Picobiophotonics for the investigation of pigment-pigment
and pigment-protein interactions in photosynthetic

complexes

vorgelegt von
Diplom-Physiker
Franz-Josef Schmitt
geboren in Marburg/ Lahn
von der Fakultat Il - Mathematik und Naturwissenschaften

der Technischen Universitat Berlin

zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften

Promotionsausschuss:
Vorsitzender: Prof. Dr. Mario Dahne
Berichter/Gutachter: Prof. Dr. Hans Joachim Eichler
Berichter/Gutachter: Prof. Dr. Gernot Renger

Berichter/Gutachter: Prof. Dr. Thomas Renger
Tag der wissenschaftlichen Aussprache: 15.08.2011
Berlin 2011

D 83
page | 1



page | 2



ABSTRACT Franz-Josef Schmitt

Picobiophotonics for the investigation of pigment-pigment and
pigment-protein interactions in photosynthetic complexes

Excitation energy transfer (EET) processes in different photosynthetic pigment-protein-complexes
were analysed by time- and wavelength correlated single photon counting (TWCSPC). A new mobile
16-channel photomultiplier with flexible fiber optics, exchangeable light sources and temperature
regulator (10 K — 350 K) was built up for the spectroscopy of samples in cuvettes, on surfaces or of
whole leaves in vivo. The system represents a mobile setup of the powerful TCSPC technique with
high optical throughput up to 10° counts/sec.

The theoretical description of the excited state dynamics in systems with pigment-pigment and
pigment-protein interaction was performed by using rate equations that were applied on structures with
increasing hierarchical complexity. The study started with a system consisting of two excitonically
coupled Chl molecules in a tetrameric protein environment represented by the recombinant water
soluble Chl binding protein (WSCP) of type lla and it was completed with a study of the photosystem
Il (PSII) dynamics in whole leaves of the higher plant Arabidopsis thaliana. In this way a
guantification of dissipative excited state relaxation processes as a function of increasing excitation
light intensity was achieved. For parameter adaption in the corresponding systems of linear differential
equations a highly efficient algorithm was developed that allows the variation of parameters used to fit
the time resolved optical data under any constraints on the coefficient matrix (e.g. invariance of the
symmetry). The approach permits the determination of selected parameter values, their probability and
stability in any dynamical system. A way to calculate thermodynamic quantities (e.g. entropy) under
nonequilibrium conditions from rate equations is proposed.

The excited state dynamics observed in WSCP were explained by assuming an excitonically coupled
Chl dimer that is modulated by the protein environment on different time scales. The dominating
fluorescence decay component increases from 4.8 ns or 5.2 ns for Chl b or Chl a homodimers,
respectively, at room temperature, to 7.0 or 6.2 ns, respectively, at 10 K. This temperature dependency
is most probably caused by the pigment-pigment- interaction and the energies of the triplet states of
the Chl molecules. A modulation of the electronic states of the coupled Chl dimer by the protein
environment with a typical time constant of 100 ps at 10 K is inferred to be responsible for a fast and
strongly temperature dependent fluorescence component. This idea is qualitatively in line with refined
theoretical models and results of complementary studies of hole burning and fluorescence line
narrowing spectroscopy.

In the phycobiliprotein (PBP) antenna of the cyanobacterium Acaryochloris marina EET occurs with
characteristic time constants of 400 fs, 3-5 ps and 14 ps inside trimeric phycocyanin (PC), from PC to
allophycocyanin (APC) and from APC to the terminal emitter (TE) of the PBP antenna, respectively.
The TWCSPC spectra of whole cells and preparations of isolated PBP complexes exhibit a 20 ps
component each that indicates the intact EET from PC to the TE in agreement with the results of
transient fs absorption spectroscopy. The EET from the PBP antenna to the Chl d containing core
antenna complexes of PS Il represents an additional limiting transfer step of about 30-40 ps which
leads to a time constant of the EET from PBP to Chl d in the range of 70 ps.

Coupled and temperature switch-able hybrid systems of surface treated CdSe/ZnS quantum dots (QDs)
with 530 nm emission wavelength and the isolated PBP antenna complexes from A.marina were
formed in aqueous solution by electrostatic self assembly. Based on the theory of Forster Resonance
Energy Transfer (FRET) an average value of 3.2-3.5 nm was obtained for the distance between the
neighbouring transition dipole moments in the QDs and the PBP antenna. It was shown that the
functional coupling between QDs and PBP complexes is interrupted at temperatures below 0°C. This
effect enables the construction of switch-able molecular sensors, photosensibilisators or light
harvesting devices with various applications in biochemistry, biomedicine and photovoltaics.
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KURZZUSAMMENFASSUNG Franz-Josef Schmitt

Pikobiophotonik zur Untersuchung der Pigment-Pigment und Pigment-Protein
Wechselwirkungen in photosynthetischen Komplexen

Anregungsenergietransfer-(EET)-prozesse wurden in verschiedenen photosynthetischen Pigment-
Protein-Komplexen mit zeit- und wellenlangenkorrelierter Einzelphotonenspektroskopie (TWCSPC)
analysiert. Ein neuer mobiler 16-Kanal Photomultiplier mit flexibler Faseroptik, austauschbaren
Lichtquellen und einem Kryostaten (10 K — 350 K) wurde fur die Spektroskopie von Proben in
Kivetten, auf Oberflachen oder von ganzen Blattern in vivo aufgebaut. Das System stellt einen
mobilen Messplatz auf Grundlage der leistungsfahigen TCSPC Technik mit hohem Lichtdurchsatz bis
zu 10° Photonen/ Sekunde dar.

Die theoretische Beschreibung der Anregungszustandsdynamik unter Berlicksichtigung von Pigment-
Pigment und Pigment-Protein Wechselwirkung erfolgte (iber Ratengleichungen, die auf Systeme mit
hierarchisch steigender Komplexitat angewendet wurden. Die Untersuchung startete an einer
Anordnung von zwei exzitonisch gekoppelten Chl Molekdlen in einer tetrameren Proteinumgebung
wie sie in rekombinantem wasserldslichen Chlorophyll bindenden Protein (WSCP) des Typs lla
vorliegt und wurde mit einer Untersuchung der Photosystem Il (PSIl) Dynamik in ganzen Blattern der
hoheren Pflanze Arabidopsis thaliana abgeschlossen. Auf diese Weise wurde z.B. die Quantifizierung
dissipativer Relaxationsprozesse der Anregungszustdnde bei ansteigender Intensitdt des
Anregungslichtes ermdglicht. Fur die Parameteranpassung in den entsprechenden Systemen linearer
Differentialgleichungen wurde ein effizienter Algorithmus entwickelt, der die Variation von
Parametern zur Anpassung der zeitaufgelsten optischen Daten unter beliebigen Randbedingungen an
die Koeffizientenmatrix (z.B. Invarianz der Symmetrie) ermoglicht. Der Zugang erlaubt die
Bestimmung ausgewahlter Parameterwerte, ihre Wahrscheinlichkeit und Stabilitat in einem beliebigen
dynamischen System. Ein Weg zur Berechnung thermodynamischer GréRen (z.B. Entropie) aus
Ratengleichungen unter Nichtgleichgewichtsbedingungen wird vorgeschlagen.

Die Anregungszustandsdynamik in WSCP wurde durch die Annahme eines gekoppelten Chl Dimers,
das durch die Proteinumgebung auf verschiedenen Zeitskalen moduliert wird, erklart. Die
dominierende Komponente der Fluoreszenzkinetik steigt von 4,8 bzw. 5,2 ns fur Chl b bzw. Chl a
Homodimere bei Raumtemperatur auf 7,0 bzw. 6,2 ns bei 10 K an. Diese Temperaturabhéngigkeit
wird hdchstwahrscheinlich durch die Pigment-Pigment Wechselwirkung und die energetische Lage
der Triplettzustdnde der Chl Molekile bestimmt. Eine Modulation der elektronischen Zustande durch
die Proteinumgebung mit einer typischen Zeitkonstante von 100 ps bei 10 K ist sehr wahrscheinlich
fiir eine schnelle und stark temperaturabhéngige Fluoreszenzkomponente verantwortlich, die qualitativ
mit weiterentwickelten theoretischen Modellen und Ergebnissen komplementédrer Studien mittels
Lochbrenn- und Fluoreszenz line narrowing Spektroskopie tbereinstimmit.

In der Phycobiliprotein (PBP) Antenne des Cyanobakteriums Acaryochloris marina findet der EET
mit charakteristischen Zeitkonstanten von 400 fs, 3-5 ps bzw. 14 ps innerhalb des trimeren
Phycocyanins (PC), vom PC zum Allophycocyanin (APC) bzw. vom APC zum terminalen Emitter
(TE) der PBP Antenne statt. Die TWCSPC Spektren ganzer Zellen und Préparationen von isolierten
PBP Komplexen zeigen jeweils eine 20 ps Komponente, die dem Anregungsenergietransfer vom PC
zum TE entspricht, in Ubereinstimmung mit Ergebnissen aus transienten fs absorptionsspektros-
kopischen Untersuchungen. Der EET von der PBP Antenne zu den Chl d haltigen Komplexen der
Core Antenne von PS Il weist einen zusétzlichen limitierenden Transferschritt von 30-40 ps auf, der
zu einer Zeitkonstante fiir den gesamten EET vom PBP zum Chl d in der GréRenordnung von 70 ps
fihrt.

Gekoppelte und temperaturschaltbare Hybridsysteme aus oberflachenbehandelten CdSe/ZnS
Quantenpunkte (QDs) mit 530 nm Emissionswellenlange und isolierten PBP Komplexen aus A.marina
wurden in wassriger Losung durch elektrostatische Selbstorganisation gebildet. Nach der Theorie des
Forster Resonanz  Energietransfers (FRET) wurde der Abstand der benachbarten
Ubergangsdipolmomente in den QDs und der PBP Antenne zu 3,2-3,5 nm berechnet. Es wurde
gezeigt, dass die funktionelle Kopplung von QDs und PBP Komplexen bei Temperaturen unterhalb
von 0°C unterbrochen wird. Dies ermdglicht die Konstruktion von schaltbaren molekularer Sonden,
Photosensibilisatoren oder Lichtsammelsystemen mit vielfaltigen Anwendungsfeldern in der
Biochemie, Biomedizin und Photovoltaik.
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PREFACE

Mein Hang zum philosophischen Nachdenken beruht auf der einfachen Grundlage, dass ich lber das
kleinste Stlick Natur irgendwelcher Art in hochste Verwunderung geraten kann.

Christian Morgenstern, (1871 - 1914), German author, journalist and translator

The secrets of nature that are hidden behind a “world” of molecules and atoms are definitely different
from the imagination of “nature” Christian Morgenstern had when he talked about “the smallest piece
of nature”. I agree with his opinion, identifying this smallest piece of nature with an elementary
particle or — in line with my work presented here — with a single molecule in its environment. Up
today it is not possible to understand the existence and nature of elementary particles in full detail.

Beyond that we are far from a basic theory that is able to explain the existence of living matter [1].

It is an interesting fact that the smallest structures change on the fastest time scales. This general
behaviour follows Heisenberg’s relation of uncertainty denoting that any quantum state which is

confined to a small spacial region AX exhibits an uncertainty of momentum in the order of

Ap, > 1/ (2Ax).

Therefore quantum states of electrons confined to molecular orbitals with Ax <10°m exhibit

velocities up to Av, =Ap, /m, which is Av, >75km/s. The probability of presence of the

electrons spreads Ax in a typical time of t ~ AX/Av, <1.32-10*s~10 fs.

The investigation of such processes on the picometer-scale, e.g. electronic transitions in molecules,
therefore requires shortest light pulses on the fs-time scale generated by fs-laser systems.

The measurement of transient absorption changes in the fs time domain is one of the most prominent
techniques used in the field of ultrafast spectroscopy [2] of fs-dynamics. Also light pulses, scattered
light or fluorescence light is analysed with fs-resolution (generally by correlation measurements
performed as wave mixing, e.g. by fluorescence up-conversion [3]).

Progress in long term stabilisitaion of the experimental setups and the generation of well defined
samples combined with mathematical signal processing enabled the analysis of dynamics down to the
sub ps-timescale with ps-fluorescence spectroscopy performed with pulsed diode lasers or fs-laser
systems with low pulse energies [4]-[6]. The advantages of ps fluorescence spectroscopy in
comparison to nonlinear fs techniques are mainly low cost and easy handling of the ps laser diode
modules. Lower pulse energies are needed for this technique and the demand on the optical properties
of the sample material is much lower compared to time resolved transient absorption spectroscopy.
This is a big advantage because the fluorescence measurements can be performed directly in vivo (e.g.

in living cells which are suspended in buffer solution, directly on whole plant leaves) which is shown
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by the time resolved investigations on whole cells of the cyanobacterium Acaryochloris marina, the
green algae chlorella pyrenoidosa chick and on whole living plants of Arabidopsis thaliana. This
technique is sensitive to the sample but virtually insensitive to the optical properties of the sample. It
can also be performed in strongly scattering and inhomogeneous media.

In the mode of time and wavelength correlated single photon counting (TWCSPC) fluorescence

spectroscopy is performed with pulse energies down to 107*° Joule/pulse or less. This is especially
necessary when light driven dynamics like photosythetic processes are to be observed without being
influenced by the experimental setup.

The field of highly resolved structural and dynamical analyses has undergone a boost in the last
decades. The main reasons for the boom are i) progress in sample preparation and crystallization
techniques (e.g. growing of crystals of photosynthetic complexes for x-ray diffraction [7]) ii) the
development and improvement of many different experimental techniques like nonlinear polarisation
spectroscopy in the frequency domain [8], photon-echo spectroscopy [9], hole burning spectroscopy
[10], total internal reflection fluorescence microscopy (TIRF), fluorescence lifetime imaging
nanoscopy (FLIN) [11], atomic force microscopy (AFM) (just to mention a few ones) accompanied by
progress in generating ultrashort laser pulses and iii) significant progress in high resolved fluorescence
microscopy and theoretical studies leading to a break of the diffraction limit of resolution in the optical
far field. As a consequence new methods were developed like stimulated excited state depletion
(STED) microscopy and photo activation localization microscopy (PALM). These techniques appear
to exhibit quite high resolution if the gathered information is not limited or a suitable amount of “a
priori information” exists [12-18]. The achievable principal resolution limits look very promising in
obtaining further progress in the coming years [19]. The theoretical limit of microscopic techniques is
not longer given by the experimental setup but by the Heisenberg uncertainty of the states themselves
[20]. The highest occupied molecular orbital of a pentacen molecule in the ground state has been
visualised with AFM [21]. The picture appears blurred due to the limited localisation of the electronic
orbital and not longer due to the resolution limit of the AFM. Is it just a question of time until the
molecular orbitals can be seen in the light microscope ? Can we also expect such highest resolution for
time constants of molecular interaction processes ?

High resolution techniques need to shift the measurement uncertainity to a “currency” that is available
without limitation of the achievable resolution [18]. For TWCSPC one available “currency” is the
measuring time. Monitoring over several hours and averaging the results of many measurements show
that the remaining resolution limit is given by the reproducibility of the preparation of the sample and
the intrinsic uncertainty of the sample. A numerical simulation of the decay associated spectra (DAS)
suggests that TWCSPC performed on living cells of A.marina reached this limitation with the data
presented here.

The combination of different techniques is of high interest for future studies and promises success.

This might help to shift nanobiophotonics to picobiophotonics and femtobiophotonics not in the time
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scale and also regarding the spatial resolution. One example is the combination of AFM and time
resolved fluorescence spectroscopy [22—26].

On the other hand one can not expect that one setup will show an infinite resolution of a biological
sample. The scientist has to be careful in selecting the suitable methodology, keeping in mind that
certain questions might be inaccessible by a chosen technique. In that case the scientist might get an
arbitrary answer to his question. Even if the amount of information that can be collected would tend to
highest values, there are unbreakable limitations of physical resolution. The limited information
content of a system, as it can e.g. be derived from the so called “Bekenstein limit”, proves that no
infinite resolution can be achieved [19, 27-30].

It might be useful to introduce the concept of information and some kind of cellular automata that
process such information as discussed in [31], rather than working with concepts of energy or states or
any other typical physical observable. The progress of solid state physics is partially based on the
possibility to approximate the solid state by a periodic grating that can be treated quantum
mechanically. This approach cannot be simply transformed to biophysics. Erwin Schrddinger called

the living system a nonperiodic solid state [32].

This thesis presents mainly experimental data and in addition an attempt to achieve a theoretical
description on the basis of rate equation models. These models might appear to be very simple but will
be shown to present principally the whole information content that is experimentally accessible and
they enable approaches to derive thermodynamic quantities as entropy in a nonequilibrium condition.
The master equations represent a complete description. Approximations in this approach are helpful to
answer questions on the basis of the experimental observables. The Fockker-Planck equation of
diffusion and convection can be derived from the master equations as a 2™ order approximation.

In fact the concept of rate equations is strongly related to the concept of information because the
master equations handle with probability vectors representing the possible outcome of experiments
[33-36].

Theoretical physics achieved great progress in understanding the effects determining experimental
observations of the properties of electronically excited states in pigment-protein complexes of plants

[37-42]. These results are promising in expecting further exciting insights into this type of systems.
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INTRODUCTION

The properties of chlorophyll molecules in photosynthetic complexes are tuned by binding to specific
protein environments. This principle has developed evolutionarily in the biosphere and resulted in
pigment-protein structures with highest efficiency in light harvesting, transfer of electronically excited
states and transformation of light into electrochemical free energy.

Until today it is not possible to assemble a nanomachine of comparable complexity, stability and
regulatory control. A full understanding of the functional relevance of molecular interactions in
photosynthetic pigment-protein-complexes (PPCs) might be helpful in many areas of application.
Artificially designed PPC could work as nanoscaled tunable antenna systems for photovoltaics in form
of light harvesting complexes with high exciton diffusion coefficients thus rising and/ or regulating the
light absorption cross section. Other applications might be switchable PPCs which undergo state
transitions from an inactive to an active state when illuminated or when in contact to certain
environments. Such PPCs could be applicable e.g. in the photodynamic diagnostics and therapy of
diseases like skin cancer by reducing the toxicology of the applied photodynamic dyes.

Nanobiophotonics comprises investigations of nanoscaled spatial structures and dynamics in living
matter with light. Mainly fluorescence techniques are applied as a result of recent progress in high
resolution fluorescence nanoscopy [12-15]. During the last years of work on this thesis different
techniques of time- and wavelength-correlated single photon counting (TWCSPC) were mainly
performed on

1) preparations of the phycobiliprotein (PBP) antenna from A.marina [43, 44],

2) different solubilized and aggregated LHCII trimers from spinach [45],

3) the water soluble chlorophyll binding protein (WSCP) that was genetically expressed in E.coli

and reconstituted with Chl a, Chl b or mixtures of Chl a and Chl b [46-49],

4) artificial PPCs formed from eosin as chromophores bound to proteins [50],

5) semiconductor-pigment-protein-hybrid-complexes [51]-[53],

6) whole cells of different cyanobacteria, especially A.marina [43, 44, 54-56],

7) whole cells of the green algae Chlorella pyrenodoisa chick [57] and whole leaves of the higher

plant Arabidopsis thaliana [58].

The results of this thesis are presented starting with WSCP as a model system (chap. 4). After that the
fluorescence dynamics in the PBP complexes of A.marina and of whole cells of A.marina are analysed
(chap. 5). Then it is shown how excitation energy transfer (EET) occurs in more complex systems
containing  semiconductor-pigment-protein-hybrid-complexes (chap. 6) and finally how the
Photosystem Il fluorescence dynamics of higher plants (chap. 7) observed during 8 orders of
magnitude in time can be described with the formalism of rate equations that was used for the

description of all samples. Regarding the omitted topics (LHCII trimers and aggregates (2), artificial
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PPCs (4) and whole cells of Chlorella pyrenodoisa chick (7)) the reader is referred to the cited
publications.

The main focus was the analysis of time resolved EET and electron transfer (ET) steps on the temporal
scale of picoseconds but not the spatial structure and dynamics of traceable fluorophores.

In the following a short overview on phycobiliprotein (PBP) antenna preparations of A.marina and
WSCP as a model system for the investigation of pigment-pigment and pigment-protein interactions is
presented.

A. marina was discovered in 1996 and is until today the only known organism which mainly contains
Chl d instead of Chl a in the membrane intrinsic Chl antenna and reaction centers [59]. In whole living
cells of A marina the EET between the uniquely structured and rod shaped phycobiliprotein (PBP)
antenna and the Chl d containing membrane intrinsic antenna complex was found to occur with an
overall time constant of 70-80 ps. This value is 3 times faster than in other cyanobacteria containing
pycobilisomes (PBS) assembled from several PBP rod structures and Chl a containing membrane
intrinsic antenna complexes [44, 60-64].

The EET from phycocyanin (PC) and allophycocyanin (APC) containing hexamers of the membrane
extrinsic PBP antenna to spectrally red shifted APC was resolved to occur within 20 (*/- 10) ps in
A.marina. The red shifted APC is most probable located in the linker protein representing the so called
terminal emitter (TE). Further elucidation of the fast equilibration processes in the PBP antenna of
A.marina is not easily possible with TWCSPC as can also be shown by numerical simulations of the
expected time resolved spectra. Measurements of flash induced transient absorption changes
performed in the fs-ps time domain by C.Theiss on isolated PBP complexes showed fast energy
equilibration between different phycocyanine (PC) molecules (equilibration time < 1 ps) which are
bound to a hexameric protein structure in the PBP of A.marina and in PBS. The equilibration between
the PC and the APC containing hexamers occurs with a time constant of 3-5 ps [44]. Complementary
techniques like hole burning spectroscopy and transmission electron microscopy (TEM) completed the

picture of the measurement results of transient fluorescence and absorption changes.

Simulations of the exciton diffusion inside the rod shaped structures of A.marina were performed.
These simulations showed that the EET rate depends critically on entropy effects caused by the small
distance of the energetic states of the coupled PC chromophores. Therefore the exciton diffusion is
slower inside the PBS containing more than 300 PBP chromophores [65] coupled to Chl a, in contrast
to the PBP complexes of A.marina containing 63 PC and 6 APC chromophores coupled to Chl d. The
geometry and small size of the A.marina antenna in contact to Chl d leads to faster energy transfer in

comparison to the structure of the much larger PBS.
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In A.marina the site energies of the different chromophores in the PBP and membrane intrinsic Chl d
containing antenna are tuned by the protein environment to achieve high EET rates and to adapt to the
external light conditions. This enables A.marina to live in a coexistence with Chl a containing
prokaryotes like Prochloron didemni.

The distance between the terminal APC-emitter of the PBP antenna in A.marina and the nearest Chl d
molecule in the membrane intrinsic antenne was determined to 2.7 (*/- 0.3) nm according to the theory
of Forster resonance energy transfer (FRET) [52]. This distance rises at 0°C as a result of decoupling
of the PBP antenna from the membrane intrinsic Chl d antenna [43]. Similar effects were also
observed in artificial FRET-systems constructed from charged CdSe-quantum dots in contact with
PBP complexes isolated from A.marina [51]. The mechanism could help to construct switch-able light

harvesting systems.

The mathematical model that is used for the numerical simulation of EET and ET processes in this
thesis is constructed from rate equations. It implements a concept of coupled linear differential
equations 1% order that is suitable to describe any system that can be analysed in terms of “states” that
undergo dynamical transitions and therefore exhibit occupation probabilities evolving in time. This
formalism was used to describe intensity dependent fluorescence quantum yield changes along eight

orders of magnitude of the time scale from 100 ns up to a value of 10 seconds [57, 58].

A very interesting natural PPC is the water soluble chlorophyll binding protein (WSCP) which
exhibits an unusually high photostability of the chlorophyll dimers bound to the protein matrix. The
reason for this photostability is not yet clear in full detail [66-68]. In agreement with current literature
it is assumed that the protein environment forms a diffusive barrier for oxygen and therefore prevents
the reaction between Chl triplet states and oxygen in its triplet ground state to highly reactive singlet
oxygen [46, 69, 70]. Such a protective protein, especially if the protein barrier might be photoswitch-
able, is of highest interest for biomedical applications of pigments in photodynamic cancer diagnostics
and therapy.

The transient absorption change and fluorescence dynamics of WSCP can be explained by a
combination of pigment-pigment and pigment-protein interactions [47]. Two strongly coupled
chlorophyll molecules are modulated by the protein environment which leads to retarded wavelength
shifts of the fluorescence or effects of spectral diffusion.

Based on the proposal of an “open sandwich” dimer motif for this pigment array for recombinant class
Ila WSCP from cauliflower [69] T. Renger et al. used a microscopic theory of the spectra and
available data of linear absorption at 77 K and 298 K and circular dichroism at 298 K to characterize

the pigment-pigment interaction [38]. They calculated that the angle between the planes of the two Chl
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molecules in this configuration is about 30° in contrast to the value of about 60° gathered from the
original calculations [69] employing a more simple Gaussian band fitting procedure (see also [48]).

T. Renger et al. calculated the center-to-center distance of the transition dipole moments of the two
coupled Chl molecules to be 0.74 nm. The authors explained the data of femtosecond absorption
spectroscopy [2, 46] that suggests about 400 fs for the exciton relaxation in Chl a/Chl b heterodimers
bound to class Il a WSCP. The predicted 30° angle between the transition dipoles of the Chl molecules
was later confirmed by the X ray crystallography structure of class 1lb WSCP of Lepidium virginicum

[70] at a resolution of 2.0 A. This similarity between reconstituted recombinant class lla from

cauliflower and the native class Ilb WSCP from Lepidium virginicum may be indicative of a general
mode of pigment array in class Il WSCPs. WSCP therefore turned out to be an excellent model system
for systematic experimental and theoretical studies on strongly coupled Chl molecules and the
functionalizing of Chls by the protein matrix. It opens the way for further detailed analyses on a
deeper understanding of the properties of pigment-protein complexes.

The newest findings deliver information on temporal sub-ps dynamics and sub-nm structural
organisation. Therefore we suppose that the termini “picobiophotonics” or even “femtobiophotonics”
seem to be suitable to describe the biophysical research at the edge of achievable resolution. These
termini are therefore introduced in the work presented here.

The investigation of the temporal resolution limit of TWCSPC showed that fluorescence spectroscopy
is a tool for the study of ps and even sub-ps-processes with pulses down to 100 ps in full width of half
maximum if - and only if - the system and the sample are sufficiently stable and the investigated
sample consists of a sufficient small number of coupled states. In this case the resolution is rising with
the total energy used for the measurement (and therefore with measurement time if a constant energy
per pulse is used during the experiment). In some cases the principal resolution limits allow a much
better resolution than achieved up today [19, 27, 30]. It seems possible in principle to analyse the
spatial distribution of the probability of presence of an electron down to the pico-meter regime
employing an optical wide field fluorescence microscope [12-15]. But this method is very time
consuming and/or needs high intensities of the employed laser beams.

In marked contrast to the finding that resolution is still far away from the best achievable values it was
shown that a unique analysis of ultrafast single energy transfer steps is not always possible. In the PBP
antenna of A.marina for example the equilibration between PC and APC molecules can still be
resolved with a time constant of 20 (*/- 10) ps [43]. The information of faster equilibration processes
simply can not be found in the fluorescence dynamics observed by TWCSPC. In that case it is
intrinsically impossible to extract information oabout the accurate values of the single energy transfer
steps as the dynamics of different coupled states take place in the same time domain between

spectrally strongly overlapping chromophores. The states of the systems can mix in a way that makes
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it impossible to separate the processes even if the experimental resolution is high enough. This fact
mostly limits the available information content [57]. TWCSPC is limited by the amount of accessible
information as shown with theoretical approaches regarding single molecule fluorescence microscopy
[71,72]. The desired goal of the scientist should be to extract all experimentally accessible information
to have the general possibility to prove any predicted effect of an applied theory. The experimenter is
not able to accumulate an infinite amount of information and it would be efficient to choose the exact
amount. Therefore the experimenter has to take care that the accumulated information represents the
accessible information [71].

An improvement can only be achieved by a study of the decomposed sample or by the employment of
complementary experimental techniques which localise the observed state. But in both cases the
experimental results might depend on the special configuration of the sample and the measurement
setup. It is therefore necessary to investigate the influence of the sample preparation and experimental
manipulation onto the experimental results. In the case of the investigation of PBP and WSCP
combined results of TWCSPC, time- and wavelength resolved fs- absorption changes, ground state
absorption spectroscopy, hole burning spectroscopy, transmission electron microscopy and theoretical
analysis [37], sometimes based on additional experiments (e.g. CD or LD spectroscopy [38]) were
used to complete the picture. Other complexes (LHC aggregates) were studied with atomic force
microscopy (AFM) [45].

It might be useful to accomplish a kind of methodical statistics of the experimental techniques. Then
the scientist can shift systematic aberrations to statistical uncertainties to a certain amount. For this
purpose the researcher has additionaly to be able to reproduce the sample often enough without any
variation.

In most cases the principal resolution is not limited by the setup but by the heterogeneity of the sample
or even the uncertainty of the observed states. Doing high resolved fluorescence nanoscopy we shift
the uncertainty from the optical wavelength representing our measurement setup to the observed states

[20], which is an ultimate resolution limit.

This thesis starts with a short introduction of the structure and organisation of the investigated samples
(chap. 1) and explains the experimental setup of TWCSPC and the techniques of data analysis (chap.
2). Chapter 3 presents an overview of the existing theoretical concepts and introduces the formalism of
rate equations used to simulate the time course of the fluorescence emission (chap. 3.2). The light
driven dynamics of excitons is investigated in the WSCP complex (chap. 4), in the isolated PBP
antenna and whole cells of A.marina (chap. 5) and in complex composed hybrid systems consisting of
semiconductor nanoparticles and the PBP antenna of A.marina (chap. 6). Finally the full PS Il
dynamics of EET and ET transfer steps in whole living organisms (whole leaves of the higher plant
Arabidopsis thaliana) (chap. 7) are discussed. In the latter case the formalism of rate equations is used

to cover 15 orders of magnitude in time (fs- processes to changes in the time domain of seconds).
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1. BIOLOGICAL BACKGROUND

Traumen wir uns fiir einen Moment in einen zuklnftigen Zustand der Naturwissenschaft, in dem die
Biologie ebenso vollstandig mit Physik und Chemie verschmolzen sein wird, wie in der heutigen
Quantenmechanik Physik und Chemie miteinander verschmolzen sind. Glaubst du, dass die
Naturgesetze in dieser gesamten Wissenschaft dann einfach die Gesetze der Quantenmechanik sein
werden, denen man noch biologische Begriffe zugeordnet hat, so wie man den Gesetzen der
Newtonschen Mechanik noch statistische Begriffe wie Temperatur und Entropie zuordnen kann; oder
meinst du, in dieser einheitlichen Naturwissenschaft gelten dann umfassendere Naturgesetze, von
denen aus die Quantenmechanik nur als ein spezieller Grenzfall erscheint, so wie die Newtonsche
Mechanik als Grenzfall der Quantenmechanik betrachtet werden kann ?

Werner Heisenberg (1901 — 1976), German physicist (see [1])

1.1 Structures and organisation of photosynthesis

Photosynthesis appears to be the biosphere’s most important process in solar energy exploitation [73].
It can be described as the light induced chemical reaction of water with carbondioxide to glucose (see

Figure 1):

hv
12H,0+6CO, —» CH,,0,+60,+6H,0 chemical equation 1

The photosynthetic reaction summarized by chemical equation 1 is highly endergonic and driven by
Gibbs free energy of solar radiation on earth that is absorbed by green plants (for more detailed

thermodynamic considerations see chap. 3.5).

The dynamics and structural organisation of photosynthetic organisms covers more than 10 orders of
magnitude in space, ranging from the pm-dimension of electronic orbitals up to tens of meters sized
plants and up to 26 orders of magnitude in time, from the fs dynamics of light absorption to the life
time of trees covering thousands of years.

Figure 1 presents a schematic overview on the hierarchic organisation of structures that form a
photosynthetic organism (e.g. a photosynthetic tree of 10 m) which is a sum of its cells (typically 10-
100 pm). The photosynthesis takes place inside the leaves which are formed by an inhomogeneous 3-
dim. array of cells on the um-scale. The single cell is the smallest organized form that is still named
“living system”. It is a whole organism and all higher individual organisms are formed by a symbiotic
biosystem of such cells [74, 75].

In eukaryotic organisms the cells contain chloroplasts of very different sizes and geometries (see e.g.

[76]) where photosynthesis takes place inside the thylakoid membrane.
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The cells contain the endoplasmatic reticulum that connects ribosomes and the cell organells, i.e.
mitochondria, chloroplasts, the nucleus and the vacuole. Additional minor components like hormones,
proteins, free DNA and RNA and a number of different small molecules are not shown in Figure 1.
The chloroplasts have their own DNA, lipid droplets, starch, ribosomes and contain the Grana stacks
of the thylakoid membrane. The thylakoid membrane is formed by a lipid bilayer with hydrophilic
surface. Inside the thylakoid membrane the lipophilic environment contains the membrane proteins.
They are hydrophobic and therefore bound to the membrane (membrane intrinsic proteins).

b 10cm ——

20m

dioxygen (02)

Endoplasmatic reticulum

Lipid droplet ¢

Mitochondrium  Ribosom ’
Ribosome

Nucleus

cell chloroplast thylakoid
F— 10-100 pm — b— ~3um — F— 100 nm —

Figure 1: Hirarchic structures of green plants. The chloroplasts contain the Grana stacks of the thylakoid
membrane where photosynthesis takes place. Figure provided by Florian Schmitt (Florian Schmitt Illustration)

Figure 2 shows schematically the substructure of the chloroplasts containing the thylakoid membrane
where the photosynthetic pigment-protein-complexes are located as membrane intrinsic proteins.

The dynamics of the thyalkoid membrane is assumed to have impact on the transient changes of the
guantum yield of photochemical light transformation.
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The photosynthetic reactions leading to CO,-fixation comprise the light driven reactions which take
place inside the thyalkoid membrane, and the “dark” reactions which take place inside the chloroplast
stroma (indicated as a red cycle process in Figure 2).

The thylakoid membrane divides the aqueous phase of the chloroplasts into the thylakoid lumen and
the chloroplast stroma. Protons released into the thylakoid lumen and protons transferred from the
stroma into the lumen form a transmembrane electrochemical potential difference. This drives the
adenosine triphosphate (ATP) synthase that phosphorylates adenosine diphosphate into the energy rich
ATP compound required as free energy source in the dark reaction for carbon reduction.

— ~3um — — 100 n m —
chloroplast thylakoid

stroma

—~ |e:
o YN
~/

membrane

ATP-synthase

Figure 2: Membrane proteins inside the lipid double membrane of the thylakoids. Figure provided by Florian
Schmitt (Florian Schmitt Illustration). For further details see text.

The “light” reaction performs the exploitation of solar energy by highly functionalized PPCs. Solar
energy represents the unique Gibbs free energy source of earth’s biosphere. The Gibbs free energy is
converted into high energy chemical compounds via the process of photosynthesis. This is achieved
perfectly by incorporation of suitable chromophores into protein matrices. The PPCs are optimized to
energy absorption and transfer producing the high energetic compounds ATP and NADPH.

Two classes of pigment-protein complexes have evolved with distinctly different functions: antenna
systems and reaction centers (RCs) (see [77]). These operational units perform the light driven
processes of photosynthesis in a controlled and highly efficient manner: The pigments of the antenna
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complexes (for reviews, see [73, 78]) absorb light and transfer the electronic excitation energy via
radiationless EET to the photochemically active pigment(s) of the RCs. There they are transformed
into electrochemical free energy (for a review, see [79]).

The photochemically active chlorophyll containing photosynthetic PPCs are classified into the PS |
and the PS Il (Figure 2). Electrons flow from PS Il to PS I. Light absorption changes the redox
properties of a single electron in each photosystem. The nomenclature has developed historically
denoting the “first” PS as PS II which delivers electrons to the PS I [80].

It should be mentioned that in contrast to the simplified schemes shown in Figure 1 and Figure 2 the
distribution of different pigment-protein complexes with different optical properties is not
homogeneous along the thylakoid membrane (PS I and PS Il [81] or PS Il complexes with different
antenna sizes, so called alpha centers and beta centers [82], are inhomogeneously distributed along the

thylakoid membrane).

The light energy is absorbed by chromophores bound to the photosynthetic complexes of PS | and
PS 1I. These chromophores are mainly chlorophyll and carotenoid molecules. The redox chemistry of
PS | is not a topic of this thesis and therefore a detailed description of this system is not presented
here. The reader is referred to the existing literature of the light harvesting complex and RC of PS |
(see [80] and references therein).

The electronically excited singlet states formed by light absorption of the Chl molecules are not
completely transformed into Gibbs free energy. A fraction is emitted as red fluorescence and the
dynamics of the fluorescence emission of all samples containing PS | and PS 1l is mainly determined
by the properties (organisation and coupling) of the photosynthetic pigment-protein complexes of
PS 11 (see [83]).

Structure, electrochemistry and function of the PS 11

While the light harvesting systems of the PS Il exhibit strong variations between different
photosynthetic organisms (e.g. cyanobacteria and higher plants) the architecture of the so called core
complex containing the RC is very similar among all oxygenic photosynthetic organisms. The RC
consists of the D1 and D2 core protein (in anoxygenic purple bacteria the analogous proteins are
named L and M, respectively) binding 6 Chl molecules and the CP 43 and CP 47 core antennae (see
Figure 3) that contain 13 and 16 Chl molecules, respectively. After light absorption inside the PS Il an
excited singlet state of the chlorophyll finally localizes inside the RC. The molecular identities of the
excited state 'P680°, from where the electron transfer starts, and the state P680", where the hole
stabilizes, are different [84]. Together with the strongly coupled Chl dimer Pp,/Pp, called “special
pair” the two Chl molecules Chlp; and Chlp, and two pheophytin molecules which have different site

energies form a flat energetic “trap” represented by the reaction center in comparison to the excited
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states in the Chl antenna and the two Chl molecules Chl,p; and Chl,p,. (for further details see [84] and
references therein).

PS Il and PS | are functionally connected by the Cythgf complex where plastoquinol PQH, formed at
PS Il is oxidized and the electrons are transferred to PS | via plastocyanin (PC) as mobile carrier (see
Figure 2). This process is coupled with proton transport from the stroma to the lumen thus increasing
the proton concentration in the lumen. At PS | the light driven reaction finally leads to the reduction of
NADP* to NADPH. The proton gradient provides the driving force for the ATP synthase where ATP
is formed from ADP + P. NADPH is used in the dark reactions for CO, reduction to produce glucose
inside the chloroplast stroma.

The spatial separation between lumen and stroma and the oriented arrangement of PS I, PS Il and
Cythsf enables a directional electron flow coupled with the formation of a transmembrane
electrochemical potential difference. This way the absorbed Gibbs free energy of the photons is
partially and transiently “stored”. For further thermodynamic considerations of the initial processes of

photosynthesis, see chap. 3.5.

The antenna complexes permit a very efficient adaptation of anoxygenic photosynthetic bacteria [85],
cyanobacteria [86] and plants [87] to different and widely varying illumination conditions. At low
light intensities the few excited singlet states are funnelled with high efficiency to the photochemically
active pigment of the RCs. There the photochemical charge separation takes place [84, 88 - 92] An
opposite effect is induced under strong illumination: The radiationless decay of the superfluous excited
singlet states is stimulated by opening dissipative channels. In addition (bacterio) chlorophyll triplets
formed via intersystem crossing are effectively quenched by carotenoids (Cars) [93].

In contrast to the reactions in the antenna, only the excited states in RCs, PS | and PS Il are
transformed into electrochemical Gibbs free energy via electron transfer thus giving rise to formation
of the primary cation-anion radical pairs, followed by stabilization steps under the participation of
secondary acceptor components (for reviews, see refs [84, 88 - 92] and references therein). In plants
both of these types of pigment-protein complexes (antennas and photosystems) are highly
hydrophobic. Therefore they are located inside the lipophilic intrinsic part of the thylakoid membrane

as integral proteins.
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PSII

Figure 3: Subunits of the PS Il of higher plants including the LHC b complexes as light harvesting system and
the core complex [94] (for details see text).

Figure 3 presents a schematic overview of the protein and pigment protein complexes which form the
PS 1l. The electron flow/ pathways between the cofactors shown in Figure 3 are indicated as black

arrows.

The PS 11 light harvesting complex (LHCII) in higher plants contains the pigments Chl a, Chl b and
carotenoids (see [73],[95] and chap. 1.3.1). The pigment-pigment and pigment-protein interaction
leads to a complex energetic surface of the excited Chl states (see [96]). Next to the Chl containing
core antenna the LHCII complexes are also in contact to protein structures (shown in black in Figure
3) surrounding the core complex and containing nearly no pigments. These proteins most likely
stabilize the structure of the core complex. Like the protein complex S they work as linker proteins
which seem to be very important for the energy transfer processes. The exact function of these linker
proteins is still not clearified in full detail [97]. The core complex of the PS Il (see chap. 1.4) consists
of the reaction center (D1, donor side, yellow and D2, acceptor side, orange in Figure 3) and the Chl
containing core proteins CP 43 (dark green in Figure 3, containing 13 Chl molecules) and CP 47 (red
in Figure 3, containing 16 Chl molecules) which form the core antenna. As mentioned above this core
complex exhibits a common architecture among all oxygenic photosynthetic organisms (and is also
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very similar in anoxygenic photosynthetic bacteria). It remained nearly unchanged during evolution.
Differences are found in the oligomeric macrostructure of the core complex that leads to dimeric or
tetrameric supercomplexes as found in several species, e.g. the cyanobacteria Prochloron didemni and
A.marina [98], [99].

In marked contrast the antenna complexes of cyanbacteria, green sulphur bacteria, purple bacteria and
higher plants (just to mention a few examples) are very different in composition and/or architecture.

An overview on different light harvesting systems is presented in chap. 1.3. ff.

The substrate water (H,O) interacts with the water oxidising complex (WOC) containing four
manganese ions (see Figure 3). The interaction between H,O and the WOC elevates the energetic state
of the H,O molecule. The interaction process activates the release of two electrons per molecule H,O
to an intermediate acceptor Y, which fullfills the role of an electron donator for P680*. P680 is the
lower excitonic state of the two Chl a molecules forming the ,,special pair* Ppi/Pp, inside the RC
[100].

The oxidation of P680 is possible via the interaction with pheophetin (Pheo). The formation of the first
radical ion pair P680"Pheo” is the primary charge separation. The energy of this radical pair strongly
depends on the state of the environment. After formation of the primary radical pair the environment
relaxes and shifts the energy level of P680"Pheo” to a lower value [101].

Due to the strong interaction between P680" and Pheo™ the recombination rate of P680'Pheo is
comperatively high. The charge separation is more stable after the relaxation of the environment and
the subsequent “charge stabilization” process, when Pheo releases an electron to the plastochinone Qa
(see chemical equation 2). Strongly coupled molecules with partial excitonical coupling and EET fast
in comparison to the resolution limit of TWCSPC are indicated with a double arrow (<), while
localised electron transitions are indicated with simple arrows for reactions that occur in both

directions (—_—>). The index N in chemical equation 2 indicates that a high number of Chl

molecules (N = 100 — 400) are coupled inside and in between the PS Il subunits. The electronically

excited complexes are marked with an asterix (*).

((cht), < P680) Pheo Q,——> (Chl), P680" Pheo™ Q, —(Chl ), P680" PheoQ,"

chemical equation 2: most important steps of the charge separation in the reaction center after
absorption of light energy in the antenna which interacts strongly with the P680 inside the reaction
center. The electron is released towards pheophetin and (Pheo) and plastochinone (Qa).

The primary donor P680 and the primary acceptor Pheo are bound to the D1 protein as shown in
Figure 3. D1 is the donor side of the reaction center. Qa is located inside the D2 protein on the
acceptor side. From there the electron is transferred towards the plastoquinone molecule at the Qg site.
This mobile plastochinone electron carrier binds protons and diffuses through the membrane as QgHs,.

Therefore electrons are transferred towards the PS | via the cytochrome complex.
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1.2 Fluorescence emission as a tool for monitoring PS 11 function

As mentioned in [57, 58] the radiative emission from Chl a offers an invaluable tool to study the
dynamics and the efficiencies of the primary processes of photosynthesis [65, 81, 83, 102-125].
Important information can be gathered from various techniques of fluorescence measurements
depending on the mode of excitation and detection.

Information on excitation energy transfer among antenna pigments, trapping, charge separation and
charge stabilisation within the reaction centers (according to chemical equation 2), forming of
channels for nonphotochemical quenching, pigment—pigment or pigment-protein coupling can be
gathered from analyses of the time decay and wavelength dependence of the emitted fluorescence [65].
Often short (typical ps) light pulses are used [115, 116]. This technique of time resolved analysis of
prompt fluorescence decay after excitation is often performed in the mode of TCSPC as done in the
thesis presented here.

A different technique is the monitoring of light induced transients of fluorescence quantum yield, often
referred to as fluorescence induction. A great variety of methods is applied for monitoring
fluorescence induction curves: samples are excited either by continuous light at different intensities
[102, 103, 112, 117] or by light pulses of different duration and intensities [81, 104, 118-120], with or
without a background of continuous light.

In general, the prompt fluorescence decay and the transient changes of the fluorescence yield are
complicated functions depending on many parameters. Therefore model-based data analysis is
required to deconvolute both, the fluorescence decay [83, 107, 109] and the transient changes of the
fluorescence emission [112, 114] into a set of parameters for individual reactions.

Numerous models which simulate the experimentally determined fluorescence curves have been
developed. One essential feature for data analysis is the finding that fluorescence emission of oxygen-
evolving photosynthetic organisms is dominated by processes connected with photosystem Il (PS II)
(see [57, 112]).

It has been shown that the prompt fluorescence decay is mostly determined by the kinetics of EET in
antenna complexes, charge separation and charge stabilisation as shown in chemical equation 2 [83],
[107, 109].

A much greater variety of models exists for simulations of the transient fluorescence change from ns —
s range, because these are monitored under quite different excitation conditions. They depend on very
different processes which take place on different time scales. The models typically cover a time range
of up to about 10 s. At time periods longer than 500 ms, formation and decay of an electric potential
and the pH difference across the thylakoid membrane have to be taken into account for an accurate
description of transient fluorescence changes [57, 58, 105, 110, 121-125].
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1.3 Antenna complexes in photosynthesis

The enhancement of the absorption cross section of the photosystems is only one function of
photosynthetic antenna complexes. In addition they have regulatory functions like the dissipation of
excess energy to avoid the generation of singlet oxygen at high light conditions (see [76] for an
overview).

The structural arrangement of the pigments and the fine tuning of the Chl molecules by the
environment leads to a directed energy transfer from the antenna to the photochemically active
reaction center (RC). The absorbed light energy is able to bridge distances of 30 nm to the RC with up
to 99 % quantum efficiency [76].

In contrast to the common architecture of the RC the antenna structures are found to vary in different
photosynthetic organisms. The exact pigment composition of the antennae is not completely
determined for a certain species but depends on the growth condition, light intensity and light quality
during growth. The latter effect is known as chromatic adaption.

Therefore a short outline of some selected antenna systems of anoxygenic bacteria, oxygenic bacteria
and higher plants is presented in the following subsections. A detailed overview on the different
complexes is found in ref. [76].

Anoxygenic photosynthetic bacteria contain bacteriochlorophyll (BChl) in the antenna complexes and
reaction centers. BChl a is e.g. found in the light harvesting antennae (LHZ1, LH2) of purple bacteria as
presented in chap. 1.3.2 and the Fenna-Matthews-Olson (FMO) complex of green sulphur bacteria
(chap. 1.3.3).

In contrast to anoxygenic bacteria the oxygenic photosynthetic organisms contain two separated
photosystems (PS | and PS Il). Both PS have own reaction centers and antenna complexes. The major
membrane extrinsic light harvesting antenna of cyanobacteria are phycocyanobilin containing protein
structures that are mostly associated with PS II but are also found to undergo so called “state
transitions” between PS Il and PS I. The PBPs organize in different forms as huge phycobilisomes in
most cyanobacteria (chap. 1.3.4) or minor rod shaped PBP antennae in the cyanobacterium A.marina
(chap. 1.3.5). Cyanobacteria contain several additional pcb complexes (recently also named
“chlorophyll binding proteins” CBP) surrounding the reaction center and core proteins (see chap. 1.4
and [98], [99]).

In higher plants the trimeric major light-harvesting complex Il (LHCII) is found which is located
inside the thylakoid membrane present in ratios of four or even more trimers per PS Il core dimer (see
Figure 3 and chap. 1.3.1 and [128]). The LHCII is one of the most prevalent proteins found on earth.

In addition oxygenic photosynthetic organisms contain further Chl binding proteins that are associated

with the PS Il core complex (see Figure 3 chap. 1.4). Next to the core proteins CP 43 and CP 47
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containing 13 and 16 Chl molecules, respectively, further minor complexes, the CP 24, CP 26 and CP

29 are found in higher plants which take over regulatory functions (see [76], [79] for more details).

1.3.1 The light harvesting complex of PS Il (LHCII) of higher plants

In the photosynthetic membrane an array of several antenna units is functionally connected with one
reaction center complex, so that energy transfer between the antenna complexes and from the antenna
to the RC occurs.

Four or even more (six in Figure 3) trimeric LHCII structures are connected with one reaction center.
It is outlined in ref. [45] that the PSII-LHCII super-complexes can be arranged in large ordered
domains in the granal thylakoids [129]. Ordered LHCII domains with a diameter of hundreds of
nanometers have been observed [130], [131]. These physical domains contain thousands of pigments
however it is not clear whether and to what extent the excited singlet states can migrate in these large
LHC domains during their lifetime. The size of the functional
domain, i.e. the number of pigments connected via EET depends on
the excited state lifetime and on the time of transfer between the
pigments. The EET inside the LHCII is found to take place on the
fs-ps time scale [2]. These dynamics strongly depend on the
structural arrangement of the pigments which is stabilized by the

protein matrix that leads to a well defined coupling of the

embedded pigments. Structural arrangement and EET are strongly

Figure 4: AFM picture of | correlated. Even quantum entanglement might influence the
aggregated  LHCIl  trimers .
prepared by detergent removal. ultrafast EET in LHCII [126, 127]
The LHCII samples at original
concentration of 10 pg Chl/ml
were immobilized and dried on | suspension medium and the preparation protocol. Figure 4 shows
glass plates precoated with o . .
poly-L-lysine. ~ The  AFM that huge LHC aggregates can be formed in diluted media. The size
images were taken in close-
contact mode. For further
information see ref. [45]. up to 2 um.

