organisms 

(for reviews on photosynthesis see [1, 2]). 

The basic equation of oxygenic photosynthesis can be written as: 

2222 ][ OOCHOHCO +→+  

In anoxygenic photosynthesis a different source of electrons is utilized instead of water 

(e. g. H2S). Apart from the photosynthetic eucaryotes (higher plants, algae) the following five 

lineages of  photosynthetic bacteria exist: purple bacteria, green sulfur bacteria, green non-

sulfur bacteria, heliobacteria and cyanobacteria. Besides these "classical" photosynthetic 

organisms a different kind energy converter is utilized by some archea. In this photoreception-

like process the light-induced isomerization of retinal covalently bound to bacteriorhodopsin 

is used to produce a transmembrane potential difference for ions [3]. 

Photosynthesis evolved very early in the history of life as first traces of carbon fixation 

by photosynthetic organisms were identified in sediments formed 3.8 billion years ago [4, 5].  

The first traces of cyanobacterial ancestors were found in 3.5 billion years old fossils [6], 

indicating that oxygenic photosynthesis might have evolved by this time [7]. Based on 

phylogenetic trees of photosynthetic genes and pigment biosynthesis genes it is assumed that 

non-oxygenic photosynthesis evolved prior to oxygenic photosynthesis. Therefore purple 

bacteria could represent the earliest photosynthetic bacterial lineage. Green sulfur bacteria 

evolved later, followed by green non-sulfur bacteria, heliobaceria and cyanobacteria [8, 9]. A 

probable predecessor of the reaction center proteins could have been a primitive cytochrome 

b/Fe-S complex for anaerobic respiration [10, 11] occuring in the common ancestor of 

bacteria and archaea prior to the evolution of photosynthetic bacteria. This complex could 

have provided the necessary transmembrane α-helices and binding sites for pigments. 

Photosynthetic organisms can also be classified by the type of photochemical reaction 

center they contain (see Figure 1-1). Type I reaction centers (RCs) use iron-sulfur clusters as  
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terminal electron acceptors, whereas type II RCs utilize a quinone as the terminal electron 

acceptor. Purple bacteria and green non sulfur (green filamentous) bacteria contain a type II 

RC, whereas green sulfur bacteria and heliobacteria show a type I RC. Cyanobacteria contain 

both a type I RC (photosystem I) and a type II RC (photosystem II). Only cyanobacteria, 

containing both types of RC, are capable of photosynthetic oxygen evolution, all other 

photosynthetic procaryotes only conduct anoxygenic photosynthesis. 
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Figure 1-1: Reaction centers of photosynthetic organisms. For each reaction center the primary electron 
donor, primary and secondary electron acceptors are shown, and the midpoint potentials are indicated 
(adapted from [1, 12] ). UQ: ubiquinone; MQ: menaquinone; PhQ: phylloquinone; PQ: plastoquinone.  

Cyanobacteria, although sometimes named blue green algae, are photoautotrophic 

procaryotes. They form the largest group of eubacteria, with more than 1000 species 

identified and are responsible for about 15 – 20 % of total photosynthetic CO2 fixation on 

earth. Following the endosymbiont theory chloroplasts of algae and higher plants evolved by 

the engulfment of a precursor of cyanobacteria into a non-photosynthetic eucaryotic host [13, 

14]. Due to this close relation, results obtained from the study of the photosynthetic process in 

cyanobacteria are also providing clues on this process in higher plants. 

The cyanobacterium used in the present work is a thermophilic organism isolated from a 

hot spring in Beppu, Japan [15]. It was originally named Synechococcus elongatus sp. but was 

renamed recently to Thermosynechococcus elongatus BP1. Using a thermophilic organism for 
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functional and structural protein studies has several advantages. Cross contaminations with 

other organisms in the cell culture are very unlikely, due to the high growth temperature. Even 

more important for structural biology is that the proteins isolated from thermophilic 

organisms show a higher stability than homologous proteins from mesophilic species. This 

often facilitates purification, handling and storage. 

1.2 General architecture of photosynthetic systems and pigments 
utilized 

All photosynthetic systems share a common architecture. The heart of a photosystem is 

the so called photochemical reaction center (RC), the smallest unit capable of generating light 

induced stable and directed charge separation. The RC is formed by the pigments of the 

electron transfer chain (ETC) coordinated by a homo or heterodimeric protein scaffold being 

embedded in the photosynthetic membrane. The ETC pigments are arranged anisotropically 

across the bilayer of the membrane. The primary electron donor P, a homo-, di- or multimer 

of chlorophylls (Chla in PSI and PSII, but BChla, BChlb, BChlg in other RC) is located close 

to the side of electron uptake of the RC. After light induced excitation of P the excited donor 

P* transfers one electron to the primary acceptor A1, forming the charge separated state 

P�+A1
�-. This charge separation is stabilized by subsequent transfer of the electron over 1 or 

two steps to the terminal acceptor At, located at the reducing side of the RC (side of electron 

release from the RC). For increasing the absorbance optical cross section of the 

photochemical reaction center it is surrounded by an ensemble of antenna pigments organized 

in so called light harvesting complexes. The latter absorb sun light and transfer the excitation 

energy to the photoactive pigments of the RC. These antenna pigments are often embedded in 

a membrane intrinsic immobile core antenna, like CP47 and CP43 in PSII or the N-terminal 

parts of subunits A and B of PSI. To adapt the size of the antenna to the environmental 

conditions (like variant irradiances) often a second so called peripheral antenna is utilized. 

This can be either a membrane integral (e. g. LHCII in higher plants) or an extrinsically to the 

membrane bound pigment-protein complex (e. g. phycobilisomes in cyanobacteria).  
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Figure 1-2: Some major photosynthetic pigments of cyanobacteria. For Chla the ring nomenclature, the 
numbering of the ring carbons and the directions of the QX and QY transition dipole moments are 
indicated. 

The main pigments of photosynthetic systems are tetrapyrroles. In cyanobacteria only 

Chla and its demetallation product, Pheoa, are found as cyclic tetrapyrroles, in other 

organisms chemically closely related tetrapyrrols, like Chlb, BChla, BChlb, etc, are found. 

Besides the chlorin pigments also acyclic forms of tetrapyrrols, the so called phycobilins, are 

present in cyanobacteria and red algae. The two major forms in cyanobacteria are 

phycocyanobilin and phycoerythrobilin. Phycobilins are incorporated by a covalent thioether 

linkage into phycobiliproteins, which in turn are assembled to phycobilisomes. In 

cyanobacteria and red algae these phycobilisomes are attached at the cytosolic surface of the 

thylakoid membrane to PSII and function as an extrinsic antenna (for review on 

phycobilisomes see [16, 17]). With their absorption in the region of 500 to 650 nm the 

phycobilins complement the absorption spectrum of Chla, which exhibits strong maxima in 

the QY region around 670 nm and the Soret region around 430 to 480 nm (see Figure 1-3).  
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A third class of photosynthetic pigments are the carotenoids. They consist of eight 

conjugated isoprene units with varying modifications at the cyclised ionone end groups. 

About 600 different carotenoids are known, 150 of them are found in photosynthetic 

organisms. Carotenoids fulfil a triple role in photosynthetic complexes. First they act as light 

harvesting pigment, absorbing in a spectral region complementing that of chlorophylls (see 

Figure 1-3) and transferring their excitation energy to Chl. The second function is quenching 

of 3Chl states. These 3Chl could otherwise react with oxygen to form singlet 1O2, a highly 

reactive species leading to deleterious effects on the protein. Some very common carotenoids 

found in cyanobacteria are β-carotene, lutein, and zeaxanthin (see Figure 1-2). In addition to 

the photochemical role as antenna pigment, excitation energy transducer and triplet state 

quencher, carotenoids play also a major structural role, stabilising the assembly of 

photosynthetic pigment protein complexes. The different classes of carotenoids and their 

function in cyanobacterial photosynthesis are reviewed in [18] and some aspects of carotenoid 

function in  PSII are discussed in [19-21]. 
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Figure 1-3: Absorption spectra of the pigments Chla, ββββ-carotene, and of the biliproteins phycocyanin 
(containing phycocyanobilin as pigment) and phycoerythrin (containing phycoerythrobilin as pigment) 
and the spectrum of the solar-energy distribution at earths surface (adapted from [1]) 

The last class of pigments present in photosystems are not utilized in light harvesting. 

These are the quinones used as intermediate or terminal electron acceptors. Various kinds of 

quinones are found, like ubiquinone or menaquinone in PBRC, phyloquinone in PSI and 

plastoquinone in PSII (see Figure 1-1). The structure of plastoquinone 9 (PQ9), the final 

electron acceptor in PSII, is shown in Figure 1-2. Quinones are well suited as final electron 

acceptors as they can adapt three different redox states, oxidised, singly or doubly reduced, 
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allowing the storage of two redox equivalents accumulated by two consecutive photochemical 

charge separations. 

1.3 Oxygenic photosynthesis 
The photosynthetic membrane of cyanobacteria and higher plants is the so called 

thylakoid membrane. It is composed of four main lipids: monogalactosyldiacylglycerol 

(MGDG), digalactosyldiacylglycerol (DGDG), sulphoquinoldiacylglycerol (SQDG), and 

phosphatidylglycerol (PG) which contribute to about 50% of the thylakoid mass. The rest of 

the mass can be ascribed to the incorporated protein complexes. The thylakoid membrane 

forms a continuous membrane system separating the lumenal (inner) space from the stromal 

(cytoplasmic) space. In higher plants different regions of the thylakoid membrane can be 

distinguished (e.g. stacked grana regions, stroma lamella margins), exhibiting different 

protein compositions [22, 23]. In cyanobacteria, the thylakoid membrane is less differentially 

organised and probably a more uniform distribution of the protein complexes is present. In the 

thylakoid membrane all components responsible for the photosynthetic light reactions and 

photophosphorylation are embedded: photosystem I, photosystem II, cyt b6f complex (cyt 

b6f), ATP synthase. In addition the soluble electron carrier ferredoxin and ferredoxin-

NADP+-reductase (FNR) are present on the  stromal (cytosolic) side, and plastocyanin (PC) or 

cytochrome c6 (cyt c) as electron carriers on the lumenal side. In the membrane the mobile 

lipophilic electron carrier plastoquinone 9 (PQ) is found, cycling electrons between PSII and 

cyt b6f. 

In addition to the normal electron transfer pathway depicted in Figure 1-4 and described 

in the following also alternate pathways exist, which become active under special stress 

conditions. For example a cyclic electron transfer between cyt b6f and PSI is possible [24], 

securing the energy supply of the cell under conditions when PSII is not active. 

The overall arrangement of the photosynthetic protein complexes in the membrane is 

shown in Figure 1-4. After initial light excitation and charge separation in PSII the oxidised 

primary donor P�+ oxidises via a redox active Tyr the nearby Mn-cluster located at the 

lumenal side. This cluster in turn catalyses the oxidative cleavage of water into four protons 

and molecular oxygen. 

The final electron acceptor of PSII, a plastoquinone molecule named QB, leaves the 

complex at the stromal side as plastoquinol after uptake of two protons and two electrons (for 

a detailed description of the reactions in PSII see sections 1.4.2 and 1.4.3 below). Therefore 

PSII can be described as a water:plastoquinone:oxidoreductase, catalysing the following 

reaction: 
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Figure 1-4: Schematic view of the thylakoid membrane, showing the organization of the protein complexes 
for oxygenic photosynthesis. Flow of electrons is indicated by dotted red arrows, flow of protons by blue 
arrows, light excitation by yellow arrows. Ferredoxin (Fd) can be replaced by flavodoxin, plastocyanin 
(PC) by cytochrome c6. 
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Figure 1-5: Z-scheme of oxygenic photosynthesis 

The plastoquinol released from PSII migrates within the membrane to cyt b6f. Here the 

plastoquinol binds to a binding site close to the lumenal side of the membrane and becomes 
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oxidized to plastoquinone under release of 2 protons into the lumen. The electron is 

transferred to PC or cyt c6 bound on the lumenal side of the complex: 

redlumenalox PCHPQPCHPQH 24222 ++→++ ++  

These soluble electron carriers in turn transfer the electron to PSI. In PSI the primary 

donor P700 becomes oxidized upon light excitation, and the electron is transferred via an 

immediate acceptor A0 (a Chla) and the secondary acceptor A1, a phylloquinone, to the first 

[Fe4S4] iron sulfur cluster FX located at the stromal side of the membrane. From FX the 

electron can be further transferred to FA and FB, two [Fe4S4] iron sulfur clusters located in the 

membrane extrinsic stromal subunit C of PSI. The formed P700�+, located on the lumenal side 

of PSI, becomes rereduced by electron donation from a reduced PC or cytochrome c6. On the 

stromal side the electron is further transferred from the reduced iron sulfur cluster FA or FB to 

the soluble electron carrier ferredoxin containing a [Fe2S2] iron sulfur cluster.  

redox

h

oxred ferredoxinPCferredoxinPC +→+
ν

 

Finally ferredoxinred docks to FNR where NADP+ becomes reduced to produce NADPH 

and ferredoxinox as summarized in the following equation: 

stromalox

FNR

stromalred HNADPHferredoxinNADPHferredoxin +++ ++→++ 222  
In linear electron transport all three complexes (PSI, PSII, cyt b6f) are connected in series 

and the electron transfer processes in and between the three complexes can be visualized in 

the so called Z-scheme of oxygenic photosynthesis (Figure 1-5). In the overall process light 

energy is used to transfer electrons from water to NADP+, yielding molecular oxygen and 

NADPH. Additionally a proton concentration difference across the thylakoid membrane is 

generated. The resulting electrochemical trans membrane potential in turn is used by the ATP 

synthase, embedded in the thylakoid membrane, to generate ATP from ADP and Pi. The light 

driven reactions can be summarized by the following equation 

OHATPNADPHOHHPOADPNADPOH 2
4

2
2

4
3

2 3323322 +++→++++ −+−−+  

The chemical free energy, in form of NADPH and ATP, is utilized in the "dark" 

reactions, summarized by 

+−−+− ++++→+++ HHPOADPNADPOCHOHATPNADPHCO 2
4

3
22

4
2 332][232  

In these reactions of the Calvin cycle CO2 is fixed and reduced to carbohydrates. The 

"dark" reactions take place in the cytosol of cyanobacteria or in the stroma of chloroplasts, 

respectively. 
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1.4 Photosystem II 

1.4.1 Subunit composition 
The two central largely homologous subunits D1 (PsbA) and D2 (PsbD), forming a 

heterodimer, consist both of 5 transmembrane �-helices (TMH) and several large loop 

regions. They coordinate the pigments of the ETC. Additionally D1 provides ligands to the 

catalytic site of water oxidation [25], a cluster most likely composed of 4 manganeses, one 

calcium and one chloride ion (see 1.4.3). Due to its location in the direct environment of the 

primary donor and the Mn-cluster, D1 is prone to damage by radicals, formed from side 

reactions (photoinhibition) [26] and is replaced rapidly under high light conditions (D1 

turnover). For D1 up to three different genes (PsbA1, A2, A3) have been found in 

cyanobacterial genomes and different expressions of the corresponding proteins under 

different growth conditions have been observed [27, 28]. 

D1 and D2 are flanked by two internal antenna subunits, named chlorophyll binding 

proteins CP43 (PsbC) and CP47 (PsbB) [29], respectively. They are composed of six 

transmembrane �-helices (TMH), and their cofactors (chlorophylls and carotenoids) capture 

light energy and transfer the excitons to the RC. In addition to the TMH both proteins contain 

large membrane-extrinsic loops (ef-loop) interacting with the extrinsic subunits on the 

lumenal side. The exceptionally large loops between TMH 5 and 6 are inferred for stabilizing 

the WOC [29]. The membrane intrinsic heterooligomeric cytochrome b559 consists of two 

subunits, α and β [30, 31]. Both have one single TMH each providing its single histidine as 

ligand to the haem group of the cytochrome. Cyt b559 is characterized by unusual redox 

properties [30, 31]. There is a number of other membrane intrinsic subunits, most of them 

consisting of one single transmembrane spanning α-helix and with yet unclear function in the 

PSII complex [32].  

The cyanobacterial PSII has three membrane-extrinsic lumenal subunits, a 33 kDa 

protein (manganese stabilizing protein (MSP), PsbO), a 12 kDa protein (PsbU) and a 

cytochrome c-550 (17 kDa Protein, PsbV) (for review see [33]). In addition a gene sequences 

showing homology to the sequence of the membrane-extrinsic plant subunit PsbQ was found 

in the genome Synechocystis PCC6803 [34] and the presence of the corresponding protein in 

PSII from Synechocystis was reported[35]. 



Introduction 
 

 10 

43

QBQA

Chl

YD

Chl

PheoPheo P680

YZ

Fe

hν
e-

e-

2H O2

O + 4H2 
+

Mn-cluster

 

Figure 1-6: Schematic view of cyanobacterial PSII. The four large membrane intrinsic subunits D1, D2, 
CP43 and CP47 as well as the three extrinsic subunits PsbO (33kDa), PsbU (12kDa) and PsbV (cyt c550) 
are shown, the small membrane intrinsic subunits are omitted. The position of the ETC cofactors is taken 
from the 3.8 Å resolution structure [36]. After four consecutive light induced charge separations across 
the membrane two molecules of water are oxidised to yield oxygen and four protons. 

PsbO is reported to stabilize the catalytic site, to regulate the ion requirement of the 

catalytic cycle and to control the access of substrate to the active site (for review see [37]). 

The role of the other two extrinsic subunits is still not elucidated. PsbU and PsbV seem to 

provide thermal protection to the oxygen-evolving complex [38] and stabilise oxygen 

evolution activity [39]. The subunit composition of plant PSII differs with respect to the low 

molecular mass membrane intrinsic and extrinsic subunits. Instead of the cytochrome c550 

and the 12 kDa protein, plants show 23 kDa and 17 kDa extrinsic proteins [33], and there is a 

number of other subunits occurring in plants but not in cyanobacteria (PsbR, PsbS, PsbTN, 

PsbW) (see [32] for review). Nevertheless there is a high degree of functional and most likely 

structural similarity of the PSII core complexes between all oxygenic photosynthetic species. 

A more detailed description of the subunits of PSII is given in section 3.4.1. With an 

increased number of fully sequenced cyanobacterial genomes [34, 40, 41] additional genes 

were identified encoding potential subunits of cyanobacterial photosystem II, although it is 

not yet clear whether all of them are expressed and are regular subunits or whether they have 

only auxiliary or chaperone like functions. 

1.4.2 Charge separation and electron transfer 
In PSII the absorbed light forms electronically excited states that are transferred from the 

antenna to the primary electron donor P680. The nature of this donor is still under debate. It is 
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considered to be a monomer, dimer or multimer of Chl a molecules (see discussion in section 

6.4.3). As the primary donor in its oxidised form has the highest midpoint redox potential Em 

found in any natural system so far (Em � 1.17 V [42-44]), it is of special interest in which way 

the detailed environment tunes the properties of the involved pigments in order to achieve this 

high Em value. Within a few picoseconds the first excited singlet state of the primary donor 
1P680* reduces the primary electron acceptor A1, a Pheoa molecule, and the radical pair 

P680�+Pheo�- is formed. This charge separation is further stabilized by transfering the 

electron to the primary plastoquinone 9 QA yielding P680�+QA
�- within some hundred 

picoseconds. QA
�- reduces the secondary quinone QB, forming QB

�- [1, 2, 45]. 

After protonation of QB
�- and a second light inducded charge separation the doubly 

reduced secondary quinone becomes protonated again to yield plastoquinol QBH2, diffuses 

into the lipid phase of the thylakoid membrane and is replaced by a plastoquinone from the 

quinone pool of the membrane. The primary donor P680�+ is rereduced by electron donation 

from the nearby redox active tyrosine (Tyr161 of D1) called TyrZ. As in conjunction with the 

oxidation of the reduced TyrZ a proton is transferred from TyrZ to a nearby base (see [45-47] 

for review of proton transfer reactions) the neutral radical TyrZ
� is formed. The kinetics of the 

P680�+ reduction by TyrZ are multiphasic with lifetimes in the nanosecond and microsecond 

range and depends in detail on the redox state of the Mn-cluster. TyrZ
� in turn extracts an 

electron from the tetranuclear Mn-cluster located at the lumenal side of the complex within 

micro to milliseconds (again depending on the redox state of the cluster), thus stepwise 

increasing its oxidation state by one in each turnover of P680 [48]. When four oxidizing 

equivalents have been stored in the Mn-cluster two molecules of water are oxidized under 

release of  protons and one  molecule of oxygen. 

Several other possible electron donors to P680�+ are present in PSII. These include a 

redox active peripheral ChlZ, the TyrD (D2-Tyr 160), located at a symmetry equivalent 

position to TyrZ, the membrane intrinsic cyt b559 and possibly a carotenoid. These secondary 

electron donors are active when the Mn-cluster and TyrZ can not donate electrons to the 

primary donor, for example during photoassembly of the Mn-cluster or possibly under (light) 

stress conditions. 

1.4.3 Mn-cluster and water oxidation 
As the oxidation of two molecules of water generating one molecule of oxygen is a 4 

electron reaction, the Mn-cluster acts as a storage device, accumulating redox equivalents of 

four consecutive light driven charge separations and links this with the four electron reaction 

of water oxidation. Joliot et al [49] studied the periodicity of flash induced oxygen evolution 



Introduction 
 

 12 

and found maxima of oxygen evolution after every fourth flash. This observation led to the 

proposal of a stepwise cycle of water oxidation by Kok et al [48]. In this model the cluster 

cycles through five different oxidation states Si, with i ranging from 0 up to 4 (Figure 1-7), 

and an increase of accumulated oxidation equivalents by one in each step from S0 to S4 [45, 

48].  

The dark stable state of the Mn-cluster is the S1 state, the other states decay back to S1 in 

the dark. Oxygen evolution is observed after giving three flashes to a dark adapted PSII 

sample, indicating that this reaction occurs in the S4 state. However the S4 state could not be 

spectroscopically observed so far (but see [50, 51] for a recent observation of an intermediate 

state of water oxidation under increased oxygen pressure). For the two substrate water 

molecules two binding sites with different exchange kinetics have been found. The exchange 

kinetics of the bound water molecules are dependent on the S-state, one water is assumed to 

be bound during the S4-S0 transition, the second water can be easily exchanged up to the S2-S3 

transition, after which it becomes more thightly bound [52, 53].  
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Figure 1-7: S-state cycle of water oxidation. Half lifetimes of the reaction steps are indicated (adapted 
from [54]) 

For assembling the Mn-cluster in the native protein a process called photoactivation is 

responsible [55-57]. In this process one Mn2+ is bound first to the so called high affinity site, 

followed by oxidation to Mn(III). Then additional Mn2+ are bound and oxidized. Light, Ca2+ 

and Cl- are required for photoactivation, indicating a participation of these two ions in the 

structure of the Mn-cluster. It is generally assumed that the Mn-cluster is formed by 4 Mn 

ions, one Ca2+ ion and one Cl- ion (for review see [57, 58]). The distribution of oxidation 

states over the four Mn in each S state is still under debate and based on EPR and X-ray 

absorption spectroscopy on the Mn-cluster either a Mn(III)3Mn(IV) or a Mn(III)Mn(IV)3 
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distribution in the S2 state is concluded (see [54, 59-63]). For the S0-S1 and S1-S2 transitions 

oxidation of a Mn is asumed. For the S2-S3 transistion different proposals exist, involving not 

only metal centered oxidation but also oxidation of substrate water or a nearby amino acid 

residue (see [64, 65] for review). Also the pattern of proton release in the different S-state 

transitions is debated (see for example [66, 67]). In addition to the physiologically active 

states superreduced states (e.g. S-2, S-3) can be generated by treating the Mn-cluster with 

reductants like hydrazine, hydroxylamine or NO [68, 69].  

From the spectroscopic data various models for the structure of the Mn-cluster have been 

proposed (Figure 1-8). The XAS data indicated the presence of two di-µ-oxo bridged Mn 

dimers [70]. Based on this dimer of dimers motif a C-shaped arrangement of the Mn (No. 1 in 

Figure 1-8) was favoured for several years but also other arrangements like "3+1" (No. 7, 13), 

distorted "cubane" (No. 8, 12), or "butterfly" (No. 11) models have been proposed based on 

XAS and EPR data [60, 61]. 

 

Figure 1-8: Models of the Mn-cluster derived from XAS and EPR (from [60]). Under each model the 
number and kind of oxo bridges, either bridging two Mn (µ2-oxo) or three Mn (µ3-oxo), are given.  

The exact mechanism of binding and deprotonation of the substrate water, O-O bond 

formation and release of O2 is still unclear and various possibilities are discussed extensively 

in the literature (for reviews on the mechanism of water oxidation see [64, 65, 71]). As 

knowledge of the geometry of the Mn-cluster is a prerequisite for the elucidation of the water 

oxidation mechanism a final answer to these question will depend on a highly resolved 

structure of the functionally active Mn-cluster. 
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1.5 Goals of this work 
As this work was started no detailed structural information of PSII was available (see 

section 6.1) but a purification procedure for dimeric PSIIcc from T. elongatus and a 

crystallisation protocol was already developed [72]. These crystals showed similar oxygen 

evolution activity as the purified solubilized protein [73] and diffracted X-rays to a maximum 

resolution of about 4 Å. Based on these protocols one of the aims of the present work was to 

find additional heavy atom derivatives for generating phase information and to collect X-ray 

diffraction data sufficient for a first structural model.  

A second aim of the work presented here was to improve the crystal quality for obtaining 

a higher resolution. Prerequisite for this was to increase the amount of purified protein, as 

screening of crystallisation conditions requires large quantities of protein. Therefore a fast 

large scale purification protocol for PSIIcc should be developed. Various studies suggested 

the presence of monomeric and dimeric PSIIcc in different organisms (see 3.5.1). Therefore 

both forms, monomeric and dimeric PSIIcc, had to be separated. As it was not clear whether 

both forms differ in activity, subunit composition or pigment stoichiometry, they had to be 

analyzed and characterized. This analysis should also ensure that the obtained protein 

preparations were of excellent quality for crystallisation. Furthermore it was planed to analyse 

the obtained crystals in the same way to ensure that no change in the protein complex occurs 

upon crystallisation. As interpretation of electron density at medium resolutions is often not 

unambiguous, it was intended to obtain additional information regarding type and number of 

cofactors and exact protein subunit composition, including possible posttranslational 

modifications, to support the interpretation of the X-ray data. 

Since protein crystals represent identical unit cells arranged in three dimensions along the 

crystal lattice, the contained protein molecules should be also well ordered in three 

dimensions. This allows to obtain orientation dependent spectroscopic information on 

inorganic and organic cofactors either inherent to the protein backbone or bound to it which 

can not be gathered from less ordered samples (e.g. solutions or 2D crystals). In a first assay it 

was planned to use PSIIcc crystals for measurements of rotation dependent EPR spectra of the 

dark stable tyrosine radical, TyrD
�, as well as the light induced transient triplet state of the 

primary donor, 3P680. Henceforth structural information on the geometry of the Mn-cluster 

and its first ligand sphere should be obtained by collecting orientation dependent X-ray 

absorption spectra (EXAFS) on the crystals. 
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2 Materials and Methods  

2.1 Materials and chemicals: 
For all aqueous solutions filtrated and autoclaved Milipore MilliQ water was used. All 

chemicals were of analytical grade and supplied by VWR/Merck if not stated otherwise. 

PEG 2000 microselect (Fluka/Sigma), PIPES (Sigma), n-β-DM (Glycon, Luckenwalde), 

Plant Lipid-standards (Lipoid Products, UK) 

Chromatography material 

MonoQ, Superose 6 (Amersham Pharmacia Biotech), ToyoPearl DEAE 650 S (Toso 

Haas), Nucleosil 100 C18 (Knauer), silica gel TLC plates (VWR Merck and Baker) 

Crystallization trials 

Membrane protein screen, Additive screen, Detergent screen, Hydro Gel (Hampton 

Research), low melt agarose (Pharmacia Biotech) 

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

MMCM MCM + 500 mM mannitol 

MGCM MCM + 25 % (v/v) glycerol 

Cg0 40 mM MES-NaOH, pH 6.0, 5 mM CaCl2, 0.02 % n-βDM, 5 % (v/v) glycerol 

CgX Cg0 + X mM MgSO4 

A- 100 mM PIPES-NaOH, pH 7.0, 5 mM CaCl2 

A+ A- + 0.03 % (w/v) n-βDM 

AX A- + X % PEG 2000 

B A- + 0.03 % (w/v) βDM + 10 % (w/w) PEG 2000 

BX B + X % (v/v) glycerol 

D1 100 mM MES-NaOH pH 6.4, 20 mM CaCl2, 0.015 % (w/v) n-βDM 

D2 100 mM Tricine-HCl, pH 8.5, 20 mM CaCl2, 0.015 % (w/v) n-βDM 

2.1.2 Cell culture 
T. elongatus was grown at 56°C in either an air-lift fermenter (2x 30 liter) or a novel type 

of photobioreactor (PBR25) with 32 liter volume (IGV Potsdam, Germany and Sartorius-BBI 

Systems, Melsungen, Germany). The medium was Castenholz Medium D [74], titrated to pH 

7.8. In case of the air-lift fermenter the culture was bubbled with 50 l/h CO2 enriched air (5 % 

(v/v) CO2 concentration) and illuminated by 1 to 5 lamps (Fluora 550 Im L18W / 77) per 
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fermenter column. Starting OD was 0.1, final OD was 0.8 to 1.0 after 3 to 10 days depending 

on selected light intensity.  

Using the PBR25 photobioreactor under continuous circulation of the medium the culture 

was illuminated by 2 to 12 lamps (Fluora 550 Im L18W/77, Osram, Germany) and adjusted to 

pH 7.8 by automatically adding CO2. The light intensity and flow rate were regulated 

following the cell density in the culture. The culture was started either by inoculating with 

frozen cell stock or by using freshly grown cells from a previously grown culture. After a 

maximum of 8 culture cycles the following culture was again initiated from frozen cell stock.  

Starting OD was 0.15, the final OD after 6 days of growth was 1.5. 

Cells were harvested using a continuous flow centrifuge CEPA 41 and frozen at -80°C. 

For preparing thylakoids cells were washed with MCM buffer, sedimented at 10000 rpm for 

10 min in a Sorvall GSA-rotor and homogenized in MMCM. To this solution 0.1 % (w/v) 

lysozyme and 1 mM PMSF were added and the solution incubated for 1h at 43° C. For cell 

disruption a Yeda-Press at 30 atm nitrogen pressure was used. Broken cells were sedimented 

(GSA, 10000 rpm, 10 min), washed twice with MCM, once with MGCM and finaly brought 

to 1.8 mM Chla in MGCM. Membranes were solubilized by inkubation with 0.5 to 0.6 % 

(w/v) n-βDM, 1 mM PMSF in MGCM for 20 min at room temperature. The solubilized 

extract was centrifuged for 1:40 h at 50000 rpm in a Beckman 70Ti rotor. The supernatant 

was subjected directly to column chromatography. 

2.1.3 Protein purification 
All steps were conducted at 6° C under dim green light.  

For one preparative chromatography the protein extract derived from about 60 – 80 g 

cells was used. Chromatography was conducted in two consecutive steps. Gradients for 

chromatographic separation were mixed from Cg0 (buffer A) and Cg50 (buffer B). The 

protein extract was diluted 1: 1 with buffer Cg12. The first column was 50 mm in diameter 

and 300 mm in length, packed with Toyo Pearl DEAE 650 S (Toso Haas), equilibrated with 

24 % (v/v) B. After sample loading the column was washed at constant salt concentration (24 

% (v/v) B, 5 CV) followed by an isocratic step to 50 % (v/v) B and a gradient from 50 % to 

80 % (v/v) B in 3CV. The used flow rate was 20 ml/min. The eluate was fractionated and the 

PSII containing peak eluting at 50-65 % (v/v) B was pooled. The pooled peak was diluted 

with two volumes of buffer A and loaded onto the second column (diameter of 25 mm, length 

of 350 mm, Toyo Pearl DEAE 650 S preequilibrated with 12 % (v/v) B). The column was run 

at low flow rate (7 ml/min) over 10 h. The gradient used included first a washing step of 5 CV 

with 24 % B and second a gradient from 24 to 80 % (v/v) B in 7 CV. The eluate was 
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fractionated and the two main peaks were pooled. Both pools were concentrated in an Amicon 

stirring cell using a Millipore Biomax 100 membrane (Milipore, MA, USA). For further 

concentrating the samples to volumes below 1 ml Millipore Ultra Free 100 concentrators were 

used (Milipore, MA, USA) in a centrifuge at 3000 rpm and at 4 °C. The concentrated protein 

solution was stored either in buffer Cg25 in liquid nitrogen (in case of monomeric PSII) or 

further purified by crystallisation (dimeric PSII). 

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

mm length, ToyoPearl DEAE 650S) was connected to an Äkta FPLC system. Buffers used 

were similar to the preparative chromatography described above. Sample volumes applied to 

the column were between 10 and 50 µl of 4 mM Chla diluted to 100 – 500 µl  in buffer Cg12.  

2.1.4 Crystallisation 
Immediately after concentrating the dimeric PSII solutions the samples were adjusted to 

a Chla concentration of 0.74 mM by dilution with buffer A+. The protein solution was slowly 

mixed with the same volume of buffer A15 (containing 15 % (w/w) PEG 2000) in the dark at 

6° C. After incubation for 1 h the amorphous precipitate was centrifuged down and 

redissolved in buffer A+ to yield a concentration of 0.74 mM Chla. This precipitation step was 

repeated twice with decreasing final concentration of PEG 2000. In the third step 

microcrystals were obtained over night. These were redissolved and concentrated in buffer A+ 

for removing the remaining PEG 2000 and yielding a final Chla concentration of 4 mM. The 

concentrated protein solution was either directly used for cystallisation or stored in liquid 

nitrogen. 

For batch crystallisation haematocrit capillaries of 75 mm length and 1.5 mm inner 

diameter (Hirschmann, Germany) were used. Protein solution with a concentration equivalent 

to 4 mM Chla (corresponding to aprox. 35 mg protein/ml) in buffer A+ was mixed under 

slight vortexing with the same volume of precipitant solution containing 6 % to 8 % (w/w) 

PEG 2000 in buffer A-. Between 5 and 10 µl of the obtained solution was placed in the middle 

of a capillary. The ends were sealed with sealing plaster and the capillaries were left in the 

dark at 19°C for 2 to 5 days. Crystals were harvested using buffer B.  

For generating heavy atom derivatives the crystals were soaked for various times (1h to 

48 h) in buffer B30 containing the respective heavy atom compounds at concentrations 

between 1 and 10 mM or saturated in case of weakly soluble compounds. 
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2.2 Analytical methods 
Spectra in the UV-VIS region were recorded using a Cary 50 spectrophotometer (Varian, 

CA, USA) with 0.5 nm step size, 600 nm/min scan speed; samples were diluted with buffer A 

or organic solvent, respectively. Normalization and subtraction of spectra was done in 

Microcal Origin.  

2.2.1 Chlorophyll determination 
The Chla concentration of PSIIcc solutions was determined at RT after extraction in 80% 

(v/v) acetone using ε663.6-750 = 76.8 mM-1 cm-1 [75], recording absorption at 664 and 750 nm 

on a Cary50 spectrophotometer (Varian, CA, USA). 

2.2.2 Chlorophyll and PQ9 quantification 
For reverse phase high pressure liquid chromatography (RP-HPLC) of pigments, extracts 

from protein equivalent to 0.06 µmole Chla in either 90 % (v/v) acetone or 100 % methanol 

were loaded on a Nucleosil C18 column (5µm pore size, inner diameter 4 mm, length 250 

mm, Knauer, Germany) connected to an Äkta HPLC System (Amersham Biosciences, 

Germany). Eluent was 90% (v/v) methanol, 10% (v/v) THF at a flow rate of 1 ml/min, 

detection was simultaneously at 255, 410 and 665 nm.  

The Chla to Pheoa ratio was determined by quantification of both from the respective 

peak areas using the molar absorption coefficient of Chla (79.15 mM-1 cm-1 at 665 nm and 

18.68 mM-1 cm-1 at 618 nm [76]) and Pheoa (53.97 mM-1 cm-1 at 665 nm and 114.3 mM-1 cm-

1 at 409 nm[76, 77]) in 100 % EtOH. 

For determining the Chla to Pheoa ratio independent of the extinction coefficients two 

approaches were used: 

1) 20 µl PSII solution (4 mM Chla) were extracted in 2 ml of 90 % (v/v) acetone. The 

pigment extract was split, one half was acidified by addition of 2 µl 2 M HCl, incubated for 2 

min and then neutralized by adding 2 µl of 2 M NaOH. 500 µl of each half was loaded on a 

nucleosil 100 C18 column, equilibrated at 10 °C with 9:1 methanol: tetrahydrofuran using an 

Äkta HPLC system. Pigments were eluted isocratically with a flow rate of 1 ml/min. Elution 

was monitored simultaneously at λ = 410, 618 and 665 nm. For quantification of chlorins 2 

Pheoa per PSII were assumed and the ratio of the pheophytin peak area before and after 

acidification was used as described in [78].  

2) The UV-VIS absorption spectrum of pure Chla (Fluka, Germany) in 90% (v/v) 

methanol, 10% (v/v) THF was recorded. After measuring the spectrum, the Chla was 

converted to Pheoa by adding 1µl 3 N HCl/ml to the sample solution, and the spectrum of the 
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obtained pure Pheoa was recorded subsequently. The ratio of Chla/Pheoa extinction at 410 

nm was determined and used to obtain the Chla/Pheoa ratio from the reverse phase 

chromatograms of the unacidified samples. 

PQ9 was separated from the other pigments by reverse phase chromatography (RPC) as 

described above. The PQ9/Pheo ratio was calculated using extinction coefficients of ε255 = 

15.2 mM-1 cm-1 for PQ9 [79] and ε410= 114.3 mM-1 cm-1 for Pheoa [76, 77], respectively. 

2.2.3 Mn quantification 
The Mn content of the PSII samples was determined by atom absorption spectroscopy 

(AAS) using the graphite furnace technique in an AAS 800 spectrometer (Perkin Elmer, 

Germany). Mn standard solution (Fluka, Germany) and samples were diluted with 0.2% (v/v) 

HNO3. Measurements were carried out in the presence of a matrix modifier (3 µg 

Mg(NO3)2/20µl diluted sample solution) at 279.5 nm with a slit width of 0.2 nm, using the 

temperature program recommended by the manufacturer. Data handling and evaluation was 

done with AAwinlab (Perkin Elmer, Germany). 

The content of free Mn2+ was determined by room temperature X-band EPR. 220 µl of 

PSII solution (1 mM Chla) were split in two parts, each half was mixed with either 20 µl of 

H2O or 20 µl of 1M NH2OH. The samples with and without NH2OH were placed in an EPR 

flat cell. EPR measurements were carried out with a Bruker (Rheinstetten, Germany) EXP 

380E spectrometer at 9.7 GHz (X-band, microwave power 100 mW, modulation 10 G) at RT 

and the signal of the [Mn(H2O)6]2+ complex between 3100 and 3800 Gauss was recorded. For 

calibration a Mn2+ standard solution (Fluka, Germany) diluted to 1 mM Mn in buffer A+ was 

used. The Mn content was estimated from the area under the 4 outer lines of the signal (as the 

two central lines are overlapping with the TyrD signal of PSII). EPR-Quantification was done 

by M. Galander and F. Lendzian, MVL, TU Berlin. 

2.2.4 QA quantification 
QA was quantified using the flash induced transient absorption changes at λ = 325 nm 

[80]. Flashes were provided by a xenon flash lamp equipped with an RG-630 filter at 1 Hz 

repetition rate. Measuring light was from a 250 W tungsten lamp, transient absorption 

differences were detected using a photomultiplier and recorded on a Tektronix transient 

recorder (Tektronix, OR, USA). Measurements were conducted at room temperature in a 2 

mm path length sample cuvete in 45° orientation, giving an effective optical path length of 2.4 

mm. Sample concentration was 40 µM Chla in buffer MCM, 2,6-dichloro-p-benzoquinone 

and K3[Fe(CN)6] were added as electron acceptors to final concentrations of 0.2 mM and 2 
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mM, respectively, to allow fast repetitive excitation with 1 Hz. 64 scans were averaged for 

better signal to noise ratio. The absorption change was obtained from the voltage change by: 

∆A325(t) = -1/ln10 ∆U(t)/U0  with U0= 10 V 

For QA quantification an absorbance difference coefficient of ∆ε(QA/QA
-) = 13,000 M-1 

cm-1 at 325 nm [81] was used. 

2.2.5 Oxygen evolution measurements 
Oxygen evolution measurements were conducted at RT, using a home built Clark type 

electrode [82]. For measuring rates the excitation was with saturating continuous white light 

from a tungsten lamp passed through a heat filter. For measuring oxygen evolution per flash 

repetitive 1 Hz flashes from a xenon flash lamp were used for exciting the samples. The 

buffer was MCM and the sample concentration was diluted to 20 – 50 µM Chla. Artificial 

electron acceptors added were either 2 mM (final concentration) K3[Fe(CN)6] and 0.2 mM 

(final concentration) phenyl-p-benzoquinone for single flash excitations or 2 mM (final 

concentration) 2,6-dichloro-p-benzoquinone for continuous excitation. The electrode was 

calibrated using air-saturated and nitrogen-saturated water at atmospheric pressure. 

2.2.6 Carotenoid determination 
Spectra of freshly prepared pigment extract in 80% (v/v) acetone were recorded in the 

wavelength region from 740 to 340 nm in a Carry UV-VIS spectrophotometer using a 

pathlength of 1 cm and a step size of 0.5 nm. To obtain a pure Chla spectrum Chla purchased 

from Sigma was used. Spectra were normalized and absorbance differences between spectra 

of pigment-extracts and pure Chla solutions were calculated using Origin. For Chla the molar 

extinction coefficient at 664 nm from Porra was used (76800 M-1 cm-1) [75], for carotenoids 

the extinction coefficient for β-carotene at the maximum at 554 nm from Lichtenthaler was 

used (144000 M-1 cm-1) [77]. In addition thin layer chromatographic separation of carotenoids 

using HPTLC plates (Merck) and a solvent system of light petroleum/dioxane/iso-propanol 

7:3:1 (v:v:v) was applied for characterisation of carotenoid species according to [83]. 

2.2.7 Cyt b559 determination 
The cyt b559 content was determined by recording oxidized minus reduced difference 

spectra. PSII was diluted to 50 µM Chla in buffer D1. The protein solution was split into 3 

parts. The cytochrome was either oxidized by addition of 1 mM (final concentration) 

K3[Fe(CN)6] or reduced by addition of 1 mM hydroquinone or 5 mM Na2S2O4. The Na2S2O4 

stock solution (c = 500 mM) was prepared freshly in buffer D2 instead of D1 keeping the pH 

below 7.0. Spectra were obtained for all three solutions in the range of 500 to 600 nm. The 
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differential molar extinction coefficient used were ∆ε(559.5-570) = 17.5 mM-1 cm-1 [84], ∆ε(559-

600) = 21 mM-1 cm-1 [85] and ∆ε(559-543, 575)
* = 23.4 mM-1 cm-1 [86]. 

2.2.8 Lipid analysis 
The lipid content of PSII-samples was investigated using thin layer chromatography. The 

lipids were extracted from the starting material (either thylakoids or purified protein 

complexes) using the method of Bligh and Dyer [87]. In short the Chla concentration of the 

sample was determined, then the sample was diluted 1:1 with 0.4 M H3PO4, 2 M KCl, then 

extracted four times using a mixture of 1:1:0.1 (v/v/v) chloroform: methanol: formic acid. The 

organic phases were pooled, dried under vacuum and redissolved in a defined volume of 

1:1:0.1 (v/v/v) chloroform: methanol: formic acid. For lipid separation 2-D TLC was 

conducted using TLC silica 60 plates (VWR, Germany) and a solvent system of 65:25:4 

(v/v/v) chloroform: methanol: water in the first dimension and 85:15:10:3.5 (v/v/v/v) 

chloroform: methanol: acetic acid: water in the second dimension. 

Fatty acid composition and content was determined after transmethylation of fatty acids 

(FAME-reaction) as described [88]. Spots were scrapped out of the 2D TLC-plates after short 

iodine staining, 1 ml 1N methanolic HCl was added and heated to 80°C for 30 min. Fatty acid 

methyl esters were extracted by adding 1 ml aqueous 0.9 % (w/v) NaCl and 1 ml hexane. The 

hexane phase was collected, dried under a N2-flow and resuspended in 30 µl hexane. The gas-

chromatograph (Hewlett Packard 5890) was equipped with a 30 m long capillary column with 

0.75 mm diameter (Supelco SP-2330). The flow rate was 4.5 ml/min and the following 

temperature program was applied: 1 min 100°C, 2 min ramp to 160°C, 6 min ramp to 220°C, 

5 min hold at 220°C and 5 min ramp to 100°C. Detection was performed with a flame 

ionization detector (FID). 5µg 15:0-pentadecanoic acid were added to the samples prior to 

transmethylation as internal standard. Data were evaluated with AGP_TOP software package 

(Hewlett Packard) and Microsoft Excel. The GC-measurements were conducted at the Max 

Planck Institute for Molecular Plant Physiology, Golm, AG Dörmann. 

2.2.9 Detergent quantification 
n−β-DM was quantified from lipid extracts after separating the detergent from 

glycolipids via 2d TLC (see 2.2.8). For colorimetric quantification, n-β−DM spots were 

visualized using iodine, scraped out of the TLC-plate, extracted two times with 250µl 

methanol:chloroform 1:1 (v/v), evaporated to dryness and redissolved in 50µl water. 250µl 

0.5 % (w/v) phenol were added to the obtained sample solution followed by addition of 600 

                                                           
*A baseline was obtained by connecting the absorbance values at 543 and 575 nm. 
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µl concentrated H2SO4. Absorbance of the formed furfural derivatives was measured at 490 

nm after 30 min incubation [89]. Calibration curves were obtained using n-β-DM either as 

internal or external standard. 

2.2.10 CD spectroscopy 
CD spectra were measured at FU Berlin, AG Saenger, using a Jasco J-500 

spectropolarimeter (Jasco, Japan). Response time, sensitivity and scan speed were 0.5 sec, 50 

mdeg/FS and 20 nm/min, respectively. A freshly prepared solution of D-camphor-10-

sulfonate was used for calibration. The band width was 1.0 nm and the resolution 0.1 nm. The 

samples were diluted to a concentration of 50 µM Chla in buffer Cg25 and measured in a 2 

mm wide quartz cuvette. The temperature was varied between 25 and 95 °C. For each 

temperature, ten scans were averaged in the far-UV region from 200 to 260 nm.  

2.2.11 SDS-PAGE 
Sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was done with a 

Phast-System (Amersham Biosciences, Germany) using precast SDS-HD gels (Amersham 

Biosciences, Germany). 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, 1µl of samples were applied per lane (20 – 60 pmol Chla). 

Low molecular weight and peptide marker kit (Amersham Bioscience, Germany) were used 

for determining the apparent molecular masses. 

SDS/urea/PAGE was performed on gradient gels following a procedure described by 

Kashino et al [90] with slight modifications. For analysing the polypeptide composition in the 

molecular mass region of 3-10 kDa the following system was applied: Separating gels 

consisted of  linear acrylamide gradients from 16-26 % (w/v ) including 6 M urea and 0.1 % 

w/v SDS in the presence of the recommended buffer system [90]. Stacking gels contained 6 % 

w/v acrylamide, 6 M urea and 0.1 % w/v SDS. To remove pigments and lipids, protein 

samples (equivalent to 0.01 µmol Chla) were precipitated in 90% (v/v) acetone at -30°C over 

night, redissolved in sample buffer and loaded on the gel. Gels were usually run overnight at 

4oC under continuous stirring in the tank buffer [91] and finally stained with silver [92] or 

Coomassie Blue R250. 

2.2.12 N-terminal sequencing 
For separating polypeptides in the low molecular mass region the above described 

gradient gel system was used. The bands were blotted onto a PVDF-membrane (0.2 µm pore 
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size) and stained with Coomassie Blue R250. After staining, the respective bands were cut out 

from the membrane and directly applied to a gas phase sequencer (Applied Biosystems 473 A 

Protein sequencer), identification of the derivatised PTH-amino acids was done via a reverse 

phase HPLC and detection at 269 nm. The complete sequencing procedure was carried out by 

Dr. W. Schröder (FU Berlin).  

2.2.13 MALDI-TOF MS measurements 
MALDI-TOF-MS was performed in a linear mode using a pulsed UV laser (N2 laser, � = 

337 nm, 3 ns pulse width, type RETOF-MS, Bruker-Franzen) and the spectrometer was 

calibrated by using the following standards: trypsin (23311 Da), myoglobin (16959.8 Da), 

cytC (12360 Da), insulin (5734 Da). For exact mass determination in the low mass region (up 

to 5000 m/z), additional spectra were recorded in the reflector mode. For improved S/N ratio 

100 to 200 spectra were averaged per sample. 

Samples were prepared by diluting 2 µl protein solution (4 mM Chla) with 18 µl 40 % 

(v/v) acetonitrile, 0.1% TFA and mixing 3 µl of this solution with 3 µl of a saturated solution 

of sinapinic acid in 40 % (v/v) acetonitrile. Alternatively PSIIcc crystals were dissolved in 3µl 

50% (v/v) acetonitrile, 0.1 % (v/v) TFA and 3 µl sinapinic acid solution in 40% (v/v) 

acetonitrile. The obtained solutions were further diluted 1 : 1 with 50 % (v/v) acetonitrile, 0.1 

% (v/v) TFA. 0.7 µl sample (equivalent to ca. 140 pmol Chl) were placed on each position of 

the sample holder and air dried. A layer of sinapinic acid (0.5µl) was placed on top of the 

sample and dried.  

2.2.14 Gel permeation chromatography 
Gel permeation chromatography (GPC) was conducted using a Superose 6 HR10/30 

column (Amersham Biosciences) with a flow rate of 0.5 ml/min on an Äkta FPLC 

chromatography system (Amersham Biosciences). UV-absorption was monitored at a 

wavelength of 280 nm. The buffer used was Cg25. For calibrating the column with soluble 

proteins the high molecular weight gel filtration kit from Amersham Biosciences containing 

aldolase (MW: 158 kDa), catalase (MW: 232 kDa), ferritin (MW: 440 kDa) and thyroglobulin 

(MW: 669 kDa) was used. The void volume was determined using Blue Dextran2000. All 

proteins were dissolved in buffer Cg25 to a concentration of 1 to 2 mg/ml. For calibration 

with membrane proteins  the pigment protein complexes CP29 (MW: 36 kDa),  CP47 (MW: 

70 kDa), LHCII (MW: 196 kDa) from spinach and trimeric (MW: 1068 kDa) and monomeric 

photosystem I (MW: 356 kDa) from T. elongatus were used (calculated masses including all 

chromophores).  
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Trimeric PSI from T. elongatus (PSITe) was purified as described [93], and monomeric 

PSI was obtained from trimeric PSI by osmotic shock treatment as described [94]. Isolation 

and purification of CP29 from spinach chloroplasts followed a modification of the protocol by 

[95] as described in [96]. LHCII and CP47 were isolated and purified from spinach PSII 

according to [97] as described [98, 99]. 

The value Kav was calculated according to  

Kav= (Ve-V0)/(Vt-V0) 

with Ve = elution volume, V0 = void volume, Vt = total bed volume, and was plotted 

against the molecular mass. An exponential fit was used to obtain the calibration curve. PSII 

protein samples were diluted in buffer Cg25 to a concentration of  0.1 mM Chla and 200 µl 

sample were injected per chromatographic analysis. 

2.2.15 Analytical ultracentrifugation 
Ultracentrifugation experiments (AUC) were performed using an XL-A analytical 

ultracentrifuge (Beckman, Palo Alto, CA, USA) equipped with absorbance optics. For 

determination of the molar mass M the sedimentation equilibrium data were analyzed by 

means of externally loaded six-channel centerpieces of 12 mm optical path length filled with 

70 µl solution in the corresponding compartment. This cell type allows to analyse three 

solvent/solution pairs in parallel. The protein concentrations of PSIIcc were adjusted to 0.1 – 

0.8 mg/ml protein (determined a mass ratio Chla/protein of 1:6) in buffer Cg25. The 

sedimentation equilibrium was reached after 2 h overspeed at 14,000 rpm, followed by an 

equilibrium speed of 10,000 rpm at 10 °C for about 30 h. The radial absorbancies of each 

compartment were recorded at three different wavelengths between 400 and 700 nm. For the 

molar mass determinations the equation  
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(ρ = solvent density, ν  = partial specific volume of the protein, ω = angular velocity, R 

= gas constant, T = absolute temperature, c(r) = radial concentration and c0 = corresponding 

value at the meniscous position) was used. Simultaneously fitting of the three radial 

distribution curves was done with the program POLYMOLE [100] applying the 

experimentally determined partial specific volume ν  = 0.76 cm3/g (see [101]). 
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2.2.16 Dynamic light scattering 
Dynamic light scattering (DLS) was used to obtain the diffusion coefficient Dz of protein 

particles. The translational diffusion coefficient Dz is obtained from the autocorrelation 

function of the scattered light. It permits to calculate the hydrodynamic radius (RH) of the 

protein particles by application of the Stokes-Einstein equation: 

z

B
H D
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πη6
=  

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

Under the assumption that the protein particles are spherical and do not interact at zero 

concentration, hydrodynamic particle radius (RH) and protein volume (V) are related by: 

V = 4/3 π RH
3  

The correlation between protein volume (V) and molecular weight M is obtained with: 

M = (V/ν ) x NA  

(ν  = partial specific volume of the protein [cm3/g], NA = Avogadro's number). 

For DLS measurements, PSIIccTe was dissolved in buffer Cg25 and passed through 

Millex sterile filters (0.22 µm pore size) into standard cylindrical light scattering cells. The 

protein concentration of PSIIccTe was varied from 0.2 mg/ml to 3.34 mg/ml in buffer Cg25. 

The experiments were carried out at constant temperature (20 ± 0.2°C) controlled by a Lauda 

RC6 thermostat and at a constant scattering angle of 20°. The volumes employed in these 

experiments were about 1 ml. DLS experiments were conducted with an ALV/SP-80 light 

scattering spectrogoniometer (ALV, Langen, Germany) and the ALV-5000/fast digital 

correlator with 286 channels spaced quasi-logarithmically in time. A frequence-doubled Nd-

YAG laser operating at a wavelength of 532 nm served as light source. The particle 

distribution function for measured PSIIcc samples was obtained after Laplace inversion of the 

autocorrelation function with a modification of the program CONTIN ([102, 103]). CONTIN 

provides a z-averaged relaxation rate distribution allowing for the calculation of the mean 

relaxation rate Gamma (�). Gamma is related to Dz by  

� /q2 = Dz  

2.3 X-ray diffraction measurements 
PSII crystals for x-ray diffraction experiments were harvested in buffer B, transfered 

subsequently to buffer B8, B15, B24 and finally to B30 (containing 30% (v/v) glycerol), 

where they were incubated for 45 min. Afterwards crystals were mounted in nylon cryo loops 
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(Hampton Research) in a small drop of buffer B30 and flash-cooled in a nitrogen gas stream 

at 100 K. 

In house X-ray diffraction experiments at the Institute for Crystallography, FU Berlin, 

were conducted using a rotating Cu-anode X-ray generator at λ = 1.54182 Å (Enraf-Nonius Fr 

571, Delft Instruments, Netherlands) equipped with a liquid nitrogen cryosystem (Oxford 

Cryosystems, UK) and an 18 cm Image Plate (MAR Research, Germany). Synchrotron X-ray 

diffraction experiments were conducted at the following synchrotron beam-lines: ID14-1, 

BESSY, Berlin; BW6, DESY, Hamburg; XRD1, ELETTRA, Triest; PX, SLS, Villigen, and 

ID13, ID14-1, ID14-2, ID14-3, ID14-4, ID29 at ESRF, Grenoble. All beamlines were 

equipped with a nitrogen gas stream thermostat (Oxford Cryosystems, UK) and either a MAR 

research 165 mm CCD-detector or an ADSC Q4 CCD-detector. Diffraction data were 

collected at 100 K in oscillation mode with oscillation range between 0.2° and 1°/frame 

depending on resolution and mosaicity of the respective crystal. Typical settings for 

measurements at ID14-2 at the ESRF were: 

λ = 0.933 Å, beam size 100 x 100 µm, oscillation range 0.3 °/frame, exposure time 20 

s/frame, 3 passes/frame. 

Due to high radiation damage only about 100 frames could be collected from one spot of 

a crystal. After collecting this partial dataset the crystal had to be shifted along the spindle 

axis by at least 100 µm before the next part of the dataset could be recorded. 

For evaluation, indexing and processing of diffraction images the HKL suite with 

DENZO and SCALEPACK [104] was used. For phasing, phase extension and solvent 

flattening the programs of the CCP4 suite [105] were used. Model building was done in O 

[106]. All data processing and model building was done by P. Orth (3.8 Å structure) and B. 

Loll and J. Biesiadka (3.6 Å and 3.2 Å structure) in the group of W. Saenger, FU Berlin. 

2.4 Single crystal EPR and X-ray absorption measurements 

2.4.1 W-band EPR measurement 
For W-band EPR measurements clear quartz tubes with 0.87 mm outer, 0.7 mm inner 

diameter and 33 mm length (Vitrocom CV7087Q) were used. To obtain different orientations 

of the crystals in the tube three different variants for placing the crystals were used: 

• To orient the morphologial long axis of the crystals along the long axis of the tube the 

crystal was placed inside at the wall of the capillary.  
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• To orient one morphological plane of the crystal perpendicular to the long axis of the 

tube the crystal was placed flat on the end of the tube, surrounded by a drop of buffer 

B30 and fixed in this position by freezing in liquid nitrogen.  

• To obtain an arbitrary orientation of the crystal and allow X-ray diffraction 

measurements on the mounted crystal before or after EPR measurements, the crystal 

was placed with a drop of buffer B30 in a nylon loop that protruded from the end of 

the tube and frozen in liquid nitrogen. 

PSII single crystals had dimensions of about 1x 0.3 x 0.15 mm3. Prior to mounting they 

were harvested in buffer B0 and soaked as described for X-ray measurements stepwise into 

buffer B30 containing 30% (v/v) glycerol. Continuous wave EPR at 94 GHz was performed 

with a Bruker (Rheinstetten, Germany) Elexsys E680 EPR spectrometer at T = 80 K and 500 

nW microwave power. The capillary was inserted in the resonator with its long axis 

perpendicular to the applied magnetic field. To obtain a set of rotational spectra the capillary 

was rotated about its axis in steps of 10° covering 180° in total, and in each position a 

spectrum was recorded. W-Band EPR measurements and analysis of spectra were done by W. 

Hofbauer, AG Lubitz, MVL. 

2.4.2 X-band EPR measurement 
Large crystals (at least 1 mm in the longest dimension, about 0.2 and 0.1 mm in the two 

other ones) were prereduced in the dark by soaking them under argon atmosphere with buffer 

B30 containing different concentrations (10, 100, 200 or 500 mM) of NaS2O4 for 20 min. All 

solutions were deoxygenated prior to use by argon treatment. Prereduced crystals were placed 

under argon in X-band sample tubes (Suprasil), covered with a drop of deoxygenated buffer 

B30 and immediately frozen in liquid nitrogen. Handling of the crystals had to be very gentle 

as the mechanic stability was decreased by the reductive treatment.  

Time resolved EPR measurements were carried out with a Bruker (Rheinstetten, 

Germany) EXP 380E spectrometer at 9.83 GHz (X-band) at 10 K. The samples were excited 

at 532 nm with laser pulses (8 ns duration, 10 mJ light energy per pulse) from a frequency 

doubled NdYAG laser (Spectra Physics GCR 130). Transient spectra were generated by 

integrating the signal intensity in a chosen time window following the laser pulse. 

Transient EPR measurement and analysis of spectra were done by M. Kammel, AG 

Lubitz, MVL, TU Berlin. 
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2.4.3 X-ray absorption measurements 
For measurements on solution samples monomeric or dimeric PSII (10 mM Chla) in 10 

mM CaCl2, 0.02 % (w/v) n-βDM, 20 mM MES, pH 6.0, was mixed with the same volume of 

glycerol and dark adapted for 1h. About 60 µl of the obtained solution were placed on a mylar 

sample holder and frozen immediately in liquid nitrogen. 

Crystals used for X-ray absorption measurements were at least 1 mm in the longest 

dimension. They were incubated in the dark in buffer B with increasing glycerol amount (up 

to 30 % (v/v) in 4 steps). After 1 h dark incubation in the last solution, crystals were 

transferred with a pipette onto a mylar sample holder, and excess solution was gently removed 

by using a pipette. The crystals were placed in different orientations on the sample holder by 

gently adding and removing some µl of solution at different sides of the crystal. After 

removing excess solution the crystals were immediately frozen in liquid nitrogen and stored 

in liquid nitrogen in the dark until measurement. Alternatively crystals were mounted in home 

built large loops, made from dental floss fixed to the end of a 21 mm long glass capillary, 

which in turn was fixed to a standard cryocap (Hampton Research). X-ray diffraction images 

were taken from the crystals directly after X-ray absorption measurements on a Fuji or MAR 

image plate at the same beamline. 

X-ray absorption measurements were conducted by J. Yano, K. Sauer and V. Yachandra 

(Lawrence National Lab, Berkeley, California, USA) in cooperation with J. Messinger (MPI 

Mülheim). 



Preparation and characterisation of PSII 

 29 

3 Preparation and characterisation of PSII  

3.1 Preparation 

3.1.1 Introduction 
For studies on photosystem II different types of preparations were utilized. Some of them 

are: whole thylakoids, PSII enriched thylakoid membrane fragments, PSII including external 

antenna (e.g. CP29 for higher plants), PSII core complexes (PSIIcc) retaining all membrane 

extrinsic proteins but no external antenna, PSII cores retaining only PsbO but no other 

extrinsic proteins, PSII cores without extrinsic proteins, reaction center cores (including 

CP47, CP43, and some of the smaller subunits) and D1/D2/cyt b559 preparations (still 

including PsbI and PsbX but no CP43 and CP47). All of these are photochemically active e. 

g. can perform charge separation upon light excitation, but D1/D2/cyt b559 preparations do 

not contain QA and are therefore unable of stable charge separation. Only the preparations 

retaining at least PsbO are also active in oxygen evolution (for reviews see [107, 108]). 

For structural studies on the oxygen evolving complex it is therefore necessary to use a 

preparation retaining the membrane extrinsic proteins. As the composition of external antenna  

proteins per PSII can vary depending on growth conditions, using preparations still containing 

these antenna proteins would yield inhomogeneous samples with respect to protein 

composition. Therefore in this study the so called PSII core complex from T. elongatus was 

used, retaining all membrane extrinsic and intrinsic subunits but no external antenna (e. g. no 

phycobilisomes). For comparative studies PSII core complexes from spinach containing only 

PsbO but not the other extrinsic proteins were used.  

For the preparation of PSII core complexes from T. elongatus several procedures have 

been published so far [72, 109-119]. Some of the different approaches are summarized in the 

following table (Table 3-1). 
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Ref. Solubilization Preparationmethod O2 evolving 
activity (1) 

Size Subunits Pigments 

[111] Lysozyme 1h 
50°C,  osmotic 
shock, 0.2 % 

LDAO 30 min, 
UC 60 min 

Ultrogel (gelpermeation) 250 nd nd 70 Chla/cyt b559 

[109] Lysozyme, 
french press, 

osmotic shock, 
0.35% SB12 20 
min, UC 40 min 

- - nd 48kDa + others 100 Chla/PSII 

[112] 0.8% βOG Sucrose gradient, sepharose CL-
4B, 0.5% Na-deoxycholate, 

DEAE cellulose column, elution 
with 0.75 M phosphate 

311 (FeCy, 
PBQ) 

nd  50Chla/QA, 3.2 
Mn/QA 

[113] 0.8 % βOG purified by digitonin-
polyacrylamide gel 

electrophoresis 

- nd  32 Chla/2 Pheo; 46 
Chla/QA; 

33Chla/cyt b559; 
no Mn;  17 
Chla/CP47 

[114] as in [112] Sepharose CL-4B, +0.5% Na-
deoxycholate, Toyopearl DEAE  

650M in 1M sucrose,10 mM 
NaCl, 5mM MgCl2, 0.1% 

digitonin, elution with 0.75 M 
phosphate 

1100, 1300 
(FeCy) 

nd 47, 40, 35,31,28,9, 
8 kDa 

50 Chla, 7 βCar, 4 
Mn, 0.7 Ca, 5 Fe, 2 

Cyt b559, 2 PQ, 
120 FA/QA 

[115] as in [109] two Sucrose gradients (2nd with 
βDM), two bands 

Z = 80±30 for 
monomer and 

dimer ( Zmax=50) 

300 kDa and 
500 kDa 

nd 45±5 Chla/QA 

[116] as in [109] SP Sepharose cation exchanger, 
DEAE ToyoPearl 650S 0.05% 
βDM 0-300 mM NaCl, sucrose 

gradient to separate monomer and 
dimers 160 000 g, 14 h, 

QSepharose 

300 (FeCy+ 
DCBQ) for 
monomer 

500 (Fecy+ 
DCBQ) for 

dimer 

Non, but 
EM with 

monomers 
and dimers 

CP47, CP43, D1, 
D2, PsbO, PsbV, 
PsbU, PsbE + 3 
small subunits 

nd 

[118] genetically 
engineered with 

His-tag, 
lysozyme, french 

press, 15 min 
UZ, 1% β-DM 
30 min, UC 10 

min, 

ProBond resin, 100 mM NaCl, 15 
mM CaCl2, 15 mM MgCl2, 0.03% 
βDM, 10 % Glycerol, eluted with 

imidazole, precipitated by 6 % 
PEG8000 + 10 min UZ 

3400 (45°C, 
FeCy), 2200 
(25°C, PBQ),  

2 shoulders+ 
small 

additional 
peak 

580+350 
kDa 

CP47, CP43, D1, 
D2, PsbO, PsbV, 
PsbU, PsbE +6.5, 

5.4 and 5 kDa 

45.5±2.5Chla/YD, 
100% QB(TL) 

[119] Lysozyme 90 
min, 40°C, Parr 
bomb disruption 

1.2% βDM, 0.5% Na-Cholate 
1mg/ml Chla, 30 min rt, 1.65 M 
(NH4)2SO4, 0.03%βDM, Poros 

ET HIC, gradient 1.65-0 M 
(NH4)2SO4, over night dialysis 
against 20 mM MES, 10 mM 
CaCl2, 10 mM MgCl2, 0.5 M 

mannitol, 0.03%βDM, folowed 
by UNO Q-6, MgSO4 gradient, 

concentrated in UF 

5000-6000 
(25°C, 2,6-

DCBQ) 

mostly 
dimers, only 

small 
fraction of 
monomers 

lacking 
PsbO 

CP47, CP43, D1, 
D2, PsbO, PsbV, 
PsbU, PsbE + 3 
small subunits 

39±1Chla/2 Pheo, 
90-95% QB (TL) 

[120] Lysozyme, 0.4 
M mannitol, 

osmotic shock 

0.24 % LDAO, fractionation by 
UC for 1, 1, 17h to yield pellet 

with crude PSII, solubilized with 
1.2% βDM for 5 min, MonoQ, 20 

mM MES, 0.05% βDM, NaCl 
gradient, final buffer 20 mM 

NaCl, 3 mM CaCl2 

3500 (PBQ,FeCy 
30°C) 

Dimers (580 
kDa) 

CP47, CP43, D1, 
D2, PsbO, PsbU, 

PsbV, PsbE + small 
subunits; 4 

additional bands at 
14-17 kDa and 50-
55 kDa, removed 
by crystallization 

nd 

[121] French press identical to [119]  as in [119] nd nd 

Table 3-1: Published purification protocols for PSIIcc from T. elongatus, their molecular compositions 
and functional activities. HIC: hydophobic interaction chromatography, TL: Thermoluminescence, UC: 
ultracentrifugation, nd: not determined. (1) light induced O2 evolution activity is given either as steady 
state rate (µmol O2/mg Chl h) or as center number Z (e. g. Chl/active center, determined by oxygen 
evolution per flash), used electron acceptors: DCBQ: 2,6-dichlorobenzoquinone; PBQ: phenyl-p-
benzoquinone; FeCy: K3[Fe(CN)6]. 
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In order to obtain large amounts of crystallizable PSII it was necessary to develop a fast 

and large scale purification method for the protein complex. Most published methods so far 

either involve time consuming and amount limiting density gradient centrifugation steps,  

employ a mixture of detergents for solubilisation or use strong interaction column media for 

purification (see Table 3-1). The approach described here is different as it uses only βDM as 

detergent and only weakly interacting anion exchange chromatography material for 

purification. 

3.1.2 Protein purification 
Cells of T. elongatus were grown at 50- 56°C either in an airlift fermenter with 60 l 

volume or in a novel type of photobioreactor with a volume of 32 l under continuous 

circulation of the medium (Castenholz D, [74]). In this PBR photobioreactor  (see Figure 

3-1a) light intensity and flow rate were regulated following the cell density of the culture (for 

details see 2.1.2). After 7 days a cell density of 1.3 OD was obtained and about 80 – 100 g 

cells (wet weight) could be harvested from 32 l of culture. Preparation of thylakoids from 

cells followed previously described protocols (see 2.1.2 and [109]). A typical growth curve, 

using the PBR 25 is shown in Figure 3-1b. 
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Figure 3-1: a) PBR25 bioreactor; b) growth curve of T. elongatus in the PBR 25 photobioreactor.  

Based on the existing preparation protocoll [72, 109] it was aimed to improve it with 

regard to increase the amount of protein purified per column chromatography by changing 

column and chromatography parameters and to speed up the whole procedure to avoid storage 

of the protein between purification steps. The detailed procedure developed is described in the 

materials and methods section (see 2.1.3). One important alteration was to introduce a second 

chromatography step. In the new first step the crude protein extract is rapidly separated into 

a b 
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three main fractions: (1) the non binding phycobillisomes, (2) photosystem II and (3) 

photosystem I. As fraction (2) still contained some phycobilisomes, as well as traces of PS I 

and ATP-Synthase, further purification of this fraction was necessary. In the second step the 

same column material and buffer system was used as for the first step but with different 

column geometry, flow rate and protein loading. In this step the fraction (2) from the first step 

was further separated into phycobilisomes and ATP synthase, PSII and PSI. For PSII two 

peaks were obtained eluting at slightly different conductivities from the column (see Figure 

3-2). Identification of these two peaks as monomeric and dimeric PSII, respectively is 

described in section 3.5. In the following the two peaks will be designated as monomeric and 

dimeric PSII. 
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Figure 3-2: Typical preparative chromatograms of the two purification steps, a) first column,  b) second 
column, conditions as described in 2.1.3. Absorption is shown as solid line, conductivity is shown as dotted 
line, % of buffer B as solid grey line. 

a 

b 
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For the separation of monomeric and dimeric PSII the flow rate and column geometry 

were crucial. The gradient used is very flat, i. e. the difference in salt (MgSO4) concentration 

for elution of monomeric and dimeric PSII is only 8 mM. The interaction between the protein 

and the column material (ToyoPearl DEAE 650S) seams not to be exclusively of anion 

exchange nature but rather a mixture between hydrophobic interaction, size exclusion and 

anion exchange chromatography. This became obvious as the monomeric PSII sometimes 

eluted even before  the gradient was started, i. e. the interaction of the monomeric PSII with 

the column resin is not purely dependent on the ionic strength of the eluent but also has a size 

exclusion component. When loaded onto the column and washed with buffer of 12 mM 

MgSO4 concentration, the monomer peak starts eluting from the column after approximately 7 

column volumes. Only when choosing a lower salt concentration (10 mM MgSO4) the 

monomeric PSII is bound solely via ionic interaction to the column and stays on the column 

as long as no gradient is supplied. In support of this observation it should be noted that the 

matrix (HW55) of the used column material is often used for size exclusion chromatography, 

although preferably in the molecular weight range below 100 kDa. Therefore the choice of a 

long and thin column geometry, in contrast to the normally used thick and short columns for 

ionic exchange chromatography, was obvious.  
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Figure 3-3: Effect of flow rate on peak separation, the sample was run under three different flow rates, 
buffer and conditions are described in section 2.1.3. 

To test the effect of the flow rate on the separation of monomeric and dimeric PSII an 

analytical column with 5 mm diameter and 200 mm length filled with ToyoPearl DEAE 650S 

was used (see 2.1.3). A mixture of monomeric and dimeric PSII was subjected to 
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chromatography under different conditions. The effect of the flow rate on the peak separation 

is illustrated in Figure 3-3. 

The broadening of the peaks upon higher flow rate is obvious (all three curves 

normalized to equal area). Typical chromatograms for the first and second preparative 

chromatography step under the optimized conditions are shown in Figure 3-2. In both runs 

PSI complexes were not eluted from the column during the gradient, but in a cleaning step 

after the gradient and therefore is not visible in the chromatograms. 

With the refined protocol crystallizable protein material is obtained within 24 h starting 

from thylakoid membranes. Following this protocol over 35 preparative chromatography runs 

were performed. Typical total yields of dimeric and monomeric PSII after the second column 

and reconcentration were 55 mg and 40 mg protein, respectively, but also yields as high as 

140 and 90 mg of dimeric and monomeric PSIIcc, respectively, were obtained. The total yield 

of PSIIcc (monomeric and dimeric) after column chromatography varied between 2 and 10 % 

of the total Chla content in the starting extract, the mean was 5.7 ± 2 %. The ratio of PSIIcc 

monomer to dimer after the second chromatography step was found to be 0.7 ± 0.3 but 

sometimes even ratios as low as 0.1 or as high as 1.5 were obtained (see Figure 3-4). The 

origin of this strong variation in monomer and dimer content found so far has not yet been 

fully resolved. 
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Figure 3-4: a) yield of total (monomeric + dimeric) PSII in % of the Chla content of the starting material 
b) ratio of monomeric over dimeric PSII after column chromatography. 