LHC trimers tend to aggregate strongly depending on the

of the homogeneous LHCII domains in Figure 4 reaches values of

The extent of EET between photosynthetic units, termed connectivity, has been proposed to explain
the sigmoidal shape of the fluorescence induction transient. Different models have been proposed, like
the so called “lake model” where the reaction centres are embedded in a network of interconnected
antennae [103, 132, 133, 134].

According to the concept of connected photosynthetic units the functional domain size of the LHC
antenna is much larger than the number of pigments in one pigment-protein complex. Several attempts

exist to estimate the domain size in thylakoids and in isolated LHCII preparations. A common
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approach is based on studies of excitation annihilation due to the interaction between two excited

(singlet or triplet) molecules which results in the dissipation of one excitation [135] according to

int.conversion

S,+S, > S, +5, —————>§5,+S,

int.conversion

S;+T, »T +5, ——————>T,+§,

chemical equation 3

where S; and T; denote the i excited singlet and triplet state, respectively. The coexistence of two or
more excited electronic states in one domain therefore leads to quenching and a reduction of the
average excited-state lifetime. A theory has been developed that relates the excited-state lifetime with
the domain size [136].

Kolubayev et al. [137] estimated approximate domain sizes in thylakoids and isolated LHCII of at
least 200-250 Chl molecules by measuring the relative fluorescence yield as a function of excitation
intensity as indicator of the singlet-triplet quenching. Gillbro et al. [138] investigated the singlet-
singlet annihilation in LHCII aggregates with picosecond absorption and confirmed this minimal value
of 200-250 interconnected Chl molecules for the domain size. Barzda et al. [139, 140] calculated 64
nm for the radius of excited state migration, which corresponds to a much larger number of Chl
molecules. In a different approach the energetic connectivity was analyzed in aggregated and
solubilised LHCII and native thylakoid membranes, employing artificial exogenous singlet quenchers,
like dinitrobenzene and phenyl-p-benzoguinone. Different types of isolated LHCII and native
thylakoid membranes were investigated with respect to the estimated functional domain size. In LHCII
macroaggregates the resulting values were 15-30 LHCII trimers, corresponding to 600-1200
chlorophyll molecules. In native thylakoid membranes the domain size was equivalent to 12-24 LHCII
trimers, corresponding to 500-1000 chlorophylls [45].

New investigations have shown that the different dynamics of biexcitons and higher exciton states in
comparison to single excitons in coupled quantum configurations mostly contribute to the decrease of
the fluorescence quantum yield of LHCII complexes at high excitation intensities [141, 142]. The
main physical reason for this effect is Pauli blocking of radiative relaxation channels as described in
[143], rather than singlet-singlet annihilation. Also the photon statistics of the excitation field plays an
important role for the excitation dynamics if biexcitons or higher excitonic states are excited in LHCII
complexes [42]. Therefore the values gathered from singlet-singlet annihilation studies might deviate
systematically from the “real” domain size and the average migration radius of excitons in coupled
nanostructures.

In the thesis presented here mainly single exciton dynamics in antenna complexes as it is expected for
low excitation energies is investigated. Even under bright sunshine the light intensity is not high
enough to excite biexcitons in plant LHCII. At high light energies efficient quenching mechanisms

occur that depopulate excited states due to nonphotochemical quenching [144, 145].
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Aggregates of isolated LHCII exhibit drastically shortened fluorescence lifetime [146, 147] in
comparison to isolated LHC (solubilised LHC complexes). Aggregate formation has been proposed to
act in the excitation quenching in vivo [148- 150]. Different views on the mechanism of quenching in
aggregated LHCII were discussed [150, 151]. One possible mechanism is the formation of new
guenching centres upon aggregation in most or all antenna complexes. Another concept suggests that
the overall quenching results from the increased domain size, but only few or no new quenching sites
are formed [152, 153].

The molecular structure of the LHCII trimer with a diameter of about 10 nm is shown in Figure 5
[154]. Each monomeric unit contains 6 Chl b and 8 Chl a molecules. In addition, four carotenoid
molecules are bound per monomeric subunit, i.e. two luteins, one neoxanthin and one violaxanthin
[155]. The carotenoid molecules accomplish a special regulatory function. Violaxanthin exhibits an
energetically slightly higher excited state than the first excited singlet state in Chl a (*Chl a"), while
the first excited state in zeaxanthin - which has a larger delocalised m-electron system than
violaxanthin - is lower than 'Chl a”. Violaxanthin can absorb light energy and transfer it to Chl
molecules via the mechanism of Dexter transfer (see chap. 3.3), whereas the energy flows from Chl to
zeaxanthine. This process in the plant LHCII is regulated by the so called “Xanthophylle cycle”
deepoxilating violaxanthine to zeaxanthine at high light conditions [76] by violaxanthin-deepoxidase,

whereas this process is reversed by the zeaxanthine-epoxidase [156], [157].
A

Figure 5: Molecular structure of the
trimeric LHC complex according to
[154]. Protein structures are shown in
grey. The carotenoids are coloured in
pink and orange. Chl b is hold in
light blue and Chl a is pictured in
green. Figure 5A shows the front
view of the complex and Figure 5B
presents the side view of the complex
embedded in the thylakoid membrane
(see also Figure 3).
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Solubilised LHC trimers in buffer containing Beta-DM were measured with a commercial absorption

spectrometer (lambda 19). The absorption spectrum is shown in Figure 6.
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Figure 6: Absorption spectrum of LHC trimers in micelles formed in buffer with Beta-DM. The main absorption
bands are directly denoted in the graph and assigned to Chl a, Chl b or carotenoids and proteins with the
absorption band of tryptophan (Tryp) at 267 nm.

The absorption spectrum of solubilized LHCII (see Figure 6) exhibits bands of Chl a (soret band (Bx)
with peak at 437 nm, Qy with peak at 675 nm) and Chl b (soret band (Bx) with peak at 474 nm, Qy
band with peak at 650 nm) in agreement with data reported in the literature [2]. Minor absorption
around 400 nm and 600 nm is assigned to the By and Qx transitions of the chlorophylls, respectively
(see also Figure 10 for the absorption spectrum of Chl d). The strong absorption between 480 nm and
500 nm originates from carotenoids. Below 400 nm the absorption is dominated by the contribution of
the proteins with the typical maximum of tryptophan with peak at 267 nm. Below 250 nm the steep
increase in the absorption results from the sum of all organic molecules in the complex.

The structure of the Chl molecules is shown in Figure 7. It is characterized by the closed porphyrin
ring system complexing the Mg ion with a binding motif of 50 % covalent and 50 % coordinative
binding. The phytol chain is bound to ring 1V. The difference between Chl a, Chl b and Chl d is given
by different side groups found at the binding sites of Ry and R, at ring I and 11, respectively (see inset

in Figure 7).
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Figure 7: Molecular structure of the Chls: Chl a, Chl b and Chl d (see inset).

Chl a and Chl b are found in the LHCII of higher plants, while PS 1l complexes and PS | contain only
Chl a molecules. The cyanobacterium A. marina is an exception because it contains mainly Chl d in
the membrane intrinsic antenna and RC complexes. The Qy band of Chl d is red shifted to about 699
nm in ethanol solution as shown in Figure 10 compared to the absorption maximum of Chl a at 675
nm (see Figure 6).

The absorption maximum of the Chl d antenna in A.marina was found red shifted by another 20 nm to
an absorption maximum at 719 nm for the Qy transition according to our measurements (see Figure 8),
while, according to Miyashita, the Chl d absorption maximum appears at 714 nm in A.marina [160].
Former measurements showed a peak at 717 nm for the Qy band of Chl d in living cells of A.marina
[161]. This red shift occurs most probable due to the influence of the surrounding protein matrix.

The spectrum shown in Figure 8, left side, is not corrected for scattered light. The whole cells with a
diameter of about 1 um exhibit strong scattering which leads to an increase of the background level at
shorter wavelengths. Figure 8 also shows the absorption of the PBP antenna in A.marina between 610
nm and 650 nm (see chap. 1.3.5) and the Bx and By absorption bands of Chl d which exhibit highest
absorption at 468 nm in living cells (see Figure 8 in comparison to Figure 10 for the calculated Chl d

spectrum).
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Figure 8: Absorption (without correction of scattering background) of whole cells of A.marina. (left side) and
corrected spectrum with 2" derivative (right side)

Figure 9 shows the energy levels and selected electronic transitions including vibrational states of
Chl d in 40:1 methanole:acetonitrile at 170 K according to Nieuwenburg [158]. In [158] the dipole
strengths and spectral linewidths of the different transitions are published as shown in Figure 9. This
information was used to plot the relative contributions of these transitions to the absorption spectrum
(see Figure 10). For the calculation of the spectrum the extinction coefficient for Chl d at 699 nm as
published in [159] was used for rescaling.

The vibrational and rotational spectrum of chlorophyll is quite complex. In addition to the vibrations
of the covalent bonds of the porphyrine ring system low frequency vibrations are found. They are
probably related to the oscillation of the Mg®*-ion. The longitudinal frequencies of the Mg oscillation
appear at 1230-1300 cm™ while transversal oscillations have typical energies of 540 — 600 cm™ [162].
Chl a and Chl b molecules bound to water soluble chlorophyll binding protein (WSCP) reveal
vibrational side bands at 100-300 cm™ [47]. These frequencies might also be explained by vibrations
of the Mg ion or by torsions of the chemical bounds inside the Chl molecules exhibiting typical
frequencies of 200-350cm™ [162, 163]. In addition the protein environment of the Chl molecules gives
rise to a complex phonon spectrum with strong temperature dependency [47, 48, 49]. Configuration
changes of the protein can explain the characteristic time delay observed between excitation of the

chlorophyll and the population of states in a relaxed environment.
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Figure 9: Energetic states and characteristic transitions of Chl d in 40:1 methanole: acetonitrile at 170 K
according to Nieuwenburg [158]
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Figure 10: Calculated spectrum of Chl d using the transitions shown in Figure 9 and values for the dipole
strengths, spectral linewidths and extinction maximum at 699 nm given in [158] and [159].

The broad absorption spectrum of pigments caused by intramolecular vibrational states is of high
relevance to achieve an efficient solar energy exploitation. It fulfils the resonance condition between
the fluorescence spectrum of donor pigments and the absorption of acceptor pigments due to large
spectral overlap. Such overlap is necessary for an efficient energy transfer along the antenna pigments

according to the mechanism of Forster Resonance Energy Transfer (FRET) (see chap. 3.3.2).
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1.3.2 The LH1 and LH2 of purple bacteria

It is the intention of this short outline of the LH1 and LH2 of purple bacteria to give an impression of a
typical complex where the energy pathway is mainly determined by pigment-pigment interaction, i.e.
excitonic coupling and Forster Resonance Energy Transfer (FRET).

In the LH complexes of purple bacteria the excitonic coupling of the pigments results in fast
equilibration of electronic excitation along ring shaped structures of the organized pigments. The
absorption of these pigment-rings exhibits maxima at 800 nm and 850 nm and therefore they are
denoted as B800 and B850. Figure 11 shows the pigment arrangement. For the nomenclature see also
Figure 14. The bacteriochlorophyll (BChl) molecules B800 in the bigger ring structure of LH2 are less
densely packed than those of the smaller structure B850. Due to the shorter distance of neighbouring
dipole moments and the steric orientation of the BChl molecules the intermolecular interaction is
much stronger in B850 than in B800. This leads to a stronger coupling and larger excitonic splitting in
B850 in comparison to B800. The lowest excitonic state in B850 exhibits a markedly red shifted
absorption maximum at 850 nm [164, 165].Therefore electronic excitation energy migrates from the
outer to the inner ring according to FRET [166].

Figure 11: Ring shaped BChl arrangement of the LH complexes found in purple bacteria according to [167]. The
LH2 complexes contain an inner ring structure which is slightly smaller and an outer ring structure which is
slightly bigger. Similar organisation is found in the bigger LH1 structure surrounding the RC. For more details
see text and Figure 12.

Figure 11 shows the BChl molecules in green and cyan. The proteins are shown in blue and purple
(LH1 and LH2) and red and yellow for the L and M subunits of the the RC. The BChl organisation in
the LH2 is shown in Figure 12. It is visible that the BChl molecules in the B850 are more densely
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packed and orientated in a tilted “sandwich configuration” while the distance of the BChls in B80O is
larger and all molecules are lying in the x-y-plane. AFM pictures of the ring shaped LH2 structures of
Rubrivivax gelatinosus are shown in Figure 13 [168]. The LH2 shows a typical 9-fold rotational
symmetry.
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Figure 12: organisation of the 27 BChl molecules found in the LH2 antenna as published in [164]. The left side
(view in x-z plane) shows the orientation of the 18 molecules of the smaller inner ring (B850) placed in z-
direction above the 9 BChls of the bigger outer ring (B800) while the right side shows the view from the top (as
in Figure 11) along z-direction on the x-y-plane.
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Figure 13: AFM pictures of the LH2 of Rubrivivax gelatinosus as published in [168] (The pictures A,C,E and G
show the original AFM data while B,D,F and H represent averaged pictures of A,C,E and G, respectively). Scale
bars represent 10 nm in the raw data and 2 nm in the averages.

The structural arrangement of the BChls in LH2 (see Figure 12) has strong impact on the pathway of
energy transfer. Excitons formed in the B800 are efficiently transferred to the B850 due to energetic
reasons. Detailed quantum chemical calculations performed by T.Renger and coworkers revealed that
the excitons equilibrate with a time constant of 500 fs along the B800 BChl while the equilibration in
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the B850 structure occurs with a faster time constant of 100 fs [169]. The energy transfer from the
B800 to B850 is nearly irreversible and takes 1.2 ps. With a time constant of 3-5 ps the excited states
localise in the LH1 and after 35 ps in the RC (see Figure 14).

0.5ps
B800 1.2ps

B850

LH1

35ps

Figure 14: Time constants for the excited state transfer intra and inter the LH2 and LH1 complexes according to
[169].

1.3.3 The Fenna-Matthews-Olson (FMO) complex of green sulfur bacteria

Another fascinating complex where the fine tuning of the pigments by the surrounding protein plays a
more important role for the EET than in B800 and B850 is the FMO complex of green sulphur
bacteria. The different site energies of the excitonically coupled BChl in the FMO leads to a defined
pathway from the outer antenna complex to the RC. The FMO complex as shown in Figure 15 is
described e.g. in [170, 171, 172] in more detail.
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Figure 15: Schematic view of the FMO complex found in green sulfur bacteria (A). The organisation of the
trimeric protein structure (green, blue) containing 8 BChl molecules (red) per subunit is shown in panel (B). In
[171] it was assumed that the FMO complex contains only 7 BChl per subunit. Recent findings disclosed the
existence of an eighth BChl. The detailled structural arrangement of the chlorophylls embedded in one monomer
of the trimeric protein shown in panel (B) is presented in panel (C). This figure was published in [171].

The local protein surrounding of the BChl molecules in the FMO complex (see Figure 15 C))
modulates their energetic states. In Figure 15 C) only seven BChl molecules are shown while recent
findings gathered from mass spectroscopic analysis unraveled the existence of an 8" BChl [172].

A fine tuning of the electronic states of the BChls leads to a localisation of the lowest energetic states
near the chlorophylls number 3 and 4 which are in close contact to the RC (see Figure 15 C)). Excited
electronic states populated at pigments 1 and 6 are rapidly transferred within 5 ps to the pigments
number 3 and 4 [170]. The pathway of this EET is determined by pigment-protein coupling rather than
pigment-pigment coupling.

The directed EET that is guided along a certain pathway is necessarily correlated with the existence of

a pigment array within an asymmetric protein structure.
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1.3.4 Phycobilisomes (PBS) of cyanobacteria

The antenna complexes of photosynthetic organisms enhance and regulate the effective absorption
cross section by connecting a huge number of pigments to the RC as well as by regulating the
connectivity and excited state lifetime. The modulation by the protein environment and the coupling of
the pigments determines the probability distribution of EET pathways. Additionaly the high number of
nondegenerated states of all pigments in these antenna complexes enable light absorption in a wider
spectral range than by single pigment molecules.

In photosynthetic organisms different molecules are bound to peripheral antenna complexes which
close the absorption gap of the chlorophyll molecules in the green spectral range and therefore rise the
efficiency of the antenna. Such pigments are carotenoids in LHCIl (see chap. 1.3.1) and
phycobiliprotein (PBP) complexes containing phycoerythrin (PE), phycocyanin (PC) and
allophycocyanin (APC) in cyanobacteria. The pigments are open porphyrin ring systems exhibiting
strong absorption in the green and yellow spectral range thus being responsible for the blue color of
cyanobacteria.

Figure 16, left side, shows the structure of C-PC of typical cyanobacteria like Synechocystis and
Synechococcus. It is assumed that similar structures are also found in A.marina [43]. Each monomeric
protein subunit contains three phycocyanobilin (PCB) chromophores (9 pigments in one trimer). In
Figure 16, right side, the APC trimer is shown. This trimeric protein binds 6 pigments (two

chromophores per monomer).

o—subunit gl
(blue) 75 P B—subunit
(B : o—subunit
(blue) g B—subunit
e .

(green)

(green)

Figure 16 Three monomeric phycocyanobilin containing PCs (left side) and the tetrameric structure of APC
(right side). The PC structure was generated with protein data base according to the data published in [173] and
grafically enhanced with Corel Draw ®. The APC structure was generated from the data published in [174]
enhanced with Corel Draw ®
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The PC monomers consist of the o -subunit containing the a-84 chromophore and the (-subunit
containing two chromophores, the -84 PCB and the  -155 PCB (see Figure 16, left side). The APC
monomers contain one PCB molecule in the a -subunit (o -80) and one pigment in the 3 -subunit (8 -
81) (see Figure 16, right side).

616 nm 653 nm
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absorption

isolated
APC
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Figure 17: Absorption spectra of isolated PC trimers (green line) and isolated APC trimers (red line) in buffered
aqueous solution (data redrawn from [2])

The absorption spectra of PC and APC trimers exhibit characteristic bands resulting from strong
excitonic coupling of the pigments. The small shoulder in the PC absorption spectrum (green curve in
Figure 17) at 650 nm most probably represents the absorption of the lowest excitonic state. This state
is strongly visible in the APC spectrum shown in Figure 17 (red curve) at 653 nm. In APC trimers (see
Figure 16, right side) there exists a well defined excitonically coupled dimer containing the two PCB
chromophors o -80 and (-81 of different monomers. In the PC trimers all three pigments are rather
weakly excitonically coupled between different monomers with the o-84 chromophore in the
o—subunit of one monomer and the -84 PC and the 3 -155 PC in the B-subunit of another monomer
(see Figure 18, right side). Sauer and Scheer [175] calculated that the strongest coupling with a value
of 56 cm™ exists between o-84 and B-84 of different subunits. The exact structural constitution of the
pigments in the PC and APC trimers is of high relevance for the shape of the absorption spectrum due
to the formation of strongly absorbing excitonic states. Due to the coupling it is impossible to extract
the optical properties of an isolated pigment from the absorption spectrum of the pigment-protein
complex (e.g. a PC monomer). This was shown by Debreczeny et al. [176]. To analyse the properties
of individual compounds the sample has to be decomposed into the individual constituents. This leads
to a loss of information on the coupling of the pigments which is an essential physical property

determining the functionality of the structure. Therefore it is not possible to analyse the function of the
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whole complex by studying the decomposed compartments and vice versa. The functionality is
directly connected with the preservation of the whole structure. This fact is in some way related to the
fact that the whole structure can not be explained by its (isolated) parts as mentioned at the beginning
of the introduction [1].

The effect of excitonic coupling of PCB molecules in different protein subunits can be analysed if the
absorption of PC monomers is compared with PC trimers as shown by Debreczeny et al. [177, 178].
An accurate comparison revealed that the small shoulder at 650 nm in the spectrum of isolated PC
trimers (see Figure 17) is the result of the coupling between a.-84 and (3-84 in different monomers.

With high resolved fs-absorption spectroscopy Sharkov et al. showed that in APC trimers excitonic
relaxation in the coupled o -80 / B -81 dimer between different monomers occurs with 440 fs [179-
181]. Much slower excitation energy transfer processes with a time constant of 140 ps were observed

between the different chromophores in one monomeric subunit.

The coupling strength of the different chromophores in PC monomers and trimers was analysed by
Sauer and Scheer [175] and by Holzwarth et al. [60]. The absorption wavelengths and calculated
distances of the PC molecules inside the trimeric PCB containing protein disc are shown in Figure 18.

Figure 18: Structure of monomeric PC (left side) generated with protein data base according to the data
published in [173] and grafically improved with Corel Draw®. The protein monomer consists of two subunits:
The B-subunit shown in green binding the two chromophores -84 and 3-155 and the a-subunit (shown in blue)
which binds only one chromophore, the a-84 PCB. The absorption maxima and distances between the different
PCB molecules in the trimeric PC calculated by Sauer and Scheer [175] and Holzwarth et al. [60] are shown on
the right side.

The strongest interaction between the pigment molecule and the protein occurs via sulfur bridge
between the pyrrol ring of the PCB pigment a-84 and a cysteine group of the protein as shown in
Figure 19. Hydrogen bonds help to stabilize the structure and in-plane geometry of the chromophore

molecules and the protein.
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Figure 19:

PCB chromophore «-84
bound to the protein matrix
via a sulfur bridge between
PCB and the cysteine of the
protein. Figure 19 was
generated with ChemSketch
V®.

In addition to the sulfur bridge shown in Figure 19 there exist several hydrophobic interactions
between the pigments and the protein structure. The attractive van-der-Waals forces decay with the 6
power of distance. Therefore only the strongest interactions determine the structure.

Figure 20 shows a view on the -84 PCB chromophore found in the monomeric PC structure that
interacts with leucine along the shortest hydrophobic interaction. From this illustration one can get an
idea of the flexbility of the protein matrix comparable to an ensemble of coupled springs. This spring
like structural arrangement results in a broad distribution of oscillation modes that efficiently
dissipates electronic excess energy in the pigments and modulates the electronic properties of the
pigments bound to the protein quasistatically and dynamically. The quasistatic modulation leads to a
broad Gaussian distribution of chromophore site energies while the dynamic modulation leads to a
homogeneous broadening of the chromophor ensemble and is even assumed to be involved in dynamic

excited state localisation effects that supports the EET.
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Figure 20: B—84 chromophore in PC bound to the protein B—subunit. The shortest hydrophobic interaction (3.2
°A) between the chromophore and the protein is shown as green dashed line. The figure was generated with
protein data base according to the data published in [173] and grafically improved with Corel Draw ®.
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The PC and APC trimers (see Figure 16) tend to aggregate further in the so called ,,face-to-face*
dimerisation forming hexameric structures (for further detail see e.g. [2, 60, 64]).

These hexamers undergo a further aggregation forming so called PBP antenna rods which aggregate to
huge (up to 50 nm in diameter) phycobilisomes (PBS) as shown in Figure 21 and Figure 22 (left side).
In Figure 22 the APC containing hexameric structures seem to be present only in form of single discs,
but they also are found to form rod shaped staples of hexameric discs which are interacting with the
outer thylakoid membrane.

Some cyanobacterial PBS additionaly contain phycoerithrin (PE) in addition to PC and APC hexamers
in the PBS.

The properties of PBS are well understood and therefore PBS are quite a good system for reference
measurements of energy transfer processes. In the study presented here measurements of PBS from the
cyanobacterium Synechocystis PCC 6803 containing PC and APC as schematically shown in Figure
22 were performed (see chap. 5.1).

It was found that energy migrates inbetween about 200 ps from PC to Chl a in Synechocystis (see
chapter 5.1) which is a typical value for PBS of common cyanobacteria in agreement with Holtzwarth
[60], Trissl [63] and Glazer [64].
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Figure 21: Schematic view of the association of PBS with the PS Il inside the thylakoid membrane according to
[76].

It is assumed that the PBS are mainly associated with the PS 1l core complex of the thylakoid
membrane (see Figure 21). Most cyanobacteria contain high amounts of PBS which makes the PBS
chromophores the most important light harvesting pigments found in cyanobacteria. PBS undergo

state transitions from the state indicated in Figure 21 where the PBS are associated with the PS Il and a
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state where they are associated with PS I. Other studies showed that similar behaviour is also approved
for the LHCII in higher plants [182].
Figure 21 indicates the electron pathways after light absorption. Details for the electron transfer chain
are found in chap. 1.1 (see Figure 2).

1.3.5 Phycobiliprotein (PBP) antenna of A.marina

The thylakoid membrane in A.marina is ring shaped [183], containing densely packed PBP antenna
rods. A. marina has a unique composition of the light harvesting system as schematically shown in
Figure 22 (right side). The PBP antenna has a simpler rod shaped structure than that of PBS in other
cyanobacteria [54], [160].
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Figure 22: Overall geometry of PBS found in cyanobacteria (left side) and rod shaped PBP antenna structure of
A.marina (right side) according to Marquardt [183], figure according to Olliges [185]. Both PBP contain PC and
APC. In the PBS additionally PE is found.

In this thesis the PBP structure suggested by Marquardt et al. ([183], Figure 22) was confirmed by
transmission electron microscopy of the PBP antenna complexes of A.marina as shown in Figure 23.
In comparison to the pictures presented in [183] the PBP complexes appear slightly larger with
extensions up to 40 nm in length and 20 nm in diameter. The contrast of the protein structure in the
electron beam is low. Therefore a procedure of negative staining had to be performed to achieve a
picture of the PBP structure.

In transmission electron microscopic studies a carbon film on a copper net as sample holder was
incubated into a concentrated PBP solution in phosphate buffer for 24 h. Then the carbon film was put
into a 4 % (w/w) solution of Natrium-Silicotungstate (Na,[W,SiO4]) which contains the hevy metal
tungsten (W) which has a high scattering cross section for keV electrons. The specimen is left in the
Nay[W1,Si04] solution for about 30 min. After this negative staining procedure the sample is washed
about 2 min. in destilled water and left 24 h for drying. The carbon film can be directly used in the

electron microscope.
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A.marina in buffer containing
phosphate after negative staining
with  NayJW,SiO4]. The PBP
antenna complexes appear
transparent (white) due to the
process of negative staining while
the staining salt leads to a dark
green contrast.

Figure 23: Electron microscopic
study of PBP preparations of

Due to the negative staining process the contrasting structure of
Na,[W,SiO4] might appear slightly bigger than the PBP
antennae which are embedded inside with a varying exact size
dependent on the preparation protocol. Therefore it is assumed
that the size determined by these electron microscopic studies as
shown in Figure 23 is not necessarily significant larger than the
measurement results of Marquardt [183] used to scale Figure 22.

Typical spectra of PBP antenna complexes of A.marina dissolved
in aqueous phosphate containing buffer are shown in Figure 24
(black line). For comparison the absorption of isolated PC
trimers (green curve) and isolated APC trimers (red curve) are
shown (see Figure 17). The large absorption gap of Chl d
between 500 nm and 650 nm (see Figure 10) is partially filled by
the absorption of the PBP antenna as shown in Figure 24.

Interestingly the absorption spectrum of isolated PBP antenna
complexes from A.marina (black curve in Figure 24) is less

broadened than the spectrum of isolated PC trimers (green curve

in Figure 24). Due to the fact that the PC trimers couple to hexamers one would expect a slight

broadening of the PBP absorption compared to isolated PC trimers. In addition the PBP antenna of

A.marina contains APC which should contribute to the red edge of the spectrum at 653 nm (see red

line in Figure 24). It seems that there exists also some absorption at wavelengths > 680 nm. These long

wavelength absorption states play an important role for the energy transfer between the PBP antenna

and Chl d (see also chap. 5.1 ff.).

Figure 24: Absorption spectrum of PBP
isolated from the cyanobacterium
A.marina (black curve) in comparison to
isolated PC trimers (green line) and
isolated APC trimers (red line) as shown
in Figure 17 according to Theiss [2]. The
trimers were diluted in buffered aqueous
solution.
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The PBPs of A. marina have been reported to consist of four hexameric units [183, 186] (see Figure
22, right side). Each homohexamer binds 18 PCB molecules covalently as chromophores. The
PC/APC heterohexamer is found to contain 9 PCB and 6 APCB chromophores (see Figure 16).
Isolated PBPs from A. marina exhibit a fluorescence maximum at 665 nm (APC) with a shoulder at
about 655 nm (PC) at room temperature [183].

In order to avoid structural changes leading to conformational changes of the pigment-protein-
complex the sample has to be preserved by incubation in a buffering medium with high ionic strength.
We used a phosphate containing buffering medium.

If the sample is diluted without phosphate the EET along the rod shaped antenna structure is distorted.
The absorption spectrum of PBP isolated from the cyanobacterium A.marina in a phosphate
containing buffer medium (see Figure 25, red curve) is slightly less broadened than the absorption of
PBP antenna complexes in buffer without phosphate (see Figure 25, black curve), as one would expect
if the structure decomposes. In chap. 5.3 it is shown that there is no EET from PC to APC if the

sample is kept in buffer without phosphate.
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Figure 25: Absorption spectrum of PBP isolated from the cyanobacterium A.marina in buffer containing
phosphate (black curve) in comparison to PBP in buffer without phosphate (red curve).
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1.4 Core complex of PS 11

The light harvesting complexes of different organisms show large variety (see sections 1.3.1 — 1.3.5).
In marked contrast the core complex of PS 11 of all known oxygenic photsynthetic bacteria and higher
plants has common architecture.

Figure 3 in chap. 1.1 and Figure 26 show that the core complex contains the D1 and D2 proteins and in
addition the chlorophyll containing core antenna systems CP 43 and CP 47. D1 represents the donor
side of the core complex, containing the primary donor P680 and the primary acceptor Pheo. The
primary electron acceptor Qa and the secondary plastochinone Qg are located in D2, the acceptor side.
Qs is losely bound in its binding pocket and is continuously diffusing during the photosynthetic
process.

Due to its common architecture the charge separation and stabilisation as indicated in chemical
equation 2 (chap. 1.1) is similar in all oxygenic photosynthetic organisms. This is also related to the
following steps of electron transfer to the PS | via Qg and the mobile plastocyanine carrier (see Figure
3 and Figure 21). Therefore the studies of different photosynthetic organisms have a common protocol
which comprises similar charge separation and electron transfer (ET) steps in the core complex but
different excitation energy transfer (EET) steps in the antenna systems which are specific to every
investigated species.

Details regarding the electron transfer processes that occur in the core complex are beyond the scope
of this thesis. Therefore the reader is referred to the relevant literature for a detailed description [73 -
77].

The core complex of some oxygenic procaryotes like Prochloron and A. marina is assumed to be
organised in form of dimers or higher oligomeric “supercomplexes” built up by two or four core
complexes as described above (two structures containing D1, D2, CP43, CP47 each). Figure 26 (left
side) shows the supercomplex dimer found in Prochloron didemni [98]. Based on transmission
electron microscopic studies of negatively stained core complex preparations from Prochloron
didemni Bibby et al. concluded that the dimer is surrounded by further distale Chl containing antenna
complexes, which are called pcb antennae (see Figure 26). Additionaly other subunits are assumed to
stabilize the structure (purple complexes shown in Figure 26, left side).

Contrary to all other species the core antennae CP 43 and CP 47 of A. marina contain mainly Chl d
instead of the usual Chl a. Recent findings show that both types Chl a and Chl d are essential for the
photochemistry in the core complex of A.marina. While the charge separation most probably starts
from Chl d representing the accessory Chlp; molecule the cation is stabilised on Chl a representing at
least one partner of the strongly coupled Pp1/Pp, dimer [55].

Two years later (2005) Chen et al. resolved the electron microscopic picture of the tetrameric PS Il

core complex of A.marina containing four times the D1, D2, CP43 and CP47 structures surrounded by
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16 pcb [99] (see Figure 26, right side. The scaling of the picture at the right side is about 50 % of
Figure 26, left side).

les

Figure 26:

Left side: Constitution of the core complex of Prochloron didemni according to [98]. The figure shows the
assumed distribution of the photosynthetic core proteins in agreement with an electron microscopic study after
negative staining. Chlorophyll molecules are shown in green while proteins are shown in blue (distale antenna
proteins, pch), red (CP47), dark green (CP43), orange (D2), yellow (D1), light blue (cyt b559) and violett
(other). On the right side the tetrameric supercomplex from A.marina is shown as published in [99]. On the right
side the cyt b559 complexes are shown in magenta. The full length of the tetramer found in A.marina is about 38
nm (inclusive the detergent shell)

Each dimer of the core complex of Prochloron didemni contains 72 Chl molecules and additional 14
Chl molecules located in each pcb (distale antenna). Interestingly, this number is the same as for Chl a
and Chl b molecules in the LHCII unit of higher plants.

These numbers are even higher for the supercomplex of A.marina. In addition with pcb it contains 368
Chl d molecules corresponding with 92 Chl d molecules per reaction center. The Chl a content in
A.marina has been reported to depend on the light intensity during the growth with Chl d/Chl a ratios
of 65 at low and 29 at high light intensities [184]. The molecular weight of the tetrameric core
complex is about 2300 kDa.

One PBP antenna rod (see Figure 22, right side) contains most probable 69 phycocyanobilin-
chromophores associated with each reaction center (see chap 1.3.5).

In whole cells of A. marina the main red absorption band of the Chl d is observed at 714-718 nm
([161], see chap. 1.3.1). Low temperature absorption spectroscopy [187] revealed minor spectral forms
of Chl d at 694 nm, 726 nm and 740 nm and a small Chl a band at 670 nm. The room temperature
steady state fluorescence of A. marina exhibits a broad Chl d band at around 724 nm with minor
contributions at 709 nm, 716 nm and 729 nm [188].
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Chl d was shown to be the primary donor of the RC of PS | in A. marina [189]. The nature of the
primary donor of PS Il in A. marina is still a matter of debate. Mimuro et al. found a delayed
fluorescence (DF) component in the 685 nm to 695 nm wavelength range with a lifetime of about 15
ns in whole cells of A. marina and concluded that the primary donor of PS Il contains Chl a [184],
[190]. In contrast to these results, Itoh et al. came to the conclusion that the primary donor of PS Il
consists of Chl d [191].

To address this problem experiments were performed where A. marina was excited at 398 nm or 440
nm exactly like in the reports of Mimuro et al. [184], [190]. Although delayed fluorescence (DF) was
observed after excitation with 440 nm, no similar long lifetime of the fluorescence could be detected if
A. marina is excited at 632 nm or 654 nm [54]. Due to the high absorption of the PBP in A.marina at
632 nm, the population of excited *Chl” in the reaction center should be similar after excitation at 632
nm, 400 nm and 440 nm. So far the origin of the 14 ns-decay component observed in the 630 to 700
nm wavelength range is not clarified. But our studies show that the spectral shape of this DF is not
easily reconcilable with the Chl a spectrum [54]. Based on these results the observed DF cannot be
assigned to a delayed Chl a-fluorescence and therefore not used as an argument for the hypothesis that
the primary donor of PS Il contains Chl a. In a later study the flash-induced absorbance difference
spectrum attributed to the formation of the secondary radical pair, P*Qa” in photosystem Il of A.marina
was measured in the range between 270 nm and 1000 nm at 77 K. Despite the high Chl d content, the
flash-induced absorption difference spectrum of a 2 ms decay component fit to the spectra exhibits
features which are typical of the difference spectrum seen in oxygenic photosynthetic organisms
lacking Chl d. Therefore the data indicates that the positive charge is stabilized on a Chl a molecule.
Next to this spectrum that is correlated with the stabilized positive charge and exhibits the signature of
Chl a a strong electrochromic band shift, centred at 723 nm, has been observed. It is assigned to a shift
of the Qy band of the neighbouring accessory Chl. From these findings it seems most likely that this
accessory Chl molecule accepts excitation energy from the Chl d containing antenna. Based on these
findings it is proposed that primary charge separation is initiated from Chl d which functions as the
primary electron donor and in a subsequent ET step the cation is localised on a Chl a molecule.
Therefore both chlorophylls a and d are essential for the photochemistry in photosystem Il of
A.marina [55].

For reviews on fluorescence of A. marina and comparison with other systems, see Mimuro [65] and
Itoh [192].
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1.5 Water soluble chlorophyll binding protein (WSCP)

In addition to the antennae complexes and the core complex of PS I and PS Il many plants contain
another type of chlorophyll-binding proteins that are characterized by different properties. First of all,
these complexes are water-soluble and not integrated as pigment-protein complexes into the thylakoid
membrane. Therefore, these highly hydrophilic chlorophyll proteins are denoted water-soluble
chlorophyll proteins (WSCPs). Secondly, the WSCPs bind no more than one chlorophyll molecule per
polypeptide subunit and none of them was found to contain carotenoids (Cars) [46, 47, 68]. The Cars
play a protective role in photosynthetic pigment-protein complexes by quenching excited singlet states
and Chl triplet states at high light conditions.

Despite the lack of Cars the photodegradation of Chl bound to WSCP is reduced in comparison to Chl
in solution [68]. The mechanism of this photoprotective property and the functional role of WSCP is
not yet clearified. One striking feature is the marked stimulation of WSCP expression upon different
types of stress like drought [193], salinity [194], heat [195] or leaf detachment [196]. This finding
points to a protective role against degradative processes of the photosynthetic apparatus. When taking
into account the high affinity for chlorophyll binding [66, 68] it appears attractive to speculate on a
regulatory role in controlling pigment synthesis or decay pathway(s), thus avoiding or diminishing
deleterious photodynamic effects. There exists no evidence for the interaction of Chl bound to WSCP
with other pigment protein complexes. Moreover our studies reveal that the WSCP protein is shielding
the Chl molecules and diminuishes the interaction with oxygen under formation of deleterious singlet
oxygen.

Chain B

Chain D ~
Chain C front view side view

Figure 27 left side: Structure of the WSCP—Chl complex purified from leaves of Lepidium virginicum (class I1b
WSCP) according to [70] which binds 4 Chl molecules. The four monomers are shown in yellow, green, blue
and red. The principal dimers are the pairs of chains A—B and chains C—D. right side: structural arrangement in
recombinant WSCP from cauliflower reconstituted with Chl a alone, Chl b alone or with mixtures of Chl a and
Chl b from [38]. This class Ila WSCP binds only 2 Chl molecules instead of 4 Chl molecules like the WSCP I1b
as shown on the left side.

The WSCP family can be classified into complexes that undergo conformational changes upon
illumination, giving rise to a red shift of the absorption spectrum (Class 1), and those remaining
spectrally invariant (Class Il) which were investigated in the study presented here. Class Ilb WSCP
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was found to bind up to 4 Chl molecules as shown in Figure 27 (left side) while the class Ila WSCP,
reconstituted with the recombinant protein from cauliflower, binds only 2 Chl molecules (see Figure
27, right side), (for a review, see ref [66]). After reconstitution with pigments mainly tetramers are
formed [67, 68]. Detailed spectroscopic studies and theoretical analyses led to the conclusion that
recombinant cauliflower WSCP reconstituted with different chlorophylls (Chl a, Chl b, Chl d) binds
the pigments in form of an excitonically strongly coupled dimer with an “open sandwich” geometry
[38, 46, 69].

673 nm

0,44

0,2 1

absorption

0,0 1
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Figure 28: Ground state absorption spectra of recombinant cauliflower WSCP reconstituted with Chl a/Chl b
ratios of 2.6:1 (blue lined curve) and 4.2:1 (red lined curve) measured at room temperature (Theiss et al., [46])

Figure 28 shows the ground state absorption spectra of recombinant cauliflower WSCP reconstituted
with Chl a/Chl b ratios of 2.6:1 (blue lined curve) and 4.2:1 (red lined curve) measured at room
temperature [46]. T. Renger et al. showed that the experimental data is well explained by the proposed
“open sandwich” dimer motif for the pigment array [69] if the angle between the planes of the two Chl
molecules in this configuration is about 30° [38]. This closely resembles the value of 25-27° that was
obtained at virtually the same time by Horigome et al. [70] for the 2.0 A resolution X ray
crystallography structure of class Ilb WSCP from Lepidum virginicum. The structural similarity
between class Ila and class I1b WSCP suggests that the pigment binding scheme is comparable in all
class 1l WSCPs. This idea gains support by the finding that the linear absorption and CD spectra of
class Ila WSCP can be simulated on the basis of the crystal structure reported by Horigome et al. [70]
for class 1lb WSCP [38]. This model also consistently describes the fast excited-state dynamics of Chl
a/Chl b heterodimers on the fs time scale [46]. It is interesting to note that the excitonic coupling of a
chlorophyll dimer in this array gives rise to an oscillator strength that is significantly higher for the
upper than the lower exciton band [38, 46, 69]. This phenomenon is just the opposite of the
excitonically coupled special pair” in bacterial RCs and similar arrays of P700 in PS I and P680 in

PS Il where the lower exciton band carries most of the oscillator strength. These special pairs are
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tailored as cofactors for the process of primary charge separation [88, 89, 90]. Strongly coupled dimers
with similar structure also occur in antennae, e.g., LH1 and LH2 (see Figure 11). The higher oscillator
strength of the upper excitonic band contributes to the fact that WSCP might be a perfect model
system for studying pigment-pigment and pigment-protein interaction because the dimers can be
selectively excited in the upper exciton band with fs light pulses and the exciton relaxation can be
studied with high contrast due to suppression of the direct excitation of the lower exciton level.

The formation of a Chl dimer [197] or the interaction with the protein matrix could lead to a strong
quenching of 'Chl” states which would explain the photostability as the triplet state population *Chl is
drastically diminished. The lifetime of ‘Chl a” was found to be about 200 ps in solubilized Cytb6/f,
which contains a single Chl a molecule of unknown function [198, 199], compared to about 4.5 ns of
Chl solutions and trimeric LHCII complexes in detergent micells [200]. This quenching of *Chl” in
Cytb6/f is ascribed to interaction of the pigment with aromatic amino acid residues [199]. The striking
phenomenon of drastically shortened lifetimes of *Chl” in a natural Chl-binding protein is an attractive
feature and raises questions on a possible existence of an analogous phenomenon in WSCP because
structural data reveal the presence of aromatic amino acid residues close to the Chl binding sites [70].
In order to check for these possibilities, the excited-state dynamics were analyzed in WSCP.

The results obtained reveal that the spectral properties and excited singlet state dynamics can be
consistently described within the framework of a model of a protein tetramer binding excitonically
coupled Chl dimers that are modulated by the protein environment. The scientific results were
developed in a joint work at Technical University supported by DFG (SfB 429) in Berlin. The detailed
findings are presented in ref. [37, 38, 46- 48] and chap. 4 of this thesis.

A theory of light matter interaction in highly nonperiodic structures helps to predict structure related
parameters up to a precision of 0.01 nm, i.e. 0.74 nm for the center-center distance of the dipole
moments of the excitonically coupled Chl dimers [38]. It would be highly desireable to visualise
biological complexes with highly resolved fluorescence microscopy with comparable prescision [12-
15].

As a conclusion from this brief description on pigment protein complexes of the photosynthetic
apparatus the question might arise how we can understand the complex hierarchic organisation of

biological systems from the pure analysis of time resolved fluorescence spectra.
The physics behind a directed flow of time that is connected with irreversible processes and the

determination of the dynamics of nonequlibrium systems is an actual field of research since the

brilliant contributions of Prigogine [201, 202]. Schrodinger has shown that the quantization of
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energetic states is fundamentally necessary to understand the existence of stable complex molecules in
a thermally equilibrated environment [32].

We suppose that in fact the rising complexity forming stable non-equilibrium structures surrounded by
an equilibrated environment is a basic fundamental physical property of a sufficiently large non
equilibrium ensemble (see also [31]).

The algorithms needed to describe such systems behaviour like e.g. described by the cellular automata
of Wolfram [31] are irreducible. No algorithm exists with a calculation of the output of certain
observations that is shorter than the natural time development. It might be possible that this aspect is
correlated with the emergence of consciousness. At this point the reaction of the environment gives the
system a feedback of the development but no algorithm exists that allows a “shortcut” in calculating

the future state of the system.
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2 EXPERIMENTAL SETUP AND DATA ANALYSIS

With four parameters | can fit an elephant and with five | can make him wiggle his trunk.

John von Neumann (Janos Neumann de Margitta), (1903 - 1957), Hungarian mathematician

2.1 Setup for time- and wavelength correlated single photon counting (TWCSPC)

For studies on light emission in the short time regime (10 ps — 100 ns) a TCSPC setup with spectral
resolution was constructed as shown in Figure 29. The new system combines the advantages of the
high optical throughput of a multi anode detector system with 16 output (anode) elements (PML-16 C,
Becker&Hickl, Germany) allowing the registration of up to 10° counts/sec. with the sensitive
technique of SPC and the big advantages of a mobile setup. An additional fiber connected optical
system allows the targeted spectroscopy of samples in glass cuvettes, on surfaces or of whole leaves of
higher plants (see Figure 31). Various pulsed lasers or LEDs can easily be connected as excitation
light sources. The spectroscopy can be performed in vitro or in vivo. In addition a mobile cryostatic
closed-loop helium system (see Figure 32) was built up that can be used in combination with the
TWCSPC setup shown in Figure 29. Therefore the optical measuring station together with the mobile
cryostatic temperature regulator can be transported to any available immobile laser excitation source
within minutes allowing the utilization of all available light sources independently from their mobility.

/ lens
"” lens
: : spectrometer
SP filter grey fiter | B fiiter ™~ lens
polariser analyser
PML 16-C
trigger
channel
delay P i
ADC || TAC || GFD|| /\ jrouind
measurement
signal

Figure 29: Measurement setup used for TWCSPC with optical path shown in blue for excitation from the laser
source via optional polarizer and short pass (SP) filter. The sample temperature is variable with the cryostatic
system as shown in Figure 32. The fluorescence light (red) is monitored via analyzer (optional), grey filters and
long pass (LP) filter into the spectrometer system connected with the multianode photomultipliersystem PML
16-C. The PMT signal is processed via constant fraction discriminator (CFD), time to amplitude converter
(TAC) and analog to digital converter (ADC).
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For time resolved measurements picosecond diode laser modules were used for excitation at 632 nm
(BHL-600, FWHM 60 ps, repetition frequency 20 MHz, average intensity 100 pW/10 mm?, Becker &
Hickl GmbH, Berlin) and 405 nm (LDH-405, FWHM 60 ps, tunable repetition frequency up to 8
MHz, Picoquant, Berlin, Germany) driven by PDL-200 or PDL-800 C (Picoquant, Berlin).
Additionaly laser heads were used with wavelengths of 470 nm and 690 nm (Picoquant, Berlin,
Germany) and for protein excitation a pulsed 280 nm UV light emitting diode (Picoquant, Berlin,
Germany) delivering 600 ps FWHM pulses.

Excitation pulses in the spectral blue range at 430 nm and 460 nm were generated by a Ti:Sa-
Oszillator (Tsunami - Spectra Physics) tunable between 720 and 980 nm followed by frequency
doubling in a thin BBO crystal to obtain ultrashort excitation pulses of about 300 fs temporal
bandwidth. Using a pulse picker system (Spectra Physics mod. 3980) the repetition rate of 82 MHz
was reduced to 4 MHz. For details see the thesis of C. Theiss [2].

Fluorescence was detected at a right angle to the excitation beam. In order to suppress the scattered
excitation light a long-pass emission filter was inserted between the cuvette and the detector (640ALP

at an angle of 0° for 632 nm excitation (Omega Inc, cut-off wavelength 640 nm)).

polychiomator

polychiomator sample shutter

sample

111y |detector

detector STOP J,
o o2 Qut 1 Qut 2
v =
TAC2| , START

TAC2| START | START, [F(FAGT| STOP N
L \ = I | correction

! ! ! 1
At 5 At A

R Ly

data processing data processing

Figure 30: Different detection systems with delay line anode as described in [95] and [204] (left side) and PML-
16 C (right side) as shown in Figure 29.

Figure 30 shows two different types of single photon counting systems with time- and wavelength
resolution that were used during the experiments of this thesis. An additional setup is described below.
In Figure 30, left side, the system based on the technique of a delay-line detector is shown. During the
measurement time- and space- correlation is used to determine simultaneously time- and wavelength

information of the collected photons. Such double correlated single photon counting is achieved by
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using a microchannel plate photomultiplier (MCP-PMT) with delay-line anode (Europhoton GmbH,
Berlin). In combination with a 120 mm crossed Czerny-Turner polychromator (MultiSpec, LOT)
equipped with a 600 grooves/mm grating as a dispersive element, the space coordinate along the delay
line correlates with the wavelength [95, 204]. Dependent on the wavelength the emitted photons are
deflected onto the photocathode of the MCP-PMT in the focal plane of the polychromator. A
photoelectron is emitted at the inner side of the cathode and amplified by two microchannel plates
producing a spatially limited electron cloud, which finally hits the delay-line anode. The electric
charge moves to the opposite ends of the delay-line and arrives at its both ends at different times
depending on the position where the electron cloud hit the anode. The measured time difference
between these two output pulses is then used to calculate the space-coordinate along the delay-line
which allows the determination of the photon wavelength. The overall time-spread of a signal across
the delay line is 5.7 ns [95, 204]. The two outputs of the delay-line anode are amplified by two 1GHz
preamplifiers (Ortec 9306) and further processed by constant fraction discriminators (CFDs) (Tennelec
TC 454). The Output of one of the CFDs provides the start signal for two time-to-amplitude converters
(TACs, Ortec 457 for space domain and Tennelec TC 864 for time domain). The stop signal for the
space-domain TAC is provided by the output of the second CFD.

As shown in Figure 29 and Figure 30 an electronic trigger signal provided from the laser source or
laser driver is used as time trigger. Alternatively a small fraction of the excitation laser light is
reflected onto a fast photodiode that provides the stop signal for the time-domain TAC.

The outputs of the two TACs shown in Figure 30, left side, are processed by a personal computer. The
resulting data is stored in a two-dimensional channel matrix of size 256 x 1024, with 256 channels in
the space domain corresponding to spectral resolution (wavelength coordinate) and 1024 channels in
the time domain corresponding to temporal resolution (time coordinate of the fluorescence decay). The
wavelength coordinate is provided directly by the output of the space-domain TAC. A correction for
different photon wavelengths is applied to the output values of the time domain TAC in order to obtain
the correct value of the time coordinate.

The technique of single photon counting operates with high signal to noise ratio which was %l ~Js

> 100 in the peak channel in all measurements performed in this study. With the setup presented in
Figure 30, left side this S/N ratio can be achieved in measurement times of < 60 min. for up to 30
wavelength sections of 5-10 nm spectral widths. The instrumental response function (IRF) of this
system has 150 ps full width at half maximum (FWHM), limiting the time resolution to about 15 ps.