 
To monitor the integrity of the protein complex at different stages of purification the 

oxygen-evolution activity was tested (see sections 2.2.5 and 3.3). To test for deactivation by 

interaction with the column material purified monomeric PSII was loaded on the analytical 

DEAE 650 S column and washed for different time periods. The activity of the material after 

elution from the column was compared with the activity of the control samples stored at 4°C 

for the same time period. The activity observed after 4 or 10 h of washing on the column was 

similar to the activity of  the control samples within the error of the measurement. Only after 

a b 
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storage at 4°C over more than 30 h a decrease in activity was observed. Also when loaded on 

the column and kept over night without applying any flow a deactivation of PSII was 

observed. Details concerning oxygen evolution activity of samples are given below (see 

section 3.2) 

3.1.3 Stability of dimeric PSII and quality of separation 
To answer the question whether monomerization of PSIIcc is induced by the column 

material used for purification, purified dimeric PSIIcc was subjected to a chromatography step 

on the analytical column with the same anion exchanger material. The dimer peak was 

collected, concentrated and rechromatographed on the same column. The result is shown in 

Figure 3-5. The monomer-dimer ratio was determined from the chromatogram using a 

Gaussian peak fit. The ratio of the monomer peak to the total peak area was 16% in the first 

run (Figure 3-5a, dotted black line). The dimer peak was collected from the absorption 

maximum on (indicated by a red line in the figure), concentrated and split. One half was 

subjected to a second run on the analytical anion exchanger, and the other half was analyzed 

using a gel permeation column (Superose 6, see 2.2.14). On the anion exchange column again 

a monomer content of 16 % was observed (Figure 3-5a, solid black line) whereas on the gel 

filtration column a single peak at the position for the dimer was found (Figure 3-5b). This 

indicated that part of the dimeric material dissociates into monomers when bound to the anion 

exchange column. 

The percentage of monomers formed from dimers during anion exchange 

chromatography is not high enough to explain the monomer/dimer ratio found during 

purification of thylakoid extracts (about 40 % - 50 % monomeric PSIIcc). The found 

monomer/dimer ratio in the extract was also independent of the column size, i. e. during an 

analytical chromatography run with about 90 min elution time or a run on a preparative 

column with 10 h elution time the same monomer/dimer ratio was found.  
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Figure 3-5: Rechromatography experiment of dimeric PSIIcc. a) The first run of dimeric PSIIcc on the 
DEAE anion exchange column is shown as dotted black line. Fractions from the second half of the peak 
(indicated by the red line) were subjected to a rechromatography step on DEAE material, shown as black 
solid line. The result of a Gaussian fit of the obtained peak is shown as dotted blue (monomeric 
component), dotted red (dimeric component) and as solid green line (sum of monomeric and dimeric 
component). b) Gel permeation chromatography of the same fractions after the first chromatography on 
DEAE. One symmetric peak showing a retention time equivalent to the dimeric PSIIcc was obtained. 

The temperature dependence of the dissociation of dimeric PSII was also tested using the 

analytical ToyoPearl DEAE 650S column (Figure 3-6). A solution, containing monomeric 

and dimeric PSIIcc, was split into aliquots and some were stored at 4°C, some at 20°C for 

several days.  After 1, 2, 4, 5, and 8 days the samples were subjected to an analytical 

chromatography run. When stored at 4°C the ratio of monomeric and dimeric PSIIcc was not 

changing significantly even after 8 days. In contrast when stored at 20°C an increase in the 

monomer/dimer ratio was observed from the 4th day on. When normalized on the same peak 



Preparation and characterisation of PSII 

 37 

area the chromatogram taken at the start and that after 4 days exhibit a decrease in the area of 

the dimer peak of about 7 % and an increase in the monomer region of about 5 % of the total 

area (Figure 3-6). 
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Figure 3-6: Analytical IEC chromatography of PSIIcc after incubation at 20° C (a) and at 4°C (b), traces 
are normalized for the same peak height at 34 ml (PSIIcc dimer). Samples were incubated for 0 days 
(black), 1 day (red), 2 days (green), 4 days (gray), 5 days (blue), and 8 days (magenta), respectively. 

It can be concluded that about a third of the monomeric PSIIcc is formed from 

dissociation of dimers during the protein purification process and roughly two thirds are 

already present in the thylakoid extract before purification. When stored at room temperature 

dissociation of purified dimers into monomers is observed. No detectable quantity of 

monomers is formed from dimers after purification when stored at 4° or -30° C.  

a 

b 
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Figure 3-7: Gel permeation chromatography of PSIIcc on a Superose 6 column. a) Separate runs of 
monomeric (red) and dimeric (black) PSII. b) Runs of different mixtures of monomeric and dimeric 
PSIIcc containing 0 (black), 1 (blue), 2.5 (red) and 10 % (green) monomer, respectively (see 2.2.14 for 
conditions). 

The quality of separation of monomeric and dimeric PSII was assayed using a Superose 

6 gel permeation column (see 2.2.14 and 3.5.3). To check the separation quality of the 

column, recrystallized dimeric PSIIcc and concentrated monomeric PSIIcc were used. A 

chromatogram with the two corresponding peaks is shown in Figure 3-7a. Mixtures with 

different ratio of monomeric and dimeric PSIIcc were subjected to GPC to test the detection 

limit of monomeric PSIIcc content in dimeric samples. The corresponding chromatograms for 

10, 2.5 and 1% monomer containing dimeric PSIIcc are presented in Figure 3-7b. It was 

found that a monomer content even below 1 % can be detected using the Superose 6 column. 

a 

b 
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Samples from different stages of the protein purification procedure were subjected to the gel 

filtration chromatography and the monomer and dimer content was calculated using the 

calibration runs, results are shown in Table 3-2. 

sample % monomer % dimer 

PSII peak from first preparative 
IEC column 

43 - 51 47 – 57 

concentrated dimer after 2nd IEC 
column 

7 – 9 89 – 91 

monomer after 2nd IEC column 88 7 

concentrated monomer 95 3 

dimer after 1st recrystallization < 1 > 99 

dimer after 2nd recrystallization < 1 > 99 

dimer after 3rd recrystallization < 1 > 99 

Table 3-2: Content of monomeric and dimeric PSIIcc in samples at different purification stages 

As seen in Table 3-2 the chromatographic separation of monomeric and dimeric PSIIcc 

yields monomers and dimers of 90% purity. After the first recrystallization step the monomer 

content was further reduced to below 1% and did not change significantly during the 

following steps. A monomer/dimer ratio of 1 is already present after the first ion exchange 

column, supporting the idea that the main part of PSII monomer is already present in the 

thylakoid extract used and only a minor part of the monomer is formed from dimeric PSII 

during the second chromatography step. 

The stability of monomeric and dimeric PSIIcc was studied by CD-spectroscopy as a 

function of temperature (as described in 2.2.10). A typical CD-spectrum of dimeric PIIcc 

recorded at 30° is shown in Figure 3-8a. The CD-spectra did not significantly change in the 

temperature range of 20 to 50 °C. However, above 60 °C dramatic spectral changes were 

observed. From the change of ellipticity at 220 nm (Figure 3-8b) the phase transition 

temperature for monomeric and dimeric PSIIcc was determined to be 68 and 71°C, 

respectively . 
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Figure 3-8: CD spectra of PSIIcc. a) CD-spectrum of dimeric PSIIcc at 30° C. b) Temperature dependent 
change in CD-spectra of PSIIcc. Change of ellipticity at 220 nm normalised to the maximum value for 
monomeric (open triangles, dotted line) and dimeric (solid squares, solid line) PSIIcc between 25 and 90°C 
is shown. The inflexion points (showing the phase transition temperature) are indicated by vertical lines. 

The purification of PSIIcc was also monitored by recording room temperature absorption 

spectra in the range of 750 to 350 nm at the different purification stages. Typical spectra for 

the crude thylakoid extract, the purified PSIIcc after the first column, and the monomeric and 

dimeric PSIIcc after the 2nd column are shown in Figure 3-9. 

400 500 600 700
0.0

0.6

1.2

1.8

ab
so

rb
an

ce
 in

 a
rb

itr
ar

y 
un

its

wave length in nm
 

Figure 3-9: Absorption spectra of PSII preparations at different purification stages, all spectra are 
normalized to the absorption at 673 nm. Thick black: thylakoid extract; dotted: PSIIcc after 1st column; 
solid: dimeric PSIIcc after 2nd column; dashed: monomeric PSIIcc after 2nd column. 

The absorption spectrum of the thylakoid extract (Figure 3-9) is characterized by peak 

maxima at 610 nm and 675 nm and a red shifted shoulder of the Chla Qy band (> 700 nm). 

This shoulder is due to PSI (red shifted Chla), the maximum at 610 nm is due to 

phycobilisomes. After the first column, the content of PSI and phycobilisomes is strongly 

reduced but still a large amount of phycobilisomes is present. The spectra after the 2nd 

a b 
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column show that no phycobilisomes are present any more. the maximum for the Chla Qy 

transition at 673 nm and the absence of a shoulder towards longer wavelengths indicates that 

also no PSI is present after the 2nd column.  
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Figure 3-10: Absorption spectra of monomeric (black) and dimeric (grey) PSIIcc of T. elongatus 

 
In Figure 3-10 absorption spectra from 10 different dimeric and 5 different monomeric 

samples are shown. The absorption at the maxima at 413 and 491 nm varies between samples. 

For both monomeric and dimeric samples the ratio between absorption at 413 and 673 nm is 

about 1.43 ± 0.03 (±3%) and between absorption at 492 and 673 nm it is 3.86 ±0.23 (± 6%). 

This variation is most probably due to a varying content of carotenoids bound to the complex 

as the shoulder at 492 nm is due to one of the absorption maxima of β-carotene (maxima in 

80% acetone at 456 and 483 nm, see section 3.2 for pigment content of samples).  

3.2 Analysis of the pigment, Mn and lipoid content of PSIIcc 
 

3.2.1 Introduction 
The absolute content of pigments in PSIIcc has been determined by several groups with 

differing results depending on preparation and analytical methods used. Generally the 

presence of 2 Pheoa per reaction center is assumed and serves as reference point for the 

determination of the stoichiometry of the other pigments. The values given for Chla vary 

depending on the kind of preparation and the organism used. For D1/D2/cyt b559 

preparations 6 Chla are found, and for the pigment proteins CP43 and CP47 values between 

10 to 25 are given [122-125]. Fewer investigations exist for the carotenoid content. The 

D1/D2/cyt b559 complex contains 2 β-carotenes [126, 127], CP43 and CP47 bind 2 to 3 
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carotenoids each [128, 129] giving a total of 6 to 10 Car per monomeric PSII, as reported by 

[114, 130], with a maximum number of 17 reported by [131]. 

To check that monomeric and dimeric PSIIcc are of similar composition and to test 

whether some pigments are lost upon crystallisation of dimeric PSIIcc, the pigment 

composition of various samples was assayed using reverse phase chromatography (RPC), 

absorption spectroscopy and thin layer chromatography (TLC) as described in Materials and 

Methods. In addition the content of Mn was assayed with atom absorption spectroscopy 

(AAS) and EPR-spectroscopy. Furthermore the size of the detergent belt and the amount of 

bound lipid around PSIIcc was determined. The results are summarized in Table 3-3, some of 

them have been published in[132]. 

 

cofactor monomeric PSIIcc dimeric PSIIcc redissolved 
crystals 

Chla1 35 ± 2.6 (13) 34 ± 2.1 (8) 34 ± 2.2 (3) 

Car2 8.3 ± 1 (5) 9.1 ± 1 (10) 9.1 ± 0.8 (5) 

PQ91 2.3 ± 1 (7) 2.9 ± 0.8 (6) 2.2 ± 0.2 (3) 

Mn2 3.7 ± 0.5 (3) 3.8 ± 0.5 (4) 3.6 ± 0.5 (4) 

lipids2 18 ± 6 (5) 10 ± 4 (6) nd 

βDM2 145 ± 30 (6) 110 ± 20 (6) nd 

Table 3-3: Cofactor and lipid stoichiometry of monomeric and dimeric PSIIcc and redissolved crystals. 
Numbers in parentheses indicate number of independent experiments; 1 values are per 2 Pheoa; 2 values 
are per 36 Chla; nd: not determined due to high amount of protein required for measurement. 

 

3.2.2 Determination of the Chla/Pheoa ratio 
 

The Chla content of PSIIcc was determined by RPC and UV-VIS spectroscopy. To 

obtain a reliable quantification different approaches where tested (see 2.2.2 for experimental 

details): 1) analysis of acidified and non-acidified pigment extracts as described by [78]; 2) 

analysis of non-acidified extracts using extinction coefficients for Pheoa and Chla from the 

literature; 3) analysis of non-acidified extracts using the ratio of absorption of Chla and Pheoa 

at 410 nm in the solvent system used for RPC. 

By acidification of the pigment extract, all Chla is converted to Pheoa. When comparing 

RPC runs of both forms of the pigment extract the ratio Chla/Pheoa can be deduced from the 

change in peak area of the Pheoa peak. This approach was successfully used for D1/D2/cyt 

b559-preparations from spinach with 4-6 Chla per 2 Pheoa [78]. When using this procedure 
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for T. elongatus PSIIcc a number of 16 ± 1 Chla/Pheoa was obtained. However, since the 

Pheoa peak changed its retention time and form upon acidification of the extract, calculation 

of the peak area was difficult and this method did not provide reproduceable results. 

Using the literature extinction coefficients for Chla and Pheoa in 100 % MeOH, ratios of 

14 to 16 Chla/Pheoa were obtained from the RPC chromatograms of unacidified pigment 

extracts (Figure 3-11). 
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Figure 3-11: Reverse phase chromatogram of dimeric PSIIcc on a nucleosil C18 column in 90% MeOH, 10 
% THF. Absorbance was recorded at 665 (green), 410 (red) and 222 nm (blue), to visualize peaks of Pheoa 
and PQ9, the Chla peak is not shown in full height. 

When recording the spectra of identical amounts of pure Chla and Pheoa in 90% 

MeOH/10% THF a ratio of absorption at 410 nm of 0.527 was found. Using this ratio, values 

between 15.5 and 18.8 Chla/Pheoa were obtained from the RPC analysis. The mean values 

using this approach were 35 ± 2.6, 34 ± 2.1 and 34 ± 2.2 Chla/2Pheoa for monomeric, 

dimeric and crystallised PSII, respectively. 

To assay the problem of pheophytinisation of Chla the amount of Pheoa formed from 

Chla during analysis was determined using pure Chla as starting material. Less than 0.5 % of 

the Chla was converted to Pheoa during the run, exact quantification was difficult due to the 

small peak size of Pheoa. Assuming a conversion of 1 out of 200 Chla during the run the 

obtained Chla/Pheoa ratio would be about 10 % lower than expected without conversion. 

Even when assuming a conversion of 1 out of 1000 Chla the Chla/Pheoa ratio would be 

underestimated by about 2 %. Taking this systematic error into account the obtained 
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Chla/Pheoa stoichiometry is in good agreement with the 35 to 36 Chla found per PSII centre 

in the X-ray structures [36, 121, 133, 134] and reported for other PSII preparations from 

mesophilic and thermophilic cyanobacteria [114, 130]. Therefore the upper number of 36 

Chla was taken as reference point for quantification of other cofactors (see Table 3-3). 

3.2.3 Carotenoids 
 

The number of carotenoids can be determined by recording the UV-VIS spectrum of a 

pigment extract (80 % acetone) and subtracting the known spectrum of Chla in 80 % acetone 

(see 2.2.6). The obtained difference spectrum is similar to the spectrum of β-carotene. From 

the absorbance at 664 nm in the original spectrum and 454 nm in the difference spectrum the 

concentrations of Chla and β-carotene were obtained. The ratio Car/Chla was 0.231 ± 0.03 

and 0.253 ± 0.03 for the monomeric and dimeric PSIIcc, respectively. From these ratios total 

numbers of 8.3 ± 1 and 9.1 ± 1 carotenoids per reaction center are obtained, assuming 36 Chla 

per primary donor. This number of Car per PSIIcc is within the range reported previously 

[114, 130]. The slight difference in Car content between monomeric and dimeric PSIIcc is 

also evident in the UV-VIS spectra (see Figure 3-9 and Figure 3-10). The lower number of 

Car in monomeric PSIIcc could be due to partial loss of one Car located close to the 

monomer/monomer interface upon dissociation of PSII dimers into monomers. 

For redissolved crystals a value of 0.250 Car/Chla is found, giving a total number of 9 

carotenoids per 36 Chla. This indicates that no carotenoids are lost during crystallisation of 

the dimeric PSIIcc. 

The nature of carotenoids was investigated using thin layer chromatography. The 

pigment extract was separated into its component and the nature of the obtained bands was 

deduced from comparison with literature data. For dimeric and monomeric PSII preparations 

the band from β-carotene was predominant. At least two additional bands were observed 

originating from other carotenoids. One of these is most probable due to zeaxanthin or 

cryptoxanthin. Various carotenoid species including zeaxanthin, myxoxanthophyll, 

cryptoxanthin and nostaxanthin were also found in PSII from T. elongatus solubilized by 

SB12 [135]. From densitometric scanning of the TLC-plates the ratio of carotenoids was 

estimated to be about one zeaxanthin/cryptoxanthin per 10 βCar molecules.  

Using RPC, the carotenoids could be separated from the other pigments. The peak 

assigned to carotenoids on the basis of its absorption characteristics exhbited a significant 

shoulder towards longer retention times in most cases (see Figure 3-11). The area of this 

shoulder amounted to about 10% of the total carotenoid peak area, indicating that about 10% 
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of the carotenoids occur in a form different from β-carotene. If this form is already present in 

the starting material or is formed during pigment extraction or chromatographic analysis can 

not be clarified on the basis of the experimental data and remains an open question. In a study 

of carotenoid composition of PSIIcc from Synechocystis PCC 6803 using HPLC, a relevant 

content of zeaxanthin was found (2.75 out of 17.15 carotenoids) [131], indicating the presence 

of other carotenoids apart from β-carotene in cyanobacterial PSII. 

Using the total peak area of the carotenoid peak and an absorption coefficient of βCar at 

410 nm in pure acetone (ε410 = 80 mM-1 cm-1), a ratio of about 6 - 7 βCar per 36 Chla is 

obtained. The deviation from the value for the Car content determained by measuring 

absorption spectra of the pigment extract can be explained by a change in the absorption 

coefficients of βCar and Chla when using MeOH/THF instead of acetone as solvent. This 

assumption is supported by the observation that when using the extinction coefficients for 

Pheoa and Chla instead of the ratio of absorption at 410 nm a similar underestimation of the 

real pigment content is found (see above). For the Chla/Pheoa ratio this source of error could 

b eliminated by measuring the ratio of absorbance of pure Pheoa and pure Chla in 

MeOH/THF (see above) but it can not be eliminated for the Car/Chla ratio.  

3.2.4 Plastoquinone 9 
The content of plastoquinone 9 (PQ9) was assessed using RPC (see 2.2.2 for 

experimental details). The chromatographic analysis revealed that more than one PQ9 (about 

2.3) is present per PSIIcc. For monomeric PSIIcc a value of 2.3 ± 1, for dimeric PSIIcc of 2.9 

± 0.8 and for redissolved crystals of 2.2 ± 0.2 PQ9 per 2 Pheoa was found. These values have 

to be taken with care as the absorption coefficients reported in the literature and used for 

quantification (ε255 = 15.2 mM-1 cm-1 for PQ9 [79] and ε410= 114.3 mM-1 cm-1 for Pheoa [77], 

respectively) were determined in a solvent system different from the one used in this work for 

reverse phase chromatography. Additional systematic errors arise from the partly 

pheophytinisation of Chla during chromatography (see above), leading to an overestimation 

of the PQ9 content of 2 to 9 % (for 0.1 to 0.5 % conversion of Chla). Nevertheless the values 

found are in good agreement with previously reported values for PSIIcc from T. elongatus 

and Synechocystis sp. PCC6803 (2.1 PQ9/2 Pheoa [114, 130]).  

To elucidate the amount of PQ9 bound in the QB pocket, flash induced fluorescence 

measurements on solutions of monomeric and dimeric PSIIcc from T. elongatus were 

performed by I. Vass, Szeged. These measurements revealed that only 30 % of monomeric 

and 50 % of dimeric PSIIcc have a functional PQ9 in the QB site and that a small 

plastoquinone pool is present in both monomeric and dimeric PSIIcc (I. Vass, personal 
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communication). This means that the chromatographically detected PQ9 molecules are 

partially located in the QA and QB sites and partly in the detergent shell or bound to the 

complex in a different, functionally inactive position. 

In accordance with this observation no electron density is visible in the QB pocket at a 

resolution of 3.2 Å, indicating only a partial occupancy of this binding site in the PSII crystals 

(see chapter 6 and [134, 136]). Other groups also observed a partial occupancy of the QB 

pocket by measuring QA
-. reoxidation in the absence and presence of DCMU in cyanobacterial 

PSIIcc [114, 130]. In contrast Kuhl et al reported a preparation of PSIIcc from T. elongatus 

with high occupancy of the QB site [119]. They inferred from thermoluminescence 

measurements that their preparations have nearly 100 % of the QB sites occupied with PQ9, 

but no experimental proof for the assignment of the thermoluminescence band (e. g. control 

experiments with herbicides that would replace the bound PQ9 in the QB site) is given in this 

publication. 

3.2.5 Mn content 
To evaluate the state of the Mn-cluster, the content of Mn in monomeric and dimeric 

PSIIcc was examined using atom absorption spectroscopy (AAS) and EPR spectroscopy. 

From the AAS measurements contents of 3.7, 3.8, and 3.6 Mn/36 Chla were found for 

monomeric and dimeric PSIIcc and redissolved crystals, respectively (see Table 3-3). Several 

sources of errors have to be considered when discussing these values. The AAS-measurement 

itself has about 5 – 10 % error for the Mn-content, the Chla-determination of the samples has 

an error of about 5 %, and the error from pipetting during dilution of the samples will add 

another 2-4 %, yielding a total maximum relative error of 15 %. This amounts to an absolute 

error of ± 0.5 to 0.6 Mn / 36 Chla. In addition the assumption of 36 Chla / active center could 

be still an underestimate. When assuming instead a number of 38 Chla per active center the 

Mn-content would increase to about 4 Mn/active center. 

To distinguish between free Mn2+ in solution and Mn bound to the protein, additional 

room temperature X-band EPR-experiments were undertaken. These were performed by M. 

Galander and F. Lendzian, MVL, TU Berlin. The signal of the Mn2+ hexaaquo complex in 

solution was measured before and after NH2OH treatment of monomeric PSIIcc and 

compared to the signal obtained from a Mn2+ standard of known concentration. The amount of 

free Mn2+ in untreated samples was determined to be about 0.05 to 0.1 per 36 Chla. The 

highest content was found in a sample stored for more than two years at -30° with 0.36 

Mn2+/36 Chla. The amount of additional Mn2+ formed by NH2OH treatment was 3.4 to 3.7 

Mn/36 Chla for monomeric PSIIcc. Due to the requirement of high sample amounts no EPR 
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measurements with dimeric PSIIcc were carried out. The obtained value for monomeric 

PSIIcc is in good agreement with the value obtained by AAS and indicates that almost all Mn 

is bound to the protein and only traces of free Mn2+ are present in the samples. 

3.2.6 Lipid and detergent content 
As the used PSIIcc preparations were obtained by solubilization of thylakoid membranes 

it is obvious that they will contain a certain amount of thylakoid lipids. In addition to the 

unspecifically bound lipids which may form part of the detergent shell, also specifically 

bound lipids might be present in PSII, as various studies indicate a direct influence of 

different lipid classes on PSII function (see below). The size and composition of the detergent 

shell surrounding the solubilized PSII complex is also of interest when interpreting data 

regarding the apparent molecular mass of the complex, e. g. for DLS, GPC and analytical 

ultracentrifugation data (see section 3.5). A third aspect is the influence of detergent shell size 

and composition on the solubility and crystallization behaviour of the complex. Therefore 

knowledge of these parameters is a prerequisite for successful crystallisation of membrane 

proteins in general. 

For examining the size of the detergent shell surrounding the protein complex, the 

detergent and lipid content of the solubilized monomeric and dimeric PSIIcc were determined. 

For separation of various lipid species and detergent 2d TLC was performed as described in 

section 2.2.8. In addition to the spot originating from βDM, spots for the four expected lipids 

MGDG, DGDG, PG, and SQDG were identified by comparison with retention times of 

standards (see Figure 3-12). 
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Figure 3-12: 2D-TLC of a chloroform/methanol extract of monomeric PSII. Extract equivalent to 36 µg 
Chla was applied, spots corresponding to the various lipids and detergent are indicated. Spots originating 
from applied standards (20 µg ββββDM, 5 µg PG, 10 µg DGDG) are indicated by underlined labels. 

The individual spots were scrapped from the plates. In case of lipids the amount of fatty 

acids was determined after transesterification using GC. For detergent, the quantification was 

done by colorimetric determination of the sugar content after reaction with phenol in 

sulphuric acid (see 2.2.9). Results of detergent and fatty acid quantifications assuming 36 

Chla/P680 are shown in Table 3-3 (page 42). The obtained ratios were 3 βDM/Chla and 0.56 

fatty acids/Chla for dimeric and 4 βDM/Chla and 1.0 fatty acids/Chla for monomeric PSIIcc. 

The ratio of the different lipids exhibited some variation between samples. The mean 

composition was 40 ± 7 % MGDG, 29 ± 8 % DGDG, 14 ± 11 % SQDG and 15 ± 7 % PG. 

The larger variation in the SQDG content might be due to poor separation of the SQDG spot 

from the βDM spot on the TLC plate (see Figure 3-12). Some literature values for the lipid 

composition of thylakoid membranes from cyanobacteria in comparison with the data 

obtained in the present work are shown in Table 3-4.  
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source MGDG DGDG SQDG PG 

isolated PSIIcc from T. elongatus (mean of all 
9 samples) 

40±7 29±8 14±11 15±6 

monomeric PSII (6 samples) 41±6 28±6 16±9 13±5 

dimeric PSII (3 samples) 37±10 32±10 13±10 18±7 

thylakoids of thermophilic Synechococcus 
6716 [137] 

45 23 17 12 

thylakoids of T. vulcanus [138] 50 27 5 13 

thylakoids of Synechocystis PCC6803 [139] 62 14 18 6 

Table 3-4: Lipid composition of cyanobacterial thylakoid membranes and isolated PSIIcc (monomeric and 
dimeric), values are in % 

The obtained values are within the experimental error similar to the values for whole 

thylakoid membranes given in the literature. Therefore no significant enrichment of a special 

lipid upon solubilisation of PSII can be interfered from these data and no indication for a 

preferred interaction of PSII with one of the lipids can be found. A study on monomeric and 

dimeric PSIIcc from spinach revealed a slight difference in the PG content between both 

forms (increased PG level in dimeric PSIIcc) [140]. Only a small difference in PG content 

between monomeric and dimeric PSIIcc from T. elongatus was detected in this work (see 

Table 3-4). As the error of the measurements is larger than the detected difference no 

conclusion can be drawn on a possible special role of PG in stabilising dimeric PSIIcc in T. 

elongatus. 

From the determined numbers of lipid and detergent molecules, the size of the detergent 

shell was estimated to be 170 molecules (βDM and lipid) for monomeric and 240 molecules 

(βDM and lipid) for dimeric PSIIcc, respectively. Taking the fatty acid distribution and lipid 

composition as determined in the GC experiments, a mean mass of 810 Da/lipid was obtained. 

Together with the known mass of βDM (512 Da) the total mass of the detergent belt was 

estimated to 90 ± 25 kDa for monomeric and 130 ± 30 kDa for dimeric PSIIcc. These 

numbers are in agreement with those calculated from titration experiments on detergent 

depleted PSIIcc, which have shown that 190±10 and 360±30 βDM molecules are necessary 

for redissolving detergent depleted monomeric and dimeric PSIIcc, respectively  (F. Müh and 

A. Zouni, personal communication).  

The mean area occupied by a lipid in a monolayer is known to be 50 – 60 Å2 [141, 142]. 

To calculate this value for the detergent belt around PSII, the membrane embedded surface 

area for PSIIcc was estimated from the recent structural model at 3.2 Å resolution (see 6.2 and 
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[134]). For monomeric and dimeric PSII, values of 12,600 Å2 and 20,700 Å2, respectively, 

were obtained. In combination with the number of molecules in the detergent shell, a mean 

area of 65 - 90 Å2 per detergent or lipid molecule is obtained. This area is in the same order of 

magnitude as the literature values cited above, indicating that the determined number of 

molecules in the detergent belt is sufficient to cover the otherwise membrane embedded 

surface of PSII when it is solubilized from the membrane. 

The 20 lipids found per detergent shell seem to correspond to the lower limit since loss 

of lipids during quantification is likely. Ohno et al. determined about 60 lipids per P680 of 

PSIIcc from T. elongatus, using a different purification protocol with n-octyl glucopyranoside 

as detergent [114]. With the experiments conducted in the present work it was not possible to 

distinguish lipid molecules bound to the protein from those integrated into the detergent shell. 

For PSII a number of studies indicated an influence of lipids on assembly or function of the 

complex. [140, 143-156]. Considering these literature data the presence of several lipids in the 

solubilized PSIIcc is not surprising but rather expected and it will be a worthwhile task to 

distinguish between functionally bound lipids and nonspecifically bound lipids in further 

studies on PSIIcc from T. elongatus. 

In several other membrane protein complexes, structurally and functionally important 

lipids were found. For example in the crystal structure of PSI from T. elongatus one lipid was 

identified as coordinating one of the antenna Chla [157] and in PBRC two out of three lipids 

were localised close to the pigments of the electron transfer chain, possibly modulating their 

properties [158, 159]. For recent reviews regarding the interactions between lipids and 

membrane proteins, see [160, 161]. 

3.2.7 Cyt b559 stoichiometry 
In order to determine the number of cyt b559 present in the obtained PSIIcc preparation, 

difference spectra of reduced minus oxidized cyt b559 were recorded (see 2.2.7). Various 

extinction coefficients are reported in the literature to calculate the amount of Cyt b559 from 

the absorbance difference. ([84-86]). The results of cyt b559 per 36 Chla obtained for 

monomeric and dimeric PSIIcc using the various extinction coefficients are summarized in 

Table 3-5. 

∆ε∆ε∆ε∆ε used 17.5 mM-1 cm-1[84] 21 mM-1 cm-1[85] 23.4 mM-1 cm-1[86] 

Cyt/36 Chla (monomer) 1.6 ± 0.2 1.3  ± 0.2 1.2  ± 0.2 

Cyt/36 Chla (dimer) 1.7 ± 0.2 1.3 ± 0.2 1.2 ± 0.2 

Table 3-5: Stoichiometry of Cyt b559 per PSII. 
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As can be seen, the obtained stoichiometry of cyt b559 is largely dependent on the 

absorption coefficient used. In contradiction to the X-ray structure, that shows only the 

presence of one cyt b559, numbers between 1 and 2 are obtained. To check for a partial loss 

of cyt b559 during crystallisation, the same experiment was done with redissolved crystals. 

As this experiment yielded the same ratio as found for dimeric PSII before crystallisation, it 

can be concluded that also before crystallisation only one cyt b559 is present per active center 

in PSII and that the obtained higher numbers might be caused by an error in the difference 

extinction coefficients used. A corrected value for the difference extinction coefficient of cyt 

b559 was determined in a recent study using redisolved crystals of PSIIcc from T. elongatus 

and assuming a cyt b559/Chla stoichiometry of 1:36. The obtained value is ∆ε = 25.1 ± 0.5 

mM-1cm-1[162]. 

 

3.3 Oxygen evolving and photochemical activity of PSIIcc 
The oxygen evolution activity of monomeric and dimeric PSIIcc was tested by 

measuring oxygen evolution at room temperature under continuous light as well as single 

flash excitation with K3[Fe(CN)6] and PBQ or 2,6-DCBQ as acceptors (see 2.2.5). In addition 

the turnover of the primary quinone QA was assayed measuring light-induced transient 

absorption changes at 325 nm (see 2.2.4). Results of all three measurements are summarized 

in Table 3-6. 

oxygen evolution activity sample 

single flash 

Chla (¼ O2 � flash)-1 

continuous saturating light 

µmol O2 (mg Chla 
� h)-1 

Chla / QA 

crude extract 250 – 450 200 – 450 - 

monomeric PSIIcc 38 – 69 1700 – 3000 40 – 58 

dimeric PSIIcc 37 – 73 2200 – 3700 37 – 55 

redissolved crystals 41 – 55 2000 – 2600 39 – 51 

Table 3-6: Oxygen evolution activities and Chla/QA ratios for different PSII samples. Values are ranges 
obtained from at least 6 independent measurements for each sample type 

The photochemical activity as measured by the number of Chla per photoreducible QA 

was, within the error limits, similar in monomeric and dimeric PSIIcc (Table 3-6). 

Redissolved crystals also showed values of around 40 Chla/QA, indicating that the activity 

was not decreased due to crystallisation. 
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The obtained steady state oxygen evolution rates are comparable to values given in the 

literature for dimeric PSIIcc (see Table 3-1, page 30, and [118-120]). Both forms, monomeric 

and dimeric PSIIcc, have comparable oxygen evolution activity, indicating, that monomeric 

PSIIcc is not an inactive form of PSII, as suggested in other studies [116, 163]. In addition 

oxygen evolving activities per single flash were measured. Comparable data are missing in 

most other studies. The obtained number of Chla per active center has to be corrected as 

various factors, for example double hits (two photons absorbed by the same photochemical 

center) and misses (photons leading only to charge separation but not to S-state transition), are 

not accounted for in the measured number of Chla. Assuming an error of about 10 % due to 

these factors yields a corrected Chla content of 35 – 40 Chla per oxygen evolving center in 

monomeric and dimeric PSIIcc. Redissolved crystals showed the same oxygen evolution 

activity as dimeric PSIIcc prior to crystallisation (Table 3-6), and direct measurement of light 

induced oxygen evolution from microcrystals showed an increased long term stability when 

compared to that of PSIIcc in solution [73].  

The slightly higher number of Chla per photoreducible QA (37 - 58 in monomeric and 

dimeric PSII), determined by transient absorption changes at 325 nm, might be due to a small 

error in the difference extinction coefficient used [81]. 

On the basis of 4 Mn/cluster and 36 Chla per P680, the determined manganese content 

of  3.7 and 3.8 Mn/36 Chla in monomeric and dimeric PSIIcc indicates that 93 - 95 % of the 

centers contain one fully assembled Mn-cluster. Similar Mn/Chla stoichiometries (3.6 Mn/36 

Chla) were found when analysing redissolved crystals of dimeric PSIIcc, indicating that 90 % 

of the water oxidizing complexes in the crystals contain an intact Mn-cluster. Also the Mn-

quantification by EPR, indicating that normally less than 0.1 Mn/36 Chla are present as free 

Mn2+ in the samples (see 3.2.5), supports the conclusion that > 90 % of the centres contain 

one fully assembled Mn-cluster. 

3.4 Subunit composition of the PSII complex 

3.4.1 Introduction 
One still enigmatic topic in PSII research is the role, function and number of the different 

small membrane intrinsic subunits (masses below 10 kDa). For most of the small subunits it is 

not known what purpose they fulfil in the PSII complex, despite a wealth of studies especially 

in the last 3 years focused on this topic. Not only functional but also structural data for most 
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of these subunits are very scarce until now (but see chapter 6). Even the exact number of 

subunits present in PSII is a matter of debate. The naming of the subunits follow the names of 

the corresponding genes. Excluding the large and the extrinsic subunits, the small ones are 

PsbE, PsbF, PsbH to PsbN, PsbT, and PsbW to PsbZ. Not all of these small subunits are 

present in cyanobacteria: PsbW is only found in higher plants, although a sequence with slight 

homology to PsbW from higher plants is also found in the genome of Synechocystis, T. 

elongatus and other cyanobacteria (see cyanobase [164]). For PsbT there exists a nuclear 

encoded form PsbTN (only present in higher plants), and a second chloroplast encoded form 

PsbTC (called PsbT in this work), found in cyanobacteria and plants. All subunits of 

cyanobacterial PSII together with the number of transmembrane α-helices, possible function 

and possible location are summarized in Table 3-7. In Figure 3-13 the sequences of the small 

subunits from T. elongatus are given and the transmembrane regions are indicated. 