Figure 30, right side, shows a time- and wavelength resolved setup with a multi anode detector system
with 16 output (anode) elements (PML-16 C, Becker&Hickl, Germany) (see ref. [205]). Compared to
the sensitive delay-line anode system the multi anode system yields a dramatically increased detection
rate up to 1.000.000 counts/sec with the 20 MHz diode laser so that %l ~ /s >100 is achieved within

seconds in the peak channel for highly fluorescent samples. The core of the PML-16 C is a

Hamamatsu R5900 16 channel multi-anode photomultiplier tube with 16 separate output (anode)
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elements and a common cathode and dynode system as described in [205]. The wavelength resolution
of the multi anode system is limited by the number of anodes in comparison to the whole detected
spectral bandwidth that is determined by the grating. Using the polychromator with a 600 grooves/mm
grating the spectral bandwidth of the PML-16 C is 6.25 nm /channel.

New techniques using several photomultiplier tubes allow even higher count rates because pile up can
be neglected if detector arrays containing independent detectors are used [206].

Measurements with higher time resolution performed in this thesis were achieved employing a
monochromator system (McPherson Instrument) with a MCP-PM-tube (Hamamatsu). The IRF of this
system was measured to be 71 ps FWHM allowing a time resolution which is shorter than 10 ps (see
chap. 3, Figure 35). These measurements were done in a time window with 4096 channels and 5 ns in
total. Typical calibration values were 1.22 ps per channel in the time domain.

A Peltier cooling/heating system (Peltron GmbH, Germany) allows the choice of any temperature in
the range of 260 K to 330 K in every setup. The regulation of the sample temperature is necessary to
avoid warming up of the sensitive cells and PPCs during the measurement. Furthermore the choice of
different temperatures near the freezing point of water was necessary to investigate the influence of
cold stress in photosynthetic cells (see also [43]) and decoupling effects in hybrid complexes
containing semiconductor nanoparticles (CdSe/ZnS core/shell systems with dilipoic acid ligands on
the surface) coupled to the PBP antenna of A.marina via EET (see [51, 52, 53]).

lightproof box

Peltier element cuvette holder RaRng

N

fluorescence light sample

sample glass tube
laser magnetic heat conductive
emission stirrer silver

Figure 31: Leaf holder in a light proof box as constructed by M.Vitali (left side), cuvette system with copper
cuvette holder coupled to a peltier heating/cooling system and optionally stirred with magnetic stirrer (middle)
and glass tube cuvette thermally connected with the cold head of the crostatic system as shown in Figure 32.

For TWCSPC the most important resolution limit is the temporal time spread function of the incoming
photons from the laser pulse, i.e. the elastically scattered laser light emitted from the investigated
sample. This time spread function is measured as IRF (see Figure 35, chapter 3).

The total time width of the IRF is mostly broadened due to i) temporal width of the applied laser or
LED pulses (from 300 fs up to 600 ps, respectively) (excitation broadening), ii) time spread of
electrons inside the photomultiplier system (about 40 ps for Microchannel plate PMT and 80 ps for
dynode systems) (amplifier broadening), iii) time spread during the signal processing in the

measurement electronics, e.g. TCSPC card (3 ps due to Becker & Hickl), iv) time spread of the
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constructive interfering photons dispersed at the grating (depending on the size of the grating, about 1
cm, up to 30 ps) (spectroscopic broadening) and v) optical time spread of the collected photons at the
sample focus.

The time spread of the collected photons at the sample position can be calculated assuming an
impringing plane wave modulated by the diffractive strucure of the cuvette. Therefore it is principally
possible to calculate the intensity distribution in the sample exactly. Also the spatial spread of the light
field distribution at the sample position leads to a temporal broadening that is small in comparison to
amplifier and spectroscopic broadening (60 and 30 ps, respectively).

Even if the photons are collected from a rather large volume of 1mm? the time spread of the photons is
only 3 ps. Therefore it is not so important to take care of such broading effects with TWCSPC because
the orthogonal sum of the different contributions to the overall variance averages in such way that 3 ps
time spread contributes < 1 ps (see eq. 1) to the overall temporal broadening.

The different broadening effects of the IRF limit the achievable time resolution of the TWCSPC setup.
Strictly speaking it is the statistical dispersion associated with the broadening effects (see below) that
limits the time resolution.

If we assume that the mentioned broadening effects are independent (smallest possible overall
broadening), then the temporal width At of the overall IRF after excitation with LDH-405 (60 ps
FWHM) and detection with the MCP-PMT can be roughly estimated:

1 At= > (At) ~40? +60% +2-3% +0.3% ps ~ V60% +40° ps ~ 72ps

i

This value is in well agreement with the measured At .= FWHM of 71 ps (see Figure 35) for the 405
nm Laser head (LDH-405, Picoquant, Berlin).

The claculated value of equation 1 does not mean that the temporal resolution of the setup is limited to
about 70 ps. If the IRF is sufficiently stable one can measure the broadened curve and deconvolute the
IRF signal from the measurement data. The deconvolution process is exact if the measurement data do
not contain any noise. Therefore long measurement times are necessary for the detection of very small
deviations between IRF and the measurement results and therefore representing a tool that enables the
resolution of very short decay times. In principle, an idealistic setup should allow an infinite time
resolution if the measuring time is extended to infinity. This is not realistic in practice, but very
accurate measurements of the IRF with specially (e.g. thermally) stabilised setups achieve a much
better principal resolution than the FWHM of the IRF [19, 27, 30]. Nevertheless it is not possible to
stabilise the setup in an ideal way because there are always long term drift effects that reduce the best
resolution typically to about 10 % of the FWHM of the IRF. Therefore it is also necessary to reduce
the FWHM of the IRF to the smallest possible value.

Other techniques used to obtain fluorescence signals of high quality with short IRF and/or small

spatial extention of the fluorescent area are i) use of optimized optical elements with highest numerical
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aperture, ii) black cuvettes (absorbing inner surface) with very small opening apertures, iii) pinholes

and apertures (see examples for time integrated fluorescence in [141, 142]).

The thermal connection shown in Figure 29 can be coupled with a peltier element as shown in Figure
30. Measurements with widely varying temperature in the range between 10 K and 350 K were
performed with a self-built variable-temperature cryostat (10-300K, CTI-Cryogenics 8001/8300) as
mobile cryostatic system. It allows mobility between different measurement setups. A schematic
representation of this cryostatic system is shown in Figure 32.

Instead of the automatic heating control that works with a PID feedback system to control the
temperature in the cryostate a simple copper wire was used that is connected to a power supply and
encircled around the cold head that is connected to a thermocouple. Due to the relation between
temperature and resistance of the copper material the heating power of this setup automatically
equilibrates at a temperature level that only depends on the quality of the vacuum and the voltage.
Therefore the setup was calibrated to figure out the dependency of the temperature on the voltage set
at the power supply (see Figure 32). The thermocouple can be used for an additional temperature

control.

Figure  32:  Mobile
cryostatic  system (10-
300K, CTI-Cryogenics
8001/8300) with
compressor, helium
cartridge and expander.
The vacuum is generated
with rotating and
[gauge turbomolecular  pump.
v vacuum Temperature  regulation
i sample is performed with an
Ftating valve additional electric
pump ﬂ heating that consists of a
copper wire connected
thermal ] with a power supply. The
, L power supply il connection pressure is measured
hellum / thermoe|ectric W|th two gauges inside
supply element the vacuum chamber and
compressor heating near the turbomolecular
pump. The temperature
helium is controlled via a
— return thermoelectric  element
flow connected with the cold
head.

helium
storag
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2.2 Data analysis

Recent progress in computational physics lead to very different approaches for analysing spectral data.
The fit of the decay curves in the time domain is only one approach. Inverse Laplace transformations
of time and wavelength resolved decay curves or principal component analysis are techniques for a
fully unbiased study of the measurement data. In this work mainly the multiexponential fit of decay
curves in the time domain was applied because it allows a straightforward check of a proposed model
for EET and ET reactions.

2.2.1 Data acquisition and fit routine

Figure 33 a), published in [56], shows typical fluorescence decay curves of whole cells of A.marina
collected after excitation with 632 nm at room temperature performed with the delay-line setup shown
in Figure 30, left side under continuous stirring in the cuvette shown in Figure 31, middle panel. The
number of the registered photons at each wavelength and each time channel was stored in a 2-dim. 256
x 1024 data matrix as described in chap. 2.1. In Figure 33 a), this data matrix is shown as a color
intensity plot (CIP). A CIP is a plot of the fluorescence intensity (pictured by the color) as a function
of wavelength (y-axis) and time (x-axis). Therefore the CIP contains the time- and wavelength-
resolved fluorescence emission data and provides information on the steady state fluorescence spectra
and the lifetimes and dynamics of different emitter states. A vertical plot at a constant time t, results in
the time-resolved emission spectrum F (to, A) (Figure 33 ¢)) while a horizontal intersection delivers
the fluorescence decay at a constant emission wavelength A, (Figure 33 b)). Time resolved spectra
provide information on the fluorescence of certain fluorophores at distinct times, when the
fluorescence emission of other pigments or scattered light already decayed or after energy transfer
when the main emission shifted in time from the donor pigment to the acceptor pigment.

The spectral resolution of this spectrometer system is limited to about 2 nm (spectrometer entrance slit
< 0,5 mm) due to the distance of the delay-line meanders and electrical crosstalk between the meander
lines [95, 204].
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Figure 33: a) Color Intensity Plot (CIP) of a measurement on A.marina after excitation at 632 nm at 298 K. b)
Fluorescence decay curves at 660 nm and 725 nm. c¢) Time resolved Fluorescence spectra at 0 ps and 1 ns (at 1ns
multiplied with a factor 5). d) Decay associated spectra (DAS) of a global fit in the range 640 nm — 690 nm
(multiplied with a factor 0.3) and a global fit in the range 700 nm — 760 nm (see text). The figure is published in
[56].

Figure 33b) shows the decay curves of A.marina at 660 nm and 725 nm. It is seen that the fluorescence
at 660 nm decays much faster than the emission at 725 nm. A closer look at the emission maximum on
top of Figure 33 b) reveals a very small temporal shift between the 660 nm and the 725 nm decay
curves. The 725 nm decay is slightly shifted to later times in comparison to the 660 nm decay. A data
fit shows that the small temporal shift in the following called “fluorescence rise kinetics has a similar
time constant as the fluorescence decay at 660 nm. Both curves are convoluted with the instrumental
response function (IRF) which leads to the small visible difference.

In Figure 33 c) the main emission is observed at 645 — 660 nm (PBP emission) immediately after
excitation (0 ps) while after one nanosecond (1 ns) the strongest fluorescence band occurs at 725 nm
(Chl d emission). For better illustration the spectrum after 1 ns is multiplied by a factor of 5. At longer

times the Chl d emission exceeds the PBP emission.
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Detailed analyses of the fluorescence decay curves were performed by iterative reconvolution of a
polyexponential decay model with the IRF using a global lifetime analysis minimizing the quadratic
error sum »* employing a Levenberg-Marquardt algorithm (for details see [56, 47]). The IRF was
measured using destilled water as scattering medium. The multiexponential fits of all decay curves
measured in one time- and wavelength resolved fluorescence spectrum were performed as global fits
with common values of lifetimes t; (linked parameters) for all decay curves and wavelength-dependent
pre-exponential factors Aj(A) (non-linked parameters, see Figure 33 d)). The result of such a fit
analysis is usually plotted as a graph of A;j(A) for all wavelength independent lifetimes t; . This plot
represents the so called “decay associated spectra” (DAS) thus revealing the energetic position of
individual decay components (for details see [47]).

The PBP emission (640 — 690 nm) (see Figure 33 d) is strongly dominated by a 70 ps decay
component. Additionally, the DAS of the 70 ps-fluorescence contains a band with negative amplitude
at 725 nm i.e. a rise kinetics of the Chl d-fluorescence. This fluorescence rise term is even better
resolved at cryogenic temperatures (data not shown, see [54]). Therefore we ascribe the 70 ps
component to an excitation energy transfer from the PBP antenna to the Chl d containing membrane
integral antenna complex of A.marina [54]. The small slower decay component of t = 350 ps in the
640 — 690 nm range result from PBP antenna complexes that are not coupled to the Chl d antenna and
from conformationally distorted PBP antenna complexes (see also [43]).

A sufficient fit of the fluorescence kinetics in the Chl d range (700 — 760 nm) requires four decay
components. The rise Kinetics representing the population of Chl d via energy transfer from the PBP
complexes exhibits a time constant of 70 ps (see Figure 33 d). Additionally there exist two dominating
decay components with 130 ps and 630 ps with nearly equal amplitudes as shown in Figure 33 d).
According to our previous findings the 630 ps-component is ascribed to PS Il with open reaction
centers. The slow decay component with a lifetime of 1.2 ns has only very small amplitude. It
originates from a small fraction of PS Il with closed reaction centers as shown by the increase of its
initial amplitude upon closure of the RC of PS Il (data not shown, for details see [54]). The fast 130
ps-decay of the 725 nm fluorescence component is only slightly affected by closure of the PS Il RCs
and therefore assigned mainly to PS I according as published in [54].

2 2
During iterative reconvolution of the IRF the reduced local %, is minimized. X, depends on a

parameter set (pl,...., pn) of the chosen fit function FIT (t,, 4, p,,..., p,) for the temporally discrete

2
fluorescence points F(tv,/i p). The function %,, is evaluated at each time channel t, and averaged

over all time channels:
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At first the weighted and local X, are evaluated for each wavelength section. Therefore the difference

of F(tv,/l p): F,, (time channel v and wavelength section p) and the value of the fit function
FIT(tV,/Ip, Pys---» P,,) depending on n free parameters is calculated. This difference is weighted in

relation to the expected standard deviation in the fluorescence matrix F, : o, =\/E(m and
summed quadratically along all time channels K. The standard deviation is the average deviation of the
measured data points. Therefore the whole sum over K delivers ;(,2 ~ K if all deviations are of
statistical nature.

To obtain an error function that is virtually independent of K the reduced local chi-square X.rz is

introduced with }I(im (erz)zl if the number of parameters n is limited and only statistical deviations
—o0

contribute to the deviation of the best fit. The global ;(2 is found by averaging all local error functions

of the L wavelength sections. ;(Z(pl,...., pn) is a general valuable tool to judge the quality of a curve

matching.

The Levenberg-Marquardt algorithm generally uses the method of gradient-search to minimize

7%(pyseens P, ). I 1 free parameters are given y2(p,,...., p, ) is embedded into a n-dimensional

hyper surface. In this case the gradient search might converge in a local minimum of ,};Z(pl,...., pn).

To avoid this effect the fit should start with a low number of parameters and their number should be
increased during the fit (see also [95, 207]).
The best method is an investigation of the solution’s stability and a statistical interpretation of the

results.

The idealized fluorescence decay F(t,4) of an ensemble of coupled states that are connected via

EET rate constants is described by a multiexponential decay at a certain wavelength A, (see chapter

3.2.4):

3. F(tA4)=Y A4)e""
j=1
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The parameters Aj (4,) denote the amplitude and 7 j the time constant of the contribution of the i
exponential decay component at a certain wavelength position 4;.

The ideal fluorescence decay F(t,4) is convoluted with the IRF of the experimental setup.
Additionally a background noise exists because during the measurement always uncorrelated stray
light and dark noise of the setup is collected that is taken into account by F,(4,). With a continuous

time axis t the exact fit function FIT(t,ﬂp, Py, P,) used in the fitting routine performed in each

wavelength channel 4; denotes to

4. FIT(t, A, Ppon P,) = FO(/1,|)+J.OOO(|RF(}LI,'[').iAj (1) e ]dt,
j=1

The final fit function as given by eq. 4 is the ideal fluorescence decay as given by eq. 3 iteratively

convoluted with the measured IRF(4,t) and compared with the measurement data. At each
wavelength position A, the FIT function of eq. 4 principally contains the free fit parameter set
(pl,..., pn)z A, (xli), F,(4;) and z;. Generally only one set of 7, values was chosen for all

wavelength sections A; (i= 1...m) reducing the number of free parameters (global fit).
If the fit is performed with four exponential functions (j=1..4) for 16 wavelength sections (i=1..16)

measured with the setup shown in Figure 30, right side, then we have 48 free parameters for Aj (li )

16 free parameters for F,(4;) and 4 free parameters for 7 ;- These are n=68 parameters to

simultaneously fit 16 fluorescence decay curves.
At first glance the fit problem seems to be overparameterized. Therefore the fit results were analysed

for stability of the gathered fit results and the variance of single parameters was investigated. The most

important fit result are the four free time contants 7. In general a fit with the equation 4 often shows

strong variance in the amplitude distribution for A, (/1i ) The variance of the time constantsz; was

found to be much smaller.

The number of free parameters found in Aj (li) can be strongly reduced by assuming (e.g. Gaussian)

lineshape functions for the emission of different fluorophores. If a system with two coupled 2-level
systems coupled via EET is fit with known emission wavelengths for both 2-level systems only the
amplitudes in two wavelength positions for each of the four components (6 free parameters) and in
addition the spectral width of the two Gaussian emission spectra for each component (8 free

parameters) are free parameters reducing the number of fit parameters found in the amplitude values

A, (4, ) from 48 to 14.

The parameter denoting the background noise can also be controlled by an accurate measurement of

the noise accumulation in each channel during the measuring time.
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The accumulated noise during a fixed time of the measurement in darkness delivers the possibility to

determine the expected lower bound on the dark noise per channel with high accuracy. This reduces
the number of 16 free parameters of F,(A,) for i=1..16 to zero. We assume two coupled emission

states with known wavelength maximum that are fit with 4 global time constants and two Gaussian

emission lineshape functions. Performing the steps of parameter reduction accurately reduces the

number of free parameters used to fit the decay curves to 14 A, (li) and four 7;. That means there

are 18 free parameters only to fit simultaneously 16 decay curves with four different exponential decay
components. This procedure was not performed in that detail for all measurements but shows that the

number of free parameters can be controlled also in complex systems.

In eg. 3 and 4 the time coordinate is treated as continuum but the evaluation of the fit curve given in
eg. 4 has always to be pointwise (see eqg. 2).

The time resolution is limited by the temporal width of the IRF and its stability during the whole
measuring time which both represents a bottleneck for temporal resolution. The detailed discussion of
the measured IRF for the setup used in the work presented here is outlined in the following chapter
3.1. The fitting routine was performed with the software of Globals Unlimited (University of lllinois,
Urbana, USA) and a self written Matlab® routine was used, for further details see also ref. [16].

The multiexponential decay dynamics as given by eq. 3 can be derived from a system of linear
differential equations of first order as suggested for the description of the coupled system of emitter
states (see chap. 3.2). The multiexponential fit is satisfying for most systems with up to four decay

components and agrees well with the experimental data.

The time constants 7; given in eq.3 are the negative inverse eigenvalues of the so called “transfer

matrix” which is the coefficient matrix of a linear differential equation system. The entries of the
transfer matrix have the physical meaning of decay rates (see chap. 3.2.4 and ref. [95]). The spectral
distribution of these decay rates is given by the j" eigenvector U ; of the transfer matrix which has to
satisfy the boundary conditions, i.e. the initial population densities at time t = 0 when the system is
excited.

Chap. 3.2.4 describes in full detail that the total time and wavelength dependent excited state
population of a certain fluorescence emitter N, (t) is multiexponential and therefore proportional to
eq. 3 for each component at a certain wavelength position (see ref. [204] and [95]) :
n
5. Ni(t)=> U, e’
j=1

Each fluorescence emitter N, (t) contributes with a characteristic line shape function s, (1)

page | 61



6. F(t2)=Y 5Dk N,()

That has to be weighted with the intrinsic radiative emission rate constant (the inverse natural excited

state lifetime) K ;.
The spectral line shape function s;(1) denotes the probability that a single photon emitted by the

emitter i is observed at the wavelength A .

In photosynthetic pigment-protein complexes inhomogeneous broadening is dominating the line shape
function due to the individual environment of each chromophore in the antenna complexes [204]. The
protein environment is able to modulate the energetic states of the involved molecules (see chap.
1.3.3) and can form an energetic cone for energy funneling to the reaction center. The modulation by

the protein can shift the energetic position of individual chromophores up to some nm (see chap. 4).

This inhomogeneous broadening leads to a Gaussian lineshape of the applied s;(4). In fact the
lineshape of s,(4) would be gaussian in the frequency domain assuming inhomogeneous broadening.

This leads to a Gaussian s;(4) in the wavelength domain for the 1* order Taylor approximation of the

lineshape function. A refined theory however led to the conculsion that the lineshape is not perfect a
Gaussian in the frequency domain (for a calculation for WSCP see e.g. ref. [38]). The determination of
the exact lineshape function is beyond the scope of this work and therefore Gaussian lineshape
functions at deep temperatures and Lorentzian lineshape functions at room temperature were used to
fit the fluorescence emission spectra in the frequency domain. It was found that these lineshape
functions led to satisfying fit results. The results were then transformed back to the wavelength

domain and displayed in wavelength dependent graphs.

2

Homogeneous broadening like the lifetime broadening is about AA = " (for a derivation of

(680-10°)
27-3-10%-10ps

an excited state lifetime of 1 ps e.g. due to excitonic relaxation or fast energy transfer processes.

this relation see eq. 23 in chap. 3) which is in the order of AA = ~ 0.25 nm for

Therefore only if the lifetime becomes smaller than 1 ps the lifetime broadening should be taken into
account and a Voigt or Lorentz-profile has to be used as lineshape function s,(1). However a
Lorentzian lineshape was found at room temperature.
As suggested by [204] employing the normalized Gaussian line shape function

1

7 si(z)=\/;5_e><p(—(/1—/l.)2/5i2)
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described by the center emission wavelength of the i™ chromophore A; and the spectral linewidth

0; the expression for the common formula of the wavelength dependent fluorescence emission denotes

to

n
8. F(tA)=> A1) e™'" according to eq. 3 to 6 with
=

2 2
9. Z\/— U,Jexp( ( ﬂ“i) /6 )
If the different emitter states are spectrally overlapping, the parameters A, (/1) are linear combinations

of the spectral shapes S, () of the different contributing emitters as given by eq. 9.
The plot of the parameters A, (ﬂ) as a fit result of the TWCSPC spectra in form of DAS (see Figure

33) is generally used for data analysis of the emitter states and their temporal dynamics by comparison
with simulated DAS according to a suggested coupling scheme (see chap. 3).

Employing the formalism given by eg. 8 and 9 one can simulate the expected DAS and compare them
with the fit results (see chap. 3.2.5 for the theory of the simulations and chap. 4 and 5 for examples

that were carried out according to the described procedure).

2.2.2 Optimal 1~ and size of the parameter space

The multiparameter fitting procedure of complex decay schemes delivers results with high variance
and is prone to problems of overparametrisation.

In general there are mainly two basic statistical problems that cause variance of the gathered results.
At first the number of parameters used for the fit according to eq. 4 is not specified in detail.

If the system is not known and the expected fluorescence decay can not be predicted the choice of the
number of exponential functions used for the fit is not determined. An overparametrisation delivers
results as a statistical linear combination of basis functions (i.e. exponential functions) found in the
space of all possible solutions.

But even if the number of exponential functions is determined and therefore the size of the parameter

space is known the results gathered by evaluating the function ;gz(pl,...., pn) according to eq. 2 are

not unambiguous (for a detailed discussion of ;(z(pl,...., pn) see [208]).

The main reason for this behavior is the fact that the signal of TWCSPC is always noisy, i.e. there is
always a Poissonian distribution of count noise found in each channel. Therefore there exists a certain
variance of the fitting scheme which can not be specified in full detail with the given experimental

signal (for an example of this problem see [209]).
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According to eq. 2 the reduced local XUZ of a fit of a single wavelength curve with four decay

components which have free time constants and amplitudes as well as one free parameter for the
. - 2 .
background noise, calculates to y, ,*(opt.)=1.002 determining X, over 4096 time channels. That
2. 2 : . .
means the expected value of X is exactly X =1.002 in the ideal case of a “perfect” fit, i.e. the fit

function matches the measurement data in a perfect way and the remaining residua between the

measurement data and the fit are of pure statistical nature. We denote this best expected
;(,er(opt.) =1.002as ,,optimal* X,rz.

In dependency on the size of the free parameter set (pl,..., pn) and the number of data points the
value of ;(,’,z(opt.) varies strongly, but is always ;(,’rz(opt.)>1.000. Due to the stochastic nature of

the measurement noise the value of ;(,,rz(opt.) itself exhibits a standard deviation for an individual

experiment A;(lyrz(opt.) that can be calculated by the division of the actual local contribution

2

Fit,, A, )-FIT{t,, A, Py P,
(V ”) \/E(t(v—ip) Py P ) to the overall value of ;(,Vrz(opt.) and the square root of the
v“p

actual measurement signal in the corresponding time channel JFitv,/lp i(see [207]):

2

1 1 F(t,,4,)-FIT({t,,4,, Py Py)

10. Az, “(pyyes )= Flt.2) JFI )
Xir (pl P ) K—(n—l),,zzll Ftv,ﬂ«p Ftv,lp

When a fit procedure is performed and it turns out that Zuz < ;(,Vrz(opt.)—A;(u2 then the resulting

value of ;(,Vrz(opt.) is “too good”. That means that the analysis of the experimental data is most
probably overparametrisized. This could be a hint for the maximum paremeter space size to match
2 =1, (opt.)but not to be “better”, ie. x,° <z, (0pt). .’ =, (opt) can only be

achieved if the measurement is completely free of systematic deviations.

If we assume the hypothetical situation that F(/Ip)zloooofor all time channels then

A2y (Pyes P, )= 0.0L,

To estimate the appropriate size of the parameter space, one can use the so called F-statistics as
published by Lakowicz [208].

The F-statistics gives an estimation suitable to judge the eligibility to use a further decay component in
eq. 4 for the data fit, or, more general, to judge the necessity to introduce an additional parameter to
the given parameter space.

In detail the F-statistics suggests that a better fit has at least a certain minimal value to be improved if

an additional component is added to the fit function and the F-statistics can be used to calculate the
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confidence intervals A;(”Z of Z|,r2 comparable to eq. 10. Only if
2 2 2 . . . . .-
Xir (pl,...,pml)—;(,vr (pl,...,pn)>A;(,'r the introduction of parameter p.,, is justified. If

;(l’rz(pl,..., pn+1)— ;(er(pl,..., pn): A;(l‘rz then the experimenter has a probability of 68 % that the

data really contains an additional parameter needed to find the accurate fit of the data but still a
probability of 32 % that the improvement of the fit has just statistical reasons.

Therefore the highest number of allowed parameters (n+1) was chosen as a humber that still leads to

an improvement %, .* (P, Pust )= Zir- (Pryeees Pu)> Afr,” -

At this point the scientist has to keep in mind the maximum information content that can be gathered
from an experiment. The photonic fluxes contain a certain amount of information that is estimated to
be around 50 bit / photon [71]. This information is composite of several parameters: the time of the
photon arrival, the wavelength of the photons, the polarization of the photons etc. In fact we can
reduce this problem to the information that is hidden in the structure of the correlation functions found
in all parameters that describe the photon ensemble. If the flux is totally uncorrelated in all parameters
then the information content found in the flux is maximal and vice versa.

Molecular diffusion or generally large diffusive reaction processes can lead to total loss of information
of single time constants inside an ensemble of partners connected via FRET (for an elaborated work
on such FRET experiments see Lakowicz [208]).

The distribution of different similar pigments inside the protein matrix can lead to stretched

exponential functions, e.g. of the form F(t,4) = Z A Q) eft/r"f‘/E with strong variations of the
=1

dynamics if further restrictions like one- or two dimensional transfer occur (see [208] and references
therein). Molecular dynamics, mesomeric transitions, protein oscillations influence the functional
behavior of the excited state dynamics.

For many biological investigations it turned out that a kind of intuitive experience plays a role for the

interpretation of the results, even if it might dispute the reductionists.
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3. THEORY, FORMALISM AND RELATED EXPERIMENTS

In this chapter a short overview is given on selected theoretical concepts used to describe light and the
interaction between light and matter. The general concept of rate equations used for the description of
the most experimental results (chap. 3.2) is presented. In addition it is shown how the interaction of
light and matter is described in classical electrodynamics (chap. 3.1) and quantum theory (chap. 3.3
and chap. 3.4). The theory of EET processes in the framework of Forster Resonance Energy Transfer
(FRET) is introduced and discussed in chap. 3.3. Finally we close the theoretical investigations with a

short outlook onto thermodynamic aspects and their relation to rate equations (chap. 3.5).

3.1 Light and matter

Flnfzig Jahre angestrengten Nachdenkens haben mich der Antwort auf die Frage »Was sind
Lichtquanten?« nicht néher gebracht. Heute bilden sich Hinz und Kunz ein, es zu wissen.
Aber da téuschen sie sich.

Albert Einstein (1879 - 1955), in a letter to M. Besso, 1951

3.1.1 Description of short laser pulses

From the time dependent Maxwell equations in vacuum

11. V-E=0
12. VXE+B =0

13. V-B =0

for the dynamics of electric fields E (F,t)and magnetic fields B(F,t), one can derive a wave equation

for the electric field with help of equations 11, 12 and 14:

VxE:%EL)VxB*:iZE—' eq.12
c c
_Vx(Vx E):%E%_v(v.g)_,_AE:izE—' eq.1l
¢ c
15 AE- L E=0
C

The general solution of eq. 15 is an arbitrary linear combination of plane waves which depends on

space coordinate I and time t:
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16. E(F.t)=[ E(0e™ " dw

wherek () denotes the wave vector which depends on the frequency @ and E()is the frequency

dependent electric field amplitude.

Equation 16 solves 15 with the dispersion relation of the vacuum

2
2 w
17 C :F

The coordinate system can be shifted arbitrarily and the observation can be fixed to one spatial point.

If the point X =y =z =0 is chosen then solution 16 simplifies to
18. Et)=[ E(0k™de

which is the Fourier transformed of E(a)) Due to the Fourier Theorem equation 18 and therefore
especially 16 represents any desired solution for the electric field E(t) denoted in equation 18, if it is
periodic in time or vanishes in infinite time. If E(w)z I§05(a)—a)0) then E(t)z E,e'*" becomes

an infinitely oscillating function and vice versa.

A pure delta-distribution in the frequency domain does not exist physically.
Especially in molecular physics functions E(a)) that interact with matter are often spectrally broad

functions. In addition to the homogeneous lifetime-broadening there are several inhomogeneous
broadening effects like the specific environment of different pigments [95].

The emission lines of laser materials are also often not Lorentz shaped as expected by homogeneous
lifetime broadening but several additional inhomogeneous effects are relevant. For example Doppler
broadening is highly relevant in gas lasers. The band structure determines the wavelength distribution
of diode lasers. For a monography about lasers and laser pulses see [210].

For simplicity we assume that the probability distribution for frequency shifts in between

inhomogeneous broadened laser lines is a gaussian distribution that is determined by the the center

frequency w,and the spectral bandwidth y :

(0’—0’0 )2

19. E(w)=Ze g

The function denoting the time dependency of the electric field is the Fourier transformed of equation
19:

page | 67



(0—ap ) (0-a, )

E(t)=j e ei“tdwzj e 7 gleagintgy =
(w—wo)z—iyz(w—a)o)t—gtzﬁ—étz

j Ae v e'de =

2
-~ 2 V2 _ A
j fe et edp=Ayze ¢ e

. . . -~ = o . .2
with the field amplitude A;/\/; = E, as normalization factor. With the renotation — = o we get:
4

t2

20. E(t)=E,e “’e'™

In this simplified picture the electric field in the time domain is (according to the simplifications done)
time dependently oscillating with the frequency @, and modulated by a gaussian intensity function

tZ

E,e ° . Anexample how the interference of certain longitudinal modes inside a laser resonator forms

a Gaussian shaped temporal intensity distribution (for example in case of mode locking) is plotted in
Figure 34:

4
3]
5 2
E ~
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Figure 34: Exemplary plot of the temporal intereference pattern (red, multiplied with 0.25) of 8 longitudinal laser
modes (blue, green, light green, navy, grey, some colors are used twice) which are iteratively shifted by the
frequency shift Ao/ = 0.04. The red curve denotes the resulting electric field that oscillates with the center
frequency . The red curve is multiplied with 0.25 for better visibility of the basic laser modes. The magenta
curve shows the square of the electric field (red) as the resulting intensity function.
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Figure 34 shows the resulting electric field according to eq. 20 if one summarizes 8 longitudinal
modes instead of the continuous wave package as given in eg. 18 and 19 (red curve, scaled with a
factor of 0.25) . The resulting intensity function oscillating with the frequency of 2w, is shown in

magenta.

In fact ultrashort laser pulses like fs Ti:Sa pulses are not oscillating with a temporally independent
frequency but characterised e.g. by chirp [2, 210, 211, 212].

o denotes the Gaussian linewidth in the time domain and y the Gaussian linewidth in the frequency

domain: — = o . This represents the low limit of the relation of uncertainty of time and energy due to
v

Heisenberg:

21. AoAt>1
The energy of the radiation field is quantisized in form of photons according to M. Planck [213]:

22. E=hw=hv
for the energy of one photon E which is related to the frequency of the photon by the Planck constant
h.
The theory for photon propagation is a statistic theory in full quantum mechanical sense. In the Fock
space the number of photons is an observable and therefore the treatment of the radiation field as a
quantisized field is understood as the “invention” of quantum mechanics. If it is mentioned for an
example that 0.01 photons are detected per excitation cycle this is supposed as the detection of an
average number of one photon per 100 excitation pulses while in average 99 times of 100 no photon is
detected.

The laser pulse is formed by an ensemble of photons. Most measurements were performed with ps-
laser diodes emitting at 632 nm (BHL-600, Becker&Hickl, Germany) with 70 ps FWHM at a
repetition rate of 20 MHz and 405 nm (LDH-405, Picoquant, Berlin, Germany) delivering 60 ps
FWHM pulses, driven at a repetition rate of 8 MHz. According to B&H and Picoquant both systems
emit typically Gaussian laser pulses in the time domain with small afterpulses of < 1 % amplitude. The
spectral bandwith was measured to be about 3 nm. According to the Fourier-limitation as denoted in
the relation 21 the minimal spectral bandwidth can be calculated for 60 ps laser pulses at a wavelength
of 405 nm to:

AwAt >1= Aw =2xC i—i zZﬂCA—fzi
A A 22 At
23. ,
2 9
= A= L (405 10 ) m ~ 0.0015 nm

27cAt  27-3-10%-60-10 712
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The most narrow possible line of a 60 ps laser pulse with 405 nm emission wavelength is about 2.7
GHz or 0.0015 nm. Therefore our laser pulses are not spectrally bandwidth limited. It is known for
semiconductor lasers used in the study presented here that the band structure of the material is the
limiting factor for the emitted laser radiation [210]. It was observed that the spectral bandwidth of the

laser pulses varies strongly with the current used to pump the semiconductor material.

For time resolved measurements of pigment protein complexes exhibiting phonon broadened
absorption- and emission lines with 10 nm FWHM or more, the spectral distribution of the laser line is
well approximated by a delta-distribution in the frequency domain. In fact, no significant differences
between excitation with fs laser pulses of 8 nm spectral bandwidth and ps diode laser pulses of 2 nm
spectral bandwidth of the excitation source were observed for time resolved measurements of the
fluorescence emission of photosynthetic pigment-protein complexes (see e.g. [47]).

For the evaluation of the data in the time domain the temporal shape of the laser flash is measured as
instrumental response function (IRF) (see chap. 2). The IRF of the LDH-405 is shown in Figure 35
and Figure 36 in linear scale and logarithmic scale, respectively. The temporal bandwidth of the laser
pulses of 60 ps corresponds to a length of the pulse trace of 1.8 cm in air. The IRF shown in Figure 35
and Figure 36 was measured with a monochromator system (McPherson Intrument) equipped with a

MCP-PM-tube (Hamamatsu) as detector as described in chapter 2.

\7 room temperature IRF, 405 nm\

amplitude [photons]
(2]
o
o
o
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Figure 35: IRF of the LDH-405 at room temperature (black curve) measured with the McPherson
monochromator and MCP-PM-tube from Hamamatsu as mentioned in chapter 2.1. The best Gaussian fit of the

IRF with 71 ps FWHM is shown in red. The rising slope of the signal is found at the left side while the falling
slope on the right side contains a small shoulder which is deviating from the Gaussian fit.

Figure 35 shows the IRF of the blue 405 nm excitation laser diode (LDH-405) at room temperature
(black curve) and a Gaussian fit of the IRF signal. The best fit as presented in Figure 35 and Figure 36

page | 70



exhibits 71 ps FWHM. While the deviation of the IRF from the Gaussian fit is only small in the rising
slope of the signal there exists a remarked shoulder about 200 ps after the pulse maximum which is
better visible in the logarithmic plot shown in Figure 36.

— room temperature IRF, 405 nm|
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Figure 36: Logarithmic plot of the IRF (black curve) and the Gaussian fit (red curve) shown in Figure 35

The integral of the gaussian fit contains 94.2 % of all photons measured in the time window shown in
Figure 36.

Due to this experimental result we assume the IRF to be well described by a temporal Gaussian
distribution but we should keep in mind that the shoulder 200 ps after the pulse is a significant
deviation. Therefore all fit procedures done in this work were performed with the IRF directly
measured on the same sample. For further details regarding data analysis and deconvolution see [43,
47, 51-54] and chapter 2.2.

As mentioned above the laser pulse is accurately described by a temporal Gaussian and a spectral

delta-function. This is considered by the formula given in eq. 20: the electric field of all photons
"

should follow the pulse function E(t)= Eoe_?ei“’f’t. Equation 20 describes the temporal evolution of

the electric field vector at a fixed point in space.

In the most simple picture of density dependent absorption and emission processes we will focus on

the intensity of the laser pulse:

The time dependent energy density u(t) (i.e. the energy per space unit) in the electric field denotes to:

2t?

1 = 1 -, —=
24, u:Ego\E(t]2 =Jeobe ?
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Introducing the spatial photon density n(t) of the photons in the pulse with the expected frequency o,

equation 24 must be equal to

1 = 2 1 =2 ’EE;
25. u=n(t)-7-w, ZEgO\E(t] =5%E € 7
We find that the photon density n(t) for the incoming photons in time is proportional to the square of
the electric field as calculated from the Maxwell equations 11-14:

=2 2
L= 2

o

26. n(t)= —
0

From equation 25 we can easily calculate the time dependent intensity distribution of the laser pulse
employing the continuity equation:

1
27. 1 =c-u(t)= >0 E, e o
and with help of 26 we find the photon current (photons per area and time) in analogy to equation 27

ce,E,2 X
28. jphot:c-n(t):#e o
0

which fullfills the relation | = j ha,

phot *
Our description focuses on the time dependent evolution of an average electric field, intensity and

photon density propagating with the laser pulse.

3.1.2 Interaction between light and matter

In classical electrodynamics the interaction of light described as an electric field or electromagnetic

field with a certain material is given by Maxwell’s equations in matter:

29. VXE +B =0

30. V-B=0
3. V.-D=p

3. VxH-D=]
The material parameters are found in the displacement field

33. D(F,t)=¢g,E(F,t)+P(F,t)=&,E(F,t)+ &, 2. E(F,t)= 5,5 E(F,1)
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which is formed by the time and space dependent electric field E(F,t) and the polarisation P(F,t).
The polarisation depends on the electric susceptibility y, which determines the relative dielectric
constant &, =(y, +1).

In general the electric field E(F,t) is not necessarily parallel to the polarization IS(F,t) as given by
eq. 33 but there might be an anisotropy of the polarisation leading to an angle between E(F,t) and
I3(F,t). In that case the susceptibility has to be a mathematical entity which can turn the electric field

vector, i.e. ;?e is a tensor and not a scalar. In that general case the polarisation calculates to
34, P(F,t)= 5o 7.E .

For strong electric fields the polarization 5(F,t) as given by eq. 33 is not necessarily proportional to

the electric field E(F, t). The expansion as a Taylor series generally denotes to

35. P(F,t)= 50(Ze(1)|§+7?e(2)§2 + 7. DE?® +)

Eq. 35 contains anistropy effects due to the tensor character of ;?e but also the nonlinear relation
between E(F,t)and P(F,t). According to eq. 35 the polarisation is treated to depend linearily on the

electric field as 1% order approximation P(F,t)~ &,7,“E with corrections of 2™ order 7,”’E? and

higher orders.
In full analogy to eq. 33 the magnetic response of the material denotes to

B(F,t)= uo(H(F,t)+ M(7,1) = s, (H(F,t)+ 71 (7,1) = ptope, H(F,t) with the magnetic field
B(F,t), the magnetizing field H(F,t), and the magnetization M (F,t) which is determined by the
relative magnetic permeability z, = (1+ Im ) or magnetic susceptibility y,, . For non ferromagnetic

materials which are only slightly diamagnetic or paramagnetic 1, =1, i.e. the magnetic suceptibility

vanishes and the material is transparent for magnetic fields. This is the case for all pigment-protein

complexes studied in this thesis. Therefore we neglect the magnetic properties of our materials and

focus on the electric properties only. In the following z, = 1is assumed.

The relative dielectric constants, contains effects of absorption and refraction . Therefore &, must
be a complex tensor. For the simple case of isotropic media and linear response ¢, is a complex
number &, =&, +ig, with the real part &, of the electric field denoting the refraction and reflection
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of the electric field amplitude and the imaginary part &, which denotes the damping of the electric

field amplitude.
The dielectric constant is the square of the complex refraction index N : & = ne= (n + ilc)2 with the

real part n and the imaginary part k. From that one can derive &, = n® —x? and g, =2NK

3.1.3 The plasmon resonance of gold nanoparticles

It is the aim of this short chapter to give an example how the classical theory of Maxwell (chap. 3.1.1
and 3.1.2) is used to calculate the absorption spectrum of a certain dielectric or metallic structure, how
it is possible to explain and predict optical spectra and how one can use this information for

applications.

If the polarisation shown in eq. 33 is driven by the electric field like a Lorentz oscillator (Drude-
Lorentz-model) then the wavelength dependent resonance of the polarisation can be calculated by
solving an oscillator equation as described in [212]. This calculation is performed for nanoparticles in
dependency of the particle size in [212]. An example of the optical response for metallic Au-
nanoparticles is presented in the following (see also [25] for the discussion of the optical properties of
Au-nanoparticles).

The size-dependent plasmonic resonance of Au nanoparticles determines a characteristic absorption
spectrum. Especially the diffuse stray light of thin layers of gold nanoparticles shows remarkable
absorption due to the plasmon resonance and therefore exhibits a characteristic spectrum. This can be
used to visualize gold nanoparticles in the dark field microscope and identify them by their
characteristic spectrum. The microscopic picture (Figure 38) presented in the following shows how it
is possible to identify and localize these nanoparticles even in strongly inhomogeneous media (living

cells).

According to the Drude-Lorentz model one can start to arrange the oscillator equation for a damped

negatively charged particle (charge e) of the mass m that moves along y-direction due to the driving

external field E(t):

36. my(t)+mIy(t)+ma,’y(t)+eE(t)=0

I" denotes the damping constant due to scattering processes at the metallic band structure and

@, denotes the eigenfrequency of the undamped free oscillator.
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Inside a metallic sphere the oscillating electrons bound to the positive charge of the radius (R)-
dependent number of positively charged holes N(R) are confined to the sphere.

The force driving back the electrons can be approximated by solving the electric field inside a
homogeneously charged sphere (radius R) carrying the overall charge N(R)e. The strength of the
electrical field inside a homogeneously charged sphere is linear in the distance to the center of the

N(Re

4rg,R®

sphere (i.e. y(t)) and calculates to _(t) (for details regarding the calculation see e.g. [214]).

The polarization of the sphere 5(t): ey(t) is introduced and eq. 36 multiplied with an elementary

charge e :

37, mB(t)+ mrB(t)+ 4; )Fj B(t)+e*E(t)=0

Comparing eq. 37 with eq. 36 one finds the eigenfrequency of the undamped oscillator:

N(R)e?

maze,R®

Eq. 37 can be solved with eq. 34 and the ansatz E(t) = E,e'“* for the electric field:

NREZ , 2

2 -
38. —mgyy o +IMl'gy y 0 +——"—7"~ R
The relation between polarisation and the electric field considers the material parameters in this

theory. From this formalism it is possible to approximate the optical properties of the metallic sphere.

To find the absorption spectrum one has to solve eq. 38 for the electric susceptibility y, which is a
function depending on the light frequency @. The final absorption is the imaginary part of the
complex refraction index n = \/E—r = /14 . (see [24] and [25] for further details).

We will not go into deeper details of this evaluation of the Maxwell’s equations shown in eq. 29-32.
At this point it is our aim to show how theory and experiment are strongly connected if one wants to

investigate for example gold nanoparticles as described by the Drude-Lorentz model (eq. 37).

For the experimental purpose we visualized the gold nanoparticles at first employing scanning electron
microscopy (contrast of electron transmission and energy dispersive spectra) and atomic force
microscopy to determine the structure and composition of the Au nanoparticles with about 40 nm in
diameter. The atomic force microscope was equipped with a light microscope to find and measure the
same structures on the sample that had been investigated with the scanning electron microscope before
(see Figure 37), [24].
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Figure 37: Gold nanocrystals with about 40 nm diameter in the scanning electron micropscope (left side) and
atomic force microscope (right side). The electron microscopic study was supported by Zelmi of TU Berlin [24].

As shown in Figure 38 the nanoparticles exhibit a typical red color due to the plasmon resonance and
scattering effects in the short wavelength regime (see Figure 39).

100pm __ ——

100 ym

Figure 38: The plasmonic resonance results in good contrast of the nanoparticles in the dark field microscope.
Pure nanoparticles appear red (left panel) in the dark field microscope (upper left panel: bright field microscopy,
lower left panel: dark field microscopy). Inside HCT-cells (right panel) the nanoparticles tend to aggregate
similar to the dry aggregates out of the wavefront shown in the left panel. The aggregates appear gold (upper
right panel bright field, lower right panel dark field). The pictures are supported by Zelmi of TU Berlin.
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The dark field technique (Figure 38, lower panels) delivers a tool for the study of nanostructures in
strongly inhomogeneous media if the spectral contrast of the distribution of the scattered photons is
high enough between the medium and the nanostructures. In the bright field microscope the integration
of more photons including the ones which did not interact with the sample, leads to a much lower
contrast (Figure 38 upper panel).

The graphs in Figure 39 show the imaginary part of the complex refractive index calculated from the
Drude-Lorentz model as presented in eg. 37 with an additional ot dependent and an additional
constant scattering background.

The calculated curves (Figure 39, left side) qualitatively fit the experimental results (Figure 39, right
side). Deviations between theory and experiment appear due to the approximations made and due to
the formation of nanoparticle aggregates. The latter effect was investigated measuring the absorption
spectra of aggregated nanoparticles (data not shown). The radius dependent values N(R) and the
damping constant I"were used as fit parameters for the theoretical curves shown in Figure 39. For
further details of the calculation see [25].

theory experiment

——NP 1,426 nm
——NP1,50.7 nm

absorbance

0,021 T

T T T T T . . T B . S . B . T

. T L T L] T L T
400 500 600 700 800 400 500 600 700 800
wavelength (nm) wavelength (nm)

Figure 39: Theoretically fit and experimental absorption spectra of gold nanoparticles with 42.6 nm in diameter
(black curve) and 50.7 nm in diameter (red curve)

As mentioned above the intention of this short excursion to microscopic pictures and spectra of gold
nanoparticles shall demonstrate the power of the synergetic interplay of theory and experiment.

The theory makes the experimental results understandable (Figure 39) and it suggests further
experiments or applications and forecasts the results (i.e. the possible identification of metallic
nanoparticles sized far below the resolution limit of optical microscopes with a dark-field microscope,

Figure 38). The experiment on the other hand tests the theory and selects the approaches that are able
to describe reality from failing concepts.
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3.1.4 Quantum mechanical description of molecule complexes

Generally the Maxwell’s equations in materia as presented in chap. 3.1.1 - 3.1.3 are macroscopic
equations, i.e. the material parameters are assumed to be macroscopic parameters which are common
mathematical entities for the whole solid state (see eq. 34). This is suitable to explain qualitatively the
spectra of gold spheres containing several million gold atoms (Figure 39), but this theory will fail
explaining the behaviour of single molecules bound to protein structures which can absorb energy and
transfer the energy via electromagnetic coupling to neighbouring molecules (see chap. 1.3). In the
following the quantum mechanics of the solid state is shortly introduced and it is shown how Bloch
waves are suitable solutions for the eigenfunctions describing these systems assuming periodic
potentials and the Born Oppenheimer approximation.

Due to the fact that the potential of Pigment-Protein complexes is nonperiodic it is not possible to use
Bloch waves to describe pigment-protein-complexes. The theory has to be improved and was widely
improved for the description of organic supermolecules like photosynthetic pigment-protein
conplexes.Today a good agrement between the calculated and measured time dependent spectra of
coupled biological pigment-protein complexes is achieved with new theoretical approaches [37-41].
The quantum formalism presented in this chapter is beyond the scope of this thesis. Our calculations of
optical spectra are performed with the formalism of rate equations as shown in the following chap. 3.2.

The possible energy values measurable on a quantum system characterized by a Hamiltonian H are

described by the time independent Schrddinger equation:
39. H|¥)=E|¥)

The quantum dynamics of states, e.g. time dependent polarisation and population follows the time

dependent Schrodinger equation:
40. i) = H|¥)

In general we will focus on the temporal dynamics of the population of excited states. The most simple
form of the Hamiltonian of a single electron bound to a potential V(F) denotes to
p 2
41. H =" +V(r)
2m
The potential V(F) has to contain all electromagnetic contributions that influence the electron.
determining the quantum dynamics of the electronic state |‘P> :
The Hamiltonian denoted in eq. 41 contains all energetic contributions in form of operators that

contribute to the total energy of the electronic ground or excited state °S or 'S, respectively. These
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A 2

Pa

> and all terms of the potentiaIV(F) contributing to the
m

are the energies of the free electron

energy. Generally the potential V(F) is composed by the Coulomb-potentials of the nuclei I3|C, the

electronic repulsion of other electrons H the interaction with vibrations H or any other

el—el ? el—phon

interaction H,,, :

~

42, H = Ho + Hc + He|7e| + Hel—phon+ HWW

From the stationary Schrddinger equation (eq. 39) one can achieve an estimation for the absorption
spectrum of a molecule.

If the potential of a single molecule is modeled e.g. with a rectangular quantum well one finds that the
difference between ground and first excited state shrinks with the size of the quantum well.

In fact the bigger the delocalized Pi-electron system of a molecule is, the lower the energy difference

of the transition °S —' S

As mentioned H is nota simple function for the coupled pigments in a protein environment.