 
 
PsbE     (c) AGTTGERPFSDIITSVRYWVIHSITIPALFIAGWLFVSTGLAYDVFGTPRPDSYYAQEQRSI 
             PLVTDRFEAKQQVETFLEQLK (l) 

PsbF          (c) TSNTPNQEPVSYPIFTVRWVAVHTLAVPTIFFLGAIAAMQFIQR (l) 

PsbH (c) ARRTWLGDILRPLNSEYGKVAPGWGTTPLMAVFMGLFLVFLLIILEIYNSTLILDGVNVSWKALG  (l) 

PsbI                   (c) METLKITVYIVVTFFVLLFVFGFLSGDPARNPKRKDLE  (l) 

PsbJ                (c) MSEGGRIPLWIVATVAGMGVIVIVGLFFYGAYAGLGSSL  (l) 

PsbK                    (l) KLPEAYAIFDPLVDVLPVIPVLFLALAFVWQAAVGFR  (c) 

PsbL             MEPNPNRQPVELNRTSLYLGLLLILVLALLFSSYFFN 

PsbM                      MEVNQLGLIATALFVLVPSVFLIILYVQTESQQKSS 

PsbN*                     MEPATVLSIALAAVCIGVTGYSIYLSFGPPSKELADPFDDHED 

PsbT                          METITYVFIFACIIALFFFAIFFREPPRITKK 

PsbX                     TITPSLKGFFIGLLSGAVVLGLTFAVLIAISQIDKVQRSL 

PsbY                    (l) MDWRVLVVLLPVLLAAGWAVRNILPYAVKQVQKLLQKAKAA (c) 

PsbZ (ycf9)               MTILFQLALAALVILSFVMVIGVPVAYASPQDW 
                          DRSKQLIFLGSGLWIALVLVVGVLNFFVV 

Psb27°                    MKRFWAMVCALFLSVSLLLTSCANVPTGLTGNFREDTL 
                          ALISSLREAIALPENDPNKKAAQAEARKKLNDFFALYR 
                          RDDSLRSLSSFMTMQTALNSLAGHYSSYPNRPLPEKLK 
                          ARLEQEFKQVELALDREAKS 
 

Figure 3-13: Sequence of mature forms of small subunits of T. elongatus. Transmembrane regions 
predicted by TMHMM [165] are shadowed in grey (high probability) and yellow (low probability), 
respectively. Cytosolic (c) and lumenal (l) position of termini are indicated where known. All sequences 
are derived from cyanobase [164]. * For PsbN no clear evidence for its presence in PSII was found so far. 
° The presence of Psb27 is controversial, possible presequence (predicted by SignalP[166]) is indicated in 
blue, the region found by N-terminal sequencing after Lys-endo-peptidase treatment by Kashino et al 
[167] is shown in red. 

For PsbE and PsbF, function and location are clarified. They form the two subunits α and 

β of the membrane intrinsic cytochrome b-559 and coordinate the haem group by two His-

residues. In the 3.8 Å structure they have been located using the position of the haem group. 
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The fact that PsbE has a long lumenal loop region, not present in PsbF (see Figure 3-13), 

enabled an unambiguous assignment of the two helices in the density to PsbE and PsbF, 

respectively (see chapter 6). 

In the following the information available on function and location of  the remaining 

small subunits is summarized. A recent review concerning the small subunits is found in [32]. 

Regarding the possible localisation of the small subunits the numbers of the unassigned 

helixes in the 3.8 Å resolution structure are referred to (for details of assignment problems of 

these helices and comparison with other structural models see chapter 6). 

Function and location of the small subunits 

PsbH, also called phospho-protein or 6.5 kDa protein, is a 65 amino acid (AA) long 

protein that forms one transmembrane region of about 20 AA. Its N-terminus is thought to be 

exposed at the stromal side [168, 169]. Cross-linking studies in C. reinhardtii PSIIcc 

suggested a close relation with PsbX [170], and a close association with CP47 and D1 was 

suggested from trypsin digestion studies in WT and ∆PsbH Synechocystis strains [171]. In an 

EM study, using a gold label and His-tagged PsbH in C. reinhardtii, a location close to cyt 

b559 at the periphery (e. g. helix 7 or 8 in the structure) was suggested [170], although other 

studies favour a location close to the region 226-233 in D1, corresponding to helix 11 or 12 

[171]. In higher plants PsbH becomes phosphorylated at a threonine close to the N-terminus 

[172]. This residue is not present in the cyanobacterial protein and a phosphorylation is not 

observed [171]. PsbH is not absolutely required for PSII function in Synechocystis [173], 

whereas in C. reinhardtii a deletion mutant ∆psbH was not able to assemble functional PSII 

[174]. The subunit seems to interact at the acceptor side with QA and/or QB to influence 

electron transfer [173, 175], furthermore a contribution to dimerization [176], bicarbonate 

binding [171, 177] and D1 turnover [171] are reported. 

PsbI is a 38 AA containing protein of 4400 Da consisting of a single transmembrane α-

helix and a C-terminal loop which is thought to be exposed to the lumen. PsbI is found in PSII 

RC preparations consisting of D1, D2, cyt b559 and PsbI. Cross linking studies suggest a 

position close to PsbO [178] and a close association of the N-terminus of PsbI with the N-

terminus of PsbE [179]. PsbI was shown to influence assembly [180], light sensitivity [180] 

and dimerization [181] of the PSII complex and seems to optimize PSII function [182]. 
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Name of SU  TMH possible function 
/influence on 

location 

PsbA (D1) 5 coordinates pigments of ETC, 
forms RC 

central, membrane intrinsic 

PsbB (CP47) 6 internal antenna intrinsic, next to D1 

PsbC (CP43) 6 internal antenna intrinsic, next to D2 

PsbD (D2) 5 coordinates pigments of ETC, 
forms RC 

central, membrane intrinsic 

PsbE (cyt b559 α) 1 coordination of haem close to D2, D1 

PsbF (cyt b559 β) 1 coordination of haem close to D2, D1 

PsbH 1 dimerization, ET QA to QB, D1 
turnover 

close to D1 [171, 183], 
CP47[171], PsbX and cyt b559 

[170] 

PsbI 1 light sensitivity, dimerization  close to D2[179], PsbE [178, 
179], PsbO [178] 

PsbJ 1 ET at donor side, sensitivity to 
light induced damage 

maybe interaction with extrinsic 
subunits [184] 

PsbK 1 stability close to CP43 [185, 186], in 
dimerization domain [185] 

PsbL 1 PQ binding, ET QA QB and ET 
at donor side 

close to D2(QA) [187], in 
dimerization domain [185] 

PsbM 1 unknown unknown 

PsbN (unclear if present in 
cyanobacteria) 

1 unknown unknown 

PsbO (33 kDa, MSP) - stabilizes Mn-cluster, heat 
stability? 

extrinsic 

PsbT 1 recovery from photodamage, 
dimerization 

close to D1[188] or CP47[189] 

PsbU (11 kDa) - heat stability? extrinsic 

PsbV (cyt c550) - coordinates haem of cyt c550, 
heat stability 

extrinsic 

PsbX 1 QB binding close to PsbE[190], PsbF, 
PsbH[170], maybe close to 

QB[191] 

PsbY 1 unknown unknown 

PsbZ (ycf9) 2 connects antenna close to D1, CP43 and CP26 in 
plants[192] 

Table 3-7: The subunits of cyanobacterial PSII. Given are the number of TMH, possible function and 
location and the respective literature references. 
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PsbJ is of similar length (40 AA) and has a mass of 3973 Da. Hydrophobicity analysis 

predicts a single membrane spanning part from residue 10 to 32. Mutational studies in 

tobacco suggest an interaction with one of the extrinsic lumenal subunits [184] but a 

functional complex can be assembled in the absence of PsbJ [184, 193]. The subunit 

influences the electron flow at the donor side of the complex [194] and seems to affect the 

sensitivity to light induced damage of PSII [184]. 

Another subunit with nearly the same length is PsbK consisting of 38 AA with a mass of 

4100 Da. As this subunit is lost in CP47-RC monomers but not in dimers [185] and is 

shielded against digestion by and co-purifies with CP43 [186], it is suggested to be located 

close to CP43 and at the dimerization interface. Whereas this subunit is not required for 

photoautotrophic growth in spinach [195] and cyanobacteria [196] it seems to be necessary 

for PSII stability and photoautotrophic growth in C. rheinhardii [197].  

PsbL consists of 37 AA, has a mass of 4300 Da, a proline rich N-terminal region and a 

membrane spanning part from about residue 17 to the C-terminus. It is thought to be located 

in the dimerization interface as it is (like PsbK) lost in CP47-RC monomers compared to 

CP47-RC dimers [185]. Its occurrence in D1/D2/cytb559/PsbI preparations suggests a central 

location [198], its C-terminus is thought to be lumenally exposed [199]. PsbL is necessary for 

photoautotrophic growth [200, 201], and influences plastoquinone binding [185, 187] and 

electron transfer between QA and QB [187]. Other results suggested a regulation of donor side 

electron transfer processes by PsbL [201], especially by some C-terminal residues [199, 202]. 

PsbM has a mass of 3980 Da, is 36 AA long and shows a hydrophobic part of 25 AA 

starting close after the N-terminus [203]. Nothing is known about its function or location 

within the PSII complex. 

For PsbN there is some confusion in the literature, as the first assignment of a N-terminal 

sequence from T. vulcanus to PsbN was wrong [203], instead the sequenced protein is PsbT 

[189]. Therefore it is not sure, whether PsbN is part of the PSIIcc in T. elongatus. From the 

gene sequence a mass of 4541 Da for the 41 AA of the protein can be derived. There is no 

information available about the function or location of this subunit in the PSII complex. 

PsbT is a 32 AA long protein (3875 Da). The T. elongatus protein contains a cystein at 

position 12, which is not found in any other species so far [189]. PsbT is predicted to possess 

one transmembrane α-helix. As it copurifies with D1/D2 rather than with CP43 or CP47, it is 

thought to be located centrally and close to D1 [188]. PsbT is dispensable for 

photoautotrophic growth [204], but it seems to be important for recovery of photodamaged 
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PSII (especially D1 replacement) [188] and may support formation of dimeric complexes 

[189]. 

PsbW was found in higher plants [205], where it is nuclear encoded, but so far not in 

cyanobacteria. In plants its was shown that PsbW influences stability/assembly and 

dimerization of the PSII complex but it has no influence on electron transfer or water splitting 

activity [206]. The psbW gene sequence from T. elongatus as well as from Synechocystis 

show very low homology to the psbW sequence from higher plants, and a corresponding 

subunit could not be found in a His-tagged PSII complex from Synechocystis [35]. 

PsbX is a 40 AA long protein (4188 Da), that is found in cyanobacteria [203] as well as 

in higher plants [207]. PsbX from T. elongatus has an additional signal sequence of 10 AA 

not found in other cyanobacteria or algae [191]. It is predicted to have one transmembrane α-

helix from AA 9 to 30, and the N-terminus is suggested to be located in the lumen. 

Crosslinking experiments suggest a close neighbourhood with PsbH [170] and PsbE [190]. A 

location close to the QB binding site was suggested due to changed binding properties of QB in 

a ∆PsbX mutant [191]. The influence of PsbX on growth of Synechocystis is very low even 

under stress conditions, and only a slightly reduced level of PSII and a weaker coupling of the 

antenna to the RC was detected in corresponding ∆PsbX mutants [208]. 

Evidence for the occurrence of PsbY in cyanobacterial PSII comes from N-terminal 

sequencing of a His-tagged PSII preparation from Synechocystis [35]. In plants two forms, 

PsbY-A1 and PsbY-A2, are found [209] which probably constitute a heterodimer [210], 

whereas in cyanobacteria a homodimer could be formed. The T. elongatus protein has 43 AA 

(4773 Da) and a conserved tryptophane at position 18 that was suggested to play a role in the 

observed Mn-catalysed formation of L-arginine from ornitin and urea [211, 212] by chelating 

a Mn [210]. Whereas Gau et al suggested a location close to the Mn-cluster and even a 

possible ligation of the cluster by PsbY [210], no effect on the donor side could be found in a 

∆PsbY mutant in Synechocystis [213]. 

For PsbZ the nomenclature is still unclear. A protein encoded by the hypothetical 

chloroplast open reading frame ycf9 in C. rheinhardtii and tobaco was named PsbZ in a 

recent publication [192], but in the genome of T. elongatus as well as of Synechocystis genes 

called psbZ as well as ycf9 exist, which both encode completely different proteins. A protein 

related to the ycf9 gene was found by N-terminal sequencing of a His-tagged PSII preparation 

from Synechocystis [35]. The corresponding ycf9 protein from T. elongatus has 62 AA and a 

mass of 6764 Da. Different ideas exist for the role of the ycf9 protein: it could either play a 

role in PSI assembly [214], be an integral part of PSII [192, 215], belong to the light 
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harvesting apparatus and connect the antenna complexes and PSII [216] or interact 

somewhere in between PSI and PSII with the photosynthetic electron transfer chain (maybe at 

the cytb6f complex) [217]. Based on their conclusion that PsbZ (ycf9) is an integral part of 

higher plant PSII and connects parts of the outer antenna to the central complex Swiatek et al 

suggested a location close to D1, CP43 and CP26 [192] which would correspond to 

unassigned helices 2 and/or 3 in the x-ray structures. Hydrophobicity analysis of the mature 

protein predicts two membrane spanning segments [214] conected with a 15 AA long loop 

region (see Figure 3-13). It is yet unclear if the protein is cleaved in this loop region.  

As PsbZ is the only small subunit with two TMH, an assignment of PsbZ to TMH 2 and 

3 was suggested in the structural model at 3.5 Å [121] and could be confirmed in the last 

refinement cycle of the 3.2 Å structure  (J. Biesiadka, personal communication). 

For the second protein derived from the PsbZ gene the name Psb27 was proposed in the 

literature. From T. vulcanus PSIIcc an N-terminal sequence was obtained after lisyl-

endopeptidase treatment corresponding to residues 68 to 80 of the Psb27 sequence of T. 

elongatus, and it was concluded that Psb27 is part of cyanobacterial PSII [167]. The 

hydrophobicity analysis of Psb27 predicts one highly probable TMH in the region of residue 7 

to 29 (predicted by TMHMM [165]) and a large extrinsic loop region. A second helix is 

predicted in the region 83-104, but only with low probability (see Figure 3-13, page 53). 

Subunit composition of PSII complex 

Recently a proteomic analysis of His-tagged PSIIcc from Synechocystis PCC6803 [35] 

showed the presence of  21 subunits: PsbA to F, H to M, O, Tc, U, V, X, Y, Z, Psb27, Psb28. 

5 additional polypeptides were detected, including the gene product of SLL1638, a homolog 

to PsbQ from higher plants. Using the same approach with isolated PSII from T. vulcanus, 20 

subunits were found: PsbA to  F, H to M, O, Tc, U, V, X, Y, Z and Psb27 [167]. An ESI-MS 

study of an RC-complex from spinach (consisting of PsbA, D, E, F and PsbI) yielded the 

masses of PsbE, PsbF and PsbI [218, 219] and in a related study subunits E, F, I, Tc, W were 

identified in monomeric and additionally K and L in dimeric forms of CP47-RC 

subcomplexes from spinach [185]. A MALDI-TOF MS study on PSII complexes from 

Synechocystis PCC6803 and spinach confirmed the presence of PsbA, D, E, F, I, K, L, Tc, W 

in spinach and PsbA to F, H, I, K, L, M, Y in Synechocystis PSIIcc [220], and reverse phase 

HPLC coupled to ESI-MS identified 20 subunits of PSII in pea and spinach thylakoid 

membranes: A to F, H, I, K, L, M, O to  T, W, X, Y2 [221]. 

The above summary of results indicates that the subunit composition of PSIIcc is still 

unclear and several studies for different organisms yielded different compositions. As the 
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cyanobacterial PSIIcc is used for crystallization experiments and X-ray structure analysis, 

several methods were employed to ensure that the used PSII preparations are of constant 

composition before and after crystallization and do not vary from batch to batch. For the 

interpretation of the electron density obtained by diffraction measurement on these crystals 

(see 6 and [36, 134]), it is necessary to know the exact composition of the complex and the 

mature form of the subunits, including post translational modifications and processing. In 

addition it was of interest to see whether monomeric and dimeric PSIIcc had similar subunit 

composition. Detection of differences between monomeric and dimeric complexes would give 

hints on the possible role and maybe location of certain subunits.  

3.4.2 SDS-PAGE analysis and N-terminal sequencing 
In a recent review typical electrophoretic patterns for PSII in different gel systems are 

presented [222]. The typical pattern of PSII subunits is clearly visible on the HD-SDS gels of 

monomeric and dimeric PSII (Figure 3-14, lane 1 and 2). Two bands in the region around 45 

kDa, attributed to CP47 and CP43, respectively, followed by either two separated or one 

broad band around 30 - 35 kDa, due to PsbO, D1 and D2. In the medium mass region, 10 to 

30 kDa, typically only two bands are visible on the SDS-PAGE, attributed to the two extrinsic 

subunits PsbU and PsbV with 11 and 17 kDa, respectively. Below 10 kDa a variety of bands 

is found, but not all are separated or stain well. These bands are due to the small subunits (see 

3.4.1) and an assignment of bands to individual subunits is not possible without using further 

information. 

 
Figure 3-14: Silver-stained HD-SDS-PAGE of monomeric and dimeric PSII. Lane 1: monomeric PSIIcc 
(40 pmol Chla); lane 2: dimeric PSIIcc (40 pmol Chla);  lanes 3 - 8: redissolved crystals of PSIIcc in 
increasing concentration (20, 25, 30, 40, 50, 60 pmol Chla/lane), positions of marker bands and 
corresponding molecular weights are indicated at the left of both gels.  
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When comparing purified monomeric and dimeric PSIIcc the higher contamination of 

monomeric PSIIcc becomes obvious. In addition to the above mentioned bands often a band 

between CP43 and CP47 is seen, maybe due to degradation of CP47. In addition several 

bands above and below the band assigned to PsbV are visible. In this region phycobilisome 

subunits allophycocyanin A and B are expected. 

When comparing redissolved crystals (Figure 3-14, lane 3 - 8) with dimeric PSII, no 

change of the polypeptide composition upon crystallisation is found. Rather an additional 

purification effect is observed as the intensities of faint additional bands, present in dimeric 

PSII, are decreased in the crystallised samples. Even at very high Chla concentrations no 

additional band between CP47 and CP43 or between 30 and 20 kDa becomes visible (Figure 

3-14, lane 8). Only around 14 kDa an additional band shows up. Whether this is an artefact 

(e.g. not fully dissociated small subunits) or a real impurity is not clear yet. 
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Figure 3-15: Silver stained gradient SDS-Urea-PAGE of PSII at different purification stages. 80 µl of 
sample (10 µM Chl) were applied per lane. Lane 1) thylakoid extract; 2) after first IEC column; 3) 
monomeric PSII after 2nd column; 4) dimeric PSII after 2nd column; 5) dimeric PSII after first 
recrystallization; 6) dimeric PSII after 3rd recrystallization; 7) LMW kit, weights of marker proteins are 
indicated on the right; 8) redissolved single crystals of dimeric PSII, run on a different gel. On the far left  
assignments of bands to PSII subunits are given. 
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For a better resolution of the small subunits below 10 kDa, SDS-Urea-PAGE on a 

polyacrylamide gradient gel (16-26 % acrylamide) was used following a modification of the 

protocol reported by Kashino et al. [90]. The large subunits CP47, CP43, PsbO, D1/D2 are 

well separated in the gradient SDS-gels (Figure 3-15). In the low molecular mass region (< 10 

kDa) up to seven bands could be resolved and visualized after staining with silver (see Figure 

3-16). 

1 2

PsbU

PsbE
PsbH

6.5

14

 

Figure 3-16: Silver stained gradient SDS-Urea-PAGE of PSII, enlarged view of the low molecular mass 
region (<15 kDa). Lane 1: monomeric PSII; lane 2: dimeric PSII; at the left assignments of some bands 
are given, at the right positions and masses of marker proteins are indicated. 

The improved purity of the PSII complexes starting from thylakoid extracts over first and 

second column and finally to recrystallized dimeric material is visible in the gel in Figure 

3-15. Especially the phycobili proteins, strongly visible in the crude extract in the region 

between 20 and 14 kDa, are absent in the purified material. Also the band between CP47 and 

CP43, due to a degradation product of CP47, and several bands above CP47, maybe due to 

ATP synthase subunits, are lost upon recrystallization of dimeric PSII. The only possible 

contaminating band in the finally purified PSII (lane 7) is visible between PsbU and PsbV. 

This band could be due to aggregation of small subunits, an impurity, a modification of a PSII 

subunit, or an additional subunit. In the redissolved crystals (lane 8) no contaminating bands 

are detected at all. A band below PsbU, clearly visible in the thylakoid extract (lane 1) but not 

in purified monomeric or dimeric PSII, is found at a position similar to a band reported by 

using the same gel system and His-tagged PSII from Synechocystis PCC6803 and from T. 

vulcanus [35, 167]. Kashino et al assigned this band by N-terminal sequencing to Psb27 and 

proposed it to be an additional subunit of cyanobacterial PSII [35]. In the purified PSIIcc 



Preparation and characterisation of PSII 
 

 62 

studied in the present work no indication for the presence of Psb27 could be found (see also 

3.4.3), indicating that this polypeptide is possibly only loosely associated with PSII.  

N-terminal sequencing of selected protein bands as described in 2.2.12 was conducted by 

Dr. W. Schröder, FU Berlin. Based on the obtained sequences PsbB, PsbE, PsbH were found 

to occur without the starting methionine (Table 3-8). According to N-terminal sequencing the 

subunits PsbK, PsbL, PsbO and PsbX have a free N-terminus. No indication for the presence 

of Psb27 could be found in the monomeric or dimeric PSII. In addition to the PSII subunits  

N-terminal sequencing of low molecular bands revealed the presence of the mature form of c-

subunit of ATP synthase and an degradation product of PsbO in less pure samples from 

monomeric PSII. Sequencing of a band between CP47 and CP43, present in several 

monomeric samples, gave an internal sequence of CP47, indicating partial degradation of this 

subunit. 

 

subunit N-terminus found 

PsbA nd 

PsbB free, GLPWYRVHTVLINDPGRL 

PsbC nd 

PsbD nd 

PsbE free, AGTTGERPFSDIITSV 

PsbF nd 

PsbH free, ARRTWLGDILRPLNXEYGKV 

PsbI nd 

PsbJ nd 

PsbK free, KLPEAYAIFDP 

PsbL free, MEPNPNRQPVELN 

PsbM nd 

PsbO free, AKQTLTYDDIVGT 

PsbT nd 

PsbW nd 

PsbX free 

PsbY nd 

PsbZ nd 

Psb27 nd 

Table 3-8: N-terminal sequencing of selected bands from dimeric PSII. free: free N-terminus; nd: not 
determined 
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3.4.3 Mass spectrometric measurements 
To check for the presence and possible modifications of the different subunits in the PSII 

complex extensive MALDI-TOF MS analysis was undertaken. In total 67 different 

preparations, 24 PSII monomer and 43 PSII dimer, where checked. A representative MALDI-

TOF mass spectrum of dimeric PSII is shown in Figure 3-17, a spectrum from a monomeric 

PSII in Figure 3-19. The results of all spectra are summarised in Table 3-9. The expected 

masses are derived from the gene sequences as deposited in the cyanobase[164], and known 

post translational modifications are considered. For the low molecular weight region (< 5000 

Da) additional spectra were recorded in reflector mode to allow the observation of the 

monoisotopic mass peaks. A representative spectrum is shown in Figure 3-18, and the 

resulting peak assignment is given in Table 3-10. The MALDI-TOF MS measurements were 

performed in cooperation with P. Franke, FU Berlin. The results in combination with results 

from spinach PSIIcc have been submitted for publication [223]. 
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Figure 3-17: MALDI-TOF mass spectrum from dimeric PSIIcc recorded in linear mode. Ranges  are a) 
3,800 – 5,100 m/z, b) 5,000 – 10,000 m/z, c) 10,000 – 20,000 m/z d) 20,000 – 42,000 m/z. Assignment of 
peaks to respective subunits is given, SA: sinapinic acid.  
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Figure 3-18: MALDI-TOF mass spectrum from dimeric PSIIcc recorded in linear and reflector mode, 
enlarged view of the mass region 4000 to 4056 m/z. On top (grey): linear mode spectrum; below: reflector 
mode spectrum; the peak maxima and 1st and 4th monoisotopic peaks are labelled, respectively. 
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Figure 3-19: MALDI-TOF mass spectrum from monomeric PSIIcc recorded in linear mode. Ranges  are 
a) 3,000 – 5,300 m/z, b) 5,000 – 10,000 m/z, c) 10,000 – 20,000 m/z, d) 20,000 – 35,000 m/z, e) 35,000 – 
60,000 m/z. Assignment of peaks to respective subunits is given. For possible interpretations of unassigned 
peaks see Table 3-11. 
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Subunit  
(cyanobase gene 

number) 

calculated masses 
unprocessed/ 
mature form 
[M+H]+ in Da 

exp. 
determined  

masses in m/z 
[M+H]+ ± � 

deduced post-
translational 
modifications 

deviation ∆∆∆∆m 
in Da and in % 

(considering 
proposed 

modifications) 

mono 
% 

(n=24) 

dimer 
%  

(n=43) 

PsbA1 (tlr1843) 
 
 
 

PsbA2 (tlr1844) 
 

PsbA3 (tlr1477) 

39737.5 
38240.9(1-344) 
38109.7 (2-344) 

(psbA1) 
39738.8/38201.0° 

(psbA2) 
39757.6/38260.9° 

(psbA3) 

 
38144 ± 224 
38144 ± 224 

 
1-344 -? 

- Met1 (2-344) + form  

 
-97 (0.24 %) 
6 (0.02 %) 

54 26 

PsbB (tlr1530) 56603.7 
56473.6 (2-end) 

 
56485 ± 108 

 
- Met1 

 
11 (0.02 %) 

 
33 

 
2 

PsbC (tlr1631) 51621.4 51704 ± 87 - 82.6 (0.16 %) 17 2 
PsbD (tlr0455) 39362.4 (1-end) 

39231.2 (2-end) 
39290 ± 79 
39290 ± 79 

- 
- Met1 

-71 (0.15 %) 
60 (0.15 %) 

29 14 

PsbE (tsr1541) 9573.9 (1-end) 
9442.7 (2-end) 

 
9446 ± 6 
4724±3 

 
- Met1 

 
3 (0.03 %) 
2 (0.04 %) 

 
100 

 
100  

PsbF (tsr1542) 5065.95 
4934.7 (2-end) 

5070±4 
4938±4 
4981±5 

+ Met1 
- Met1  

 - Met1 + ac 

4 (0.08 %) 
4 (0.08 %) 
4 (0.08 %) 

100 
79 

100 

95  
58 

100 
PsbH (tsl1386) 7355 

7223.6 (2-end) 
 

7227±5 
3613±4 

 
- Met1 

  

 
3 (0.04 %) 

0.7 (0.02%) 

 
100 
21 

 
100 
19  

PsbI (tsr1074) 4406.3 4437±4 + form 3 (0.07 %) 100 100  
PsbJ (tsr1544) 4105.9 

3974.8 (2-end) 
 

4017±2 
4033±2 

 
- Met1 + ac 

+ ox 

 
1 (0.02%) 

0.16 (<0.01%) 

 
83 
63 

 
65 
37 

PsbK (tsl0176) 5027.1  
4100.9 (10-end) 

 
4103±4 

 
10-end 

 
2 (0.05 %) 

 
100 

 
100  

PsbL (tsr1543) 4298.1 4301±4 no mod 3 (0.07 %) 100 100  
PsbM (tsl2052) 3980.7 4011±2 

4025±2 
+ form  
+ ox 

1 (0.03%) 
-0.35 (<0.01%) 

63 
50 

51 
35 

PsbN (tsr1387) 4542.1 - - - - - 
PsbO (tll0444) 29607.6  

26825.0 (27-end) 
 

26830±30 
13415±9 

 
27-end 

 
5 (0.02%) 
2 (0.02%) 

 
88 
50 

 
98 
60 

PsbT (tsr1531) 3875.8 3906±4 + form 2 (0.05%) 100 100 
PsbU (tll2409) 15018  

11646 (31-end) 
 

11649±8 
5826±4 

 
31-end  

 
3 (0.03%) 
3 (0.05%) 

 
92 
79 

 
95 
93 

PsbV (tll1285) 18028  
15131 (27-end) 
15750 (+haem) 

 
 

15752±11 
7877±6 

 
 

27-end, + haem group 
(619 Da) 

 
 

2 (0.01%) 
2 (0.03%) 

 
 

96 
100 

 
 

98 
100  

PsbW-like 
(tlr0493) 

13176.9 (1-end) 
7040.8 (56-end) 

- - - - - 

PsbX (tsr2013) 5233.4  
4189.1 (11-end) 

 
4192±4 

 
11-end 

 
3 (0.07%) 

 
100 

 
100  

PsbY (tsl0836) 4773,9 
4585.7 (3-end) 

 
4617±4 

 
- Met1Gly2 + form 

 
3 (0.07%) 

 
92 

 
72 

PsbZ, ycf9 
(tsr1967) 

6765.3 6798±5 + form 4 (0.06%) 100 95 

PsbZ-like, Psb27 
(tll2464) 

15101 - - - - - 

Table 3-9: Masses from linear mode MALDI-TOF-MS, assignment to PSII subunits and deduced 
modifications. Accession numbers for cyanobase are given in parentheses after subunit name, calculated 
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masses are given as the average mass for [M+H]+ from the sequence for the full length precursor and for 
processed forms. The experimentally determined mass is the average mass from all 67 spectra recorded ± 
standard deviation. The mass difference ∆∆∆∆m was calculated considering the proposed modifications and is 
given in Da and in % of the observed mass. ac: acetylation; form: formylation; ox: oxidation. Masses 
assigned to the [M+2H]2+-peak are shown in italics. ° Masses for processed form of PsbA2 and A3 are 
given including Met1, i. e. 1-344. 

 
 
Subunit  
(cyanobase gene 
number) 

calculated mass 
[M+H]+ of mature 
form in Da 

exp. 
determined 
masses 
[M+H]+ in m/z 

deviation ∆∆∆∆m 
in Da 

deviation 
in ppm 

deduced post- 
translational 
modifications  

PsbF (tsr1542) 4931.61 (2-end) 
 
 
5062.65 (1-end) 

4931.20 
4973.35 
4989.26 
5062.34 
5079.64 
5095.44 
5111.45 
5128.96 

- 0.41 
41.74 
57.65 
-0.31 
16.99 
32.80 
48.80 
66.31 

82 
50 
70 
60 
150 
150 
150 
450 

- Met1 
+ ac 
+ ox 
+ Met1 
+ 1 ox 
+ 2 ox 
+ 3 ox 
+ 4 ox 

PsbI (tsr1074) 4403.42 4431.47 28.06 14  + form 
PsbJ (tsr1544) 3972.11 (2-end) 4014.20 

4030.18 
4046.19 

42.09 
58.07 
74.08 

22 
17 
20 

- Met1 + ac 
+ ox 
+ 2ox 

PsbK (tsl0176) 4098.32 (10-end) 4098.37 0.05 12 10-end 
PsbL (tsr1543) 4295.32 4295.27 -0.05 12 no mod 
PsbM (tsl2052) 3979.18 4007.20 

4023.23 
28.02 
50.05 

5  
12 

+ form  
+ ox 

PsbT (tsr1531) 3873.10 3901.19 28.09 22 + form 
PsbX (tsr2013) 4186.46 (11-end) 4186.44 -0.02 5  11-end 
PsbY (tsl0836) 4582.72 (3-end) 4610.59 27.87 29 - Met1Gly2 + form 

Table 3-10: Mass peaks from reflector mode MALDI-TOF-MS, assignment to PSII subunits and deduced 
modifications. Accession numbers for cyanobase are given in parentheses after subunit name, calculated 
masses are given as the monoisotopic mass for [M+H]+ from the sequence for the full length precursor 
and/or for processed forms. The observed mass is the mass of the first observed monoisotopic peak. The 
mass difference ∆∆∆∆m was calculated either from the sequence of the mature polypeptide, given in Da, or 
from the mature polypeptide including proposed modifications and given in ppm of the observed mass. ac: 
acetylation; form: formylation; ox: oxidation. 

The large subunits PsbA to PsbD could not be detected in all preparations, because their 

flight behaviour is very dependent on slight variations in the matrix, possibly associated with 

a different grade of crystallisation of the matrix (sinapinic acid) that varied from sample to 

sample. Their presence was confirmed by SDS-PAGE for all of the samples investigated by 

MALDI-TOF MS. In the mass region above 30 kDa there were no sharp single but rather 

broad peaks, making exact mass determination difficult and resulting in higher standard 

deviations (σ). As a consequence, possible modifications could not be confirmed with 

certainty on the basis of mass data for the four large subunits. 

For PsbA the mean mass derived from the spectra is 38144 ± 224 Da, i. e. 97 Da smaller 

than expected for the mature 344 amino acids long PsbA1 protein. An explanation for the 

mass difference could be that PsbA in the PSII complex has lost Met1, which would result in 

a mass of [M+H]+ = 38110 Da. The difference to the observed mass of 34 Da could be 



Preparation and characterisation of PSII 
 

 70 

explained by formylation, carboxylation or acetylation.  The same could be true for PsbD with 

∆m = - 71 Da for the full length protein or ∆m = + 60 Da if the N-terminal methionine was 

lost. For PsbB the mass derived from the spectra is in good agreement with the expected mass 

taking into account loss of the starting methionine (∆m = 11 Da, σ = 108 Da), while for PsbC 

a larger difference was found (∆m = 83) that is within the error of the measurement (σ = 87 

Da). 

The subunits PsbE and PsbF of cyt b559 were found in all preparations. The mass peak 

for PsbE indicates that the protein has lost Met1 and bears no other modifications. For PsbF 

the mass peak corresponding to protein without Met1 was only present in some preparations, 

but in all preparations a peak at M+47 Da was found, indicating carboxylation or formylation 

and oxidation of the processed polypeptide. In the reflector mode spectrum the monoisotopic 

peaks were found at 4931.20 and 4973.35 m/z indicating loss of Met1 and acetylation of 

PsbF. These findings agree with sequencing data published for T. vulcanus and spinach [167, 

198, 224, 225]. Additional peaks at 5062.34 (monoisotopic) and at 5068 m/z (average) found 

in 75 % of the samples have been assigned to full length PsbF retaining Met1. For full length 

PsbF, not only a peak for the singly oxidized form put also peaks corresponding to 2, 3, and 4 

oxidations, respectively, were present in the reflector mode spectrum. The observation of up 

to 4 oxidation products supports the assignment to PsbF retaining Met1, as only in this case 

two Met-residues (which are most probably oxidized under our experimental conditions) are 

present in the sequence. The not processed form of PsbF retaining Met1 was found in the 

mass spectra from monomeric, dimeric and crystallized PSIIcc. This indicates a heterogeneity 

with regard to the processing of this subunit in T. elongatus. 

Subunit PsbH was found at the expected m/z for the unmodified mature form (loss of 

Met1) in all of the tested samples. Also the [M+2H]2+ peak was found in about 20% of the 

samples. Loss of Met1 and a free N-terminus are in agreement with literature data [167, 198, 

203, 226]. Light dependent phosphorylation at the N-terminal region was reported for PsbH 

of higher plants [168], and a recent MS showed singly and doubly phosphorylated PsbH to be 

present in PSII from A. thaliana [227]. The absence of any phosphorylation in cyanobacterial 

PsbH is not surprising as the conserved phosphorylation site in higher plant PsbH [168] is not 

present in the cyanobacterial PsbH sequence. In contrast for spinach PsbH singly and doubly 

phosphorylated PsbH was found under the same experimental conditions [223]. 

In all samples a peak at ∆m = + 31 m/z was present for PsbI, indicating formylation of 

the N-terminus of this subunit. In only 4 of the samples an additional mass peak possibly 

corresponding to the unmodified form of PsbI was found. From the reflector mode spectra the 
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formylation of PsbI could be confirmed definitely (∆m = 0.06 Da). Blockage of the N-

terminus, indicating a modification, was also shown previously from N-terminal sequencing 

data for T. elongatus PSII [198, 203].  

Discrimination of PsbJ and PsbM is difficult due to their very small difference in mass 

derived from sequences (3973.7 and 3980.7 Da, respectively, for PsbJ without Met1 and for 

full length PsbM). A broad peak between 4000 and 4040 m/z, visible in all linear mode 

spectra, exhibits three maxima with varying intensity distribution at 4011, 4017 and 4025 m/z. 

Sometimes additional peaks were found at 4033 and 4050 m/z. A matching peak for 

unmodified PsbJ was found at 3973 m/z in only 2 of the spectra. Only by using the 

monoisotopic peaks from spectra recorded in reflector mode a definite assignment of the 

peaks to PsbJ and PsbM, respectively, is possible (see Table 3-10). From this analysis it is 

concluded that PsbJ is acetylated (m/z 4017) and in addition acetylated and oxidised once 

(m/z 4033) or twice (m/z 4050). PsbJ has not been detected in a recent LC-MS-study of 

spinach PSII [221], probably due to loss of this subunit during chromatographic separation. 