The Hamiltonian generally looks like [215]:

A

. p.2 P2
H=2 R+z 2|\J/|.

! ]

1 eZZ g?
+47reo[z IR, R, | Z R Iﬁ—ﬁ'lJ
—h? h? Ay

> s ;M—

e i

l 2
+
47[50(,;|R. . i |G —R, §|r—r|]

]

43.

:2m

where the Kinetic terms of electrons with mass m, and the kinetic terms of nuclei with variable mass
M ; for the nucleus j with charge eZ ; are described as well as the coulombic interaction of the nuclei,

between the electrons and the nuclei and between the electrons themselves. Principally all
neighbouring charges have to be summarized. Simplifications can be done by assuming only the next
neighbouriong charges in the lattice.

In eq. 43 those couplings between the spin momentum of the electrons and cores are neglected which
either have to be included into the Schroedinger equation separately or which are calculated from

relativistic formulations of the electron dynamics. As rate equations are used for the description of
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optical spectra in this thesis these aspects are not elaborated here. For an elaborated discussion of the

quantum mechanical description of electrons see [216-221], for large molecules see [222].
According to the Born-Oppenheimer approximation the wave function “{’k (ri,Rj)> solving the

Hamiltonian of eq. 43 factorises into the wave function of the electrons and the nuclei:

44, ‘lPk (ri R )> :|LPk (r )>‘ ¥ (Rj )>

The wave functions solving 43 could be found employing the concept of Bloch waves if the potential
given in the Hamiltonian is periodic. These Bloch waves comprise a term expressing the structural
lattice, multiplied with a plane wave part.

5. ¥ (rR;) =g (R;)
According to eq. 16 every solution for a given time point can be expressed by a superposition of

spatial Bloch waves forming a wave packet
46. "{’ko(ﬁ R, )> = j a(k )™ dk

The electromagnetic interactions between the electrons is different for electrons in the ground state

or in the excited state (see Figure 40). In addition we have modulations of the ground and excited
states due to the coupling of the electrons and the phonons in the system.

The spectrum of possible interactions of electrons in a crystal lattice or protein environment covers
electron-electron interaction (see Figure 40, 1% row), electron-phonon interaction (see Figure 40, 2™
row), light coupling and other couplings (see Figure 40, 3" row). For simplicity the electronic states
are often treated as two-level system.

Coupled two-level states can undergo several transitions, e.g. by spontaneous emission of light or
phonons or by inter system crossing (ISC). These transitions are discussed later and evaluated at the
experimental data. Schematic illustrations of excitation energy transfer transitions also including

electron delocalisation and electron transfer are shown in Figure 40, 4™ row.
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Figure 40: Interactions and EET/ET processes of coupled 2-level systems bound to a protein matrix.

The electron-phonon interaction as pointed out in Figure 40 shifts lifetimes (i.e. the transition
probabilities) and the energy of the states.

In this case the Born-Oppenheimer approximation is not longer valid and the electronic wave function
does not factorise into electronic and vibrational part (of the core lattice) as shown in eq. 44 [222].

If the electron is assumed to move in a periodic potential one finds a description of the electron where
it is treated perturbatively like a free particle with an effective mass describing the inertia of the
electronic mass:

1 1 0°E

47. =—
My 7 KoK,

In the case of pigment-protein complexes the lattice is not periodic. Therefore the Born-Oppenheimer
approximation and eq. 44-47 are not valid. Especially “Pk (r, R, )> =e“g (Rj) in eq. 45 can not be

expressed as a periodic wave function. Therefore the electron can not be treated like a free particle

with an effective mass as given in eq. 47.

The harmonic oscillator can be described by the creation and annihilation operators. It had been shown
that this formalism is suitable for the description of pigment-protein complexes [39]. For a complete

elaboration of this formalism see [217].
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The Hamiltonian of the 1-dim harmonic oscillator denotes to
. . 1
48. H =how(a a+§)

where a’ denotes the creation operator and a the annihilation operator which are defined according to
a’ = i _ i +q
V2 dq
as (9 g
J2\dg

with q = | 2%
| “x.

With eq. 49 the Schroedinger equation 48 reads as

2 2 B2
50. H :h_w _d_2+q2):_h Ay +1ma)2X2 :pi+V(l7)
2 dq 2m 2 2m

- , : . 1 :
which is the well known form of a free electron in the harmonic potential V(r) =3 maw?x* according

to eg. 41. In that notation one can write the uncoupled part of the electron and phonon Hamiltonian of

a big pigment-protein complex containing N chlorophyll molecules as

R N

M
51. Ho=Hoa +Ho phon :Z((c:giagi*agi +e,a, A, )+Zha)jbj*bj
=1

ei el
i=1
where the energies &; of the ground state of pigment number i with the corresponding operators agi+

and a,; and the energies of the excited states &, with the corresponding operators a," and a, are

summarized for the electrons. The Chlorophyll molecules are treated as 2-level systems of single

~ M 4
electrons which can exist in the ground state or excited states and the term Ho,pnon = ;hwjbj bi is
1=

the operator for the phonon energy 7w, of the j"™ phonon mode in the system. bj+ and bj describe

the creation and the annihilation operator, respectively, for phonons in the j™ eigenmode.

N
The eigenvalue of Z:(agi+agi +aei+aei) is N =N, + N, denotes the numbers N, and N, of Chl
i=1

molecules in the ground state and excited state, respectively. The eigenvalue of b j+b j Is the number of

phonons in the j™ eigenmode. Therefore the eigenvalue of eq. 51 is the overall energy in the uncoupled
system summarizing all energies of ground state electrons, excited state electrons and phonons.

Many couplings between electrons and between electrons and phonons in the pigment-protein-
complex exist that have to be incorporated in the Hamiltonian of eq. 51 (see Figure 40).

With electric dipole approximation the light coupling of the ground state electrons is described as
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N _ ~ _
Hq., =D E(t)-d,a, "a, +hc. , denoting the fact that the incoming electric light field E(t) (see
i=1

eq. 20) couples to the electric dipole operator of the i Chl molecule d_I and leads to an annihilation of

a ground state while an excited state is created. The hermitian conjugated expression (h.c.) describes
the induced emission annihilating an excited state while the ground state is populated.

According to Richter et al. [39] all the couplings shown in Figure 40 are incorporated into the coulomb
interaction-Hamiltonian. The coulomb coupling is containing all relevant electronic interactions of
electrons bound to ground or excited states:

He =YV, %a"a,"a a, +> V,%a,"a"a a, + .V, %8, a, a,a, +> Vv, a, a, a,a

ej —gi
i>] i#] i>] i#]

I-]C contains all terms for ground state shift due to the potential Vijggof the neighbouring electrons in

ground states, monoexcitonic shifts due to the potential V;* and biexcitonic shift due to V;* (see
Figure 40).
The term Videenotes the dipole coupling between neighbouring Chl molecules, i.e. the Forster

coupling. If Forster coupling occurs between the i pigment in the ground state and the j™ pigment in
the excited state, then the Forster Resonance Energy Transfer leads to an annihilation of the ground
state of pigment i and the excited state of pigment j while a ground state of pigment j and an excited
state of pigment i is created.

The electron—-phonon coupling for the electrons in the excited state can be formulated as following:
1 © ©"
Hel—phonzz Z (gij bj +0; bj+)aei+aei
i
where the electron-phonon coupling is described by the matrix elements gij(c) expressing the

probability for phonon absorption or phonon emission. g;; © s given by the spectral density function

which can be determined by experiments or molecular mechanic calculations [39].

The problem is rather complex. Therefore we will later show a simplified time independent
Hamiltonian containing the Coulomb coupling terms only to estimate the excitonic splitting in the
optical spectra of phycocyanin in comparison to pure phycobilin molecules in vacuum (see chap 3.5).
The full analysis according to the quantum mechanical formalism presented here was done by our

cooperation partners [37, 38, 39].
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3.2 Rate equation formalism

Most calculations presented in this thesis were done with rate equations. The concept of rate equations
is assumed to be a general and basic theory that is suitable to predict the dynamics of any system that
can be described by a mathematical expression denoting its “state” if the transition probabilities
between the states are known. In fact rate equations are not only used to describe EET and ET
processes but many systems as optical transitions, particle reactions, complex chemical reactions and
more general information processing in complex networks. Rate equations can be used to describe
complex systems like e.g. sociological networks [223].

3.2.1 Axiomatic motivation

To motivate the rate equation formalism we start from two very basic axioms:

1) The system is described by a ‘“state”, which is everything that one
can possibly know about a system in order to predict probabilities of
future measurement outcomes.

2) The state changes over time. More specific, its time evolution can

be described by some differential equation.

From 1) we conclude that it is helpful to introduce a sign denoting the “state”. For this sign we use N,

with i = 1..N forming a tupel of numbers that characterizes the state. To avoid misleading

interpretations in comparison to the literature on photosynthesis we denote each component N, of the

overall system as own i" state of the system in the following.

From 2) we conclude that % exists and % #0.

dN, dN,
Due to T # 0 there must exist a function f with —— ot = f. (xj N, ,t). The temporal evolution of

the states has to depend on a function f which in the most general case could depend on time t, the

states N, themselves and other variables we denote as X;. The function f can be expressed in the

form
52. f,(x;,N,,t)= ZT,k(x N EN, (t).

Principally fi(xj, Nk,t) could be a nonlinear function in the states. We assume that the states N;
themselves can be parametrized in a way that they depend linearily on the measurement probability.

That means that the states N, are proportional to the probability to find the system in the state N,

after a measurement. Further we investigate the most simple case that fi(xj , Nk,t) is linear in the
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states and does not depend on any additional X; (all x; should be contained in the states which

exhibit all information that is experimentally accessible):
53. f,(N,,t) ZT,k

If the system of states is closed (i.e. conservative) then there is no temporal change of the dynamical

behaviour (in analogon to time independent Hamiltonians). In that case the proportionality factors

T (t) do not depend on the time and we get

54. f.(N,,t) ZT,kN

As we will see in chap. 4 (excited state dynamics in water soluble chlorophyll binding protein) the
protein environment of a molecule can be assumed to introduce additional states (e.g. “relaxed” or
“unrelaxed” states of the system) and therefore the treatment of a closed system is in principal suitable
to analyse even open systems if the states of the environment are known and incoroporated into the
theory.

Therefore from our simple axioms that there exist states and dynamics a kind of classical master
equation formalism follows.

Equation 54 can be derived from the axiomatic postulation that any ensemble can be described by
states and dynamical change leading to transitions between the states. The number of transitions that
are released from one state is proportional to the population of this state

These axioms deliver a dynamical formulation of the temporal change of our states:
55. —' = ZT,k N, (

with the transfer matrix T, = T . If we separate the supplying processes and the emptying processes

(i.e. we separate the sum avoiding summation over k=i) we get:
56. N; = ZTik N, (t)_ szi Ni(t)
ki ki
For an excellent depiction of rate equations, the master equation and their applications see ref. [223].
Eq. 56 is a master equation of a probability evolution of population probabilities. The probability to

find a certain state populated denotes to

57. P =

Ni
ZNj(t)

If the set is complete, i.e. %Z N; (t): 0 then this formulation delivers the general master equation:
i

58. R_; Zj,k ZN kZ;Tk, ZN ) ;(TikPk(t)—TkiPi(t))
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It has to be pointed out that eq. 56 is a simplified and linearised form of rate equations. The full
general form is found in eq. 52. For example eq. 56 does not describe bimolecular processes or
processes that amplify or inhibit themselves (e.g. a cell devision process or an allosteric protein
regulation). But from eq. 52 a description for any process that is thinkable in the context of states and
their change can be found. Eq. 52 can be solved numerically for all cases. We will later suggest an
algorithm how eq. 52 can be solved numerically with arbitrary constraints on the transition matrix

T, (see chap. 3.2.4).
The time reversible/ equilibrium case is equivalent to the existence of equilibrium probabilities P, and

P. in such a manner that each term on the right side of eq. 58 vanishes separately, i.e. T, P, =T, P,.

The master equation (58) is then called to be at detailed balance. From eq. 58 we can see that due to
this detailed balance condition the population probabilities are reciproke to the transition matrix”

—~ =X That means the equilibrium is reached if there is no time

i ik

elements for all times:

dependency of the population densities (i.e. the population densities do not change in time).

The relation of transition probabilities for forward and backward reaction are proportional to the
relation of the populated states, i.e. forward and backward transfer of two coupled states are found to
satisfy the Boltzmann relation

(Ei-E¢)
59, 10 _g kT
ik

where E; denotes the energy of the state i and kT the thermal energy at temperature T. As we would

expect from a single electron spreading along empty states the overall equilibrium population denotes
to (see [223]):

(Ei-E¢)
60. N _g bt
N

i
For degenerated states eq. 60 has to be extended to (see [223])

(EI_Ek)
61. N _ g ar

=—€
N; g
if N, is g, -fold degenerated and N, is g, -fold degenereted.

The formalism of rate equations as presented here has several advantages:
1) The theory contains all information about the population of the states in the system.
2) Only two basic axioms and the linearity condition are sufficient to motivate the basic theory.
3) The equations are rather simple (DGL 1* order).
4) The theory allows to incorporate further aspects by extending the space of states.
5) There exist algorithms for solving and fitting the rate equations under any constraints (see

chap. 3.2.4).
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3.2.2 Absorption and emission of light

The classical description of the interaction of light and matter with the Maxwell equations is presented
in chap. 3.1.1-3.1.3 while the quantum mechanical approach is presented in chap. 3.1.4.
The spectra for light absorption and light emission can be qualitatively understood by a full quantum

mechanical picture assuming rate constants for the absorption and emission of light quanta. The

absorption of photons leads to a transfer of the system from the electronic ground state N, to an

electronically excited state N, as shown in Figure 41:

N M N A
o T 3
NO NO NO /W
absorption spontaneous induced
emission emission

Figure 41 absorption (left panel) spontaneous emission (middle panel) and induced emission (right panel) of
light due to electronic transitions between the electronic ground state N, and the excited state N,

In full accordance to chap. 3.2.1 such systems are described by linear differential equations containing
the ground state N, the excited state N, probability coefficients which are called the “Einstein
coefficients” and the frequency dependent energy density u(a)) = n(a)) h- @ where n(a)) describes
the frequency dependent photon density according to eq. 25 for the monochromatic beam.
If the laser exclusively excites the first excited state (N,) then the change of the ground state
population denotes to:

62. N, =Ty,N,(t)-T,,N, = (B, (@)-u(@)+ Ay,)- N, (t)—B(@)-u(@)- Ny(t) in full accordance

to the general master equation formulation presented in eq. 55.

In eq. 62 the transfer matrix elements are T, = Blo(a))~u(a)) for the absorption process and

T,, = Ay, + By (@)-u(w) for the spontaneous emission (A,,) and the induced emission

(Bo(@)- n(e)).

The probability for absorption and induced emission is strongly dependent on the wavelength

E,(N,)-E,(N E
distribution of the photon flux with the maximum probability for @ = @, = 1(N2) =B (No) =1

h h
(EO(NO):: O)-

To analyse the relation between the Einstein coefficients and the population densities a general system

of the two states N, and N, is investigated in the equilibrium, i.e. N, = N, =0. Then eq. 62 claims

(here the indices i and k stand exemplarily for the two states N, and N, ):

63. By ()-u(@) N, (t)+ A - N, (t)= By (@) u(@)- N; (t)
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We can look at eq. 63 for the special case of a system of quantisized energy levels coupled to a
thermal radiation field (i.e. the absorption, the emission and the induced emission is just due to the
thermal radiation that couples to the system).

In that case we can express the equilibrium population of N, /N, according to eq. 61:

(Ei-E¢)
kgT

N _ 9

and eq. 63 writes as:
N, g

(El_Ek) (EI_Ek)

64. By (@)-u(w)- 2o 7 1A e W~ (0)-u(w)

g; g;
Eq. 64 can be solved for the energy density of the black body radiation field u(a)) to
(El_Ek)
& keT A i
Mg, f B, () 8
65. U(C()): I (E-Ey) - B (CO) . (Ex-E;) - B Ikhf“ '
Bm(aﬁ—-BWQD)~9£e keT ki AgLe T _1q mggLekJ _1
g; Bi (a)) 9 Bi O«

where the fact that the energy of the radiation 7@ must be equal to the energetic difference

ho =E, —E,is used. A more accurate derivation would use the spectral line shape functions for
B, (@) and B,;(e) in eq. 65.

Now the Einstein coefficients in eqg. 65 can be identified. In the thermal radiation field one expects that

the energy density distribution is given as Max Planck’s derivation of the black body radiation field:

2haw’ 1

66. U(w)="F———
T°C T

ghe’ _1

If eq. 66 is compared with eq. 65 it is found:
B 9; = B, 9, i.e. the probability per time unit for the absorption equals the induced emission with

respect to the degeneration of the states and

i_ 2hco3
B, ~x°c’

regarding the relation between spontaneous emission A, and induced emission B,

i.e. the induced emission becomes more probable for longer wavelengths with the third power of the

photon wavelength.

The most experiments presented in this study were performed with very low radiation intensities and
therefore the induced emission is not relevant and all calculations were evaluated taking into account
only the absorption and the spontaneous emission.

Induced emission is the dominant process for all laser effects. For a monograph regarding lasers see
[210].
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In first order perturbation theory the probabilty for the transition from a state i to a state j is

proportional to the square of the matrix element V;; which is known as Fermi’s Golden rule. This

approximation calculates the Einstein coefficient for the spontaneous emissionto A, = ‘(‘PO ‘Pl>‘ ,

p

where |W,) and | ¥, ) denote the excited and the ground state, respectively.

3.2.3 Relaxation processes and fluorescence dynamics

Excited states can relax along different channels (see Figure 42). These relaxation channels are often
visualized by a so called “Jablonski diagram” which contains the energetic scheme of states of the

relevant molecule.

The absorption process occurs instantaneously, i.e. it is faster than the resolution limit of the
picosecond fluorescence setup (10 ps). In literature there is still a discussion about the duration of an
absorption process ranging from the assumption that absorption takes the time light needs to cross a

molecule (i.e. about 107’

s = 0.01 fs) up to the time the electron needs to cross the molecule (i.e.
about 10™* s = 10 fs). The (one electron) excited states of molecules typically exhibit spin

multiplicity 1 (singlet states) or 3 (triplet states). We distinguish this by the notation S, for the i"
excited singlet state and T, for the i™ excited triplet state.

According to the Franck Condon principle the absorption process does not excite the vibronic ground
state of an electronically excited singlet state S;v,, but a higher vibronic level Sivj . Due to the shift
of the energy parabola between ground and exited state along the reaction coordinate, the overlap
between the wave functions of the vibronic ground states (j=0) of the electronic ground and 1* excited
state (S,v, and S,v,, respectively) is smaller than the overlap between S,v, and S,v, (k>0) (see
inset of Figure 42).

This energetic picture can be understood from the fact that the molecular configuration of the nuclei is
different between the electron in the ground state and first excited state. Therefore the nuclei start to

move if one electron is excited and the lattice takes up a phonon.

The relaxation by light emission (luminescence) can not emit the same amount of energy absorbed
before. Therefore the fluorescence must be red shifted with respect to the absorption. This red shift of

the fluorescence light is called “Stokes shift”.
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Figure 42: Jabloski diagram for chlorophyll coupled to a neighbouring molecule. The shown energetic states of
chlorophyll are the singlet states S,, S;, S,, S; and S, and exemplarely the triplet states T, and T, with

vibronic levels that are denoted as v i The indicated transitions are explained in the text. The inset is showing

the parabola for the ground state and the first excited state with the most probable transitions for absorption and
fluorescence according to the Franck-Condon principle.

. 1 _ :
With rate constants k. ~—— ~10"s™ the electrons relax from S,v; into the state S,v,due to
Tic

internal conversion (phonon emission). Due to the Franck-Condon principle the subsequent radiative

relaxation into the electronic ground state terminates again in a higher vibronic level S v, .

The electronic relaxation from S, > S, into S, occurs with k. >10"s™and therefore much faster
than the intrinsic fluorescence decay which is about k. ~6.7-10s™ . From S, to S, the
vibrational relaxation Kk,. is improbable for Chlorophyll and therefore fluorescence can be observed

especially from S, with wavelengths A > 680 nm for Chl a. The improbable k,. from S, to S, is

caused by the rigid structure of the prophyrine ring system. Therefore the vibrational modes are

energetically separated and the wave functions overlap only slightly.

The highest occupied molecule orbital of the ground state of chlorophyll contains two electrons. Due

to the internal spin-orbit (LS)-coupling it should be improbable that a spin flip occurs during the
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transition from S; to S; when the chlorophyll molecule is excited. But there exist intramolecular
aberrations of the potential leading to high probabilities for the spin flip which is called ,,Inter System

Crossing (ISC)“. It has a probability of K ~15-10% in chlorophyll. The spin flip results in an

electronically excited triplet state, which is most probable T, or T, [37].

The rate constants for k-, K. and k. were in detail investigated for Chl a and Chl b homodimers

bound to the water soluble chlorphyll binding protein. It was found that k. seems to be strongly
temperature dependent for Chl b homodimers in WSCP which can be explained by a thermally
activated transition to a higher triplet state T,. A detailed descritpion of this phenomenon is found in
[37] and shortly summarized in chap. 4. In Chl a homodimers the rate constant K. is less dependent
on temperature.

Due to the Pauli principle spontaneous emission from the triplet states to the singlet ground state can
occur only after a further spin flip. Therefore at least the lowest triplet state T, is long lived with
typical decay rates of k,, ~10.

While the fast relaxation from excited singlet states is called “fluorescence” this long lived emission
from the triplet states is called “phosphorescence”.

For photosynthetic organisms the existence of long lived triplet states formed from excited Chl singlet
states *Chl * is a disadvantage because Chl triplet states *Chl* tend to interact with environmental

oxygen which is found in the triplet ground state *O, forming highly reactive singlet oxygen ‘O, *:

IChl*—5¢ ° chl*

*Chl*+%0, > Chl +' O, *

chemical equation 4

The singlet oxygen oxidizes neighbouring molecules and cell structures. The rate constant for the

formation of singlet oxygen via triplet-triplet interaction is denoted with kOZ in Figure 42.

There exist several other relaxation channels for excited singlet states. The S, can e.g. interact with
other singlet states of coupled pigments and lead to a strong fluorescence quenching via singlet-singlet

annihilation (K ,,.nii)- This process is a nonlinear relaxation that depends quadratically on the
concentration of excited singlet states <Sl> in the sample.

Efficient photosynthesis occurs via the excitation energy transfer (EET) from the antenna pigments to
the photochemically active reaction center (see Figure 3). To achieve quantum efficiencies for charge

separation in the RC after light absorption up to 99 % EET rate constants in the order of

page | 91



Ker ~10"are necessary. This process of EET and the subsequent electron transfer (ET) determines
the dynamics of the excited states and therefore the fluorescence dynamics.

In spite of the concurrence of the efficient EET the photosynthetic active organisms exhibit a small

amount of fluorescence of about 1 % of the absorbed light energy. Triplet states of the Chl molecules

are efficiently quenched by the reaction with Carotenoid triplets (k in Figure 42). Carotenoids are

Carot
very flexible molecules that dissipate their excitation energy fast via internal conversion. It is well
known that Carotenoids also act as quenchers for excited Chl singlet states (see [57] and references
therein).

The relaxation of an excited singlet state population probability <Sl> occurs with the sum of all decay

rates according to the general formulation of eq. 56 (see Figure 42):

4s)
dt

67. = = (Kewor + Ko + Ker +Kic + kISC)<Sl>

Eq. 67 can be integrated and the solution (i.e. the excited state dynamics) is an exponential decay:

t

68. <Sl>(t) — <Sl> (O) e*(kmuor*kAnnihn*kET +hic+kise )t — <Sl> (0) e_¥

with the average apparent fluorescence lifetime

1

69. 7= .
+ Kanninit + Ker +Kie +Kise

k

Flour
The fluorescence dynamics depends on all possible relaxation channels. The observable fluorescence
F(t) is proportional to the actual population probability of the excited state <Sl> :
t t
70. F(t) = Krour (S )(t) = Kour (S1)(0) € 7 = F(0)e *
The quantum efficiency of the fluorescence ® is defined as the relation between the emitted

fluorescence photons per time unit and the overall number of relaxing excited states in the same time

interval:

71 (1) — I(Flour —
"k + Kanninit T Ker +Kie +Kige 75

T

Flour

with the intrinsic fluorescence lifetime 7, = ~15ns for chlorophyll.

Flour

As mentioned above the radiative relaxation of excited Chl molecules lChl*:=<Sl> happens with

Kooy =(@50s) " =6.7-10"s™ for Chl a and somewhat slower fluorescence relaxation

Flour

Keour = (23ns) " =4.3-107 s for Chl b (see [37]) and k. =(6.7ns)" =1.5-10°s™ for both

Flour

species at room temperature. In Chl b an additional thermally activated 1ISC channel might exist that

page | 92



enhances K. at higher temperatures [37]. Therefore the apparent fluorescence lifetime of Chl a

calculates to (k +Kise )_l = 4.6ns while a slightly faster relaxation is expected for Chl b at room

Flour
temperature but a slightly slowlier relaxation in comparison to Chl a at 10 K (see chap. 4). In WSCP
the 1% electronically excited states splits into two excitonic levels with smaller oscillator strength of
the lower excitonic state. We measured a typical Chl a excited state lifetime of

(Keou +Kise) - =5.2nsin WSCP  while  Chl b relaxes  slightly  faster  with

(Kepour + Kise )™ = 4.8nsin WSCP at room temperature (see [47] and chap. 4).

. . T k .
The resulting fluorescence quantum yield calculates to (DFCh'aWSCP = f xR _ 52 ~ 35%
7o Kpouwr tKsc 15
for WSCP containing Chl a and (I)FCh'bwscng ~ 21% for Chl b. The temperature dependency of

the lifetime of the 1% excited singlet state is discussed in detail in chap. 4.

3.2.4 Rate equations in photosynthesis and an efficient algorithm for the solution

In photosynthetic systems the formalism of rate equations can be incorporated treating different
molecules as localised states. Generally this will lead to rather complex equation systems of up to a
thousand coupled differential equations. A simplified model respects the given resolution of the
measurement setup employing the concept of “compartments” as suggested e.g. by Hader [76].
According to this compartmentation model a rather complex system can be treated in form of
“compartments” if the energetic equilibration between the coupled molecules which are treated as a
compartment is fast in comparison to the achievable resolution of the measurement setup.

The advantage of the compartmentation model is a reduction of the number of states. For example one
can treat the LHC, the core antenna complexes and the reaction center (see Figure 3 ) as compartments
of thylakoid membrane fragments and therefore as single states instead of a treatment of each single
molecule. The whole light harvesting complex including the core antenna and the Chl molecules in the

reaction center might even be treated as one single compartment.

The states and their couplings are visualized in the scheme as shown in Figure 43. Here five arbitrary
states are coupled via EET exhibiting one and the same rate constant k for all transitions to

neighbouring states. In addition there exists the relaxation to the ground state which which occurs with

the rate (kQ + k) when the excitation energy interacts with a quenched state as shown in Figure 43.

The probability for relaxation to the ground state from all states without quencher is K .
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In the scheme shown in Figure 43 the state N, is bound to a quencher (e.g. a reaction center) and

therefore exhibits reduced lifetime. The asterix (*) indicates that intitally (time t = 0) the state N, is

excited while all other molecules are found in the ground state.

0 1 2 3
No , N Ny o Ny
— —> — —
<« <« <«
k k k K
Ke Ke Ke Ke

Figure 43 Scheme of 5 coupled states that can transfer energy to neighbouring molecules. States 1,2,3 and 5 have
equal relaxation probabilities from the excited to the ground state (rate constant ki) while state 4 is connected
with a quencher and therefore exhibits a higher relaxation probability ke+ Ko.

From the schematic model as presented in Figure 43 one can formulate the rate equations for the time

derivative of each state. For molecule N, this equation exemplarily denotes to

dN,
dt

The final set of five coupled linear differential equations of 1% order can be solved to obtain the

=—2kN, —k: N, + kN, + kN,

excited state dynamics of all five molecules/states.

The fluorescence intensity is proportional to the time dependent population density of the fluorescing
states that is calculated from the solution of such a set of coupled linear differential equations 1* order.
(see [95] for mathematical details).

This set of equations is solved by a sum of exponential functions with different time constants. In a

non-degenerated set with n pair wise different eigenvalues of the transfer (coefficient) matrix T

describing the change ﬁof all n state population densities, the set of differential equations can be

written according to eq. 55 (for details of the following computation see also ref. [43]):
72. N=TN
If the entries of 'F are not known yet, we still have at least some information about the symmetry of

e.g. according to eqg. 59. It is a necessary condition for the equilibrium case that

—

(EI_Ek)
ko _ g kel
ik

according to eq. 60. The derivation of eqg. 60 is shown in chap. 3.5.

—

As a simplifiction the relaxing system might be treated as locally equilibrated.

In that case eq. 59 helps us to reduce the nondiagonal elements of T to % of their quantity.

The solution for the i ™ state population density is given by

page | 94



73. N,(t)= anui,.e“t
j=1

where y; is denoting the j" eigenvalue and U, the i™ component of the j™ eigenvector of T . Fora

nondegenerated system equation 73 is proportional to the assumed fluorescence decay:
4. Ft,2)=> A1)
i=1

with y; =—(rj)_1 according to the proportionality between fluorescence intensity and excited state

population density. If one ore more y; = 0, one can reduce the dimensionality of T to a smaller size
with all eigenvalues being nonzero and nondegenerated. In such case eq. 74 is suitable to calculate the

expected fluorescence emission in the time domain from the transfer matrix T . Vice versa T can be

reconstructed if the fluorescence kinetics of all molecules is measured.
For that purpose the eigenvector matrix U and the eigenvalues in the diagonal matrix T have to be

used to calculate the transfer matrix T :

75. T =UTU

Eq. 75 is unigue if one knows the amplitudes and time constants of all exponential decay components
for each compartment in the sample.

The time dependent fluorescence of emitters described by a coupled system of differential equations as
given by eq. 74 occurs multiexponentially with up to n decay components (i.e. exponential decay time
constants) for n coupled subsystems (i.e. n coupled excited states with respect to eq. 72).

Therefore the average decay time as shown in eq. 69 can not be used. In the case of coupled states the
average decay time can be defined as a time constant proportional to the overall fluorescence intensity
(see [208] for further details):

[ Fde (s, (et
- FO)  (s)0)

If one evaluates eq. 76 with the multiexponential decay curves as given by 74 it follows that

0

[ Ftat LGl:fi’*(ﬂ)e(“ﬁ)} > A,

7. 7(4)= === S

U WX R YO
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at a certain wavelength position.
Usually one does not find all eigenvector components (i.e. when some state populations do not show
fluorescence or when not all fluorescence decay components can be resolved). In that case equation 75

can not be used to find a unique transfer matrix T . But a reasonable assumption of T with iterative
comparison of the eigensystem (U ,T ) with the fluorescence decay helps to find a solution for

T which is consistent with the globally observed fluorescence dynamics in all wavelength sections

according to equation 74. Such an iterative comparison of the measurement data (eigenvectors and

eigenvalues) and a reasonable transfer matrix T can be used to calculate a suggestion for the transfer
rates of a system of arbitrary complexity which leads to the observable fluorescence decay.

Our computation was highly efficient employing an algorithm that starts with an arbitrary reasonable
transfer matrix 'Fsm. At first the eigenvectors and eigenvalues of T swre are calculated. In the next
step one will use the observed decay times for all eigenvalues y; = —(r i )’1 instead oft he eigenvalues
of T swrt- Therefore the eigenvalues are changed but the eigenvectors are not. Doing the
transformation according to eq. 75 with the changed (experimentally observed) eigenvalues one will
find an improved suggestion 'F for the transfermatrix 'F Starte

There exist some symmetry constraints for the transfer matrix T . For example the rate constant for
the energy transfer from the pigment one to the pigment two has to be the same as the energy reception
at pigment two according to this energy transfer. Additionally we mentioned already the Boltzmann
equilibrium which gives rise to eq. 59 as symmetry argument for the transposed entries and therefore

this symmetry condition might also be used as constraint.

According to the suggested algorithm all violated constraints are corrected in the transfer matrix T.
After that one can again calculate the eigenvectors and eigenvalues of T . The observed decay times
for all eigenvalues are again set to y; :—(rj )71. Then the algorithm starts from the beginning and,
doing the transformation according to eq. 75 with the changed (experimentally observed) eigenvalues,

leads to a further improvement of T

The described algorithm converged for calculating the transfer rates in A.marina in five iterations only
and therefore was faster than other algorithms found in literature. There exist several other correlations
between experiment and calculation which could be implemented into the algorithm. For example one

could also use the observed amplitudes of the different fluorescence components to correct the

eigenvectors of T o instead of the eigenvalues.
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3.2.5 Simulated decay associated spectra

According to the formalism presented in chap. 3.2.4 the decay associated spectra can be simulated for

each pigment or compartment in a coupled system. At first we start with a simulation of the DAS of
the coupled chain shown in Figure 43 but without the quencher molecule bound to the state N, .

The DAS of the individual pigments exhibit multiphasic relaxation dynamics at each molecule of the

coupled chain:
NO N1 N2 N3 N4 Nfz

08t
06|

04}

=~ I amplitude [rel.u.]

amplitude [rel.u.]

02f C \ /
-0\l X 7

I A A A A \_‘ A A
620 640 660 680 700 720 740 —02f

wavelength [nm] pigment number

Figure 44: Simulated decay associated spectra for the system shown in Figure 43 (without the quencher at N,)
with a Gaussian lineshape function in the wavelength domain (left side) and in the “pigment” domain (right
side). The black curve on the left side denotes a single exponential decay component with a time constant of 4
ns. At the right side we see a complex DAS pattern distributed along all coupled states. The time constants are
2.7 ps (cyan), 3.3 ps (red), 5 ps (green), 37 ps (magenta) and 4 ns (black).

In the simulation shown in Figure 44 it is assumed that ke= 4ns and k = 10 ps. The simulation is
performed without the quencher located at the molecule N4. The initial excitation is set to pigment Ny
as indicated in Figure 43. In the spectral domain there occurs only one monoexponential decay with a
typical 4 ns decay time because all molecules are isoenergetic (Figure 44, left side). In the spatial
domain the DAS is rather complex and each pigment exhibits an individual time dependent population
and therefore fluorescence emission.

The structure of the spatially resolved DAS pattern, especially the symmetry of the DAS shown in
Figure 44, right side, is shortly discussed in the following.

The interpretation of the DAS, Figure 44 is in full accordance with the finding that the dominant decay

of each pigment exhibits a time constant of 4 ns (decay) and all other time constants describe the EET

inside the coupled structure. The excited pigment N, transfers the excitation energy fast to the
neighbouring pigments N, and N, (red curve, 3.3 ps). These exhibit the characteristic rise kinetics

with 3.3 ps time constant (red curve). The red curve shows a mirror symmetry along the axis between

N, and N,. Therefore the rise kinetics (negative amplitude) is also found at N, and N, whereas
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N, contains a high amplitude of the 3.3 ps decay kinetics (positive amplitude) similar to the initially
excited pigment N, .
From the DAS shown at the right side of Figure 44 it can be seen that the DAS components with time

constants of 4 ns (black) and 3.3 ps (red) appear mirror symmetric to the center of the chain while the

time constants with values of 2.7 ps (cyan), 5 ps (green) and 37 ps (magenta) are anti-symmetric

according to the mirror plane between N, and N;. In addition the evaluation delivers a 10 ps

component which has amplitude zero in the whole range of states and therefore is not visible in the
fluorescence.

It has to be pointed out strictly that the complexity that is found in the DAS of Figure 44 can not yet be
resolved experimentally. Even if it would be possible to resolve single molecules in the spatial domain

(e.g. the states denoted as N, in Figure 43 which might be possible with time resolved STED

microscopy or with tip enhanced single molecule fluorescence spectroscopy) one can not expect to
find a DAS as depicted in Figure 44, right side, because the time constants of 2.7 ps, 3.3 ps and 5 ps
are hardly distinguishable with the technique of TSCSPC employing a laser system with 70 ps FWHM
of the IRF. Here fluorescence up conversion would be a technique that delivers the time resolution but
applied high resolution techniques like STED or tip enhanced AFM would influence the excited state
lifetime of the single molecules and therefore also do not represent the natural state of the system.

Most probably the experimenter will find a clearly resolved 4 ns decay kinetic (black curve) and the

pronounced 37 ps component (magneta curve) with high positive amplitude at the states Njand N,

and negative amplitude at states N,and N . All other (fast) rise and decay components will appear as

one additional very fast component. The amplitude of this fast component is comparable to the sum of
the amplitudes of all fast components (2.7 ps (cyan), 3.3 ps (red) and 5 ps (green)) shown in Figure 44,
right side.

This situation of a DAS that could be resolved experimentally (still assuming single molecule

resolution in the spatial domain) is presented in Figure 45.

N, N, N, N, N, N,

Figure 45: DAS for the system shown in Figure
43 (without the quencher position at N,) with a
0.6 Gaussian lineshape function in the “pigment”
‘ domain. The fast components shown in Figure

E

[ 04 44 (cyan, red, green curvg) are summed to one
° ' component here (shown in green). In addition
= the 37 ps (magenta) and 4 ns (black) component
=1 7\/W\/\/\ are shown.

£
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One expects that the positive decay kinetics of all pigments that are not directly excited is mainly
dominated by the 4 ns fluorescence decay (black curve in Figure 45).

The initially excited pigment N, decays with very fast (3-5 ps, green curve) decay kinetics which
appears as fluorescence rise at the neighbouring molecules (negative amplitude).

The 37 ps component represents the overall energy transfer along the coupled chain of molecules with

positive amplitude at pigment Njand N, which exhibit mainly donor character and negative

amplitude at pigment N,and N, which exhibit an acceptor character for the overall energy

equilibration process.

This overall time spread in the ensemble measurement is restricted by the geometry and symmetry of
the pigment chain as shown in Figure 43 rather than by certain transfer “steps” inside the system.

The interaction time between the single subunits is much faster than this averaged overall energy
transfer (magneta curve) and the amplitude distribution reflects the average pathway of the energy
caused by the geometrical constitution of the sample.

It is interesting how the distribution of positive and negative amplitudes of the corresponding

fluorescence components are distributed along the pigment chain if the initial excitation changes. One
might investigate a situation where N, and N, are initially excited instead of only N, as presented

in Figure 46, left side.
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Figure 46: Simulated decay associated spectra for the system shown in Figure 43 (without the quencher position
at N;) with a Gaussian lineshape function according to Figure 44 but with initial population
No(t=0)=N,(0)=N3(0)=N5(0)=Ng(0)=0, N1(0)=1, N4 (0)=1 (left side, full symmetric case) and
No(t=0)=N;(0)=N(0)=1, N3(0)=N4(0)=Ns5(0)=0 (right side, full antisymmetric case)

In Figure 46, left side, the DAS pattern of a full mirror symmetric initial condition is simulated with
No(t=0)=N>(0)=N3(0)=Ns(0)=N¢(0)=0, N1(0)=1, N4(0)=1. On the right side the situation of a primary
excitation of Ny, Ny and N, is shown, i.e. a fully antisymmetric condition Ny(t=0)=N;(0)=N,(0)=1,
N3(0)=N4(0)=Ns(0)=0 at the right side.

All fast decay components except the dissipative decay component for the relaxing system after

equilibration (which is independent from the initial condition, 4 ns component, black curve) represent

page | 99



the symmetry of the initial condition according to a suggested mirror plane in the middle of the
structure.

Functional PS 1 preparations exhibit a markedly reduced excited state lifetime due to the presence of
photochemical quenchers, i.e. the reaction center of PS Il where charge separation occurs.

This situation is simulated in Figure 47 for the coupled pigment chain shown in Figure 43 assuming

the initial excitation of pigment N, and the quencher located at pigment N, .

The simulation was performed with the rate constants ke= (4ns)™, ko= (2 ps)™ and k = (10 ps)™.

N, N, N, N, N, N,
1

.08 5
= 88 ps g
206 g

2
S04 -
i @
5 02 3 ps

620 640 660 700 720 740
4ps "3 ps
wavelength [nm] pigment number

Figure 47: Simulated decay associated spectra for the system shown in Figure 43 (including the quencher
position at N;) with a Gaussian lineshape function in the wavelength domain (left side) and in the “pigment”
domain (right side). The black curve denotes the main relaxation of the coupled system occurring as strictly
positive decay component with a time constant of 88 ps. In addition we find fast time constants with 3 ps (red), 4
ps (green) and 13 ps (blue).

As visible in Figure 47 the decay is not longer monoexponential in the wavelength domain (left side of
Figure 47) after introduction of the quencher. The main decay component exhibits a lifetime of 88 ps
which is composed by the quencher efficiency ko, the EET rate constant k and the distance between
the initially excited state and the quencher.

The model simulates a “random walk™ of the initially excited electron until it is quenched to the
ground state (for a description of such random walk models in photosynthesis research see [95]).

The EET and the apparent domain size, i.e. the spatial regime that exhibits a sufficient high excitation
probability due to exciton diffusion, was in detail investigated for isolated and solubilized LHC
trimers and aggregates of LHC trimers [45].

Due to the coupling of several pigments the amplitude distribution of the decay components that are
found in the fluorescence kinetics can be rather complex.

Generally fast decay components that are related to the direct EET to the neighbouring pigments
exhibit positive amplitude at the initially excited compartment, but negative amplitudes at the

neighbouring ones. As it can be seen in Figure 47 this is the case for the fastest component with 3 ps

decay time (red curve) that exhibits a positive amplitude at pigment N, but negative amplitude at the

neighbouring pigments N, and N,. This component is positive at pigment N, again. The same
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situation is found for the fastest 2.7 ps component of the system without quencher (cyan curve in
Figure 44).
As described the solution of the rate equation systems delivers the time resolved fluorescence spectra

and DAS. Therefore one can determine K, from the experimental data. In the following chapter 3.3

we will see how the Forster Energy Transfer rate constant can be calculated independently from time
integrated fluorescence spectra (equation 90 with help of the the rate equations 72 and the reverse
transformation 74). Therefore the Forster Resonance Energy Transfer can be evaluated independently
using the time integrated spectra of the donor and the acceptor but it also can be fitted to the time

resolved spectra comparing the solution of the rate equations with the measurement results.
Sometimes K..-; calculated from the time integrated spectra deviates strongly from K., calculated

from the time dependency of the fluorescence (e.g. due to absorption changes of the coupled systems,
bleached donor or acceptor pigments etc...). An accurate analysis should deliver unambiguous results
where the analysis of the time integrated fluorescence and the time resolved results are in good
agreement. An example of such a study for complexes of CdSe/ZnS nanocrystals coupled to the PBP

antenna of A.marina is presented in ref. [51].

In many cases there is a lack of information for the direct calculation of the distance (R,,) dependent

rate constant  Kqpe; (Rlz) due to the fact that there are missing parameters like the pigment dipole

orientation factor x (see next chap. 3.3).
For a full understanding of the advantages of the Forster Resonance Energy Transfer and its

limitations we will shortly outline the basic concept of FRET (see fig. 3.3.2).
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3.3 Transition probabilities in coupled pigments

In the last chapters we mentioned the mechanism of Forster Resonance Energy Transfer (FRET) as an
approximation to estimate the transition rate constant between sufficiently weakly coupled pigments.
The mathematical concept of rate equations is suitable to analyse the synergetic behaviour of a
complex coupled network if the coupling strength and the transition probabilities between single states
are known or if measurement results for the fluorescence dynamics exists. We will now have a look at
the underlaying concept of the theory of coupled pigments and the derivation of the rate constants for
EET and ET processes.

3.3.1 Excited states in coupled pigments

If two pigments are coupled via an excitation energy or electron transfer the rate constant k; can be

approximated according to Fermi’s Golden rule [76, 217, 219, 221] in first order perturbation theory:
2 2
78. Kgr = 7[\/12| Pt (E)

The rate constant K, which is a probability per time unit (for a transition) can be calculated as the
product of the square of the absolute value of the transition matrix element [\/12|2 and the effective

density of states o (E) of the initial and final states. In photosynthetic complexes the density of
states is determined by the vibrational spectrum of the interacting species and the states of their

microenvironment [224]. The transition matrix element V,, = (W, |Hyy, |\, ) ist the scalar product of
the initial state |\, ) and the final state|\¥',) under the influence of the interacting potential, which is

represented by the interaction operator H,,,, , e.g. a Coulomb potential H,,,, =V, as denoted

Coulomb?
in eqg. 43. If we investigate the situation where the excited state of one pigment in a coupled dimer is

transferred to the coupling partner one can formulate the product states

9. %)= 0,05 0,2 ~0,F 0,0°), %)= 0,010, () -, @, )

where ‘q)i (j)e’g> denotes the electronic wave function of the j™ electron in the excited (e) or ground

state (g) located at the i pigment.

The quantum mechanical derivation of the transition probabilities for the states described in eq. 79
assumed as two level systems at different coupling strengths can be found e.g. in [96] whereas the

treatment of the band structure (instead of two-level systems) is discussed e.g. in [225].

Evaluating Fermi’s Golden Rule (eq. 78) with the product states as denoted in eq. 79 delivers matrix

elements of the form
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80. (,(2f (1) |@,Af @, (2)*), (@, (1) d,(2)* |, (2 @,(1)") denoted Coulomb terms
and
81. <<1)2(1)e<1>l(2)g ‘CI)l(l)eCDZ(Z)g>, <q)2(2)e<l>l(1)g ‘®1(2)9®2(1)g> denoted exchange terms.

While the Coulomb terms also deliver significant contributions in the weak coupling regime the
exchange terms require a direct overlap of the electronic wavefunctions between the ground state wave

functions and the excited state wave functions of both pigments (for details see [96]).

This direct overlap is only significant if the distance of the interacting fluoropheres is very low. In this
case the electronic wave function is no longer localised at one pigment only but is delocalised among
all coupled pigments.

The dominating mechanism for the EET is called “Dexter transfer”, denoting a direct electron
exchange due to the delocalisation of the electronic probability of presence. For the Dexter transfer the
selection rules are different from selection rules of weakly coupled pigments including triplet-triplet
transfer as proposed for strongly coupled Chl and carotenoid molecules.

In agreement with the exponential decay of the electronic wave functions Dexter transfer occurs at
very small distances typically near to the Van- der Waals- distance in the order of 0.1 - 1 nm [76].
Concomitantly with the amplitudes of the electronical wave functions the transfer rate constant

decreases exponentially with the distance r of the coupled pigments:
82. kg ~e

where & denotes the so called “Dexter coefficient”.

Due to the short distance of the pigments the excitonic coupling leads to a significant shift of the
energetic levels and therefore to a change of the optical spectra. The excitonic coupling leads to
excitonic splitting (see chap. 3.4). For excitonically coupled states the relaxation from the higher
excitonic level to the lower excitonic level are typically very fast (< 10 ps) and can not be resolved
with time- and wavelength correlated single photon counting.

In many strong coupled photosynthetic pigments the Dexter transfer is the dominating EET
mechanism, i.e. between Chlorophyll molecules in the LHC and in PBS of cyanbacteria and probably
also in the PBP antenna of A.marina [226, 227].

The two Chl molecules bound to WSCP are strongly coupled with a distance < 1 nm (see chap. 4). It
was found that the time resolved fluorescence spectra of WSCP can be described by an excitonically
coupled Chl dimer that is modulated by the protein environment [47].

Sometimes it is not fully clear if the suitable approximation for the dominating EET mechanism is
Dexter or Forster. For example in the PBP antenna the transport between different trimers has to
bridge distances of about 2 nm which is inbetween both validity areas [227].

At distances above 2 nm the electromagnetic potential of the involved chromophores can be estimated
with the model of point-dipole approximation [224]. In this case a significant probability for energy
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transfer can be observed up to a distance of 10 nm [208]. The mechanism of EET using the point-

dipole approximation for V,, in eq. 78 is called “Férster Resonance Energy Transfer” (FRET).

3.3.2 Forster Resonance Energy Transfer (FRET)

The formulation of the point dipole approximation for the resulting energy transfer rate constant was
done by T. Forster in 1948 [228]. The distance regime of the coupled molecules where this
approximation holds (1-10 nm) needs to allow the approximation of the dipole of one pigment seen
from the other pigment approximatly as point source (i.e. the distance has to be clearly bigger than the
dipole length). Forster already suggested that the FRET mechanism could be the dominating proess for

energy transfer inbetween coupled molecules in photosynthetic organisms. For Chl a he calculated the
distance R, (Forster Radius) to be 8 nm, when the probability for the energy transfer is the same like

the sum of all other relaxation processes [228]:

1
83. Kgr (Ro ) = Keger (Ro ) =—
o
At the distance R, 50 % of the donor pigment’s energy is transferred to the acceptor pigment (i.e. the

probability of the transfer is 50 %). In eq. 83 7, denotes the apparent average fluorescence lifetime of
the excited donor state in absence of the acceptor (i.e. the average excited state lifetime denoted as 7

in eq. 69, but without the energy transfer rate constant k., (absence of the acceptor)). If the

fluorescence decay does not occur monoexponentially, eq. 83 has to be treated carefully and 7

should be calculated from the experimental data according to eq. 77 only after a multiexponential fit of
the donor system’s fluorescence decay (without the acceptor, see ref. [208]). For further fluorescence

spectroscopic findings of Forster see [229].