Furthermore this subunit was not found by N-terminal sequencing of T. vulcanus PSII [167], 

maybe due to the acetylated N-terminus. 

PsbK and PsbL were found at the expected m/z for the unmodified mature form in all of 

the tested samples. Cleavage of the first 9 residues of the premature PsbK was reported in 

other studies [226]. This could be confirmed by N-terminal sequencing and MS-data in this 

work. In agreement with previous studies [35, 167, 226] no other modifications were found 

for these subunits. 

Differentiation between PsbM and PsbJ is difficult as described above. Only by using the 

data from the reflector mode spectra it was possible to conclude that PsbM is present in the 

formylated (m/z 4011) and formylated and oxidised (m/z 4025) form in the studied samples. 

This agrees with sequencing data [203] that indicated a blocked N-terminus of PsbM in T. 

elongatus. 

A peak in the region of 4542 m/z as expected for the [M+H]+ ion of PsbN was not 

present in any of the spectra, although the peak at 4617 m/z, assigned to formylated PsbY, 

could also be due to modified PsbN (∆m = 75 Da). One peak at 4452 m/z attributed to 

oxidised and formylated PsbI, would yield a mass difference of -89 Da when assigned to full 

length PsbN. However from the high mass resolution of the reflector mode spectra it was 

possible to deduce that these peaks are due to PsbY and PsbI (∆m = 0.13 and 0.016 Da, 

respectively) and not to PsbN. In all recent studies concerning the subunit composition of 

PSII no indication for the presence of PsbN was found whereas PsbI and PsbY were present 
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in all investigated PSII preparations. Therefore the presence of PsbN in the PSIIcc 

preparations studied in the present work is unlikely. PsbN was initially identified as a subunit 

of PSII by wrong interpretation of sequencing data from T. elongatus PSII [203]. New 

sequencing studies showed that instead PsbT with a very similar N-terminal sequence is 

present in the complex [189], and this was confirmed by N-terminal sequencing of T. 

vulcanus PSII [167].  

The peaks assigned to the extrinsic 33 kDa subunit PsbO were broad, making exact mass 

determination difficult. The major peak found in nearly all preparations was located at 26830 

± 30 m/z. Assuming a presequence of 26 residues, the calculated mass for mature PsbO 

lacking these residues is [M+H]+ = 26825.0 Da, in good agreement with the observed peak. 

The corresponding [M+2H]2+-peak at 13415 m/z was found in 57 % of the samples. The N-

terminus of the mature protein after cleavage of the first 26 residues agrees with the 

sequencing data (see Table 3-8) and previous reports [228]. In a few cases additional peaks at 

23301 and 27402 m/z were present, which could be due to incorrectly processed PsbO 

(starting at position 21) or a degradation product of PsbO (starting at position 61), 

respectively. 

A mass peak for PsbT at ∆m = 31 m/z was present in all samples, indicating formylation 

of the N-terminus. The nature of the modification could be identified by the monoisotopic 

mass obtained for PsbT (see Table 3-10). A peak at 3882 m/z, maybe due to unmodified 

PsbT, was only present in some of the spectra. The formylation found for PsbT agrees with N-

terminal sequencing data indicating a blocked N-terminus of PsbT in T. elongatus PSII [189, 

203]. 

The two extrinsic subunits PsbU and PsbV are well resolved in nearly all of the mass 

spectra recorded. A peak at 11649 m/z was assigned to mature PsbU starting at position 31 of 

the sequence (∆m = 3 Da), and the [M+2H]2+-peak at 5826 m/z was found in 88 % of the 

samples. As the haem group of PsbV (cyt c550) is covalently bound to the protein [229], the 

mass for PsbV is 619 Da higher than expected from the protein sequence. PsbV features peaks 

at 15752 ± 11 and 7877 ± 6 m/z, corresponding to the [M+haem+H]+ and the 

[M+haem+2H]2+ ions for the mature protein after cleavage of the starting 26 amino acids.  

Cyanobacteria do not contain a homologous gene of the higher plant PsbW. A sequence 

for a PsbW-like protein was found in T. elongatus, that exhibits low homology to the 

corresponding plant sequence (about 50 % homology to the plant PsbW-like and about 30 % 

to the plant PsbW protein). The expected mass from the sequence of the PsbW-like subunit is 

13176.9 Da. No peak in this region was found in the mass spectra from PSIIcc, indicating that 
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this hypothetical subunit is not part of PSIIcc in T. elongatus. Likewise no indication for the 

presence of a PsbW-like subunit in PSII complexes from Synechocystis sp. PCC6803 and T. 

vulcanus was found in other studies [35, 167]. 

For PsbX the assigned peak in the mass spectrum corresponds to the mature protein 

lacking the first 10 amino acids which have been identified as signal sequence [191]. The 

absence of any modifications agrees with N-terminal sequencing data (see [203] and Table 

3-8). PsbX was present in all of the tested samples. 

The monoisotopic peak at 4610.59 m/z together with the average mass peak at m/z = 

4617 present in 79% of the spectra clearly indicates that PsbY has lost the N-terminal two 

amino acids and is formylated at the N-terminus. Sometimes an additional peak is found at 

4632 m/z (∆m = 47 Da) corresponding to oxidation of the formylated protein. The 

modification deduced from the found mass (loss of Met1-Gly2 and formylation) agrees with 

the N-terminal sequence for PsbY from T. vulcanus [167]. 

The nomenclature of PsbZ in the literature is partly inconsistent (see section 3.4.1). In 

cyanobase [164] two genes, tll2464 and tsr1967, named psbZ and ycf9, respectively, are listed 

for T. elongatus. The corresponding gene products are named in the literature either PsbZ-like 

or Psb27 for tll2464 and PsbZ for tsr1967. For higher plants only one gene (ycf9) with gene 

product PsbZ is reported [230], and no homolog to the cyanobacterial PsbZ-like protein is 

known. 

The peak at 6798 m/z, present in nearly all mass spectra of PSIIcc, was assigned to PsbZ. 

From the mass difference (∆m = 33 Da) a formylation of this polypeptide is concluded. 

For Psb27 no information regarding the length of the mature protein is available. Using 

SignalP [231], a possible cleavage site between amino acids 25 and 26 could be deduced from 

the sequence. In the mass spectra no matching peak was found for the full length protein 

(expected [M+H]+ = 15101 Da) or a processed form starting from position 26 ([M+H]+ = 

12314 Da). The only mass peak fitting with a partial sequence of Psb27 was found at 8239 

m/z, in spectra of all monomeric and about one third of the dimeric samples. This peak would 

correspond to formylated Psb27 starting from position 65. 

Psb27 was detected by Kashino et al by amino acid sequencing in T. vulcanus PSIIcc 

only after lysyl-endopeptidase treatment [167]. The obtained sequence suggested that mature 

Psb27 has to start at position 67 or earlier [167]. The start of Psb27 at position 65 as derived 

from the unassigned peak at 8239 m/z in the present work (Table 3-11) would agree with this 

finding. Analysing the hydrophobicity of full length Psb27 with the programs TMPred [232] 

or TMHMM [165] indicates only one transmembrane α-helix starting from residue 4 - 7 to 
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residue 23 - 29. For the partial sequence starting at position 65 no transmembrane helix could 

be predicted, suggesting that this region would rather form a soluble protein. Considering the 

N-terminal sequence of AtpL (subunit C of ATP synthetase) reported in [167] would yield a 

mass of 8206.7 Da for the mature protein (starting at amino acid 18). Assuming that the peak 

at 8239 m/z is due to this ATP synthetase subunit, the obtained mass difference indicates a 

formylation (∆m = 33 Da). This assignment is supported by the following observations:  

• the peak at 8239 m/z was only present in less pure monomeric and some dimeric PSII 

samples and not in redissolved crystals from PSIIcc. 

• subunit C of ATP synthetase does not dissociate into monomeric form under the 

conditions employed for SDS-PAGE. Rather a band at 96 kDa, corresponding to the 

dodecamer of subunit C is found under these conditions. The monomeric band at 8.2 

kDa is only seen on SDS-PAGE after harsh sample treatment, including prolonged 

incubation with mercaptoethanol at high temperatures (U. Fink, personal 

communication). 

• N-terminal sequencing showed the presence of subunit C of ATP synthetase in 

monomeric PSIIcc samples (see 3.4.2). 

SDS-PAGE of monomeric and dimeric PSIIcc showed no band between PsbE (9.4 kDa) 

and PsbH (7.2 kDa) and no band in the region between PsbU (11 kDa) and PsbE (see Figure 

3-15), contrasting the additional band below PsbU found in SDS-PAGE of T. vulcanus PSII 

and identified as Psb27 [167]. Therefore it can be concluded that Psb27 is not part of the 

investigated PSIIcc from T. elongatus. 

Some of the observed mass peaks could not be assigned with certainty to any known 

subunits. These are compiled in Table 3-11 together with their abundance and suggested 

assignments.  
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occurrence in % of 
samples 

m/z found 

monomeric 
PSIIcc 

dimeric 
PSIIcc 

present 
in 
crystals 

possible assignment 

3238 38 23 no fragment of PsbZ?  
3275 38 21 no fragment of PsbZ? 
4749 4 9 weak ? 
5185 0 14 weak ? 
5457 33 2 no ? 
7182 17 42 yes PsbH – CO2 ? 
8239 100 34 no Psb27 65-end + 

formyl or subunit 
C of ATP synthetase 
(18-end) + formyl 

14627 71 9 no ε of ATP synthetase 
15511 54 0 no b’ of ATP synthetase 
17933 20 7 no ApcB +bilin 
18450 33 0 no ApcA, ApcB 
20560 17 2 no δ of ATP synthetase? 

Table 3-11: Unassigned peaks from linear mode mass spectra of PSIIcc, occurrence in monomeric, 
dimeric and crystallised PSII, and suggested assignments. 

Comparison between monomeric and dimeric PSII from T. elongatus 

For the peaks assigned with certainty to PSIIcc subunits no difference could be found 

between monomeric and dimeric samples. Slight differences were observed in the abundance 

of some minor peaks, e. g. the unmodified forms of PsbI and PsbT were found in 13 % and 58 

% of monomeric but only in 2 % and 9% of the dimeric PSIIcc, respectively. Some 

pronounced differences are discernable in the distribution of unassigned peaks that are more 

abundant in monomeric compared to dimeric PSII (Table 3-11). Especially the peaks at 8239, 

14627, 15511, 18450 and 20560 m/z are found predominantly in PSIIcc monomers. As 

monomeric PSII elutes earlier from the chromatography column, a coelution with impurities 

(for example phycobili proteins) is probable that are not found in the later eluting dimeric 

PSII. As the hydrophobic surface per volume is larger in monomeric compared to dimeric 

PSIIcc, a stronger association with hydrophobic polypeptides might be expected for 

monomeric PSIIcc. This could explain the preferred association of the hydrophobic subunit C 

of ATP synthetase with monomeric PSIIcc, as observed in the mass spectra. There are also 

indications for the presence of other subunits of ATP synthetase in monomeric PSII (Table 

3-11), thus supporting the assumed strong association between these two membrane protein 

complexes. A different pattern emerges for the peak at 5185 m/z, that is found only in some 

PSIIcc dimers, and also partly in redissolved crystals, but not in monomeric samples. No 

explanation can be given for this peak at present. 
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As MALDI-TOF MS allows no protein quantification, the extent of contamination of 

monomeric PSII can not be estimated from the spectra. It can only be concluded that  

monomeric PSII contains a higher level of contaminations compared to dimeric PSII, most 

prominently allophycocyanine (APC) and several subunits of ATP synthetase. 

Comparison between dimeric PSII before and after crystallization 

Dimeric PSIIcc exhibits basically the same MALDI-TOF spectra before and after 

crystallization. All subunits below 30 kDa found in dimeric PSIIcc are also found if crystals 

are redissolved. Only three peaks (at 4749, 5185 and 7182 m/z) found in spectra from 

redissolved crystals could not be assigned yet. The other not yet assigned peaks given in 

Table 3-11 are not present in crystalline PSIIcc. Especially the frequently occurring peak at 

8239 m/z, found in spectra of some of the dimer preparations, was not found with redissolved 

crystals, indicating a further purification of the protein complex upon crystallization. The 

peak around 7182 m/z seems to be caused by a component of PSII as it is found in dimers 

before and after crystallization. Possibly this peak is due to a degradation product of PsbH 

(decarboxylation of PsbH).  

3.4.4 Summary  
By using MALDI-TOF MS in reflector mode, protein masses can be obtained with high 

accuracy. The observed mass differences for the small subunits are in the same range as 

obtained with other MS-methods, for example ESI-MS [218, 221, 233]. For larger subunits 

the masses were taken from linear mode spectra. Although the obtained accuracy is lower it 

can be improved by averaging over several measurements. In total the spectra of 67 samples 

were averaged to obtain the average mass values given in Table 3-9. The deviations of these 

averaged values from the theoretical masses are in the range of <0.01 % to 0.08 % for masses 

below 10 kDa and about 0.02 to 0.24 % in the high mass range giving a precision sufficient to 

decide about post translational modifications in most cases. 

The following 19 subunits could be identified unambiguously from the mass spectra to 

be present in the monomeric and dimeric PSII complexes: 

PsbA, B, C, D, E, F, H, I, J, K, L, M, O, T, U, V, X, Y and PsbZ 
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Subunit modification  
PsbA -M1, 2-344 +form 
PsbB -M1? 
PsbC modification unclear 
PsbD -M1? 
PsbE -M1 
PsbF ±M1 + acet 
PsbH -M1 
PsbI +form 
PsbJ -M1 +acet 
PsbK 10-end 
PsbL no mod 
PsbM + form 
PsbN not present 
PsbO 27-end 
PsbT + form 
PsbU 31-end 
PsbV 27-end 
PsbW-like not present 
PsbX 11-end 
PsbY -M1G2 +form 
PsbZ + form 
Psb27 not present 

Table 3-12: Subunits of PSIIcc from T. elongatus and modifications deduced from mass spectrometry. 

The N-terminal modifications of all subunits are summarized in Table 3-12. PsbE, H, K, 

L, O, U, V, and PsbX are all present either full-length or truncated but in unmodified form (no 

formylation or acetylation). Formylation was found for PsbI, M, T, Y, and Z. PsbF and J 

occur in acetylated form. For the larger subunits the higher error of mass determination does 

not allow clear identification of possible modifications although loss of the starting 

methionine in PsbA, B and PsbD seems very likely. The supposed PSII subunits PsbN, PsbW-

like, and Psb27 could not be detected in the investigated samples. In contrast, Ferreira et al 

[121] have assigned PsbN to be part of PSIIcc from T. elongatus and Kashino et al [167] have 

identified Psb27 in T. vulcanus PSIIcc. 

The subunit composition did not vary between monomeric, dimeric and crystallised 

PSIIcc indicating that the complex is stable under the conditions employed for crystallisation. 

The higher degree of contamination of monomeric PSIIcc compared to dimeric PSIIcc can be 

explained by the higher hydrophobic surface/volume ratio for monomeric PSIIcc and the less 

sophisticated purification protocol (not including a recrystallization step) used for the 

preparation of monomeric PSIIcc. 

The pattern of modifications of individual subunits is very similar to the pattern found 

for PSIIcc from spinach [223]. Apart from PsbJ (formylated in spinach, acetylated in T. 
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elongatus) all small subunits present in PSIIcc from both organisms show the same N-

terminal modifications. This can be explained by the high homology of the N-terminal regions 

of individual subunits from T. elongatus and spinach. 

The MALDI TOF mass spectra clearly demonstrated that no PSII subunits are lost under 

the conditions employed for crystallisation, and even an additional beneficial purification 

effect was observed when comparing mass spectra of PSIIcc before crystallisation with those 

of redissolved crystals. With the exception of PsbF (present with and without Met1) no 

microheterogeneity of subunit processing or composition was found in PSIIcc. Furthermore 

no degradation products of the subunits could be found in the spectra (with the possible 

exception of PsbO in some of the samples). This  indicated that the investigated material is 

well suited for crystallisation and X-ray structure analysis.  

The total of 19 subunits present in the PSII complex from T. elongatus is well in 

agreement with recent X-ray crystallographic studies (see [36, 121, 133, 134] and chapter 6). 

In the crystal structures a total of 36 transmembrane α-helices (TMH) were identified per 

monomeric PSIIcc, of which 22 were assigned to the four large subunits PsbA, B, C, D. Two  

TMH belong to cyt b559 subunits PsbE, PsbF, yielding a total of 12 TMH for the remaining 

small subunits. From the mass spectrometric data 10 small subunits have been identified to be 

part of the complex, accounting for a total of 11 TMH (PsbZ possessing two, the other 

subunits only one transmembrane α-helix, respectively, see Table 3-7). Whether the 

remaining twelfth TMH is due to a so far unidentified subunit or a duplicate copy of one of 

the known subunits can not be decided at present. 

3.5 Molecular mass determination of monomeric and dimeric PSII 

3.5.1 Introduction 
The exact molecular mass and the oligomerization state of PSIIcc from both, 

cyanobacteria and higher plants, is a question that was a matter of a long lasting debate. There 

are two conflicting proposals in the literature. In one case, PSIIcc was found in monomeric 

form with an effective molecular mass ranging from 180 ± 45 kDa [234] to 318 ± 50 kDa 

[115, 235-239]. In the other case, PSIIcc occurs as dimer [119, 120, 240-246] with an 

effective molecular mass in the range between 450 kDa [115] and 812 kDa [241]. The 

molecular masses were determined by gel permeation chromatography (GPC) or electron 

microscopy image analysis. The found masses depend on the preparation conditions, for 

example the used detergent [247, 248], and on the methods employed in the various studies. 
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As no clear data concerning the size of PSIIcc emerged from the literature an extensive 

study was undertaken to examine the molecular mass and size of PSIIcc from T. elongatus. 

Several questions were addressed in this study: 

• what oligomerization state represent fraction I and II of PSIIcc obtained by anion 

exchange chromatography (see Figure 3-2, page 32)? 

• what is the real size of a dimeric PSIIcc? 

• are the samples monodispers? 

• do the samples exhibit aggregation and does it prevent/interfere with crystallisation? 

To obtain reliable information on oligomerization state and aggregation behaviour the 

two fractions of PSIIcc were studied by a combination of gel permeation chromatography 

(GPC), analytical ultracentrifugation (AUC) and dynamic light scattering (DLS) at different 

protein concentrations. The results for T. elongatus PSII in combination with the results 

obtained for the two forms of spinach PSIIcc have been submitted for publication [101]. All 

results are summarized in Table 3-13. 

3.5.2 Calculation of apparent molecular masses.  
For PSIIcc from T. elongatus (PSIIccTe), PSII from Spinacia oleracea (PSIIccSo) and PSI 

from T. elongatus (PSITe) molecular masses Mcal were calculated from the sum of the 

molecular masses of the polypeptides forming PSIIcc or PSI, including the molecular mass of 

the cofactors. The subunit compositions of PSIIccTe and PSIIccSo were determined by 

MALDI-TOF MS (see 3.4 and [223]). The cofactor composition was taken from 3.2, [132] 

and as personal communication from K.-D. Irrgang. For PSIccTe and trimeric LHCII the 

composition were taken from the x-ray structures [157, 249]. The pigment contents of CP29 

and CP47 were determined to be 6 Chla, 2 Chlb, 2 – 3 carotenes and 14 – 15 Chla, 3 – 4 

carotenes, respectively (K-D. Irrgang, personal communication). The molecular mass MDet of 

β-DM and lipid molecules forming the detergent belts around fraction I and II PSIIccTe were 

calculated from the values determined in section 3.2.6 to be 90 ± 22 kDa (fraction I) and 126 

± 25 kDa (fraction II), respectively. For trimeric PSITe MDet was determined following the 

procedure in 2.2.9 to be 250 ± 50 kDa. The MDet for upper (monomer) and lower band (dimer) 

PSIIccSo were taken to be similar to the MDet determined for PSIIccTe. For monomeric PSITe 

the MDet of monomeric PSIIccTe was adapted due to the comparable size of both complexes. 

For the other antenna pigment-protein complexes (CP29, CP47, trimeric LHCII), MDet was 

assumed to be similar to the pure β-DM micelle (98 β-DM molecules, 50 kDa [250]). The 

corrected total molar mass Mcor was obtained from the sum of Mcal and MDet as given in Table 

3-13. 
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Protein Mcal  
 

 MDet Mcor  MGPCA 
(GPC fit A)1 

MGPCB 
(GPC fit B) 2 

MAUC 
(AUC)  

MDLS 
(DLS) 

CP29 spinach° 36 50 86 45 ± 3  93 ±6 - - 
CP47 spinach° 70 50 120 72 ± 2  122 ± 4 - - 
LCH II spinach° 196 50 246 165 ± 20  225 ±30 - - 
PSITe° (monomer) 356 90±22 446 390 ± 15  480 ±30 - - 
PSITe ° (trimer)  1068 250±50 1318 1055 ± 60  1300 ±40 1016 ±70 

(0.04 mg/ml) 
??? 

PSIIccTe (fraction 
I) 
(monomer) 

343 90±22 433 320 ± 20  
(0.1 mg/ml) 
320 ± 20 + 
610 ± 43 (1.5 
mg/ml) 
 

400 ±20 (0.1 
mg/ml) 
400 ± 20 + 740 
± 55 (1.5 
mg/ml) 
 

441 ± 10  
(0.1 mg/ml) 
1215 ± 28 
(0.8 mg/ml) 

??? 
 
1430 ± 87 
(2mg/ml) 

PSIIccTe (fraction 
II) 
(dimer) 

686 126±25   812 610 ± 43 (0.1 
mg/ml) 

740 ± 55 (0.1 
mg/ml) 

756 ± 18  
(0.2 mg/ml) 

426 ± 10  
(<0.5 mg/ml) 
768 ± 40 
(1 mg/ml) 
3600 ± 10 (3.34 
mg/ml) 

PSIIccSo upper 
band  
(monomer)      

350 90 ±22 440 300 ± 25 (0.1 
mg/ml) 

380 ± 30 (0.1 
mg/ml) 

  -   - 

PSIIccSo lower 
band 
(dimer)  

630 126±25 756 560 ± 30 (0.1 
mg/ml) 

670 ± 40 (0.1 
mg/ml) 

710 ± 15  
(0.2 mg/ml) 

aggregates 

Table 3-13: Molecular weight of PSII determined by GPC, AUC and DLS. All values are given in kDa ± σσσσ. 
The protein concentrations used for mass determination by AUC and DLS are given in parentheses. Mcal: 
molecular mass calculated from sequence including cofactors, MDet: mass of detergent belt estimated as 
described in 2.2.9 and 2.2.14, Mcor: molecular mass including detergent (Mcal + MDet); MGPCA: molecular 
mass determined from gel permeation chromatography using Mcal as M of the calibration proteins for 
generating the fit curve A; MGPCB: molecular mass determined from gel permeation chromatography 
using Mcor as M of the calibration proteins for generating the fit curve B.; MAUC: molecular mass 
determined from analytical ultracentrifugation, MDLS: molecular mass determined from dynamic light 
scattering. The proteins marked (°) were used for generating the fit curves for GPC. For comparison 
values determined for spinach PSIIcc are also given. For details on measurements with spinach PSIIcc see 
[101]. 

3.5.3 Gel permeation chromatography:  
GPC analyses were carried out to determine the molecular weight of fractions I and II of 

PSIIcc (see section 2.2.14 for experimental details). For comparison we investigated also the 

upper and lower bands obtained from sucrose gradient centrifugation on the preparation of 

PSIIcc from spinach. A calibration with soluble proteins (see 2.2.14), as is used in all 

previously published GPC studies of PSII, yielded values of 380 kDa for fraction I and 590 

kDa for fraction II of PSIIcc. A run with trimeric PSI from T. elongatus resulted in a mass of 

800 kDa. As all three masses deviated from the expected masses a new calibration was 

undertaken using membrane proteins instead of soluble proteins. For calibration CP29, CP47 

and trimeric LHCII from spinach as well as monomeric and trimeric PSI from T. elongatus 

were used (see 2.2.14). From the retention times of these proteins two different calibration 
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curves were generated. For fit A the molecular mass of the proteins as calculated from the 

sequence including the cofactors was used. For fit B the molecular mass included the 

detergent belt surrounding the proteins (see Figure 3-20). 
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0.3

0.4

0.5

0.6

K
A

V

MW / kDa
 

Figure 3-20: Calibration curves of gel permeation chromatography (GPC) using a set of membrane 
proteins as standards: � = membrane proteins (fit A), � = membrane proteins + detergent belt (fit B). 

The resulting molecular masses using the two different calibration curves are shown in 

Table 3-13. For the membrane proteins used for calibration, fits A and B (Figure 3-20) 

yielded molar masses that are in good agreement with the expected masses either without the 

detergent belt or including the detergent belt, respectively, indicating that the obtained values 

can be fitted well by an exponential function. For fractions I and II of PSII, fit B yielded a 

mass MGPCB of 400 ± 20 and 740 ± 55 kDa, respectively. These values clearly indicate that 

fraction I of PSIIccTe corresponds to the monomeric and fraction II to the dimeric form. For 

the upper and lower band PSIIccSo 380 ± 30 and 670 ± 40 kDa, respectively, were obtained. 

In analogy to fraction I and II of PSIIccTe, the MGPCB values of PSIISo indicate that the upper 

band correspond to the monomeric and the lower band to the dimeric form. The difference of 

about 20 - 35 kDa in molecular mass per monomer between PSIIccTe and PSIIccSo is mainly 

due to the loss of the two smaller extrinsic proteins PsbP (17 kDa) and PsbQ (22 kDa) during 

the purification of PSIIccSo, whereas PSIIccTe retains the extrinsic subunits PsbU and PsbV 

with molecular masses of 12 and 15 kDa, respectively (see section 3.4.3 and [223]). 

To study the aggregation behaviour of fraction I PSIIccTe a GPC run was conducted at 

15 times higher protein concentration (1.5 mg/ml). Under these conditions a slight shoulder 

A 

B 
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appeared with elution volume Ve similar to Ve of fraction II PSIIccTe, indicating formation of 

dimeric complexes. This shoulder accounts for about 4 % of the total peak area, indicating 

that the vast majority of the protein was still in monomeric state. 

The mass values obtained are within the error limits in good agreement with the 

calculated Mcor (aprox. 10 % deviation) for monomeric and dimeric PSIIcc, respectively. 

When using fit A, based on Mcal of the calibration proteins without the detergent belt, the 

obtained values MGPCA are 100 to 150 kDa smaller (Table 3-13) compared to MGPCB.  

As the size of the detergent belt for larger membrane protein is related to the 

hydrophobic surface area of the protein, the mass of this belt is related to the form of the 

protein. When generating the fit curve from membrane proteins (including the molecular mass 

of the detergent belt) not only the size/mass of the proteins is considered but also the extent of 

hydrophobic surface. Using this information regarding the size of the detergent belt from 

structurally known proteins for mass determination of unknown proteins but with similar belt 

will improve the GPC data as the extent of hydrophobicity of the protein is included. 

Several groups determined the sizes of monomeric and dimeric PSIIcc by GPC. Kuhl et 

al. and Rögner et al reported 300 kDa for monomeric and 500 kDa for dimeric PSIIccTe [115, 

119]. Shen and Kamiya [120] reported a size of 380 kDa for monomeric PSIIcc from rice and 

a size of  580 kDa for dimeric PSIIcc from T. vulcanus. Sugiura and Inoue reported masses of 

350 and 580 kDa, respectively, for the monomeric and dimeric His-tagged PSIIccTe [118]. 

The calibration of GPC with soluble proteins and neglecting the detergent belt in size 

determination can explain the differences between the data obtained in the present study and 

the data for the size of monomeric and dimeric PSIIcc by GPC reported by other groups. 

Especially the size of dimeric PSIIcc is underestimated in all of these studies and comparable 

to the value obtained here when using soluble proteins for mass calibration (590 kDa). 

Compared with literature data and the masses expected from protein sequence and 

cofactors, the calibration of GPC columns using membrane proteins instead of soluble 

proteins and considering the detergent belt yields more realistic values for the size of  

monomeric and dimeric PSIIcc from S. oleracea and T.  elongatus. 

3.5.4 Analytical Ultracentrifugation.  
The mass determination by analytical ultracentrifugation (AUC) is not dependent on the 

shape of the molecule (in contrast to DLS) or on calibration with other proteins (in contrast to 

GPC). AUC experiments were conducted by J. Behlke, MDC Berlin, for experimental details 

see 2.2.15. By working in sedimentation equilibrium at relatively low rotational velocity the 

molar Mass MAUC can be determined from: 
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where ρ is the solvent density, ν  is the partial specific volume of the protein under 

study, ω the angular velocity, R the gas constant, T the absolute temperature, c the radial 

concentration and c0 the corresponding value at the meniscous position. As can be seen only 

the partial specific volume, ν , of the solute  has to be known to obtain the molar mass M 

from such measurements. The determination of ν  by measuring the density of solutions at 

different concentrations of PSII is described in [101]. The value obtained was  ν = 0.76 

cm3/g. 
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Figure 3-21: Radial distribution functions of the sedimentation equilibrium technique for PSIIcc from  T.  
elongatus (fraction II) Detection wavelengths: � = 675 nm, � = 500 nm, � = 642 nm. 

On the basis of the radial distributions from analytical ultracentrifugation experiments 

(Figure 3-21) the molar masses, MAUC, of fractions I and II from PSIIccTe were determined. 

For fraction I PSIIccTe, MAUC = 1215 ± 28 kDa was determined in the high protein 

concentration range 0.65 - 0.875 mg/ml. Additional analytical ultracentrifugation experiments 

in the lower concentration range between 0.03-0.11 mg/ml of fraction I PSIIccTe yielded a 

MAUC of 441± 10 kDa, in good agreement with Mcor for monomeric PSIIcc (Table 3-13). 

Fraction II of PSIIccTe in diluted solutions at concentrations below 0.2 mg/ml showed a 

molar mass, MAUC, of  756 ± 18 kDa (Table 3-13). The value MAUC determined for fraction II  

PSIIccTe is in good agreement with the respective Mcor for dimeric PSIIcc. Only at very low 

concentrations below 0.05 mg/ml, fraction II PSIIccTe partially dissociated into monomers 
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(20-30%). The resulting monomers are unstable under these conditions and start to aggregate 

forming heterogeneous particles. 

3.5.5 Dynamic light scattering 
Dynamic light scattering (DLS) was used to study the aggregation behaviour of the 

samples. Experiments were run by Y. Georgalis (FU Berlin), A. Zouni (MVI, TU Berlin), and 

T. Hellweg (INSI, TU Berlin). For experimental details see section 2.2.16. The light scattering 

data were corrected for absorption of the sample by measuring optical density and refractive 

index of PSII solutions at different protein concentrations. Details are given in [101]. From 

the diffusion coefficient Dz determined by DLS measurements, the hydrodynamic radius RH 

and the corresponding molar mass MDLS of PSIIcc were derived (see 2.2.16). 
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Figure 3-22: Dependence of the diffusion coefficient DZ on the concentration of dimeric PSIIccTe (fraction 
II) dissolved in buffer Cg25 as measured by DLS. 

Fraction II (dimeric) PSIIcc showed a dependence of DZ on the protein concentration 

(Figure 3-22). At concentrations up to 1 mg /ml (protein) only one component was visible and 

a diffusion coefficient of 3.0 ± 0.03 x 10-7 cm2 s-1 was determined. This value corresponds to 

RH = 6.14 ± 0.15 nm and a molar mass MDLS of  768 ± 40 (Table 3-13). At lower 

concentrations (between 0.015 and 0.5 mg/ml) the diffusion coefficient Dz  is virtually 

constant, i. e. 3.7 ± 0.2 x 10-7 cm2s-1. For concentrations between 0.5 mg/ml and 3.34 mg/ml 

the diffusion coefficient decreases linearly to 1.65 ± 0.2 x 10-7 cm2s-1. The diffusion 

coefficients correspond to RH-values between 5.02 ± 0.15 nm and 13 ± 0.2 nm or to molecular 

weights MDLS between 4.26 ± 0.1 x 105 g/mol and 36 ± 0.1 x 105 g/mol. This indicates that at 

higher protein concentrations attractive interactions between PSII particles lead to formation 
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of small aggregates with molecular weights up to 36 x 105 g/mol (corresponding to 

nonamers). The aggregates represent the major population at higher concentrations of 

PSIIccTe and no smaller PSIIcc particles were visible at 3.34 mg/ml. 

A formation of large aggregates was also observed for fraction I of PSIIccTe. At high 

concentrations of 2 mg/ml a diffusion coefficient of  2.70  ± 0.03 x 10-7 cm2s-1 was found, 

corresponding to RH = 7.85 ± 0.15 nm and a molar mass MDLS of 1430 ± 87 kDa.  

As the determination of MDLS from DZ is based on the assumption of a spherical shape of 

the scattering molecule, the molar masses derived from DLS have to be considered with 

caution in cases when the molecule shape strongly deviates from a sphere. This is definitely 

the case for monomeric and dimeric PSII. In addition, when calculating the expected RH 

under the assumption of a spherical molecular shape from the Mcal of monomeric and dimeric 

PSII only a difference of 20% is obtained (5.07 nm and 6.23 nm for monomeric and dimeric 

PSIIccTe, respectively). Taking into account the error limit of measurement (ca. 10%) and the 

deviation from the spherical shape, no clear statement about the presence of either monomeric 

or dimeric PSIIcc can be made from the DLS-data. 

3.5.6 Summary 
The AUC results from fraction I PSIIccTe at low concentrations support the assignment 

of this fraction to monomeric PSIIcc as derived from the GPC data (MAUC and MGPCB are 

similar within the error limits). At higher concentrations the AUC masses are in accordance 

with the results from DLS (see below), indicating the formation of large aggregates from 

fraction I PSIIccTe. In contrast this aggregation is not visible when using GPC (see Table 

3-13), demonstrating that GPC is not the method of choice to investigate the aggregation 

behaviour of membrane proteins like PSIIcc. 

In contrast to the results from DLS measurements on fraction II PSIIccTe, the results of 

GPC and AUC experiments have clearly demonstrated the occurrence of PSIIccTe dimers 

even at low concentrations < 0.2 mg/ml and must be considered as superior to DLS if accurate 

molar masses have to be determined. At very low concentrations of 0.05 mg/ml the PSIIccTe 

dimers are unstable and tend to dissociate into monomers while at higher protein 

concentrations (0.8 mg/ml) aggregation of dimeric PSIIccTe takes place. To obtain a reliable 

value for MAUC the partial molar volume, ν , is crucial. It has to be determined either 

experimentally as described in this work or calculated from the exact composition of the 

corresponding complex. The range of ν  for soluble proteins is 0.70 to 0.75 cm3 g-1 and 

normally a mean value of 0.73 cm3 g-1 is used [251]. For PSII and PSI the determined value is 
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higher (ν  = 0.76 cm3 g-1) than for soluble proteins, demonstrating the necessity to use the 

appropriate value of ν  for membrane proteins. 

In summary it has been proven by AUC and GPC that fraction I and II of PSIIcc 

represent monomeric and dimeric forms of PSII, respectively. Based on the concentration 

dependent AUC and DLS measurements it is concluded that monomeric PSII tends to form 

large aggregates even at medium protein concentrations. This behaviour is less pronounced 

with the dimeric PSIIcc, although DLS showed that at medium to high concentrations also  

dimeric PSIIcc tends to form aggregates. Nevertheless the size of these aggregates exhibited a 

linear dependence on the protein concentration. This finding indicates that in the investigated 

concentration range no ill-defined random aggregates are formed, which would hinder 

nucleation and growth of ordered crystals from these samples.  

This observation is in agreement with the different crystallisation behaviour found for 

monomeric and dimeric PSIIccTe. In contrast to dimeric PSIIcc which yields well ordered 

crystals suitable for X-ray diffraction under various growth conditions (see chapter 4), no 

crystals could be obtained in this work from the monomeric form. All other PSII crystals 

suitable for X-ray diffraction studies reported so far [119-121] were also obtained from the 

dimeric form of PSIIcc. 

3.6 Summary 
With the improved cultivation (using a novel photobioreactor) and the developed 

purification protocol it was possible to obtain large amounts of monomeric and dimeric 

PSIIcc from the thermophilic cyanobacterium T. elongatus. The purification protocol was 

optimized with regard to separation of monomeric and dimeric PSII, and crystallizable 

dimeric PSII could be obtained within two days. Both forms were analysed in detail for their 

pigment/cofactor stoichiometry, their subunit composition and modification, and their 

photochemical and oxygen evolving activity. The size of both complexes was determined 

using a combination of three methods and led to the unambiguous identification as 

monomeric and dimeric PSIIcc. In contrast to previous studies it could be shown in this work 

that both forms have similar composition and activity. The monomeric form is characterized 

by a larger tendency for aggregation and could not be purified to the same extent as the 

dimeric form, since it still contained traces of phycobilisome and ATP synthetase subunits.  