Measurements of the depolarisation of fluorescence light in dependency of the fluorophore
concentration were done mainly by two groups in 1924, Gaviola and Pringsheim and Weigert and
Képpler. From these measurements J. Perrin deduced in 1925 that a direct electromagnetic coupling
between the dye molecules must occur and the transfer of energy between the pigments is not only a
pure emission and reabsorption effect of real photons that leads to an energy transfer of excited states.
Forster himself denoted in [228] in his own words that this energy transfer mechanism ,,[...] prinzipiell
verschieden [ist] von einem solchen, der den Energietibergang durch den trivialen Mechanismus der
Reabsorption der Fluoreszenz darstellen wiirde, da in diesem Ausstrahlung und Ubergang nicht

nebeneinander, sondern hintereinander ablaufende Prozesse wéren.*
Forster used Fermi’s golden rule as given by eq. 78 to calculate K =K - He assumed the dipole

interaction asV,,. As given by eq. 79 the wave functions of the two pigments can be expressed as a
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product state of the wave function of pigment one ‘(Dle’g> and pigment two ‘d)ze’g> in excited (e) or
ground (Q) state [224]:

84. V, = <®1QCDZ‘"

e g
Coulomb CDl CDZ >

For a distance typically R,,> 2 nm between the center points of the coupled transition dipole moments

of the two coupled pigments the dipole potential is well described by the point-dipole approximation

(see Figure 48):

85. V,, = 1 ﬁlﬁZS _3<ﬁ1§12)(z2§12)
Are €, (Rlz) (R12)

Ineq. 85 u denotes the dipole moment of the i. pigment and ﬁlz denotes the vector that points from

the center of JTR the center of U, (see Figure 48). The dipole strength which is proportional to

|ﬁ|zcan be calculated from the absorption spectrum of the acceptor pigment and from the time

resolved emission of the donor pigment. Due to the vector products in eq. 85 the coupling strength

V,, strongly depends on the orientation of the interacting dipoles (for the nomenclature see Figure 48):

|4 145
Are, &, (R12)

86. V,, = ~(cos®,, —3c0s®, c0s O, )

T

Figure 48: Scheme of the angels ®; between £ and the center-center vector ﬁlz, ©, between 1z, and ﬁlz,

O, between z; and ,. 4, and i, are the two Q, dipole moments of two coupled chlorophyll molecules.
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With help of the real part n of the complex refraction index of the medium between both molecules

(surrounding  medium)  (see chap. 3.1.2) and the dipole orientation factor
x = (c0s®,, —3c0s®, cos @, ) the energy transfer rate for Forster transfer Ko =Keper s given

in eg. 78 using the potential in eq. 86 can be written as

2 2 2

2 || || K

87 kFRET (R12): 77[ (4|72'5:‘L| )|2 n24|(R )6 peff (E)
0 12

Eq. 78, i.e. Fermi’s Golden Rule, is a formula to analyse the transition probability of any coupled

guantum states if the coupling is weak enough. Eq. 87 is a formula to calculate the probability for
energy transfer according to the assumption of a point-dipole-approximation of these states (Forster
coupling).

The point dipole approximation is good if the distance of the molecules is much bigger than the
extension of the dipole moments (~ 1 nm). Typical distances of coupled pigments in photosynthetic
pigment protein complexes are of the order of some nm. Better approximations take into account
higher orders of the multipole extension of the Coulomb potential or describe the dipole extension in
form of the so called “extended dipole” approximation which assumes monopole moments from
partial charges found along the dipole extension in the molecule [224]. When we discuss such
approximation we additionally should keep in mind that already Fermi’s Golden Rule as given by eq.

78 is an approximation as first order perturbation theory for weak couplings.

Additionally there are further approximations used in the Foérster formula. One prominent
simplification is the assumption of a dipole embedded in a homogeneous and isotropic refractive
medium which can be described by a simple number of the dielectricity. If we look at the two
chlorophyll molecules exemplarily shown in Figure 48 and a typical protein environment of the
chromophores as it is for example shown for the chlorophylls in the LHC in Figure 5 and for
phycocyanin bound to PBS structures in the Figure 16, Figure 18 and Figure 20 it becomes clear that
there is not an homogeneous and isotropic medium surrounding the chromophores. A better theory

therefore should not only take into account the refractive index of the surrounding medium but should

also take care about the spatial variations of the electric susceptibility;?e. Therefore one would not

only need a tensorial expression of ;?e as given by eq. 35 but a spatial resolution of this tensor ;?e (F)
at each point of the pigment-protein structure.

The partially classical description of the Forster transfer rate (eq. 87) deviates strongly when the wave
functions of the electrons located in in the excited states of the pigments one and two start to overlap
directly as mentioned above (i.e. in these short distances the full quantum mechanical Dexter transfer
has to be evaluated). This also becomes clear from the quantum mechanical point of view where the
definition of several clearly defined distances and angels as necessary for the formulation of eq. 87

fails.
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As mentioned above the dipole strength of 1z, and ¢, can be derived from the optical spectra. Forster

T Fo(4)e(2)2*dA

showed that the term |z4,|"|£2,|* s (E) is proportional to the expression ,i.e. the

7o | Fol4)da

energetic resonance between the fluorescence spectrum Fj (l) of the donor pigment and the spectral
extinction g(l) of the acceptor divided by the (average) lifetime of the donor pigment in absence of
the acceptor 7, (see [208], [228] and [229]). The dipole strength of the acceptor pigment |ﬁ2|2
corresponds to the molar extinction coefficient g(ﬂ.) while the dipole strength of the donor |,z71|2 is
expressed by the isolated donor piments” average excited state lifetime 7.

The transition probability per time unit K, as it was derived by Forster himself [230] finally

denotes to

, T Fo(2)e(2)2*dA

0
R 6 4 ©
( 12) (L '[ FD(ﬂ)dl
0

88. Keper (I’)z A

with the normalised overlap integral between the fluorescence of the donor and the extinction of the

[ Fo(d)e(2)2'd2
acceptor  >— =J(1), the constant A=
[ Fo(2)da
0

9000(In10)

28N cm?® =8,.8-10"2°cm®mol
7T Np

(dimension of the wavelength [A]=cm) and the extinction coefficient [(1)]= (M -cm)™. Then the

- cm?®

overlap integral has the dimension [J(1 . A clear description how to evaluate the Forster

Formula as given by eq. 88 numerically is found in ref. [208]. Combining the formulas 83 and 88 one

can rewrite the Forster radius to

2 6 =
89. R, = (A(I)F K—AJ(l)J (measured in cm) with @ =D 55 found in eg. 71 for the donor
n 7,

molecule. The rate constant for the Forster transfer can be expressed as

6
1(R
90. kFRET (Rlz):__(_oj

75 \ Ry,
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In many cases there is a lack of information for the direct calculation of the distance (R,,) dependent

rate constant  Kgger (Rlz) from eq. 90. For example the value of the orientation factor x° is not
. . . . , 2 . .
known for many pigment-protein complexes. For molecules in solution x° = 3 but in photosynthetic

complexes & can be of much higher values. Certain pathways along the PBP antenna are strongly

surpressed due to very small values of x* near to zero leading to selected pathways of the EET along

the PBS strcutures of cyanobacteria [226, 227]. It is found that there exist pairwise coupled pigments

with k2 =1 in all photosynthetic complexes and therefore FRET helps to figure out the structural

organisation of pigment-protein complexes as we presented in study [52].

In the expressions of the Foérster formulas given (eg. 88 to eq. 90) there might occur definition
problems if the fluorescence decay is multiphasic. For coupled systems of different states of equal or
comparable energy (isoenergetic states) the eg. 69 to 71 gathered from integration of the uncoupled

system are not valid and the quantum yield for the fluorescence decay can not be simply calculated by

K _
. = Flour -7 s proposed by eq. 71 because
k +Kpnninit T Ker +Kie +Kse 7

Flour

k

Flour

1 N : . :
+ K pnninit + Ker +Kic +Kise # = Eq. 69 is strictly valid for a monoexponential decay only, i.e.
T

if there is not a backwards transfer k . in the coupled system (see Figure 42). That means that the

inverse average lifetime of a fluorophore is not well described by the sum of all rate constants (see
also Figure 42) as there is a high probability for a backward transfer from the acceptor molecule to the
donor if the donor and the acceptor pigment are isoenergetic or of comparable energy.

If we look at Figure 42 the primary quantum yield for energy transfer from an excited state

O, (Rlz) =Dy (Rlz) can be defined according to

Zi: |(i (fD )71 + kFRET (R12)

focussing on Forster Resonance Energy Transfer K =K as dominating EET mechanism (see eq.

9. @ (R,)= Ker (Ry)  Keper (R)

83). It is assumed that all other rate constants appearing in the time development of the excited state
are concurring mechanisms to the EET via FRET. This is not the case if rate constants exist which
populate the state (instead of depleting it, i.e. if the energy is transferred from the acceptor to the donor
pigment).

In that case eq. 91 does not describe the final EET from the donor pigment to the acceptor pigment
(i.e. the average amount of energy transferred after equilibration of the system) but it only describes
the relative probability that the excitation energy is transferred to the neighbouring molecule directly

after excitation. Eqg. 91 therefore does not describe the final efficiency of Forster Resonance Energy
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Transfer from the donor to the acceptor after the full equilibration of the excited state but the initial
probability for EET.

This difference is of high importance for the understanding of the difference of average times of
energy transfer in comparison to rate constants of the energy transfer. Looking at a typical
photosynthetic system as shown in Figure 43 (imagine this figure without the quencher positioned at

state N, ) we find that if the energy is located at pigment N, at zero time and if K et (Rlz) >> (ED )*l

then @ (Rlz) ~1. But due to the strong coupling of all 6 states shown in Figure 43, 1/6 (16,7 %)
of the excitation energy will still relax from state N, after equilibration and therefore this amount is not
transferred effectively from Ny to other pigments of the chain shown in Figure 43 if no quencher
exists.

In the following it is pointed out that the effective energy transfer (the amount of energy that is really
transported to the acceptor after equilibration of the system) can not be calculated by eq. 91 which is
denoting the probability for a single transfer step only and we suggest an alternative calculation.

K erer (Rlz) as generally defined is a rate constant describing the faith of a single exciton. We want to
derive the typical formulas for the quantum yield CI)EF(RlZ):CDFREr (Rlz) as they are found in
literature sometimes after derivation from eq. 91 (see [208]), which is not correct. Due to the
mentioned aspect we will not call @ (Rlz) as denoted by eq. 91 the ,efficiency” of FRET (which

would be an expression regarding the equilibrated system) but we will call it the “quantum yield” of
FRET (which is an expresssion valid for a nonequilibrium situation).

Combining eq. 90 and eg. 91 delivers

1(Ro 6
Keeer (Ryy) 75 \ R Ry’
9 @ (R )= Rerer \M12 _ _ 0 '
e (Z_-D) = Kerer (R12) l"‘l(ROJG R126 + Ro6
5 7p \ Ry

For the simplified monoexponential chromophores with (fD)_1:Zki—kFRET (R,) and

(Fon) " = (75 )" +Keper (R2) = Z k. one obtains

Zki —(Z Ki = Keger (RIZ)J =
kFRET (R12) i !
VST D YR

Looking at the formulas 92 and 93 as they are found in literature (see e.g. [208]) one can immeditaley
see the contradiction by interpretation of a system as shown in Figure 43 without the quencher

positioned at the state N, if the energies of the electronic states of all coupled pigments are equal and

the distance between the coupled pigments R, =0. In that case the fluorescence decay lifetime of
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the coupled ensemble does not change if no additional dissipative channels are occurring (see the

simulation of the DAS of the described system in Figure 44, left side). One would get

— R 6
D ey (R, )= —T_ﬂ = 0from equation 93 but @ (R, =0)= —————=1from eq. 92. In
Tp R, +R,

summary the Forster formulas given in the equations 92 and 93 are only valid if the donor pigment and

the acceptor pigment are spectrally clearly separated and there is no back transfer from the acceptor to
hc hc

D A
max 'max

the donor, i.e. if >> kT with /ImaxDas the maximum emission wavelength of the

donor state and /”LmaxA being the maximum emission wavelength of the acceptor state. In that case the

transfer is in an “equilibrated” state from the point of view of the donor pigment after the transfer to

the acceptor and we get Kk as the necessary assumption

1
+kAnnihiI +kET +k|c +k|sc ==

Flour

N

underlaying all the derivations given here.

Both formulas, eq. 92 and eq. 93 are found in the famous ref. [208]. Eg. 93 can be understood as a
FRET efficiency even if the donor and acceptor pigment do not decay monoexponentially if 7, and
7 are calculated according to formula 77 as an appropriate calculation of the average decay times for
multiexponentially decaying systems (see [208]). But as pointed out in chap. 3.2.5 these lifetimes
Tpand 7, can not simply be gathered from the DAS (see Figure 44, left side), but one would need
molecular resolution to analyse the excited state lifetime of the donor pigment in presence of the
acceptor 7, as given in Figure 44, right side.

The eq. 92 denotes the quantum yield for an initial FRET process but not an overall efficiency.

Independently from the coupling strength an isoenergetic ensemble of pigments is not necessarily

quenched (situation without the quencher at position N, in Figure 43) but all pigments exhibit the
same apparent fluorescence decay time 7. This case is found for example for the strongly coupled
Chlorophyll complex of the solubilised LHCII trimer. In LHCII 7, =7, if we compare 7 of the
monomeric LHC structure or even of single chlorophyll molecules with 7, of the solubilized LHC

trimers (see [45] and references therein).

Eq. 93 becomes valid if the average lifetimes of the donor and the acceptor are not measured from the
ensemble but with single molecule resolution. At the moment this is not possible in the experiment for
structures as shown in Figure 43 because one would need an optical resolution in the order of 1 nm

(less than the distance of 2 pigments). As shown in Figure 44, left side, the DAS in the wavelength
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domain of a structure as shown in Figure 43 (without the quencher located at state N,) exhibits a single
decay constant for the whole spectral range as shown in Figure 44 (left side).

If one could perform a superresolution experiment delivering the possibility to get individual decay
curves for the chromophores in the coupled structure shown in Figure 43, then it would be possible to
construct spatial DAS indicating the amplitude spread of individual decay components along the space
coordinate instead of the wavelength coordinate (se Figure 44, right side). In such a case a correct
calculation of the average fluorescence lifetimes of the donor in absence or presence of the acceptor

T, and 7, , respectively as given by eq. 77 would enable the principal possibility to correct formula
93 so that it is also valid for single isoenergetic molecules in a coupled chain as shown in Figure 43.

Eqg. 93 combined with eq. 77 directly delivers the well known intensity- formulation for 7, # 7 :

_ {le A (), } [ [F (t)dt}

i !
94, @ ey (Ry)=1- 22 =1 oA _ 1 DA _1_ DA

QN T

D

Calculating the spatially resolved DAS as shown in Figure 44, right side, the formula 94 is
independent from the restrictions mentioned above if the spectra are normalised, i.e.

{ZA,(A)} {ZA,(A)} . This is fullfilled if the absorption of the donor and acceptor in the
n —

D i DA

donor-acceptor pair is the same as the absorption of the isolated donor only.

Evaluating —22 in the spatial ,,pigment domain* for the single chromophores (Figure 44, right side
o

with help of eq. 77) one obtains a value of about —22 ~ 0.16 for the initially excited donor pigment N
b

in the exemplarily shown molecule chain of Figure 43 if we neglect the contributions

{ZA‘(l)ri} <<[A (/1)4nS]DA. In fact 24 becomes exactly 0.16 for k — oo (see Figure 43) as
DA

iz4ns Tp

. i ) N P
is expected from theory. This value of 0.16 is also expected for the relation —22 if one evaluates the
D

intensity of the donor pigment N, in comparison to the fluorescence of all five acceptor pigments Ny
and N, to Ns. Therefore the real FRET efficiency after equilibration calculates to 84 % as it is expected
from the structure of the system employing eq. 94.

With the use of eq. 77 the eq. 93 (right side) and therefore also eq. 94 are correct for the FRET

efficiency after equilibration of the system. In such case the efficiency should be denoted with
Nerer (Rlz). Eq. 92 describes the quantum efficieny @ . (Rlz) of a single excited state to undergo a

single FRET transition.
page | 111



The final formula is therefore suggested to denote to

T | . . . .
95. Nerer (Ry,)=1- Toa _1_ DA \where it would be necessary to achieve a signal with

o D
superresolution from a single molecule which acts as donor in a strongly coupled chain and calculate

the 7, and 7, , respectively, as given by eq. 77, and

Kerer (R R, .
96. D ey (R12) = (z_'D )_lFFka(FREl:zRH) = Rlze i R06 for the real ,quantum efficiency*

describing the transfer probability of a single quantum state.

In fact, the mentioned problems are not complete. Eq. 95 contains additional problems. For example,

the fluorescence intensity and average lifetime of the donor pigment in presence of the acceptor, |,

and 7, , respectively, might change due to quenching effects without an energy transfer from the

donor to the acceptor pigment. In such cases one might get a kind of “donor depletion efficiency”
instead of EET efficiency employing eg. 95.

To avoid these problems that especially affect the evaluation of the donor fluorescence we focused on
the fluorescence rise kinetics observed at the acceptor pigment (see chap. 3.2.5), comparing the
fluorescence dynamics of the acceptor in absence of the donor with the fluorescence dynamics in
presence of the donor pigment. It was found that this method is most stable against uncertainties.
Unfortunately the rise kinetics at the acceptor pigment is hard to resolve.

One additional approximation found in eq. 88 is the fact that the calculation of K g (Rlz) is usually
performed using the fluorescence and absorption spectra of the isolated pigments. But the optical
properties of donor and acceptor states might slightly change due to the coupling as we showed e.g. in
ref. [53]. Therefore it is always necessary to analyse the stability of the obtained solutions for FRET
efficiencies against variations of the parameters used for the calculation and compare the experimental

results with complementary methods.
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3.4 The optical spectra of coupled pigments in pigment-protein complexes

The optical line shape functions used for the fit of the fluorescence spectra are chosen as Lorentzian
lines for room temperature spectra and Gaussian lines for deep temperature emission as mentioned in
chap. 2.2. To achieve a full understanding of coupled systems it is especially necessary to look at the
influence of pigment-pigment and pigment-protein coupling onto the energetic states.

y Pigment-Pigment
(excitonic coupling)

Pigment-Protein (electron-phonon coupling)

Figure 49: Schematic view of the pigment-pigment and pigment-protein coupling, figure taken from ref. [48].

The energetic states are changing due to pigment-pigment coupling and pigment-protein coupling as
schematically shown in Figure 49. In case of FRET this effect is rather low because the coupling is
sufficiently weak. But as stronger coupling occurs remarkable shifts are observed. As shown below
(see Figure 51) the excitonic coupling of energetic states results in new excitonic states that are
spectrally separated even if the coupled pigments were degenerated in energy. The pigment-pigment
coupling can be calculated with the Hamiltonian given in eq. 43. The energy transfer processes for
strongly coupled pigments are understood as relaxation of the excited electron in the excitonically
splitted states while the long range Forster coupling is described as a dipole coupling of
distinguishable (localized) states.

Pigment-Pigment Pigment-Protein
Coupling Coupling

S —Q— = ——, I .
1

So — + SO _so

Figure 50: Scheme for the pigment-pigment coupling and the pigment-protein coupling occuring in pigment-
protein complexes, graphics kindly provided by T. Renger [231].
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As shown in Figure 50 next to pigment-pigment coupling also the pigment-protein coupling leads to a
modulation of the energetic states of the coupled pigments. The protein represents the environment of
the excited structure. It leads to a broad spectrum of electron-phonon coupling (see Figure 40) next to
the vibrational spectrum of the pigments itself.

In contrast to simple situations of pigment-pigment coupling the pigment-protein coupling can not be
calculated analytically strightforward. The rather complex protein structure and the corresponding
eigenmodes of phononic spectra can be modeled as a stochastic influence of the protein onto the
energetic states of the pigments (see ref. [224]). In dependency of the time scale of the involved
protein vibrations these shifts are separated either into quasistatic modulations that result in a
distribution of energetic states inside an ensemble of pigments or as dynamic modulations that occur
as active modulation of the excited states due to the fast fluctuating protein matrix. Quasistatic shifts
are induced by conformational distributions of the proteins appearing quasi statically in comparison to
the lifetime of an electronic excitation. The quasistatic shifts lead to inhomogeneous and therefore
Gaussian broadening of the spectra.

The dynamic modulations of the energetic states lead to homogeneous spectral broadening (i.e.
Lorentzian line shapes). The dynamic modulations are correlated with protein vibrations that are much
faster than the excited states” lifetime. It is an interesting task to analyse the influence of the dynamics
of the surrounding medium that appears on a comparable time scale to the excited state lifetime. These
vibrations are neither quasi static nor dynamic and might appear as a single relaxation of the

environment during the excited state lifetime.
Dynamic modulations that occur in coherence with the electronic relaxation of the excited states are

assumed to lead to dynamical localization effects of excited states in pigment-protein complexes that

could have a physiological relevance in photosynthetic energy transfer processes [126, 127, 231].

~~~~~~~~~
Tl Ve

rel.coordinate

v

Figure 51: Energetic scheme of two uncoupled states |Sla> and ‘Slﬂ> approaching each other. The x-axis

should be understood as a nonlinear “spatial” coordinate. When the states approach each other a shift of each
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state occurs due to the energetic potential of the other state. Isoenergetic (degenerated) states start to split
forming energetically shifted states separated by the value AE .

From the stationary Schroedinger equation (eq. 39) one could calculate the energetic states of any
complex coupling scheme by diagonalisation of the Hamiltonian. To analyse the problem shown in

Figure 51 qualitatively one can look at the problem in the basis of the uncoupled states denoted as
1 0
|31a> = (OJ and ‘Slﬂ> = (J If the molecules are well seperated from each other the corresponding

Hamiltonian denotes to

with the coupling potential V=0. In the case that these molecules approach each other this coupling

:Nﬁa"

potential no longer vanishes and we have to treat it as off-diagonal elements V = ’Vaﬂ

The Hamiltonian gets the form

The Hamiltonian shown in eq. 98 can be understood as the formulation of the coupled problem in the
basis of the uncoupled states.

To solve this problem one has to solve the eigensystem of the Hamiltonian shown in 98. In a simple
system where the wave functions of the ground and excited state are not treated explicitely and the
difference in the Van-der-Waals energy of ground state and excited state pigments is not taken into

account the eigenvalues calculate to:

gla + 8205 T \/(gla - 820{ )2 + 4V ?
2

These are two new energetic states which are different from each other in energy even if the former

99. ¢, =

states |Sla>and ‘Slﬂ> were energetically degenerated. ¢, and ¢_ are separated by

100. AE = /(g —&,, f +4V°

In complex pigment-protein systems several (N) pigments are coupled. In that case one has to extend
the two dimensional Hilbert space to a dimension that equals the number of coupled states:
&

&, V

mn

\Y

mn
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If the Hamitlonian shown in 101 is e.g. evaluated with the coupling scheme for 9 PC chromophores
inside a trimeric C-PC —protein disc as a PBP antenna compartment as shown in Figure 18, right side,
then an excitonic splitting occurs as qualitatively shown in Figure 52. For the calculation result shown
in Figure 52 the electronic coupling of the excited states was assumed to follow a distance dependency

5 With a normalisation to Vg, 5, = 56cm ™ as strongest coupling between the «, and

V.., ~
©(Ry)

Bs, chromophore and the distance R g, 4, =2.2nM according to [175]. Therefore for all other

4 (2.2nm)?

pigments The coupling of all other pigments is estimated as V;; ~56cm . These values

j
differ slightly from the values for the C-PC trimer found in literature [60, 175] because the different
orientations of the dipole moments are not taken into account. The aim of this example is just to give
an impression how excitonic coupling leads to a split of the energetic states in coupled nanostructures
as shown in Figure 52. As pointed out the exact calculation of the optical spectra of complex coupled
systems is beyond the scope of this work. An elaborated calculation of the optical spectra of the

strongly coupled Chl molecules in WSCP is found e.g. in [37] and [38].

1 1 Absorption "lines"
1,02 - —2
—3
—4
— 2 —
5 -
2 —
g 3-6,8
5 1,00 8
o —9
g 7
9
0,98 4
T T T T T
uncoupled coupled -

500 505 600 605 610 615 620 625 630

excitonic coupling wavelength [nm]

Figure 52: Eigenvalues of the Hamiltonian shown in eq. 101 for 9 coupled pigments that resemble a trimeric PC
containing disc of the cyanobacterial PBP antenna as shown in Figure 18. The coupling strength is roughly

4 (2.2nm)*®

estimated to V;; ~ 56cm (see Figure 18).
: R, f
ij
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3.5 Thermodynamic aspects of photosynthesis

“The fundamentals of thermodynamics are based on a symmetry law and an asymmetry law in time.
The first law of thermodynamics is a law of preservation based on the symmetry of time. The second
law of thermodynamics is a law of time asymmetry which describes the direction of the processes”

Rudolf Julius Emanuel Clausius, (1822 - 1888), German physicist

“Contrary to the generally accepted view, primary photochemistry in plants can, in principle, proceed
with negative entropy formation”
Robert C. Jennings, Italian biologist, 2007 published in [234]

The statements of Jennings as published in [232- 234] denote that the 2™ law of thermodynamics
might stand in contradiction to the primary photochemistry in plants. This gives rise to the necessity to
discuss the basic underlaying thermodynamic concepts and their relation to photosynthesis. In fact it is
hard to proof that photosynthesis does not proceed with negative entropy formation. As for all
thermodynamic processes that might violate the 2™ law of thermodynamics no plants are observable
that grow with an universe overall negative entropy formation. It turns out that plants grow in local
nonequilibrium situations in the stationary overall equilibrium of the energy flux from the sun that
interacts with the earth and leads to a high entropy production on the earth surface. We strongly
believe and make suggestions for a proof that no process violates the 2™ law of thermodynamics
because this law mainly reveals that unlikely conditions relax to the most probable distribution if no
work is applied. That statement seems to be intuitively correct. This aspect of physics and living

matter is shortly treated in the following chapters.

3.5.1 Gibbs free energy and entropy

The photosynthetic reaction denoted in chemical equation 1 is endergonic if the absorbed photons are
neglected. The reaction is taking up heat and is simultaneously reducing the entropy of the product in
comparison to the educt compounds. The endothermic character is shown by the difference of the
enthalpy (H) which is AH = + 2808 kJ/mol. The reduction of entropy (S) can be calculated to
AS = -259.1 J/(mol*K) (see [235]). Therefore at room temperature (T) (295 K) one gets TAS = -76.4
kJ/mol.

Generally a process occurs spontaneously if the change of Gibbs free energy (G) is negative (i.e. if the
Gibbs free energy of the product compounds is smaller than the Gibbs free energy of the educt
compounds, AG<0):

102. AG =AH —TAS

Without the photon contribution the resulting Gibbs free energy of the photosynthetic reaction
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described in chemical equation 1 calculates to AG = + 2884.4 kJ/mol according to equation 102
indicating the endergonic character of the reaction. The equilibrium of the chemical equation 1 is far at
the left side of the reaction, i.e. at the side of the chemical educts.

The analysis of the photosynthetic processes leading to the production of one mol glucose shows that
at least 60 photons are absorbed per single molecule glucose that is generated [76, 236].

The absolute minimal value for the energy uptake should at least correspond to the absorption of 4
photons for the oxidation of one water molecule (two turnover cycles of PS | and PS Il, each) and
therefore to 48 photons per mol glucose. The splitting of 2 H,O to 4 H* and O is releasing 4 electrons
in the photosystem Il (PS Il) only. These electrons have to be pumped from the PS Il via PS | to the
place where NAD+ is reduced (see Figure 2 and [84, 90-92]). PS I and PS Il are working hand in hand
which doubles the absorbed number of photon quanta per mol glucose. In fact, 8 photons are absorbed

to split 2 water molecules, i.e. 48 photons are absorbed per mol glucose (see chemical equation 1).
This leads to a photonic contribution of at least AH P = 48 N ,hv per mol that is delivered by the
photon energy [232]. The longest absorbed wavelength in the PS | is about 700 nm and therefore an
additional AH "' =48- N ,hv ~8200 kJ/mol is involved into chemical equation 1.

For detailed thermodynamic considerations the eg. 102 has to be evaluated for each single chemical
step inside a plant. Such accurate thermodynamic analysis of photosynthesis is a very complicated
task. It might be the reason for the recent discussions whether or not photosynthesis might violate the
2" law of thermodynamics [232-234, 237].

One mol of absorbed red photons with 700 nm wavelength contains an energy of 171 kJ. It is not fully
consistently answered in the literature how much entropy a single photon contains or even if it is
possible to define the entropy of a single photon. The entropy of the photon ensemble can be described
by the entropy of the Planck spectrum and therefore thermal single photons exhibit a probability

distribution that carries the corresponding amount of entropy.

The absorbed light energy of 8200 kJ/(mol glucose) seems to carry a huge amount of “excess” energy
in comparison to the energy consumption AG = + 2884 ,4 kJ/mol in chemical equation 1.

Sometimes it is found in literature that this “excess energy” shows that photosynthesis could be much
more efficient. We believe that this point of view is too simple because it is of an important question
how the directed transfer of photon energy to the chemical Gibbs free energy of glucose is possible.
During the reaction sequence highly energetic compounds are formed as ATP which is urgently
necessary to drive the functional work of the cell. It is not possible to drive the photosynthetic

processes without energy dissipation.
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The transformation of solar radiation to free energy is possible due to the low entropy per enthalpy (H)
ratio S/H of the sunlight. If the volume and pressure do not change during a thermodynamic process,
as we assume for the absorption of a photon, then dH = dU and 1/T = S/H.

solar earth

The inverse temperature of the solar radiation and therefore (S/H)*™™" is much lower than the (S/H)
ratio of thermal photons that are released after absorption on the earth surface. The wavelength
maximum (Anex) Of the emitted black body radiation determines the so called colour temperature (T¢)
of radiation which is associated with the S/H ratio according to Wien’s law:

103. ji.=.££.=.___152&;___

H T, 2897,8umK

Equation 103 shows, that the wavelength maximum (A,a) of electromagnetic radiation is proportional
to the entropy per enthalpy ratio. Therefore S/H is much lower for solar light than for thermal radiation
of a 280 K black body.
In that sense the plant uses a pool of “negative entropy” from sunlight. There exist different
estimations of the effective colour temperature T¢ determined by the light spectrum that is available
for photosynthetic organisms taking into account scattered light or light absorbed by the earth
atmosphere [235], but for all estimations the available light spectrum corresponds to T¢ > 1000 K in
marked contrast to the typical entropy content of thermal baths in the sea or the earth atmosphere at T
= 280 K. The formation of highly organised structures is a dissipative process in accordance to the 2™
law of thermodynamics because the process occurs during the equilibration of sun radiation and earth
temperature. The plants grow driven by a fractally local nonequilibrium.
As we have seen the photosynthesis is a quantum process which is driven by absorption of single
photons. Entropy is a statistical quantity which is not well defined for single particles.
Generally the equation

104. fé§i£i££

AQ T

holds where the equality denotes reversible processes when the uptake of heat goes along an
isothermal path while the inequality is characteristic for irreversible processes, i.e. when the system is
dissipative and the dynamics is not restricted to a thermodynamic path.
At this point it has to be clearly stated that the photosynthetic process does not occur in the
equilibrium. The equations of thermodynamics are only valid assuming local equilibrium conditions.
This might not be possible for light absorption and the interaction of excited states with the
surrounding environment. The reader should therefore keep in mind that our considerations suggest
extentions of formulas that are valid in equilibria conditions in spite of strong nonequilibrium
conditions.
Evaluating equation 103 we can make a rough suggestion for the average entropy of a single photon

by identifying it’s energy with enthalpy and heat: Q=H =hv.
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The equality of heat and enthalpy is fulfilled for an isobar thermodynamic process if the pressure
remains constant which can be assumed to be valid for reactions of the photon gas.
From that simple consideration we would suggest
hc
ot = 897810 °mK

as contribution of the probability distribution of the single photon to the entropy. Interestingly Sphot as

105. S =6.9-102J/K

given by eq. 105 is a fixed value idependent from the photon wavelength and qualitatively

comparable to the value S, ~ k, =1.38-107°J / K as presented in [238].

phot

Kirwan Jr. [238] suggests a comparable value for the photon entropy as shown here, while Gudkov
[239] takes the viewpoint that “light is a form of high grade energy which carries no thermodynamic
entropy”. Already Planck calculated the black body radiation spectrum considering the
thermodynamic entropy of the radiation field. The thermal black body radiation which is in thermal
equilibrium with the environment carries no Gibbs free energy: AG =0 which corresponds to

AH = AQ =TAS according to eq. 102.

The necessary rise of the overall entropy when a plant works in the nonequilibrium (e.g. relaxing after
light absorption) must be correlated with dissipation of energy into the environment. If a system
absorbs photons and is then relaxing to a final state emitting more photons than previously absorbed (it
is shown that in particular the production of phonons or any bosons fullfills the necessary increase of
entropy) then the final state can be of lower entropy than the initial state in full accordance to the 2™
law of thermodynamics because the environment takes up entropy. On the other hand a single
quantum process might violate the 2™ law of thermodynamics but it becomes arbitrary improbable that
this happens for huge complex systems.

At the moment there is no reason to assume that photosynthesis violates the 2™ law of
thermodynamics as done by Jennings et al. [232] and answered by detailed description of the
processes which are in line with the 2™ law of thermodynamics by Lavergne [236] which let to further
comments of Jennings ([233], [234]).

Generally entropy is a quantity of an ensemble describing the probability of an ensemble’s state. The

most general formulation of this property is given by the Shannon entropy

106. S=—kz > p;Inp,

calculating the entropy from the single probabilities p, of each state i that occurs in the

thermodynamic equilibrium (kK is the Boltzmann constant). A more general formulation where p, (t)
is time dependent and the system is not necessarily in an equilibrium is suggested by Haken [223].
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107. S =—kg D p(t)npi(t)

In eq. 107 p, (t) might be calculated from rate equations. We will use equation 106 and equation 107

to estimate the probability of a forward in comparison to backward steps in the rate equations as given
by eq. 59 (see chap. 3.2.1). Equation 107 is a generalisation of the problem of calculating entropy in
the nonequilibrium case which helps us to understand the correlation of dynamics of probabilities and
entropy when a photosynthetic complex relaxes after light absorption.

In the thermodynamic equilibrium equation 106 and equation 103 connect the macroscopic
observables of thermodynamics (here: temperature T as given in eq. 103) with the microscopic
probabilities of certain distributions of space and momentum in an ensemble of states (equation 106).
Therefore the combination of equation 106 and 103 is the most important step for a statistical
motivation of thermodynamics.

Eq. 59 and 60 ((see chap. 3.2.1) can be derived from eq. 106 if we use the 2" law of thermodynamics
which postulates that the Shannon entropy function of eq. 106 is at maximum in the equilibrium case

of a closed system.
Then &5 =0 :5(2 p, Inpij = 5(2 p, Inp, —/1(2 p, —1j—ﬁ(< E>-> piEiD
where A is an arbitrary Lagrange parameter with o4 = O that can be added because Z p, =1and S

is an Lagrange Parameter that can be added because < E >= Z pE;

Accomplishing the variation one gets:

=
e o e

- ZefﬂEi ! Ze7/3E
Taking eg. 104 (the equality for the reversible processes) and eq. 106 one gets:
S :_ks[z Pi Inpij:9
i T
:E: eiﬂEi('/%Ei)
= —kg| -
B Ze_ﬁEJ
i

2=k p(E) -

Q
=

. . . 1
For the thermally equilibrated system without work (E) = Q one finds: 3 = T
B

And therefore
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where Z denotes the standard canonical partition function.
From eq. 108 the proposed Boltzmann distribution for state populations according to eq. 60 and for
rate constants according to eq. 59 follow directly.

3.5.2 The entropy in the ensemble of coupled pigments

As mentioned shortly in the last chapter 3.5.1 the rate equation formalism as e.g. given by eq. 55 and
72 delivers a thermodynamic approach to excited states that migrate in systems of coupled pigments.
In the equilibrated case the probabilities of excited state populations follow the Boltzmann

distribution:

E Ei B

kgT

5=~k 2P Py = ks 3 L DY B teinYe
109. ' Ze‘k? ze_kTT i Se kT \ KB i
] i

=kgInZ +k Zpl _I_—k |I’1Z+<_II?>

In the dissipative (nonequilibrium) situation the solution of eq. 72 for the time dependent excited state

population can be used to estimate the entropy dynamics:

t)=—k Zp )Inp, (t
110.__ N (1) n NG | Z,: A n ZJ: Ae
N IO T S T AT S A

j K Ko

In the following eq. 110 will be shortly evaluated. For that purpose we choose the most simple system
in this context, i.e. two coupled states as shown in Figure 53. In the initial moment only the
energetically higher state is excited and after excitation the system relaxes. For the sake of simplicity

we assume that the excited states can not decay into the ground state. This is a good approximation for
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strongly coupled systems where the energy transfer processes and the thermal equilibration occur

much faster than the excited state relaxation.

N,(t)  Kk.=(2ps)’

>N 1AE=10mev
«— 27
k,.=(2ps)’

exp(-AE/k,T)

Figure 53: Two coupled excited states which are separated by AE=10 meV. The energy transfer from state one to
state two has a probability of (2 ps)™. The back transfer propbability follows the Boltzmann distribution.

With the formalism described in eq. 73 in chap. 3.2.4 one can easily calculate the excited state
population of the system shown in Figure 53. Then eq. 110 can be used to calculate the time dependent
entropy of the system shown in Figure 53. While a numerical solution of the problem is possible
independently from the complexity of the coupled system the problem given in Figure 53 can be
solved analytically and the result denotes to:

N,(t)= /(1 + exp (= AE / kT ))e ™ eb+=-AEKTI ey (— AE /K, T )/(1+exp(— AE /kyT))

N, (t) = —(1/(1+exp(— AE / kT )))e eltrod=E ket 1 /(14 exp(— AE /K, T))

For that system the entropy according to eq. 110 takes the form

8(t) =—ks (N, (t)IN(N, (1)) + N, (£)In(N, (1)) := —ks (p(t) In(p(t))+ (- p(t))In@— p(t))

This entropy function has a maximum of S™ =k In2 for the equal population probability of

Nlﬁ)::Nzﬁ):
aS(t)

0 =1+In(p(t))-1-In(1— p(t));0:> p(t) = Ny(t) =2 = N,(t)

The time t™, when this maximum is reached denotes to:
e _ 1 -Int/2-1/2-exp(-AE/k,T))
K, 1+exp(—AE/KkgT)

For AE —> o or T =0 we get
t™ =In2/k,,

While for AE =0or T —co the entropy maximum is coincident with the equilibrium N, (t)= N,(t)

for t™ —>
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That means that S(t) exhibits a local maximum for all cases where AE >0 AT < oo which is the case
for all relaxations that correspond to time directed (dissipative) processes.

The time dependent excited state population for Nl(t) and N 2(t) calculated according to eq. 73 for

300 K and the entropy curves S(t) at different temperatures are shown in Figure 54:
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Figure 54: Time dependent population at 300 K of N,(t) (red curve, left side) and N,(t) (green curve, left side)
for the system shown in Figure 53 and calculation of the entropy of the system shown in Figure 53 according to
eq. 110 at 10.000 K (red curve, right side), 300 K (green curve, right side), 100 K (yellow curve, right side), 70
K (light blue curve, right side), 30 K (dark blue curve, right side) and 1 K (magenta curve, right side)

As expected for the high temperature limit the entropy rises monotonously to the maximum that is
reached with the equilibrium of the system (Figure 54, right side, red curve for 10.000 K).

The situation is different at lower temperatures. At room temperature (Figure 54, right side, green
curve for 300 K) the system entropy reaches the maximum in the time scale near to the inverse

transition probability (about 2 ps) fast but decays afterwards to a somewhat lower level.

For very low temperatures the entropy calculates to lln‘(l) S(t—o0)—0. The difference of the
—

maximal entropy S™ and the entropy S(t - oo):: S™ in dependency on the temperature is shown in
Figure 55, left side. While this difference is rather low at physiological temperatures the relaxation to

the thermal equilibrium leads to a strong reduction of the system entropy in comparison to S™ at

lower temperatures. The system generally goes through an entropy maximum and afterwards the

entropy decays significantly to S <S™ if k,T <AE. Therefore a local entropy maximum is

observed if AE >KkgT .
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Figure 55 left side: Temperature dependent difference of the maximal entropy S™* =kgIn2 and the entropy after
full relaxation S™ calculated for the system shown in Figure 53; right side: schematic cartoon how photons and
phonons transfer entropy to the local environment during relaxation of the system shown in Figure 53.

At first glance the local maximum of the entropy function at temperatures AE >k T might look as if
the system given in Figure 53 could violate the 2™ law of thermodynamics. But such a violation is
surely not the case. In fact it should be kept in mind that a relaxation of the pure isolated system as
given in Figure 53 could not occur if there would not exist surrounding states that are able to dissipate

AE.

. 1 . o .
The environment effectively takes up the value ——— AE during the dissipation process which

1+e ke
leads to a rise of the environmental entropy that is bigger than the reduction of the isolated system’s
entropy during the transition S™* — S™ . This preserves the 2™ law of thermodynamics and it

becomes clear that the system complexity could never rise if a system would not be able to interact

with its environment.

There is no violation of the laws of thermodynamics. Jennings mentioned that if we analyse a
photosynthetic system from the lowest energy limit, we could observe a violation of the 2™ law of

thermodynamics [232, 233, 234].
This might be true for a single photon of 680 nm wavelength that is absorbed by a plant and drives a

single quantum process in the photosynthetic nanomachine.

But this is neither the continuos reality of a growing plant nor is it a process that is forbidden due to
the thermodynamic laws as long as it counts for a single absorbed photon only which can violate the
2" law of thermodynamics according to the Jarzynski equality which denotes the probability for a
trajectory violating the 2™ law of thermodynamics similar to eq. 59 (see e.g. ref. [240] and references
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therein for details). The 2™ law of thermodynamics is a pure statistic interpretation of ensembles. It is
not a law that can be applied to a single quantum process. As denoted by the Jarzynski equality a
single molecular process is allowed to violate the 2™ law of thermodynamics in a transient way. In the
time- or the ensemble average the laws of thermodynamics hold.

The calculation of the entropy as given in eq. 110 for the nonequilibrium ensemble enables a
suggestion of a nonequilibrium partition function that would enable the calculation of all
thermodynamic variables for a full nonequilibrium situation in systems that can be generally described
by excited state probabilities. With eg. 111 all the nonequlibrium obersvables of the ensemble like the
time dependent temperature T(t), the time dependent Gibbs energy G(t) etc... can be calculated.
However, we used the denotation of the entropy as given in the eq. 109 that is only valid for the

equilibrium. To achieve an nonequilibrium situation the expectation value <E>(t)of the energy and the

“momentary” temperature T(t) would have to be treated time dependently:

z()-e0[ -3 000 p )~ 0 |- en| - 20 Tew(-p 00 )

111.

Z(t)=exp| -

k
(EX 1
20)=ew| - kBmJH ()"
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4 EXCITED STATE DYNAMICS IN WSCP

Water soluble chlorophyll binding proteins (WSCP) are special pigment-protein complexes (for a
review article see [48]). Compared to all antenna complexes and RCs the WSCPs are characterized by
unique properties:

i) each polypeptide subunit binds no more than one chlorophyll molecule,

ii) the size of each WSCP subunit of about 20 kDa [196] is comparable with the size of LHCII
and related members of the LHC family of antenna complexes of plants which bind
several pigments per subunit (for reviews see [73], [78]) and

iii) two chlorophylis in the tetramer are excitonically coupled. Therefore WSCP is a most suitable
model system for detailed studies on pigment-pigment and pigment-protein interactions in
chlorophyll containing proteins (see chap. 1.5.).

WSCPs are the only Chl binding proteins known so far that do not contain carotenoids (Cars) [68].
Despite the lack of carotenoids (Cars) the photodegradation of Chl bound to WSCP is highly reduced
in comparison to Chl in solution. This property is of high interest for the construction of switch-able
photosensitizers if it is possible to destabilize the protein structure by an external stimulus (e.g. light).
In this case the light induced generation of reactive oxygen species (ROS) might be switch-able, i.e.
activatable, by switching off the protein barrier that prevents the Chl triplets from interaction with
ground state triplet oxygen. The scientific results that led to the conclusion of the existence of such a
protein barrier are shortly outlined in the following (for detailed description of the conclusions drawn
from TWCSPC studies see [47] and [48]). The impact of these findings might help to construct a
switch-able protein as an advanced drug delivery vehicle e.g. in applying WSCP in the photodynamic
therapy (PDT). One main aim of the spectroscopic studies on WSCP was to clarify the mechanisms of
the suppressed reaction of Chl bound to WSCP with the surrounding environment.

4.1 The electronic structure of Chl dimers bound to class Ila WSCP

Spectroscopic studies were performed to investigate pigment-pigment and pigment-protein
interactions of Chl a and Chl b bound to the recombinant protein of class Il WSCP from cauliflower.
In this complex two Chls form a strongly excitonically coupled open sandwich dimer within the
tetrameric protein matrix (see chap 1.5, Figure 27 and Figure 56). In marked contrast to the mode of
excitonic coupling of Chl and BChl molecules in light harvesting complexes and reaction centers of all
photosynthetic organisms, the unique structural pigment array in the Chl dimer of WSCP gives rise to
an upper excitonic state with a large oscillator strength of the transition dipole moment (see Figure
56).

page | 127



Chla/ Chlb Chl a/ Chla
N N | 2>

678 nm | 2>
85§2nm 20 D2 674 nm 680 nm
| > 3 D2 26 D2
A\ N | + >
—_ N —_
659 nm 678 nm 674 nm 680 r|1m>
17 D2 12 D2 26 D2 3 D?

L4 4/ |O> |O>

Figure 56: Excitonic splitting in Chla/Chlb heterodimers (left side, blue) and Chla/Chla homodimers (right side,
red) bound to WSCP as published in ref. [46]. The excitonic splitting is calculated for the monexcitonic states

|+> and |—> of the upper and the lower excitonic level, respectively.

Figure 56 shows the ground state |0) and the biexcitonic state |2) and in addition the excitonically

splitted monoexcitonic states |+) (upper excitonic level) and |—) (lower excitonic level) of WSCP

containing a Chla/Chlb heterodimer (Figure 56, left side) and a Chla/Chla homodimer (Chl a only
WSCP) (Figure 56, right side). The arrows indicate the electronic transitions which are characterised
by the strength of the transition dipole moments (in D?) and the corresponding wavelengths. As
pointed out in [46] the excitonic splitting of the single excitonic state in the Chl dimer can be analysed
with ground state absorption and circular dicroism spectra. Additionally hole burning spectroscopic
studies revealed the excitonic splitting [48, 49]. Elaborated theoretical analysis of the problem lead to
a well agreement between the experimental data (see [46, 69]) and the calculated structure (see [38])
which closely resembles the structureal scheme of the Chl molecules obtained at virtually the same
time by Horigome et al [70] for the 2.0 A resolution X ray crystallography structure of class I1lb WSCP

of Lepidum virginicum Chls (as mentioned in chap. 1.5).

Theoretical calculations predicted the time of exciton relaxation from the upper |+) to the lower |-}

level to be about 80 fs in homo-dimers and 450 fs in hetero-dimers, when using a modified Redfield
theory that takes into account strong exciton-phonon coupling, respectively [38]. An elaborated review
of different calculations of the exciton relaxation and the fs absorption spectroscopic results together

with proposed models for strongy and weakly coupled Chl dimers in WSCP [46] is found in ref. [48].

Laser flash induced transient absorption changes measured by C. Theiss [46] were monitored with a

time resolution of 200 fs. Therefore the predicted exciton relaxation kinetics in Chl a/Chl b hetero-
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dimers are expected to be resolved. On the other hand, the expected corresponding kinetics in homo-
dimers cannot be quantitatively resolved at a time limitation of 200 fs. But there exist qualitative hints
for the expected behaviour (see [46]).

The transient difference absorption spectra at different delay times tq between the pump pulse (460
nm, in the Soret band of Chlb) and the probe pulse that were monitored in WSCP with a
stoichiometric Chl a:Chl b ratio of 2.6:1 exhibit a pronounced band with a peak at around 660 nm in

the Chl b spectral region. This band is assigned to the population of the upper excitonic level |+> of

strongly coupled heterodimers (see Figure 56). At longer delay times the extent of bleaching of this
state decreases concomitantly with a progressing increase of the bleaching around 680 nm which is

assigned to the lower excitonic level |—> in agreement with Figure 56. This band bleaching

approaches a maximum value at t; = 0.9 ps and a peak maximum at 679 nm. In the time domain of
t; > 1 ps the absorption maximum shifts back to shorter wavelengths and a virtually constant peak
position at 675 nm is reached after a delay time of about 10 ps concomitant with shoulders of the
bleaching at around 660 nm and 680 nm.

In agreement with the shift of the bleaching maximum the recovery of the bleaching at 660 nm band

(|+>) can be satisfactorily described by a biphasic kinetics with time constants of 400 fs and 7-8 ps

after temporal deconvolution of the data [46]. The 400 fs kinetics are in close agreement with the time
constant of 450 fs calculated for the relaxation from the upper to the lower exciton state in a strongly
coupled Chl a/Chl b hetero-dimer when using the modified Redfield theory [38].

The 400 fs kinetics is therefore ascribed to exciton relaxation of strongly coupled Chl a/Chl b hetero-
dimers. This finding is an illustrative example of the potential of class Ila WSCP as a model system
for detailed theoretical studies on pigment-pigment interactions in Chl binding proteins that can be
clearly ascribed to experimental data gathered from this system.

Questions arise on the origin of the 7-8 ps kinetics. Among possible interpretations (see [48]) the most
convincing explanation for the 7-8 ps kinetics implies the existence of Chl a/Chl b dimers that are
weakly coupled due to a larger separation of the Chl moieties. This idea comprises a putative sample
heterogeneity within an ensemble of reconstituted recombinant tetrameric class lla WSCP complexes
containing Chl a/Chl b dimers with a different pigment array as is shown in [46] and [48]. Another
possibility for the apparent 7-8 ps time constant could be a characteristic conformational change of the

protein that occurs with such 7-8 ps time constant at room temperature (see below).
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4.2 Fluorescence spectroscopic studies on WSCP

The data of transient absorption spectroscopy do not allow an analyse of the fate of the excited
electron after equilibration among the excitonic states, i.e. the lifetime of excited states on the ns time
scale as it is necessary to understand the possible mechanism that prevents the interaction between Chl
and environmental oxygen. Therefore detailed time integrated and time resolved fluorescence

spectroscopic studies were performed with the experimental setup described in chap. 2.

4.2.1 Time integrated fluorescence spectra at room temperature

Figure 57 shows the published [47] normalized fluorescence spectra of Chl a only WSCP (top panel)
and Chl b only WSCP (bottom panel), respectively, measured at room temperature under excitation

with 632 nm pulses in samples containing 50 % glycerol.
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Figure 57: Normalized fluorescence spectra of WSCP containing Chl a only (top panel) or Chl b only (bottom
panel) at room temperature. Deconvolution into Lorentzians (green curves) was performed in frequency domain
and the curves were rescaled to the wavelength region (the sum of all subbands is represented by the red dotted
curve). The crosses positioned near the emission maxima indicate the standard deviation of the wavelength
positions of the integrated fluorescence spectrum. (Figure taken from ref [47]).
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In both cases (Chl a only and Chl b only) broad spectra are obtained that can be deconvoluted into
three main bands of Lorentzian shape with maxima at 677 nm, 684 nm and
693 nm (+/- 2 nm) in the case of Chl a only WSCP, and at 665 nm, 675 nm and 689 nm (+/- 2 nm) for
Chl b only WSCP. In addition, minor bands are obtained in the long wavelength region that probably
originate from vibrational transitions in the Qy emission spectrum. The use of Lorentzian lineshapes
appears to be justified by the fact that electron-phonon coupling leads to a symmetric, non-Gaussian
tailing of the absorption and corresponding fluorescence bands of pigments embedded into amorphous
protein matrices with thermal occupation of vibrational energy levels at elevated temperatures, as
shown previously for the antenna complex LHCII [241], [242]. Furthermore, a theoretical analysis
revealed that at room temperature lifetime broadening of the optical bands becomes important [38].

In agreement with the energetic levels of the excitonically splitted first excited state |+> (674 nmin
absorption) and |—> (680 nm in absorption) (see Figure 56) the two Lorentzian emission bands at 677
nm and 684 nm of Chl a only WSCP are ascribed to the emission from the upper (|+>) and lower

(|—>) excitonic level, respectively. The emission band at 693 nm seems to be related with a phonon

transition in the surrounding protein structure (see below, cryostatic measurements).

The fluorescence emission bands at 665 nm and 675 nm in Chl b only WSCP are accordingly ascribed
to |+) and |—), respectively, in the Chl b homodimer, while the 689 nm band is ascribed to a phonon

sideband in Chl b only WSCP.

The normalized time-integrated emission spectra of Chl a only and Chl b only WSCP presented in
Figure 57 were obtained under excitation with 632 nm pulses. The shape should be independent of the
excitation wavelength, since the equilibration of excited state populations is much faster than the
decay due to intersystem crossing, internal conversion and fluorescence.

However, an analogous feature is not necessarily expected for WSCP samples that are reconstituted
with mixtures of Chl a and Chl b because in that case the sample ensemble contains different
populations of Chl a and Chl b homodimers and Chl a/Chl b heterodimers. The calculations presented
in ref. 46 for Chl a/ Chl b heterodimers (see Figure 56, left side) can not be investigated
experimentally in a straightforward manner because a WSCP sample containing only Chl a/ Chl b
heterodimers is not available. Only samples containing both Chl a/ Chl b heterodimers and
homodimers, that should be formed statistically during the reconstitution process, were available. It

would, of course, be very interesting to perform time resolved single complex spectroscopy.

For measurements on the ensemble different excitation wavelengths were used to excite preferentially
Chl a or Chl b. Measurements were performed on WSCP containing Chl a:Chl b at a ratio of 4.2:1
where the sample is preferentially excited in the Soret band of either Chl a with 430 nm wavelength or

Chl b with 460 nm wavelength. The absorption spectra of WSCP containing different amounts of Chl
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a/ Chl b heterodimers are shown in Figure 28 (see chap. 1.5). Comparing the spectra of WSCP
containing Chl a:Chl b at a ratio of 4.2:1 with WSCP containing Chl a:Chl b at a ratio of 2.6:1 it
becomes clear that the 460 nm absorption peak is related to the absorption of Chl a/ Chl b
heterodimers.

The results obtained are shown in Figure 58 and compared with the spectra taken from Figure 57 for
Chl a only (dashed curve) or Chl b only (dot dashed curve) WSCP.

fluorescence [rel.u.]

'650 660 670 680 690 700
wavelength [nm]

Figure 58: Normalized spectra of the integrated fluorescence F( A ) at room temperature of WSCP containing
Chl a and Chl b at a ratio of 4.2:1; excitation wavelength: 430 nm (red, dotted curve) and 460 nm (blue, full-
lined curve). The experimental spectra of Chl a only (dot dashed curve) or Chl b only (dashed curve) of Figure
57 are depicted for comparison. The figure was published in ref. [47].

Inspection of this data reveals that the emission in the region of Chl b (650 - 670 nm) is more
pronounced under 460 nm illumination (blue full-lined curve) while less fluorescence is emitted at 650
— 670 nm when the samples are excited at 430 nm (red dotted curve). After excitation with 460 nm

laser wavelength additional fluorescence occurs at 660 nm in well agreement with the energy of the

upper excitonic level |+> in heterodimers (see Figure 56).

These features qualitatively reflect the existence of both Chl a/Chl a homo- and Chl a/Chl b
heterodimers together with minor fractions of Chl b/Chl b homodimers within the overall assembly of
WSCP complexes and the results of this two-color experiments show that in the ensemble the Chl
a/Chl b heterodimers are characterized by an additional emission state at about 660 nm.

As the thermal equilibration between the two exciton states is faster than 1 ps in the strongly coupled
and still faster than 8 ps in potentially weakly coupled heterodimers (see below and Ref. [46]), the
spectral shape of the heterodimer emission is expected to depend only slightly on the excitation
wavelength. On the contrary, at 430 nm the Chl a/Chl a homodimers and Chl a/Chl b heterodimers are
preferentially excited while at 460 nm excitation the Chl a/Chl a homodimers are less preferentially
excited.

Therefore after excitation with 460 nm the contribution of Chl a/Chl b heterodimers (and additionally

possible small amounts of Chl b/Chl b homodimers) to the overall emission is relatively larger than
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after excitation with 430 nm because in the latter case preferentially the fraction of Chl a/Chl a
homodimers is excited.

From the pure statistical point of view we expect that in the sample containing Chl a:Chl b at a ratio of
4.2:1 about 65 % of all complexes should contain Chl a homodimers, 31 % should contain Chl a/Chl b
heterodimers and 4 % Chl b/Chl b homodimers. The strong increase of the emission at 660 nm after
excitation with 460 nm in comparison to 430 nm can not be explained by the contribution of Chl b/Chl
b homodimers only (see also cryostatic measurements below). With 460 nm excitation wavelength the
properties of the Chl a/Chl b heterodimers become more clearly visible and this is mainly the

observation of emission found at 660 nm ascribed to the upper excitonic level |+> in heterodimers

which is not found in Chl a/Chl a homodimers.

4.2.2 Time integrated fluorescence spectra at cryostatic temperatures

The distribution of the excitation energy between the excitonic states is expected to occur according to
the Boltzmann statistics and therefore the fluorescence spectrum to be strongly temperature dependent.
To check for this effect the fluorescence spectra of WSCP were measured in the wide range between
room temperature and 10 Kelvin.
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Figure 59: Temperature dependent fluorescence spectra of WSCP containing Chl a only homodimers in the
temperature range between 10 K (black curve) and 260 K (violet curve) after excitation with 632 nm laser
wavelength. The spectra are not normalized.

Figure 59 shows the temperature dependent fluorescence spectra of Chl a homodimers bound to
WSCP after excitation with 632 nm. The fluorescence measurements were performed in the mode of
reflection spectroscopy. Therefore the signal quality is strongly enhanced after freezing of the sample
in phosphate containing buffer (< 260 K) while the spectra at 260 K and higher temperatures (data not

shown) exhibit strongly reduced amplitudes due to lower reflectivity of the sample.
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A comparison of the data of the temperature dependent fluorescence spectra at 240 K (orange curve in
Figure 59) and 10 K (black curve in Figure 59) reveals that the emission band which was fit to 677 nm
(see Figure 57) decreases with lower temperatures until it completely vanishes at temperature < 50 K
as it would be expected from the Boltzmann statistics for the population of the upper excitonic level

(|+>). Concomitantly the amplitude of the 684 nm emission band increases in amplitude at lower
temperatures. The overall emission is only slightly changing with temperature (evaluation of data not
shown). This is an additional strong indicative that the 677 nm emission band of Chl a/ Chl a

homodimers is related to the absorption maximum of the |+> excitonic level with an absorption

maximum at 674 nm (see Figure 56) and the population of this emission band completely vanishes at

low temperatures so that only the fluorescence at 684 nm from the |—> level is observed (680 nm in

absorption, see Figure 56).

In addition to the emission from the states |+) and |-) a series of long wavelength bands exists that

are clearly seen in the 10 K emission spectra shown in Figure 60. Some of these transitions are known
to be characteristical vibrationally coupled transitions found in pure chlorophyll molecules. But in

WSCP the structure of these sidebands is more complex.

The 10 K fluorescence spectra of all available WSCP samples are shown in Figure 60 in the whole
spectral range. As expected, the shape of the bands is significantly sharpened in comparison to the

room temperature spectra shown in Figure 57 especially because there is no more emission from the

higher excitonic level |+> Especially the spectra of WSCP containing Chl a / Chl b heterodimers

(Figure 60, panel C and panel D) do not exhibit significant fluorescence at 665 - 670 nm. Only in the
sample with a Chl a:Chl b ratio of 2.6:1 there is a rather weak fluorescence visible at 670 (+/- 3 ) nm
(Figure 60, panel D). The main emission is located at 685 nm.

Based on these findings a significant amount of uncoupled Chl b or Chl b homodimers with
fluorescence peaking at 668 nm (see Figure 60, panel B) can be ruled out in WSCP containing Chl
a:Chl b at a ratio of 2.6. For WSCP containing Chl a: Chl b with a ratio of 4.2 the emission spectra

show that the contribution of uncoupled Chl b or Chl b homodimers is < 1%.
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Figure 60: Gaussian fits of the normalized emission spectra of WSCP samples containing Chl a only (A), Chl b
only (B) and Chl a:Chl b at ratios of 4.2:1 (C) and 2.6:1 (D) at 10 Kelvin. The dotted curves show the sum of all
Gaussian bands in comparison to the measured fluorescence (full-line curves). Fits were performed in the
frequency domain and the data rescaled to the wavelength domain.

A value of <1 % Chl b/ Chl b homodimers in WSCP containing Chl a:Chl b at a ratio of 4.2:1 is
clearly smaller than it is expected from simple statistical considerations that result in 3.7 % Chl b/ Chl
b homodimers. For WSCP containing Chl a:Chl b at a ratio of 2.6:1 this value should be about 8 %.
Therefore the low temperature measurements show that there is a reduced probability for the
formation of Chl b/ Chl b homodimers in WSCP. The reason for this pheonomenon could be a reduced
affinity of the protein to Chl b in comparison to Chl a as it was found by Satoh et al. for certain forms
of WSCP [67] or mentioned by Theiss et al. [46].

The emission bands at 10 K presented in Figure 60 are well fit by a sum of Gaussians. The use of
Gaussian functions in the fit of low temperature spectra in contrast to that of Lorentzian functions at
room temperature takes into account that at low temperatures the spectra are more likely dominated by
inhomogeneous broadening. In the wavelength region < 700 nm the main emission bands at 668 nm of
WSCP containing Chl b only (Figure 60 B) and at 685 nm of WSCP containing Chl a only (Figure 60
A) or Chl a and Chl b at ratios of 4.2:1 (Figure 60 C) and 2.6:1 (Figure 60 D)) are shown to be the

composite of two sharp Gaussians.
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It is somewhat unexpected that the main emission band is composed by two emission bands at 10 K.

According to the Boltzmann equilibrium the population probability of the higher exciton state at 10 K

is < 10™° (the difference between the upper and lower exciton states is of the order of 150 cm™ in
homodimers and 400 cm™ in heterodimers ( see Figure 56 and refs. [37, 38, 46]). Therefore, at 10 K
the detected emission should originate exclusively from the lowest exciton state in all WSCP samples.
As mentioned above there might exist possible subpopulations of strongly and weakly coupled dimers
in WSCP [46] which could explain the existence of several subbands. Since the spectral absorption
properties of our WSCP samples were found to be dominated by the strongly coupled dimers [46] it
appears most reasonable to assign the major band in the deconvoluted 10 K emission spectra to the
lower excitonic state of this pigment array.

The slightly red-shifted Gaussian could indicate heterogeneity (e.g. due to two types of Chl dimers in
WSCP, strongly and weakly coupled ones as suggested according to the results of absorption
spectroscopy in ref. [46]). Possibly this band can be explained by a heterogeneity in the protein
conformation or a conformational transition of the protein. This assumption is supported by the time

resolved analysis of the WSCP fluorescence dynamics (see below).

Questions also arise as to the origin of the minor bands observed at 685 nm for Chl b homodimers and
at around 692 — 702 nm for the other complexes. These bands with markedly larger FWHM values can
most probably be assigned to vibrational bands.

The situation is even more complex for WSCP containing Chl a and Chl b because in this case the
ensembles contain complexes with homo- and heterodimers with very similar bands in the Chl a
region. We therefore refrain from any speculative discussion on possible band assignment of
hetrodimers.

A closer inspection of the vibronic side bands of Chl a/ Chl a homodimers bound to WSCP (see
Figure 61) shows that next to the 700 nm sideband there exist minor contributions at 720 nm, 745 nm
and a band at 760 nm that was not resolved in the room temperature spectrum shown in Figure 57 and
the 10 K spectrum shown in Figure 60. The spectra shown in

Figure 61 were monitored by using the USB fluorometer system of StellarNet (EPP2000) which has
high sensitivity also in the NIR region up to 860 nm.

This was not the case for measurements depicted in Figure 60 where the spectra were taken with the
time resolved Delay line measurement setup (as described in chap. 2) and subsequently integrated
along the time axis. The Delay Line exhibits a lower sensitivity at 760 nm than at 680 nm and
therefore the spectral correction which was done with a thermal reference spectrum of a filament lamp
leads to a loss of spectral resolution in the NIR. This problem does not exist when using the USB
spectrometer setup (3 nm spectral resolution) used for the results shown in

Figure 61 and Figure 62.
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Figure 61: Normalized spectra of integrated fluorescence emission at 10 K of Chl a only WSCP in buffer
containing 50 % glycerol. The phonon sidebands are shown in magnification on the right side.

The spectra of Chl b containing homodimers (Figure 62) exhibit similar vibronic sidebands as Chl a
homodimers (Figure 61) at 684 nm, 704 nm and 730 nm in agreement with the measurements shown
in Figure 60 and the additional red shifted band at 740 nm that was not resolved in Figure 60.
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Figure 62: Normalized spectra of integrated fluorescence emission at 10 K of Chl b only WSCP in buffer
containing 50 % glycerol. The vibronic sidebands are shown in magnification on the right side.

A comparison of the spectra of the vibronic sidebands of Chl a homodimers and Chl b homodimers
reveals that the energetic position of the phonon associated transitions relatively to the zero phonon

line are comparable in Chl a and Chl b but they differ strongly in amplitude (see Figure 63).
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Figure 63 Left side: Vibronic sidebands of the fluorescence of Chl b only WSCP (red curve) and Chl a only
WSCP (black curve) in direct comparison. The main emission (Qy-transition) of Chl a only WSCP and Chl b
only WSCP are located at the same position. At the right side the difference spectrum of Chl b homodimers (red
curve) and Chl a homodimers (black curve from left side) is shown in the frequency domain.
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In Figure 63 a direct comparison of the spectrum of Chl a only WSCP and Chl b only WSCP is
shown. At the right side Figure 63 displays the difference between the spectra of Chl b only WSCP
and Chl a only WSCP after positioning to the same emission maximum (of the Qy-transition).

At 10 K the Qy transition emitting from the lower excitonic state |—> is found at 684.5 nm for Chl a

homodimers and at 666.5 nm for Chl b containing WSCP (see Figure 61 and Figure 62). The sideband
occurring at 684 nm in Chl b only WSCP and about 703 nm in Chl a only WSCP (AX =18 nm)
therefore corresponds to a vibration with an energy of 350 — 400 cm™. In Figure 63, right side, the
strong difference of the amplitude of this transition in Chl b only WSCP in comparison to Chl a only
WSCP is clearly visible. The additional phonon sidebands with peak at about 700-750 cm™ and 1200-
1250 cm™ corresponding to the sidebands at 701 nm (AA=35 nm) and 726 nm (AA=60) in Chl b WSCP
and 720 nm (AA=35 nm) and 745 nm (AA=60) in Chl a WSCP are slightly stronger in Chl a WSCP
than in Chl b WSCP. A sideband of equal strength is found at 741 nm (AA=75 nm) in Chl b WSCP and
760 nm (AA=75 nm) in Chl a WSCP

4.2.3 Lifetimes of excited singlet states in homo- and hetero-dimers of class Ila WSCP

As mentioned above WSCPs are lacking carotenoids (Cars) which are essential constituents of all
antenna complexes and reaction centers protecting Chls in pigment-protein complexes from
degradative attack by reactive singlet oxygen formed via a reaction which is sensitized by Chl triplets
(for reviews, see [73, 78], see also ref. [76]).

In spite of lacking Cars the binding of Chl to WSCPs gives rise to a surprisingly high stability
compared to that of Chl in solution [68]. Basically three different underlying mechanisms could be
responsible for this striking phenomenon: a) efficient kinetic competition with intersystem crossing
(ISC) by drastic shortening of the lifetime of the lowest excited singlet state, thereby diminishing the
probability of triplet state (*Chl) population and subsequent sensitized formation of singlet oxygen
which is responsible for destructive reactions, b) suppression of the sensitized reaction by strong
acceleration of the 3Chl decay, or c) shielding of the bound Chls from interaction with ground state
triplet oxygen by an efficient diffusion barrier built by the protein matrix.

In order to clarify this point, detailed studies were performed on the lifetime of excited singlet states of
Chl bound to WSCP.

Experiments were performed in the wide range of temperatures from 10 K to 295 K. Samples
suspended in buffer solutions containing 50 % glycerol or either sucrose or imidazole exhibit virtually
monoexponential decay kinetics at room temperature with time constants of 5.2 ns for samples
containing Chl a only or Chl a:Chl b mixtures and of 4.8 ns for Chl b only WSCP (data not shown, for
details see [47]). Additionally there might exist fast relaxation kinetics with time constants of 20 ps for
Chl a containing WSCP (see Figure 65) and up to 35 ps for Chl b containing WSCP (data not shown)
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which are hard to resolve. At room temperature the main fluorescence decay is dominated by a
relaxation kinetics with a time constant of about 5 ns.

This finding readily shows that compared to Chl in solution or detergent micelles [147] the lifetime of
the lowest excited singlet state is not changed by the pigment binding to WSCP. At room temperature
both excitonic states of the lowest excited singlet state are populated. The relaxation between different
excitonic levels which occurs with a time constant of 8 ps or less can not be resolved. It might be
responsible for additional fast components found in the spectra. A pure monoexponential kinetics with
contribution of very fast components as measured for this system fulfils the expectation.

The lifetime measurements on WSCP unambiguously show that mechanism a) can be definitely
ruled out as to be responsible for the significantly enhanced stability of Chl bound to WSCP. The
alternative possibility b) of a significant lifetime shortening of 3Chl cannot be entirely excluded.
However, this mechanism appears to be highly unlikely because at present no reasonable mechanism
is known for this type of *Chl quenching by ChI-Chl or Chl-protein interactions. Therefore, based on
our results and considerations, only one possibility remains to be considered as a reasonable
mechanistic explanation for the high stability of Chl bound to the WSCP: The protein matrix

establishes a high diffusion barrier to O, transport thereby drastically reducing the interaction between

Chland O, as suggested by Horigome et al. [70] for class IIb WSCP containing four Chl molecules.

The upper panel (panel a and panel b) of Figure 64 shows typical traces of fluorescence decay
curves monitored at 10 K as published in [47]. A semilogarithmic data plot (panel a) reveals that the
fluorescence decay kinetics at 10 K are wavelength dependent and not strictly monoexponential for
WSCP containing either Chl b homo-dimers or samples reconstituted with Chl a:Chl b mixtures.
Furthermore, the Chl b only WSCP exhibits discernible rise kinetics (see panel b) with a time constant
of 80-120 ps at 10 K. These characteristic kinetics, which are either rising or decaying, dependent on
wavelength, are designated as “rise term” in the following description. It was found that at least 3
decay components are required for accurate fits of the decay curves [47].

In order to obtain more detailed information the data were analyzed by deconvolution into
decay associated spectra (DAS) as described in chap. 2.2. The panels c) and d) of Figure 64 show the
results of global fits of experimental data on WSCP containing either Chl a:Chl b at a ratio of 2.6:1
(panel c) or Chl b only (panel d). The traces were fitted with three time constants: of 6.0 (+/- 0.3) ns,
2.5 (+/- 0.4) ns and 120 (+/- 20) ps (panel c) and 7.0 (+/- 0.3) ns, 3.6 (+/- 0.4) ns and 80 (+/- 20) ps
(panel d, for details, see [47]. Inspection of the DAS reveals that the 2-4 ns component exhibits a very
small amplitude and a blue shift compared to the main emission. It seems possible that this component
is caused by sample heterogeneity but alternative explanations like a very slow conformational change
of the protein environment with a time constant of 2-4 ns cannot be fully ruled out even though it
seems highly unlikely. The performed simulations support the idea of a sample heterogeneity because

the strongly excitonically coupled Chl dimer which is modulated by the protein matrix reveals (see
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below) only fluorescence components with time constants much faster than 2-4 ns in addition to the

main relaxation kinetics.
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Figure 64 Top: Semilogarithmic plot (panel a) of the fluorescence decay measured at 10 K on WSCP samples
containing Chl b only (monitored at 663 nm and 668 nm) and WSCP containing Chl a and Chl b at a ratio of
2.6:1 (monitored at 665 nm and 685 nm); excitation wavelength: 632 nm (the curves are normalized and
therefore the S/N ratio is different) and linear plot (panel b) of the fluorescence transients at 663 nm and 668 nm
of Chl b only WSCP and the instrument response function (IRF).

Bottom: Decay associated spectra (DAS) at 10 K of WSCP samples containing either Chl a:Chl b at a ratio of
2.6:1 (panel a) or Chl b only (panel b) in frozen buffer solution containing 50 % glycerol.

For experimental details, see ref. [47].

The rise term is an unexpected and interesting feature which is observed in all samples analyzed so far
and characterized by a temperature dependent amplitude and time constant. In Chl b/Chl b homo-
dimers the time constant varies from 80 ps at 10 K to 35 ps at room temperature and concomitantly the
amplitude decreases at higher temperatures (see ref. [47]). The negative sign indicates that this
component reflects a rising transient population of the low energy emitter state(s). However, the time
constants are too large to be assignable to intra-dimer exciton relaxation from the upper to the lower
exciton state in strongly coupled dimers or Forster type EET between weakly coupled pigments. On
the other hand, these kinetics compare favourably to the effective dephasing times determined for the
terminal (fluorescing) electronic states of trimeric LHCII [242], [243] and CP29 [10]. Therefore we
assigned the “rise term” to a protein relaxation process in the excited electronic state [47]. This idea

also explains the pronounced temperature dependence of the rise term (see below).
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Unfortunately it turns out that the exact value of the time constant of the rise kinetics is highly variable

and exhibits quite large variance (see for this problem also [208]).
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Figure 65: DAS of Chl a / Chl a homodimers bound to WSCP. All DAS wer fitted with 3 decay components of
the fluorescence emission after excitation with 632 nm laser wavelength. The temperature was varied between
Room temperature (290 K, upper left panel) via 260, 230, 200 K (left column) and via 170, 100 and 40 K (right
column) down to 10 K (lower right panel).
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Figure 65 shows a series of DAS of Chl a / Chl a homodimers bound to WSCP at different
temperatures between 10 and 290 K. In spite of the strong variance of the exact time constants this
series of DAS can be considered as a “typical” temperature dependency of the DAS of Chl a only
WSCP. All DAS were fitted with 3 decay components of the fluorescence emission after excitation
with 632 nm laser wavelength to enable a straightforward comparison of the results gathered at
different temperatures. The graphs are not normalized and the absolute amplitude of the graphs is
shown in arbitrary units. Only the relative distribution of the different curves in the DAS are
comparable.

Clear trends can be seen by closer data inspection (Figure 65):

i) The dominating fluorescence decay component of the samples containing Chl a only rises
from 5.1 ns at 300 K to 6.2 ns at low temperature (green curves).

i) The time constant of the rise term increases from 20 ps at room temperatures to up to 160 ps at
cryostatic temperatures. (black curves in Figure 65, see also Figure 66, left side)

iii) At temperatures above 230 K the rise term exhibits only a small negative amplitude at longer
wavelengths (red shifted) while the positive contribution around 680 nm is much more
pronounced at these higher temperatures. At temperatures < 230 K the rise term exhibits a
clear negative amplitude and the minimum shifts to the blue with lower temperatures
(black curves in Figure 65, see also Figure 66, right side).

iv) The decay component with a time constant varying between 500 ps and 1 ns (red curves) has
very low amplitudes at temperatures above 160 K. At low temperatures this time constant
exhibits a partial mirror symmetry to the amplitude of the rise term (compare red curves

and black curves).
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Figure 66: Time constant of the rise term (left side) and peak position of the negative DAS band (see black
curves in Figure 65) as a function of temperature.
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4.3 Simulation of the temperature dependent DAS of Chl dimers bound to WSCP

The temperature dependency of the fluorescence kinetics is simulated with the formalism of rate
equations as presented in chapter 3.2 assuming equilibrium distributions that are described by
Boltzmann statistics.

It turns out that the excited state dynamics can be explained assuming different states resulting from
pigment-pigment and pigment-protein coupling. Especially the rise term observed in the fluorescence
dynamics of Chl a containing WSCP seems to be the result of pigment-protein coupling. The rise term
shows a change in the dynamics of the time constant and peak wavelength in the regimes of 150 K —
200 K (see Figure 66)

4.3.1 Double well potential for different configuration states of the protein

A change of dynamics and spectral shift of the DAS measured on WSCP possibly introduced by the
environment at temperatures below 150 K compared to temperatures above 200 K correlates with the
glass transition, i.e. the onset of thermally activated conformational flexibility as recently shown for
PS Il membrane fragments [244]. Based on these observations it seems reasonable to identify the rise
term as a protein relaxation process that can be described by a transition within a double well potential
curve as schematically shown in the top panel of Figure 67. The DAS at 10 K reveal that the rise term
exhibits a rather small positive amplitude in the range of 660-665 nm and a pronounced negative
amplitude with a peak near 668 nm in Chl b only WSCP (Figure 64 d) and at about 685 nm in samples
containing Chl a:Chl b at a ratio of 2.6:1 (Figure 64 ¢). WSCP comtaining Chl a only exhibits a
positive amplitude at 685 nm and a pronounced negative amplitude at 695 nm at deep temperatures
(see Figure 65). At higher temperatures above 230 K the negative values of the rise term diminishes
while fast decay kinetics appear with higher amplitude. This is shown for Chl a containing WSCP in
Figure 65, left column. Similar effects were found in Chl b homodimers and Chl a and Chl b

containing heterodimers (data not shown).

The observed feature for Chl b only WSCP was simulated using a model with a double well potential
for the excited state (see top panel of Figure 67) and a relaxation kinetics of the protein environment of
100 ps at 10 K as it is illustrated by the calculated DAS on the bottom panel of Figure 67. The
structure of the ground state potential does not affect the simulation.

The double well structure of the excited state is assumed to be the composite of two excited state
parabolas located at slightly different coordinates of the protein nuclei.

The DAS curves are simulated with this double well structure of the excited state and the result
obtained (Figure 67, bottom panel) fits the experimental data of Figure 64 d (for details, see [47]). The
calculation is based on the assumption that the transition probability from the 663 nm state to the

ground state is lower than that from the 668 nm state by a factor of 6. This factor is an additional
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parameter in the simulation scheme that can be used to vary the amplitude of positive fast fluorescence

decay at 663 nm. Until now it is not clarified why the transition dipole moment should be lower in a

different protein environment and lead to more intense fluorescence in the relaxed protein

conformation.
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Figure 67: Simplified 1-dimensional scheme of the free energy surfaces of a two-level system for the ground and
excited state of WSCP containing Chl b only (top panel) and simulated DAS of such a system consisting of two
states with emissions at 663 nm and 668 nm connected via a conformational transition of the excited state with a
rate constant of (100 ps)™ and no conformational relaxation of the ground state during the lifetime of the excited
singlet state. The probability of fluorescence emission is assumed to be smaller for the 663 nm state in
comparison to the 668 nm state (bottom panel)

page | 144



4.3.2 Pigment-protein coupling in WSCP

The fluorescence rise term which is observed in all samples (see Figure 64, panel ¢) and d) and Figure
65) exhibits a characteristic temperature dependency of the apparent time constant (see Figure 66, left
side) and peak wavelength (see Figure 66, right side). Unfortunately the determination of the exact
time constant of the fluorescence rise Kinetics turns out to be difficult due to significant variations

between different measurements (see error bars in Figure 66). The rise kinetics is too slow to be

explained by the excitonic relaxation from the upper excitonic state |+> to the lower excitonic state
|—> . In order to account for this fact a double well potential is proposed similar to Figure 67 with a

parabolic double well structure for both, the upper |+) and lower |—) esxcitonic state. Both protein

configurations are separated by an energy barrier Ae. The double well is a simplified model for a
possible multi-well configuration of the protein matrix. A model including the two excitonic states of
the Chl dimer in each potential well is shown in Figure 68.

E
A K,

/. -
¥ / s |
1-5\\ I%J

\ |

9 -9
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>

Figure 68: Extended model of the double well potential shown in Figure 67. The two excitonically splitted states
|—> (red) and |+> (blue) are localized in form of parabolic potentials in each protein configuration. The

excitonic relaxation from |+> to |—> occurs with the rate constant K, (black arrows) while the electronic
relaxation to the ground state occurs with the time constant k+g from the upper excitonic level |+> (blue
arrows) and with the rate constant kfg from the lower excitonic level |—> (red arrows). The relaxation from one

parabola to the other is assumed to occur via a tunneling process K; (light green) or via the thermally activated

channel K; (dark green).
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The relaxation of the exciton inside such a double well potential as shown in Figure 68 from the

energetically higher to the energetically lower parabola has to overcome an energy barrier Ag . This
conformational change can occur thermally activated for Ae <KT . In that case one would find a
strongly temperature dependent rate constantk ;. On the other hand there should exist a temperature

independent tunnelling process with rate k. that leads to a configurational change of the protein even

at very low temperatures.

At first one can study the population of the low energy protein configuration (parabola at the right side
in Figure 68) and analyse qualitatively the temperature dependency of the fluorescence rise term as
shown in Figure 66 left side. Due to the fact that the exciton relaxation occurs much faster (< 100 fs,
see [38]) than the rise term (20 ps — 150 ps) one can neglect the excitonic relaxation for a rough
gualitative estimation of the rise term. The fluorescence decay time (5.2 — 6.2 ns) on the other hand is
much slower than the fluorescence rise term and therefore also has minor influence on the time
constant of the rise term. Such simplified model used to fit the time constant of the fluorescence rise
term is presented in the following (see eg. 112 and Figure 69). The more elaborated simulation of the