The thorough structural and functional characterization of dimeric PSII was a prerequisite for 

subsequent crystallization and structure determination of PSII. 
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4 Crystallisation of PSII 

4.1 Introduction 
For the determination of a structural model of PSII using X-ray diffraction, well ordered 

single crystals are the indispensible prerequisite. The growth of well diffracting crystals of a 

multi-subunit membrane intrinsic protein pigment complex is often a difficult task compared 

to the crystallisation of single subunit soluble proteins. A main topic of this work was the 

crystallisation of PSII using the purified and well characterised dimeric PSIIcc (see chapter 3) 

as starting material. Several groups obtained two dimensional crystals of PSII from various 

sources [234, 240-242, 244, 252]. These were used for electron microscopic and electron 

crystallographic investigations on the structure of PSII (see 6.1 for discussion). Three 

dimensional crystals of PSII RC from spinach and pea were also described [253-255] but did 

not show sufficient diffraction qualities to obtain structural information by X-ray 

crystallography. The first crystals from cyanobacterial PSIIcc were reported by Zouni et al 

[72]. They were of reasonable diffraction quality and retained full oxygen evolution activity 

when compared to the non crystallised protein [73]. In the following years several other 

groups using a similar protocol obtained crystals of PSIIcc from the same organism (T. 

elongatus) or the closely related cyanobacterium T. vulcanus [119-121]. The attempts of 

crystallisation described in this work are based on the original protocol developed by A. 

Zouni, MVL, TU Berlin. 

4.2 Purification by recrystallization 
The dimeric PSIIcc obtained by column chromatography as described in 2.1.3 and 3.1.2 

was further purified using crystallisation. Three successive precipitation/crystallisation steps 

with decreasing concentration of precipitating agent (PEG) were performed (see 2.1.4). The 

final yield of dimeric PSII in purified form was 54 ± 16 % of the dimeric PSII eluted from the 

column (2 ± 1 % of the total Chla in the thylakoid extract) (see Figure 4-1). The oxygen 

evolving activity of the complex was increased by this recrystallization procedure by about 

10% from 50 to 45 Chla/active center on average. Even low activity starting material (60 to 

70 Chla/active center) provided sometimes highly active recrystallized material (40 to 50 

Chla/active center). This increase could be due to different crystallisation behaviours of active 

and inactive PSII. 
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Figure 4-1: Yield of recrystallized dimeric PSII. In the histogram a) the final yield of PSII (in Chla) after 
recrystallization in relation to the amount of Chla in the starting crude protein extract is shown. It can be 
seen that in 30% of the preparations between 2 and 3% of the total Chla in the extract could be obtained 
in the form of recrystallized pure dimeric PSII. The histogram in b) shows the amount of recrystallized 
PSII relative to the total amount of dimeric PSII before recrystallization. In 25 % of the preparations 60 
to 70 % of the dimeric PSII could be recovered after recrystallization.  

By introducing these purification steps the diffraction quality of the crystals obtained 

could be increased. Crystals grown directly from the starting material without recrystallization 

diffracted X-rays to around 4 Å resolution at the maximum. When using recrystallized 

material instead, crystals with improved diffraction properties (initially about 3.6 Å 

resolution) could be obtained, as described in the following section.  

4.3 Crystallisation conditions for x-ray diffraction studies 
 

The standard procedure applied for growing crystals suitable for X-ray diffraction studies 

is described in chapter 2.1.4. By using the micro batch method with PEG 2000 as precipitant 

and protein purified by the protocol described in 2.1.3 and 3.1.2, hexagonal single crystals of 

0.3 – 1 mm in the longest dimension and 0.1 – 0.2 and 0.05 mm in the other two dimensions, 

respectively, were obtained (see Figure 4-2).  

During this work about 1500 crystals were screened for their diffraction quality at 

synchrotron sources. The majority of these (about 800) were grown under the standard 

conditions described above. With the described improvement in purification of the protein the 

maximum resolution obtained from these crystals was increased from initially around 5 - 4 Å 

to a maximum resolution of 2.9 Å (Figure 4-3). 

a b 
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Figure 4-2: Crystals of dimeric PSII obtained by the micro batch method, the bar represents 1 mm. 

The space group of the crystals is P212121, the initial unit cell constants were a = 130 Å, 

b = 227 Å, c = 308 Å (3.8 Å resolution structure), and later a slight shrinkage of the unit cell 

to a = 127.5 Å, b = 224.6 Å, c = 305.6 Å was observed (3.2 Å resolution structure). Four 

dimers are found in the unit cell, with one dimer forming the asymmetric unit. The C2 axis 

relating the monomers in the dimer is not parallel to any of the crystal axes (see 6.2). In 

addition to improved resolution the mosaicity of the crystals could be reduced from initially 

around 0.5° – 0.7° to values between 0.2° and 0.3°. This increase was partly due to an 

improved cryo protocol. The original protocol consisted of shock-freezing crystals in liquid 

propane, storing them at liquid nitrogen temperature and finally measuring them in a nitrogen 

gas stream at 100 K. In the new protocol crystals were frozen at the synchrotron beam line in 

the nitrogen gas stream at 100 K directly prior to diffraction measurement and any storage or 

change in temperature after freezing was avoided. 

Although diffraction was observed up to a maximum resolution of 2.9 Å the useful 

resolution for data processing was only 3.2 Å. This was due to two factors: 1) very high 

anisotropy of the diffraction pattern, 2) strong radiation damage during the measurement. An 

additional problem concerning the processing of the data was frequent non-isomorphy of the 

crystals. Due to differences in unit cell constants the scaling of partial data sets collected on 

different crystals or even on the same crystal was often not possible. The reason for this 

variation could be imperfect packing of the crystals, which in turn might be caused by the 

very low number of crystal contacts (see  6.2) and too fast growth of the crystals. 
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Figure 4-3: X-ray diffraction pattern of a PSIIcc crystal in the optimal orientation. The image was  
obtained at 100K at beamline ID14-2, ESRF, Grenoble. The ring indicates a resolution of 2.9 Å. In the 
inset part of the upper left quadrant is shown enlarged. 

To address these problems various attempts were made to find crystallisation conditions 

that yield crystals with improved diffraction quality or different crystal packing. Some of the 

tested methods which yielded crystals are summarised in Table 4-1. As can be seen crystals 

were obtained under a variety of conditions but none of them showed a different crystal 

packing or an increase in resolution when compared to the standard method. 

growth condition No of crystals 
checked for 
diffraction quality 

max diffraction 
[Å] 

PEG 3350 as precipitant 25 3.3 
PEG 10000 as precipitant 3 4 
grown in 0.1 or 0.15% agarose 20 3.5 
grown in hydrogel 5 5.5 
batch under oil without seeding 20 3.7 
batch under oil with seeding 8 4.0 
batch at 12°C 5 4.0 
batch at 4°C 5 7.0 
vapour diffusion 10 4.0 

Table 4-1: Summary of some crystallisation conditions yielding PSII crystals. If not stated the precipitant 
was PEG 2000 in buffer A-. Protein concentration was 2 mM Chla. 
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For reducing the nucleation rate and the growth rate of the crystals, experiments to grow 

them in agarose, hydrogel, via vapour diffusion or with micro dialysis were performed. None 

of the methods led to an improvement in crystal quality. Also seeding tests in batches covered 

by oil did not succeed in obtaining better crystal quality. 

Various additives were tested under standard crystallisation conditions with PEG 2000 as 

precipitant (see Table 4-2) but no improvement in terms of resolution, space group or 

mosaicity of the obtained crystals was observed when compared to crystals obtained without 

additives. 

Additive  No of crystals 
checked for 
diffraction quality 

max diffraction 
[Å] 

2% glycerol 20 3.6 
5 mM CaBr2 20 3.6 
10 mM SpermidineHCl 15 3.3 
10 mM Spermidine 15 3.6 
2.5 mM Benzamidine 17 3.8 
10 mM Urea 10 3.6 
50 mM NH4SO4 6 3.3 
100 mM NH4SO4 6 3.1 
250 mM NH4SO4 5 3.4 
50 mM MgSO4 6 3.8 
0.1 mM TbCl3 5 4 
1mg/ml PC 5 3.5 
1mg/ml SQDG 5 3.7 
1 mg/ml thylakoid lipids 4 3.7 

Table 4-2: Summary of some additives tested successfully for crystallisation of PSII. Crystals were grown 
under standard conditions under addition of the respective additives. (PC: phosphatidylcholine; SQDG: 
sulphoquinoldiacylglycerol) 

In addition to the above described conditions, a wide screening using Crystal screens 1 

and 2 and the membrane protein screen MembFac (all Hampton Research) in hanging drop 

vapour diffusion and in batch set up was undertaken. Under all of these conditions no 

improved crystals were obtained. Also the Hampton Research Detergent-Screens 1 and 2 and 

the Additive Screens 1 and 2 were tested with standard crystallisation conditions (PEG 2000, 

PIPES pH 7.0, micro batch). Only the additives listed in Table 4-2 yielded useful crystals. 

The detergent mixtures obtained in the Detergent-Screen setups showed either no crystal 

growth at all or crystals with properties similar to pure βDM setups were obtained, indicating 

no change in the crystal packing or space group under these conditions. 

4.4 Screening of heavy atom derivatives 
To obtain phase information the method of multiple isomorphous replacement was used. 

For this method isomorphous crystals with various heavy atom compounds bound to the 

protein are the prerequisite. To find such derivative crystals, more than 40 different heavy 

atom compounds were screened in this work. The first step was checking the stability of the 
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PSII crystals in solutions of the corresponding compounds at different concentrations and for 

different times. If a compound did not decrease the crystal stability, crystals were soaked with 

this compound, tested for diffraction quality, and if possible a full data set was collected. For 

some compounds the binding to the protein was tested using MALDI-TOF MS. In these cases 

a stock solution of the heavy atom compound was added to the protein solution. After 

incubation a MALDI-TOF MS spectrum was collected. In case of strong binding to the 

protein a shift of the mass peaks of some of the subunits was observed. These shifts were 

observed especially for the peak at 26 kDa assigned to PsbO (see 3.4.3). When such a shift 

was observed the corresponding compound was tested further by collecting X-ray diffraction 

data on soaked crystals. 

 Among the more than 40 compounds tested the following 8 led to crystals that gave data 

sets which could be used for phasing: CdSO4, Ta6Br14, W12O40, Ethylmercuriphosphate, 

chloromercurate, p-chloromercuriphenylsulfonic acid, K[(CN)2Au] potassium 

dicyanoaurate(I), K2[(CN)4Pt] potassium tetracyanoplatinate(II). These were used for 

determination of the first structure at 3.8 Å resolution [36] and also for the subsequent 

structures at 3.6 and 3.2 Å. 

4.5 Summary 
Using the micro batch method with PEG 2000, crystals could be obtained from dimeric 

PSIIcc. These were useful for structural analysis at an initiall resolution of 3.8 Å. By changes 

in the purification protocol as well as in crystal handling and freezing the maximum 

obtainable resolution could be improved to 2.9 Å, leading to a structural model at 3.2 Å 

resolution. The various attempts to obtain crystals in a different packing arrangement or space 

group or to reduce the nucleation rate for improvement of crystal packing were not successful. 

Under all conditions tested in this study either no crystals or crystals with similar or worse 

properties compared to crystals obtained with the standard method were obtained. By 

intensive screening eight heavy atom compounds were found that are useful for generating 

heavy atom derivative crystals. Datasets collected from respective derivative crystals were 

used for phase determination by the MIRAS method. 
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5 Spectroscopic studies on single crystals of PSII 

5.1 Introduction 
Single crystals of a protein represent samples well ordered in all three dimensions. This 

advantage compared to solution samples, membrane layers or 2D crystals can be used to 

obtain orientation-dependent spectroscopic data, which in turn can yield information about the 

3-dimensional orientation of the studied part of the protein (e. g. a specific cofactor). Several 

electron paramagnetic resonance (EPR) studies on crystals of PSI and PBRC yielded three 

dimensional structural information on cofactors in these proteins [256-260]. Only few reports 

exist on application of X-ray absorption spectroscopy (XAS) to protein crystals. Some 

extended X-ray absorption fine structure (EXAFS) studies have been performed on single 

crystals of FeMo-Nitrogenase and provided information on the orientation of the FeMo-

cluster within the protein [261, 262]. 

In this work crystals of PSII from T. elongatus were used for spectroscopic studies with 

EPR (in cooperation with the group of W. Lubitz) and X-ray absorption techniques (in 

cooperation with the group of V. Yachandra). 

5.2 94 GHz cwEPR on the TyrD radical 
In PSII two redox active tyrosines, called YD and YZ (see 1.4.2), are present. Both can act 

as electron donor to P680+• but under presence of a competent WOC YZ functions as the 

primary electron donor to P680+•. YZ and YD have been identified by deuteration studies to be 

tyrosine residues [263], and site directed mutagenesis proved that YD is PsbD-Tyr160 [264, 

265]. The optical difference spectrum of YD
•-YD suggests YD

• to be a neutral radical [266]. 

The radical YD
• is easily formed without chemical treatment and is dark stable over a long 

period, thus making it a good candidate for observation by EPR. By analysis of dipolar 

enhancement of the spin-lattice relaxation rate of YD
• with the non haem Fe2+ measured via 

EPR a distance between YD and Fe2+ of 37 ± 5 Å was concluded [267]. Also the distance 

between YD
• and QA

- was determined in CN--treated PSII enriched membranes from spinach 

at 77 K using ESE-EPR spectroscopy to be 38.8 ± 1.1 Å and the distance YD
•-ChlZ

+ was 

determined to be 29.4 ± 0.5 Å [268]. Orientation dependent high field EPR studies on YD 

have been reported previously on oriented PSII enriched membranes from spinach [269]. In 

this study an angle of 64° of the phenoxy ring plane with the membrane plane and a tilt of 72° 

of the C-O direction within the ring plane against the membrane plane were found [269]. 
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Experimental details for EPR measurements on single crystals are described in section 

2.4.1. The EPR experiments, simulation of spectra and analysis was done by W. Hofbauer, 

TU Berlin, and the results have been published [270, 271]. In order to measure crystals in 

various orientations, different techniques for crystal mounting to the W-band capillaries were 

tested (see 2.4.1). In many cases crystals adapted a special orientation where the 8 expected 

sites in the unit cell collapsed to only 4 sites in the spectra for symmetry reasons. The best 

method to obtain an arbitrary orientation of the crystal was by placing it into a small nylon 

loop which protruded from the end of the capillary. Only by using crystals mounted in this 

way, degeneracies in the spectra could be avoided and all eight sites were separately visible in 

the recorded rotation patterns. 

 
Figure 5-1: a) Orientation dependent 94 GHz EPR spectra of the YD radical in PSII single crystals. b) 
Simulation of the experimental spectra with Euler angles φφφφ 41°, θθθθ -49°, ψψψψ 41° relating the crystallographic 
axes a, b, c to the laboratory axis system x, y, z. The magnetic field B0 was parallel to the x axis. 

Due to the 8 magnetically inequivalent YD sites in the single crystals and the 

superimposed hyperfine structure the obtained spectra are highly complex (see Figure 5-1). 

The symmetry of the crystal space group (P212121) does only allow to extract the orientation 

of the crystallographic axis system from the orientation dependent single crystal spectra, but 

not to assign one of the axes of the a, b or c axis. Nevertheless as the C2-axis relating the two 

a b 
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monomers in the dimer is non-crystallographic and its orientation with respect to the 

crystallographic axis system was known from the X-ray structure, individual axes could be 

assigned, pairs of signals derived from the same dimer could be labelled (shown in the same 

colour in Figure 5-1b) and orientational information for a specific site could be extracted. 

 x1 y1 z1 x2 y2 z2 C2 

a -0.681 -0.201 -0.704 +0.177 +0.257 +0.950 +0.282 

b -0.440 +0.881 +0.174 -0.557 -0.769 +0.312 +0.558 

c +0.585 +0.428 -0.688 +0.811 -0.585 +0.007 -0.781 

Table 5-1: Orientation of YD
•••• g tensor axes x, y, z with respect to the crystallographic axes a, b, c. Given 

are the values of direction cosines for both radicals in the PSII dimer in one crystallographic site with the 
given C2 axis orientation. 

The principal values for the g tensor of YD were determined from simulation of 94 GHz 

cw EPR spectra of frozen PSII solution (see Figure 5-1, top spectrum) [270, 271]. Using these 

g tensor values the rotational spectra could be simulated and the orientations of the g tensor 

axes with respect to the crystallographic axis system was obtained for both YD
• radicals in the 

dimer in one crystallographic site. The assignment of the crystallographic axes was 

independently checked by collecting X-ray diffraction patterns from the crystals mounted to 

the W-band capillary after the EPR measurements. The values obtained from the simulation 

of the rotational spectra are given in Table 5-1. From these values a tilt angle of 26° between 

the membrane normal and the phenoxy plane and an angle of 84° between the membrane 

normal and the gy direction (in the phenoxy plane, perpendicular to the C-OH direction) could 

be derived. Comparison with data from EPR measurements on oriented membranes showed 

small differences. The differences might be caused by the larger disorder in PSII membrane 

samples compared to single crystals and the less well resolved spectra obtained from the 

membranes [269], leading to a higher error of fitting for orientation determination. 

From the recent structural model at 3.2 Å resolution (see section 6.4.6) the angles were 

calculated to be 40° between the membrane normal and the phenoxy plane and 64° between 

the membrane normal and the gy direction of YD. The differences between spectroscopically 

and crystallographically determined values could be caused by errors in the EPR 

measurement (rather small) and errors in the X-ray model (more important). At the present 

resolution the electron density is not of sufficient quality to restrict the phenoxy ring plane to 

a certain position, and different rotations around the C-OH axis are not in contradiction to the 

electron density. Therefore, especially with respect to the gy axis, the orientational 

information obtained from the EPR analysis is more reliable than the one obtained from X-ray 

crystallography at 3.2 Å resolution. 



Spectroscopic studies on single crystals of PSII 

 96 

5.3 Transient single crystal EPR on the primary donor triplet state 
3P680 

 
The triplet state 3P680 is not a functional state during charge separation. It can be formed 

from the primary electron donor if electron transfer from QA to QB is blocked, for example by 

chemical reduction of QA. In this case charge recombination between the primary electron 

acceptor Pheo- and the primary donor P680+ can occur, giving the 3P680 Pheo QA
red triplet 

state with a lifetime of about 1 ms [272]. Previous EPR studies at cryogenic temperatures on 

oriented PSII enriched membranes have first led to the conclusion that the triplet state is 

residing on a Chla with its chlorin plane parallel to the membrane [273]. In later studies with 

improved sample preparation it was found that the chlorin plane of the triplet bearing Chla is 

tilted by about 30° against the membrane plane [274], suggesting a position for this Chla 

similar to the one of the accessory BChl in PBRC. 

As the initial structural data of PSII at 3.8 Å did not allow to determine the in-plane 

orientation of the Chla cofactors (see 6.2), a different approach was attempted to determine 

the orientation of the Chla bearing the triplet state. By collecting the rotational EPR spectra of 

the 3P680 generated in single crystals it should be possible to determine the orientation of the 

axes of the respective D tensor. As these axes are related to the molecular structure of Chla,  

information not only of the position of the chlorin ring plane with respect to the membrane (as 

determined on membrane fragments [274]) but also about the in-plane orientation of the Chla 

should be accessible by this method.  

A critical point for obtaining triplet state spectra from single crystals was the chemical 

prereduction. Various protocols for reduction of QA were tested. It was found that a dithionite 

concentration of 100 mM was required for generating sufficient signal intensities. Lower 

concentrations only yielded spectra with very poor signal/noise levels. As the crystals became 

mechanically sensitive during the reductive treatment, special care had to be taken in order to 

prevent damage of crystals during transfer into the X-band quartz capillary. Experimental 

details are described in section 2.4.2. All EPR measurements, simulation of the spectra and 

analysis of the results were done by M. Kammel, AG Lubitz, TU Berlin, and the results have 

been published [275, 276]. 
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Figure 5-2: Light induced triplet state spectra recorded on PSII single crystals. a) Experimental spectra 
recorded at 10K in different orientations of the crystal to the magnetic field. Rotation was around an axis 
close to the crystallographic a axis, crystal was prereduced with 100 mM dithionite. On top the spectrum 
recoded from frozen PSII solution is shown. For experimental conditions see 2.4.2. b) Simulation of the 
rotational spectra (in blue). The 16 coloured lines correspond to the eight different sites in the unit cell, the 
two lines (absorptive and emissive) per site are coloured similarly. For simulation the principal values of 
the D tensor taken from the powder spectrum were used. On top the powder spectrum is shown. (adapted 
from [275]) 

 
In Figure 5-2a the rotation spectra of the light induced triplet state are shown recorded at 

cryogenic temperatures on a PSII crystal. This crystal was oriented with the crystallographic a 

axis roughly parallel to the rotation axis. At the top of Figure 5-2a the triplet state spectrum 

obtained from frozen PSII solution is shown, adapted from [277]. Taking the D tensor values 

obtained from the frozen solution spectra a simulation of the rotation pattern was possible (see 

Figure 5-2b). From this simulation the orientation of the D tensor within the crystal axis 

system was obtained for one site. The resulting directional cosines are given in Table 5-2. 

 X Y Z C2 

a -0.572 +0.525 +0.630 -0.282 

b -0.122 -0.814 +0.567 -0.558 

c +0.811 +0.248 +0.530 +0.781 

Table 5-2: Orientation of the chlorophyll triplet D tensor axes X, Y, Z in one crystal site defined by the 
given C2 axis orientation. 

a b 
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As the Z axis of the D tensor is perpendicular to the chlorin ring plane, the tilt of the ring 

plane can be derived from its orientation. From these data a tilt angle of 30 ± 2° was derived, 

consistent with an earlier study on oriented membranes [274] and with the tilt angle found for 

ChlD1 and ChlD2 in the crystal structure (see section 6.4 and [36, 134]). For the X and Y axes 

angles of 62 ± 2° and 89 ± 2° have been found. A recent ENDOR study related the X and Y 

axes of the D tensor to the molecular structure of Chla [278], with the X axis passing through 

carbon atoms 10 and 20 and the Y axis through atoms 5 and 15. Combining this information, 

the in-plane orientation of the Chla could be determined. The orientation found is in good 

agreement with the orientation of the accessory BChl in the PBRC and with the orientation of 

ChlD1 and ChlD2 in the PSII structure at 3.2 Å resolution. As the non-crystallographic C2 axis, 

that relates the two monomers in the dimer, is parallel to the pseudo-C2 axis relating D1 and 

D2 in one monomer, it was not possible to decide whether ChlD1 or ChlD2 is the site of the 

triplet state. The conclusion that the triplet state resides not on PD1 or PD2 but on one of the 

"accessory" Chla is in agreement with a recent optical study on mutants, locating the P+, but 

not the 3P state on the "special pair" Chla [279]. 

5.4 X-ray absorption spectroscopy on PSII single crystals 
 

X-ray absorption spectroscopy (XAS), including EXAFS and XANES, has been used 

extensively to gather information on the valence state and the structure of the Mn4Ca-cluster 

of PSII. Most importantly distances (Mn-Mn as well as Mn-O or Mn-Ca) can be determined 

with an accuracy that is not accessible by other methods. From the XAS studies 3 Mn-Mn 

distances of 2.7- 2.8 Å, one or two Mn-Mn distances of 3.3 Å, and Mn-O and Mn-Ca 

distances of 1.8 Å and about 3.4 – 3.5 Å, respectively, have been found (see [61-63, 70] for 

review). Using partly ordered PSII membrane preparations and polarized X-ray spectroscopy, 

a dichroism was observed in both the K-edge X-ray absorption spectra and the EXAFS, 

depending on sample orientation relative to the direction of the electric vector of the polarized 

X-ray beam. Analysis of the EXAFS dichroism led to information on the orientation of Mn-

Mn and Mn-Ca vectors relative to the membrane normal (see [70, 280-282]). These data have 

provided a basis for various structural models of the Mn4Ca cluster including information 

regarding its orientation to the membrane normal. 

By using polarised synchrotron radiation for measurements of Mn-EXAFS and XANES-

spectra on oriented PSII 3D crystals it should be possible to obtain the orientations of the Mn-

Mn and Mn-Ca vectors relative to the crystal axis system. Combining these with the X-ray 

crystallographic structural information is expected to yield a precise picture of the Mn-cluster. 
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In addition the problem of damage to the cluster during the X-ray diffraction measurement 

(mostly by reduction of Mn) can be addressed by XAS on the crystals, as the position of the 

Mn K-edge is very sensitive to changes in the oxidation state of the Mn ions. The single 

crystal XAS measurements were performed by V. Yachandra, J. Yano, K. Sauer (all Berkeley, 

USA) and J. Messinger (MPI Mülheim) at APS synchrotron beam lines. Experimental details 

are described in section 2.4.3. A first report on the results is given in [283]. To find optimal 

experimental conditions and to obtain a high enough S/N ratio without destroying the 

samples, more than 70 PSII single crystals were used for this study so far. 

To obtain the position of the crystal axis system (a,b,c axes) in laboratory space (x, y, z 

axes) X-ray diffraction patterns of the crystals were collected after measuring X-ray 

absorption. From indexing of the diffraction patterns, the axis orientation could be 

determined. The result for one crystal is shown as example in Figure 5-3. 

a

b
c

x

y

z
x

y

c
b

a

Projection onto
the XY plane

-20
60

-34

Deviation from the EXAFS holder plane

a: 60
b: 6
c: - 29

spindle
rotation

Figure 5-3: Axis system of a PSII crystal mounted in an arbitrary orientation on an EXAFS-sample holder 
as determined from the diffraction pattern. a, b, c are the crystallographic axes, x, y and z the axes of the 
laboratory coordinate system. On the left the angles between the a, b, c axes and the xy-plane (plane of the 
sample holder ) are given. On the right the projections of the a, b, c axes onto the xy-plane are shown. 

Figure 5-4 shows Mn-K edge XANES and EXAFS spectra recorded on PSII single 

crystals in different orientations. By weighted addition of the oriented spectra the spectrum 

obtained from PSIIcc in solution could be simulated [283]. This proved that the spectra 

obtained from single crystals are not different from the one obtained in solution and that the 

structure of the Mn-cluster is not changed upon crystallization.  
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Figure 5-4: Mn-K edge spectrum (a) and Fourier transform EXAFS spectra (b) recorded on PSII single 
crystals oriented in three different directions. 

In the oriented single crystal EXAFS spectra pronounced dichroism in both the 2.7 and 

3.3 Å fourier peaks depending on crystal orientation relative to the electric vector of the 

polarized X-rays was visible (Figure 5-4). Due to the non-crystallographic C2-axis (relating 

the two monomers in the dimer), extraction of the dichroism information for one of the 8 sites 

in the crystallographic unit cell from the spectra is difficult. Nevertheless, the dichroism 

showed clear evidence of previously undetected substructure within the 2.7 Å band and very 

pronounced dichroism in the 3.3 Å region. Evaluation of these data is under progress.  

To address the question whether a damage of the Mn-cluster occurs in the crystals during 

X-ray exposure the shift of the Mn K-edge was monitored in dependence of the X-ray dose 

applied to the crystals (Figure 5-5). 

 

Figure 5-5: Shift of the Mn K-edge in dependence of the applied X-ray dose. a: before illumination, 10K; 
b: 1.4 x 1013; c: 2.1 x 1013; d: 5.4 x 1013; e: 9.5 x 1013; f: 2.3 x 1014 photons/100x100 µm2, measurement at 
100K. 

a b 
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The observed shift indicated a partial formation of Mn(II) during illumination with X-

rays at 100K. This reduction of Mn induced by the X-ray radiation, could lead to structural 

changes in the Mn4Ca-cluster, probably complicating the interpretation of the electron density 

in this region. Evaluation of the X-ray dose dependent reduction of Mn in the crystals is under 

way. From preliminary results it can be stated that at least 25 to 50 % of the Mn in the crystals 

are reduced to Mn(II) during an X-ray diffraction experiment and that this reduction is not 

dependent on irradiation time but only on the applied radiation dose (J. Yano, V. Yachandra, 

personal communication). This information will help in interpretation of the diffraction data 

and to find conditions for minimizing the damage to the Mn-cluster during the X-ray 

diffraction measurements. 

5.5 Summary 
In this work it could be shown that the obtained PSII single crystals are suitable for 

various spectroscopic experiments. From the EPR studies information on cofactor orientation 

and state could be obtained, supporting or extending the structural analysis from X-ray 

crystallography. Applying XAS on PSII single crystals provided first data on possible 

radiation damages of the Mn-cluster during the X-ray diffraction measurements. This will be 

helpful in future experiments for minimizing the deterioration during X-ray diffraction data 

collection. In addition it was shown that it is possible to obtain orientational information on 

the Mn-cluster. This information yields further constraints, which in combination with the 

structural information from crystallography, will be used in the future in evaluating the 

various proposed models of the Mn-cluster. 
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6 X-ray crystallographic structure determination of PSII 

6.1 Introduction 
Structural information on PSII became available from a variety of aproaches. A major 

breakthrough for unraveling of the PSII structure was the elucidation of the X-ray structure of 

the purple bacterial reaction center (PBRC) by Michel and coworkers [284, 285]. At the same 

time the first primary structures of PSII subunits became available (for example for PsbA 

[286-288]) and it was demonstrated by sequence alignments that there is a high homology 

between key parts of the PBRC subunits L and M and central parts of PSII (D1/D2). 

Therefore a  structural similarity between the PBRC and the D1/D2 core of PSII was 

suggested [289-291]. This homology was used to construct models of the PSII core based on 

the PBRC structure and to predict the arrangement and binding pockets of the ETC cofactors 

in PSII [292-295]. A different source of structural information on PSII was spectroscopy, for 

example distance determinations based on EPR-methods (e.g. [296-298]) and measurements 

of electrochromic effects (e.g. [299]). Many insights into the structure of the Mn-cluster could 

be gained by comparative EPR and X-ray spectroscopic measurements on PSII and 

metalorganic model compounds (see section 5.1 and [60, 62, 70, 300]). 

Direct structural information on PSII was obtained by microscopy, especially electron 

microscopy of single particles, as well as cryo-electron crystallography on 2D crystals, 

yielding 2D and 3D information. Single particle analysis on PSII preparations from different 

species (plants, algae, cyanobacteria) gave insights in differences in organization, size, 

subunit composition of supercomplexes (containing various external antenna proteins) as well 

as of core or subcore complexes (see for example [115, 234, 236, 239, 242, 243, 246, 247, 

301-307]). A further important step towards a more detailed insight into the structure of PSII 

was achiebed by the elucidation of a 2D and later a 3D structure of the monomeric 

D1/D2/CP47 PSII subcomplex from spinach at a resolution of 6 - 8 Å by cryo-electron-

microscopy [308-311]. For the first time the arrangement of the central subunits as well as of 

cofactors and the internal antenna system could be identified. However, this complex was not 

active in oxygen evolution and therefore no information could be gained on the catalytic site 

of water splitting. 

So far several groups reported 3D crystals of PSIIcc from different sources (see 4.1). 

Some of them have been shown to be suitable for X-ray crystallography [72, 119, 120] and up 

to now X-ray crystallographic structural models of PSIIcc from T. elongatus [36, 121, 134, 

312] and T. vulcanus [133, 313] have been published at resolutions between 3.8 and 3.2 Å.  
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In the following sections the models obtained from X-ray diffraction measurements of 

crystals prepared in the present work will be described and some functional implications 

discussed. The structure at 3.8 Å resolution was published in 2001 [36] and coordinates are 

deposited in the protein data base under accession code 1FE1. Shorly thereafter an 

intermediate refinement state of the structure at a resolution of 3.6 Å was presented at the 

PS2001 Conference [312]. Some aspects of the recent 3.2 Å resolution structure have been 

published in [134, 136, 314], and atomic coordinates are deposited in the protein data base 

under accession code 1W5C. All data processing, phasing, electron density interpretation and 

model building was done in the group of W. Saenger, FU Berlin, by P. Orth (at 3.8 Å 

resolution) and B. Loll and J. Biesiadka (at 3.6 and 3.2 Å resolution). A more detailed 

description of the structural model of PSII based on the most recent refinement of the 3.2 Å 

resolution data will be presented in the thesis of B. Loll. 

The following nomenclature is used in this chapter:  

TMH: trans membrane α-helix 

A: TMH A of one subunit 

ab: loop connecting TMH A and B 

AB: helix between TMH A and B 

{1}: first monomer in the dimer 

{2}: second monomer in the dimer 

AA: amino acid residue 

6.2 Overview and quality of the PSII structural models 
Based on the X-ray diffraction data collected from the crystals obtained in the present 

work (see section 4.3) it was possible to generate a first crystallographic model of PSIIcc at a 

resolution of 3.8 Å. The crystals belonged to the orthorhombic space group P212121 with cell 

constants a = 130, b = 227, c = 308 Å. Statistics for the native and heavy atom derivative data 

sets used to generate this model are given in Table 6-1. 

In the crystals the complex was found to be present as a dimer and 4 dimers occupy the 

unit cell. The C2 symmetry axis relating the two monomers in the dimer is not parallel to any 

of the crystallographic axes but is oriented at an angle of 73°, 56° and 38° to the a, b, and c 

axes of the unit cell, respectively. The packing of the PSII dimers in the unit cell is shown in 

Figure 6-1a,b. 

The overall size of the membrane integral part of the dimer is about 190 Å x 100 Å. At 

the stromal side the complex is rather flat and only small protrusions up to 10 Å from the 

membrane surface are discernable. The membrane part is about 40 Å thick. In contrast to the 
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stromal side the lumenal side exhibits several large protrusions with a maximum distance of 

55 Å from the surface of the membrane (Figure 6-1c). 

 

Data seta Native Cd Hg I Hg II Hg III Au Pt Native 

Wavelength (Å) 0.934b 0.934b 0.934c 0.9072c 0.8439d 0.9072c 0.8439d 1.894e 

Resolution (Å) 20-4.2 20-3.8 20-4.7 20-4.5 20-5.8 20-5.7 20-4.2 20-4.8 

Unique reflections 63639 84964 45429 30210 21643 22458 52611 48420 

Redundancy 3.3 3.2 3.0 1.9 2.6 2.8 3.0 2.3 

Completeness (%)f 98.1 (98.5)g 95.4 (84.5) 95.5 (87.5) 55.0 (52.1) 80.3 (82.7) 86.7 (83.9) 81.1 (81.0) 85.0 (70.7) 

Completeness of 
Friedel pairsf 

- - 76.6 (65.8) 59.8 (53.6) 28.0 (18.7) - - 55.9 (44.8) 

<I/σ>f 12.8 (3.5)g 17.1 (3.4) 14.8 (3.2) 17.5 (2.5) 11.3 (3.5) 12.5 (5.3) 13.3 (3.8) 10.5 (5.0) 

Rmerge
f 6.8 (28.8)g 6.8 (41.8) 4.1 (28.8) 5.4 (30.0) 4.5 (42.1) 6.2 (26.3) 5.0 (35.6) 9.2 (20.0) 

Phasing statistics  

number of heavy 
atom sites 

- 5 13 16 11 2 6 - 

Rcullis  (centric) - 0.92 (0.96) 0.85 (0.85) 0.83 (0.91) 0.70 (0.83) 0.95(0.99) 0.96 (0.99) - 

Phasing power,  

acentric/centric 

- 

 -                         

0.78/0.49 

(0.72/0.52)f 

1.07/0.73 

(1.3/0.76) 

1.21/0.91 

(1.02/0.62) 

1.12/0.75 

(1.08/0.68) 

0.62/0.44 

(0.70/0.51) 

0.49/0.51 

(0.42/0.44
) 

- 

Table 6-1: Crystallographic statistics for the 3.8 Å structure of PSII (from [36]) , a) heavy atom 
derivatives: Cd, cadmium sulfate; Hg I, ethylmercuriphosphate; Hg II, chloromercuriacetate; Hg III, p-
chloromercuriphenylsulfonic acid; Au, potassium dicyanoaurate (I); Pt, potassium 
tetracyanoplatinate(II). Beamlines indicated in line 2: b ID14-EH1 ESRF; c X11 DESY ; dBW7B DESY ; e 
ID13 ESRF ; f)The numbers in parentheses indicate the values for data in the highest resolution shell. g) 
Phasing power was calculated between 20 and 4.2 Å. 

   

Figure 6-1: a+ b) Packing of the four PSII dimers in the unit cell, view onto the cb-plane (a) or onto the ca- 
plane (b). c) Surface of one PSII dimer generated from the averaging mask at 3.8 Å resolution, view along 
the membrane plane. Approximate dimensions and position of the local C2 axis are given. 

Main features of the electron density at 3.8 Å were the transmembrane α-helices (TMH). 

These were visible as long tubular shapes. In some regions they were well enough defined to 

resolve the turns of the helix backbone. Even some bulky extrusions were visible due to bulky 

a C b 
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side chains. 36 TMHs could be found per monomer (see Figure 6-2c for example of TMH). 

Their length varied between 33 and 40 Å. Besides these TMHs four surface helices were 

found, two on the lumenal and two on the stromal side. The protein was modelled as Cα-trace 

as in general no side chains could be resolved at 3.8 Å resolution. Altogether 1237 Cα-atom 

positions were included in the model which comprises 45 % of the total 2700 residues as 

expected from the primary structure of the subunits. In contrast to the well defined membrane 

intrinsic part of the protein complex the extrinsic regions were less well defined as they 

contain the loop regions connecting the TMH and the extrinsic subunits on the lumenal side. 

In the lumenal region it was only possible to trace parts of the extrinsic subunits PsbO and 

PsbV as Cα backbone but most of the lumenal and stromal loop regions of CP47, CP43, D1 

and D2 could not be resolved. 

The second prominent structural feature at 3.8 Å resolution were disk like densities 

which were attributed to the porphyrin head groups of the Chla, Pheo and Haem cofactors. 

They were well enough resolved to allow modelling of the orientation of the tetrapyrrol plane 

in space. However, as no features indicating the substituents of the ring were discernible in 

the electron density, the orientation of the ring within the plane had to be chosen arbitrarily. 

Figure 6-2 shows the electron densities attributed to PheoD1 (a) and to the two central Chla 

with their planes parallel to the membrane normal (b). As a consequence of the limited 

resolution all Chla, Haem and Pheo were modelled as symmetrical porphyrin rings. In total 36 

porphyrin rings were found in the electron density map. 

The maxima of the electron density, visible at higher contour level σ, were due to the 

heavier atoms in the complex. For PSII the following heavy atoms were expected: one non-

haem iron, one iron per haem-group (altogether two or three haems depending on the number 

of cyt b559) and the manganese from the Mn-cluster (most probably four Mn). 

Indeed four spots of high electron density were clearly resolved in the electron density 

map at 3.8 Å resolution. One of these is located in the middle of the field of helices at the flat 

(stromal) side of the membrane and was assigned to the non-haem iron bound between D1 

and D2 in analogy to the corresponding non-haem iron in the PBRC. It is located on the 

pseudo-C2-axis relating D1/CP43 with D2/CP47. A second one was found at the periphery of 

the complex, oposite the monomer/monomer interface and close to the stromal side of the 

membrane. As it was flanked by two TMH this spot of high electron density was assigned to 

the haem-iron of the membrane intrinsic cyt b559 (see Figure 6-2c). The third electron density 

maximum found on the lumenal side close to the membrane surface and about 15 Å off the 

pseudo-C2 axis was seen at higher contour level than the others and exhibited a bulkier shape. 
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Due to its larger size it was attributed to the manganese cluster. The fourth electron density 

maximum was was located in the lumenal extrinsic region of the complex and comparable in 

size to those of the two densities already assigned to iron. Therefore this maximum was 

assigned to the haem-iron of the extrinsic cyt c550. 

 
Figure 6-2: Electron density of PSII at 3.8 Å resolution. a) Disk shaped electron density assigned to the 
PheoD1 porphyrin ring. b) Electron density assigned to the two central Chla PD1 and PD2, with ring planes 
perpendicular to the membrane plane. c) The density of cyt b559 subunits PsbE and PsbF and the haem 
group. Electron densities are contoured at 1.2 σσσσ    level. 

Using the improved purification, crystallisation and cryo protocols described in 2.1.3, 

2.1.4, and 2.3 crystals diffracting to a maximum resolution of 2.9 Å were obtained (see 

section 4.3). Native data sets were collected from these crystals and processed to a final 

resolution of 3.2 Å. The statistics for the best native data set are given in Table 6-2.  

The starting model built into the obtained electron density contained ca. 38,000 atoms 

corresponding to nearly 70% of the expected total number of PSII atoms. Refinement of 

atomic coordinates converged at R/Rfree of 0.36/0.42. Due to limited details in the electron 

density map reliable sequence assignment was only possible in regions with specific sequence 

landmarks (bulky amino acid side chains and coordination of cofactors). Therefore, amino 

acid side chains of fragments of the structure where sequence assignment was ambiguous 

were modelled as poly-Ala or C�-trace, resulting in a final structure containing ca. 24,000 

atoms.  

b 

C a 

PsbE 

PsbF 
PheoD1 

PD2 PD1 
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native dataset 

X-ray source ESRF (Grenoble), ID14-2 

Wavelength (Å) 0.933 

Resolution* (Å) 50 - 3.2 (3.26 - 3.20) 

Unique reflections 133,566 

Rsym* 0.106 (0.681) 

Completeness* (%) 91.3 (56.1) 

I/σ (I) * 12.8 (2.0) 

Redundancy 4.7 

Table 6-2: Crystallographic statistics for the 3.2 Å model (from [134]). *Values in parentheses apply to 
highest resolution shell. 

The general shape of the electron density did not change with the increased resolution. 

But in contrast to the 3.8 Å structure the electron density at 3.2 Å resolution allowed 

modelling of large parts of the lumenal loop regions and the extrinsic subunits PsbO, PsbU 

and PsbV. In the membrane intrinsic part the density was of sufficient quality for sequence 

assignment and modelling of most of the side chains. In the loop regions this was not always 

possible, so that these assignments less reliable. To illustrate the quality of the map, the 

density of one TMH of CP47 together with two Chla molecules is shown in Figure 6-3.  

 
Figure 6-3: Electron density of a TMH of CP47 at 3.2 Å resolution. Two Chla together with the 
coordinating His as well as various other side chains are visible 
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6.3 The protein subunits 
A view from the lumenal side onto the field of helices found in the electron density at 3.8 

Å is shown in Figure 6-4. Clearly resolved is the symmetrical arrangement of the central 

helices around the pseudo C2-axis passing through the non-haem iron. This non-

crystallographic pseudo C2-axis relates subunits D1 and D2 with each other and is parallel to 

the membrane normal as well as to the local C2-axis relating the two PSII monomers in the 

dimer. The 10 inner most helices are arranged in two semi-circles which mesh with each other 

in a hand-shake like fashion. At both sides of this inner core, groups of 6 TMH, each arranged 

in three pairs, can be seen.  

 
Figure 6-4: The protein subunits of PSII at 3.8 Å resolution. a) Top view onto one PSII monomer from the 
lumenal side, shown are the transmembrane and surface αααα-helices with assignment to the various 
subunits. Unassigned TMH are numbered 1 to 12 and coloured in grey and blue. For TMH in blue 
possible assignments were suggested on the basis of biochemical data. The monomer-monomer interface 
and part of the second monomer is visible in the upper left corner together with the position of the C2 
axis, relating the two monomers in the dimer. The pseudo-C2 axis, relating D1 and D2, is passing through 
the non haem iron. The found Chla, Pheoa and Haem cofactors are shown as porphyrin rings. b) Slightly 
tilted side view along the membrane plane onto one PSII monomer. The partially traced extrinsic subunits 
PsbO and PsbV are shown in green and grey, respectively (adapted from [36]).  

The inner core of 10 TMH has a high structural homology to the membrane intrinsic part 

of the PBRC which is formed by the two subunits L and M. As these have a high sequence 

homology to the two central PSII-subunits D1 and D2, the 10 TMH were assigned to D1 and 

D2. To decide which half-circle corresponds to D1 and which to D2 the position of the non-

mobile plastoquinone QA was used as a marker that is expected to be bound to the D2-subunit 

a b 
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[289, 291]. One plastoquinone was found in the electron density located close to the non 

haem iron on the stromal side of the membrane. On the symmetry related position at the other 

side of the non-haem iron no quinone could be detected, indicating that the mobile quinone at 

the QB-position was lost during purification of the complex (see 3.2.4 and 6.4).  

The two groups of six helices flanking the central part were both shown to bind a number 

of Chla molecules. Therefore they were assigned to the two core antenna subunits CP43 and 

CP47. The number of 6 TMHs for CP43 and CP47 each was predicted from hydrophobicity 

analysis of the sequences [315]. The positioning of CP43 close to D1 and CP47 close to D2 is 

in accordance with cross linking data indicating a cross link of CP43 with D1 due to donor 

side photoinhibition [316]. Furthermore cryo electron microscopy studies on a CP47-D1-D2 

fragment showed the location of CP47 next to D2 [310].  

After the assignment of the 10 central and 12 antenna subunit helices, 14 additional 

TMHs were left over. Two of these could easily be identified to form the membrane intrinsic 

cyt b559 because a haem-iron with its porphyrin ring was found bound between them in the 

stromal third of the membrane. The remaining 12 TMH are shown in Figure 6-4 in grey and 

blue. There is a number of small membrane intrinsic subunits having one (or in one case 

possibly two) TMH (see Table 3-7, page 55). But at the resolution of 3.8 Å no sequence could 

be modelled into the helical regions and therefore no sound basis existed for assignment of 

TMH to the various small subunits.  

In the lumenal extrinsic part of the complex an assignment of the electron density to the 

various subunits was difficult. Only two regions could be assigned unambiguously (see Figure 

6-4b). One region around the second haem-iron exhibited three tubular structures and was 

assigned to the extrinsic cytochrome cyt c550. The second region showed an extended β-sheet 

structure with uncertain connectivity and was assigned to the extrinsic subunit PsbO, based on 

the finding that for this subunit a high β-sheet content was predicted from FTIR and CD 

studies on the isolated PsbO-protein [317-322]. The third extrinsic subunit, PsbU, and the 

large lumenal loop regions of CP43, CP47 and D1 and D2 could not be idnetified in the 

electron density at 3.8 Å resolution. 
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Figure 6-5: Side view of the dimeric PSII complex (view along the membrane plane) as modelled at 3.2 Å 
resolution. TMH and membrane extrinsic helices are shown as cylinders, the loop regions are coloured 
according to the corresponding subunits. The three membrane extrinsic subunits PsbO (green), PsbU 
(pink) and PsbV (blue) are visible at the lumenal side (bottom). 

At 3.2 Å resolution the arrangement of TMH in the membrane spanning part did not 

change compared to the previous structure but in the extrinsic regions now a tracing was 

possible for most of the loops and some extrinsic helices. The side view of the dimeric PSII 

with the extrinsic loop regions modelled from the 3.2 Å electron density is shown in Figure 

6-5. At this resolution all three extrinsic subunits (PsbO, PsbU, PsbV) could be assigned.  

6.3.1 D1 and D2 
These two subunits forming the reaction center itself were assigned to the 10 central 

TMH. As no connecting loops between the TMHs could be resolved in the initial model the 

topography of the PBRC subunits L and M [284] was used for the numbering of the TMHs. 

Therefore the helices forming the semicircle are arranged in the order A, B, C, E, D. TMH C, 

D, E surround TMH D of the opposing subunit. TMHs D of D1 and D2 intersect with each 

other in about the middle of the membrane span. Likewise in analogy to the PBRC the 

lumenal surface helix was assigned to the CD-helix and the shorter stromal one to the DE-

helix. Although in general no sidechains were assigned in the 3.8 Å resolution electron 

density one exception were the redox active components Tyr161 of D1 and Tyr160 of D2. As 

the position of D1-Tyr160 at the lumenal end of TMH C of D1/D2 was deduced from the 

sequence, and taking into account the structural homology with the PBRC and modelling 
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studies [291-293], a protrusion of the electron density in the last turn of TMH C of D1 was 

interpreted as resulting from the bulky side chain of D1-Tyr161. At the symmetry related 

position in D2 also a protrusion was found (although less well defined) and assigned to D2-

Tyr160. At this resolution no clear statement could be made on inter-subunit contacts but 

nearest neighbours could be stated. D1{1} is close to CP43{1} and CP47{2}. Furthermore 

unassigned TMHs 1, 4, 6 and 12 are in the vicinity of D1. D2 is located next to CP47 and cyt 

b559 and unassigned TMH 6, 8, 9, 11 are in the neighbourhood of D2. 

At higher resolution the membrane extrinsic regions could also be traced. At the N-

terminal region of D1 and D2 short helices (nA) were found. The positions of the CD surface 

helices of D1 and D2 in the previous model could be confirmed in the new electron density. 

In contrast to the 3.8 Å resolution model the stromal helix DE of D1 was now traced as two 

shorter helices DE(1) and DE(2) each made up by 7 to 8 AAs and connected by a loop of 5 

AAs. The C-terminal region of D1 was found to be built up by a long loop of 50 AAs 

containing an α-helix of 15 AAs (Ec) close to the C-terminus. At the C-terminal region of D2 

a helix of 15 to 20 AAs close to the terminus was found (as in D1). But in contrast to D1 an 

additional shorter helix between E and Ec was found and named Ec(1). For this reason the C-

terminal helix is termed Ec(2). 

6.3.2 CP43 and CP47 
The two chlorophyl binding protein (CP) subunits were easily identified in the electron 

density due to the high number of Chla bound to them. CP43 and CP47 each form six TMH. 

The arrangement of the TMHs is in the form of a trimer of dimers with close contact between 

the two TMHs of each dimer and larger distances between TMHs of different dimers. This 

trimer of dimers arrangement is similar to the arrangement of the 6 N-terminal helices of 

PsaA and PsaB in PSI [157, 323, 324]. CP43 is located at the side of D1 and surrounded by 

several unassigned TMH (1 – 6). CP47 is next to D2 and has unassigned TMH 9, 10 and 11 in 

its vicinity. Furthermore it forms part of the monomer-monomer interface as it is close to 

D1{2} and unassigned TMH 12{2}. A total of 12 and 14 Chla molecules were found at 3.8 Å 

resolution in CP43 and CP47, respectively. No Chla were found between a pair of TMH but 

all Chla are located between the three pairs of TMH ( forming groups of 6, 3 and 5 Chla in 

CP47 and 5, 3 and 4 Chla in CP43 respectively). 

In the improved structure most of the loop regions of CP43 and CP47 could be modelled, 

but especially on the lumenal side tracing of the loops was difficult due to discontinuous 

electron density. In CP43 the stromal side exhibited an N-terminal helix of about 9 AAs, two 

short loops bc and de and at the C-terminus another short helix-like segment of 8 AAs. At the 
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lumenal side the ab-loop also showed a helical segment of about 6 AAs. In the cd loop no 

special features could be found. The large ef-loop with about 130 AAs contained one helical 

part EF(1) of 15 AAs, followed by a β-sheet structure of about 50 AAs and two short helical 

segments EF(2) and EF(3) with 7 and 10 AAs, respectively.   

On the stromal side of CP47 a surface helix DE(1) of about 7 AAs was located between 

D and E but no C-terminal helix was visible in the electron density. On the lumenal side the 

ab loop of 50 AAs with a short helical segment of 8 - 10 AAs was found. The large ef-loop 

with nearly 190 AA showed a number of secondary structure elements, as in CP43. They 

comprise two helical segments EF(1), EF(2), an extended ß-sheet structure build up by about 

50 AAs and a third short helix EF(3).  

6.3.3 Cytochrome b559 
The membrane intrinsic cyt b559, consisting of two TMH and a haem-group sandwiched 

between them (see [30, 31] for review on cyt b559), is located at the side distal to the 

monomer-monomer interface and close to D2 (see Figure 6-2c and Figure 6-4a). The α and β 

subunits of the cyt b559 could be distinguished due to the fact that one of the two TMHs 

showed a long lumenal extension. This TMH was assigned to the α-subunit (PsbE), for which 

hydropathy analysis predicted a long membrane extrinsic C-terminal part (see Figure 3-13, 

page 53). The longer α-subunit is located towards the outside of the complex, the TMH of the 

β-subunit is in closer contact to D2 and roughly parallel to A of D2. The haem group is 

located in the stromal third of the membrane (its height in the membrane is between that of 

QA and that of Pheo).  

At 3.2 Å resolution all side chains of PsbF from residue 9 to 45 could be modelled, only 

the N-terminal part was not clearly defined in the density. For PsbE the structure was less 

complete. A complete model could be obtained for residues 8 to 64 but the N-terminus is 

missing and for the 19 C-terminal AAs only backbone positions or poly-Ala chains could be 

traced in the electron density. The coordination of the haem-group by the two histidines PsbE-

His23 and PsbF-His24 became clearly visible. In the binding pocket of the haem the residues 

PsbE-Tyr19 and PsbF-Trp20 are located whose backbone oxygen atoms could possibly 

interact with the τ-nitrogens of the two coordinating histidines. Interestingly the c-terminal 

loop of PsbE is close to the N-terminal loop of PsbV with a possible H-bond interaction 

between PsbE-Glu58 and PsbV-Glu2/PsbV-Thr4. 

Before the elucidation of the 3.8 Å resolution structure of PSII the position and 

stoichiometry of cyt b559 in the PSIIcc was under debate and various studies suggested 

values between 1 and 2 cyt b559 per PSIIcc monomer (see [30, 31, 325, 326]). In the present 
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work the stoichiometry of cyt b559 in dimeric PSIIcc before and after crystallisation was 

assayed using UV-VIS difference spectroscopy (see section 3.2.7). The obtained value was 

larger than one cyt b559 / 36 Chla, in contradiction to the structural data, that showed the 

presence of only one cyt b559 per monomeric PSII. This divergence could be caused by 

uncertainties in the difference extinction coefficient used. A detailed study on the same 

samples was recently performed and a corrected value of the extinction coefficient obtained 

by using a stoichiometry of 1 cyt b559 / 36 Chla, as derived from the X-ray structures [327]. 

The position of cyt b559 derived from the 3.8 Å resolution structure supported the 

proposal that cyt b559 could act as a secondary electron donor to P680�+. The distances 

between the haem group, the putative QB binding site, ChlzD2 and ChlD2 of 24 to 28 Å (see 

Figure 6-7a) gathered from the structural analysis were in agreement with the proposal that a 

secondary electron pathway for charge recombination between QB
� and P680�+ could include 

the haem of cyt b559 and ChlzD2 in a linear pathway [328, 329]. With the location of CarD2 in 

the 3.2 Å resolution density (see 6.3.3 and Figure 6-8) the proposed branched pathway for 

secondary electron transfer [20, 330] was supported because the Car was found in a position 

between cyt b559, ChlzD2 and ChlD2. 

Cyt b559 exhibits an unusual redox behaviour. Several forms with different midpoint 

potential - low potential (Em = +20...100 mV), intermediate potential (Em = +250 mV), high 

potential form (Em = +400 mV) - have been observed (see [30, 331, 332]). Various factors 

have been discussed that could influence the redox behaviour of this cytochrome. For 

example a different tilt angle between the imidazole planes of the two coordinating His [333] 

or differences in H-bonding of the τ-nitrogens between different redox forms of cyt b559 

were proposed [334]. Two possible H-bond partners for the coordinating His could be 

identified at 3.2 Å resolution (see above) but the presumed changes in H-bond strength or 

protonation could not be resolved unambiguously at the present resolution. Also no clear 

conclusion about the tilt angle of the imidazole planes could be drawn since the error for the 

plane orientation is high due to the limited resolution. 

6.3.4 The small membrane intrinsic subunits 
The other 10 or 11 small membrane intrinsic subunits each consist of one TMH (with the 

exception of 2 TMH for PsbZ, see 3.4.1). As mentioned before, an assignment of the 12 TMH 

not belonging to D1, D2, CP43, CP47 or cyt b559 to one of the small subunits was not 

possible based on the electron density at 3.8 Å. Therefore only the vicinity to other subunits 

will be described. TMH 1{1} is next to D1{1} and CP47{2} and forms part of the binding 

pocket of ChlzD1. TMHs 2, 3, 4 and 5 are all close to each other and shield CP43 at the side 
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distal to the monomer-monomer interface. TMH 6 is close to TMH 5, to TMH A of D2 and to 

PsbF. TMH 7 is roughly parallel to the TMH of PsbE. TMH 8 is symmetrically related to 

TMH 1 via the pseudo-C2 axis and forms the binding pocket of ChlzD2 together with A and B 

of D2. TMH 9 is close to B of D2 and CP47. TMH 10, 11 and 12 form a triangle and are all 

positioned in the center of the dimer at the monomer-monomer interface. TMH 10{1} is next 

to the C2-axis relating the two monomers in the dimer and its neighbours (apart from TMH 11 

and 12) are CP47{1} and TMH 10{2}. TMH 11 is close to CP47 and TMHs D and E of D2. 

TMH 12{1} is close to CP47{2} and TMH A of D1{1}. 

Results from biochemical studies indicating neighbourhood of subunits by cross-linking 

or functional influence have been used to speculate about the possible identity of the 

unidentified TMH (see Figure 6-4 and [36]). It was proposed that PsbH, PsbK and/or PsbL 

could be one of the TMHs 10, 11 and 12 due to their influence on the stability of the PSII 

dimer [176, 185]. TMH 7 was proposed to represent PsbX due to its vicinity to cyt b559 and 

cross linking data indicating that PsbX is located close to cyt b559 and D2 [190]. TMH 8 was 

suggested to represent PsbI based on cross linking data [179] and cryo electron microscopy 

data of a D1-D2-CP47 fragment containing PsbI but not PsbX [310]. For the other 7 TMH no 

assignment was suggested. 

Due to the similar length of the amino acid side chains of the small subunits (see Figure 

3-13, page 53) and the lack of coordinated cofactors, identification of the small subunits was 

still not possible in the 3.2 Å resolution structure. But in contrast to the 3.8 Å model the 

electron density was of sufficient quality to permit an identification of the direction of the 

helices and as a consequence all 12 unassigned TMHs were modelled as poly-Ala chains. A 

stromal N-terminus was found for TMHs 2, 7, 9, 11, the other unassigned TMH were found in 

the opposite orientation. In the most recent refinement stages at 3.2 Å resolution the 

assignment of PsbZ to TMHs 2 and 3, as proposed by Ferreira et al [121] and Swiatek et al 

[192], could be confirmed (J. Biesiadka, personal communication). 

Mass spectroscopic analyses confirmed the presence of the 10 small subunits PsbH, I, J, 

K, L, M, T, X, Y, Z in the crystals (see section 3.4.3). As only PsbZ has two TMH, these 

subunits account only for 11 of the 12 unassigned TMH in the structure. Possible explanations 

for the identity of the remaining TMH are that one of the found subunits occurs in two copies, 

or that a further subunit is present in PSIIcc but has not been detected in the present study. A 

possible candidate would be Psb27, as it was detected in PSIIcc from T. vulcanus [167] and 

Synechocystis [35] (but see disussion on page 73). Interestingly in the structure at 3.5 Å 

resolution [121] the unassigned TMH 7 is missing, indicating a weaker interaction of this 
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TMH with PSIIcc. Ferreira et al proposed the presence of PsbN and the absence of PsbY in 

PSIIcc [121]. This is in contrast to the data from the present work, as no indication for PsbN 

could be found but clear evidence was obtained for the presence of PsbY in the crystals (see 

section 3.4.3). 

6.3.5 The extrinsic subunits 

PsbO 

An extended cylindrical β-sheet structure visible in the 3.8 Å resolution electron density 

was assigned to protein PsbO (see Figure 6-4b) on the basis of spectroscopic data [37, 317-

322] indicating a high β-sheet content of isolated PsbO. This cylindrical part is located in the 

largest of the humps on the lumenal side of the complex which extends up to 50 Å from the 

membrane surface. It is about 35 Å long and has a diameter (Cα-Cα distance) of 15 Å. The 

long axis of the cylinder encloses an angle of 45° with the membrane plane. In total 115 c-α 

positions were located in the density which corresponds to 47 % of the PsbO sequence. As the 

electron density was of poor quality in this region the connectivity between the β-sheet 

fragments remained unclear. Furthermore as no sequence could be assigned it was not 

possible to decide whether or not the channel-like structure (see Figure 6-6a, b) of the PsbO 

fragment features an opening in the center that allows the passage of smaller molecules from 

the lumenal side towards the vicinity of the OEC. 

 
Figure 6-6: The 33 kDa extrinsic subunit PsbO at 3.6 Å resolution. a) Side view of PsbO with electron 
density at 1.2 σσσσ level and traced protein backbone, stromal side is at the top. b) View along the barrel 
structure of PsbO from the lumenal towards the stromal side. The position of a heavy atom binding site is 
indicated in yellow.

a b 
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At 3.2 Å resolution 179 of the 246 residues (72 % of the sequence) of PsbO could be 

modelled as poly-Ala but no side chains were assigned and connectivity in the β-sheet region 

was still uncertain. The found β-sheet structure consisted of 8 β-strands with 4 to 15 residues. 

Altogether 118 residues (66 %) are located in sheets and 61 residues (34 %) in loops (two 

large and one small loops). The largest loop interacts with Ec(1) and Ec(2) of D2, the ef-loops 

of CP43 and CP47 and PsbU. The second largest loop is in contact with the ab-loop of D1 

and the ab- and ef-loop of CP47{2}, thereby bridging the two monomers in the PSIIcc dimer; 

the small loop is close to D2. The β-sheet part of the structure does not interact with the other 

subunits. 

The found β-sheet structure is in good agreement with spectroscopic studies on isolated 

PsbO and secondary structure prediction, yielding α-helices in the N- and C-terminal region 

and in the highly conserved region around residues 179-186 (T. elongatus numbering) and a 

β-sheet core of at least 5 antiparallel strands in the middle part with conserved charged 

residues in between them [321]. A different modelling approach using sequence comparison 

and fold prediction yielded two Ig-like β-sheet domains and a flexible linker region for 

spinach PsbO [335] but the proposed tertiary structure is not in good agreement with the 

found structure. The presence of a hydrophobic core of β-strands [319, 336] was also 

confirmed recently by temperature denaturation FTIR experiments [337]. 

PsbO, also termed Mn-stabilizing protein, was shown to enhance the oxygen evolution 

activity and to stabilize the Mn-cluster against heat inactivation [33, 338-340]. Furthermore 

the involvement of PsbO residues in a H-bond-network that changes upon oxidation of the 

Mn-cluster was proposed [341]. In addition PsbO was proposed to act as a Ca-binding protein 

that provides a higher Ca2+ concentration in the local environment of the Mn-cluster, thereby 

enhancing the oxygen evolution activity [342]. A direct influence of the oxidation state of the 

Mn-cluster on the structure of bound PsbO was observed [343]. In the present structure no 

direct interaction of PsbO with the Mn-cluster could be observed, the distance between Mn 

and the closest Cα of PsbO is about 16 Å. Therefore the influence of PsbO on the stability or 

activity of the Mn-cluster has to be of indirect nature, at least in cyanobacterial PSII. 

PsbU 

In contrast to PsbO and PsbV the small extrinsic subunit PsbU [33, 344, 345] was not 

identified in the electron density at 3.8 Å resolution. Only at 3.6 Å and in the following 3.2 Å 

resolution structure PsbU could be localized in the lumenal region (Figure 6-5). It is situated 

about 25 to 55 Å away from the lumenal membrane side between PsbO and PsbV and just 
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aside of the central pseudo-C2 axis. Backbone positions for 100 of the 104 AAs of the mature 

PsbU protein were found in the electron density but no side chains could be traced. The 

subunit is built up mostly of loop regions but contains also three helical segments consisting 

of 7 to 12 AAs. As PsbU is located between PsbV and PsbO it forms contacts with both, its 

C-terminus pointing towards PsbV and the N-terminus towards PsbO. The long N-terminal 

loop region seems to function as a clamp around parts of PsbO, but also other parts in the C-

terminal region come in close contact with PsbO. The N-terminus of PsbU{1} points towards 

the N-terminus of PsbU{2} but as the two N-terminal residues were missing in the 3.2 Å 

resolution model no conclusion was possible about intermonomer contacts between PsbU{1} 

and {2}. 

PsbV 

The membrane extrinsic cyt c550 (PsbV) [33, 345, 346] could be located in the lumenal 

region in the 3.8 Å resolution electron density due to its haem group. The backbone of PsbV 

was modelled into the density using the known structure of horse heart cytochrome c (protein 

data base accession number 1HRC), which shows some sequence homology to cyt c550. It is 

built up by three helical regions and some loop connections between them. The haem-group is 

located between the loops I-II and II-III connecting the corresponding helices. The 87 

backbone positions traced in the electron density at 3.8 Å resolution corresponded to 64 % of 

the full sequence of PsbV.  

At 3.2 Å resolution PsbV could be modelled completely with all side chains except for 

the C-terminal residue. PsbV is characterized by two long and two short α-helices comprising 

about 35% of the structure and a long hairpin loop at the N-terminus. Helix I is located 

towards the membrane in the vicinity of CP43, helices II and III are located towards the 

lumenal surface and helix IV is buried between helices II, III and the N-terminal hairpin loop. 

This loop is shielding the core of the protein against the lumenal surface as it is located away 

from the binding site of the other membrane extrinsic subunits. The coordination of the haem-

iron occurs via His66 and His117, in addition the haem is covalently bound to the protein via 

a cystein (Cys37) The structure of PsbV is very similar to the structure of the isolated cyt 

c549 from Synechocystis sp. PCC6803 (pdb code: 1E29) [229].  

PsbV forms contacts with the N-terminal region of PsbU, the C-terminal region of PsbE, 

the C-terminal helix Ec of D1 and some residues of the lumenal loops of D2 but has no 

contacts to PsbO. The haem binding pocket formed by cyt c550 is solvent accessible in the 

structure of the isolated protein (about 11% of its surface, including rings C and D and the D 

propionate group). In the bound state this pocket is closed mainly by parts of the ef-loop of 
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CP43. The lumenal EF(2) helix as well as the C-terminal part of helix EF(1) from CP43 close 

the pocket and may even provide residues in van der Waals contact with the haem. Helix III 

of PsbU and some residues from the ab-loop of CP43 shield also the binding pocket from 

solvent in the bound form of cyt c550. 

Cyt c550 was reported to interact with the Mn-cluster [345], via magnetic coupling [347] 

and to stabilize oxygen evolution [348, 349]. The distance Mn-Fe(cyt c550) of about 26 Å 

would allow a magnetic interaction between both. The contacts between PsbV and the Ec 

helix of D1 could rationalize the observed effect of PsbV binding on the activity/stability of 

the Mn-cluster, as the Ec helix provides ligands to the Mn-cluster (see 6.6). The observed 

change of redox potential of the haem group in PsbV upon binding to PSIIcc [331] could be 

explained by the change in solvent accessibility of the haem group (see above) in the bound 

protein compared to PsbV in solution, as previously proposed [331]. 

6.4 Cofactors of the electron transfer chain 
The central cofactors of the electron transfer chain (ETC) are arranged in two branches 

following the C2-symmetry of the protein subunits as shown in Figure 6-7. One branch (the 

QA branch) consists of Chl PD1, ChlD1, PheoD1 and QA, the other branch (QB branch) of Chl 

PD2, ChlD2, PheoD2 and QB. The two peripheral ChlzD1 and ChzD2 also follow the C2-

symmetry of the ETC although they are not a direct part of it. On the C2-symmetry axis the 

the non-haem iron is located at equidistant position between QA and the empty QB binding 

site. The symmetry extends to the lumenal side with the two tyrosines YZ and YD located in 

D1 and D2, respectively. The Mn-cluster does not follow the symmetry as it is located on the 

D1 side of the branch close to YZ.  

For the four central Chla molecules roughly the same mutual center-center distances of 

10 Å were gathered from the 3.8 Å resolution structure (see Figure 6-7a), the Pheos are at 

about 11 Å distances from the closest Chla, while QA is about 12 Å away from PheoD1. TyrZ, 

the direct electron donor to P680+, shows a 12.4 Å center-center distance to the closest Chla 

(PD1). The closest Mn-ion in turn was about 7 Å away from the phenoxy oxygen of TyrZ. The 

two peripheral ChlzD1 and ChlzD2 are positioned at roughly 24 Å distance from the 

ChlD1/ChlD2 and PheoD1/PheoD2. 

At 3.2 Å resolution the phytol chains of PheoD1 and of 9 Chla were visible in full length 

and partial phytol chains could be assigned to PheoD2 and 12 Chla. Of the remaining 14 Chla, 

3 could only be modelled as chlorin ring without any ring substituents, the other 11 could be 

modelled with the ring substituents (see [314] for details). The in-plane orientation of chlorin 

cofactors could be identified but for the three Chla without any ring substituents other 



X-ray crystallographic structure determination of PSII 
 

 120 

orientations could not be excluded. Due to the found in-plane orientation of the chlorin cycles 

the distances changed when compared to the 3.8 Å resolution structure. The changed 

distances are given in Figure 6-7b. In addition one β-carotene (CarD2) could be localized and 

its position is indicated also in Figure 6-7b. 

 

Figure 6-7: Cofactor arrangement and center-center distances in PSII. a) Distances derived from the 3.8 Å 
resolution structure (adapted from [36]). b) Distances derived from the 3.2 Å resolution structure. 

a 

b 
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6.4.1 Non-haem iron and quinone binding pockets 
The non haem iron served as a landmark in the first electron density at 3.8 Å resolution. 

It is located at the stromal side of the membrane in the middle between D1 and D2 on the 

pseudo-C2 symmetry axis relating D1 and D2 with each other and close to the stromal ends of 

TMH D and E of D1 and D2. This position was predicted from the PBRC structure. At 3.2 Å 

resolution the expected coordination by D1-His215, D1-His272, D2-His214, D2-His268 was 

found but the nature of the fifth ligand could not be clarified. Closest residues are D1-Tyr244 

and D2-Tyr246 but both are at a distance too large for direct coordination, indicating a 

possible indirect ligation via water or bicarbonate as proposed by FTIR spectroscopy [350, 

351]. A review on the role of bicarbonate on the acceptor side of PSII is given in [352, 353]. 

The ligand environment of Fe2+ differs slightly from the proposed environment in the 3.5 

Å resolution structure. Ferreira et al [121] included a bicarbonate next to the non haem iron in 

their model and proposed D2-Lys264 as the closest residue to Fe2+ (4.9 Å). In marked contrast 

at 3.2 Å resolution the closest residue seems to be D2-Tyr244 (4.0 Å), and D2-Lys264 is 

found at a larger distance (7.1 Å) to the non-haem iron. These differences illustrate the 

uncertainty accompanying structural models at the medium resolution of 3.2 to 3.5 Å. 

In analogy to PBRC two quinones are located at both sides of the non-haem iron in PSII. 

The binding-pocket of the primary quinone QA (a PQ9 molecule) is formed by the stromal 

ends of TMH D and E and the surface helix DE of D2. The electron density was not of 

sufficient quality to identifiy any of the substituents of the plastoquinone at 3.8 Å resolution. 

Therefore the plastoquinone was only modelled as benzene-ring. The plastoquinone at the 

symmetry related QB position between TMH D, E and helix DE of D1 was not found in the 

electron density indicating partial or complete loss of this quinone during preparation of the 

complex (see also 3.2.4).  

This situation is not changed with the new model, but the following residues from D2 

forming the binding pocket of QA could be identified at 3.2 Å resolution: Ile213, His214, 

Thr217, Met246, Trp253, Ala260, Phe261, Leu267. The quinone ring of QA is sandwiched 

between Leu267 and Trp253, but the ring plane is not parallel to the indol ring of Trp253, 

resulting in reduced π-stacking. This contrasts PBRC of Blastochloris viridis where the indol 

ring of M-Trp250 is parallel to the ring of the primary quinone QA [285]. The center-to-center 

distance between QA and PheoD1 is 14.0 Å. Two residues, D2-Ile213 and D2-Trp253, were 

found between the QA-pocket and the fifth ring of PheoD1. Trp253 could function as a bridge 

between QA and PheoD1 as its Nε is in close contact to QA and its aromatic ring is about 5 Å 

away from the PheoD1 keto oxygen. The non-haem iron is 9.2 Å away from the QA ring, this 
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distance being bridged by D2-His214, D2-His268 and D2-Leu267. H-bond interactions could 

not be deduced at 3.2 Å as the PQ9 could still only be modelled as a symmetric benzene ring 

without ring substituents. 

The side chains building up the potential binding pocket of QB could be identified at 3.2 

Å resolution. They are Met214, His215, Leu218, Ala251, Phe255, Ile259 and Leu271, all 

from D1. As no electron density for PQ9 was detectable in the QB site, no conclusions are 

possible about possible H-bond interactions. The occupancy of the QB site was investigated in 

the present work (see section 3.2.4) with the conclusion that a small PQ9 pool is present in the 

dimeric PSIIcc but only between 30 and 50% of the centers have a PQ9 molecule in the QB 

site. Considering this heterogeneity it is not surprising that no electron density for PQ9 in the 

QB site could be identified even at 3.2 Å resolution. This observation contrasts the situation in 

the 3.5 Å resolution structure, where the full structures of both quinones were modelled [121].  

6.4.2 Pheophytins and the four central Chla molecules 
At 3.8 Å resolution six chlorin rings could be modelled in the electron density between 

the TMH of D1 and D2. In the lumenal third of the membrane two Chla (PD1 and PD2) with 

their ring plane perpendicular to the membrane plane are located between helices D of D1 and 

D2, in a position similar to the primary donor BChl in PBRC. Next to them two Chla (ChlD1 

and ChlD2) were found with their ring plane at an angle of 30° with the membrane plane and a 

location between TMH C-D1 and D-D2 and TMH C-D2 and D-D1. In the middle of the 

membrane close to helix C-D1 and D-D2 and at the symmetry related position between TMH 

C-D2 and D-D1 the two pheophytins PheoD1 and PheoD2 were found. Neither the in-plane 

orientation of the chlorin rings nor the interactions with the protein surrounding could be 

derived at this resolution. 