DAS employing the whole model as presented in Figure 68 including the excitonic relaxation and the

fluorescence lifetime is shown in Figure 70.
An estimation of the the overall protein relaxation kinetics (TR )_1 =k from the higher to the lower

configurational state can be described in a simplified manner by the probability weighted sum of the

thermally activated configuration change and the tunnelling probability which leads to an equilibration

of the protein configurations until electronic relaxation because (7)™ =kg > k;,k; > K, K

+g?

; k; +k, exp(—As/k,T) .
112. Tk, =T B F 68
(z%) " 1rexp(-As/kgT) (see Figure 68)

Equation 112 can be used to fit the observed temperature dependency of the fluorescence rise kinetics

in WSCP containing Chl a only as shown in Figure 69:
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Figure 69: Fit (red curve) of the temperature dependency of the fluorescence rise kinetics observed in WSCP
containing Chl a only as shown in Figure 66 (black squares) according to the equation 112. The best fit was

obtained with Ag =50 meV . The green curve exhibits the theoretically expected temperature dependency
with Ag =40 meV .

The fit presented in Figure 69 was done with free parameters for Ae and k;. The value k; must be

set to values around (150ps)™ as the interpolation of the measurement data to 0 K does not allow
strong deviation from this value. If one evaluates eq. 112 it is found that the best fit is achieved

with k; =8ps and Ag =50 meV . The measurement data does not allow strong variations from

these values. While k; determines the the resulting rate constant (TR )_1 =k, at room temperature

(see red curve in Figure 69), the position of the inflexion point of the slope is mainly determined

by Aeg . This value shifts from about 170 K for Ag& =50 meV (see red curve in Figure 69) to about
150 K for Ae =40 meV (see green curve in Figure 69) .These results predict an energy barrier of
about Ae =50 meV that separates the two protein conformations.

While the simplified model of eq. 112 is suitable to simulate the observed fluorescence rise kinetics,
we will now focus on the full simulation of the model shown in Figure 68.

The exact dynamics of the model presented in Figure 68 can be calculated with a system of linear
differential equations with the rate equation formalism as described in chap. 3.2. One would expect
that the observed fluorescence dynamics exhibit 4 exponential terms as four states are involved into

the transitions depicted in Figure 68.

But due to the very fast excitonic relaxation kinetics from |+) to the lower excitonic state |—) in the

order of 100 fs the overall fluorescence dynamics is described by two very fast components related to
the excitonic relaxation (data not shown) in the two protein configuration states. Such two fast
components exhibit time constants in the order < 100 fs and can not be resolved separately. Therefore

the two amplitudes of the two very fast fluorescence components (time constant faster than 100 fs)
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were summed in the simulated DAS presented in Figure 70. These DAS were obtained with the

parameter values

k, =10"s™ =(100fs)™

+

K, =26-10°7

kfg =1.6-10%s
AE =16meV
Ag =50meV

In addition the spectral width of the observed emission lines from the different states were varied
between 10 nm at 10 K and 25 nm at 290 K to match qualitatively the spectral distribution of the DAS
components.

The resulting ,,protein relaxation® is calculated according to eq. 112. The fluorescence lifetime in the
higher protein configurational state calculates to

113 oo etk exp(—AE /KgT)
' P 1+ep(-AE/KT)

where k , and k_ comprise radiative and non-radiative decay from each excitonic level. The

corresponding energy gap AE between both states is given by the energy gap between the upper and

the lower exciton states |+) and |—) of the dimer, respectively, T denotes the absolute temperature

and kg the Boltzmann constant. The Boltzmann factor exp(—AE/ kBT) takes into account a fast

equilibration of excitons between the upper and lower level prior to radiative or non-radiative decay.
While k+g and kfg are assumed to be temperature independent for Chl a WSCP the non-radiative ISC
is assumed to be temperature dependent in Chl b containing WSCP. For details regarding these

calculations see ref. [37]. For the sake of simplicity the calculations presented here do not comprise

effects of static disorder as taken into account in ref. [37].

All rate constants k. are assumed to be partially reversible according to the thermal activation of back
reactions k_, with k_ =k, exp(=(hc)1/ A, —1/1,)/kT) where Ay denotes the maximum

emission wavelength oft he donor state and 4, the maximum emission wavelength of the acceptor
state. In agreement with recent results obtained on WSCP containing Chl a only [49] the wavelengths

of emitting states used for the simulation shown in Figure 70 were set to

At parabola+ =670NM, A paravoa =6790M, 4 " =674nm, A - =683nm

rightparabola rightparabola
where the states in the higher (left parabola) and lower (right parabola) configurational state are

denoted and the higher/ lower excitonic level are marked with +/ - , respectively. As initial condition it
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was assumed that the state A oranos = 670NM is populated with probability one while all other

states are empty.
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Figure 70: Simulated temperature dependent DAS of the fluorescence of Chl a homodimers bound to WSCP
according to the extended scheme presented in Figure 68 assuming an exclusive population of the higher
excitonic level during excitation. The simulation was performed to describe the measurement data shown in
Figure 65. The red curve describes the resulting (summed) amplitude of two very fast time constants with nearly
equal values of 65 fs - 70 fs at room temperature and 100 fs at 10 K.

The spectral shape of the simulated DAS shown in Figure 70 deviate from the measured DAS shown
in Figure 65 because the vibrational sidebands of the Chl molecules bound to WSCP are neglected in
the simulation. On the other hand the measured DAS exhibit a rather high uncertainty in the spectral

resolution which is limited to 12.5 nm due to the measurement setup as described in chap. 2.
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In the measurement data presented in Figure 65 one marked characteristics of the rise term (black
curve) is the shift from a component with mainly decay kinetics (positive amplitude) at 290 K and 260
K to a component with mainly rise kinetics at temperatures below 230 K. One suggestion for such a
behavior of this component with only small positive amplitude at short wavelengths (685 nm, see
Figure 65) and marked negative amplitude at longer wavelengths was the suggestion that from the
energetically higher configuration state the emission of fluorescence exhibits only a small probability
(see Figure 67). However it is difficult to understand how this leads to the opposite behavior at
temperatures above 230 K.

Instead of this in the simulations that are presented in Figure 70 it was assumed that the states at

Aiett parabola =070NM and A oranos = 679NM  are  spectrally  broader than the states

ﬁrightpa,abo,; =674nm and A;niparanoia = 683NM while the opposite is the case at temperatures

+

below 230 K (here the states in the higher left parabola of the double well potential Ay arapo1a @0d

+

A , are assumed to be more narrow than the states in the lower right parabola at A, parapola

left parabola

and A ). This lead to a qualitative change of the amplitude of the positive contribution of the

ﬁghtparabolg
rise term in comparison to the negative amplitude of the rise term (see Figure 70)

The comparison of Figure 70 and Figure 65 shows that in spite of this modification of the width of the
excited states the amplitude distribution of the rise term and its temperature dependency is only
qualitatively described. So it has to be pointed out again that the exact amplitude distribution of the
fluorescence rise term is yet not fully understood.The qualitative agreement of the simulations shown
in Figure 70 and the measurement shown in Figure 65 might be enough to support the suggested
model as presented in Figure 67 and Figure 68. The temperature dependency of the time constants of
the rise term (black curves) and of the dominating decay term (green curves) are well described for all
temperatures employing the proposed model without the need to change any parameters in dependency
of the temperatures (except the spectral width of the different states which leads to spectral changes

but not to a change of the calculated lifetimes).

In addition to the rise term with 40 — 150 ps time constant (black curves) and the fluorescence decay
with 5.3-6.2 ns time constant (green curves) the simulation shows ultrafast components with time
constants of 60 fs at room temperature and 100 fs at 10 K (red curves). As mentioned above the red
curves shown in Figure 70 is a sum of two ultrafast components with comparable time constants.
These components result from the excitonic relaxation from the upper to the lower exciton level in
mainly the upper protein configurations. However these very fast time constants can not be resolved
with TWCSPC.

It can not be ruled out that the biphasic relaxation observed by Theiss in WSCP containing Chl a and
Chl b heterodimers is caused by the relaxation of one strongly coupled exciton only that exhibits a

biphasic behaviuour due to the accompanying protein dynamics.
page | 150



In the measurement data an additional component with kinetics of typically 0.5-1 ns is found (red
curves in Figure 65). This component can not be described by the model presented here.
The simulations of Figure 70 exhibit three time constants:

i) < 100 fs determined by the excitonic relaxation (red curve, qualitatively proven by C.Theiss
with fs-absorption as mentioned above, measured by C.Theiss for Chl a/ Chl b containing
heterodimers).

i) 40-150 ps determined by the strongly temperature dependent protein relaxation (black curve).

iii) 5.3-6.2 ns which is determined by the electronic relaxation of the excited state ensemble to the
ground state. This latter component is also slightly temperature dependent. An effect that
can is described by pigment-pigment coupling according to eq. 113 as done in the
following chapter.

The 0.5 - 1 ns kinetics shown in the measurement (Figure 65, red curve) has a very small amplitude. It
might be possible that this component is caused by sample heterogeneity but alternative explanations
cannot be ruled out (e.g. a very slow conformational change of the protein environment with a time
constant of about 1 ns). Since the extent of this component is very small and therefore its properties
are difficult to resolve, we will refrain from any speculation on its nature.

Despite the results presented here it is not possible to draw unambigious considerations on the
pigment-protein coupling in WSCP with time resolved fluorescence measurement data only. As
outlined in the introduction, complementary methods have to be used to underline the results of one
technique.

For the analysis of dynamics that is related to pigment-protein coupling site-selective spectroscopy has
to be used like fluorescence line narrowing (FLN) and hole burning. The results obtained with recent
FLN and hole burning studies are in well agreement with the presented findings and deliver additional
results like e.g. the electron-phonon coupling (Huang-Rhys-factors) in dependency on the excitation
wavelength. The results are published in [48] and [49].

4.3.3 Pigment-pigment coupling in WSCP

The dominating fluorescence decay components with time constants between 5.2 ns (room
temperature) and 6.2 ns (10 K) for Chl a only WSCP (green curves in Figure 65) and 4.8 ns (room
temperature) and 7.2 ns (10 K) for Chl b only WSCP (green curves in Figure 64 d)) are ascribed to the
resulting emission from strongly coupled Chl dimers embedded into the protein matrix. At 10 K only
the lower exciton state of these dimers is populated because the energy gap between both states is of
the order of 150 cm™ in the homo-dimers and even larger by nearly a factor of three in Chl a/Chl b
hetero-dimers ( see ref. [37, 38, 46, 47]); i.e. the population probability of the upper exciton state is <
10 in a Boltzmann equilibrium. The emission at 10 K with lifetimes of 6-7 ns for Chl a only WSCP
and Chl b only WSCP, respectively, originates exclusively from the lower exciton state because the
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exciton relaxation was shown to take place in < 100 fs (see previous chapter and [38, 46]). The
fluorescence measurements show that the 6-7 ns lifetime at 10 K of the dominating decay component
decreases with increasing temperature for both Chl a only and Chl b only WSCP (see Figure 71, upper
panel). A similar behaviour is also observed for WSCP containing Chl a/ Chl b heterodimers (Data not

shown).
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Figure 71: Lifetime of the dominant decay component as a function of temperature of WSCP containing Chl a
only (blue squares) and Chl b only (red circles) in buffer containing 50 % glycerol (top panel), scheme of the

radiative k+,_(rad) and nonradiative (k+,_(n°n_rad)) decay of exciton states |+> and |—> , respectively (middle

panel) and natural logarithm of the calculated intersystem crossing rate constant (see [37]) as a function of
inverse temperature of Chl a (red dots) and Chl b (filled squares) (see [37]). The solid lines represent fit curves.
The graph is redrawn from ref. [48].
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A consistent explanation of this behaviour is achieved when the systems of Chl a/Chl a and Chl b/Chl
b homo-dimers satisfy three conditions: i) thermal equilibration is much faster than the decay of the
excited state populations, ii) the rate constants of decay differ for the upper and the lower exciton
states, and iii) the rate of intersystem crossing (ISC) is invariant to temperature in Chl a but not in
Chl b. Our studies revealed that the conditions i) and ii) are fulfilled in WSCP.

A simplified kinetic scheme of the excited singlet state dynamics in strongly coupled dimers is
shown in the middle panel of Figure 71 [37] as it was already proposed in eq. 113. Neglecting the

different protein configuration states the inverse lifetime 1/t of this system is obtained by the relation

" 1, _katk exp(—AE /K, T)
T 1+exp(~AE/k,T)

The rate constants k.4 and k., comprise the sum of the radiative and non-radiative decay rates of the
two exciton levels, i.e.

115. k —k /_(fad) 4 k+/_(nomrad)

+/—g +

Inspection of the Einstein coefficients reveals that the radiative rate constant k., is proportional to
the oscillator strength of the optical transition from excited state i to the ground state. Hence, in WSCP
complexes with a strongly coupled open sandwich dimer arrangement of the two Chl molecules, the

radiative lifetimes k.."*” of the exciton states |+) and |-), respectively, differ strongly due to their

different oscillator strengths. Calculations reveal that the oscillator strength of the upper exciton state

|+> is larger by factors of 8-10 (for Chl a/Chl a homo-dimers, see Figure 56, right side) than that of

the lower exciton state |—). When using the value of k?=6.8 10" s* for monomeric Chl a in

solution [245] the values of k" and k. are estimated to be 1.8 10" s* and 1.4 10° s™, respectively.
In solutions of monomeric Chl a the rate constant k™) corresponds to k" for ISC with a value of
1.3 10% s [245]. Based on the idea that k") is independent of temperature and not affected by binding
to the protein matrix, values of k= 1.4 10° s™ and k.4=2.7 10° s™are obtained. These values are very
close to the values of k= 1.6 10° s and k.,=2.6 10° s™ as determined by T. Renger et al. [37] and
used for the fit of the measured DAS of Chl a only WSCP (see chap. 4.2.3, Figure 65) with the model
described in chap. 4.3.2 (resulting simulated DAS, see Figure 70). When using the calculated values
ko= 1.4 10° s and k.,=2.7 10° s, decay times of 7.2 ns at 10 K and 5.5 ns at 300 K are obtained for
Chl a only WSCP, which differ slightly from the experimental decrease from 6.2 ns at 10 K to 5.2 ns
at 300 K (see Figure 71, top panel) that is in good agreement with k ;= 1.6 10° s™ and k.,=2.6 10° s™.

If these parameters and eq. 114 are used to fit the measured dominating fluorescence time constant of
Chl a containing WSCP one gets the black curve as shown in the upper panel of Figure 71.

The model calculations performed by T. Renger et al. [37] show that the lifetime of the dominating "6-
7 ns kinetics" at 10 K is larger for Chl a homodimers than for Chl a/Chl b hetero-dimers because the

oscillator strength of the lower exciton state in the latter dimer is larger by a factor of about four than
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that of the homo-dimer (see Figure 56). This effect is really observed, i.e. the lifetimes at 10 K are 6.2
ns for Chl a only WSCP and 6.0 ns for the sample containing Chl a and Chl b at a ratio of 2.6:1, which
form an ensemble with both WSCP complexes of Chl a/Chl a homo-dimers and Chl a/Chl b hetero-
dimers (see Figure 64, c)).

Effect of temperature on intersystem crossing of Chl a and Chl b

A somewhat surprising result, however, is the marked difference in the slope of the temperature
dependence of the 'Chl” lifetime in Chl a only and Chl b only WSCP (see Figure 71, top panel). It
turns out that the observed fluorescence lifetime of Chl b only WSCP can not be described by eq. 114

with parameter values that are in agreement with the theoretical expectation if k+,_g are assumed to be

temperature independent.

The following considerations about that effect are calculated by T. Renger and published in [37] and
[48].

The markedly different temperature dependency of the excited state lifetime observed in Chl a only
and Chl b only WSCP indicates that besides the exciton oscillator strength/population effect described
above, other factors have to be considered as well. One possibility could be a different temperature
dependence of the non-radiative decay rate constants k ™" in Chl a and Chl b homo-dimers. The
temperature dependency of the excited singlet state lifetime of Chl a only WSCP is well described
with a temperature independent rate constant of intersystem crossing ISC. Contrary a reasonable
explanation of the data of Chlb only WSCP can be only achieved by the assumption that the
corresponding rate constant of Chl b is temperature dependent, i.e. k crp “*9= K o ¢ (T). This idea
raises questions on the origin of the phenomenon and the reason for the difference between Chl a and
Chl b only WSCP. A temperature dependent k cnp ) can be rationalized on the basis of early
guantum chemical calculations of Petke et al. [246] suggesting that ISC from the first excited singlet
state S; of Chl a involves not only the lowest triplet state T, but also excited triplet states T, and Ta.
where the states S; and Ts were reported to be nearly degenerate. This finding implies the possibility
that a thermally activated ISC can take place via a higher excited triplet state in Chl b only WSCP
which is not possible in Chla only WSCP. In order to check for this possibility T. Renger and
coworkers performed theoretical studies on the energetics of the Sy — S; and T, — T, (n = 2-4)
transitions. The calculations were performed by using time dependent density functional theory with
different exchange functionals as outlined in T. Renger et al. [37]. In line with the results of Petke et
al. [246] and Knox et al. [247] the excited triplet state T; of Chla was found to be energetically
slightly below or degenerate with the lowest excited singlet state S;. The energy gap between S; and
T, was significantly larger for Chl b. Therefore state T; can be excluded as the candidate for a
thermally activated ISC on this pigment. On the other hand, the calculations revealed that the excited

triplet state T, is energetically either slightly below or above S; in Chl b. Depending on the method
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used, the S; state in Chl b can even be energetically higher than T, while the T,state in Chl a is always
markedly above S; [37]. Accordingly it is most reasonable to assume that the contribution of T, in the
ISC process is responsible for the temperature dependency of k cnp “*° (T). On the basis of this
assumption the experimental data could be fitted with a mean energy gap between T, and S; of 320
cm™ for Chl b homodimers as proposed by T.Renger (for details, see [37]). The black curve in the
upper panel of Figure 71 represents a fit of the 'S lifetime in Chl b with values for k4= 1.4 10° s™ and
k+=2.6 10° s and an additional thermally activated k cny, ° separated by an energy gap of 320 cm™.

""Radiative" lifetime and transition dipole moment orientation in Chl

In addition to the interpretation of the temperature dependent excited singlet state lifetime and
the simulation of CD spectra, the theoretical calculations also address two problems of fundamental
relevance for the photophysical properties of Chl: i) the "radiative” (natural) lifetime to and ii) the
orientation of the transition dipole moment of the Q, transition within the coordination system of the
pigment (see ref. [48]).

A theoretical simulation of the excited singlet state dynamics with t,as a fit parameter led to a
value of 17 ns when using the structural array of the strongly coupled open sandwich dimer of the
structure of Horigome et al. [70] for class lla WSCP [37]. This number is larger than the widely used
value of 15 ns reported in ref. [248]. The difference could originate either from a slightly larger tilt
angle of the open sandwich dimer (an angle of about 9° larger in the reconstituted class Ila compared
to class Ilb WSCP would be consistent with to= 15 ns) or it would indicate that the number of 15 ns
has to be revised. The analyses showed that a straightforward solution of this problem can be achieved
either by corresponding life time measurements on class Ilb WSCP from Lepidum virginicum or by
structure determination of the reconstituted recombinant class Ila WSCP.

The orientation of the transition dipole moments with respect to the x- and y-axes of Chls (and
bacteriochorophylls) is a matter of long lasting discussions and markedly different values have been
reported [249-252]. When using the values for the rotational strength of CD spectra determined by
Hughes et al. [69] for Chl a in class Ila WSCP a clockwise Q, deviation of 6-8° from the y-axis was
obtained with best fit on the basis of the structure data of Horigome et al. [70]. The only uncertainty of
this analysis is the evaluation of spectral data from class Ila with structure data of class I1lb WSCP.

In summary, the studies revealed that - in case of suitable spectroscopic data becoming
available - the Lepidium virginicum WSCP represents an ideal system for the determination of both the
"radiative" lifetime 1o and especially of the angle between the Q, transition and the y-axis because the
molecular y-axes of the pigments in the strongly coupled dimer are parallel and the rotational strength
of parallel dipole moments vanishes [37]. This promising topic will be addressed in future studies.

Likewise, a high resolution X ray crystallographic structure of the recombinant reconstituted

class lla WSCP from cauliflower would offer the same basis for straightforward analyses.
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4.4 Concluding remarks to WSCP and future perspectives

The fluorescence and absorption dynamics and especially the complex temperature dependency of the
observed fluorescence dynamics are well explained by strong pigment-pigment coupling of the
chlorophyll dimer in the open sandwich geometry which is modulated by a strongly temperature

dependent protein environment.

The conclusions of our analysis show that reconstituted recombinant class lla WSCP from cauliflower
offers a most suitable sample material for detailed studies on pigment-pigment and pigment-protein
interactions.

Moreover, the shielding towards interaction of O, with Chls bound to the WSCP protein matrix is a
very attractive feature that opens a way for systematic studies on tunable barriers for oxygen diffusion.
WSCP can be expected to become a most interesting system for future research.

The reconstituted WSCP is formed from the recombinant apoprotein and chlorophyll molecules in
solution and therefore modification of the protein or the chromophores is thinkable. The diffusion
barrier could be selectively modified aiming in achieving tunable interaction between O, and Chls or
other pigments.

The high stability of WSCP is only observed in its tetrameric form where the protein protects the
bound Chl from photodegradation.

Switch-able changes of the structural integrity might be used to destabilize the protein tetramers and to
enhance the photodynamic activity of WSCP (see Figure 72). One possibility to achieve this goal
might be the assembly of WSCP with photoactive groups that trigger light induced structural changes
(e.g. cisftrans isomeric forms) thus changing the diffusion barrier to O, in a controlled manner. A
combined mutagenesis with a selection process might be used to develop such introduced
modifications by an evolutionary process. Alternatively structural changes could lead to the release of

Chl thereby stimulating enhanced singlet oxygen formation.
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Figure 72: Scheme for the release of the photodynamically active Chl from WSCP after the application of an
external light stimulus. The reaction of photosensibilisation is given by Chl triplets *Chl* that interact with
surrounding oxygen >0, to highly reactive singlet oxygen O,*. This reaction is suppressed by the protein matrix
that shields the Chl molecules in WSCP (left side). If this protein matrix can be destabilised by an extern
stimulus the photosensibilisation can take place (right side).

Such optical or chemical switch-able destabilisation of the protein tetramer is schematically illustrated
in Figure 72. The photosensibilisation process after light absorption as described by chemical equation
4 occurs spontaneously if excited Chl is available and in contact to surrounding oxygen.

Therefore the photosensibilisation by a systemicly applied PDT drug that is not photo switch-able does
not occur localized at the therapeutic region but happens anywhere in the body if the cells are exposed
to light (e.g. sunlight). A switch-able photosensibilisation would surpress the singlet oxygen
generation as long as the switching stimulus is not applied. Therefore such switch-able PDT drugs
would enable the use of high potent sensibilisators, because the activity is selectively switched on in

the therapeutic region (see Figure 72).
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5 PHYCOBILIPROTEIN ANTENNA RODS AND WHOLE CELLS OF
A.MARINA

In the previous chapter (chap. 4) we discussed the results gathered on Water soluble chlorophyll

binding protein (WSCP) binding a well defined Chl dimer in a tetrameric protein structure.

A far more complex system than WSCP is given by the phycobiliprotein (PBP) antenna of A.marina
consisting of 69 chromophores bound to an ensemble of hierarchically organised protein subunits as
described in chap. 1.3.5. In the following sections we present the results gathered from whole cells of
A.marina and the PBP antenna of A.marina that was isolated from whole cells in the Max-Vollmer-
Laboratory of the TU Berlin (see refs. [43, 44, 52, 54-56]). Reference measurements were performed
on whole cells and phycobilisome (PBS) preparations of Synechocystis to demonstrate that the
experimental DAS and the results obtained from the simulation of the DAS according to the formalism
presented in chap. 3 are in well agreement with literature.

5.1 Excitation energy transfer and electron transfer in whole cells of

Synechocystis and A.marina

The DAS of whole cells of Synechocystis are shown in Figure 73, left side. The energy transfer form
PC to APC is associated with a characteristic fluorescence time constant of 60 ps (red curve in Figure
73). The fluorescence exhibits an additional 150 ps component (black curve) associated with an EET
from the pigments around 640-660 nm (PC and APC) to Chl a of PS II (685 nm). The Chl a

fluorescence decays with time constants of 300 ps (green curve) and 1 ns (blue curve).
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Figure 73 left side: DAS of a measurement obtained on Synechocystis at room temperature after excitation with
632 nm laser light. The time constants of the components exhibit values of 60 ps with a minimum in the
fluorescence regime of APC (670 nm, red curve), 150 ps with a minimum in the fluorescence regime of Chl a
(680 nm, black curve) and additional positive time constants in the Chl a regime with 300 ps (green curve) and 1
ns (blue curve). Right side: Simulation of the DAS according to the scheme given in Figure 74, assuming a
temperature of 300 K and a spectral bandwidth of the Gaussian emitter states of 25 nm. An edge filter width a
cut off wavelength at 648 nm is simulated comparable to the edge filter used in the measurement data (DAS of
the measurement is given at the left side)
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Figure 73, right side shows the result of a simulation that is performed according to the scheme given
in Figure 74. The scheme comprises the photochemical light reaction in the PS Il according to
chemical equation 2 with an additional PC and APC containing PBS antenna.

In common Chl a dominated cyanobacteria such as Synechococcus 6301 (which exhibits a similar
phycobilisom antenna like Synechocysti) the energy transfer from the PBS to PS Il occurs on an at
least 3 times slower time scale in comparison to A.marina [54, 56]. In these cyanobacteria the
fluorescence decay of the PBS is characterized by multiphasic kinetics [60, 255] with lifetimes of
typically 120 ps for the energy transfer from the PC-containing rods to the APC-core, 70 ps for the
energy transfer from the APC-core to the terminal emitters and 200 ps for the energy transfer from the
terminal emitter to Chl @ of PS II [61, 256].

Based on experimental results from ps-studies Holzwarth et al. calculated a time constant of 102 ps to
124 ps for the overall EET from a PC rod containing 4 hexamers to the APC core [60, 226].
Comparable rate constants found in literature are (80 - 120 ps) * [257] and (90 — 120 ps) ™ [61].

The simulation and the experimental results (compare Figure 73, right side and left side, respectively)
are in agreement if the EET time constant is set to 70 ps for the transfer from PC to APC which is
slightly faster than the values given in literature, as mentioned above (see Figure 74). The time
constant for the APC to Chl a transfer is simulated with 280 ps which resembles the sum of 70 ps for
the energy transfer from the APC-core to the terminal emitters and 200 ps for the energy transfer from
the terminal emitter to Chl a of PS 1l [61, 256].

In addition a time constant of 230 ps is found for the primary charge separation and AG of the relaxed
primary radical pair in comparison to the excited Chl state in the antenna system is found to be about
50 meV. The charge stabilisation (see also chemical equation 2) appears to be quite slow with 800 ps.
Especially the time constant of the 1 ns component (see Figure 73) depends critically on this ET step.
The reason for the high amplitude of the 1 ns component and the concomitant slow 800 ps charge

separation may be the existence of partially closed reaction centers during the measurement.

AE =49 meV
PC 70ps 280 ps
—— "= APC ==%° Chla 230ps .
900 ps s 15%‘ 1 Chl a” Pheo 800 ps .
’ 0 NS \ Chl a PheO QA-
1,7 ns 1,7 ns 4 ns
645 nm 668 nm 683 nm

Figure 74: Scheme for the simulation of the DAS shown in Figure 73, right side.
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The main difference of the simulated DAS (Figure 73, right side) and the measurement (Figure 73, left
side) is the apparent amplitude deviation of the rise kinetics of the fast 60 ps term (red curve in Figure
73). The determination of the amplitude of the rise kinetics is very difficult and exhibits confidential
intervals that are of comparable size to the amplitude itself. This situation is even more critical for the
measurements presented in Figure 73, as there are two overlapping rise terms with time constants of
60 ps and 150 ps that are resolved in the DAS. Therefore the agreement between the experiment,
Figure 73, left side and the simulation Figure 73, right side is sufficient within the confidence interval
of the experimental results. The time constants determined as given in Figure 74 show that there is an
agreement between the results obtained with our setup and the concomitant analysis via rate equations
and literature values. Therefore our experiments and the theoretical approach is supported by the

successful determination of the EET steps in the PBS of Synechocystis.

In the study presented in this chapter we will carefully analyse the EET dynamics in A.marina and
compare the results with the EET in PBS of Synechocystis and Synechococcus 6301 in detail. The PBS
of Synechocystis and Synechococcus 6301 are of comparable architecture and therefore expected to

exhibit similar EET time constants.

For that purpose we shortly refer to chapter 2.2 where the main results obtained on whole cells of

A.marina as published in [54, 56] are summarized in Figure 33.

Figure 33 (see page 57) shows the results of a measurement of the fluorescence dynamics in whole
cells of A.marina upon excitation at 632 nm. Figure 33 a) depicts a color intensity plot (CIP) of the
fluorescence emission F(t,A) that exhibits two intense fluorescence bands assigned to emissions from
the PBPs (650-670 nm) and Chl d (725nm) (see [54] for details).

Figure 33 b) shows that the PBP-fluorescence at 660 nm decays much faster than the Chl d emission at
725 nm. The PBP emission (640 — 690 nm) is dominated strongly by a 70 ps decay component.
Additionally, the DAS of the 70 ps-fluorescence contains a rise term of the Chl d-fluorescence at 725
nm (Figure 33 d)). Therefore we ascribe the 70 ps component to an excitation energy transfer from the
PBP antenna to the Chl d containing membrane integral antenna complex of A.marina [54]. The
slower decay components with very small amplitude (t = 350 ps and 1.2 ns) in the 640 — 690 nm range
most probably result from PBP antenna complexes that are not coupled to the Chl d antenna and from
conformationally distorted PBP antenna complexes [43].

The rise kinetics representing the population of Chl d via energy transfer from the PBP complexes
exhibits a time constant of 70 ps (see Figure 33 d)). Additionally there exist two dominating decay
components with 130 ps and 630 ps with nearly equal amplitudes in the Chl d emission as shown in
Figure 33 d). According to our previous findings (see chap. 2.2 and [54]) the 630 ps-component is
ascribed to PS Il with open reaction centers. The slow decay component with a lifetime of 1.2 ns has

only a very small amplitude. It originates from a small fraction of PS Il with closed reaction centers as
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shown by the increase of its initial amplitude upon closure of the RC of PS Il (data not shown, for
details see [54]).

The lifetimes of the 725 nm fluorescence band observed in our study are largely consistent with those
reported by Mimuro et al. [190]. However, they found a much higher relative contribution of the slow
component (t > 1 ns, about 25% at room temperature) than in our measurements (< 5%). This
difference could be due to a relatively large fraction of closed reaction centers in the measurements
reported in [190]. The fast 130 ps-decay component of the 725 nm fluorescence is shown to originate
predominantly from Chl d of PS | [54, 161, 190] and our studies revealed that a part of this fast 130 ps
component originates from the PS II because it is partially affected by closing the reaction centers of
PS 11 [43, 54, 161].

The DAS of the 70 ps component exhibits a maximum at 650 nm and a shoulder at about 670 nm after
excitation with 632 nm in the PBP range (640 — 690 nm) (Figure 33 c) and Figure 33 d), see also
Figure 76 and Figure 77). In agreement with [183] and [186] we ascribe the 650 nm emission to PC
and the 670 nm shoulder to APC. A Gaussian fit of the PBP emission shows that the PC emission
peaks at 650 nm while the APC peak is found at 666 nm [43, 161].

5.2 Excited state dynamics inside the PBP antenna of A.marina

The emission spectra of the chromophores of the PBP antenna of A.marina containing phycocyanine
(PC) (emission wavelength: 650 nm) and allophycocyanine (APC) (emssion wavelength: 666 nm) and
of the Chl antenna (emission wavelength of Chl d: 725 nm) are spectrally clearly separated. This
purpose makes the light harvesting complex in living cells of A.marina to an excellent model system
for the in vivo analyse of energy transfer processes with the technique of TWCSPC.

As described in chap. 1.3.4 and chap. 1.3.5., the rod-shaped PBP antenna of A.marina was suggested
to consist of three hexamers containing only PC and one hetero-hexamer with both PC and APC. This
unique structure, and the fast overall EET from the PBP antenna to the Chl d containing core complex
reported in the previous section, raise questions about the mechanism and kinetics of EET within the
PBP-antenna.

Therefore we studied the EET in isolated PBP-complexes using transient sub-ps absorption
spectroscopy, site selective spectroscopy (hole burning and fluorescence line narrowing spectroscopy),
and time- and wavelength-resolved fluorescence spectroscopy and compared the results with time- and
wavelength- resolved fluorescence spectra obtained on living cells. A part of the results presented here

had already been published in ref. [56].
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Figure 75 left side: Electron microscopic study of PBP preparations of A.marina in buffer containing phosphate
after negative staining with Nas[W1,SiO40]. Due to the process of negative staining the PBP antenna complexes
appear grey while the staining salt leads to a dark black contrast. Right side: Ground state absorption spectra of
the isolated PBP antenna of A.marina (black, straight line) and the second derivative (grey, dashed line) at room
temperature. The graphic had already been published in [56].

The PBP complexes from A.marina were isolated as described by Marquardt et al. [183]. In agreement
with Marquardt et al. the electron micrographs (see Figure 23 and Figure 75, middle) of the obtained
PBPs show the previously reported rod-shaped structure. The absorption spectrum of the PBPs
exhibits a maximum at 618 nm (Figure 75, right) and its second derivative has minima at 617 nm and
641 nm. This shows that the obtained PBP complexes contain also a small amount of APC (641 nm)
besides PC (618 nm).

In respect to shape and spectral position, the spectrum of PC from A.marina, reported in [183], closely
resembles that of PC from common cyanobacteria. In contrast to this, the absorption spectrum of APC
in the isolated PBP antenna from A.marina (Amax = 641 nm) is blue shifted by about 10 nm in
comparison to APC from cyanobacteria with PBS (see e.g. [180, 258]).

As in detail described in chapter 1.3.4 monomeric APC is known to consist of two subunits (o and )
each containing one phycocyanobilin pigment (-84 and (-84). Therefore the trimeric APC contains
altogether 6 chromophores. Monomeric PC is also composed of two subunits. Whereas the o-unit
contains one chromophore (a-84), the B-unit has two pigments (3-84, B-155) leading to 9 pigments per
disk shaped PC trimer arranged in a C3 symmetry configuration (see Figure 75) (for a review on
phycobiliproteins see e.g. [64]). The hexameric structure is formed by two of the disk shaped trimers
in a head to head configuration. Assuming that the antenna rods of A.marina consist of 3
homohexamers PC and 1 heterohexamer PC/APC [183, 186] a total number of 69 pigments are
involved in the spectral properties of the antenna rods. However, a considerable number of pigments
can be expected to show similar spectral characteristics because of the C3 symmetry of the trimers and
the identical structure of several of the subunits.

The differences in arrangement and orientation of phycocyanobilin pigments in PC and APC,

respectively, the pigment-pigment as well as the pigment-protein interaction result in the very different
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spectral characteristics of these pigment-protein complexes. Especially the excitonic interaction
between very close pigments (typically d< 2 nm) could give rise to an excitonic split, leading to
significant changes in the spectra (see chapter 3.4 and Figure 52).

5.2.1 Fluorescence measurements

In order to characterize the isolated PBP complexes more thoroughly the fluorescence emission was
used as a monitor of the functional coupling between the PC- and APC-containing subunits. It is
known that the functional coupling between PC and APC is interrupted in the absence of PO,* [260-
262]. A comparison of the fluorescence spectra of the PBP antenna obtained in the absence and
presence of PO, in the buffer can therefore be used to investigate the efficiency of the EET between
PC and APC.
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Figure 76 left side: fluorescence spectra of isolated PBP antenna complexes from A.marina excited at 632 nm
(20°C) in buffer containing 0.75 M PO, (red circles) and in buffer without PO,* (black squares). Right side:
difference between both spectra (with and without PO,*) (black squares) and emission spectrum of pure APC
trimers in the same solubilisation medium (including PO,%) (red circles). The fluorescence below 645 nm (left
side) is cut off by a long-pass filter. The graphics is redrawn from the data published in [48].

Figure 76 (left) shows the fluorescence spectra of isolated PBP complexes of A.marina after excitation
at 632 nm. In the presence of phosphate the spectrum is characterized by two bands at 650 nm and
670 nm which are assigned to emissions from PC and APC, respectively. In the absence of phosphate
the intensity of the 670 nm band is largely reduced. The difference (with and without PO,*) between
both spectra (Figure 76, right) closely resembles the fluorescence spectrum of isolated APC. This
indicates an efficient EET in the presence of phosphate and an uncoupling of the EET in the absence
of it. An uncoupling of the EET was also observed in the presence of 70% glycerol (data not shown).
In samples with intact EET the temperature dependent population probability of excited PC and APC
chromophores is expected to be described by the Boltzmann distribution. Therefore the population of
excited PC in comparison to APC is expected to be highly temperature dependent. Temperature
dependent emission spectra were performed in the range between 10 K and room temperature as

shown in Figure 77, left side to check the functional coupling between PC and APC.
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Figure 77 left side: Normalised fluorescence spectra of isolated PBP complexes from A.marina at different
temperatures between room temperature (RT, black curve) and 10 K (orange curve) upon excitation at 593 nm.

Right side: The value Qpc / O apc as calculated from the relative intensities of the fluorescence at 650 nm and

670 nm. The red lines mark the position gpc / g apc = 8. The graphics is redrawn from the data published in
[48].

Figure 77, left side shows the fluorescence spectra of isolated PBP antenna complexes in a buffer
containing phosphate at different temperatures upon excitation at 593 nm. At room temperature the
emission spectrum (black curve) has a maximum at 650 nm (PC) and a pronounced shoulder at 670
nm (APC). With decreasing temperature the PC emission peak (650 nm) shrinks relative to the APC
emission. This is observed down to 77 K (magenta curve). At lower temperatures the amplitude of the
650 nm fluorescence rises slightly again and reaches an amplitude at 650 nm at 10 K (orange curve)
that is comparable to the PC emission at 150 K (dark blue curve).

To analyse the relative distribution of the PC and APC emission, Gaussian fits of the spectra shown in
Figure 77, left side, were performed in the frequency domain with two Gaussian emission bands only
that were found to be located at 645 nm (room temperature) to 650 nm (10 K) for the PC emission and
at 666 nm (room temperature) to 671 nm (10 K) for the APC emission. Interestingly the PC emission
band shifts gradually to longer wavelengths with lower temperature while the APC emission shifts
from 666 nm to 670 nm between room temperature and 200 K and stays constant at lower
temperatures (see Figure 77, left side). The effect is reproducible, but further details of this analysis
are not shown here. This feature indicates that there is a low energy state in the APC emission regime
(670 nm) which is spectrally clearly separated and therefore exclusively populated at comperatively
high temperatures of 200 K while the excited states are spectrally more dense in the PC emission
regime between 645 nm and 650 nm.

In samples with intact EET the ratio between the integrated fluorescence bands of a gaussian fit to the

PC emission, F(PC), at 645-650 nm and to the APC emission, F(APC), at 666-671 nm is

expected to follow Boltzmann statistics according to:
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Where AE is the energy difference between the excited states of PC and APC, kT is the thermal

energy, and @ . and @ ,,. are the fluorescence quantum yields of PC and APC, respectively. In the
case of PBP complexes with intact EET the degeneracy factors g,. and . represent the total
number of the respective bilin chromophores in the PC and APC proteins of one PBP antenna rod:
Opcrarc = Npcaec -

The right side of Figure 77 depicts the values of go. / Jnc Which were obtained assuming, that the
fluorescence quantum yields of PC and APC are the same, i.e. ®,. = @ ,,.. According to this
calculation the ratio gp. / g, has a constant value of gp. /g e =8 between 180 K and 260 K.
However, since @ is slightly larger than the quantum yield of APC (®,. > D ,,. = 0.68) [208]

the value Qpc / g =8 is rather an upper limit, i.e. gpc /g <8. This value is smaller than what

one would expect from a PBP antenna suggested by Marquardt et al. [183] with three PC
homohexamers and one heterohexamer containing one PC- and one APC-trimer. In this model the 7
PC trimers would bind 63 chromophores and the APC trimer would contain 6 chromophores (see

above) which results in a ratio of Np. / N oo =63/6=10.5 The increase of Qpc / g ppc » Which is

observed when the temperature decreases below 170 K, might be the result of an interruption of the
EET from PC to APC. This could be caused by a glass-liquid-transition of the surrounding medium or
by a dynamical transition of the protein backbone itself.

These considerations suggest that the isolated PBP complex used for our measurements might contain
at least two additional APC chromophores in addition to the 6 chromophores of the PC/APC
heterohexamer. This could indicate that some of the PBP-complexes contain linker proteins with
additional APC bilins.

In an attempt to monitor the kinetics of the EET between PC and APC under in vivo conditions, the
fluorescence kinetics in the PBP antenna of living cells of A.marina were studied at higher time
resolution than that used for Figure 33 employing the McPherson Monochromator (see chap. 2.1.). As
shown by the DAS depicted in Figure 78, the fluorescence dynamics in the PBP antenna of living cells
is characterized by four exponential decay components with lifetimes of <20 ps, 80ps (+/- 10 ps) , 180
ps (+/- 100 ps) and 0.9 ns (+/- 0.1 ns).
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Figure 78: Decay associated spectra (DAS) of a global fit (4 exponential components) of the fluorescence
emission at 20 °C of whole cells of A.marina in the 640 nm — 690 nm range after excitation at 632 nm. The
fluorescence below 645 nm is cut off by a long-pass filter. The graphics is redrawn from the data published in
[48].

The DAS of the <20 ps component has a positive amplitude in the PC and APC emission band (645 -
660 nm) and a negative amplitude at 675 nm that is red shifted in comparison to the APC emission.
This suggests that in living cells of A.marina the EET from PC to the most red chromophore of the
PBP antenna occurs with a time constant of less than 20 ps. The 80 ps decay component reflects the
EET from the PBP antenna to PS Il (see above) and the slower components (180 ps, 0.9 ns) are
probably due to conformationally distorted and/or functionally decoupled PBP complexes in A.marina
[16].

As mentioned above the relative amplitude of the 650 nm fluorescence (PC) in comparison to the 670
nm fluorescence (APC) rises again at temperatures below 77 K and reaches an amplitude at 650 nm at
10 K (orange curve in Figure 77) that is comparable to the PC emission at 150 K (dark blue curve in

Figure 77). This phenomenon is inconsistent with the assumption of a Boltzmann distribution
describing the Qpc / 9o ratio as mentioned above. Therefore Qn. / Qe rises below 170 K (see

Figure 77, right side), a feature that was confirmed with different preparations and in different
fractions of PBP from A.marina.

An independent measurement of the emission spectra of isolated PBP complexes at different

temperatures is shown in Figure 79.
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Figure 79: Fluorescence spectra of isolated PBP complexes from A.marina at room temperature (RT, blue
curves), 77 K (red curve) and 10 K (black curve) upon excitation at 632 nm.

Figure 79 shows the emission spectra of isolated PBP complexes at three different temperatures. The
data shows that the deep temperature shoulder in the PBP emission (650 nm) is more pronounced at 10
K (black curves) than at 77 K (red curves). That means, as indicated above (see Figure 77, right side),
that there is not a pure temperature dependent distribution between all PC and APC molecules
according to the Boltzmann statistics for all temperatures but the probability for an excited state
located on the PC molecules (650 nm) is higher at 10 K than at 77 K.

The amplitude of the population in the PC emission band seems to rise at temperatures below 70 K
inverse to the expectation from the Boltzmann statistics.

As mentioned above the physical reason of this effect is not solved in detail yet but it indicates that the
EET from PC to APC is disturbed at temperatures below 150 K (see Figure 77, right side). It might be
explained by a distance change and/or orientational change between the terminal emitter in the PC
trimer of the PBP heterohexamer and the primary acceptor pigment in the APC trimer. A quantitative
discussion of such conformational changes of protein complexes in dependency on the temperature is
found in chapter 6 for the artificial system of CdSe/ZnS quantum dots and the PBP antenna of
A.marina.

5.2.2 Transient absorption measurements

Due to the limited time resolution of the fluorescence setup, further EET steps faster than the < 20 ps
equilibration between all molecules in the PBP antenna that was found in the previous section can not
be resolved with TWCSP. In isolated PC- and APC- trimers of the phycobilisomes in Chl a containing
cyanobacteria very fast excitation energy transfer processes with time constants of less than 1 ps were
observed ( see e.g.[263], [180]). Therefore the excited state dynamics in the isolated PBP antenna
rods of A.marina were analysed using transient absorption spectroscopy with femtosecond time

resolution at room temperature. These measurements were done by C.Theiss as published in ref. [56].
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The home built multicolour pump- probe setup with time resolution of about 200 fs is described in
detail in ref. [2]. The setup is based on a spectra physics fs-lasersystem at a repetition rate of 1 kHz.
For the pump beam an excitation wavelength of 618 nm in the center of the absorption profile of the
PBP antennas was chosen. At this wavelength mainly PC is excited while the absorption of APC is

comparatively small.
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Figure 80: Transient absorption difference spectra induced by 618 nm excitation (1~ 70 fs, E=65 nJ), in the
isolated PBP antenna of A.marina at a) 0-0.4 ps, b) 0.4-15 ps and c) 12-180 ps delay time between pump and
probe pulses (see [44]). Graphics taken from [56].

Figure 80 a-c show time-resolved absorption difference spectra of the intact PBP antenna systems
between 580 nm and 700 nm after excitation with 65 nJ pump pulses [44]. The changes of the
absorption spectra were monitored at various delay times between the pump and probe pulses in a time
window of 0-180 ps. For reasons of clarity Figure 80 is separated in three graphs containing the
transient spectra of different time delay intervals. The transient spectra at very early delay times of
t<0.25 ps reflect the state initially formed by the excitation pulses. They exhibit a negative maximum
around 620 nm (see Figure 80 a) which is assigned to a bleaching of PC. This is followed by a very
fast spectral shift to longer wavelengths up to a peak wavelength centred at 630 nm while the
amplitude of the bleaching further increases up to a time delay of 0.4 ps. This feature indicates a very

fast EET between “blue” and “red” absorbing PC-pigments which occurs with a time constant similar
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or faster than the time resolution of our equipment (= 200 fs). Such fast relaxation processes are
typical for excitonically coupled pigments ( calculations for excitonic relaxation in WSCP are found in
[37, 38]). While negative values of AA correspond to ground state bleaching and stimulated emission,
positive values in the transient absorption spectra are indicative for excited state absorption (ESA). For
this reason it can be assumed that the small positive band observed between A=660 nm and 690 nm in
Figure 80 b,c at these short delay times is associated with an ESA of PC because it arises
concomitantly with the bleaching of the PC-band.

The very fast spectral shift of the bleaching from 620 nm to 630 nm during the first 400 fs is in
agreement with model calculations by Sauer and Scheer [175], suggesting a fast 370 fs kinetics that
was attributed to a relaxation between two excitonic states formed as the result of the excitonic
interaction between pigments in adjacent subunits of the PC trimers while EET within the single
monomers occurs on a longer timescale, caused by the comparatively larger distance between adjacent
chromophores (for arrangement and distances of pigments in PC see e.g. [264]. Similar subpicosecond
recovery kinetics with t<500 fs were also found in trimeric PC [263] and APC [179] and assigned to a
very fast EET between neighbouring chromophores of different monomeric subunits: «-84 and -84
(PC).

Increasing the time delay between the pump and the probe pulse the bleaching decreases and the
center peak wavelength shifts further to “red”, however, at a significantly slower time scale (Figure 80
b). This continuous spectral red shift is observed approximately until delay times of t=20 ps where the
bleaching shows its maximum at 648 nm. This feature reflects another slower energy transfer process
to pigments absorbing further in the red spectral range.

This spectral shift is assigned to an EET from PC to APC molecules absorbing in the spectral range
between 640 nm and 650 nm. As in the case of the subpicosecond energy transfer steps the observed
absorption changes cannot be attributed to specific pigments because the detected signal consists of a
superposition of different spectrally closely related chromophores. At even longer delay times a new
bleaching arises (Figure 80 c). It exhibits a pronounced band at around 670 nm and approaches its
maximum value within a time interval of about 50 ps. This result is in agreement with the acceptor
state of the 20 ps fluorescence component located at 675 nm (in fluorescence) as discussed above (see
Figure 78) which is ascribed to the “red”-APC. In the spectral range of the PC absorption A<640 nm
only a small residual bleaching can be observed at these long time delays, indicating an efficient EET
within the PBP-antenna as wells as the sample contains a high fraction of complete and intact antenna
rods. At delay times t> 50 ps up to the limit of the detectable time window of 180 ps of the multi

colour setup this 670 nm-bleaching decays without a further shift of its spectral position.

A global fit of the transient absorption data between 610 nm and 670 nm was performed using a multi-

exponential decay model analogous to the one described in chap. 2.
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Figure 81 Decay associated spectra (DAS) gathered from the data analysis of the transient absorption spectra in
Figure 80.

A reasonable global fit of the decays required three components with lifetimes of t,=3 ps, 1,=14 ps,
and 13>100 ps. The resulting decay associated spectra (DAS) are shown in Figure 81. The very fast (<
400 fs) EET component observed in Figure 80 by the very fast 620 nm to 630 nm shift of the
bleaching is not included in this fit.

The DAS of the 3 ps component is characterized by a negative band around 620 nm and positive
values above 642 nm. The negative band at 620 nm reflects the decay of the excited state of PC. The
broad positive band above 642 nm has two different causes as can be seen by comparison with Figure
80. Between 642 nm and 655 nm the positive amplitude can be ascribed to an increase of the ground
state bleaching, probably that of APC. Above 655 nm, however, this positive component is mainly due
to the decay of the excited state absorption (ESA) of PC. Because the ESA decays mainly with the
3 ps component we assign the ESA to pigments in PC. The spectral distribution of the 3 ps component
supports the conclusion that the excitation energy is equilibrated between all the PC-hexamers and
also between the majority of the APC-molecules of the PC/APC heterohexamers with a time constant
of about 3 ps.

This time constant is drastically shorter than the EET from the PC-containing rods to the APC-core in
the phycobilisomes of typical cyanobacteria which has been reported to occur with a lifetime of 120 ps
(see i.e. [61] and Figure 84). In a recent report Krumova et al. [265] found a transfer time of 20 ps
within phycocyanin disks and an overall EET in isolated phycobilisomes of Synechocystis sp. that

occurs with a time constant of 84 ps.
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Mimuro et al. suggested, that the direction of the energy flow inside PC disks is from the outside to the
inside and that the EET between the PC trimers occurs almost exclusively through the (-84
chromophores [264]. The presence of APC inside the antenna rods leading to a higher energy gradient
can explain the much faster PC-APC EET in A.marina.

The DAS of the 14 ps decay component shows a similar course as the 3 ps component but it is shifted
by about 20 nm to the red. It exhibits a broad negative band ranging from <610 nm to 657 nm with a
maximum around 640 nm where the absorption of APC has its center wavelength and a positive band
for A>655 nm with a maximum at 670 nm. These characteristics suggest that the 14 ps decay
component reflects an EET from APC in the PC/APC-heterohexamer to a pigment absorbing at
670 nm. In analogy to the terminal emitters in the phycobilisomes of other cyanobacteria [256, 266,
267], we assume that this 670 nm pigment could be an APC containing linker protein that connects the
rod antenna of A.marina with the thylakoid membrane and transfers the excitation energy to the Chl d
of PS II. The assignment of this linker to APC is in line with the statistical consideration in chapter
5.2.1, where it was found, that the total amount of APC is somewhat higher than the ratio of 63:6
(PC:APC chromophores), i.e. 8:1 (PC:APC) or smaller, that results from the assumption that the
antenna rods consist of 3 homohexamers (PC) and 1 heterohexamer APC. Interestingly the second
derivative of the absorption spectra in Figure 75 has also a shoulder in the 665-675 nm range which is
also present in the second derivative of the PBP absorption spectrum of [186]. This feature might be
an indication for the presence of a red-shifted APC.

The results obtained on A.marina with the sensitive technique of TWCSPC show that the time-
constants that are determined for different EET processes inside the whole cells are in agreement with
the spectroscopic measurements of isolated PBP antenna complexes to demonstrate that the

preparation process did not harm the molecular configuration of the PBP.

The ultrafast dynamics inside the PBP antenna on the fs-timescale resolved by using fs-absorption
spectroscopy with high excitation energies requires samples of highest optical quality with low

scattering coefficients to achieve a sufficient signal-to-noise ratio.

The ps fluorescence spectroscopic studies performed on isolated PBP complexes and living cells are in
good agreement with the time-constants that are found with fs-absorption spectroscopy (see [2, 44])
and therefore ensure that the high excitation intensity of the fs laser flashes does not disturb the natural

pathways of EET or even destroy the sample.
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5.3 Simulation of the excited state dynamics in A.marina

Figure 82a) shows a typical DAS gathered from TWCSPC spectroscopy on whole cells of A.marina.
The values of the long decay components in the Chl d regime are given by time constants of 400 ps
(blue triangles) and 900 ps (black circles) that differ slightly from the statistically evaluated data
exhibiting time constants of 630 ps (+/- 30 ps) and 1.2 ns (+/- 0.1 ns) measured in 2005 (see [54] and
chap. 2.2). It has to be pointed out that these values differ between different cells and different
illumination conditions. The main focus of the simulated exciton dynamics is the fast fluorescence
decay with time constants of 20 ps (green triangles) and 80 ps (red squares). These values are found to
be widely invariant between all investigated cells of A.marina. Therefore the mentioned deviations in
the Chl d dynamics are not relevant for the following conclusions.

The simulation shown in Figure 82 b) is based on the assumption, that the EET between the PC
trimers occurs almost exclusively through the -84 chromophores [264]. In addition about 3-6
chromophores of the trimeric PC disk should be involved into the EET inside the PC disc which
occurs from outside to inside of the PC trimer [264]. Therefore the excitation energy is trapped at the
-84 chromophore inside of a trimer first and subsequently funneled to the APC chromophores and the
terminal emitter (TE). The pathway of EET is guided by “fluorescing” chromophores in accordance
with calculations of Suter and Holzwarth that were done for PBS [226]. The scheme that was used for

the simulation shown in Figure 82 b) is presented in Figure 83.
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Figure 82 a) measured DAS of A.marina after excitation with 632 nm at room temperature. The simulated DAS
is shown in panel b). The graphics was published in [52].

The results presented in Figure 82 a) show the fluorescence decay of the PBP (640 — 700 nm) with
the dominating 80 ps kinetics (red squares) and the additional fast fluorescence decay component with
a time constant of 20 ps (green triangles) found in the region between 640 and 660 nm while a
pronounced rise Kinetics of the 20 ps time constant is found around 680 nm and the rise kinetics of the
80 ps component is found at 720 nm. We simulated a situation where 22 out of the 69 chromophores

found in the PBP antenna of A.marina were involved in EET. The simulations presented in this paper
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were performed by a simplified model of the PBP antenna containing 17 PC chromophores with
emission wavelengths between 638 nm and 654 nm, 5 APC chromophores with emission wavelengths
between 660 nm and 680 nm, 5 Chl d pigments with emission wavelengths between 723 nm and 732
nm and two radical pairs similar.

For the simulation the EET between different PC and APC molecules in the PBP antenna is set to
400 fs as found by Theiss [2, 44, 56]. The EET from the “red” APC molecule (TE) to Chl d is set to 30
ps and the EET between the Chl d molecules in the Chl containing core antenna is set to 100 fs. (see
Figure 83). For the sake of simplicity only four PC, two different APC molecules and four acceptor
states of Chl d are explicitly shown in this scheme (Figure 83). In addition it has to be clearly pointed
out that the EET in the Chl antenna of the PS II also exhibits rate limting steps in the range of 5 ps to
50 ps for EET between CP 43/ CP 47 and the reaction center [6, 125]. The charge separation and
stabilization in the core complex was simulated as found for Synechocystis shown in Figure 74 (see
chap. 5.1). However it was not the aim of this simulation to analyse the Chl d dynamics but the EET
from the PC and APC containing PBP antenna via the terminal emitter to the core complex. This EET
is independent from the coupling scheme of the Chl d containing subunits und ET processes in the

core complex.

80 ps
! 20 ps )
2-3 ps
PC 40‘_0_£S_P940_’0f$ PC 4—00>fSPC
LR . ..,_ﬂ“%{sﬂjc_mgaomﬂdwm mjﬂ,_fsm

y bd y v A 2 Y Y A 2 Y

Figure 83: Scheme for simulating the data presented in Figure 82 a). The simulated DAS are shown in
Figure 82 b)

The simulation results presented in Figure 82 b) show that the experimental data can be simulated
by assuming equally coupled PC and APC molecules in the PBP antenna as shown in Figure 83. It
turned out that all values found in the fluorescence decay kinetics should be understood as “effective”
transfer times which can not necessarily be identified with rate constants for single EET steps. The 2-3
ps kinetics most probably describe the overall relaxation between several PC pigments while the 20 ps
component describes the overall relaxation from PC, APC and red APC (TE) in the linker protein. The
exact value of the EET transfer step from the TE to Chl d depends on the number of chromophores
involved in the EET. If only 8 instead of 17 PC molecules are used in the simulation, this value
prolongates to 40 ps instead of 30 ps, respectively (data not shown). The TE, which most probably is
the long wavelength APC around 680 nm (APC"" ) found by Theiss et al. gives rise to the negative

amplitude (rise kinetics) of the 20 ps component at 680 nm. Variations of the time constants in the
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model of Figure 83 reveal that the 20 ps component of the experimental data (Figure 82 a)) can be
explained by EET along equally coupled PC/APC molecules. A rate limiting step between PC and
APC or APC and APC" can also explain the 20 ps component (data not shown). But in all cases the
overall EET time from the PBP to the Chl d is found to be 80 ps in the model only if a transfer time of
max. 30 - 40 ps is set for the inverse transition probability between APC"™ and Chl d.

The decay time constants of the Chl d (400 ps and 900 ps at 725 nm) are explained by the electron
transfer processes in the PS Il (see [43, 54, 161]). The diffusion along the PC molecules leads to
additional fast components of 2-3 ps with very small amplitude (cyan curve in Figure 82 a)) which can
not be resolved in our experiment.

The simulation presented in Figure 82 b) fits the data presented in Figure 82 a), except of the large
amplitude of the 20 ps component (green curve) dominating in the measurement at 725 nm. This effect
probably originates from PS | fluorescence at 725 nm as investigated in [54, 161]. The simulations are
performed for the dynamics of the PS Il only and therefore can not reproduce the large fraction of the
20 ps component which mainly results from fast PS | fluorescence.

The simulation exhibits that in fluorescence spectroscopy the measurement data reflects apparent
time constants for EET processes. If an ensemble of several energetic states couples to an acceptor
then the fluorescence dynamics summarizes the diffusion of excitation in the donor states and the EET
process. The 10-20 ps EET component (green curve of Figure 82) is also found in the fluorescence
emission of isolated PBP. Therefore the fluorescence spectroscopic data reveals that the EET along the
whole PBP antenna takes place within a time of about 20 ps.

There exist two alternative explanations for this 10-20 ps component: i) after very fast equilibration
of the excitation energy transfer the overall process is limited by a single EET step between two
molecules, e.g. APC and TE or ii) the 10-20 ps component results from the equilibration among all
equally coupled molecules within the PBP antenna. The latter model was evaluated in the study
presented here and the results show that the simulated DAS fits the experimental data (compare Figure
82 a) and Figure 82 b)). But in fact the experimental data can not be used to distinguish accurately
between these both options. For a detailed experimental study of rate limiting steps in photosynthetic
complex systems complementary techniques (e.g. chemical dissociation of bthe complexes or mutants
with PBS of different size) have to be used to draw unambiguous conclusions.

In both cases (i) and ii)) the overall EET from the PBP to the Chl d is found to appear as a 70-80 ps