In the 3.2 Å resolution structure the in-plane orientation could be determined and it was 

now possible to model the side chains of the amino acids forming the binding pockets. For the 

two central Chla PD1 and PD2 a center-center distance of 8.3 Å and an edge-edge distance of 

3.6 Å was found. The coordinating side chains are D1-His198 for PD1 and D2-His197 for PD2. 

The binding pocket is purely hydrophobic and no indication for possible H-bond interactions 

between the protein and PD1 or PD2 is visible. Likewise the pockets for ChlD1, ChlD2, PheoD1 

and PheoD2 are hydrophobic. The only possible H-bond interactions were found between 

ChlD2 and D1-Gln199N�H, and between PheoD1 and D1-Gln130N�H, D1-Tyr126O�H and 

D1-Tyr147O�H. No corresponding H-bond interactions could be resolved for ChlD1 or 

PheoD2, and no direct coordinating side chains for ChlD1 and ChlD2 could be identified in the 

electron density. Most probably they are indirectly coordinated – via a water molecule – to 
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D1-Thr179O� and D2-Val175O, respectively. The found H-bond interaction between PheoD1 

and D1-Gln130 was already proposed based on mutational studies [354, 355]. Replacement of 

this residue by other AAs changed the redox potential of the active Pheo. Interestingly only in 

the psbA1 gene product a Gln is found at this position, in the two other copies psbA2 and 

psbA3 Gln130 is exchanged against a Glu. This could be a possible mechanism for the 

organism to modulate the redox properties of the primary electron acceptor by different 

expression of the D1 gene copies, maybe used for adaptation to different environmental 

conditions. 

6.4.3 The primary electron donor of PSII, P680 
The primary electron donor of PSII is named after its absorption maximum P680. It was 

shown by spectral analysis that the pigment forming the primary donor in PSII is Chla [356]. 

The redox potential Em of P680/P680�+ has been estimated to be at least 1.17 V in its oxidised 

state [43] and therefore the highest one found in any biological system so far (the other 

reaction center primary donors have midpoint potentials of about 0.5 V or less). As the redox 

potential Em
ox of Chla/Chla�+ in DMF is only 0.83 V [357] several factors have been 

discussed to be responsible for the shift by about 400 mV in P680/P680�+. After the 

absorption of a photon or transfer of an exciton to P680 the excited state P680* is formed. The 

subsequent charge separation leads to formation of the radical pair P680�+ Pheo�-. This 

primary charge separation is stabilized by rapid reoxidation of Pheo�- by the quinone QA to 

form P680�+QA
�-. Under some conditions (e. g. when QA is prereduced) the back reaction of 

the primary radical pair dominates and the triplet state 3P680 is formed.  

After the structure of the PBRC was solved and the analogy of the L/M-subunits with D1 

and D2 was found it was concluded that the arrangement of the cofactors of the ETC should 

be similar between both systems. This led to the proposal that the primary donor in PSII is a 

dimer of chlorophyls, similar to the situation in the PBRC. Nevertheless, spectroscopic 

studies revealed that the coupling between the two central Chla is much weaker in PSII than 

in PBRC [128, 358-361]. Based on this finding the multimer model was developed. In this 

model P680* is assuemd to be delocalized over several molecules including not only the two 

special pair Chla but also the Chla molecules equivalent to the accBChl in PBRC and maybe 

one or both Pheo [362-365]. As a consequence of this assumption charge separation could 

occur from any one of the Chla molecules to form Chl�+ Pheo�-. 

At 3.8 Å resolution the mutual center-center distances were inferred to be about 10 Å 

(see Figure 6-7a) between each of the six central porphyrin rings. This finding supported the 

assumption that the primary donor in PSII is not a strongly coupled pair of Chla molecules (in 
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contrast to the coupled pair of BChl with 7.9 or 7.6 [366] Å center-center distance in PBRC), 

and supported the multimer model. With improvement of the PSII structure the center-center 

distance between PD1 and PD2 turned out to be smaller, i. e. 8.3 Å. This value only slightly (0.7 

Å) exceeds that of the two BChlb molecules in the special pair of PBRC. Accordingly P680 

could also be considered to act as a special Chla pair. A slight coupling between both special 

pair Chla molecules in PSII was also observed by FTIR [367] and ENDOR studies [368] on 

P680+� indicating a partial delocalization or hopping of the charge over both Chla, in 

agreement with the 8.3 Å distance found in the structure. Nevertheless the larger center-center 

distance and a slightly different dipole orientation of the special pair Chla in PSII compared to 

PBRC could lead to a weaker coupling and a more monomeric character of the Chla, in 

agreement with the multimer model. A weaker coupling of the primary donor pigments would 

also imply avoiding a deep trap for excitation energy. This would allow excitons to return to 

the antenna system when the reaction center is closed (e.g. when no charge separation can be 

performed), so that excess energy could be dissipated in form of fluorescence without 

damaging the center.  

The environment of PD1/PD2 and is more hydrophobic (without any indication for a H-

bond interaction) than that of P960 in PBRC, where three H-bonds have been identified [366]. 

In PSII one H-bond is found to ChlD2, but none to the corresponding accessory BChlb in 

PBRC. These differences are likely to influence the redox potential of P680 but are opposing 

the assumption that the high redox potential of P680 is obtained by an increased number of H-

bonds, compared to P960. A recent theoretical calculation of the redox potentials for 

oxidation of all pigments in the ETC of PSII based on the 3.5 and the 3.2 Å structures 

revealed values of about 1.2 V for PD1, PD2, ChlD1 and ChlD2, and indicated that this shift in 

redox potential for all four pigments is modulated by the whole protein surrounding rather 

than by a single AA-cofactor interaction [369]. 

Mutations of D1-His198 showed a shift in the absorption spectrum of P680 [266], a 

change in oxidation potential [370] and in the quantum yield of P680•+Pheo•- formation [355]. 

Mutations of D2-His198 showed less striking effects and indicated that the long lived P680+ 

state is not localized on the Chla coordinated to this residue [279]. The inferred localization of 

P680+ on PD1 was also suggested from its position in the structure, as PD1 is close to TyrZ and 

to the Mn-cluster, the electron donors to P680•+. 

The Chla bearing the triplet state at low temperature was studied by EPR on oriented 

membranes [274] and on PSII single crystals (see section 5.3 and [276]). These measurements 

indicated an angle of 30° between the chlorin ring plane and the membrane plane. The single 
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crystal measurements in addition yielded an in-plane orientation of the triplet bearing Chla 

which is identical to the orientation of the accessory BChlb in the PBRC [276]. This coincides 

with the orientation of ChlD1 and ChlD2 as found in the 3.2 Å resolution structure, supporting 

the assignment of 3P680 at low temperatures to ChlD1 (or ChlD2). At physiological 

temperatures the triplet state is delocalized over two or more Chla. In contrast to PBRC and 

other RCs the triplet state in PSII is not quenched by a carotenoid. Quenching by a carotenoid 

via the Dexter mechanism would require the carotenoid to be in van der Waals contact with 

the triplet bearing Chla and due to the high oxidation potential of the primary electron donor 

in PSII this Car would inevitably be oxidized by P680•+. Accordingly no Car was detected 

thus far in the 3.2 Å resolution structure in van der Waals distance to the four central Chla 

(see 6.4.5). 

6.4.4 The peripheral ChlzD1 and ChlzD2 
Located further outside of the central part an additional pair of Chla was located. These 

Chla (ChlzD1 and ChlzD2) are close to TMH A and B of D1 or D2 and unassigned TMH 1 or 

8, respectively, and their position in the depth of the membrane is roughly between PheoD1/D2 

and ChlD1/D2. Due to their peripheral location these Chl were identified in the 3.8 Å resolution 

structure as possible candidates for the redox active peripheral accessory ChlZ or ChlD. A 

mutational study in Synechocystis investigating D1-His118 and D2-His117 (located on TMH 

B) showed that both are ligating a Chla [371] and that the redox active chlorophyll ChlZ is 

ligated by D1-His118. For the second redox-inactive Chla, ligated by D2-His117 the name 

ChlD (in accordance with TyrZ/TyrD) was proposed [371]. Time resolved chlorophyll 

fluorescence measurements on the D2-His117Asn mutant in PSII from C. reinhardtii 

provided further support for ligation of a peripheral accessory Chla by D2-His117 [372]. 

In the refined 3.2 Å resolution structure the coordination by residues D1-His118 and D2-

His117 could be resolved. The nature of the binding pockets seems to be rather hydrophobic 

but as no sequence assignment for unassigned TMH 1 or 8 was possible, no statement about 

possible H-bond interaction can be made at present. The very close distance between CarD2 

and ChlzD2 (4.4 Å, see below) could facilitate secondary electron donation from ChlzD2 to 

P680•+ as proposed previously [330, 373]. Nevertheless this would be in contradiction to the 

mutation studies showing that the redox active Chlz is ChlzD1 (see above). To resolve this 

contradiction an alternate electron transfer route involving two Car on the D2 side and ChlzD1 

was proposed by Vasielev et al [374], assuming that several antenna Chla from CP47 take 

part in this route. But as the second Car position used in this model could not be confirmed in 
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the 3.5 [121] or 3.2 Å [134] resolution structures this proposed pathway seems not to be very 

convincing. 

6.4.5 Carotenoids 
At 3.8 Å resolution it was not possible to localize any carotenoids in the electron density. 

This changed at 3.2 Å where one β-carotene could be localized (see Figure 6-8). This Car 

(CarD2 in Figure 6-7b) is located next to cyt b559 between TMH A of D2 and the TMH of 

PsbF. One β-ionone ring is close to ChlzD2 (ca. 4.4 Å), the other one is close to unassigned 

TMH 6. Its center is at a distance of 14 Å to ChlD2 and about 15 Å away from the haem Fe of 

cyt b559. The position of this Car is similar to the position of Car48 reported in [121]. Several 

additional elongated patches of electron density were found in the electron density map but 

due to the limited resolution and possible confusion with phytol chains or acyl chains of lipid 

or detergent molecules, no other Car could be identified unambiguously in the electron 

density at 3.2 Å resolution.  

Nevertheless the presence of about 9 carotenoids per PSII monomer in the crystals was 

shown by RPC analysis in the present work indicating that no Car were lost upon 

crystallisation (see section 3.2.3). Since the resolution of 3.2 Å is not sufficient to differentiate 

between carotenoid species in the electron density, no statement about the type of carotenoids 

could be made. It should be considered that in the present work indications for the presence of 

at least two different carotenoid species in PSII were found (see section 3.2.3). This is in 

agreement with previous studies, showing that not only β-carotene but also other carotenoid 

species are present in cyanobacterial PSII [131, 135]. 

 

Figure 6-8: The ββββ-Car located close to cyt b559. Shown are the electron density of the Car at 1.2 σσσσ    level, 
the protein environment and distances to nearby cofactors. 
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6.4.6 The redox active tryosines TyrZ and TyrD 
The only side chains traced at 3.8 Å resolution were the two redox active tyrosines TyrZ 

(D1-Tyr161) and TyrD (D2-Tyr160). TyrZ was located in a position bridging the distance 

between PD1 and the Mn-cluster (see Figure 6-7a). The found distances of 12 and 7 Å, 

respectively, indicated that TyrZ is well positioned to mediate electron transfer from the Mn-

cluster to PD1 as shown in various studies [263, 265, 375, 376]. Nevertheless, its hydroxyl 

group seemed to be too far away from the Mn-cluster for direct participation of TyrZ as 

hydrogen-atom abstractor from water-derived ligands of the Mn-cluster as proposed by 

Babcock and coworkers [377-379]. TyrD was located at a symmetry related position to TyrZ in 

the last turn of TMH C of D2. At 3.8 Å resolution the orientation of the ring planes of the 

tyrosines could not be resolved. Therefore the orientation of TyrD was investigated in this 

work by high field EPR measurements on PSII single crystals (see section 5.2).  

Even with the improved 3.2 Å resolution the angles between the membrane normal and 

the normal of the phenyl plane of TyrD and TyrZ could not be determined unambiguously, 

explaining the deviation from the angle for TyrD determined by EPR (see discussion on page 

95). But the protein surrounding could now be traced, giving hints about possible H-bond 

interactions. TyrD was found in a strongly hydrophobic surrounding including four Phe 

residues. D2-Gln164 and D2-His189 were located in positions allowing a H-bond interaction 

with the TyrD phenoxy group.  

From various studies, e. g. showing very slow D2O exchange rates for the environment of 

TyrD [380-382], a deeply buried and hydrophobic pocket for TyrD was expected. From 

several mutation studies H-bond interactions of TyrD with D2-Gln164 [383] and D2-His189 

[380, 384, 385] were proposed, which could be confirmed in the 3.2 Å resolution structure. 

EPR studies showed that the H-bond network around TyrZ and TyrD are different, with 

two more equivalent H-bonds for TyrD [386], and it was suggested that these differences are 

partly responsible for the difference in reduction potential between TyrZ and TyrD (250-300 

mV). Indeed the H-bond network for TyrZ found in the structure differs from that of TyrD as it 

shows three possible H-bond partners. Two short H-bonds could be formed with D1-Gln165 

and D1-Glu189 and a weak H-bond.to D1-His190. This differs from the 3.5 Å structure, 

where D1-Glu189 was not positioned as a possible H-bond partner to TyrZ, and a strong H-

bond to D1-His190 was found [121]. 

From mutational studies the role of D1-Glu189 could not be clarified. It was suggested 

that it is not a direct H-bonding partner of TyrZ but maybe involved in a H-bond network, 

modulating the properties of TyrZ and the Mn-cluster [387, 388]. For D1-His190 several 
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studies indicated that it could act as a proton acceptor for TyrZ [389, 390]. At the limited 

resolution of 3.2 Å a final decision about H-bond interactions can not be made, and this issue 

can only be clarified at higher resolution. For a general discussion of the amino acid 

environment of TyrZ see [391]. 

6.5 The core antenna system 
At 3.8 Å resolution a total of 26 Chlas could be localised in the two membrane intrinsic 

chlorophyll binding subunits CP47 and CP43. These Chla molecules, forming the core 

antenna system, are well separated from the central ETC cofactors (see Figure 6-9) with the 

closest antenna Chla of CP43 being 21 Å away from ChlzD2 and 21.6 from PheoD1. For CP47 

closest distances of 20.9 and 21.3 Å to ChlzD2 and PheoD2 were obtained. The 12 and 14 Chla 

molecules of CP43 and CP47 form stromal and lumenal layers with 8/4 and 8/6 Chla, 

respectively, and the Chla molecules closest to PheoD1 and PheoD2 are located in both cases in 

the stromal layer.  

With increased resolution three additional Chla could be localised, two in CP47 and one 

in CP43. The lumenal layer is now composed of 11, the stromal layer of 18 Chla molecules, 

respectively. Furthermore the in plane orientation and coordination for most of the antenna 

Chla could be determined unambiguously at 3.2 Å resolution (for details see [314] and Figure 

6-9). Three Chla molecules seem to be indirectly coordinated via a water molecule, another 

three are coordinated by Met, Ser or Asp side chain atoms, respectively. The central Mg2+ ions 

of the remaining 22 Chla were found to be ligated by His residues. The Chla molecules have 

been numbered according to their position: Chl11-17 are located in the lumenal layer of 

CP47, Chl21-29 in the stromal layer of CP47, Chl33-35, Chl37 in the lumenal layer of CP43, 

and Chl41-49 in the stromal layer of CP43. Most of the antenna Chla are arranged in the 

pseudo C2 symmetry of the RC. This feature is indicated in the numbering by a difference of 

20 between the numbers of Chla in CP43 and CP47 that are equivalent with respect to the 

symmetry (e.g. Chl13 and Chl33 are found at positions related by the pseudo-C2 symmetry 

axis). 

The center-center distance between pairs of nearest Chla varies in the range of 8.3 to 

13.5 Å and the nearest Chla molecules are always found in the same layer. One Chla in each 

of the stromal pigment layers of CP43 and CP47 (Chl46 and Chl26 in Figure 6-9) is shifted 

more towards the center of the membrane and has a center-center distance of 10.5 and 9.2 Å, 

respectively, to the closest Chla of the lumenal layer. The shortest distances between antenna 

Chla molecules from the two monomers in the dimer are about 29 Å (between Chl27 

(coloured yellow in Figure 6-9) of CP47{1} and its counterpart in CP47{2}) and 29 – 30 Å 
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(between the three Chla Chl15, Chl16, Chl29 (coloured red in Figure 6-9) of CP47{1} and 

ChlzD1{2}). These distances suggest a possible excitonic interaction between the antenna 

systems of the two monomers in the dimer. 

 

 
Figure 6-9: Antenna structure of PSIIcc at 3.2 Å resolution. a) Pigment arrangement in PSII monomer, 
side view along the membrane plane, stromal side on top. b) Pigment arrangement in a PSII dimer, top 
view onto the membrane plane from the stromal side. Red ellipses mark the positions of the pseudo-C2 
axes, antenna Chla are coloured in grey, ChlzD1,D2 in cyan, Chla PD1/D2 and ChlD1/D2 in green, PheoD1/D2 in 
orange, the haem of cyt b559 in blue, the ββββ-Car in pink. Antenna Chla connecting the antenna of the two 
monomers are coloured in yellow (for possible CP47{1}-CP47{2} interaction) and in red (for possible 
CP47{1}-ChlzD1{2} interaction), respectively. Antenna Chla connecting the antenna with the central 
cofactors are coloured in magenta. 
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In the present work the ratio of Chla/Pheoa in PSIIcc from T. elongatus was determined 

(see 3.2.2), with an upper limit of 18 Chla/Pheoa. After subtraction of the 6 Chla molecules 

bound to D1 and D2 30 Chla molecules are left for the antenna system. This number closely 

matches that of 29 antenna Chla identified in the structure at 3.2 Å resolution. Therefore it 

can be expected that the total number of Chla in the structure will not increase significantly 

with further improvements in resolution. 

The two most striking features of the core antenna system of PSII at 3.8 Å resolution 

were the absence of an inner ring of antenna Chla molecules (in contrast to PSI) and the 

organization of the antenna Chla molecules in two layers. Both, CP47 and CP43, exhibit 

sequence and structure homology to the antennae domains of PsaA and PsaB in PSI [323]. In 

PSII, CP47 and CP43 exclusively bind all antenna Chla  molecules in contrast to PSI where 

other subunits (e. g. PsaL, PsaM) are additionally involved in pigment binding [157].  The 

absence of an inner ring of antenna Chla molecules around the photochemical reaction center 

was already predicted from sequence comparison of PsaA/B with PsbB/PsbC. Due to the high 

midpoint redox potential of the primary electron donor P680/P680�+ it was also expected that 

no antenna Chla are located in close vicinity to the reaction center, otherwise such antenna 

Chla could become oxidised by P680�+[392]. 

The observed layer structure of the antenna Chla molecules that was previously found in 

other membrane protein pigment complexes like PSI [157, 324, 393] and LHCII [249, 394]  

seems to be a common feature of such complexes. This pigment arrangement could facilitate 

the distribution of excitation energy in the antenna. Some Chla molecules have been already 

identified at 3.8 Å resolution as possible candidates for energy transfer from the antenna to 

the ETC. It was proposed that probably PheoD1/D2 take part in this exciton transfer to the 

primary donor [36]. A theoretical analysis on the basis of the 3.8 Å structure led to the 

conclusion that 2 Chla in CP47 and 2 in CP43 (coloured in magenta in Figure 6-9), all located 

in the stromal layer, are the most likely candidates for exciton transfer from the antenna to 

ChlD1/D2 or PheoD1/D2 [395]. 

6.6 The Mn-cluster 
The global maximum in the electron density at 3.8 Å assigned to the Mn-cluster was 

found at a position that is 15 Å off of the pseudo C2 axis in the lumenal part of the complex, 

close to the lumenal ends of TMH C and E and to the surface helix CD of D1 (Figure 6-10).  

Chl46 
Chl26 
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Figure 6-10: Location of the Mn-cluster. View from the lumen onto the membrane plane, helices of D1 are 
coloured in yellow, helices of D2 in orange. The electron density of the Mn-cluster is contoured at 5 σσσσ  
level (adapted from [36]). 

At a contour level of 5 σ this electron density is a tripod-shaped bent ‘Y’ (Figure 6-11) 

with dimensions of 6.8 x 4.9 x 3.3 Å. Its long axis was tilted by about 23° against the 

membrane plane. The density was interpreted by placing one manganese ion in each of the 

three corners of the electron density and a fourth one in the center. This arrangement results in 

distances of 3 Å between each of the peripheral and the central Mn. 

    

Figure 6-11: Electron density of the Mn-cluster at 3.8 Å resolution, contoured at 5 σσσσ    level. a) View from 
the lumenal side onto the membrane plane. b) View rotated by 90 °, view is along the membrane plane 
with the lumenal side on top. (adapted from [36]). 

 
At 3.2 Å resolution, improvements in the electron density were found for the region of 

the Mn-cluster. Nevertheless this region is still not as well resolved as other parts of the 

protein. Possible reasons for this phenomenon are: The high electron density originating from 

the expected 4 Mn ions could "overshadow" the nearby protein density, a phenomenon 

similarly observed in the PSI structure in the vicinity of the iron sulfur clusters (N. Krauss, 

personal communication). In addition the Mn-cluster itself is not a static entity and various 

causes of inhomogeneity are possible. At one hand some of the centers in the crystals could 

have a slightly damaged or only partly assembled cluster. The measurements of PSII activities 

a b 
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and Mn-content of PSIIcc in the present work revealed that at least 90 % of the centers 

contain a functional Mn-cluster (see 3.2.5 and 3.3) thus leaving an up to 10% probability of 

centers with the Mn-cluster in a different state. In addition radiation damage, especially 

radiation induced reduction of the Mn ions (see section 5.4) could lead to changes in the 

environment of the cluster as well as to changes in Mn-Mn distances and geometries. or even 

loss of one of the Mn-ions. As shown by XAS on single crystals a significant amount (more 

than 50%) of Mn is reduced to Mn(II) when a radiation dose equivalent to the dose used for 

collecting a partial diffraction data set is applied to the crystals (see section 5.4). This could 

contribute to difficulties when interpreting the electron density of the Mn-cluster.  

At 3.2 Å resolution the electron density of the cluster contoured at 3.5 σ level is Y-

shaped with dimensions 5 x 7 x 3 Å, as in the previous structure. This changes at a contour 

level of 5.3 σ  to two distinct peaks. The larger one could harbour 3 metal centers, the smaller 

one 1 metal center, respectively (see Figure 6-12). By measuring X-ray diffraction data at and 

beyond the Mn-edge the presence of Ca2+ near the larger density peak of Mn could be 

confirmed. From this data the central Mn57 was interfered to be most probably Ca2+ and not 

Mn (see Figure 6-12). In contrast to the 3.5 Å structure of Ferreira et al. [121], only four metal 

ions could be modelled in the electron density, the position of the missing fifth ion could not 

be derived from the 3.2 Å resolution data. But the general layout of the cluster, consisting of 

one separated Mn and a larger moiety, containing three or more ions is similar for both 

structures. The exact positions and identities of the ions are certainly affected by insufficient 

quality of data and different approaches in the interpretation of electron density. 

At 3.2 Å resolution several side chains in the vicinity of the cluster could be assigned 

(see Figure 6-13). The side chains of Asp170, Glu189, His332 and Glu333 of D1 are close 

enough for direct coordination of Mn cations. Additional coordination could be provided by 

residues located in the ab loop and in the C-terminal region of D1, which were not clearly 

defined in the electron density. Both, Glu354 and Arg357 of CP43, are close to the cluster but 

their side chain were not defined in the 3.2 Å electron density. Therefore a coordination of 

Mn by Glu354 as proposed in [121], seems possible but could not be confirmed 

unambiguously by the 3.2 Å resolution data. 

Before the position and shape of the Mn-cluster were published with the 3.8 Å resolution 

structure various conflicting proposals were presented in the literature for the geometry of the 

Mn-cluster and its position and distance relative to the primary electron donor. From the 

different models proposed from spectroscopic data for the arrangement of the Mn ions in the 

cluster (see Figure 1-8, page 13 and [60, 70] for review) several could be excluded as they 
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were not compatible with the shape of the electron density found at 3.8 Å. From this density a 

"3+1" arrangement of the Mn-ions was favoured and others like an arrangement of all four 

Mn in one row (Nr. 6 and 10 in Figure 1-8) or in a "C"-shaped structure (Nr. 1 in Figure 1-8) 

could be ruled out. For the distance between TyrZ and the Mn-cluster values between 3.5 and 

>10 Å were found in various studies [299, 396-401]. The 3.8 Å structure revealed the distance 

to be 7 Å, thereby clarifying this debated issue. 
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Figure 6-12: Electron density of the Mn-cluster at 3.2 Å resolution. The density is contoured at 1.2 σσσσ 
(blue), 3.5 σσσσ (green) and 5.3 σσσσ (red). View is from the lumenal side onto the membrane plane. Possible 
coordinating side chains are indicated. The four Mn/Ca ions are numbered 54, 55, 56 and 57 (adapted 
from [134]). 
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Figure 6-13: Ligands of the Mn-cluster derived from the electron density at 3.2 Å resolution. a) View is 
from the lumenal side onto the membrane plane. b) View is roughly along the membrane plane, stromal 
side at the top. All residues shown are from D1, possible interactions are indicated by dotted red lines 
(adapted from [134]). 
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The coordination of Mn was extensively studied by a combination of mutational and 

spectroscopic studies (for recent reviews see [25, 391]). The presence of two different 

manganese binding sites involving histidines as potential ligands, one with higher and the 

second with lower affinity to Mn was found in these studies. Additionally at least two Mn-

binding carboxylate residues were found [402], the one more tightly binding being important 

for YZ
ox reduction by Mn. The so called high-affinity site, the site where the first Mn-ion 

binds during assembly of the cluster was suggested to be either a His (D1-His337, D2-

His336) [402, 403] or a carboxylic acid containing residue, probably D1-Asp170 [404]. 

Mutational studies revealed that D1-Asp170 [405, 406] has an influence on the assembly of 

the cluster and on the oxidation of the first bound Mn(II), although other studies have shown 

that D1-Asp170 is not absolutely required for water spliting activity of the Mn cluster [407]. 

The ligation of the single Mn ion (Mn56 in Figure 6-13) by D1-Asp170 and D1-Glu333 found 

in the 3.2 Å structure suggest that this could be the Mn bound to the high affinity binding site. 

In the 3.5 Å structure a similar coordination for the isolated Mn-ion was found [121].  The 

position of the Mn-ion is slightly shifted between both structures indicating a monodentate 

ligation of the separate Mn-ion by Asp170 and Glu333 in the 3.5 Å resolution structure 

whereas at 3.2 Å resolution both residues apear to be rather bidentate ligands to Mn. This 

differences are another example for the uncertainties of structural models at medium 

resolution. 

The C-terminal end of D1 is processed by a specific protease [408, 409] cutting between 

D1-Ala344 and D1-Ala345, thus leaving Ala344 as the new C-terminus of D1. If D1 is not 

processed, only 1-2 Mn/PSII are bound and no oxygen evolution is observed [408, 410-415]. 

Truncation before residue 335, 342, 343 or 344 yielded no oxygen evolution, whereas mutants 

strains where D1-Ala344 is replaced by Gly, Met, Ser, Val grow photoautotrophically [414]. 

This led to the proposal that the free carboxy terminus of Ala344 serves as a ligand to the Mn-

cluster. However, as the mutations at the C-terminus had no influence on the binding of the 

first Mn-ion of the cluster, it should rather provide coordination to the later assembled Mn-

Ions. Recently it was shown that the C-terminus is ligating the Mn, that is oxidised during the 

S1-S2 transition [416] and replacement of D1-Ala344 by Gly showed a change in the internal 

structure of the Mn cluster [417]. In the electron density at 3.2 Å the C-terminus of D1 is not 

clearly resolved. The proposed Cα-position for Ala344 is at distances of 4.3 Å and 4.9 Å to to 

Mn56 and Mn54, respectively, thus allowing coordination of Mn by the carboxylate group. In 

contrast in the 3.5 Å resolution structure the C-terminus of D1 was modelled in a different 

way such that Dl-Asp342 ligates a Mn and D1-Ala344 possibly ligates Ca [121].  
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By using ESEEM EPR spectroscopy on 15N labelled PSII preparations it was shown that 

at least one His-ligand exists to the Mn-cluster in the S2 state, and that coordination of Mn 

occurs via N-τ [418, 419]. This conclusion was supported by FTIR measurements on 15N 

labelled PSII preparations [420]. Studies with mutants have shown that three histidines are 

critical for oxygen evolution: D1-His190, 332 and 337. His190 is supposed to play a role as 

Mn-ligand or/and as proton acceptor for TyrZ. Cyanobacteria with mutations on D1-His332 

and D1-His337 where either unable to assemble the Mn cluster or exhibited only low rates of 

oxygen evolution. However, both AAs seemed not to be involved in the binding of the first 

Mn during assembly of the cluster via photoactivation [421]. Likewise this His-residues were 

not absolutely required for a competenc WOC because in some mutants an oxygen evolution 

was observed. In the mutant D1-H332E PSII the histidyl nitrogen modulation in ESEEM 

spectra of the S2 state multiline EPR signal is substantially diminished compared to that of the 

wild-type. This result is consistent with ligation of the Mn cluster by D1-His332 [422]. In 

agreement with these studies, both crystal structures show ligation of Mn by D1-His332. For 

D1-His337 no coordination of Mn was found in the 3.5 Å resolution structure [121]. In the 

electron density at 3.2 Å resolution the side chain of His337 was not well enough defined and 

only the Cα-position could be traced at a distance of 7.7 Å to the next Mn (Mn54). 

The region around Asp61 in the ab-loop of D1 was proposed to be involved in Ca2+-

binding [407, 423, 424]. The side chain of Asp61 was found at a distance of 4.5 Å to Mn55 

but not in direct vicinity of the proposed Ca2+ position (Mn57), indicating an indirect 

interaction with the Mn-cluster and possibly with Ca2+. 

The position of Ca2+ in the Mn-cluster was studied by XAS measurements. A Mn-Ca 

distance of 3.5 to 3.4 Å based on Mn-, Ca-, and Sr-EXAFS [282, 425-427] was derived and a 

Cd-NMR study revealed that Ca is six-coordinated, located near the Mn-cluster and has a 

symmetrical distribution of oxygen and nitrogen and/or chlorine ligands [428]. In the 3.2 Å 

resolution electron density a Ca-ion (Mn57) was found at the stromal side of the Mn electron 

density (see above) with the two closest residues being D1-Glu189 and D1-Gln165. This 

position is very similar to the position found for Ca in the 3.5 Å resolution structure [121]. 

Apart from Ca2+ also bicarbonate [429, 430] and Cl- [431-435] were proposed to be 

involved in the OEC. In the 3.5 Å resolution structure bicarbonate was modelled in a position 

close to the Ca2+ but no information about the location of Cl- was provided [121]. In the 

electron density at 3.2 Å resolution no positioning of Cl- or bicarbonate was attempted, 

because at this resolution no decision can be made on the atomic nature of a specific group 
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and both possible cofactors are to small to be resolved unambiguously at this level of 

resolution. 

6.7 Summary of the X-ray structure of PSII 
From the crystals obtained in the present work it was possible to generate an initial 

structural model of dimeric PSIIcc at 3.8 Å resolution which could be further improved to 3.2 

Å resolution. At 3.8 Å resolution the general shape of the complex, the number and position 

of the TMH and of most of the chlorin cofactors could be identified. The large subunits D1, 

D2, CP43 and CP47 could be assigned, one membrane intrinsic cyt b559 was located at the 

side of D2 distal to the monomer-monomer interface. In the lumenal membrane extrinsic 

region cyt c550 and the β-sheet part of PsbO could be localised for the first time. For the 

antenna Chla bound to CP47 and CP43,  a two-layer structure similar to PSI was found but no 

ring of inner antenna Chla was present. The cofactors of the ETC were found in an 

arrangement similar to the ETC in PBRC. However, for the Chla molecules PD1 and PD2 a 

larger center-center distance was found than for the corresponding BChl molecules in the 

PBRC. Therefore the primary electron donor cation radical P680�+ is characterized by a more 

monomeric character than P�+ in PBRC. In addition the Mn-cluster could be localised for the 

first time. The shape of the Mn-cluster, located at the lumenal end of TMH C and E of D1, 

suggested a “3+1” arrangement of the four Mn-ions.  

With improved resolution the third extrinsic subunit, PsbU, and most of the lumenal loop 

regions of D1, D2, CP43 and CP47 could be traced in the electron density. In the membrane 

intrinsic part the density was of sufficient quality to model most of the amino acid side chains, 

whereas in the membrane extrinsic regions several segments could only be modelled as poly-

Ala. For most of the chlorin cofactors the in-plane orientation could be determined, these 

orientations obtained for the ETC cofactors are very similar to the ones of the ETC cofactors 

in PBRC. The ligands and the  binding pockets of the central cofactors could be derived, 

giving hints about possible H-bond interactions. For the Mn-cluster the electron density 

showed a higher level of details, allowing to identify two separate regions. The larger one 

containins 3 ions, the smaller one contains one ion. One of these 4 positions could be assigned 

to Ca, leaving 3 Mn positions. The position of the 4th Mn-ion could not yet be identified. 

Several ligands of the Mn-cluster were found. In addition one β-carotene could be localized 

between cyt b559, ChlzD2 and ChlD2.  
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7 Summary 
Oxygenic photosynthesis is the largest biological energy converting processes on earth, 
providing all atmospheric oxygen and nutrients, consumed by non photosynthetic organisms. 
The light driven cleavage of water takes place in photosystem II (PSII), a large multi subunit 
pigment protein complex embedded in the thylakoid membrane of cyanobacteria, algae and 
higher plants. For a more detailed understanding of the molecular process of water oxidation 
an elucidation of the structure of this enzyme is a prerequisite.  

In the present work a fast, large scale purification method was developed for PSII core 
complexes (PSIIcc) from the thylakoid membranes of the cyanobacterium 
Thermosynechococcus elongatus. Monomeric and dimeric forms of PSIIcc could be separated 
and about 140 mg dimeric and 90 mg monomeric PSIIcc could be obtained from the extract of 
100 g cells. For the determination of the oligomerization state the two forms were 
characterised by a combination of gel permeation chromatography, light scattering and 
analytical ultracentrifugation, yielding sizes of 440 kDa and 760 kDa, respectively and 
confirming assignment of the two forms to monomeric and dimeric PSIIcc. 
Monomeric and dimeric PSIIcc were characterised with respect to photochemical and oxygen 
evolution activity, to pigment, lipid and detergent composition, giving values of 36 Chla, 2 
Pheo, 9 β-Car, 2.9 PQ9, 3.8 Mn, 20 lipids, 110 β-DM per photochemical center, with 
activities of 3000 µmol O2/(mg Chla h). No significant differences were found between 
monomeric and dimeric PSIIcc. The subunit composition was investigated by SDS-PAGE, 
MALDI-TOF MS and N-terminal sequencing, showing the presence of 19 subunits in both 
forms of PSII: PsbA, B, C, D, E, F, H, I, J, K, L, M, O, T, U, V, X, Y and PsbZ.  
The dimeric PSIIcc was used for crystallisation experiments. The obtained redissolved 
crystals showed the same subunit and pigment composition as found for PSIIcc prior to 
crystallisation and they showed full photochemical and oxygen evolving activity. 

PSIIcc single crystals were used for orientation dependent spectroscopy. High field EPR on 
the dark stable TyrD

� and transient EPR on the light induced 3P680 in the crystals yielded 3D 
orientational information on the corresponding cofactors. X-ray absorption measurements on 
the crystals were used to characterise the oxidation state of the Mn-cluster and investigate the 
dichroism of the EXAFS signal, demonstrating the applicability of this method to PSII 
crystals and complementing information derived by X-ray spectroscopy. 

Initially crystals diffracting X-rays up to 3.8 Å resolution could be obtained, which were 
further improved to a maximum resolution of 3.2 Å. The structure of PSIIcc at 3.8 Å 
resolution showed the arrangement of the 4 large membrane intrinsic subunits D1, D2, CP43, 
CP47 (PsbA-D), the intrinsic cyt b559 (PsbE, F) and the two extrinsic subunits PsbO and 
PsbV. The positions of all cofactors of the electron transfer chain could be derived, showing a 
symmetrical arrangement in two branches. The Mn-cluster could be localised at the lumenal 
side of D1, the shape of its electron density suggesting a 3+1 arrangement of the Mn-ions. At 
3.2 Å resolution the majority of the amino acid side chains, most of the extrinsic regions, 
including PsbU and loops of D1, D2, CP43 and CP47 were traced and the binding pockets of 
the various cofactors as well as some H-bond interactions could be derived. One β-Car could 
be identified next to cyt b559, Ca2+ could be localised close to the Mn-cluster, and some of 
the Mn-ligands could be identified unambiguously.  

The here described work is an important step towards future improvements in the quality of 
PSII crystals which will provide a structure of PSIIcc of sufficient resolution for supporting 
the elucidation of the water oxidising mechanism of this enzyme. 
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