component in the fluorescence data if the inverse transition probability between APC"" (the TE) and
Chl d is about 30 ps. The reason for this prolongated “apparent” decay time are the entropy effects of
the degenerated PC states found in the PBP antenna structure.

Based on a Forster type EET the distance for the PBP/Chl d system calculates to be 2.7 nm if a time
constant of 30 ps for the EET between the TE and the primary acceptor in the Chl d antenna is taken

into account.
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5.4 Summary excitation energy transfer

According to the results presented in the previous sections the excitation energy transfer in the antenna
complexes of A.marina can be summarized as shown in Figure 84, left side. In this scheme it is
assumed that the PBP antenna of A.marina resembles the rods of the phycobilisomes in common
cyanobacteria with the main exception, that the hexamer closest to the thylakoid membrane is a
heterohexamer consisting of one PC- and one APC-trimer as suggested by Marquardt et al. [183]. The
EET from PC to Chl d is characterized by four kinetic components with lifetimes of < 400 fs, 3ps, 14
ps and 70 ps. The red arrows in Figure 84 exhibit our own evaluation results while literature values are
marked black. According to the simulation presented in chap. 5.3 we ascribe an EET step of 30-40 ps
for the EET from the TE (linker APC) to Chl d.
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Figure 84: Kinetics of excitation energy transfer (EET) processes in A.marina and in the cyanobacterium
Synechococcus 6301 as published in [56]. left panel: Model Scheme for of the excitation energy processes
(EET) inside the PBP antenna rod and between the PBP antenna and Chl d in a A. marina. At the top the model
scheme of the PC trimer with its bilin chromophores is shown. Right panel: Model Scheme and time constants
for the EET inside the phycobilisomes of Synechococcus 6301 and from there to the RC giving a resumé of the
literature [60, 61, 177, 178, 180, 226, 257].

The < 400 fs process is observed upon excitation of PC at 618 nm in the transient absorption spectra as
a very fast shift of the maximum of the initial bleaching from 620 nm to 630 nm in less than 400 fs

(see Figure 80). In agreement with observations in PC trimers from other cyanobacteria [177, 263],
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and model calculations based on Forster theory [175], we assign this component to an EET from
the a—84 to the p—84 chromophore in different monomeric subunits of PC trimers of the PBP antenna.
From the transient absorption data presented in chapter 5.2.2 we cannot decide, whether this process
reflects an EET between localized states of the a—84 and f—84 chromophores [178] or a relaxation

between two excitonic states formed by the excitonic interaction between these two pigments [268].

Figure 84, right side, shows a scheme with the range of time constants for EET processes in
Synechococcus 6301 as reported in literature (black arrows) in comparison to our own findings
obtained on Synechocystis (red arrows, compare Figure 73 and Figure 74). The equilibration along the
trimeric PC disks in the PC containing rod appears with a typical rate of about (10 ps)™ [257]. Based
on experimental results from ps-studies [226] presented a random walk model for the EET in the PC
rods of Synechococcus 6301 and calculated rates of (10 ps)™ to (3.3 ps)™ for single step EET between
trimeric PC disks and about (25 ps)™ - (40 ps)™ for the EET from the innermost PC trimer to the APC
core. For the overall EET from a PC rod containing 4 hexamers to the APC core the literature reports
rate constants of (80 ps)™ to (120 ps)™ ([60] and ref. therein, [226], [257], [61]) (Figure 84, right side).
Our own findings obtained at a slightly different organism, Synechocystis, did not resolve the
involvement of an APC bound to the linker molecule but was sufficiently simulated with time
constants of 70 ps for the EET from PC to APC and 280 ps from APC to the Chl a containing
membrane integral antenna complex (Figure 73 and Figure 74).

In contrast, in A.marina where APC and PC share the same hexamer, the PC to APC EET occurs with
a rate constant of only (3 ps)™ (Figure 84, left panel). This is at least 8 times faster than the fastest EET
rate reported from the innermost PC trimer to the APC core in phycobilisomes as reported in [226] and
even faster than the single step EET between adjacent trimers in pure PC rods of other cyanobacteria.
The 14 ps component is observed in the DAS of the transient absorption spectra as a decay of a
bleaching at 640 nm and a rise of a bleaching at 670 nm. We assign this component tentatively to an
EET from APC (absorbing at 640 nm) to a low energy APC (bound to a linker protein) that transfers
it’s energy to Chl d with a time constant of 30-40 ps and therefore facilitates an efficient overall EET
from the PBP antenna to Chl d which occurs with a rate constant of (70 ps)™. This is more than three
times faster than the EET transfer from the APC core to Chl a in Synechococcus 6301 which occurs
typically with (170 - 120 ps) ™ [61].

The very fast EET in A.marina from PC to APC then to Chl d reflects the unique feature of A. marina
due to its tiny rod shaped PBP antenna where PC and APC share the same heterohexamer instead of

huge phycobilisomes with rods containing PC only and an additional APC core.
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6 HYBRID COMPLEXES OF PBP ANTENNA COMPLEXES AND
CDSE/ZNS NANOPARTICLES

The targeted design of the optical properties of artificial and particularly biomimetic systems will lead
to innovative units with high efficiency of light absorption and directed EET. Such systems are the
first step into a new research field: Hybrid systems for artificial photosynthesis, consisting for example
of highly absorbent nanostructures and photosynthetic reaction centers or formed by biological light
harvesting systems functionally coupled to solar cells.

The external power conversion efficiency after immobilization of photosynthetic reaction centers
(RCs) on electrodes is low mainly for two reasons:

a) electron transfer (ET) between RC and electrode is hampered due to localization of ET cofactors
inside the protein matrix, thus giving rise to a rather long electron tunneling distance and

b) the optical density of the monolayer of RCs immobilised on the electrode surface is very low (about
0.01) and therefore the light capture is negligibly small.

In addition hybrid complexes of photosynthetic subunits and artificial nanostructures are unstable due
to degradation processes of pigment-protein complexes.

These problems have to be solved for using pigment-protein-complexes as parts of electronic devices.
We have started investigations on the mechanisms of interaction between various chromophor-protein
complexes and semiconducting CdSe/ZnS and CdTe nanocrystals denoted as quantum dots (QDS) in
the following. It was shown that QDs can form hybrid structures with fluorescent proteins and
phycobiliproteins from cyanobacteria. The efficiency of EET can reach values of up to 90 % [51, 53].
QDs that were functionalized at the surface with acidic groups interact electrostatically with proteins
and can serve as efficient artificial donors and acceptors in hybrid systems consisting of QDs and
proteins. EET, ET reactions and protein reorganization in these hybrid systems were studied
experimentally and analyzed within the framework of theoretical models of rate equations.

In this chapter hybrid systems will be described that are formed from quantum dots (CdSe/ZnS, CdTe
and InAs) as donors of electronic excitation energy and PBP complexes as acceptors. Absorption and
time integrated fluorescence spectroscopy was applied to characterize the steady state optical
properties of these hybrid systems. Kinetics and efficiency of EET from QDs to photosynthetic
pigment-protein-complexes are monitored by using time-resolved fluorescence spectroscopy.

Figure 85 presents a schematic view of the PBP antenna of A.marina and the structure of the QDs used
in this study. For the detailed structure and electronic properties of these QDs see also [269] and [270]
and references therein. The description of EET processes inside QDs modelled by rate equations is
found in ref. [270].

page | 177



> PC containing
47 homohexamers

APC containing
eterohexamer

L o

Figure 85: Scheme of the organisation of the PBP antenna in A.marina (left side) and structure of the CdSe/ZnS-
530-QDs with fluorescence maximum at 530 nm (right side) used in this study as published in [51].

The PBPs of A. marina are thoroughly described in chapter 5. For the coupled quantum dots we used
the water soluble CdSe/zZnS QDs exhibiting a 530 nm fluorescence maximum (Green530) from
NanoFluorescent Materials LTD, Ukraine. The schematic overall structure of the QDs used in this
study is shown on the right side of Figure 85. The QDs consist of a Cd/Se core of 3.3 nm diameter
and a ZnS shell which is functionalised at the surface by dihydrolipoic acid ligands that are negatively
charged in pH=7 solution. The chemical composition of these QDs is thoroughly described in ref.
[269].

6.1 Time integrated Fluorescence emission of CdSe/ZnS-530-QD - PBP hybrid
complexes

Hybrid structures of QDs-PBPs can be formed by mixing CdSe/ZnS-530-QDs and PBP at different

stoichiometric rations [271, 272].
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Figure 86: Overall integrated luminescence of PBP as a function of concentration without (red curve) and with 5
nM QDs added (black curve). The green curve shows the difference of the PBP luminescence with QDs in the
solution and without QDs. Data is redrawn from ref. [272].

Figure 86 presents the fluorescence that is emitted by PBP complexes. Without QDs in the solution the
PBP luminescence is proportional to the PBP concentration (red circles). In the presence of 5 nM QDs
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the PBP luminescence is enhanced (black squares). As shown by the difference between the emission
with and without QDs (green triangels) this fluorescence enhancement is maximal for 5 nM PBP
concentration which corresponds to a 1:1 stoichiometry of PBP and QDs.

Immediately after the addition of PBP of A.marina to the CdSe/ZnS-530-QDs solution at a
stoichiometric ratio of 1:1 the fluorescence of the sample visible under blue excitation (405 nm) is
green with a maximum at 530 nm. This green fluorescence turned into red within few seconds after
combining QDs and PBP thus indicating the assembly of a functional coupling via EET from the QDs
as donor to the PBPs as acceptor. After few minutes the red luminescence remains stable (data not

shown).

Temperature dependency of the CdSe/ZnS-530-QD — PBP hybrid complex emission

Time integrated fluorescence measurements at different temperatures were performed in the cryostatic
system as described in chap 2.1 (see Figure 32) to analyse the time constants of EET between PBP
complexes and the QDs in the hybrid complexes as a function of the temperature.

For these measurements a commercial USB-connected fluorometer system with CCD array (EPP2000,
Scientific Instruments, Berlin, Germany) was used with a spectral resolution of 3 nm. Excitation was
performed with a pulsed 405 nm Laser diode (LDH-405, Picoquant, Berlin, Germany) delivering 60 ps
FWHM pulses, driven at a repetition rate of 8 MHz.

Figure 87 shows time integrated emission spectra at different temperatures of the hybrid system
containing QDs and PBP and the absorption spectrum of the PBPs which remains virtually invariant to

temperature in the investigated range.

fluorescence QD — 260K 10-
600- 265 K ’ —=— PBP-emission
— 268K 0,91 —eo— Q-Dot emission
o — 270K
% 400- — 273K E 0,8 -
absorption PBP =
E . fluorescence PBP % , )
- kS
g 200+ =
W,
'“" ) ' ‘ ' ' . a 0,0+ T T T 1
500 550 600 650 700 750 263 265 268 270 273
wavelength [nm] temperature [Kelvin]

Figure 87: Left side: Time integrated fluorescence spectrum of the hybrid systems containing CdSe/ZnS-QDs
and PBP antenna complexes at different temperatures after excitation with 405 nm laser pulses and absorption
spectrum of the PBPs at room temperature (grey, dashed line). Right side: integral of the fluorescence spectrum
of CdSe QDs (500-560 nm, red curve) and PBP antenna complexes (600-710 nm, black curve) at different
temperatures. Graphics is published in [51].
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At 273 K the intensity of the integrated red PBP luminescence exceeds the integrated green QD
luminescence (see right side of Figure 87). In samples cooled down below 273 K (the freezing point of
the solution containing QD-PBP hybrid complexes is about 270 K) the integrated fluorescence of the
QDs continously increases at the expense of the PBP luminescence with decreasing temperatures (see
right side of Figure 87). This effect is fully reversible, i.e. during warming up to 273 K the pronounced
peak at 530 nm of the fluorescence spectrum decreases down to the original level.

6.2 Time resolved fluorescence of CdSe/ZnS QD - PBP hybrid complexes

To investigate the temperature dependent functional coupling via EET from the QDs to the PBPs in
more detail, time- and wavelength correlated single photon counting as described in chap 2.1 (see
Figure 32) was performed. The same excitation laser system was used as for the time integrated
measurements shown in Figure 87 (405 nm laser pulses at a repetition rate of 8 MHz, 60 ps FWHM).
Time resolved fluorescence measurements were performed by time- and wavelength-correlated single
photon counting in the cryostatic system. The presented time resolved spectra were monitored with a
photomultiplier system with a Hamamatsu R5900 16 channel multi-anode photomultiplier tube
consisting of 16 separate output (anode) elements and a common cathode and dynode system (PML-
16, Becker&Hickl, Germany) as described in chap. 2.1 (see Figure 30, right side). The polychromator
was equipped with a 300 grooves/mm grating resulting in a spectral bandwith of the PML-16 of about
12.5 nm /channel.

The left panel of Figure 88 shows the decay curves of the 530 nm emission from the QDs at room
temperature in the absence (black curve) and presence (red curve) of isolated PBP antenna rods from
A.marina (see Figure 88, left side). The right panel shows the fluorescence decay at 660 nm from PBP

antenna complexes in the absence (black curve) and presence (red curve) of CdSe- QDs.
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Figure 88 left side: Time course of the fluorescence emission at 530 nm from CdSe-530 QDs after excitation
with 405 nm laser pulses (60 ps FWHM) at room temperature in buffer solution in the absence (black curve) and
presence (red curve) of isolated PBP antenna rods of A.marina. Right side: Time course of the fluorescence
emission at 660 nm from isolated PBP antenna rods of A.marina after excitation with 405 nm laser pulses (60 ps
FWHM) at room temperature in the absence (black curve) and presence (red curve) of CdSe-530 QDs. All decay
curves are normalized as published in [51].
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The drastically accelerated decay of the 530 nm emission from the QDs is concomitant with the
decrease and increase of the 530 nm and 660 nm emission, respectively, of the integrated fluorescence
from QDs and PBPs (see Figure 87). This is indicative of a strong quenching of the QD fluorescence
by coupled PBPs from A.marina. This pronounced effect reflects a highly efficient EET from the QDs
to the PBPs.

The PBP fluorescence decay also slightly accelerates in the presence of QDs (compare red and black
curves in the right panel of Figure 88). This effect can be explained by a change in the vibrational
coupling of the PBP chromophores to the protein matrix in the QD-PBP hybrids in comparison to pure
PBP that leads to dissipative relaxation channels. A careful comparison of the PBP decay curves of
samples in the absence (Figure 88, right side black curve) and presence (Figure 88, right side, red
curve) of QDs shows that the PBP luminescence maximum after excitation is slightly shifted towards
longer times in presence of QDs (red curve) in comparison to the emission of pure PBP (black curve).

The effect is very small due to the direct acceptor excitation when laser pulses of 405 nm are used.

Information on the EET time constant with best resolution from measurements of fluorescence decay
curves in the whole spectral range between 500 — 700 nm can be gathered by analysing the decay

associated spectra (DAS).
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Figure 89: Decay associated spectra of CdSe-530 QDs mixed with PBP from A.marina after excitation with 405
nm at room temperature (295 K, left side) and 250 K, right side. Data is redrawn from [51].

Figure 89 shows the DAS of the QD-PBP hybrid complexes after excitation with 405 nm laser pulses
at 295 K (left panel of Figure 89) and 250 K (right panel of Figure 89). In both cases a suitable fit of
the data was achieved with three exponential components. The DAS of the measurements at 273 K is
characterized by components with time constants of 140 ps (black curve), 640 ps (red curve) and 1.5
ns (blue curve) at room temperature. The spectrum of the 140 ps time constant exhibits a positive band

at 530 nm and a pronounced negative peak in the region of 660 nm emission from the PBPs. This
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feature indicates that an EET from QDs to the PBP takes place with a time constant of 140 ps and that
more than 90 % of the QDs are involved. Only small contributions with an extent of less than 10 %
and time constants longer than 140 ps are found in the green region. In the spectral region of the PBP
luminescence near 660 nm a pronounced rise Kinetics (negative amplitude) is obtained with a time
constant of 140 ps. In addition a characetristic 1,5 ns decay of the PBP luminescence was resolved
which is typical for isolated PBP antenna rods and an additional 640 ps component of comparable
amplitude. This 640 ps component emerges most probably from conformationally distorted PBP
complexes (see ref. [43]).

A markedly different DAS pattern was found at 250 K. A suitable fit of the data was achieved with
three exponential components exhibiting time constants of 250 ps (black curve), 580 ps (red curve)
and 2.5 ns (blue curve). The negative amplitude in the PBP emission (670 nm) is strongly reduced in
comparison to the results obtained at 295 K thus indicating that the EET from CdSe Qdots to PBP is
interrupted at low temperatures below the freezing point of water. The pronounced amplitude of the
580 ps component (red curve) in the PBP emission (670 nm) indicates that a larger fraction of PBP

antenna complexes is conformationally distorted in comparison to 295 K.

The results of the present study reveal that the CdSe QDs functionally couple via EET with the
isolated PBP antenna from A.marina. This coupling is reversibly distorted at temperatures below 273
K. It seems reasonable to assume that a conformational distortion due to the freezing process is

responsible for the decoupling effect.

6.3 EET between CdSe/ZnS-530-QDs and the primary acceptor in the PBP

antenna

The coupling efficiency between CdSe/Zns-530-QDots and the PBP antenna of A.marina at room
temperature was evaluated within the framework of Forster Resonance Energy Transfer (FRET) as

described in chap. 3.3.2. The efficiency #nerer Of this EET can be calculated comparing the
fluorescence intensity of the donor in the absence (1) and the presence (1,,) of the acceptor

I
according to eq. 95: et =1—%. After equilibration of the hybrid system of QDs and PBPs at
D

room temperature it was found that the fluorescence of the QDs diminuishes by about 75 %. A
comparable result is gathered from a comparison of the average lifetime of the fluorescence decay

curves of the QDs in the presence and absence of PBP. The average lifetime of the QDs in absence of
PBP 7, was found to be about 1.1 ns at 530 nm. After addition of PBPs this value decreased to 7, =

230 ps. In this consideration an average lifetime is taken into account instead of the multiphasic decay
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visible in the DAS (Figure 89). Therefore the value for the efficiency # is not the efficiency of the
coupled QDs but an average efficiency that also takes into consideration the fraction of uncoupled
QDs, which is estimated to be about 10 % according to the amplitude ratio of the different DAS
cmponents as shown in Figure 89 (left panel). The total average leads to a value of

Nerer = —Z_ﬂ ~ 0.78which is in good agreement with the value of 7rrer = 0.75 gathered from the
D

time integrated fluorescence.

A more accurate evaluation of the DAS shown in Figure 89 (left panel) indicates that the lifetime 7,

= 140 ps reflects only the coupled QDs, i.e. that the EET in the coupled QDs is more efficient than
suggested by the average value. The time resolved results for the coupled fraction of QDs results in a

T, -
value of 7ger =1——2% ~0.87. Therefore the DAS show not only an average efficiency for FRET
b
as found by time integrated fluorescence measurements but also allow to distinguish between the
coupled and uncoupled species and therefore provides a suitable tool for the selective evaluation of the

efficiency of the coupled species.

From the measured time integrated spectra of the PBP absorption and QD fluorescence (see Figure 87)

one can calculate the Forster radius R, for the QD-PBP hybrid system as given by eq. 89:

1
N
RO:(ACI)FK—4J(/1)]6

n

where A is a constant (see eq. 89 for further details), ®@ - denotes the quantum yield of the QDs which

is about 0.3 according to [269]. x° denotes the orientation factor which is x° ~ 2/ 3for randomly
organized QD/PBP hybrid complexes [208].

The real part of the complex refraction index of the surrounding medium is given by n=1.33 for
buffer solution.
[ Fo(a)e(a)2*da
J=2 ~ determines the normalized overlap integral between the normalized
[ Fo(a)a
0

donor fluorescence Fp (ﬂ,) and the acceptor extinction 8(%). For the QD/PBP hybrid system
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nm
presented in this study a value of J =1,23-10"° Mol -om is obtained and the Fdrster radius is
ol -cm

calculated to be R, = 4.4nm.

From the time resolved spectra the value of 7erer = 0.87 was found for the QDs coupled to PBP and
therefore the average distance between the center of a QD and the next neighbouring chromophore of
PBP calculates to

1— 6
R, = (ﬂj R, =3.2nm and the rate constant fro FRET

M erer

6
Kener (Ry,) = i(&j ~ (140 ps)™ according to eq. 90.

75 \ Ry,

These findings are schematically summarized in Figure 90 including earlier data on the EET inside the
PBP as shown in chap. 4 (see also ref. [43, 44, 51, 52, 53, 56]).
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Figure 90 left side: schematic view of the CdSe/ZnS-QDs bound electrostatically to the PBP antenna of
A.marina. The CdSeQDs exhibit fluorescence emission at 530 nm and transfer the excitation energy to the PBP
antenna within 140 ps — 240 ps (red arrow) at room temperature. The luminescence of the PBP antenna occurs
with maxima at 650 nm (PC) and 665 nm (APC).

Figure 90 presents a schematic view of the CdSe/ZnS-QDs bound electrostatically to the PBP antenna
of A.marina. The CdSeQDs with fluorescence emission at 530 nm transfer the excitation energy to the
PBP antenna within 140 ps (red arrow), other studies revealed time constants up to 240 ps which
would correspond to a distance of 3.5 nm between the QDs and the primary acceptor pigment in the
PBP antenna. Former studies showed that the equilibration along the PBP antenna (PC/APC
molecules) occurs within <20 ps (see chap. 5). The luminescence of the PBP antenna is characterized
by maxima at 650 nm (PC) and 665 nm (APC).
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It was found that a significant improvement of the fit of the QD luminescence can be achieved when
the decay curves are fit with n=3 decay components (y> = 1.3 — 1.4) instead of n=2 decay components
(x* > 2), while no significant improvement was obtained with n=4 decay components. This finding is
in line with literature data on a multiphasic fluorescence decay of the CdSe/ZnS quantum dots due to
distinguishable internal and surface localized states in single QDs [270] and sample heterogeinities
always found in QD ensembles [273].

The investigation of the FRET efficiency between CdSe/ZnS nanocrystals and PBP complexes
revealed that the temperature dependent value of the spectral overlap integral J can be described by a
Boltzmann distribution at low temperatures but in addition marked configurational changes must occur
around 0°C. This transition leads to an interruption of the EET at low temperatures that can not be
explained by spectral narrowing at lower temperatures. Further details of these findings are described
in refs. [51] and [53].

6.4 Applications of hybrid structures containing photosynthetic light harvesting

complexes.

Hybrid systems consisting of artificial nanostructures and complexes of biological origin offer a wide
variety of applications in photovoltaics, optoelectronics, sensing, molecular imaging and medical
applications. Complexes isolated from the photosynthetic apparatus provide functionally optimized
nanoscale devices for the construction of light driven operational units.

In photovoltaics thin film solar cells are widely used to save costs and to achieve high efficiency for
charge separation after light absorption. Thick donor layers in solar cells exhibit the advantage of high
absorption coefficients but the disadvantage of high recombination probabilities after exciton
generation due to long diffusion pathways of the excitons to the p-n-junction. We have recently shown
that the size of biological light harvesting complexes is limited to a functional domain size of about
200 LHCII trimers (see chap. 1.3.1) due to limited excitation diffusion range, recombination and

dissipative reaction pathways that are unavoidable in all materials [45].

Losses due to recombination are reduced in thin film solar cells but the thickness of such cells is
restricted to be at least 1 um for amorphous silicon to achieve high absorption coefficients. In that case
recombination occurs because the free diffusion length of the excitons is only 200-300 nm. One could
consider the possibility of thinner layers width reduced absorption in the Si layer. These structures
would have the advantage of a high yield of charge separation using highly absorbing pigment-protein
complexes as additional units in hybrid structures suitable for photovoltaics as schematically shown in

Figure 91. If excitons can be transferred into the semiconducting material with high efficiency, one
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could introduce ultra thin donor layers with a thickness of < 10 um exhibiting a highly efficient charge

separation.

APC containing
- _proteins

Photosynthetic
Pigment Protein
Complexes

Figure 91: Schematic view of possible hybrid solar cells containing two semiconductor layers with p-n-transition
and additional PBS light harvesting complexes (for details see chap. 1.3.4).

The most promising approach of artificial photosynthesis might be the use of hydrogen generating
organisms like photosynthetic bacteria or modified green algae that produce hydrogen during
illumination in their natural habitat. Possibly one could also think about using plant structures or
biomimetic artificial structures as advanced biomimetic fuel cells. The example of a visionary setup is

depicted in Figure 92.

The principle of the spatial separation to generate a directed flux of charge has been developed by
nature in form of the thylakoid membrane in photosynthetic organisms. In plants the thylakoid
membrane separates the interior of chloroplasts into lumen and stroma. In principe such system could
be connected to represent the two electrodes of a light driven current source as schematically shown in
Figure 92. It seems attractive to speculate about a realization that is artifiacially constructued in a
biomimetic way and functions similar to the chloroplast fuel cell shown in Figure 92. Usually
biomimetic devices for artificial photosynthesis are assembled in the laboratory exhibiting nanometer-
scale dimension and mimicing stable light-induced charge separation of photosynthetic reaction
centers (RCs). The chloroplast fuel cell shown in Figure 92 illustrates the necessity of electrodes that
are in contact to the different sides of the thylakoid membrane. Usually such devices would be realized
by stacking natural and/or artificial thylakoids onto conductive layers. For an overview on concepts of
artificial reaction centers, light harvesting complexes and antenna—reaction center systems see chap.

1.5, ref. [73] and references therein.
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Figure 92: Artificial photosynthetic solar cell.
Inside the intact chloroplasts the thylakoid lumen is connected to a bundle of nanotube electrodes.

As shown in Figure 92 the thylakoid lumen inside the chloroplast is connected to an electrode bundle
formed by conductive nanotubes that are all connected outside the chloroplast. During the light
reaction a proton gardient is generated between the thylakoid lumen and the stroma due to the
transport of electrons from the lumenal side to the stroma side of the thylakoid membrane and coupled
protolytic reactions. The stroma is connected with the complementary electrode. To rise the efficiency
of the cell one could inhibit or genetically knock out or modify the ATP synthetase which is driven by
the proton gradient inside the thylakoid membrane and funnel the charges through the artificial circuit.

In both cases, for biological fuel cells or hydrogen generating organisms, it is a promising task to
introduce artificial evolution into such systems. Organisms expressing or coupling to self assembled
nanostructures like the electrode nanotubes shown in Figure 92 might be optimized for the desired
challenges. Evolution of such organisms that is coupled with an artificial selection process could be
used to select and grow enhanced species after genetic modification or active genetic engineering of

the cells.

The use of directed genetic evolution of biological systems turns out to be a powerful tool in
manipulating efficiently the interaction between molecular structures and metallic/ semiconductor
surfaces, because the adhesion between the proteins of the evolving species and metallic structures can
be used to select the optimised organisms with help of a kind of “metal filter” . Such an approach was
recently shown for bacteriophages expressing metal adhesive peptides in contact to gold nanoparticles.

For a review see [274] and references therein.
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Suitable bacterial photovoltaic systems could be produced through continuous mutation and selection

routines of the “best match” as shown in Figure 93.
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Figure 93: Scheme for an evolutionary strategy for improving the desired properties of living organisms. After
passive or active mutation (spontaneous, introduced by irradiation or chemicals, actively by genetic engineering)
the organisms are grown in a vessel. These modified organisms are subjected to a test system that is coupled
with a selection process. This process selects the most suitable species that undergo the next step of mutation.

The growth and replication of the genetic pool is established in solution in a growth vessel. After
accomplishing the growth phase the organisms are divided into several groups by a selection
mechanism. After a check for suitability the “best mach” is used for further replication (see Figure 93).
Fast mutation rates assure various surface modifications and are realized through exposition of the
genetic pool to radiation, chemical substances or are introduced by active genetic engineering.

A more efficient evolutionary algorithm would mutate the whole growth pool during replication by

radiation or mutagenetic chemical compounds.
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From that pool the “best” mutations have to be identified and selected by a targeted selection
mechanism (e.g. by automatically grabbing out the cells with the highest photovoltaic activity, i.e. the
cells that deliver the highest current in a fuel cell like system as shown in Figure 92 are actively
selected). One criterion might be the achieved photocurrent, another criterion could be the adhesion of
the organisms to semiconducting surfaces. The organisms could be brought to contact with the
semiconductors and afterwards the less sticky ones are washed away. The selected ones are mutated
and replicated again. Very promising seems the approach to use light induced stress as selection
criterion. One could shine in a light spectrum and light intensity that leads to photooxidation of the
biological structures if the organism does not develop into the desired direction. Such and similar
evolutionary approaches are topic of our future research.
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7 THE PS Il OF WHOLE LEAVES OF A.THALIANA

R. Steffen et al. developed a compact fluorescence spectroscopic setup suitable to monitor single
(laser) flash induced transient changes of the fluorescence quantum yield (SFITFY) in cell suspensions
and whole leaves in the time domain from 100 ns to 10 s [81, 118, 119].

In former studies we used data gathered by this setup to describe the PS Il dynamics in whole cells of
Chlorella pyrenoidosa Chick according to a reaction pattern based on the formalism of rate equations
as described in chap. 3.2 [57]. Later it was shown that the intensity dependent pattern of SFITFY
traces measured in whole leaves of Arabidopsis Thaliana at four different intensities of the actinic
laser flash can be described with one set of model parameters [58]. These findings are shortly outlined
in this chapter. Details regarding the measurement setup [81, 119], the sample condition [57, 119, 120]
and the discussion of the metabolic relevance of the gathered results [57, 58] are described in the cited

references. The following results are already published in [58].

The PS Il model presented by Belyaeva et al. [57] was improved in order to permit consistent
simulation of SFITFY curves that were measured by Steffen and coworkers [119] on whole leaves of
Arabidopsis (A.) thaliana at four different energies of the actinic flash.

7.1 Single Flash induced transient fluorescence yield measurement data

Dark adapted leaves of Arabidopsis thaliana wild type plants (ecotype Columbia-2 (Col-2))
were excited with a single actinic flash (A=532 nm and fwhm = 10 ns) from a frequency-doubled Nd-
YAG laser. The maximum energy of the actinic flash was 28 mJ/(cm?flash) which is equivalent to
7.5-10" photons/(cm>flash). The time-course of flash-induced changes of the relative fluorescence
guantum yield was obtained by monitoring the fluorescence emission due to excitation by a train of
weak measuring light pulses supplied by an array containing a set of LEDS (Amax = 660 nm). The dark
time inbetween two measuring light pulses was varied in a wide range from 2 ps (first measuring pulse
at 100 ns, second measuring pulse at 2 ys after the actinic flash) up to 0.5 s (in the time domain > 1 s

after the actinic flash).
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Figure 94: Experimental data of fluorescence yield changes (SFITFY curves) induced in whole leaves of
Arabidopsis thaliana wild type plants by excitation with a single actinic 10 ns laser flash of different energy:
7.5-10" photons/ (cm?-flash) (triangles), 6.2-10™ photons/ (cm*flash) (circles), 3.0-10* photons/ (cm? flash)
(squares) and 5.4-10 photons/ (cm? flash) (diamonds). The data are redrawn from ref. [119]. The green arrow
symbolizes the excitation by the actinic laser flash.

Figure 94 shows experimental SFITFY data of Steffen and coworkers [119] obtained by
excitation of dark adapted whole leaves of Arabidopsis thaliana wild type with single actinic laser
flashes of different energy. The signal Fy (—50 ps) before the actinic flash monitors the fluorescence
induced by the weak measuring pulses. It reflects the normalized fluorescence quantum yield of dark
adapted PS Il complexes and is used to normalize the time dependent SFITFY curve monitored by a
sequence of weak measuring light pulses in the range from 100 ns to 10 s after the actinic flash (which
is symbolized by the green arrow in Figure 94). The photon densities per flash and unit area of the
actinic laser flash of the four different SFITFY data sets were: 5.4-10' (diamonds), 3-10**(squares),
6.2-10™ (circles) and 7.5-10% (triangles) photons/(cm*flash) (0.7 %, 4 %, 8 % and 100 % of
reference).

The SFITFY patterns exhibit an “instantaneous” change of the fluorescence yield within 100 ns that
strongly depends on the energy of the actinic flash (see Figure 94). This instantaneous change is a rise
at low energies and turns into a drop below F, at high energies of the laser flash. This drop is
explained by the population of Car states that act as highly efficient quenchers of the fluorescence
[118]. A normalized maximum value Fn.(t)/Fo of about two is reached about 50 us after the actinic
flash. In the subsequent time domain the normalized fluorescence yield declines to a level slightly

above its original value F.
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7.2 PS 11 model based on rate equations

Simulations based on a model of the PS Il reaction pattern presented in Figure 95 can provide
information on the time courses of population probabilities of different PSII states. The appropriate
application of the formalism of rate equations provides a flexible basis for comparative analyses of
time dependent fluorescence signals observed on different photosynthetic samples under various
conditions (e.g. presence of herbicides, other stress conditions, excitation with actinic pulses of
different intensity and duration). The general formalism is principally suitable to describe any system

that can be reduced to states and transitions between these states.

The kinetic scheme of Figure 95 allows the calculation of the transient PS Il redox state populations
ranging from the dark adapted state, via excitation energy and electron transfer steps induced by pulse
excitation, followed by final relaxation into the stationary state eventually attained under the
measuring light. The shape of the actinic flash was taken into account by assuming that an
exponentially decaying rate constant simulates the time dependent excitation of the PS Il by the 10 ns
actinic flash. The maximum amplitude of this excitation exceeds that of the measuring light by 9
orders of magnitude.
The aim of this study was the evaluation of rate constants of dissipative processes at different
intensities of the actinic flash by means of fitting the calculated model curves to experimental data,
keeping all known rate constants within the range of values reported in the literature and to compare
the results with the “3-quencher” model that was previously used by Steffen et al. to analyze SFITFY
signals (see Figure 94) of whole leaves of Arabidopsis thaliana plants [118, 119, 120]. Dissipative
processes are mainly the fluorescence quenching by *Car and further dissipative processes shown in
Figure 95 b).

Figure 95 shows the whole scheme of redox states and their transitions as described in detail in

[57]. Each box in Figure 95 represents the redox state of the corresponding component (compare chap.

1.2) : antenna and RC chlorophyll — <P%?3IO> pheophytin — Phe, primary quinone acceptor — Q,,

secondary quinone acceptor — Qg. The model comprises the processes of light induced charge
separation (reaction numbers: 2,9,16,29), charge stabilization by QA * formation (reaction numbers
3,10,17,30), electron transfer from QA ° to Qg (reaction number 7) and from Qs Qg * to QgH ™

(reaction number 14), protonation of QgH under PQH, release (reaction numbers 21-27) and refilling
of the empty Qg-site with oxidized plastoquinones (PQ) (reaction numbers 34-40). For the sake of

simplicity we assume that for each electron, transferred from the water oxidizing complex (WOC) via

tyrosine Y7 to the oxidized RC chlorophyll P680 "™ (reaction numbers 4,11,18,31), one proton is

released into the lumen.

page | 192



Figure 95: a) Kinetic scheme of Photosystem Il as presented in refs. [57], [58]. Each rectangle refers to one of

the states. <PCG?3IO> denotes the total PS Il chlorophyll including the antenna and the P680 pigments and

*
<P%glo> is used to determine singlet excited states ‘Chl* delocalized

over all pigments in antenna and RC. Further components are P680 -
photochemically active pigment, Phe — the primary electron acceptor
pheophytin. QA and Qg — the primary and secondary quinone acceptors.
PQ - plastoquinone, PQH, — plastoquinol; H_" — protons, which are
released into lumen, Hs" — protons in stroma. The letters above rectangles
(Xi, Vi, Zi, @i, i=1,...,7) correspond to the model variables. Shaded areas
symbolize the excited states that are capable of emitting fluorescence
quanta. Dashed arrows designate fast steps (characteristic time values less
than 1 ms). Bold arrows mark the light induced steps. Numbers at the
arrows correspond to the step numbers. Dashed arcs designate two types
of irreversible reactions of the processes of non-radiative recombination:

Phe™* with P680** (42-45:= Keye) and Qa * with P680™ (46-49).

Figure 95 b) The decay into ground state occurs via i) radiative fluorescence emission (kg), ii) nonradiative
dissipation of excited chlorophyll singlets by quenching due to cation radical P680** and/or by the triplet states
of carotenoids with rate constants kpggo+ and k.., respectively and iii) radiationless dissipation of excitation to

heat (kup)-
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The model scheme of Figure 95 a) comprises 28 redox states of the PS Il RC together with two

states of the PQ pool. Therefore 30 variables (metabolites N,(t), i = 1...30) and a set of 30
differential equations describe the rate of production and consumption of N, (t) which is a function

of the variables Nj(t) involved into population and deactivation of N, (t) (i, j = 1...30) and of the

rate constants, i.e. probabilities for each transition per time unit k., k_, (n=1...49) for forward and

n
backward transfer steps, respectively (see chapter 3.2).

Some of the reactions in the model scheme (Figure 95 a) involve protons in lumen and stroma
([H/"] and [Hs']) as model parameters.

The exact mathematical structure of the set of ordinary differential equations and the method of

data variation and fitting is outlined in ref. [57, 58]. The dissipative reactions (including inter-system
crossing), given by the rate constants Kpggo*, kgcar and kyp, quench the fluorescence from PS Il in

addition to the photochemical quenching via electron transfer to the acceptor quinone molecule Qa
(see Figure 95 b). The fluorescence emission is symbolized in Figure 95 b) by the radiative rate

constant kr. Actinic flash induced formation and decay of non-photochemical quenching states

P680 ", ®Car and radiation-less dissipation as heat was the main focus of this work. Therefore the
experimental data at all laser flash excitation intensities was fit with rate constants fixed to values
given in literature (see table 2) except the dissipative relaxation processes which were kept variable.
These deactivation processes are strongly dependent on the energy of the actinic laser flash. The
sum of all deactivation processes of 'Chl” except of photochemical quenching are given by the
relation:
117. Ka =Ke+Kpsso-[P680*]+kacar [*Car]+Kp.
where ka =k.,, N=1, 5, 8, 12, 15, 19, 28, 32 (Figure 95 a).
Eq. 117 introduces a nonlinearity into the rate equatio system because the rate constant k, depends on
the concentration of [P680%] which is determined by the excitation light intensity and [*Car] which is a
light intensity dependent model parameter (see Eq. 119).
The time course of the excitation light constant k (t) is simulated by an exponential decay of the form
118. K () =K -max-€Xp(-t / ) + KL-min-
where k_.vax and 7, describe the maximum photon density of the actinic laser pulses hitting the sample
and pulse duration, respectively. The very small value of k_ui, =0.2 s corresponds to the photon

density of the weak measuring light pulses from LEDs.

Data of Schodel et al. [275, 276] and Steffen et al. [119] were used as the basis for the

description of dissipative *Chl* quenching by carotenoid triplets (*Chl). This effect is described by the

rate constant ks, which depends on the time dependent population SCar(t). According to [119] the

time dependency of *Car (t) is described by:
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119 [3car(t)] = aCar'eXp(_t /T3Car)‘

where ac, is the population of the Car states generated by the actinic flash normalized to the total
population of PSII complexes and t;., the lifetime of the radiationless decay for this 3Car state

population.

7.3 Results for energy- and electron transfer processes in A.thaliana

The numerical fits of SFITFY data presented as colored solid lines on Figure 96 are seen to
describe with high precision the SFITFY patterns at the four different values of the actinic flash
energy.

The energies of the actinic flashes and the corresponding relative values are compiled in
columns 1 and 2 of Table 1. The maximal light constant values (k. .uvax) in column 3 imitate the rate of
light quanta exciting the Chl molecules in the PS Il model (Figure 95). The time course of ki _yax(t)
calculated by eq. 118 for the excitation rate is presented in Figure 96 by dashed purple lines
corresponding to the values shown in table 1. The ki, value of eq. 118, reflecting the measuring
light beam of the LED pulses, is not visible in Figure 96 because this value is smaller by several
orders of magnitude compared to K _max-

Table 2 shows the results gathered from the fit procedure for the values of PS Il electron
transfer parameters. The parameter values for processes of charge separation, stabilization and Qg -site
reactions could be kept invariant to actinic flash energy without deviations between experimental data
and the numerical fit using values from the literature (see column 5 of table 2). In marked contrast the
parameters of dissipative reactions in the antenna and PS Il and the rate constant for charge
recombination (acar, kup, Figure 95 b, kepre, Figure 95 a) had to be changed when varying the relative

actinic flash energy (see columns 4, 5, 6 of table 1).
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Figure 96: Simulation of the experimental SFITFY data of Figure 94 by the PS 1l model presented in Figure 95
(a,b) (redrawn from ref. [58]). SFITFY curves in whole leaves of wild type plants of Arabidopsis thaliana are
shown by symbols at the different laser flash energies: 7.5-10' photons/cm®flash (dark-blue), 6.2-10%°
photons/cm?flash (magenta), 3.0-10*° photons/cm?flash (beige) and 5.4-10* photons/cm?flash (light-green).
The numerical fits are shown accordingly by lines calculated with the rate constant k_.x values (see table 1):
7.2:10° s (dark-blue), 6.0-10° s™* (red), 2.9-10° s (brown), 5.2-10" s* (green) and the parameters as shown in
table 2. The dotted magenta lines represent the time courses of k,(t) calculated according to eq. 118. The

measuring light of low intensity was simulated with ki, =0.2 s (see table 1)

To simulate the fluorescence decay the values of AW (transmembrane electrical potential

difference) and pHs (pH of the stroma) had to be varied lightly according to the values given in table

1. The pH on the luminal side was set pH,_=6.5 for all energies of the actinic flash.

Table 1: Values of parameters used for the fitting of SFITFY data (see Figure 96) according to the model of PS
I1 shown in Figure 95 as published in ref. [58]. (PPFD stands for photosynthetic photon flux density, all other

variables are described in the text).

| A=532 nm; fwhm=10 ko (571 acar AWy,
2 é ns Tau=55ps | £ |mV
3] 3 photons/ % K-Max Krp Kphe Iﬁ (T9, Ms)

(cm?-flash) =
1 7.5-10% 100 | 7.225.10° | 1.95.10° 810% | 2.0810° 1| 7.5 20(800)
2 6.2-10% 8.27 |5.97510° |1.95.10° 7.10% | 5.6-1020.27 | 7.5 | 15(500)
3 3.0-10" 4 2.89-10° 1.95.10° 6.4-10° | 3.5.10°0.17| 7.5 | 14 (500)
4 5.4.10* 0.72 |5202-10" | 1.65-10° 3-10% | 1.2.10°0.06 | 7.3 | 14(400)
Measuaring. light PPFD 0.8 | 0.2
umol photons m?s™
1 | 2 3 4 6 7 8
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Table 2: Values of parameters used for quantitative fits with the PS 1l model (Figure 95) simulations of
SFITFY curves for whole leaves of Arabidopsis thaliana plants (see Figure 96).

Figure 95 ko (571 Keq Kan(s™ Processes

reaction References

number, n

2,9,16,29 3.2:10'/125 40 6.4 10’ Charge separation (open RC)

6,13,20,33 | 2.56.10°/2.25 | 40/4 1.14 10° Charge separation (closed RC)
[83, 107, 109]

3,10,17,30 3.10° 10° 30 Charge stabilization on Qa*
[83, 107, 109, 101]

4,11,18,31 (3.3+1.5)-10’ 80 Electron donation from tyrosine Z
to P680" [277]

7 5000 16 3125 ET from Q1 o Qs

1 1720 10 1730 ET from Q" to Qg [103, 278]

The SFITFY curves monitored in the range from 100 ns to 10 s after excitation of dark adapted

samples with a single actinic flash of a definite energy can be explained by time courses of the PS Il

redox states that are illustrated in Figure 97 a) and Figure 97 b) for 100 % light intensity and 4 % light

intensity, respectively. In closed RCs with redcued Qa ~ the states P680 ™ Phe " Q" are populated as

a nonlinear process of two photon absorption during the actinic flash followed by a decrease due to the

exponential decay of k,(t). Figure 97 a) (100 % light intensity) shows full saturation (100%) of the

closed RC and reduced overall Q5 population (ZQ A )- The value of 100 % light intensity refers to

the value k yax=7.5-10° s, ZQA_ stays near 100 % until the maximum of the SFITFY curve is

reached at about 50 ps.
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Figure 97: Calculated time course of normalized
populations of different redox states in the PS Il to
simulate the SFITFY data of Figure 94 (circles) in
whole leaves of A. thaliana wild type plants after
illumination with an actinic laser flash (fwhm=10 ns) at
two different energies described by ki .vax Vvalues of
7.225-10° s (panel @) and 2.9-10% s™* (panel b)
(redrawn from ref. [58]). The measuring light is
described by Kk .min =0.2 s™. The PS Il model
parameters used are presented in tables 1, 2. The time
courses of k (t) are shown as dotted purple lines for
kimax=7.225-10° s* (panel a) and K, .yay=2.9-10°

s !(panel b). QA * represents the sum of the closed RC
states (X4+94+Y4+2s+Xs+0s+Ys+2s) (dark green curve, see
nomenclature in the scheme of Figure 95). All states

including oxidized Chl a in the RC (P680 ™) are

presented in the Fig.: P680 ™" PheQa * denoting the
sum of the closed RC states (X4+04+Ys+24) (light green
curve), P680 "* Phe *Qa * — the sum of the closed RC
states with reduced pheophytin (x;+g-+y++z7) multiplied
with a factor 50 for better visibility (red curve).
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Using k max=6.2-10% s (corresponding to 8%:light intensity) the level of ZQA_ is still very close to
saturation (95%) (data not shown). The calculations with k yax=3-10% s (4% light intensity) give rise
to redox state population kinetics for ZQAf as shown in Figure 97 b). Here the levels of maximal

D Q. are diminished to about 88%.

7.4 Conclusion on dissipative processes in whole leaves of A.thaliana

The results as presented in Figure 96 and Figure 97 (see summary in table 2 and ref. [58]) show that a
consistent description of the experimental SFITFY data obtained at different excitation intensities can
be achieved with invariant rate constants of electron transfer steps for all excitation pulse energies. In
marked contrast, an increase of the actinic flash energy by more than two orders of magnitude from
5.4-10* photons/ (cm*flash) to 7.5-10" photons/ (cm?flash), leads to an increase of the extent of
fluorescence quenching due to carotenoid triplet (*Car) formation with factor 14 and of the
recombination reaction between reduced primary pheophetin (Phe’) and P680" with factor 3 while the

probability for heat dissipation in the antenna complex remains virtually constant.

Steffen et al. had shown that saturation of photosynthesis is achieved with actinic laser pulses of 10 ns

FWHM and an energy of about 10" photons/ (cm2 -flash) [118]. In our studies such saturation
was observed to be about 88 % at an excitation intensity of 3-10"° photons/ (cm’flash) (see > Q,~ in

Figure 97 b)). At higher excitation intensity the saturation is virtually 100 %. Therefore the PS II
model scheme developed for the analyses presented here leads to comparable results regarding the
population probability of PS Il redox states as the analysis within the “3 quencher model” presented in
[81, 118, 119].

The parameter ac,, in Eq. 119 designates the amplitude of the *Car quencher, normalized to the whole
PS Il complex concentration.

As shown in table 1, at light intensities above around 10*° photons/ (cm? flash) the yield of Car triplet
formation is high and exhibits a strong nonlinear relation between the amplitude of *Car quenching
acs and light intensity. Surprisingly, this relation is not a square dependency of the *Car quenching
amplitude ac, on the light intensity as one would expect from the simple equation *Car + *Chl” -> *Car
+!Chl + hAw, i.e. the annihilation of a carotenoid triplet (formed by light excitation) with an excited
Chl singlet state excited within the same LHC.

When using the values of s, = 5.5 ps and ks, = 2.8-10°s™ as given by [118, 119] and [275, 276], the

simulation of the SFITFY curves based on the generalized model (Figure 95) offers an equivalent but
more basic description as the analysis within the framework of the ‘‘3-quencher’’> model. The
simulation of the SFITFY curve provides information on the time course of the population

probabilities of all different PS Il states as shown in Figure 97.
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The simulations also reveal that within the time domain from 100 ns to 10 s the measuring light does
not produce any significant actinic effect on the control sample (data not shown).

Our evaluation of the rate constant of dissipative processes due to quenching by carotenoid triplets in
antennae and P680" Q™ recombination leads to values that close to that outlined in [119].

It turned out that some of the parameters used to reproduce the measurements can be varied in a broad
range without a significant change of the simulated SFITFY trace. Parameters describing fast
processes (like e.g. kyp) do not influence the shape of the SFITFY decay on a longer timescale (and
vice versa). This phenomenon offers the opportunity to analyze a wide range of processes occurring on
different time scales simultaneously by precise evaluation of different time domains of the measured
SFITFY data or TCSPC traces.

On the other hand, the analysis of processes taking place on similar timescales requires
complementary information gathered from independent experiments if there is not a well defined
parameter different for these processes (for example wavelength, polarization).

Thus, taking into account these properties, the PS Il model offers new opportunities to compare
electron transfer and dissipative parameters for different species (e.g. for the green algae and the

higher plant) under varying illumination or growth conditions.
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8 Summary

The huge potential of fluorescence microscopy below the Abbe diffraction limit are the reasons why
these methods advanced to a highly powerful technique in nanobiophotonics. Fluorescence methods
seem to be most appealing for investigations on pigment-protein complexes and other chromophores
in vitro and in vivo or living cells. These techniques are suitable to resolve weakly illuminated sub-
nanometer structures inside living cells without the need of using unphysiological conditions like
vacuum, cryostatic temperatures or destructive radiation. In addition fluorescence studies can be
combined with several other high resolution techniques. New approaches were developed to combine
atomic force microscopy (AFM) with Foerster Resonance Energy Transfer (FRET) [22, 23].
Stimulated Emission Depletion (STED) microscopy has overcome the diffraction limit of conventional
far field methods [12]. The resolution of STED and similar techniques like Photo Activation
Localisation Microscopy (PALM) suggest that unlimited resolution could be achieved by employing
infinite excitation intensity [13-17]. Although experimental limitations and absolute barriers exist for
the resolution, an optical resolution of structures down to the picometer scale might be possible [19,
30]. The resolution rises with the square root of the energy used for the measurement. This law holds
independently of the variables for resolution in both the spatial and the time domain.

It should therefore be possible to gather information on fluorescence decay components with sub-ps
dynamics from time-correlated single photon counting (TCSPC).

In marked contrast to the optimistic interpretation, the investigations and simulations performed for
complex systems like the phycobiliprotein (PBP) antenna of Acaryochloris marina (chap. 5), hybrid
complexes composed by PBP antenna complexes and CdSe nanocrystals (chap. 6) and whole leaves of
Arabidopsis thaliana (chap. 7) showed that a strightforward analysis of ultrafast individual energy
transfer steps is not possible if the system is composed by many two-level systems that are coupled via
EET. In this case it is intrinsically impossible to extract information on the accurate values of
individual energy transfer steps if the dynamics of several coupled states take place in the same time
domain [57]. An improvement can be achieved by decomposition of the sample into subsystems. This
separation might lead to a loss of emergent phenomena due to the reduction of the system [1]. If a
reduction is not reasonable, complementary experiments must be performed up to a level of
methodical statistics of the experimental techniques. To a certain extent the scientist can shift
systematic aberrations to statistical uncertainties employing different experimental techniques. The
desired goal would be to extract all information from a system which is experimentally accessible.

The time resolution of TCSPC is mainly limited by the quality of the instrumental response function
(IRF, see chap. 2) [279]. In analogy to spatial resolution the temporal resolution is not limited by the
temporal width of the IRF but by the noise and reproducibility of this function. Detailed numerical
simulations revealed that the time resolution of TCSPC of the setup shown in chap. 2 is limited to
about 10 % of the IRF when 10.000 counts of signal and IRF are collected in the temporal maximum

of these functions [161]. The achievable resolution is therefore about 10 ps.
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This thesis described the results of ps-fluorescence spectroscopic studies performed on different
structures exhibiting different levels of hierarchic complexity. The most simple model system is
represented by the water soluble chlorophyll binding protein (WSCP) genetically expressed in E.coli
and reconstituted with Chl a, Chl b or mixtures of Chl a and Chl b [46-49]. The experimental spectra
can be well explained by a strongly coupled Chl dimer inside a tetrameric protein structure that is
modulated by the protein environment. Higher complexity is found in the PBP antenna of the unusual
cyanobacterium A.marina [43, 44,56], which contains 69 chromophores. In vivo measurements were
done on whole cells of A.marina [43, 54, 55, 56] and on whole cells of the green algae Chlorella
pyrenodoisa chick and the higher plant Arabidopis thaliana [57, 58].

All data were simulated within the framework of rate equations and it was shown that the underlying
models are suitable to explain the time resolved fluorescence spectra giving rise to a parameter
adaption that delivers new information within a given model. For Chl bound to WSCP the energy
landscape of a double well potential and the temperature dependency of the ISC rate constant were

determined.

WSCP exhibits an unusual high photostability of bound chlorophyll dimers. The reason for this
photostability is not yet clearified in full detail [66, 68]. In literature it is speculated that the protein
environment forms a diffusive barrier for oxygen and therefore prevents the reaction between Chl
triplet states and oxygen triplets to highly reactive singlet oxygen [69] which is the most probable
explanation taking the results of TWCSPC into account as presented in chap. 4. Based on the proposal
of an “open sandwich” dimer motif for the pigment array of recombinant class lla WSCP from
cauliflower [69] T. Renger et al. used a microscopic theory of the spectra and available data of linear
absorption at 77 K and 298 K and circular dichroism at 298 K to characterize the pigment-pigment
interaction [38]. They calculated that the angle between the planes of the two Chl molecules in this
configuration is about 30° in contrast to the value of about 60° gathered from the original calculations
[69]. T. Renger et al. calculated the center-to-center distance of the transition dipole moments of the
two coupled Chl molecules to be 0.74 nm [38] from the optical spectra and were able to predict the
exciton relaxation time gathered from femtosecond absorption spectroscopy [46, 48]. The 30° angle
between the transition dipoles of the Chl molecules was later confirmed by X-ray diffraction
microscopy for class Ilb WSCP [70]. The fluorescence dynamics of WSCP occurs with three time
constants at low temperatures (10 K) and can be explained by pigment-pigment- interactions and
pigment-protein interactions [37, 38, 47, 48, 49]. It was shown that there exists a modulation of the
energetic states of the coupled Chl dimer by the protein environment that occurs with a typical time

constant of 100 ps. Smaller and bigger time constants of 7-8 ps and 1 ns, respectively, might also be
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caused by protein oscillations. These values would explain heterogeneities as observed in the fs
absorption spectroscopy [46] and TWCSPC [47].

Protein dynamics can lead to resonant modulation of the excited state (i.e. the modulation occurs on a
similar time scale like the fluorescence decay) which leads to dynamical localisation of the electrons.
Therefore such resonant protein oscillations can not be treated easily quasi statically or dynamically,
i.e. much slower or much faster, respectively, than the excited state lifetime.

The cyanobacterium A. marina was discovered in 1996 and is the only known organism which mainly
contains Chl d instead of Chl a in the membrane intrinsic Chl antenna [59]. Additionally, A. marina
contains rod shaped PBP antenna complexes that exhibit faster excitation energy transfer (EET) to the
reaction center than the phycobilisomes (PBS) found in other cyanbacteria like Synechococcus 6301 or
Synechocystis.

The experimental results show that in the PBP antenna of A.marina ultrafast EET occurs between
different phycocyanine (PC) units (< 1 ps). This relaxation process is followed by the equilibration of
energy between the phycocyanin and the allophycocyanin (APC) containing hexamers with a time
constant of 3-5 ps [56]. A subsequent EET from PC and APC to spectrally red shifted APC which is
most probable located in the linker protein was resolved to 20 (+/- 10) ps in the work presented here
[43, 44, 52, 56]. The TWCSPC of living cells contained this 20 ps component as well as preparations
of isolated PBP complexes. The findings are in good agreement with the fs absorption spectroscopic
results [56]. In whole cells of A.marina the EET between the PBP antenna and the Chl d containing
membrane intrinsic antenna complexes was found to occur within an additional transfer step of about
30-40 ps. The time constant of this EET step critically depends on the number of phycocyanobilin
chromophores that are involved in the EET and it describes an “effective” energy transfer from the
PBP antenna to Chl d. The excitons reach the reaction centre inside the membrane intrinsic Chl d
complexes within 70 ps in A.marina. This value is 3 times faster than in typical cyanobacteria with
PBS and Chl a containing antenna complexes [44, 52, 56]. The distance of the terminal emitter of the
PBP antenna in A.marina and the nearest Chl d molecule was determined to be 2.7 (+/- 0.3) nm
according to the theory of FRET. This distance changes at 0°C leading to a decoupling of the PBP
antenna from the membrane intrinsic Chl d antenna [43].

Similar effects were also observed in coupled hybrid structures containing the PBP antenna of
A.marina and additional CdSe/ZnS nanocrystals (QDs) with an average distance of 3.2-3.5 nm
between the transition dipole moment of the QDs and the first acceptor chromophore in the PBP
antenna [51, 53]. The mechanism could help to construct temperature switch-able light harvesting

systems.

The most complex system that was analysed is represented by whole cells of the green alga Chlorella

pyrenoidosa Chick and whole leaves of the higher plant Arabidopsis thaliana.

page | 202



It turned out that in such systems many parameters used to reproduce the measurement data can be
varied in a broad range. But parameters describing fast processes do not influence the distribution of
measurement data that occurs on a longer timescale. This phenomenon offers the opportunity to
analyze a wide range of processes occurring on different time scales simultaneously by precise
evaluation of different time domains. The scientist has the opportunity to separate the time scales of
the dynamics of the system. These temporally quasi-separated subsystems are coupled by intermediate
processes that can be treated in the frame of rate equation models.

The photophysical and biochemical properties of chlorophyll molecules in photosynthetic complexes
are tuned by binding to specific protein environments. This principle has evolutionary developed in the
biosphere and lead to amazing structures with highest efficiency in light harvesting, transfer of
electronically excited states and transformation of light into electrochemical free energy.

Up until today it is not possible to copy this principle and construct a nanomachine of comparable
complexity and stability. The full understanding of the relevance and function of molecular interaction
processes in photosynthetic pigment-protein-complexes (PPC) might help us in many areas of
application.

One possible industrial relevant application for artificially designed PPC are e.g. nanoscaled organic
antenna systems for photovoltaics which could act as innovative light harvesting complexes rising and/
or regulating the absorption cross section of photovoltaic cells. Other applications are switch-able PPC
which undergo state transitions from an inactive to an active state when illuminated or when in contact
to certain environments. Such PPC could be applicable in the photodynamic therapy of skin cancer
and reduce the toxicology of the applied photodynamic dyes. These two applications were suggested
in the framework of the thesis presented here. They have the most innovative potential on industry
(solar technology and medical/pharmaceutical industry) rising from basic research performed in the

field of time correlated fluorescence spectroscopy.
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ABBREVIATIONS

ADC Analog to Digital Converter
AFM Atomic Force Microscopy
APC Allophycocyanin

A. marina Acaryochloris marina

A. thaliana Arabidopsis thaliana

ATP Adenosine Triphosphate

BChl Bacterio-Chlorophyll

Cars Carotenoids

CBP Chlorophyll Binding Proteins
CcC Core Complex

CCD Charged Coupled Device

CD Circular Dichroism

CdsSe Cadmium selenide

CFD Constant Fraction Discriminator
Chl Chlorophyll

CIP Color Intensity Plot

CP Core Protein

Cyt Cytochrome

DAS Decay Associated Spectra

DF Delayed Fluorescence

DGL Differential Equation

DNA Deoxyribonucleic Acid

E. coli Escherichia Coli

EET Excitation Energy Transfer
ESA Excited State Absorption

ET Electron Transfer

FLIN Fluorescence Lifetime Nanoscopy
FLN Fluorescence Line Narrowing
FMO Fenna-Matthews-Olson

FRET Forster Resonance Energy Transfer
FWHM Full width at half maximum

IC Internal Conversion

IRF Instrumental Response Function
ISC Inter System Crossing

LD Linear Dichroism
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LED
LHC
LH
MCP
NADP
NIR
PALM
PBP
PBS
PC
PCB
PDT
PE
PID
PMT
PPC
PQ

PS 1
PS1I
QD
RC
RNA
SFITFY
SPC
STED
TAC
TCSPC
TE
TEM
Ti:Sa
TWCSPC
wWOC
WSCP
ZnS

Light Emitting Device

Light Harvesting Complex (eukaryotes)
Light Harvesting (antenna) (bacteria)
Microchannel Plate

Nicotinamide adenine dinucleotide phosphate
Near Infrared

Photoactivation Localisation Microscopy
Phycobiliproteins

Phycobilisomes

Phycocyanin

Phycocyanobilin

Photodynamic Therapy

Phycoerythrin
Proportional-Integral-Differential
Photomultiplier Tube

Pigment-Protein Complex

Plastoquinone

Photosystem |

Photosystem 1|

Quantum Dot

Reaction Center

Ribonucleic Acid

Single Flash Induced Transient Fluorescence Yield
Single Photon Counting

Stimulated Excited State Depletion
Time-to-amplitude Converter
Time-correlated Single Photon Counting
Terminal Emitter

Transmission Electron Microscopy
Titan-Saphire

Time- and Wavelength-Correlated Single Photon Counting
Water Oxidising Complex

Water-Soluble Chlorophyll binding Protein
Zinc Sulfide
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